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ABSTRACT

The 1.818 Ga magmatic, subsolvus, Madeira albite-rich granite of the Pitinga province, exploited at the Pitinga mine, in
northern Brazil, crystallized from a F-rich melt, also enriched in Sn, Rb, and HFSE. It is composed of a peralkaline, cryolite-
bearing core facies and a peraluminous to metaluminous, oxidized, fluorite-bearing border facies, generated by autometasomatic
processes after the crystallization of the core facies. A metaluminous to peralkaline hypersolvus granite is comagmatic with the
albite-rich granite. Petrographic studies indicate that quartz was the first phase to crystallize, at ~700°C; the quartz — K-feldspar
cotectic was attained at around 650°C, and the ternary feldspar solvus and onset of albite crystallization down to the solidus,
estimated at around 500°C. Massive cryolite and pegmatitic rocks found in the center of the stock were derived from the residual
melt. The albite-rich granite probably originated by crystallization of a dense, F-rich, peralkaline phase derived from a peralkaline
to metaluminous parental melt by immiscibility.

Keywords: albite-rich subsolvus granite, peralkaline, tin, niobium, cryolite, immiscibility, Madeira granite, Pitinga mine, Brazil.
SOMMAIRE

Le granite subsolvus de Madeira, enrichi en albite d’origine magmatique (1.818 Ga), a cristallisé a partir d’un magma rich
en fluor et enrichi en étain, rubidium, et éléments a champ électrostatique élevé; il est exploité a la mine Pitinga, dans le nord
du Brésil. Ce granite est hyperalcalin, et contient un faciés a cryolite au centre, et un faciés de bordure hyperalumineux a méta-
lumineux a fluorite, oxydé, et généré par autométasomatose suite a la formation du facies a cryolite. Un granite hypersolvus
métalumineux a hyperalcalin est comagmatique avec le granite enrichi en albite. Nos observations pétrographiques montrent que
le quartz a été la premiere phase a cristalliser, a environ 700°C; la courbe cotectique impliquant le quartz et le feldspath potassique
a été atteint a environ 650°C, et le solvus dans le systéme ternaire Ab—Or—An a été croisé, pour initier la cristallisation de I’ albite
jusqu’au solidus, a environ 500°C. Des accumulations massives de cryolite et des roches pegmatitiques situées pres du centre du
pluton sont dérivées de magmas résiduels. Le granite enrichi en albite aurait cristallisé aux dépens d’une venue dense, riche en
fluor et hyperalcaline, dérivée a partir d’'un magma parent hyperalcalin a métalumineux par immiscibilité.

(Traduit par la Rédaction)

Mots-clés: granite subsolvus riche en albite, hyperalcalin, étain, niobium, cryolite, immiscibilité, granite de Madeira, mine de
Pitinga, Brésil.
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INTRODUCTION

Evolved granitic plutons such as leucogranites and
albite granites are an important source of Sn, W, Nb, Ta,
U, Zr and Th (Pichavant & Manning 1984). The origin
of albite-enriched granites remains a matter of consider-
able controversy. The hypothesis of a magmatic origin
(Kovalenko & Kovalenko 1984, Pichavant et al. 1987,
Cuney et al. 1992, Xiong et al. 1999) has been gradually
put forward as an alternative to the traditional idea of
a metasomatic origin (Beus 1982, Horbe et al. 1991).
A closely related issue concerns the effect of F on the
crystallization of leucogranitic magmas. This topic has
been studied experimentally by Wyllie & Tuttle (1961),
Glyuk & Anfilogov (1973), Kovalenko (1978), Manning
(1981), Pichavant & Manning (1984), Dingwell (1988),
Dingwell et al. (1998), Xiong et al. (1999, 2002), Dolejs
& Baker (2004, 2007a, b, Lukkari & Holtz 2007),
among others. From the geochemical point of view,
albite-enriched granites are most commonly peralumi-
nous and more rarely peralkaline (Harris 1981, Ekwere
& Olade 1984, Bowden & Kinnaird 1984). However,
studies of melt inclusions have recently shown that
peralkaline melt fractions may be generated during
differentiation of peraluminous magmas (Thomas et
al. 2006). In contrast to peraluminous or metaluminous
leucogranites, which probably include a major crustal
component, a mantle source has been commonly
proposed for peralkaline granites (Baker & McBirney
1985, Nardi & Bonin 1991, Bonin 1996). As an alter-
native, it has been suggested that peralkaline granitic
felsic magmas may have a crustal source [Bailey &
Macdonald 1970, Macdonald et al. 1987, Scaillet &
Macdonald 2003; see Martin (2006) for a review].

The Madeira albite-rich granite of Pitinga, Amazo-
nian craton, Brazil, is a rare example of peralkaline
F-rich granite that hosts a major primary deposit of Sn,
Nb, Ta, U, Zr and Th. This granite represents one of
the few examples of an economic tin deposit associated
with an evolved peralkaline granitic magma (Pollard
1995). This paper is focused on the relative importance
of magmatic versus hydrothermal processes in the
petrogenesis of evolved granites and the role of F in
crystallization-differentiation. Other relevant related
topics, such as the geochemical evolution and origin
of evolved peralkaline albite-rich granitic magmas,
will be discussed in forthcoming papers. In this paper,
we describe the geological setting, petrography, and
mineralogy of the Madeira albite-rich granite of the
Pitinga province and discuss a crystallization model for
this type of peralkaline albite-rich subsolvus granite.

GEOLOGICAL SETTING
The Pitinga Province, located in the southern part of

the Guiana Shield (Gibbs & Barron 1983, Almeida et
al. 2000), belongs to the Central Amazonian Province
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of the Amazonian craton (Tassinari & Macambira 1999,
Santos et al. 2000). The main geological aspects of the
region were reviewed by Costi et al. (2000a). Paleo-
proterozoic calc-alkaline granitic rocks of the Agua
Branca suite, the A-type or calc-alkaline silicic volcanic
rocks of the Iricoumé Group (Uatuma Supergroup)
and the associated A-type granites of the Mapuera
Suite are dominant in the Province (Fig. 1a). From
the end of the Paleoproterozoic until the beginning of
the Neoproterozoic, the evolution of the Amazonian
craton shows many parallels to the North American and
Fennoscandian shields (e.g., Brito Neves & Cordani
1991, Sadowski & Bettencourt 1996). During this
time, several magmatic events led to the generation
of widespread occurrences of rapakivi granite in the
Amazonian craton (Dall’ Agnol et al. 1999, Bettencourt
et al. 1999). The rapakivi granite suites intrude the
Paleoproterozoic calc-alkaline granitic rocks and the
Iricoumé volcanic rocks (Dall’Agnol et al. 1999, Costi
et al. 2000a; Fig. 1a).

The A-type rapakivi granites of the craton are
dominantly metaluminous to peraluminous, and their
evolved facies are commonly tin-mineralized (Horbe
et al. 1991, Dall’Agnol et al. 1993, 1999, Bettencourt
et al. 1999, Costi 2000, Costi et al. 2000a, Leite Junior
2002, Teixeira et al. 2002, Lenharo et al. 2002, 2003).
The Pitinga province is one of the most important tin
provinces of the Amazonian craton and comprises a
cogenetic assemblage of metaluminous to peralumi-
nous leucogranites of the rapakivi series. A peculiar
peralkaline albite-rich granite, strongly mineralized in
cassiterite and cryolite, is also present in the Madeira
pluton of the province (Fig. 1b), and is the focus of our
investigation.

Geology of the Pitinga region

The main geological units of the Pitinga region are
the calc-alkaline granitic rocks of the Agua Branca Suite
and the volcanic rocks of the Iricoumé Group. These are
intruded by two suites of A-type granite, Mapuera and
Madeira (Ferron et al. 2006, Fig. 1a). The Madeira suite
comprises the Europa, Madeira, and Agua Boa plutons
(Horbe et al. 1991, Costi et al. 2000a, Ferron et al. 2006,
Fig. 1a). These are overlain by clastic sedimentary rocks
and pyroclastic sheets of the Urupi Formation, and by a
set of hypabyssal tholeiitic rocks of the Quarenta Ilhas
Formation (1780 = 3 Ma; Santos et al. 2002). Alkali
basalts and diabase dikes of the Seringa Formation,
dated at ~1100 Ma (Veiga et al. 1979), are the youngest
magmatic rocks identified in this area.

The Iricoumé Group is composed of rhyolite, dacite,
andesite, trachyte, quartz trachyte, and pyroclastic
rocks, dominantly tuffs and ignimbrites. The felsic
volcanic rocks display A-type geochemical signature
(Ferron et al., in press), whereas the intermediate
rocks have an ambiguous geochemical character.
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Stratigraphy of the Pitinga Province
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Nine samples of this unit yielded 2°’Pb/?°Pb zircon-
evaporation ages of 1889-1888 Ma (Costi et al. 2000a,
Ferron et al. 2006). The contacts between the Iricoumé
Group and the Madeira suite granite plutons are sharp,
and centimeter- to meter-size enclaves of the volcanic
rocks are found as inclusions in the granites.

GEOLOGICAL ASPECTS OF THE GRANITE PLUTONS
OF THE MADEIRA SUITE

The Madeira and Agua Boa plutons are the main
carriers of tin exploited in the Pitinga region. As a result,
they have been studied in considerable detail (Macam-
bira et al. 1987, Daoud 1988, Horbe et al. 1991, Costi
2000, Costi et al. 2000a, Lenharo et al. 2002, 2003). The
early facies of the Agua Boa pluton is a coarse-grained
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pyterlitic amphibole—biotite syenogranite, known as the
rapakivi facies (Fig. 1b). It is followed, successively, by
a fine-grained porphyritic biotite syenogranite, a coarse-
to medium-grained biotite alkali feldspar granite, and a
topaz-bearing porphyritic biotite granite (Daoud 1988,
Lenharo ef al. 2002, 2003). In the Agua Boa pluton,
primary deposits of tin are associated with greisens
(Daoud 1988, Borges et al. 2003, 2009) and episyenites
(Costi et al. 2002).

The Europa granite is a circular pluton composed of
a peralkaline, hypersolvus alkali feldspar granite with
a 207Pb/2%Pb zircon-evaporation age of 1829 + 1 Ma
(Costi et al. 2000a). Most of the pluton is located in an
Indian reservation (Fig. 1a) and, owing to legal issues, is
inaccessible to geological work. There is no known tin
mineralization related to the Europa granite, however.
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The Madeira pluton comprises various facies (Costi
2000, Costi et al. 2000a), the less evolved of which
being petrographically similar to those in the Agua Boa
pluton (Horbe et al. 1991, Lenharo et al. 2002, 2003).
The early metaluminous porphyritic amphibole—biotite
syenogranite facies commonly shows phenocrysts
of plagioclase-mantled alkali feldspar and, locally,
fine-grained rounded enclaves of volcanic rocks. This
“rapakivi facies” is intruded by a peraluminous to meta-
luminous, equigranular biotite alkali feldspar granite.
Enclaves of the earlier facies are found in the biotite
granite along the contacts. Costi et al. (2000a) reported
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Albite-rich granite - border facies
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“  alkali feldspar granite
Biotite alkali feldspar granite

Amphibole biotite syenogranite Cryolite massive pods and veine
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FiG. 2. A). Geological map of the albite-rich granite and
porphyritic hypersolvus granite (modified from Minuzzi
2005). B). Schematic profiles along the central part of the
albite-rich granite, showing the contacts with the early
facies and the position of the cryolite-rich zone at the inner
core of the albite-rich granite. The vertical scale is equal
to the horizontal scale (modified from Costi et al. 2000).
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207pb/296Pb zircon-evaporation ages of 1824 + 2 Ma and
1822 + 2 Ma for the amphibole-biotite syenogranite
and biotite alkali feldspar granite facies, respectively.
Both facies are intruded by a near-circular stock with a
diameter of ~2 km composed of the albite-rich granite
and the porphyritic hypersolvus granite (Fig. 1b).

The circular stock has been in part mapped at the
1:500 scale and was the target of an extensive drilling
program (Fig. 2a). It is a sheet-like intrusion with an
upper layer of subsolvus albite-rich granite and an
underlying sheet of porphyritic hypersolvus metalumi-
nous alkali feldspar granite (Fig. 2b). The porphyritic
hypersolvus alkali feldspar granite is exposed only in
the western part of the stock, where it is in contact with
the border facies of the albite-rich granite. Contacts
between the albite-rich granite and the biotite alkali
feldspar granite are not exposed. Further information
comes from drill holes; the porphyritic hypersolvus
alkali feldspar granite is in contact with the core facies
of the albite-rich granite (cf. Fig. 2b). The albite-rich
granite is composed of a peralkaline, gray cryolite-
bearing core facies (AbGC) and a surrounding peralu-
minous, deep red, fluorite-bearing border facies (AbGB:
Costi 2000, Costi et al. 2000a). The transition between
the core and border facies is gradational.

In drill core, the AbGC displays sinuous or inter-
fingering contacts with the porphyritic hypersolvus
alkali feldspar granite. Additional evidence of interac-
tion between both “magmas” is given by the presence
in the AbGC of perthitic alkali feldspar xenocrysts
derived from the porphyritic hypersolvus alkali feldspar
granite (Costi et al. 2000a). In some places, the alkali
feldspar phenocrysts of the porphyritic hypersolvus
alkali feldspar granite are corroded and show cavities
filled by cryolite. Near the contact with the albite-rich
granite, the hypersolvus granite displays abundant bipy-
ramidal crystals of zircon, similar to those found in the
albite-rich granite. Costi et al. (2000a) concluded that
the hypersolvus granite and the albite-rich granite are
coeval. They obtained a 2’Pb/?*Pb zircon-evaporation
age of 1818 + 2 Ma for the porphyritic hypersolvus
alkali feldspar granite and assumed a similar age of
crystallization for the albite-rich granite.

In the exposed part of the pluton, the porphyritic
hypersolvus alkali feldspar granite is in contact only
with the AbGB. The contact relationships are similar to
those seen in the drill cores. However, along the contact
between the AbGB and the porphyritic hypersolvus
alkali feldspar granite, the latter is brick red color and
intensely oxidized and shows evidence for albitization
or episyenitization (or both). These features indicate
that hydrothermal processes observed in the AbGB also
affected the hypersolvus granite.

A cryolite deposit comprising pods and massive
veins ~0.5 to 50 m thick intercalated with the AbGC
is found ~100 m below the present surface of the
albite-rich granite sheet (Fig. 2b; Costi et al. 2000a).
Coarse-grained, meter-thick layers of quartz or perthitic
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feldspar or massive lithium—iron mica are associated
with the cryolite veins, suggesting that processes gener-
ally associated with pegmatitic suites were involved in
the evolution of the massive cryolite and associated
rocks (Costi 2000, Minuzzi 2005, Minuzzi et al. 2008,
Bastos Neto et al. 2005).

The core facies of the albite-rich granite includes
“quartz syenitic”, albite-rich rocks with a fluidal texture.
They show transitional contacts with the albite-rich
granite and, locally, with pegmatitic pods ~50 cm in
diameter.

ANALYTICAL TECHNIQUES
Petrography

Our petrographic studies involved a macroscopic
examination and logging of ca. twenty thousand meters
of drill holes in the albite-rich granite stock and nearby
country rocks. About 2500 thin sections of selected
samples were available for petrographic studies.
Samples of twenty drill-holes were studied in detail,
involving classical petrographic optical microscopy
and textural analysis for definition of the crystalliza-
tion sequence of minerals in the albite-rich granite.
Opaque minerals, iron—titanium oxides in particular,
were studied in a preliminary way by reflected light
microscopy techniques (Almeida 2002).

Modal analyses were done with a Swift automatic
point counting coupled to an optical microscope (~3500
points were counted for each thin section). Only one
counting was done for each section, but this was
compensated by the fact that several samples of each
variety of albite-rich granites have been analyzed.

Scanning electron microscopy (SEM)

Textural relationships among the varoius minerals
(exsolution, inclusion, zoning and replacement textures)
were studied by back-scattered SEM images. Special
attention was given to feldspars, micas, alkali amphi-
bole, zircon, cassiterite, magnetite, and pyrochlore.
Qualitative chemical analyses of these minerals were
made employing the EDS technique.

Electron-microprobe and ion-microprobe analyses

Most minerals were analyzed at the University of
Brasilia (UnB) using a Cameca SX50 electron micro-
probe using a 15 kV acceleration voltage, 25 nA sample
current, and 10 s total of counting time. Silicate minerals
and synthetic glasses were used as standards, and the
data were corrected with the PAP correction program.
Additional analyzes of micas were done at the Bureau
des Recherches Géologiques et Minieres (BRGM) at
Orléans, France, using a Camebax electron microprobe
under similar analytical conditions.
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The Rb, Cs, and Be contents of micas were estab-
lished using a Cameca IMS3F ion microprobe at the
Centre des Recherches Pétrographiques et Géochi-
miques, Vandoeuvre-les-Nancy, France.

PETROGRAPHY OF THE MADEIRA PLUTON
Amphibole-biotite syenogranite

The amphibole-biotite syenogranite is porphyritic
or seriate and consists of perthitic alkali feldspar
(60-75%), quartz (20-30%), and plagioclase (<10%)
with subordinate biotite and hornblende. The pheno-
crysts are subhedral or oval-shaped, ~5 to 10 mm long
alkali feldspar crystals locally mantled by plagioclase.
They are set in a fine- to medium-grained, occasionally
granophyric groundmass of alkali feldspar, quartz and
plagioclase. In some samples, minor amphibole-rimmed
clinopyroxene crystals are present. The mafic phases
form rounded clots that also contain zircon, apatite,
opaque minerals, titanite, and fluorite.

Biotite alkali feldspar granite

The biotite alkali feldspar granite is a leucocratic,
medium- or fine-grained equigranular rock consisting
of mesoperthitic alkali feldspar (55-60%), quartz
(30-35%), plagioclase (0-10%), and biotite (1-5%),
with accessory fluorite, zircon, and topaz (Daoud 1988,
Horbe et al. 1991). Subhedral crystals of mesoperthitic
alkali feldspar, quartz, and tabular plagioclase form a
granular texture. The alkali feldspar is partially replaced
by chessboard albite and shows swapped rims of albite.
The plagioclase is scarce or absent, suggesting that
liquid crystallization could initiate in the plagioclase
stability field, forming a limited volume of plagio-
clase. Subsequently, the liquid composition evolved
to the alkali feldspar solid-solution field, where only
alkali feldspar is formed, and the crystallization ended
in hypersolvus conditions (Tuttle & Bowen 1958, p.
133-135). The biotite is found as fine-grained flakes
partially replaced by chlorite.

Porphyritic hypersolvus alkali feldspar granite

The porphyritic hypersolvus alkali feldspar granite
shows euhedral, phenocrysts of perthitic alkali feld-
spar and quartz 3 to 15 mm across and a fine-grained
matrix composed of alkali feldspar, quartz and late
intergranular albite. The accessories are biotite, fluorite,
zircon, and opaque minerals. Some samples show scat-
tered crystals of blue alkali amphibole and pyrochlore.
The quartz phenocrysts are euhedral, and some of
them show evidence for being rounded or embayed.
The porphyritic hypersolvus alkali feldspar granite is
affected by albitization along the contacts with the
albite-rich granite and, in particular, in the zones close
to the massive cryolite zones.
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Albite-rich granite

The core (AbGC) and the border (AbGB) facies
of the albite-rich granite have generally similar petro-
graphic aspects (Horbe ez al. 1991), but show, however,
clear differences in texture and modal composition
(Costi 2000; Table 1). The main compositional feature
of the AbGC is the remarkably constant proportions
of K-feldspar, albite and quartz (Table 1, Fig. 3a).
Compared to the AbGC, the AbGB facies shows gener-
ally higher quartz and lower albite, but K-feldspar
proportions are similar (Table 1). Therefore, except for
some quartz syenitic, albite-rich samples with a fluidal
texture, the AbGC samples cluster near the center of

Qtz

-+ albite-rich granite core facies
@ albite-rich granite fluidal core facies
» albite-rich granite border facies

A porphyritic hypersolvus
alkali feldspar granite

amphibole bictite syenogranite and

biotite alkali feldspar granite field
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the Qtz—Ab—Or diagram, whereas the AbGB samples
are more scattered (Fig. 3a). Modal composition data
point to several first-order differences between the two
facies: (1) micas are present in the core but are absent in
the border facies; (2) cryolite is systematically present
in the core facies (it is the most abundant phase after
quartz and feldspars, with an average modal content
of ~6%, Table 1), whereas the main F-bearing phase
in the border facies is fluorite; (3) pyrochlore is only
found in the core facies; (4) magnetite is the dominant
iron oxide mineral in the core, whereas in the border
facies, hematite is a prominent phase. Both facies have
relatively high modal contents of cassiterite and zircon,
and both contain thorite. Carbonates, sphalerite (core

Qtz

b)

Ab Kfs Ab Or
Qtz
c)
Ab Kis
AY3
Ab Kfs
FiG. 3. Modal (a) and CIPW-normative (b) compositions of the albite-rich granite facies of the Madeira pluton. Also plotted

in b) are the F-free minimum of Tuttle & Bowen (1958), shown by a filled square, the minima (m) for 1%, 2% and 4% F of
Manning (1981) for a H,O pressure of 100 MPa, shown by filled circles, and the field of the amphibole-biotite syenogranite
and biotite alkali feldspar granite facies of the Madeira pluton. c) Suggested path of crystallization for the albite-rich granite.
X marks the inferred initial composition of the albite-rich granite melt.
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TABLE 1. MODAL COMPOSITION OF THE ALBITE-RICH GRANITE FACIES
OF THE MADEIRA GRANITE

Sample Ab Kfs Qtz LiAnn Chl  Pin  Cry Fl Zrm Pcl Opg Thr Rbk Cst
Albite-rich granite, core facies
82a 26.0 36.5 26.9 - - 1.8 56 - 09 04 03 - 1.5 041
83 238 246 352 02 - 63 69 - 14 04 08 - 0.2 041
120a 229 285 255 12 - 27 95 - 21 06 0.1 - 67 02
1271 46.2 303 107 60 - 18 22 - 06 08 02 01 03 02
127.2* 39.0 316 160 44 - 21 34 - 07 07 03 - 1.3 0.1
130? 324 322 203 06 - 3.1 8.7 - 06 08 03 02 17 -
135° 28.0 316 319 05 - 1.7 3.8 - 05 03 03 0.1 0.7 tr.
136* 434 376 120 24 - 16 1.9 - 038 06 01 0.1 tr 0.1
137 311 248 250 34 - 30 741 - 26 04 02 - 2.4 -
138° 26.8 219 332 45 - 29 68 - 1.8 02 ftr - 18 tr.
142 27.3 325 297 01 - 20 54 - 03 08 02 - 18 -
142a° 318 314 26.1 1.5 - 22 45 - 04 03 04 02 08 041
143 28.3 281 351 0.6 - 16 54 - 03 02 02 - 04 -
158 296 323 237 tr. - 14 73 - 21 05 18 03 07 0.2
159 315 341 259 0.2 - 13 44 - 1.1 04 05 - 0.5 -
160° 20.2 342 276 06 - 47 43 - 12 11 0.1 - 55 0.3
1817 29.4 289 181 02 - 24 148 - 17 07 26 - 1.0 -
162 249 346 314 21 - 1.8 34 - 03 05 03 - 06 0.1
163° 305 314 300 1.1 - 08 3.4 - 05 02 07 - 1.0 0.1
165 242 320 303 24 - 10 7.8 - 15 06 02 - tr. -
Mean 298 310 257 18 - 23 57 - 1.1 05 05 02 15 041
Albite-rich granite, border facies
93a° 18.7 289 404 - 6.7 - - 2.1 22 - 0.6 02 - 0.2
1341 407 343 199 - 0.5 - - tr. 0.8 - 1.8 01 - 0.4
139 240 343 323 - 46 - - 15 33 - 0.2 - - -
139a 266 259 406 - 19 - - 24 22 - 01 01 - 0.2
140 246 27.2 445 - 0.1 - - 03 25 - 08 - - -
141" 16.0 13.6 43.9 - - tr. - 9.9 03 - 0.7 - - -
146" 21.7 36.5 25.0 - - tr. - 36 3.8 - 6.6 - - -
147" 159 349 430 - - - - 06 12 - 26 - - 0.1
150 248 477 259 - 0.8 - - 02 02 - 0.5 - - -
151" 211 36.1 39.0 - 16 - - 01 08 - 0.7 - - 0.4
Mean 234 319 354 - 23 - - 23 17 - 14 041 - 0.2

Mineral symbols after Kretz (1983) and Spear (1993); in addition, LiAnn: lithian annite, and Opgq: opaque
minerals; tr.: traces. * Fluidal albite-rich quartz syenitic rock. 1) sphalerite 0.25%, carbonate 0.42%; 2)
iron hydroxide 0.84%; 3) K-feldspar of adularia habit 0.26%, iron hydroxide 0.23%, aegirine 0.03%,
carbonate 0.03%; 4) unidentified mineral (alteration of cryolite) 0.17%; 5) aegirine 0.25%; 6) aegirine
0.14%; 7) unidentified mineral (alteration of cryolite} 0.26%; 8) chlorite 0.35%; 9) sphalerite 0.11%; 10)
phengite 1.7%; 11) phengite 156.6%; 12) phengite 2.7%, hematite 0.19%; 13) phengite 0.9%, sphalerite

0.04%; 14) sphalerite 0.19%.

facies), xenotime, galena, pyrite (border facies), and
other rare minerals (catapleiite, genthelvite, bastnisite,
prosopite) have also been observed.

The AbGC, a grayish rock, shows a medium- to
fine-grained seriate or, locally, porphyritic texture. It is
characterized by an assemblage of peralkaline minerals.
In addition to quartz, K-feldspar, and albite, Fe—Li mica,
polylithionite, cassiterite, magnetite, zircon, cryolite,
riebeckite, pyrochlore, plus minor amounts of aegirine
and catapleiite are present in the core facies (Table 1).
Textural observations indicate that quartz was the first
phase to crystallize (Fig. 4). Quartz grains are subhedral
to euhedral, generally 1 to 5 mm in diameter. Inclusions
of albite laths (snowball texture, Beus 1982, Schwartz
1992, Yin et al. 1995, Helba et al. 1997), concentrated
preferentially along the marginal portions of quartz

@

crystals, are common (Figs. 5a, b). K-feldspar (1 to
2 mm) is subhedral and optically homogeneous, only
rarely showing very thin perthitic films. It was the
second phase to crystallize. Albite is found as individual
twinned clear, subhedral laths that are smaller than the
K-feldspar grains. The lack of swapped rims and of late
intergranular albite along the contacts of K-feldspar
grains is remarkable, indicating no significant processes
of late albitization. The Fe—Li mica is pleochroic in
shades of brown and green, subhedral (Figs. Se, f) and
commonly includes albite laths. It is locally replaced
by cryolite or riebeckite or, in the albite-rich quartz
syenitic rocks, by stilpnomelane (Figs. 5g, h). It was
the first mafic mineral in the crystallization sequence.
Polylithionite shows moderately pleochroic, colorless
to pale blue, ~0.5 to 2.5 mm long crystals (Figs. 5c, d).
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Colorless border zones are observed in some cases.
Polylithionite is unaltered, displays regular contacts
with the Li-Fe mica, shows inclusions of albite and
probably began to precipitate almost simultaneously
with the Fe-Li mica (Figs. 6a, b). It is commonly asso-
ciated with cryolite and remained in equilibrium with
the residual melt until the final stages of crystallization.
Zircon (Figs. Se, f) is found as exceptionally large (>3 to
0.5 mm), euhedral, bipyramidal crystals with inclusions
of albite, K-feldspar, cryolite, thorite, and magnetite. It
is commonly corroded (Figs. 6¢, d), with a large sieve-
textured metamict core containing significant amounts
of H,O (A.M. Horbe, pers. commun.), surrounded by
thin, clean, Hf-enriched border zones. Cassiterite is
found as subhedral, dark red to yellowish red, moder-
ately to strongly pleochroic, irregularly zoned crystals
with a grain size ranging between 3 and 0.1 mm (Figs.
5c, d). It is disseminated throughout the rock and
commonly forms short, twinned prisms with straight
contacts with quartz, albite, and K-feldspar. Magne-
tite is either present as fine-grained (up to 0.5 mm),
subhedral or euhedral individual crystals, or it forms
aggregates associated with riebeckite, Fe-Li mica,
cassiterite, or zircon. Magnetite inclusions are found
in micas and riebeckite. In some samples, magnetite
has been replaced by secondary hematite (Almeida
2002). Zircon, cassiterite and magnetite all crystallized
in the same temperature range, and began to precipi-
tate shortly after the beginning of mica crystallization
(Fig. 4). Consequently, cassiterite is a magmatic mineral
in the albite-rich granite (Costi et al. 2000b). Cryolite
is found as fine-grained, anhedral late-precipitated
crystals disseminated among the feldspars (Fig. 5c),
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quartz and mafic phases. It also forms coarse-grained
aggregates (Fig. 5e) with zircon, cassiterite, micas,
and riebeckite. Deep to indigo blue riebeckite forms
subhedral, prismatic, individual crystals, nest-like
aggregates of fibrous crystals, or relatively large (up to
10 mm long) poikilitic crystals. The latter may include
albite, quartz, mica, magnetite, cassiterite, and cryolite.
Riebeckite, one of the latest magmatic phases, is locally
replaced by granular aegirine. Pyrochlore is a common
mineral in the AbGC, occurring as fine-grained (ca. 0.5
mm), euhedral to anhedral, zoned and strongly reddish
brown to yellowish brown crystals. It commonly shows
a thin reaction border along its contacts with albite and
K-feldspar, and is in some places altered to columbite,
along fractures and border zones. Thorite forms opaque
euhedral to subhedral, bipyramidal, fine-grained crystals
that are strongly metamict (Fig. 5¢). Catapleiite occurs
only locally in the AbGC, as euhedral, prismatic, fine- to
medium-grained poikilitic crystals that include quartz,
cryolite, feldspars and micas. Siderite and sphalerite
are secondary minerals found in the fluidal albite-rich
quartz syenite.

The AbGB is a reddish, strongly oxidized rock,
texturally generally similar to the AbGC. In thin section,
it is turbid owing to ubiquitous dust-size grains of iron
oxides (Figs. 5i, j). Cavities filled by late quartz, prob-
ably formed by dissolution of the primary phases, are
commonly observed throughout the AbGB (Figs. 5k, 1).
These textural aspects, combined with the mineralogical
evidence, indicate that autometasomatic processes were
important in the generation of the AbGB at the expense
of the AbGC (Costi 2000). Albite shows evidence of
partial dissolution and replacement by quartz. Zircon
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FiG. 4. Order of crystallization inferred for the albite-rich granite. Mineral symbols as in Kretz (1983) and Spear (1993); in

addition, LiAnn stands for lithian annite.
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(Figs. 5m, n) is found as large (>3 to 0.5 mm), euhe-
dral, bipyramidal crystals with inclusions of albite,
K-feldspar, fluorite, xenotime, and dust-sized opaque
minerals. It is commonly corroded, with a homoge-
neous, recrystallized metamict core and a thin, clean,
Hf-rich border zone (Figs. 6e, f). The transition from
the peralkaline AbGC to the generally peraluminous
AbGB is marked by: (1) replacement of cryolite by
fluorite, (2) destabilization of micas and riebeckite and
replacement by chlorite and iron oxides, (3) destabiliza-
tion of the pyrochlore-group minerals and replacement
by columbite, and (4) partial replacement of albite by
quartz (Costi 2000). Geological and petrographic data
indicate that the original magmatic mineral assemblage
of the albite-rich granite core facies was destabilized
and replaced along the margins and in the roof of the
albite-rich granite body, leading to the formation of
the AbGB.

MAGNETIC SUSCEPTIBILITY
OF THE ALBITE-RICH GRANITE

Magnetic susceptibility (MS) values of the AbGC
are moderately high (between 0.255 X 1073 to 64.4
X 1073, with an average of 4.2 X 10~ SIv) (Almeida
2002). This is compatible with the common presence
of magnetite, the most abundant iron oxide mineral in
the core facies. In contrast, the border facies is less
magnetic (MS between 1.61 X 107 and 1.94 X 1073,

TABLE 2. REPRESENTATIVE COMPOSITIONS OF FELDSPARS
FROM THE ALBITE-RICH GRANITE FACIES OF THE MADEIRA PLUTON

Albite K-feldspar
AbGC AbGB AbGC AbGB
Si0, wt% 6863 68.81 6867 6865 6425 6413 B63.54 63.83
ALO; 18.48 18.54 18.37 1841 1735 17.26 17.43 17.77
CaO 0.01 0.00 0.00 0.02 0.00 000 000 0.00
MnO 0.00 0.00 0.00 000 003 000 002 001
FeO 1.10 0.95 0.99 1.12 0.72 0.59 0.69 0.36
Sr0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BaO 0.06 0.00 0.00 0.23 0.00 0.00 0.00 0.00
Na,O 11.55 11.51 11.46 11.54 0.24 0.20 0.13 0.18
K,0 0.06 0.04 0.05 0.04 15.82 15.26 15.84 15.91
Rb,0 0.00 0.00 6.00 0.00 1.47 2.32 1.86 1.81
Sum 99.89 99.85 99.54 100.01 99.88 99.76 99.33 90.88
Si apfu 12.03 1205 12.06 12.03 1203 1206 1199 11.98
Al 3.82 3.83 3.80 3.80 3.83 3.83 3.88 3.93
Fe 0.16 0.14 0.14 0.16 0.11 0.09 0.1 0.06
Ca 0.002 0.00 0.00 0.004 0.00 0.00 0.00 0.00
Na 393 391 3.90 392 0.09 007 005 0086
K 0.01 0.01 0.01 0.01 3.78 3.66 3.77 3.81
Mn 0.00 0.00 0.00 0.00 0.004 0.00 0.004 0.002
Rb 0.00 0.00 0.00 0.00 0.18 0.28 0.23 0.22
Ba 0.004 0.000 0.000 0.020 0.00 0.00 0.00 0.00
Sum 19.95 19883 198.82 19.95 20.02 1998 2003 20.07
Ab moi.% 98.59 99.76 99.70 99.70 2.28 1.96 1.28 1.67
An 0.04 0.00 0.00 010 0.00 000 000 0.00
Or 0.37 0.24 0.30 0.21 97.72 98.04 98.71 98.33

AbGC: albite-rich granite, core facies; AbGB: albite-rich granite, border facies. The
number of ions is calculated on the basis of 32 atoms of oxygen.
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average of 1.77 X 1073 SIv; Almeida 2002); this reflects
the intense replacement of magnetite by hematite during
oxidation processes in the presence of a hydrothermal
fluid phase.

The presence of primary magnetite in the AbGC
suggests that the AbGC crystallized under relatively
oxidizing conditions, possibly at or slightly above the
NNO buffer. The destabilization of magnetite and its
partial replacement by hematite in the AbGB facies
indicates more oxidizing conditions (above the HM
buffer) at the hydrothermal stage.

THE COMPOSITION OF MINERALS
IN THE ALBITE-RICH GRANITE

Feldspars

Back-scattered scanning electron microscope studies
(cf. Costi 2000) and electron-microprobe analyses of
K-feldspar and albite of the core and border facies
of the albite-rich granite show that feldspars in these
rocks have compositions near their respective end-
members (Table 2). Both feldspars have, however,
high Fe contents (around 1 wt% Fe,Os3, Table 2) and
the K-feldspar is also enriched in Rb (ca. 2 wt% Rb,0;
Table 2).

The chemical composition of the feldspars is shown
in Or—-Ab versus Fe,O3 and Ab—An versus Fe;O3
plots (Fig. 7; ¢f. Smith & Brown 1988). Both albite
and K-feldspar are enriched in Fe,O3; compared to
common near end-member igneous alkali feldspars.
Similar compositions or even more Fe-rich alkali
feldspars are found in lamproites, carbonatites, and
ultrapotassic rocks (Carmichael 1967, Smith & Brown
1988, Linthout & Lustenhouwer 1993, Kuehner &
Joswiak 1996). Alkali feldspars in peralkaline gran-
ites are generally enriched in iron compared to those
of metaluminous and peraluminous granites (Fig. 7).
The K-feldspar from the albite-rich granite has a high
Rb content and extremely low K/Rb ratio (Fig. 8a).
Similar geochemical characteristics are found in the
feldspars from the Tanco, Red Cross Lake (Cerny et
al. 1985b) and Volta Grande (Lagache & Quéméneur
1997) pegmatites.

Micas

Two groups of trioctahedral Li—Fe micas are present
in the AbGC (Table 3): an iron-rich mica, classified
tentatively as zincian—rubidian—lithian annite (cf. Rieder
et al. 1998) and zincian—rubidian polylithionite. Both
micas display extremely high Rb contents and very
low K/Rb values (about 3 to 5). The K/Rb values of
micas progressively increases from the equigranular
core facies through the fluidal quartz syenitic rocks to
the massive pegmatitic layers. In the latter rocks, which
are located in the innermost part of the stock, micas are
compositionally similar to the micas in rare- element
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FiG. 5. Photomicrographs of essential and accessory minerals in the albite-rich granite. Albite granite, core facies. a) Euhedral
snowball quartz phenocryst with inclusions of cryolite (black dots), polylithionite (yellow) and albite. Matrix composed of
albite laths, K-feldspar, and quartz (crossed nicols, width 7 mm). b) Basal section of quartz phenocryst with snowball albite
and matrix of albite laths, K-feldspar and quartz, showing also agglomerate of riebeckite (left) and coarse zircon (top left)
(crossed nicols, width 7 mm). c¢) Textural aspect of the albite-rich granite, core facies, showing (from top left to right) zircon,
thorite and tabular bluish polylithionite (with cleavages filled by reddish iron oxide), fine-grained cassiterite (lower center),
and disseminated cryolite (colorless with moderate relief) (plane-polarized light, width 7 mm). d) Same point, crossed
nicols. e) Coarse-grained aggregate and disseminated cryolite (top left and center), lithian annite and coarse-grained zircon
with metamict, sieved core (plane-polarized light, width 3.5 mm). f) Same point, crossed nicols. g) Aspect of the albite-
rich granite with a fluidal texture, showing disseminated cryolite (colorless, fine-grained), cassiterite (dark, fine-grained),
riebeckite (dark, poikilitic, lower left corner) and elongate lamellae of lithian annite partially replaced for stilpnomelane
(plane-polarized light, width 7 mm). h) Same point, crossed nicols. Albite-rich granite, border facies. i) Textural aspect of
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the border facies, showing the clouded feldspars, anhedral
quartz and a cavity filled by coarse quartz (center left),
and opaque minerals, probably columbite (plane-polarized
light, width 7 mm). j) Same point, crossed nicols. k) Cav-
ity filled by coarse quartz (center) and partially included
coarse zircon, without sieved core, (plane-polarized light,
width 7 mm). 1) Same point, crossed nicols. m) Detail of
picture k, showing zircon crystal including fine-grained,
metasomatic fluorite (plane-polarized light, width 3.5 mm).
n) Same detail, crossed nicols.

pegmatites (Fig. 8b). A strong negative correlation (r =
—0.94) is observed between Fe and Zn in lithian annite,
indicating a solid solution involving diadochy between
these two elements. In polylithionite, the relationship
between Fe and Zn is more complex, but the composi-
tions tend to show a positive correlation (r = 0.39).
The two groups of micas are F-rich, with F concen-
trations strongly increasing from the lithian annite to
polylithionite (respectively, ~4 to ~7 wt%; Table 3).
The F concentrations in the lithian annite are higher in
the pegmatitic zones (3.61 to 4.56 wt% F) than in the
equigranular core facies (2.81 to 3.71 wt% F).

In the Li— R** — Al plot (Fig. 9; Foster 1960, Monier
& Robert 1986), the micas of the albite-rich granite do
not follow the classic polylithionite — siderophyllite
trend. They are more akin to Li—Fe—-mica associated
with pegmatites (Cerny & Burt 1984). The polylithi-
onite compositions plot along the polylithionite — annite
trend and the lithian annite along the tainiolite — sidero-
phyllite trend (Fig. 9). The evolution of both groups is
controlled by the following coupled substitutions:

VAL + (Fe** + Zn) « Si + Li
(Charoy et al. 1995) (D

2IVAL + 4(Fe?* + Zn) « 2Si + VAl + 3Li
(Sun & Yu 1999) 2

However, for the lithian annite, all Al is used in the
sheets of tetrahedra, and there is no YAl available for
the octahedra (Table 3). As a consequence, in the sheets
of octahedra, Al should be replaced by Fe** in equation
(2), resulting in the substitution:

2VAL + 4(Fe* + Zn) « 2Si + VIFe3* + 3Li A3)

Representative formulae of the micas of the albite-rich
granite are:

Lithian annite:

(K1.SSRPO.%CSOO1)22.02(F€2+2.5.2Fe3+0474M110422
Zny 15Li1.15Tio.07Sn0.01)35.86(Si6.51Al1.38
Fe*3).1Beg.1)380(0OH1.92F2.08)34.0
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Polylithionite:

(K1.51Rbo 51Cs0.01)32.04(Li3 17AL; 7Fe** 73

Zn 27Mn,04Ti0.01)35.93(S17.54Al0.41B€0.05)38.0
(OHg.57F3.43)34.0

A Fe,03 / (Fe;O3 + FeO) value of 0.25 was obtained
by Mdssbauer spectroscopy for the lithian annite of
the pegmatitic zones (Costi 2000). However, SEM
images show the presence of scattered very fine-grained
magnetite and riebeckite inclusions in these micas (Figs.
6a, b) and it is likely that the value obtained does not
reflect the contribution of the mica alone. Nevertheless,
the relatively elevated iron-oxidation ratio is consistent
with other indications suggesting relatively oxidizing

TABLE 3. REPRESENTATIVE COMPOSITIONS OF LITHIAN ANNITE
AND POLYLITHIONITE FROM THE ALBITE-RICH GRANITE FACIES
OF THE MADEIRA PLUTON

LiAnn Pln

Si0, wt% 40.02 40.73 53.59 53.60
TiO, 0.56 0.38 0.1 0.09
Sno, 0.12 b.d.l. 0.02 0.06
ALO, 6.72 5.67 12.41 12.46
MgO b.d.l. 0.01 0.02 b.d.l.
Ca0 b.d.l. b.d.l. 0.02 b.d.l.
MrO 1.78 0.94 0.30 0.216
FeO 18.84 24.94 5.39 8.09
Fe,0; 6.98 9.24 n.d. n.d.
Zn0 8.87 2.48 2.55 123
PbO b.d.i. b.d.l 1.36 b.d.l.
Na,0 b.d.t. 0.070 0.01 b.d.l.
K,0 7.66 8.09 8.21 8.46
Rb,0" 4.02 2.80 5.48 517
Cs,0° 0.34 0.04 0.25 0.31
F 4.01 4.23 7.26 6.98
Li,0° 1.93 2.14 5.83 5.83
BeO® 0.02 0.01 0.15 0.18
O=F 1.69 1.78 3.06 2.94
Sum 100.2 99.99 99.91 99.75
Si apfu 6.53 6.57 7.58 7.53
Be 0.01 0.00 0.05 0.06
Fe® 0.16 0.35 - -
VAl 1.29 1.08 0.37 0.41
T 8.00 8.00 8,00 8.00
VAl - - 1.70 1.66
Ti 0.07 0.05 0.01 0.01
Sn 0.01 - - -

Mg - - - -

Mn 0.25 0.13 0.04 0.03
Fe® 0.69 3.36 - -

Fe 2.57 0.77 0.64 0.95
Zn 1.07 0.29 0.27 0.13
Pb - - 0.05 -

Li 1.27 1.39 3.32 3.30
50 5.93 5.99 6.03 6.07
Ca - - -

Cs 0.02 - 0.02 0.01
Na - 0.02 - -

K 1.59 1.66 1.48 152
Rb 0.42 0.29 0.50 047
Z Interlayer 2.03 1.98 2.00 2.00
F 2.07 2.16 3.25 3.10
OH 1.93 1.84 0.75 0.90

LiAnn: lithian annite; PIn: polylithionite. The number of ions is calculated on the
basis of 22 atoms of oxygen (calculated OH = 4 — F). a: Fe,0, determined by
Méssbauer spectroscopy; b: oxide determined by ion microprobe; ¢: Li,O calculated
following Tindle & Webb {1990); b.d.I.: below detection limit, n.d.: not determined.
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250 pm
1

Fig. 6. SEM-BSE micrographs of mineral phases of the albite-rich granite. a) Fragment of massive mica showing lithian annite
(light grey), polylithionite (dark grey), octahedra of magnetite (bright) and riebeckite. b) Detail of a, showing the complex
interdigitation of the micas and late, prismatic riebeckite. ¢) Zircon crystal from the albite-rich granite, core facies, showing
the sieved core, with fine-grained thorite (bright) and a complex zoned, snowball border. d) Detail of the complex zoned
border and a very thin, Hf-rich rim. e) Zircon crystal from the albite-rich granite, border facies, showing a recrystallized core
with inclusions of albite, and a Hf-rich border rim. f) Detail of e.
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Fig. 7. Or—-Ab-An versus Fe;O3; diagram (modified from Smith & Brown 1988) for

K-feldspar and albite from the albite granite facies. Dotted fields showing the Fe
contents of feldspars from terrestrial volcanic rocks, as compiled by Smith & Brown
(1988). Field A: K-feldspar in porphyritic granite, field B: K-feldspar in carbonatites,
field C: K-feldspar in leucite-bearing lavas, field D: K-feldspar in lamprophyres, field E:
K-feldspar in lamproites (for A through E see references in Smith & Brown 1988); field
F: sanidine studied by Carmichael (1967), field G: field of sanidine studied by Kuehner
& Joswiak (1996). Black dots: compositions of ferriferous K-feldspar in Deer et al.
1963. AbGC: albite-rich granite, core facies; AbGB: albite-rich granite, border facies.

conditions during crystallization, such as the presence
of magmatic magnetite and cassiterite (Linnen et al.
1996, Pichavant 1997) and the relatively high values
of magnetic susceptibility (Almeida 2002).

Riebeckite and aegirine

The alkali amphibole found in the AbGC is a F-rich,
zincian riebeckite (Table 4). Representative composi-
tions of aegirine grains associated with riebeckite
are also given (Table 4). Representative formulae of
analyzed riebeckite and aegirine crystals are:

Riebeckite: (Naj.03Ko.05)52.08(Fe?2.2Fe>" 79
Mny 09Zng gAlg.11Tio.01)s5.86(S1)38.0(OH F)s2.0

Aegirine: Nag os(Fe*o.g1Fe?* 11Al.1Tio.01)x1.03(S1)
52.0306. The amphibole shows strong variations in
FeO*, ZnO, and MnO contents. Iron displays a nega-
tive correlation with (ZnO + MnO). Riebeckite from
the fluidal albite-rich rocks associated with the AbGC
have the highest FeO* and lower ZnO contents. The
compositoinal evolution of riebeckite is thus similar to
the evolution of lithian annite and polylithionite (i.e.,
compositions become progressively more evolved in
the sequence core albite-rich granite — fluidal quartz
syenitic rocks — massive pegmatitic layers). Thus,
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compositions of solid-solution phases are controlled
by internal processes of fractionation that involved the
albite-rich granite as a whole.

Cassiterite

Cassiterite from the different facies of the albite-rich
granite (Costi et al. 2000b, Table 4) has high Nb,Os
and Tay0s, low TiO; and significant FeO (~0.45 wt%)
contents. The dark-red or dark-brown core of the cassit-
erite crystals is enriched in Nb,Os, Ta,Os and FeO (anal.
AbGCI1 and AbGB1 in Table 4). These oxides decrease
regularly from the core through the red intermediate
zone to the light red or colorless rim (anal. AbGC2 and
AbGB?2 in Table 4), where the lowest values are found.
Note that SnO, shows the opposite behavior, whereas
TiO, does not exhibit any significant variation. These
data suggest that the main substitution mechanism in
cassiterite is:

3 Sn** « 2 (Nb,Ta)’* + Fe?* “)
which is favored by relatively high temperatures during
cassiterite crystallization (Moller er al. 1988).

The composition of cassiterite from the Madeira
albite-rich granite is similar to that of magmatic cassit-
erite from evolved, topaz-bearing Finnish rapakivi gran-
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ites (cf. Haapala 1997). Costi et al. (2000b) showed that
the cassiterite of the albite-rich granite differs in compo-
sition from the hydrothermal cassiterite of greisens and
episyenites associated with the Agua Boa pluton which
is comparatively impoverished in Nb, Ta, and Fe, and
closer to end-member SnO, in composition. Thus the
chemical data support the conclusion drawn from the
textural data about the magmatic origin of cassiterite
in the Madeira albite-rich granite (Costi ef al. 2000b).

Magnetite

Reflected light microscopy and back-scattered scan-
ning electron microscopy demonstrate that magnetite
crystals in the Madeira albite-rich granite are homo-
geneous, lacking ilmenite exsolution lamellae. This,
together with the absence of significant amounts of TiO,
in the magnetite (EDS data), indicates that it has a near
end-member composition. If it is assumed that magne-
tite is magmatic, as suggested by textural observations,
then the absence of exsolved ilmenite suggests that
magnetite crystallized below the magnetite—ulvospinel

TABLE 4. REPRESENTATIVE COMPOSITIONS OF CASSITERITE, AEGIRINE
AND RIEBECKITE FROM THE ALBITE-RICH GRANITE FACIES
OF THE MADEIRA PLUTON

Cassiterite Aegirine Riebeckite
AbGC' AbGC® AbGB' AbGB?

Si0, wt% - - - - 52.91 51.90 51.36 49.98
TiO, 009 003 0.0 0.07 041 037 006 004
ALLO, - - - - 168 080 059 1.14
FeO 162 017 181 072 2868 31.01 30.63 30.32
MgO - - - 001  bdl  bdl bdl
MnO - - - 005 bdl 068 1.12
Ca0 - - - 001 bdl 001 bdl
Na,0 - - - 1299 1242 673 7.26
K,0 - - - - - 027 14
Zn0 - - - - - 610 3.10
F - - - - - - 053 1.38
Nb,O 194 025 229 082 - - - -
Ta,0, 039 000 030 016 - - - -
$no, 93.98 96.97 9595 98.61 - - - -
Sum 98.03 97.42 100.45 100.38 96.73 96.51 96.97 95.51
Si apfu - - - - 203 201 800 8.0
Ti 0.002 0.001 0.002 0.001 001 001 001 0.01
Vial
Fe - - - - 081 085 179 158
Sn 095 099 094 098 - - - -
Nb 003 0003 0.03 001 - - - -
Ta 0.003 0.000 0.00 000 - - - -
Fe 0.03 0.004 0.04 001 011 015 220 263
Zn - - - - - - 080 042
Mn - - - 0.002 - 009 0.15
Mg - - - - - - - -
Ca - - - - 000 000 - -
Na - - - - 096 093 200 2.15
K - - - - - - 0.05 0.24
“Na - - - - - - 0.03 0.1
Sum 101 1.00 101  1.01 403 401 1508 1549

Mineral formulae calculated on the basis of two atoms of oxygen for cassiterite, and
four cations for aegirine. The formulae of riebeckite were cafculated with the
software CLASAMPH (Currie 1897) on the basis of 15 atoms of oxygen, according to
the procedure proposed by Leake ef al. {1997}; b.d 1., below detection iimit. AbGC:
albite-rich granite, core facies, AbGB: albite-rich granite, border facies, AbGC'and
AbGB': spot on the dark red core of the cassiterite crystal; AbGC? and AbGB? spot
on the light red to yellowish rim of the cassiterite crystal.
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solvus at temperatures under 600°C (Burton 1991). This
finding constrains the range of crystallization tempera-
tures for the albite-rich granite itself.

GEOCHEMICAL FEATURES
OF THE ALBITE-RICH GRANITE

The full geochemical data for granites of the
Madeira suite will be scrutinized in a companion paper
(Costi et al., in prep.), but the essential aspects of
the geochemistry of the albite-rich granite facies are
summarized here (Table 5). The albite-rich granite core
facies has SiO, contents of ~70 wt%, near the lower
end of the range defined by the different facies of the
Madeira granite (70-76 wt%, Table 5). The border
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albite-rich granite (dotted field) and the range displayed
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facies has higher and more variable SiO, contents.
The core facies is peralkaline, whereas the border
facies is metaluminous to peraluminous (Fig. 10a). For
comparison, the amphibole-biotite syenogranite and
biotite alkali feldspar granite of the Madeira pluton
vary from metaluminous to slightly peraluminous, and
the porphyritic hypersolvus alkali feldspar granite of
Madeira and the Europa granite are chemically tran-
sitional between metaluminous and peralkaline (Fig.
10a). One critical difference in terms of major elements
between the albite-rich granite core facies and the other
types of granite in the Madeira pluton concerns Na,O,
which is much higher in the core albite-rich granite
than in all the other facies (e.g., ~6 Wt% versus ~4 wt%
Na,O, Table 5, Costi et al., in prep.). As Al,O3 remains
almost constant and CaO contents are extremely low,
the peralkaline character of the core facies (Figs. 10a,
b) results directly from its elevated Na,O concentrations
that are positively correlated with the amount of cryolite
(Fig. 10c). The enrichment in Na,O in the albite-rich
granite core facies is accompanied by a parallel enrich-
ment in FeOy, which is typical of fractionation of silicic
peralkaline systems (Scaillet & Macdonald 2003, Fig.
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10d). In addition to the enrichment in Na,O and the
depletion in CaO, the albite-rich granite core facies
is strongly enriched in F (24 wt% F) and depleted in
MgO and TiO; (Table 5).

In the normative CIPW diagram (Fig. 3b), the core
facies samples plot at the low-temperature thermal
valley of the Qtz—Ab—Or—H,0 system (Tuttle & Bowen
1958). This region corresponds to F-rich residual
magmatic liquids at equilibrium with quartz—feldspar
assemblage at low pressures (Manning 1981). Samples
from the equigranular albite-rich granite core facies
define a compositional trend characterized by progres-
sively increasing normative Ab and decreasing norma-
tive Qtz at nearly constant normative Or (Fig. 3b). They
mimic the displacement of minima and eutectic points
with the progressive addition of F in the haplogranite
system (Manning 1981, Pichavant & Manning 1984),
strongly suggesting, therefore, that the rocks of the core
facies represent products of crystallization of F-rich
magmatic liquids. The “quartz syenitic” fluidal rocks
have normative Ab and Qtz respectively higher and
lower than the equigranular rocks of the core facies.
They plot near the Ab-rich end of the general trend
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(Fig. 3b). In comparison, samples of the border facies
cluster near the center of the Qtz—Ab—Or diagram (Fig.
3b), and their compositions do not correspond to F-rich
magmatic liquids (Manning 1981).

The albite-rich granite also shows extremely
elevated contents of high-field-strength (HFSE)
elements such as Zr, Nb, Sn, Hf, Ta and Th (Costi et al.,
in prep.). Enrichment in these elements goes along with
progressive differentiation (Fig. 10b), and this can be
explained by the combined influence of the peralkaline
composition of the melt and elevated F concentrations
in it, favoring the concentration of HFSE (Collins et al.
1982, Cerny et al. 1985a, Whalen et al. 1987, London
et al. 1989, Taylor 1992, Keppler 1993, Linnen 1998).

DiscussioN

Relative importance of magmatic
and hydrothermal processes in the petrogenesis
of the Madeira albite-rich granite

Costi et al. (2000a) concluded that the albite-rich
granite and porphyritic hypersolvus alkali feldspar
granite of the Madeira pluton are coeval; contact
relationships indicate that these granites were derived
from liquids that coexisted during at least part of
their crystallization history. Petrographic data favor
a magmatic origin for the AbGC. The similar modal
proportions of quartz, K-feldspar and albite, the clus-
tering of AbGC samples in the Qtz—Kf-Ab modal plot
(Fig. 3a), the snowball textures, contact relationships
between different minerals, and the proposed sequence
of crystallization for the AbGC are difficult to reconcile
with a secondary (i.e., metasomatic) origin (Horbe et al.
1991). The relative proportions of quartz and feldspars
(Table 1), and their respective grain-size (Costi 2000)
suggest that the textural evolution of the albite-rich
granite was controlled by near-cotectic crystallization
(Fig. 3c). This interpretation is supported by the norma-
tive composition of the core-facies samples, which
complies with the composition of low-pressure silicic
liquids enriched in F (Fig. 3b). In contrast, the AbGB are
significantly different from the AbGC. The textural and
mineralogical changes observed in this facies, compared
to the AbGC (Table 1), and the differences in modal
composition between the two facies, indicate that the
present AbGB composition is not primary, but rather the
result of a pervasive hydrothermal episode (Costi 2000).

The fact that albite and K-feldspar in the albite-rich
granite show almost end-member compositions implies
that feldspar compositions have re-equilibrated at low
subsolidus temperatures. However, this does not neces-
sarily imply that the feldspars were totally recrystal-
lized under the influence of secondary hydrothermal
processes. Signs of albite exsolution are lacking in
K-feldspar, and intergranular albite crystals have not
been observed in the albite-rich granite. Both feldspars
have high concentrations of Fe and the K-feldspar
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show elevated values of Rb (Table 2). These elements
are present in solution in the feldspars, and not as
components of exsolved micrograins or inclusions,
and therefore the composition of feldspars reflects
crystallization under specific conditions. Feldspars from
ultrapotassic and peralkaline magmatic rocks are char-
acterized by high Fe;O3 (Smith & Brown 1988). The K/
Rb values indicate that the K-feldspar from the albite-
rich granite is very similar to that crystallized from
rare-element-enriched pegmatite-forming melts (Cerny
et al. 1985b). This, together with the similarity noted
between compositions of micas in the albite-rich granite
and in rare-element pegmatites (Fig. 8b), suggests that
the melt involved with the Madeira albite-rich granite
was extremely evolved. The progressive compositional
evolution of amphibole and micas from the equigranular
core facies to the fluidal rocks and the pegmatitic zones
is consistent with a mechanism of internal fractionation

TABLE 5. REPRESENTATIVE COMPOSITIONS OF THE EUROPA PLUTON
AND VARIOUS FACIES OF THE MADEIRA PLUTON

Rock EUG ABSG BAFG PHG AbGC AbGB

Sample 189 125 193 191 82a 121 127 93-A 157
SiO, wt% 7594 70.4 74.46 7411 6855 71.75 66.80 7068 75.87
ALO, 1173 13.0 1279 12,56 13.08 12.78 14.94 1261 12.20
FeO 123 25 108 101 086 079 1.88 213 028
Fe,0, 129 21 058 136 174 155 1.18 144 229
ca0 <010 1.3 081 072 <0.05 008 003 1.02 0.64
MgO <010 0.28 <0.10 <0.1  0.02 004 025 008 0.10
MnO <0.03 0.6 <0.03 003 005 005 004 009 0.02
Na,0 414 38 383 405 698 588 539 372 378
K,0 474 51 523 481 402 439 449 484 468
Tio, 018 047 0145 015 003 <003 005 0.06 t

P,0, <0.05 013 005 <0.0 005 002 006 007 0.05
LO 039 041 062 086 214 191 189 085 051
Sum 99.58 100.33 99.60 99.66 97.52 99.24 97.00 97.59 100.42
Ba ppm 275 695 258 66 46 65 19 15 307
F 1400 1250 6800 6000 32300 28100 17000 7000 3500
Ga 434 19 24 43 67.8 67 751 675 58
Hf 292 14 914 208 313 373 216 420 215
Li 103 10 270 369 964 789 992 32 4
Nb 69.4 32 484 664 1265 1174 2504 1435 900
Rb 388 267 1334 1497 5266 6944 7538 4070 1870
Sn 203 36 117 20.8 2194 1310 1319 2504 600
sr <4 101 289 162 059 <05 565 183 5.4
Ta 593 <5 508 46 198 237 283 250 156
Th 442 31 146 113 1169 897 447 336 151
U 1.5 <10 268 241 359 241 721 136 104
Y 100 134 125 167 905 200 191 204 101
Zn 241 172 112 297 1242 1740 3068 1276 679
zr 903 532 254 534 5137 2970 1977 4865 2511
La 91.0 755 756 115 18.38 249 169.1 27.77 14.10
Ce 182.0 1717 154 237 7228 984 399.1 9544 60.90
Pr 224 * 173 275 866 113 5401 11.35 7.06
Nd 817 637 552 959 2314 318 1429 31.16 18.1
sm 203 135 107 223 1216 17 4582 1851 8.94
Eu 040 145 051 091 028 037 093 043 025
Gd 188 941 922 203 112 17.8 3275 1935 79
To 3.36 * 208 405 429 747 104 822 334
Dy 20.0 825 16.9 28.00 3557 66.9 78.71 69.88 29.90
Ho 392 156 411 618 8.65 1560 1649 1562 8.07
Er 116 378 16.00 21.4 29.88 56.00 51.92 527 318
™ 1.79 * 357 418 7111 11.03 1235 7.31
Yb 128 327 2700 313 5078 738 746 8893 553
Lu 190 0411 412 46 7.78 9.82 11.18 1288 7.82

EUG: Eurcpa pluton; Madeira pluton: ABSG: amphibole-biotite syenogranite,
BAFG: biotite — alkali feldspar granite, PHG: porphyritic hypersolvus granite, AbGC:
albite-rich granite, core facies, AbGB: albite-rich granite, border facies. * Element
not sought.
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involving the body of the sodic felsic magma as a
whole. The high contents of Nb, Ta, and Fe in cassiterite
from the albite-rich granite (Moller er al. 1988, Neiva
1996, Haapala 1997) and the compositional differences
between cassiterite in the albite-rich granite and in the
greisens and episyenites imply that cassiterite composi-
tion is rather controlled by relatively high-temperature
than low-temperature processes.

In conclusion, all the aspects above demonstrate that
the essential features of the Madeira albite-rich granite
are magmatic in origin. In this respect, the Madeira
albite-rich granite is similar to many other sodic leuco-
granites (Kovalenko & Kovalenko 1984, Pichavant et
al. 1987, London et al. 1989, Cuney et al. 1992, Taylor
1992, Xiong et al. 1999, Lukkari & Holtz 2007). The
mineralogical and petrographic data, the position of
the AbGB in the top part or along the border zones of
the albite-rich granite sheet, and the gradual transition
between the border and the core facies strongly suggest
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that the AbGB was initially similar to the AbGC, and
that it has been subsequently modified by autometaso-
matic processes. The AbGB thus represents a locally
altered, strongly oxidized equivalent of the AbGC.

The role of F in the evolution
of the Madeira albite-rich granite

Much experimental work has been carried out to
evaluate the influence of F on the crystallization of
felsic granitic systems. The first studies (Wyllie &
Tuttle 1961, Glyuk & Anfilogov 1973, Kovalenko
1978) revealed a strong decrease in the liquidus and
solidus temperatures of the system Qtz—Ab—Or—H,0
(Tuttle & Bowen 1958) with the addition of F. Later,
detailed melting and crystallization experiments on
either synthetic systems or natural F-Li-rich granites
and pegmatites (Manning 1981, Pichavant & Manning
1984, Weidner & Martin 1987, Pichavant et al. 1987,
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FiG. 10.  Geochemical plots for the Madeira and Europa plutons. a) diagram A/NK versus A/CNK (molar ratios) for the Madeira
pluton; the light grey field is occupied by the samples of the amphibole-biotite syenogranite, biotite — alkali feldspar granite
and porphyritic hypersolvus alkali feldspar granite. b) A/NK (molar ratio) versus Zr (in ppm) for the facies of the Madeira
and Europa plutons. ¢) A/NK (molar ratio) versus modal contents of cryolite (filled square) and the sum of modal cryolite
plus riebeckite plus aegirine (filled diamonds) for the albite-rich granite, core facies of the Madeira pluton. d) FeOy versus
NayO (wt%) for the albite-rich granite, core facies of the Madeira pluton. Abbreviations in the inset: Europa: Europa pluton,
ABSG: amphibole-biotite syenogranite, BAFG: biotite — alkali feldspar granite, PHFG: porphyritic hypersolvus alkali feld-
spar granite, AbGC: albite-rich granite, core facies, AbGB: albite-rich granite, border facies.
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Manning & Pichavant 1988, London 1992, Xiong et al.
1999 2002, Veksler & Thomas 2002, Veksler et al. 2002,
Lukkari & Holtz 2007) have confirmed the early inter-
pretations. These studies have validated the interpreta-
tion of mineralized, F-Li-rich albite granites as products
of magmatic crystallization, regardless of the fact that
they are commonly affected by late- or postmagmatic
processes. The presence of F also promotes the transi-
tion from hypersolvus to subsolvus conditions during
magmatic crystallization at low pressures in Ca-free (or
Ca-poor) systems (Manning 1981). Consequently, frac-
tionated albite-rich granites are usually characterized
by the presence of two feldspar phases, an essentially
albitic one and a dominantly potassic one. The presence
of F has a strong influence on the physical proper-
ties of granitic melts. This includes depolymerization
and reduction of the melt viscosity (Dingwell 1988,
Johannes & Holtz 1996, Dingwell et al. 1998, Lukkari
& Holtz 2007), vesiculation and degassing processes,
and partitioning of H>O and halogens between fluid
and melt (Webster 1990, London 1992, Dingwell et al.
1998, Webster & Rebbert 1998).

The general conclusions from the experiments
quoted above can be directly applied to the Madeira
albite-rich granite. However, it is worth pointing out
that almost all of the works mentioned deal with
metaluminous to peraluminous systems or rocks and,
in this aspect, are different from our granite, which
is peralkaline. Nevertheless, the high F content of
the Madeira albite-rich granite is consistent with its
subsolvus character and explains the extreme enrich-
ments observed in HFSE, Li, Cs, Rb and other elements.
Deposits of tin and related rare metal (Ta, Nb, Li, Be,
Zr, and REE) are also commonly associated with F-rich
granites. However, Sn is not usually found concentrated
in peralkaline granites at economic levels (Bowden &
Kinnaird 1984, Kinnaird et al. 1985, Pollard 1995). In
this aspect, the Madeira albite-rich granite is an unusual
example of an evolved granite.

For F-rich granite systems, experimental studies
have indicated solidus temperatures around 550°C
(Kovalenko 1978, Manning 1981, Pichavant ez al. 1987,
Lukkari & Holtz 2007) or even ~530 to 500°C (Xiong et
al. 1999, 2002). These latter temperatures are probably
good estimates of the solidus for the Madeira albite-
rich granite. They contrast with temperatures around
700 A 50°C obtained experimentally for the solidus of
low-F peralkaline felsic magmas at 150 MPa (Scaillet
& Macdonald 2001). The liquidus temperatures are also
reduced but the effect of increasing F content on the
liquidus temperature for a given composition depends
on the composition involved (Manning 1981). Liquidus
temperatures around 750 to 700°C in F-bearing leuco-
granite systems have been generally obtained (Manning
1981, Pichavant et al. 1987, Johannes & Holtz 1996,
Xiong et al. 1999, 2002, Lukkari & Holtz 2007). These
can be considered as the maximum estimates of the
liquidus temperature of the Madeira albite-rich granites.
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Origin of the Madeira albite granite

Probably the most striking aspect of the Madeira
albite-rich granite is its bulk peralkaline character, and
the coexistence in the same granite stock of magmatic
phases that are not usually found together. For example,
the presence, in the albite-rich granite, of mineral
phases typical of peralkaline granites such as riebeckite,
aegirine, cryolite and pyrochlore, side by side with
phases characteristic of peraluminous systems such as
polylithionite, is not common even in evolved granitic
systems. In the same way, cassiterite is not usually
found strongly concentrated in peralkaline granites
(Bowden & Kinnaird 1984, Kinnaird ef al. 1985, Pollard
1995). The exceptionally high modal contents of zircon,
as well as the presence of thorite, are also noteworthy,
because peraluminous albite granites have low to very
low modal amounts of zircon, and they typically lack
thorite. However, in the Madeira albite-rich granite,
the abundance of these minerals is consistent with its
peralkaline character. Lenharo er al. (2003) calculated
zircon-saturation temperatures for different facies of the
Madeira pluton, but noted problems with temperature
estimates for the albite-rich granite because of its very
high Zr contents and peralkaline character.

The peralkaline character of the Madeira albite-rich
granite, the crystallization of mineral phases typical of
peralkaline magmas, and elevated HFSE concentration
levels all suggest that the albite-rich granite origi-
nated from a peralkaline and also F-rich silicic melt.
However, almost all F-rich albite granites worldwide
are peraluminous and, thus, the Madeira albite-rich
granite, if crystallized from a parental peralkaline melt,
would represent an unusual case. One critical question
is whether the melt parental to the albite-rich granite
was initially peralkaline. Alternatively, the peralkaline
character may have developed relatively late during
differentiation of a metaluminous to slightly peralu-
minous magma (possibly similar to the biotite alkali
feldspar granite) or of a metaluminous to peralkaline
magma (like the porphyritic hypersolvus granite; see
discussion below).

Mineral phases typical of peralkaline systems
(riebeckite, aegirine), are present in the albite-rich
granite. However, as commonly observed in peralkaline
granites, these phases are relatively late in the crystal-
lization sequence (Fig. 4), the main early crystallizing
phases in the albite-rich granite being quartz, the
feldspars and micas. There is no evidence for the early
crystallization of such phases as iron-rich clinopyroxene
or calcic amphibole (ferrorichterite) that are typical of
the crystallization sequence of peralkaline rhyolites
(Scaillet & Macdonald 2003). However, this can be
due to the extremely low CaO contents of the albite-
rich Madeira granite. In their experiments, Scaillet
& Macdonald (2003) found that sodic amphibole
(arfvedsonite) is restricted to near or below the solidus,
whereas above the solidus, amphibole is sodic—calcic.

09-11-23 09:27



1196

This is consistent with the late appearance of sodic
amphibole (riebeckite) in the Madeira albite-rich
granite. Feldspar compositions and, in particular, their
high concentrations of Fe**, are consistent with growth
in a peralkaline environment (Smith & Brown 1988).
However, feldspars in the albite granite continuously re-
equilibrated down to solidus or subsolidus conditions
(see above) and, therefore, they provide little indication
on early conditions of crystallization. We conclude that
the mineralogical data provide no decisive support for
an early peralkaline parental melt.

The concentrations of FeOy in the Madeira albite-
rich granite range from around 2 to 3.5 wt% and are
much higher than in peraluminous albite granites
(§tempr0k & Sulcek 1969, Pichavant et al. 1987,
Huang et al. 2002, Badanina et al. 2004, Webster et
al. 2004). Whole-rock FeO; concentrations increase
with decreasing A/NK and increasing Zr (Fig. 10d).
There is also a slight decrease of Al,O3 at increasing
FeO; contents. Overall, this differentiation scheme is
strongly unusual for metaluminous or peraluminous
silicic magmas (cf. Pichavant et al. 1987, Ramo 1991,
Frost et al. 2002, Dall’Agnol et al. 2005, Dall’ Agnol
& Oliveira 2007). However, differentiation in peralka-
line compositions, especially under relatively reducing
conditions, may produce such a fractionation pattern
(Scaillet & Macdonald 2003). During experimental
crystallization of peralkaline rhyolites, these authors
observed a progressive increase in FeOy, concomitant
with a decrease of Al;O3 and A/NK in the residual melt.
Therefore, the major-element fractionation patterns
of the Madeira albite-rich granite are consistent with
differentiation in a peralkaline environment. Yet, no
clear evidence is provided for peralkaline conditions
early in the differentiation history. The same conclusion
applies to trace elements. The presence of exceptionally
elevated HFSE concentration levels in the albite-rich
granite reflects the enhanced transport properties for
HFSE in peralkaline and F-rich melts, but they do not
require that peralkaline and F-rich conditions appro-
priate for the solution of HFSE were established early
in the system.

On a regional scale, the Madeira albite-rich granite
is the only granitic rock showing a strongly peralkaline
character. Most A-type granites in the Madeira suite
are either metaluminous or peraluminous, and the
porphyritic hypersolvus alkali feldspar granite from the
Madeira pluton and the Europa granite are transitional
between metaluminous and peralkaline (Fig. 10a).
Although a mantle source has been commonly proposed
for peralkaline granites (Baker & McBirney 1985, Nardi
& Bonin 1991, Bonin 1996), Nd isotope data suggest
that the different facies of the Madeira pluton, including
the albite-rich granite, have a crustal source of Paleo-
proterozoic age (Costi et al. 2000a, in prep., Lenharo et
al.2003). This reduces the possibility of a mantle origin
of the albite-rich granite, and reinforces the hypothesis
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that the different granitic units of the Madeira pluton
have broadly similar sources. Therefore, if the parental
melt of the Madeira albite-rich granite was originally
peralkaline, similar crustal sources must have been
able to generate silicic melts with a wide range of A/
NK (from ~0.8 for the albite-rich granite to nearly 1.2
for the amphibole—biotite and biotite alkali feldspar
granites, Fig. 10b). However, it is hardly possible to
vary the A/NK of silicic partial melts generated from
the same crustal source. Moreover, no experimental
study of crustal anatexis has yet produced peralkaline
melts, although the breakdown of clinopyroxene during
partial melting of quartzofeldspathic sources has been
suggested as a possibility (e.g., Scaillet & Macdonald
2003).

Given the lack of supporting mineralogical and
geochemical evidence and the difficulties with the
crustal generation of peralkaline silicic melts, we
conclude that the parental melt of the Madeira
albite-rich granite most probably was not originally
peralkaline. This leaves the possibility, discussed in
detail below, that a transition to peralkaline conditions
occurred during the course of magmatic differentiation.

Late-stage evolution of peralkalinity

Melt-inclusion studies of highly evolved tin-rich
granitic magmas (Thomas et al. 2005, 2006, and refer-
ences therein) have emphasized the importance of
immiscibility processes in the final stages of evolution
of F-, B- and P-rich metaluminous to peraluminous
leucogranite melts. Thomas et al. (2006) presented
strong evidence that a F-rich evolved peraluminous
magma can generate two different melts, one peral-
kaline and the other peraluminous, by immiscibility
processes. The peralkaline phase is enriched in alkalis,
Cl, P, B, F, Ca, Fe, and HFSE (Sn, W, Nb, Ta, Zr) and
depleted in Si and Al in comparison with bulk-rock
granite or the peraluminous phase (Thomas et al. 2006).
The peralkaline melts are rarely preserved in nature
(except as melt inclusions) because, in general, intense
greisenization, reactions between peralkaline and
peraluminous host rocks, and loss of alkalis by vapor-
phase separation and degassing will remove evidence
for the presence of the peralkaline melt. Unusual
associations of minerals including nepheline, diopside,
kalsilite, cryolite, leucite, and aegirine (among other
phases) may coexist with peralkaline melt inclusions
as crystalline remnants of the peralkaline evolution
(Thomas et al. 2006). For example, cryolite is found
together with nepheline, Rb-rich leucite and other acces-
sory phases in the topaz—albite granites of Zinnwald; in
the Ehrenfriedersdorf pegmatites, aegirine and kalsilite
form exsolution textures after nepheline (Thomas et
al. 2006).

Thomas et al. (2006) emphasized immiscibility
as the main process responsible for the generation of
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the peralkaline phase, and interpreted the peralkaline
inclusions as melts. However, one critical character-
istic of the peralkaline fraction is its H,O content, very
elevated, with up to more than 50 wt% H,0O in some
cases (Thomas er al. 2006). As a consequence, the
density of the peralkaline phase approaches values as
low as 1-1.5 g/cm? (Thomas et al. 2006). In our view,
these characteristics make the peralkaline fraction
more akin to a dense silicate-rich aqueous fluid rather
than of a melt phase (see also Preston et al. 2003). In
other words, the phase separation process identified
by Thomas er al. (2006) should not be mistaken with
anhydrous liquid-liquid immiscibility, as observed in
silicate—fluoride systems (Dolejs & Baker 2007a, b).
Yet, the existence of a late-stage peralkaline phase in
the differentiation of evolved granitic magmas seems
firmly established (Thomas et al. 2006).

In Pitinga, no melt-inclusion data are available.
However, the mineralogical and geochemical evidence
outlined above clearly demonstrates that peralkaline
conditions prevailed during late-stage crystallization.
In fact, the bulk peralkaline character of the albite-
rich granite and the elevated (at the wt% level) modal
proportions of cryolite in the granite (Tablel, Fig. 10c)
show that the imprint of a peralkaline evolutionary
stage is much more developed at Pitinga than in the
Erzgebirge examples described by Thomas ez al. (2006).
Yet, analogies between the Madeira albite-rich granite
and the Erzgebirge mineral phases and melt inclusions
are remarkable. These include: cryolite, generally found
in the crystalline remnants of the peralkaline evolution
of these extremely evolved melts, an important modal
phase in the Madeira albite-rich granite; cassiterite, an
ubiquitous accessory mineral in the Madeira albite-rich
granite, also present in the peralkaline zones associ-
ated with the Ehrenfriedersdorf tin-rich granite; the
peralkaline melt-inclusions from Zinnwald contain
high concentrations of, e.g., Sn and Nb (Thomas et al.
2006). This is compatible with the unusual association
of cassiterite and pyrochlore in the Madeira albite-rich
granite (Table 1); both minerals are found in significant
amounts and are exploited at the Pitinga mine. Zircon
is a exceptionally abundant accessory mineral in the
Madeira peralkaline albite-rich granite (1.1 vol.% as an
average content; Table 1) and shows textural features
similar to those observed in the solid phases found
in the melt inclusions of Erzgebirge (Thomas et al.
2006), suggesting similar conditions of crystallization
for both magmas. Xenotime is found in the pegmatites
associated with the Madeira albite-rich granite and is
also present in the peraluminous and peralkaline envi-
ronments of highly evolved tin-rich granites (Thomas
et al. 2006).

We propose that the peralkaline phase at Pitinga
resulted from a phase-separation process similar to
that identified in the Erzgebirge examples. This peral-
kaline phase separated at some point of the evolution
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of a parental magma that was most probably slightly
peralkaline to metaluminous, similar to the porphyritic
hypersolvus alkali feldspar granite. In this model, the
A/NK versus Zr whole-rock evolution (Fig. 10b) can be
interpreted as a two-component mixing trend between
(1) a magmatic end-member (A/NK = 1, Zr < 1000
ppm), marked by the early assemblages of the albite-
rich granite, and (2) a peralkaline end-member phase
(A/NK < 0.8, Zr = 1000 ppm), having the physical and
chemical properties outlined above, and whose crystalli-
zation yielded, among other phases, cryolite, riebeckite,
aegirine, and most of the HFSE minerals. Note that the
samples of the albite-rich granite core facies would
correspond to mixtures in varying proportions between
the two poles (Fig. 10b). Thus, the peralkalinity is not
constant from one rock to the other, but varies along
with the local proportion of end members in the rock.
In Figure 10b, the porphyritic hypersolvus alkali feld-
spar granite and the Europa granite would plot closer
to the inferred magmatic end-member. Samples from
the border facies would represent rocks where the
imprint of the peralkaline phase has been erased during
secondary hydrothermal processes.

The Madeira albite-rich granite thus constitutes
a rare example of Nb—Sn—Zr-mineralized albite-rich
granite characterized by both an intense develop-
ment and the remarkable preservation of a peralkaline
evolutionary stage. This peralkaline stage, which has
been identified in F-, B- and P-rich metaluminous to
peraluminous leucogranitic melts (Thomas ez al. 2006),
results from a phase-separation process giving rise to
a hydrous, F-rich, peralkaline phase having the ability
of transporting and concentrating HFSE. Condensa-
tion of this phase near the solidus yields peralkaline
phases such as cryolite, and also HFSE minerals, and
imparts to the albite-rich granite body a generally strong
but variable peralkaline character. Although marked
analogies have been noted between the Madeira and
the Erzgebirge albite granites, one critical difference
concerns the respective development of the peralka-
line versus peraluminous stages, respectively strongly
marked and non-existent at Pitinga, and weakly marked
and dominant in the Erzgebirge. This difference can be
attributed to the composition of the parental magmas,
inferred to be slightly peralkaline to metaluminous
at Pitinga and metaluminous to peraluminous in the
Erzgebirge (Thomas et al. 2006). The composition
of the parental magmas will also likely influence the
composition and density of the separated peralkaline
phase. At Pitinga, the relatively dense peralkaline
fluid (as it contains high concentrations of silicates,
F, alkalis and HFSE) would favor its preservation
relatively deep in the system. Condensation of mineral
phases will subsequently generate low-density vapors
that may penetrate to shallower levels, react with the
apical parts of the albite-rich granite body and produce
the autometasomatic processes recorded in the border
facies of the albite-rich granite.
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CONCLUSIONS

1. The 1818 Ma Madeira albite-rich granite is
a subsolvus magmatic rock that originated by the
crystallization of a residual melt, as indicated by its
modal composition, mineral chemistry, and whole-rock
geochemistry data. The melt was strongly enriched in
F, Na, Rb, HFSE, Li, Sn and rare metals. The albite-
rich granite is composed of two facies, a dominant,
core facies and a border facies, situated along the top
and border zones of the albite-rich granite sheet. The
core facies is peralkaline and cryolite-bearing, and the
border albite-rich granite facies is peraluminous to
metaluminous, oxidized, and fluorite-bearing. Mineral-
ogical, petrographic, and geochemical data, as well as
the spatial disposition of the border albite-rich granite
facies, show that the border albite-rich granite facies is
the product of late hydrothermal processes that affected
the actual core facies. The consanguinity of the two
facies is attested by the transitional contacts between
the core and border facies, observed in outcrops, and
the similar chemical composition of K-feldspar and
albite of both facies. The contact relationships between
the core facies and the porphyritic hypersolvus alkali
feldspar granite, and the mildly transitional, metalumi-
nous to peralkaline geochemical signature of the latter,
indicate that both facies were comagmatic and coeval.
The available data demonstrate that the Madeira albite-
rich granite, the porphyritic hypersolvus alkali feldspar
granite and the nearby peralkaline Europa granite are
not comagmatic (the Europa pluton is slightly older,
1829 Ma).

2. The feldspars from the albite-rich granite are near
end-members K-feldspar and albite, both containing up
to 1 wt% Fe,03, and the K-feldspar is Rb-rich. Two
types of Li-rich micas were identified in the albite-rich
granite: polylithionite and a lithian annite. The micas
are Zn- and Rb-rich, with K/Rb values in the same
range as displayed by evolved, fractionated pegmatites.
The cassiterite crystals are zoned, with a Nb-, Ta-, and
Fe-rich core and an almost end-member SnO, rim,
indicating a magmatic origin. The magnetite crystals
are also near the end member in composition, showing
very low Ti contents and no ilmenite exsolution-induced
lamellae, constraining magnetite crystallization (and
that of the albite-rich granite) below 600°C (Burton
1991).

3. The core albite-rich granite was derived from
a highly fractionated, low-viscosity, fluorine-rich,
H;0O-bearing melt. The crystallization of this liquid
started at a low temperature, probably at or below
700°C, with quartz as the liquidus phase owing to
the influence of the high F contents (Manning 1981,
Kovalenko & Kovalenko 1984). The crystallizing melt
reached the Qtz — K-feldspar cotectic at around 650°C
(Xiong et al. 1999). Upon decreasing temperature, the
ternary feldspar solvus was reached, and albite crys-
tallized together with quartz and K-feldspar down to
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the solidus. Because of the high concentrations of F,
the solidus was strongly depressed, further extending
the crystallization interval and allowing continuous
re-equilibration of feldspar compositions along the
solvus. At the solidus (around 500°C), the feldspars
approach end-member compositions.

4. The mineralogical and geochemical aspects
suggest that the parental melt of the Madeira albite-rich
granite most probably was not originally peralkaline,
but rather acquired this character in the course of the
differentiation processes established after the emplace-
ment of the albite-rich granite sheet.

5. The F-rich peralkaline melt that produced the
albite-rich granite core facies is probably the result of
a phase-separation process, or immiscibility, similar
to that registered by Thomas et al. (2006) in the
Erzgebirge. The peralkaline phase had separated from
a parental melt, most probably slightly peralkaline to
metaluminous, with a composition similar to that of the
porphyritic hypersolvus alkali feldspar granite. The high
density of this peralkaline phase (in comparison with
normal hydrothermal fluids) allowed its preservation
deep in the Madeira pluton.
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