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a b s t r a c t

The Penouta peraluminous low-phosphorous granite is the most important low-grade, high-tonnage Sn-
Ta-Nb-bearing albite granite from the Iberian Massif. A sheet or laccolith shape, instead of a stock, is
inferred for the Penouta granite, maybe in relation with the low viscosity and high mobility of a
fluorine-bearing melt. Subhorizontal lateral extension of the magma is also inferred via vertical and hor-
izontal geochemical variations. The absence of compositional gaps in variation diagrams, coupled with
continuous evolutionary trends of compatible and incompatible elements with height, discard a multi-
pulse intrusion and point to a single magma pulse. Mineral chemistry, trace element and least-squares
mass balance modelling support a differentiation process from bottom to top in the emplacement place.
The absence of switch from incompatible to compatible behaviour (bell-shaped trends) in Sn, Nb and Ta
variation diagrams, coupled to experimental constraints on tantalite and cassiterite saturation, suggest
that Nb-Ta oxides and probably cassiterite were not fractionated mineral phases, their crystallisation
being related to concentration gradients within a trapped intercumulus melt. Major and trace element
modelling support that the concentration upwards of Ta and the Ta/Nb ratio could be a consequence
of mineral fractionation, with a key role of muscovite (mainly primary) for the Ta/Nb ratio, as this mineral
has a higher partition coefficient for Nb than Ta. Our results suggest that fluorine and peraluminosity had
a limited effect in the Ta/Nb ratio variations. Hence, Ta enrichment is mainly controlled by fractional crys-
tallisation processes. In most cases, Sn enrichment was also concomitant with Ta, indicating that crystal-
melt fractionation processes also played an important role in Sn concentration. Nevertheless, the stron-
gest Sn enrichment in the granite (e.g., central part of the granite body) does not correspond to a signif-
icant Ta enrichment. The high affinity of Sn for fluids and the high partitioning of Ta for melt could
explain this decoupling. Nevertheless, the magmatic signature of cassiterites in these strongly Sn-
enriched zones (central part of the granite body) rules out a hydrothermal subsolidus origin for this fluid.
By analogy with models carried out in sill-like bodies it seems likely that the Sn enrichment in the central
part of the granite body is related to fluid saturation/degassing occurred in the lower margin, as a con-
sequence of cooling and crystallisation of mostly anhydrous minerals (i.e. second boiling). The vapour
exsolved migrated into the hotter melt up to the central part, where it probably was reabsorbed, yielding
cassiterite with a magmatic signature. Moreover, we suggest that heat loss in the upper margin of the
granite body might also contribute to the formation of a second fluid-saturated zone. As a result,
pegmo-aplites and greisen were developed.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

It is commonly accepted that Ta-mineralised granites corre-
spond to volatile-enriched melts obtained by extreme degrees of
chemical fractionation (Cuney et al., 1992; Lehmann, 1994;
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Charoy and Norohna, 1996; Helba et al., 1997; Huang et al., 2002;
Linnen and Cuney, 2005; Černý et al., 2015; Küster, 2009; Canosa
et al., 2012). In line with this assertion these granites can occur
along with other less evolved granitoid intrusions (granodiorites,
biotite granites, or two mica granites) that could be their precur-
sors (see Küster, 2009; Canosa et al., 2012). In other cases, albite
granites appear to be as isolated bodies, but commonly in upper
crustal levels, such that they may represent the most allochtho-
nous batch of granite magma at regional scale (e.g., Golpejas albite
granite, Arribas et al., 1982). The latter begs the question of
whether these melts suffered an extreme differentiation process
‘‘en route” to the surface, because the precursor magma remains,
a priori, unknown. Alternatively, it has recently been suggested
that albite granites could be formed by melting of plagioclase-
rich layers (Barbony and Bussy, 2013), a very attractive hypothesis
but poorly constrained yet.

Rare-metal-bearing albite granites content high amount of flux-
ing components, which not only facilitate fractional crystallisation,
but also reduce the viscosity of these magmas (Linnen and Cuney,
2005). A consequence of low-viscosity magmas is their tendency to
be emplaced in tabular bodies, as is the case of diabase sills (e.g.
Woodruff et al., 1995; López-Moro et al., 2007) or two mica gran-
ites with fluxing elements (López-Moro et al., 2012; Chicharro
et al., 2015). Therefore, it is expected that rare-metal-bearing albite
granites exhibit laminar shapes, as it has especially been attributed
to some albite granites with a restricted thickness, namely the
Golpejas albite granite (Arribas et al., 1982), the Nuweibi albite
granite (Helba et al., 1997), or albite granites from St-Jean-du-
Doigt intrusion (Barbony and Bussy, 2013), although small stocks
have also been reported (e.g. Argemela albite granite, Charoy and
Norohna, 1996; or the Penouta albite granite itself, Mangas and
Arribas, 1987).

Many efforts have been undertaken to try to decipher the rela-
tionships between the ore distribution and the hosting albite gran-
ites. Nevertheless, how the concentration of tantalum relative to
niobium is achieved is an open issue, but some factors have been
proposed, namely, crystallisation of columbite (Chevychelov
et al., 2010; Černý et al., 2012), the occurrence of fluxing elements
like fluorine (e.g. Bartels et al., 2010), high alumina saturation
index in the melt (van Lichtervelde et al., 2010; Fiege et al.,
2011), fractional crystallisation coupled to subsolidus hydrother-
mal or orthomagmatic fluids (Dostal et al., 2015; Ballouard et al.,
2016) or micas as fractionated phases (Raimbault and Burnol,
1998; Stepanov et al., 2014). In this regard, a granite body with a
relatively simple emplacement and crystallisation history would
provide an excellent field laboratory to get constraints about
chemical variations from bottom to top and check these
hypotheses.

The availability of several deep drill holes in the Penouta gran-
ite, widely sampled for whole-rock and mineral chemistry, allows
to gain insight into the intrusion history and the evolution of this
kind of melts and the ore, in a similar fashion to classical modelling
for zoned pegmatite fields (e.g. Černý, 1989). Detailed geochemical
and mineralogical profiles will permit us to approach the mecha-
nism of emplacement: multi-intrusion (e.g., Cuney et al., 1992;
Yin et al., 1995) or a single pulse. The mechanism of differentiation
and how Ta relative to Nb is concentrated in the granite body are
addressed. We also deal with the role played by vapour released
from the magma in Sn concentration and subsolidus overprints.
2. Geological setting

All Variscan rare-metal-bearing granites from the Iberian Massif
are located in the innermost part of the Iberian Variscan Belt, a
domain known as the Central Iberian Zone (CIZ) (Fig. 1), which is
equivalent to the South Armorican Zone, the French Central Massif
and the Moldanubian Zone. In these internal domains the collision
of Gondwana with Laurentia led to the Proterozoic Gondwanan
basement of Cadomian (West African) affinity that was overlain
by Palaeozoic passive margin sequences, mainly siliciclastic (e.g.
Fernández-Suárez et al., 2002; Gutiérrez-Alonso et al., 2005). From
a metallogenetic point of view, the CIZ could be considered as the
southwest extension of the Sn-W metallogenic province of the
European Variscan Belt.

Based on tectonostratigraphic criteria, the CIZ has been divided
in two main domains (Martínez-Catalán et al., 2004): the Ollo de
Sapo Domain (OSD) and the Schist Greywacke Complex Domain
(SGCD). In the OSD latest Cambrian to Early Ordovician subvol-
canic, volcanic and volcano-sedimentary rocks (Ollo de Sapo For-
mation, see Díez Montes et al., 2010) crop out in recumbent folds
with northeast vergence. In contrast, the SGCD consists of a
metasedimentary turbidite sequence (e.g. Rodríguez-Alonso et al.,
2004) that surfaces in upright folds. Considering the augen
gneisses as intrusives equivalent to the volcanic materials of the
Ollo de Sapo Formation, most Variscan rare-metal-bearing grani-
toids from the Iberian Massif are located in the OSD, except for
the Trasquilón granite (Fig. 1).

In the Central Iberian Zone, the Variscan orogeny generated
most of the structures, the internal deformation, and the metamor-
phism. Overturned to recumbent folds with northeast vergence in
the OSD and vertical folds in the SGCD were produced during the
D1, in both cases with a low-grade slaty cleavage (S1) dated
between 359 Ma and 336 Ma (40Ar/39Ar; Dallmeyer et al., 1997).
The Variscan D2 phase yielded thrusting toward the external zones,
whereas in the middle and lower parts extensional events trig-
gered crustal anatexis and a pervasive subhorizontal tectonic foli-
ation (S2). Thrusting has been dated between 343 and 321 Ma
(Dallmeyer et al., 1997), ages that roughly overlap with the exten-
sive migmatization event (325–311 Ma, U-Pb in monazites, see
Valverde-Vaquero et al., 2007; Díez Montes et al., 2010). The Var-
iscan D3 phase is characterised by upright folds, open-to-tight folds
and occasionally a crenulation cleavage (S3). Other D3 Variscan
structures are the subvertical strike-slip shear zones with mostly
dextral wrench components. D3 stage folds the metamorphic iso-
grads and the S2 foliation of the deepest zones. An age between
315 and 306 Ma constrains this deformation stage according to
the ages of granitoids of this phase and subvertical strike-slip shear
zones (e.g. Valle-Aguado et al., 2005; López-Moro et al., 2012;
Gutiérrez-Alonso et al., 2015).

The Penouta granite is located in the OSD, in a large structure,
the Ollo de Sapo Anticlinorium, which is characterized by the pres-
ence of two formations: the Viana do Bolo Series and the Ollo de
Sapo Formation (Fig. 1). The Viana do Bolo Series (Early Cambrian)
consists of highly metamorphosed rocks, including banded migma-
titic gneisses, garnet-bearing schists, marbles, calc-silicate rocks
and scarce amphibolites, but only the two first crop out close to
the Penouta granite (Fig. 1). Furthermore, close to the Penouta
mine orthogneisses appear intercalated in the Viana do Bolo Series
(Ramilo orthogneiss). The protolith of this ortogneiss was a
medium- to coarse-grained biotitic porphyritic granitoid, which
intruded into the Viana do Bolo Series and the whole was inten-
sively metamorphosed and often migmatized during the Variscan
orogeny. The Ramilo orthogneiss is undated, although other equiv-
alent orthogneisses (Covelo and San Sebastian orthogneisses)
yielded ages of 487 ± 4 Ma and 470 ± 3 Ma, respectively (Montero
et al., 2009). The Ollo de Sapo Fm. (495–483 Ma, Díez Montes
et al., 2010) overlies the Viana do Bolo Series. It consists of augen
gneisses, epiclastic tuffs and ignimbrites, but only the augen gneiss
partially migmatized surfaces nearby the Penouta granite (Fig. 1).

There are no available ages from the Penouta granite and only a
relative time can be inferred from structural and contact relation-



Fig. 1. Upper left: Geological map of the Central Iberian Zone including the most important rare metal-bearing albite granites (yellow spot). Upper right: Geological sketch of
the Ollo de Sapo Anticlinorium in its western region (modified from IGME, 1982). Down: Detailed geological map of the Penouta granite with the location of the selected drill
holes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ships. The lack of foliation and significant internal deformation in
this body are typical features of a late- to post-Variscan character.
Similar structural features have also been reported in other grani-
toids of the area, as Veiga and Pradorramisquedo plutons (Fig. 1),
which have been related to a strike-slip shear zone (Vegas et al.,
2001), this stage being similar in age (c. 308 Ma, Gutiérrez-
Alonso et al., 2015) to other Sn-bearing granites recently dated in
the CIZ (e.g. Logrosán Sn–(W) ore deposit, 308 ± 1 Ma, Chicharro
et al., 2015).

3. Sampling methodology

Sampling was mainly carried out from four exploration drill
cores of 250 m in thickness, among more than 50 drilling sections.
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Drill cores selected follow a hypothetical line that transects the
granite from E to W. The reasons for choosing these sections were
as follows: i) there are topographical variations among the sec-
tions, since eastern ones are at a higher topographic level, allowing
the study of a higher vertical section of the granite body, ii) there
are petrological differences, with the occurrence of flat-lying
sheets of aplo-pegmatite sandwiched with the granite at the apical
side of the granite in the drill holes from the East, that are missing
in western sections, iii) there are mineralogical differences, with
more quartzose and micaceous granite facies in the western drill
core, iv) there are geochemical differences, since the highest con-
tents in Ta are at the eastern drill holes. Differences among the
selected 4 drilling sections are the clue to unravel the differentia-
tion processes involved in the evolution of the Penouta granite
and its associated mineralization.

For exploration purposes every drill core was completely sam-
pled, collecting the half of the core every 2.5 m. However, for
research purposes those samples with quartz-veins, strongly
weathered or containing fragments from the country rock were
discarded, in order to consider only rocks representing the compo-
sition of the pristine magma. Data consist of a complete set of trace
elements (Table 1), including REE, and a more restricted set of
major elements, the latter sampled every 10 m, except for drill hole
number 3 that was sampled entirely for major elements.

4. Geology of the Penouta granite

The drill holes carried out for exploration allow to constrain the
shape and size of the Penouta granite (Fig. 2). Some of the drill
holes cut the metamorphic rocks at the bottom of the granite,
which leads to infer a lens-like shape of this body. Similar shapes
(from inflated sills up to laccoliths) have been constrained in
leucogranites with fluxing elements of central-western of Spain
and this fact appears to be a rule in this granite types. The Penouta
granite outcrops in an area of around 0.2 km2 and in the current
state of outcrop (strongly influenced by the old mining works) it
is elongated in the north-south direction (Fig. 1), as it is also the
case of the Pradorramisquedo pluton. The Penouta leucogranite
was emplaced in the hinge of a D1 Variscan antiform (Fig. 1), an
ideal scenario where the uprising magma has sufficient room
where it can be emplaced, avoiding the ‘‘room problem”. The study
of outcrops and drill core sections supports that the granite
intruded following planar anisotropies, mainly the foliation of
the Ollo de Sapo Fm. and orthogneisses of the Viana do Bolo Fm.
This granite developed, especially in the Eastern zone (Fig. 1), a
Sn-enriched greisen in overlain metamorphic rocks.

Differences in the colour of hand specimens occur from the top
to the bottom of the granite. The greenish colour becomes more
intense at the bottom. Granites of the apical zone are always leuco-
cratic and fine-grained in hand specimen. This is the part of the
granite where kaolinite is more abundant, providing the whitish
colour at different extent, depending on its abundance. More in
depth, when the kaolinite content decreases or disappears the
granite displays a pale green colour, mainly by the colour of the
white mica, that changes to a darker green in the deepest levels
(e.g. samples of drill hole 1), where the white mica also exhibits
a darker green colour. No relevant changes in grain size occur in
the whole granite body, but the finest-grained granite occurs at
the apical zone, specifically in the contact with the country rock,
which could be interpreted as a chilled margin. Gradational mar-
gins or contacts of different magma pulses were not observed.
The granite margin is the only place with a significant orientation
of plagioclase laths (concordant with the country rock), although
without deformation, suggesting a flow of magma adjacent to the
wall of country rock and a low viscosity of the magma. The lack
of orientation in the rest of the granite is interpreted to be the
result of a rapid magma emplacement followed by crystallisation
after magma flow, in a similar fashion as it has been reported in
flood basalts (e.g. Philpotts and Ague, 2009).

Occasionally, flat-lying sheets of aplo-pegmatite can be found in
the Penouta granite, specifically occurring in the apical zone. These
structures are nearly horizontal tabular bodies with centimetric to
metric thick, composed by different proportions of the main con-
stituents (e.g.: quartz-mica layers, albite layers and quartz layers)
rhythmically sandwiched.

The Penouta Sn-Ta-Nb-bearing granite exhibits a disseminated
mineralization of cassiterite and columbite-tantalite, indicating a
passive crystallisation of the magma, in contrast with B-bearing
magmas that provide evidence of explosive processes such as for-
mation of breccia pipes and stockworks (Pollard et al., 1987). The
columbite-tantalite and the cassiterite occur from bottom to the
top, respectively, of the granite body with the highest abundances
in the apical zone (see below) and cassiterite occasionally is also
enriched at mid-levels. Furthermore, a hydrothermal episode
occurred developing a stockwork of veins up to 2 m in thickness
developed in the Ollo de Sapo Fm. (Fig. 1) and smaller and tabular
in shape veins not thicker than 30 cm in the granite. The stockwork
is composed of sigmoidal, lenticular and tabular in shape hyaline to
milky quartz veins with cassiterite mineralization. The veins are
mainly composed of quartz, although barite, sphalerite, galena,
chalcopyrite, pyrite and bismuthinite can also occur.
5. Petrography and mineral chemistry

Mineralogically, plagioclase, quartz, potassium alkali feldspar
and white micas are essential minerals in all the granite types
(Table 2), whereas garnet, cassiterite, apatite, beryl, monazite, zir-
con, columbite-tantalite and uraninite are accessory minerals
almost ubiquitous. Biotite and topaz are missing in all the granite
facies. Other rare accessory minerals are fluorite and microlite
and occasionally sulphide minerals can also occur, either in nod-
ules or, more frequently, related to small veins. Sphalerite, galena,
arsenopyrite, pyrite, bismuthinite, chalcopyrite and stannite are
the most common sulphides.

Quartz mainly occurs in euhedral to anhedral phenocrysts from
1 mm up to 3 mm in size that include minute albite laths arranged
concentrically along growth planes, commonly known as ‘‘snow-
ball” quartz. This quartz type has a magmatic origin and its occur-
rence is a distinctive feature of rare metal-bearing leucogranites
(e.g. Pollard, 1989; Helba et al., 1997). The highest contents are
in the western drill hole (34.7 wt% on average, Table 2) lowering
up to 21.9 wt% in eastern drill holes.

Albite is an ubiquitous mineral in all granite facies, with abun-
dances that reach up to 53 wt% on average in the eastern drills, and
only a 37 wt% on average in the deepest sections. Albite occurs in
three forms: (i) laths of euhedral crystals included in quartz and
potassium alkali feldspar phenocrysts, with sizes not more of
0.5 mm, (ii) laths of euhedral to subhedral crystals forming the
groundmass, with variable size depending the location of the sam-
ple, with sizes not more than 0.5 mm in the apical zone and up to
1 mm in deeper samples, and (iii) crystals replacing potassium
alkali feldspars, which are found locally in the apical zone. Type
ii is by far the most abundant albite type. In a similar fashion to
others albite granites (e.g. Nuweibi granite, Helba et al., 1997) pla-
gioclase laths are aligned parallel to the contact with the host rock
in the apical zone. Microprobe analyses of all albite types revealed
a restricted compositional variation (Ab97-99).

Potassium-feldspar (11.9–17.2 wt% on average) mostly occurs
as large unzoned and subhedral crystals (up to 2.8 mm in size),
with albite inclusions in the biggest K-feldspar crystals, and some
of them seem to be replaced by secondary albite. Smaller crystals



Table 1
Whole-rock chemical composition, liquidus estimates and tetrad effect of representative analyses of the drill holes studied.

Sample D.L. D05530 D06053 D05007 D05249 D05255 D02666 D02744 D02944 D02972 D02990 D03290
Hole 1 1 2 2 2 3 3 3 4 4 4
Depth (m) 100.85 246 91.35 172.15 185 103.5 156.6 247.3 112.85 148.3 245.6

SiO2 (wt%) 0.01 76.1 75.4 76 77.1 75.8 72.2 74.9 75 70.8 76.4 73.8
TiO2 0.01 0.005 0.005 0.005
Al2O3 0.01 14.3 14.25 15.25 15 15.45 15.9 15.9 15.25 16.6 15.25 15.6
Fe2O3t 0.01 0.93 1.12 0.78 0.84 0.95 0.32 0.4 0.45 0.55 0.78 0.66
MnO 0.01 0.03 0.03 0.03 0.05 0.04 0.02 0.04 0.03 0.02 0.04 0.14
MgO 0.01 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.03 0.01 0.02
CaO 0.01 0.11 0.13 0.1 0.13 0.14 0.16 0.14 0.13 0.14 0.14 0.15
Na2O 0.01 4.43 4.33 5.26 4.98 5.99 6.67 6.31 5.72 6.3 5.51 6.22
K2O 0.01 3.48 3.83 3.6 4.07 3.39 3.43 3.49 3.58 3.55 3.35 3.36
P2O5 0.01 0.05 0.04 0.02 0.04 0.04 0.06 0.06 0.05 0.07 0.06 0.06
LOI 0.01 n.d. n.d. n.d. n.d. n.d. 0.81 0.68 0.64 n.d. n.d. n.d.
Total 99.46 99.16 101.08 102.24 101.83 99.60 101.26 100.88 98.06 101.54 100.01
A/CNK 1.20 1.23 1.15 1.09 1.10 1.05 1.08 1.09 1.12 1.14 1.08
Cs (ppm) 0.01 35.1 25.0 50 28.9 24.9 33.3 36.6 28.3 42.1 47.9 48.6
Rb 0.2 939 846 1080 972 810 833 949 792 962 960 881
Ba 0.5 68 36.6 2.2 5 6.4 19.9 2 31.3 91.9 1.5 2.2
Sr 0.1 18.1 6.3 3.7 14.3 15.2 31.6 4 22.5 62.6 7.3 9
Ga 0.1 35.5 36.4 35 29.8 30.6 34.1 36 29 36.6 37.3 32.5
Cr 10 – – – – – 10 – – 10 10 10
Zr 2 27 27 28 25 30 20 22 17 13 15 20
Hf 0.2 5.5 4.7 6.4 5.5 6.2 8.1 7.1 5.3 7.8 7.3 7.5
Sn 1 103 90 273 46 46 902 312 194 813 513 222
Nb 0.2 72 49.1 75.3 71 68.7 80 52.8 55.2 88.6 68.6 65.2
Ta 0.1 46.2 20 65.1 40.7 38 130 95.6 39.3 158.5 99.7 87.3
Th 0.05 2.87 3.09 2.41 2.81 3.17 2.91 2.61 2.16 2.16 2.63 2.44
Tl 0.5 4 3.5 5 4.6 3.8 4 4.8 3.8 4.9 4.9 4.6
U 0.05 15.8 12.1 2.02 8.66 14.15 10 14.95 10.15 6.77 9.71 11.55
W 1 2 3 2 3 3 2 2 2 4 2 2
Y 0.5 4.6 7.4 3.5 6.4 5.7 2 3.2 3.6 1 2.7 2.9
La 0.5 1.1 1.8 0.8 1.4 1.2 0.7 0.7 0.8 – 0.5 0.6
Ce 0.5 2.8 5.1 2.2 3.7 3.4 1.6 1.7 2.2 0.7 1.2 1.7
Pr 0.03 0.46 0.72 0.34 0.55 0.49 0.21 0.26 0.31 0.09 0.19 0.27
Nd 0.1 1.7 3.1 1.4 2.2 2 0.8 0.9 1.3 0.3 0.8 0.9
Sm 0.03 2.96 4.2 2.23 3.46 3.1 1.06 1.97 2.33 0.46 1.44 1.92
Eu 0.03 – – – 0.03 – 0.03 – 0.03 0.09 – –
Gd 0.05 6.37 8.31 4.77 6.72 5.63 2.27 4.27 4.15 0.94 3.14 4.18
Tb 0.01 1.1 1.32 0.92 1.31 1.06 0.45 0.81 0.89 0.21 0.67 0.8
Dy 0.05 2.29 3.45 1.79 2.88 2.38 0.92 1.57 1.7 0.44 1.31 1.51
Ho 0.01 0.05 0.11 0.05 0.07 0.07 0.03 0.03 0.05 0.02 0.02 0.04
Er 0.03 – 0.03 – 0.04 0.04 0.03 – 0.1 0.04 – –
Tm 0.01 – – – – – – – – 0.01 – –
Yb 0.03 – – – – – 0.04 – 0.08 0.08 – –
Lu 0.01 – – – – 0.01 0.01 – 0.01 0.01 – –
RREE 19 28 15 22 19 8 12 14 3 9 12
Zr/Hf 4.9 5.7 4.4 4.5 4.8 2.5 3.1 3.2 1.7 2.1 2.7
TZrn (�C) 668 665 664 656 663 630 641 627 609 623 634
TMnz (�C) 654 676 627 650 634 574 602 614 – 596 600
TE1-3 1.9 1.7 1.8 1.9 1.8 1.7 2.0 1.8 – 2.1 1.9

Whole-rock analyses were performed at the ALS in Canada. Major element analyses were carried out by using the ME-ICP06 package, consisting of a sample decomposition
with Lithium Metaborate/Lithium Tetraborate (LiBO2/Li2B4O7) fusion and the resulting product was analysed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES). Trace elements and REE were determined by using the ME-MS81 Ultra-Trace Level package, with the same sample decomposition method as major elements,
whereas the product was analysed by inductively coupled plasma-mass spectrometry (ICP-MS). D.L.: Detection limit; LOI: Loss on ignition; n.d.: not determined; A/CNK:
molar Al2O3/(CaO + Na2O + K2O); –: below detection limit; TZrn and TMnz: estimates of liquidus temperatures from zircon and monazite saturation models after Watson and
Harrison (1983) and Montel (1993), respectively; TE1-3: tetrad effect quantification as the TE1-3 parameter from Irber (1999).
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(around 300 lm) also occur in the groundmass. K-feldspars and
quartz form the largest crystals of the granite that are mainly sur-
rounded by albite of the groundmass. Vein, string or patch
perthites are frequent. A cloudy aspect is not uncommon due to
the occurrence of kaolinite. The compositional variation ranges
from Or92 to Or98, with the highest contents close to patch
perthites, where the K-feldspar is cleaner, suggesting Na unmixing
in subsolidus conditions.

White micas occur in large subhedral flakes or small anhedral
to subhedral flakes. Differences in colour of white micas are exhib-
ited from top to bottom, with darker green colours at deeper levels.
Electron-microprobe data reveal that phengites and muscovites
exist. White micas with the darker green colours of the western
drill hole resulted to be Fe-enriched (Table 3), whereas pale green
micas from the apical granites and from the greisen were Mg-
enriched relative to darker ones. Most of white micas are primary
according to the compositional criteria of Miller et al. (1981),
except for white micas from the apical part that seem to be sec-
ondary, in a similar fashion than white micas from the greisen
(Fig. 3). There are variations in their abundance, with 19 wt% in
deeper areas and around 4 wt% in shallow levels (Table 2).

Garnet is a ubiquitous accessory mineral that commonly is
transformed to white micas. Microprobe analyses of garnets from
granites of the eastern and western sections show composition of
Sp79-44Alm51-13, other components (grossular and pyrope) being
very restricted (Table 4). Most of garnets are spessartite-
almandine and in lesser extent almandine-spessartite. Garnets
with the highest almandine components are in the deepest sample



Fig. 2. Longitudinal and transversal sections in the Penouta granite constrained from drill cores.

Table 2
Average mineral abundances in selected drill holes.

Drill hole/location Quartz (wt%) Albite (wt%) K-feldspar (wt%) Muscovite (wt%) Garnet (wt%)

1/Western zone (n = 7) 34.7 36.7 13.4 14.3 (19–11) 0.73
2/Central zone (n = 6) 32.5 41.5 11.9 13.9 0.17
3/Eastern zone (n = 10) 21.9 53.4 17.2 6.83 (14–4) 0.16

n: Number of samples; numbers in brackets: range of abundances from bottom to top in the granite body; the estimations were carried out using the MINSQ code (Herrmann
and Berry, 2002).
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(Alm51Sp44), whereas spessartite dominates in upper levels. More-
over, garnet is more abundant in depth (0.73 wt%) than in upper
levels (0.16 wt%; Table 2).

Zircon always shows a cloudy and porous aspect and quadratic
and prismatic sections are the rule. No zoning has been observed.
Zircons of eastern and western sections exhibit differences in
terms of HfO2 contents, with the lowest contents in Hf (zircon s.
s.) in the deepest levels (9.2 wt% of Hf2O, Table 1A), that increase
with the topographic level (16.6 wt% of Hf2O, Table 1A, i.e., zircon
with Hf, according to Correia Neves et al., 1974). Zircons with sim-
ilar HfO2 contents have been found in Sn and Nb-Ta-bearing albi-
tised granites (Huang et al., 2002; Canosa et al., 2012).

Apatite is another scarce accessory mineral in the Penouta
granite, although it can be quite abundant in the greisen. Fluorap-
atite is the dominant type, with F values ranging between 0.84 and
0.46 a.p.f.u. and with the highest contents in the apical zone. A flu-
orine zoning was observed in apatite crystals, with cores depleted
in F relative to rims.
Monazite is a rare accessory mineral in the Penouta granite, but
it has also been found in the orthogneiss host rock. Monazite of the
deepest levels of the granite and that of the wall rock show pris-
matic crystals, whereas a rare monazite in fibrous radiate crystals
can occurs in the upper levels of the granite. There are differences
among monazites from the granite and wall rock, with the highest
contents in LREE and Th in monazites of the latter, but higher con-
tents in Gd in the monazite of the former. Moreover, monazites of
the granite shows lower LREE contents upwards (Table 2A).

Beryl is a ubiquitous accessory mineral phase in the whole
granite. It also occurs in the greisen and can also be profuse at
mid-levels of the western section, in close association with cassi-
terite (Fig. 4). Beryl occurs as euhedral to anhedral crystals with
a fine- to coarse-grained size and plenty of microinclusions. Shal-
lower beryls are sodium beryls (Na2O > 0.5%) and deeper ones
sodium-lithium beryl.

Fluorite is a very rare accessory mineral and only has been
found in granite facies of the upper levels of the granite in contact



Table 3
Representative compositions of white micas from the Penouta granite and greisen.

Drill hole/location 1 3 4 12-02 Open pit Greisen
Number of data (n) 15 11 5 12 2 2
Dept from the granite upper level (m) 98–211 1–31 63 115 50

SiO2 (wt%) 45.89 46.15 46.26 47.37 46.89 47.81
TiO2 0.004 0.056 0.013 0.010 0.021 0.066
Al2O3 32.09 32.53 33.47 31.74 33.74 31.53
FeO 4.100 2.920 2.760 3.290 3.120 3.610
MnO 0.232 0.271 0.329 0.236 0.249 0.396
MgO 0.008 0.348 0.005 0.014 0.081 0.329
CaO 0.004 0.056 0.013 0.015 0.017 0.008
Na2O 0.275 0.260 0.262 0.191 0.257 0.195
K2O 10.74 10.71 10.76 10.50 10.37 10.60
P2O5 0.005 0.004 0.006 n.d. 0.006 0.003
F 0.526 0.476 0.395 0.486 0.499 1.076
Cl 0.004 0.007 0.009 0.009 0.006 0.08
Rb2O 0.655 0.715 0.560 0.645 0.348 0.542
BaO 0.002 0.006 n.d. 0.004 0.030 0.011
Sum 94.54 94.46 94.83 94.51 95.58 96.27
Si apfu 6.220 6.240 6.220 6.380 6.220 6.300
Al 5.120 5.180 5.300 5.040 5.280 4.900
Fe 0.465 0.330 0.310 0.370 0.346 0.399
Mg 0.002 0.070 0.001 0.003 0.002 0.007
Ti 0.000 0.006 0.001 0.001 0.002 0.007
Mn 0.027 0.031 0.038 0.027 0.028 0.044
Na 0.072 0.068 0.068 0.050 0.066 0.050
Ca 0.001 0.000 0.001 0.002 0.002 0.001
K 1.856 1.846 1.845 1.800 1.760 1.780
Ba 0.000 0.000 – 0.000 0.002 0.001
P 0.001 0.000 0.001 – 0.001 0.000
Rb 0.057 0.062 0.048 0.056 0.001 0.000
F 0.225 0.203 0.168 0.207 0.210 0.448
Cl 0.001 0.002 0.002 0.002 0.001 0.004
OH 3.770 3.800 3.830 3.790 3.790 3.550
Al(4) 1.780 1.760 1.780 1.620 1.780 1.700
Al(6) 3.340 3.420 3.520 3.410 3.500 3.191
Y 3.840 3.860 3.870 3.810 3.880 3.710
A 1.990 1.980 1.960 1.910 1.860 1.880
Mg⁄ 0.004 0.164 0.004 0.007 0.005 0.139
Fe⁄ 0.996 0.836 0.996 0.993 0.995 0.861

Analyses by electron microprobe; cations based on 22 oxygens; n.d.: not detected. Mineral compositions were carried out with a CAMECA SX-100 electron microprobe from
the Scientific-Technical Services of the University of Oviedo. This microprobe was operated with an accelerating potential of 15 kV and a sample current of 15 nA, the counting
time being 10 s for major elements and 20 s for trace elements (Ba and Rb).
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with the metamorphic host rock. They occur in minute anhedral
interstitial crystals (Fig. 4).

Cassiterite is the main ore mineral in the Penouta granite and
the main Sn mineral. In the granite it exhibits a grain size ranging
between 2.2 mm and 30 lm. Larger crystals (up to 3 cm in size)
were found in the greisen and quartz veins. In the granite it occurs
in association with essential minerals as alkali feldspars, quartz
and white micas, but also with beryl, apatite and Nb-Ta oxides.
The cassiterite distribution pattern in the granite is complex, with
high abundances in the apical zone, but also in intermediate levels.
Nevertheless, the highest cassiterite abundance occurs in the grei-
sen. Microprobe analyses of cassiterites in the granite show com-
positions in Nb2O5 (2.22–0.16 wt%), Ta2O5 (3.7–0.51 wt%), and
FeO (0.94–0.11 wt%, Table 5) that are similar to those of magmatic
cassiterites (e.g. Haapala, 1997; Costi et al., 2009).

Nb-Ta oxides are ubiquitous minerals in the granite, but lack in
the host rock and quartz veins. In the granite they occur from the
bottom to the top of the body as euhedral to subeuhedral crystals
with a symmetric, asymmetric or patchy chemical zoning (Fig. 4),
the latter being especially common in samples from the upper
levels, where columbite crystals are always larger. The crystal rims
are usually Ta-enriched relative to the cores, which are Nb-rich.
These zoning patterns are the rule in columbite-tantalite-bearing
granites (e.g. Helba et al., 1997; Huang et al., 2002). The grain size
of columbite-tantalite ranges between 30 and 580 lm. Columbite-
tantalites are the most abundant Nb-Ta oxides in the Penouta gran-
ite, whereas microlite (Fig. 4) is scarce and has only been found in
the apical zone.

Kaolinite is a secondary mineral phase mainly developed in the
weather-exposed leucogranite (up to 50 m thick), decreasing or
disappearing when the leucogranite is beneath the metamorphic
rock (e.g. strongly mineralised leucogranites from drill holes 3
and 4). The overall kaolinite abundance in the deposit has been
estimated to be about 0.3 wt%, whereas in the kaolinite front the
abundance is around 20 wt% (estimated by the MINSQ code,
Herrmann and Berry, 2002).
6. Geochemistry

6.1. Major element geochemistry

The geochemical classification diagram of Middlemost (1994)
reveals that most of samples are alkali feldspar granites, with sam-
ples from the western sections plotting onto the granite field, as a
consequence of their lower alkali contents (Fig. 5). All the samples
show a peraluminous character (A/CNK molar ratio ranging from
1.05 to 1.83) with the lowest values (weakly peraluminous) in
the samples from the apical zone, where aluminous minerals, as
garnet and white mica, are less abundant. The same peraluminous
evolution has been reported in the Nuweibi Ta-bearing leucogran-
ite, where the more peraluminous the magma is, the lower Ta
abundance. The moderate K2O contents (4.07–2.22 wt%) are typical



Fig. 3. Classification of white micas in the diagram of Miller et al. (1981).
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of magmas of calc-alkaline to high-K calc-alcaline affinities (see
Peccerillo and Taylor, 1976). SiO2 contents range between 77.2
and 70.08 wt%, with the highest abundances in the deepest sam-
ples (Fig. 6). Na2O contents range from 2.5 to near 8, with the high-
Table 4
Representative compositions of garnets from the Penouta granite at different depths.

Sample D06054 D06054 D05547 D05547
Location Core Rim Core Rim
Drill hole 1 1 1 1
Depth (m) 249 249 135 135

SiO2 (wt%) 36.47 36.54 36.46 36.10
TiO2 0.03 n.d. n.d. n.d.
Al2O3 19.40 19.33 19.41 19.18
FeO 23.96 24.24 11.42 11.54
MnO 19.97 19.06 32.80 31.47
MgO n.d. n.d. n.d. 0.01
CaO 0.29 0.29 0.31 0.92
Na2O n.d. 0.02 n.d. 0.02
Sum 100.12 99.47 100.40 99.24

Si apfu 3.02 3.04 3.01 3.01
Ti 0.00 – – –
Al 1.89 1.90 1.89 1.88
Fe3+ 0.02 0.02 0.02 0.05
Fe2+ 1.55 1.58 0.67 0.69
Mn 1.40 1.34 2.29 2.22
Mg – – – 0.00
Ca 0.03 0.03 0.03 0.08
Na – 0.00 – 0.00

End-member molecules (%)
And 5.37 5.16 5.65 5.86
Uva 0.00 0.00 0.00 0.00
Gros 0.00 0.00 0.00 0.00
Sps 44.86 43.54 72.89 71.88
Pyr 0.02 0.00 0.00 0.04
Alm 49.75 51.30 21.46 22.23

Analyses by electron microprobe; cations based on 8 cations; Fe3+ estimated by charge
detected. Electron microprobe methods as in Table 3.
est values in the samples from the eastern sections. Al2O3 (18.24–
14.05 wt%) and Na2O (7.74–2.6 wt%) increase from the bottom to
the top of the granite body. K2O and Fe2O3t (1.14–0.27 wt%) are
positive correlated relative to SiO2 (Fig. 6), with the lowest con-
tents in the eastern sections, which can be explained in terms of
a higher abundance of ferrous white mica and garnet in the sam-
ples of the western section relative to those of the eastern ones.
MgO (0.09 wt% to b.d.l.) and TiO2 (0.01 wt% to b.d.l.) are strikingly
low. Phosphorous exhibits a poor correlation with SiO2 and low
contents (<0.07 wt%), with the highest contents in the apical zones.
These phosphorous concentrations classify these granites as low-
phosphorous granites according to Linnen and Cuney (2005),
which are commonly associated with metaluminous I-type and
A2-type granites of Eby (1992). The scarcity of apatite and mon-
azite in the Penouta granite justifies these low-P concentrations.
Furthermore, very low CaO contents (mostly <0.2) indicate the
ubiquitous occurrence of low-Ca plagioclase and the scarcity of
apatite.
6.2. Trace element geochemistry

Trace elements controlled by the main minerals, as Sr (68.6–
1.08 ppm) are negative correlated relative to SiO2 (Fig. 7), in a sim-
ilar fashion to Al and Na, and point to albite strongly controlled Sr
variations. Similarly, Rb (1355–527 ppm) and K2O show the same
positive evolutionary trend with SiO2, suggesting that minerals
with high Rb contents and a high abundance in the western sec-
tions, like white mica and potassium alkali feldspar, played an
important role in this distribution.

As in other low-P peraluminous Ta-bearing leucogranites (e.g.
the Nuweibi leucogranite – Helba et al., 1997 – or the Ponte Segade
leucogranite – Canosa et al., 2012), in the Penouta granite acces-
sory and minor minerals strongly controlled HFSE contents,
namely Zr, Ta, Sn, Nb, U and REE. In this regard, Gd (15.6–
D05547 D05545 D05545 D02755 D02755
Rim Core Rim Core Rim
1 1 1 3 3
135 129 129 179 179

35.50 36.43 36.33 36.15 36.01
0.02 0.01 0.02 n.d. 0.03
19.36 19.68 19.49 19.73 19.27
10.67 10.78 11.76 17.92 17.87
33.40 32.79 32.35 26.27 26.12
n.d. 0.01 n.d. n.d. n.d.
0.42 0.34 0.50 0.31 0.30
0.04 n.d. n.d. 0.01 n.d.
99.41 100.05 100.45 100.38 99.59

2.96 3.01 2.99 2.98 3.00
0.00 0.00 0.00 – 0.00
1.90 1.92 1.89 1.92 1.89
0.02 0.02 0.03 0.02 0.02
0.60 0.66 0.70 1.14 1.13
2.36 2.30 2.26 1.84 1.84
– 0.00 – – –
0.04 0.03 0.04 0.03 0.03
0.01 – – 0.00 –

7.22 4.16 5.71 4.99 5.68
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
73.95 74.34 72.03 58.67 58.42
0.00 0.03 0.00 0.00 0.00
18.83 21.47 22.26 36.34 35.90

balance; the topographic level of drill hole 1 is 129 m below drill hole 3; n.d.: not



Fig. 4. A) Photomicrograph of cassiterite (Cst) in association with beryl (Brl) in a Sn-
enriched sample (drill hole 1). At this level columbite-tantalite occurs almost
exclusively as small crystals hosted by cassiterite. B) Back-scattered electron image
of fluorite (Fl) and microlite (Mc) in apical samples. C) Back-scattered electron
imaging of zoned columbite-tantalite in a apical sample.
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0.1 ppm) is likely related to garnet/monazite control, with the low-
est contents in samples of the apical zones. Similarly, Y shows
depletion from western to eastern section (Fig. 7) and could
be related to monazite control. Conversely, elements like
Ta (181.5–19.8 ppm), Sn (3340–28 ppm) and, in lesser extent
Hf (10.5–4.5 ppm) and Nb (106–37.5 ppm) tend to have a negative
correlation with silica (Fig. 7), with the higher contents towards
the apical zones. Ta and Sn trends are the expected result of
igneous fractionation, in accordance with Helba et al. (1997).
Furthermore, the good positive correlation between Ta/Nb and
Na2O indicates the Ta evolution was concomitant with the albite
enrichment of the apical zones.

P and Ta contents of the Penouta granite are similar to those of
peraluminous rare-metal granites from the Arabian-Nubian Shield
(see compilation of Küster, 2009) and those of low-P and Ta-
bearing granites described by Raimbault et al. (1991). According
to Linnen and Cuney (2005) low-phosphorous granites are associ-
ated with high-K, calc-alcaline metaluminous rocks, rich in Th, REE
and Y.

Sn is weaker correlated with silica than Ta, with a tendency to
increase in the apical zones, but also high contents were observed
in samples of medium levels. U abundance (19.07–2.01 ppm, aver-
age 9.07 ppm) is higher than the upper lithosphere Clarke value
(av. 2.7 ppm), indicating a ‘‘fertile” source of U.

REE chondrite-normalised distribution patterns are very similar
in all the samples (Fig. 8), which is a good evidence for a common
origin. All the samples show a strong enrichment in MREE (average
TbN/YbN = 66) and a lack of LREE enrichment relative to MREE
(average LaN/SmN = 0.26), although a slight increase of LREE is
observed relative to HREE (average LaN/YbN = 10.9), as well as a
marked Eu negative anomaly (average Eu/Eu⁄ = 12.1). It is note-
worthy that western sections show higher abundances in Gd, Tb,
Sm as well as LREE and

P
REE (Fig. 8), defining a M-type of REE,

probably in line with the above mentioned strong control of garnet
and Gd-enriched monazite in the REE distribution. The low HREE
contents of most samples indicate a limited effect of garnet and
zircon (minerals that highly fractionate these elements, see
Rollinson, 1993) in controlling HREE patterns. Similarly, the low-
P contents also justify the limited role played by apatite in the
REE distribution. The Eu anomalies and the distribution in Gd, Tb
and Sm closely resemble those of albite granites, as the Yichun
topaz-lepidolite leucogranite (Huang et al., 2002). The convex-
upward segment of the REE patterns for Sm and from Gd to Dy is
an expression of the lanthanide tetrad effect in the 2 and 3 tetrads,
with values ranging between 1.7 and 2.1 (Table 1).
6.3. Vertical variations in whole-rock chemistry of selected drill holes

The chemical variations of the selected constituents were
depicted with respect to height (Fig. 9). Ta contents generally
increase upward indicating the incompatible character of this ele-
ment from bottom to top of the body, frequently with a higher Ta
enrichment at the upper level (Fig. 9). Nb also exhibits an incom-
patible behaviour from bottom to top, but with a compositional
range more restricted relative to Ta. Sn shows a progressive enrich-
ment in the eastern and central sections, with a more pronounced
enrichment in the upper margin (Fig. 9), in contrast to the western
profile, where the highest Sn contents are in the medium zones.

In contrast to ore element distribution with height, REE exhibit
a progressive decrease upward (see Fig. 9 for Gd evolution), sug-
gesting their compatible behaviour in the melt.

Finally, the Zr/Hf ratio generally has a tendency to depletion in
the apical margin, where the Hf abundance is higher than Zr. Zr/Hf
ratio is commonly lower than 4, in a similar fashion to highly frac-
tionated rare-metal granites, as those of Orlovka and Egypt
described by Melcher et al. (2016).
7. Geothermometric constraints

To constrain differences in liquidus temperature (maximum
temperature at which crystals can co-exist with the melt in ther-
modynamic equilibrium) from bottom to top of the body the satu-



Table 5
Representative compositions of cassiterites from the Penouta granite.

Sample Samples of section 3 Samples of section 1 with high Sn contents

2662 C6 2666B C1 2722 C2 2724 C1 5545 C1 5545 C2 5547 C1 5547 C2 5547 C2

TiO2 0.12 0.01 n.d. n.d. 0.01 n.d. n.d. n.d. n.d.
Al2O3 0.03 0.03 0.04 0.01 0.02 0.02 n.d. 0.02 0.02
FeO 0.28 0.94 0.21 0.11 0.68 0.85 0.48 0.81 0.57
MnO 0.02 0.12 0.07 0.08 n.d. 0.13 0.11 0.12 0.09
Nb2O5 0.16 2.22 0.36 0.18 1.17 1.00 1.31 1.17 1.51
Ta2O5 1.70 3.20 1.94 1.27 1.05 3.70 0.51 3.07 0.85
SnO2 98.49 94.80 98.31 100.30 97.78 94.77 97.24 95.58 97.85
Sum 100.79 101.31 100.93 101.94 100.71 100.47 99.65 100.77 100.89
Ti apfu 0.00 0.00 – – 0.00 – – – –
Al 0.00 0.00 0.00 0.00 0.00 0.00 – 0.00 0.00
Fe 0.01 0.02 0.00 0.00 0.01 0.02 0.01 0.02 0.01
Mn 0.00 0.00 0.00 0.00 – 0.00 0.00 0.00 0.00
Nb 0.00 0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.02
Ta 0.01 0.02 0.01 0.01 0.01 0.03 0.00 0.02 0.01
Sn 0.98 0.93 0.97 0.98 0.97 0.94 0.97 0.95 0.96
Sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Analyses by electron microprobe; total Fe as FeO; cations based on 2 oxygens; n.d.: not detected. Electron microprobe methods as in Table 3.

Table 6
Selected mineral compositions used in multi-stage major element-based least-squares modelling and trace element partition coefficients used in Rayleigh/equilibrium crystal-
melt fractionation.

Mineral Kfs Pl Q Mus Grt 1 Grt 2

SiO2 64.7 68.6 100 46.1 36.1 36.3
TiO2 – 0.01 – – – –
Al2O3 18.0 19.2 – 33.9 19.2 19.3
FeO – – – 3.41 11.5 23.9
MnO – 0.02 – 0.15 31.5 20.0
MgO – 0.01 – – 0.01 –
CaO – 0.19 – 0.01 0.92 0.25
Na2O 0.29 11.2 – 0.39 0.02 0.02
K2O 15.8 0.13 – 10.7 0.01 –

XFe – – – 0.99 0.22 0.50
XAn 0.00 0.01 – – 0.00 –
XOr/Mus 0.97 0.01 – 0.98 – –

KdNb 0.03 – 0.00001 3.5 0.07 0.07
KdTa 0.03 – 0.00001 0.4 0.12 0.12

Partition coefficients were taken from the compilations of EarthRef.org: GERM Partition Coefficient Database and references therein, except for muscovite that was taken from
Raimbault and Burnol (1998); mineral abbreviations after Kretz (1983); –: below detection limit, not calculated or not available.
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Fig. 5. Na2O + K2O vs. SiO2 classification diagram of plutonic rocks according to
Middlemost (1994). The diagram was carried out using the GCDkit package
(Janoušek et al., 2006).
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ration model of the melt with respect to trace elements (e.g., Zr and
LREE, see Watson and Harrison, 1983; Montel, 1993) that are
strongly enriched in accessory minerals, as zircon and monazite,
were used. The depletion in REE and Zr/Hf from bottom to top sup-
ports zircon and monazite were saturated mineral phases (e.g.
Hoskin et al., 2000). Samples from the lower part of the granite
yielded the highest values (around 665 �C), whereas values
between 580 and 610 �C were obtained in the apical zone (Table 1).
Very similar temperature estimates were derived from both
geothermometric applications (Table 1), suggesting a limited role
played by Hf in zircon solubility. Moreover, Ti-in-zircon thermom-
etry was also carried out (Watson et al., 2006) but the results were
inconsistent (837 �C on average and temperatures up to 1053 �C for
an activity of TiO2 = 0.7; not shown). Low calculated liquidus tem-
peratures obtained by monazite and zircon saturation modelling
have only been obtained experimentally in granite systems with
fluxing elements (e.g. F, see Manning, 1981; Xiao-Lin et al.,
1999). According to experimental approaches on granite melts
with fluxing elements (Manning, 1981; Xiao-Lin et al., 1999) and
melting data of glass inclusions from ongonites reported by
Naumov et al. (1971) the solidus temperatures (point at which
the melt completely crystallises) in this kind of melts are particu-
larly low and they could be lower than 550 �C.



Fig. 6. Harker diagrams for major elements. The composition of experimental melts in the albite granite-H2O-HF system at different temperatures and for an initial fluorine
content of 2 wt% are also included (data from Xiao-Lin et al., 1999).
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The phengite barometer (Massonne and Schreyer, 1987;
Massonne and Chopin, 1989) indicates emplacement around
300 MPa.
8. Discussion

8.1. Subhorizontal emplacement of a single magma pulse

From the previous sections, evident evolutionary trends in Gd,
Zr, Ta, FeO, Na2O with SiO2 have been revealed involving samples
from all the sections (Figs. 6 and 7). Since the upper samples of
the eastern sections are at a higher topographic level, this differ-
ence in the topography could easily explain the occurrence of a
cupola zone in the eastern sections and a deeper level in the west-
ern drill holes.

Considering the same topographic level in two separate drill
cores (1 and 3), a comparison of the concentration of elements cor-
related with silica (e.g. REE, Ta and the Zr/Hf ratio) reveals quite
similar compositions in both sections for the selected topographic
level (Fig. 10). The latter supports the higher abundance in Ta and
the lower concentrations in REE and Zr in eastern sections could be
explained in terms of their higher topographic levels relative to the
western ones, with the cupola zone being located to the East. This
topographic factor as key to explain contrasted geochemical varia-
tions among western and eastern samples is in line with a single
magma pulse instead of an intrusive juxtaposition of two or more
batches of differently-evolved magmas, as it is the case of other Ta-
bearing albite granites (e.g. the Nuweibi granite, see Helba et al.,
1997; the Bouvair granite, see Cuney et al., 1992). Additionally,
in the light of the invariable composition observed with the height
in the two distant drill cores studied, a subhorizontal magma
emplacement and a subsequent flattened shape of the granite body
can be inferred.
8.2. Differentiation process from bottom to top of the granite body

a) Whole-rock geochemistry constraints: variation diagrams
The melt in the Penouta granite was probably emplaced as a
single magma batch instead of successive magma batches
more evolved upward without any stage of replenishment,
as it is deduced by the absence of gaps in the variation dia-
grams, the continuity in REE patterns and in diagrams show-
ing composition with respect to height (Figs. 6–8). The
absence of switch from incompatible to compatible beha-
viour (bell-shaped trends) has not been observed in bivari-
ate diagrams or diagrams with height, suggesting that any
mineral phase reached the saturation from the emplacement
to the solidification stage. In contrast to the evolution of bio-
tite or two mica granites, where silica increases and Fe
depletes with the evolution (e.g. López-Moro et al., 2012),
in the albite granite of Penouta the highest contents in Fe
are shown by the richest Si samples. This behaviour has also
been described in experimental works in the albite granite-
H2O-HF system (Xiao-Lin et al., 1999), where a concomitant
enrichment in Al, Na and Ca occurs as the temperature
decreases (see Fig. 6), supporting that the less evolved sam-
ples and probably the initial magma are in the lower margin
of the Penouta granite. Experiments also confirm depletion
in K2O with SiO2 as temperature decreases (Fig. 6). The vari-
ations in these elements together with the Rb depletion
(Fig. 7) from the least to the most evolved samples points
to muscovite, alkali feldspar, garnet and quartz strongly con-
trolled these elements. Conversely, the increase of Sr, Al2O3,
CaO and Na2O from the least differentiated to more evolved
samples suggest albite accumulation or a change in the tern-
ary cotectic due to a fluorine enrichment (Manning, 1982)
and thus consistent with a modelling whereby fluorine
increased upwards. Similarly, REE, Y and Zr decrease



Fig. 7. Variation diagrams for selected trace elements. Symbols as in Fig. 6.
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concomitant with silica, pointing to monazite, garnet and
zircon were saturated, liquidus and fractionated phases that
would have strongly controlled the variations of these ele-
ments in the residual liquid.

b) Whole-rock geochemistry constraints: least-squares mass-
balance modelling
To check the evolution of the melt from bottom to top and
the assumption of a parental magma in depth with succes-
sive daughters deriving upwards, major element least-
square modelling was performed with the OPTIMASBA code
(Cabero et al., 2012). The chosen starting melt was the least
evolved sample of the western section (deepest samples)
and several more evolved samples from eastern sections as
daughters. Additionally, a model involving the deepest sam-
ple of eastern drill hole and the more evolved sample of the
same drill hole was also carried out (Fig. 11). In all models
quartz, alkali feldspar, garnet, muscovite and albite were
selected, by default, as mineral phases involved in the pro-
cess, but the best matches were always obtained excluding
albite as removed or added mineral, which is also in line
with the enrichment of Na, Al and Ca with the evolution
observed in variation diagrams (Fig. 6). The model justifies
that the selected residual liquids are genetically related to
the assumed initial magma; otherwise, the sum of the
squares of the residuals would be higher, i.e. the match
would be worse. Similarly, the model is consistent with an
evolution from bottom to top of the body, since the propor-
tion of the residual liquid decreases upward (compare model
1 and 3 in Fig. 11). The estimated residual liquid from the
least to the most evolved daughter (64% in model 3, or 60%
considering model 1 and 2 in Fig. 11) is also not dissimilar
to the proportion of the remaining melt in melting experi-
ments (50% considering a starting point with a 2% of fluorine,
Xiao-Lin et al., 1999) at 600 �C, the latter being the average
temperature of zircon and monazite for the selected
daughter.

c) Mineral-chemistry constraints on the gangue minerals
Some mineral phases of the Penouta granite exhibit chemi-
cal variations from bottom to top, which could be the result
of the evolution of the melt. The evolution upwards of
almandine depletion joined to the increase in spessartite
molecule of garnets of the Penouta granite have been
reported in garnets of zoned pegmatite fields, representing
a progressive degree of fractionation (e.g., Baldwin and von
Knorring, 1983; Müller et al., 2012). However, whole-rock
Fe and Mn variations could not only be controlled by garnet,
but also by muscovite. Partition coefficient values of mus-
covite for Fe and Mn (DFe

Mu-melt = 8; DMn
Mu-melt = 2; Raimbault

and Burnol, 1998) indicate that the melt may become
strongly depleted in Fe relative to Mn as a consequence of
muscovite crystallisation, which is in line with the lower
iron contents of apical muscovites from the Penouta granite



Fig. 8. Chondrite-normalised REE contents of drill holes from the Penouta granite. Normalised values after Boynton (1984). Shaded field: complete range of data.
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(Table 3). Similarly, chemical variations of garnet and mus-
covite support the notion that the higher mineral abun-
dances of these minerals in depth (Table 2) are mainly due
to crystal-melt evolution instead of accumulation processes.
Moreover, monazites of the Penouta granite have lower LREE
contents upwards (Table 2A). LREE are essential constituents
in this mineral and its fractionation may prompt their pro-
gressive impoverishment, as it has been reported in the
Yichun high-P albite granite (Huang et al., 2002). A binary
mixing modelling involving monazite added (0.003 wt%) to
an evolved sample from the apical zone reproduces very
well the LREE contents of a sample from the bottom of the
granite (Fig. 12), pointing to monazite strongly controls LREE
signature in the melt. However, unlike what happens in
whole-rock geochemistry, Gd and Y increase in monazite
upwards (Table 2A), suggesting that these elements were
partitioned by garnet. The progressive decrease of garnet
proportion upwards probably led to an accommodation of
available Gd and Y in monazite in a bigger extent that it
occurred in deeper zones. The latter is also confirmed by
the mixing modelling performed, as Gd, Tb and Dy are not
matched very well (Fig. 12), suggesting that other minerals
fractionating HREE played an important role in the distribu-
tion of these element (e.g., garnet and zircon).
A similar scenario occurs with zircon, as the observed rise of
Hf budget in zircon upwards can be satisfactorily explained
by the fractionation of zircon itself, which causes a higher
depletion in Zr relative to Hf in the melt (Linnen and
Keppler, 2002; Claiborne et al., 2006; Rubatto and
Hermann, 2007).
Apatite tends to have higher fluorine content in the apical
zone of the granite. This fluorine enrichment could indicate:
(i) an enrichment upwards in the fluorine content of the
melt, due to crystal fractionation of phases without or with
low fluorine contents, or (ii) a depletion in the apical zone
of minerals containing fluorine (e.g. white mica), as a conse-
quence of crystal-melt fractionation processes.
Hence, mineral-chemistry, crystallisation-melting experi-
ments and the results of the major element least-square
modelling allow to constrain the evolution of the melt in
the Penouta granite, with a decrease in quartz-alkali
feldspar-muscovite-garnet ± zircon ± monazite from bottom
to top. A point worthy of mention is that the evolution of
the melt in the Penouta granite (e.g. depletion of silica with
the evolution) is contrary to that of less evolved granite
melts (e.g., biotite and two mica granites), probably by the
higher contents of fluxing elements, as fluorine, in the
Penouta granite melt (see Manning, 1981).

8.3. Ore-element evolution

a) Saturation of ore minerals
Continuous trends of Ta and Sn with height are the rule in
the Penouta granite, representing evidence of the saturation
of tantalite and cassiterite were not attained, otherwise a
depletion in Ta, Nb and Sn would be observed once
columbite-tantalite and cassiterite reached their saturation
(Evans and Hanson, 1993; Hoskin et al., 2000). This assump-
tion is in agreement with the experimental approaches of
manganotantalite-manganocolumbite and cassiterite satu-



Fig. 9. Chemical variations with height for selected elements in the Penouta granite. Variations of the overlain metamorphic rock were omitted.
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Fig. 10. Topographic effect in geochemical contents of selected elements for the Penouta granite.

24 F.J. López-Moro et al. / Ore Geology Reviews 82 (2017) 10–30
ration (Linnen, 1998; Bartels et al., 2010; Taylor and Wall,
1992; Štemprok, 1990; Bhalla et al., 2005). For instance, by
considering a crystallisation temperature of 600 �C for the
most evolved sample, the saturation of tantalite would be
reached at 649 ppm and 2052 ppm of Ta for a system with-
out and with fluxing elements, respectively; whereas the
saturation of cassiterite would occur at 1400 ppm and
849 ppm of SnO2 in the melt with and without fluxing ele-
ments, respectively. These values are higher than the budget
of Ta in the Penouta granite, especially when there are also
evidences that support the notion of fluxing elements in
the melt that would increase the solubility of Ta in the melt.
These results are also in line with measured melt inclusions
of pegmatites, where Ta concentrations exceed to economic
Ta deposits in some orders of magnitude (see Thomas et al.,
2011).
The occurrence of columbite-tantalite and cassiterite
throughout the Penouta granite body in a melt undersatu-
rated for Sn, Nb and Ta could be explained by the existence
of a localised saturation and crystallisation adjacent to
growing rock-forming minerals within trapped intercumu-
lus melt (Bacon, 1989; Hoskin et al., 2000), as it has been sta-
ted for zircon saturation in granodiorites (Hoskin et al.,
2000). Columbite-tantalite and cassiterite would have been
formed within non-equilibrium concentration gradients that
could explain the often-complex zoning patterns observed
in these minerals, regardless of the level where they appear.

b) Concentration of Ta and Nb and the evolution of Ta/Nb in the
melt
The lack of saturation of Nb-Ta oxides in the Penouta albite
granite points to normal zoning observed in these minerals,
consisting of Nb-rich cores and Ta-rich rims, is not the rea-
son to explain an increase in Ta and in the Ta/Nb ratio in
the melt, via crystal fractionation of Nb-Ta oxides, as it has
been proposed in pegmatites (Chevychelov et al., 2010;
Černý et al., 2012) or in leucogranites (Linnen and Cuney,
2005). Similarly, a dependence of alumina saturation index
with the Ta/Nb ratio or Ta solubility reported in pegmatite
melts (e.g. van Lichtervelde et al., 2010) should also be
discarded in the Penouta granite, as both parameters are



Fig. 11. Schematic diagram showing the least-squares mass balance modelling performed for the Penouta granite. The modelling was carried out assuming the deepest
sample of the drill core 1 (D06053) represents the initial/parental magma. Samples from the eastern drill hole 3 at different topographic levels (samples D02944 and D02666),
including the apical zone, were considered as residual liquids. The composition of fractionated minerals is compiled in Table 6. Note the excellent match of modelling
exemplified by the sum of squares due to error (SSE).
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negatively correlated (Fig. 13). Alternatively, two possibili-
ties could explain the Ta, Nb and Ta/Nb ratio variations
observed:

(i) An increase in fluorine content could have progres-

sively increased upward the solubility of Ta relative
to Nb (Linnen, 1998; Bartels et al., 2010), favouring
the crystallisation of Nb-Ta oxides within a trapped
inter cumulus melt with higher Ta/Nb ratio
upwards. Fluorine enrichment upwards seems likely
in the Penouta granite by the occurrence of fluorite
only restricted to the apical zone of the granite.
However, recently, a higher solubility of Ta and
Nb in relation with fluorine in the melt has been
questioned in solubility experiments of manganotan-
talite and manganocolumbite (Fiege et al., 2011;
Aseri et al., 2015).



Fig. 12. Chondrite-normalised REE patterns (values from Boynton (1984)) showing
samples from the upper (D02666) and lower (D06053) parts of the leucogranite and
a mixing model, where monazite of the Penouta leucogranite was added to the most
evolved sample of the albite leucogranite (D02666). Equations of two mixing
components after López-Ruiz and Cebriá (1990).

Fig. 13. A) Fractional crystallisation modelling (Rayleigh and equilibrium) for Ta
and Nb variations. The modelling was carried out using the mode estimated by the
least-squares mass balance modelling (inset in diagram). Partition coefficients
compiled in Table 6. Small circles and ticks represent the fractions of residual
liquids. B) A/CNK vs. Ta diagram. C) Sn-Ta variation diagram showing a general
evolutionary trend owing to fractional crystallisation and a second trend assumed
to be consequence of degassing.
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(ii) The existence of a fractionated mineral phase removing
Nb in higher extent than Ta from the melt. Muscovite,
biotite and amphibole have been implicated as minerals
able to fractionate Ta from Nb in granite melts
(Raimbault and Burnol, 1998; Stepanov et al., 2014).
Biotite and amphibole are missing in the Penouta gran-
ite, but white mica is an essential primary mineral
(Fig. 3) and its fractionation could have had a clear
effect on the evolution of the melt. Crystal fractionation
modelling considering modes and minerals obtained via
least-squares mass-balance modelling (Fig. 11) is in a
close match with the wide set of data from the Penouta
granite (Fig. 13). Hence, Ta and Nb variations could be
properly explained by a fractionation process occurring
from bottom to top that includes white mica, quartz,
alkali feldspar and garnet as main fractionated mineral
phases, but excludes columbite and tantalite. According
to this proposal, and in line with previous reasoning,
columbite and tantalite would be the result of localised
saturation within a trapped intercumulus melt. This
modelling would explain the more pronounced enrich-
ment in Ta with height than that of the Nb (Fig. 9) in
terms of a higher bulk distribution coefficient of the
fractionating assemblage in Nb (DNb = 0.59) than in Ta
(DTa = 0.08). Similarly, the observed relationship
between Ta and Ta/Nb with A/CNK (Fig. 13) may be
compatible with the crystal fractionation process, as
the removal of minerals with high alumina saturation
index, like muscovite, garnet and in lesser extent alkali
feldspar, justifies the progressive depletion in the
A/CNK from bottom to top of the body. Moreover, the
close match of the modelling in the Ta/Nb-Ta diagram
is in agreement with a limited modification of the
Ta/Nb ratio by subsolidus fluids.
c) Sn enrichment at mid-levels: a case of degassing processes?
The Sn distribution pattern in the Penouta granite with
height commonly shows a progressive enrichment from bot-
tom to top (Fig. 9). Nevertheless, several drill holes exhibit in
mid-levels a strong Sn enrichment (e.g. Fig. 9, drill hole 1),
where only a concomitant weak increase in the Ta abun-
dance occurs. Therefore, the Sn-Ta distribution pattern at
mid levels is clearly different to the most common Sn-Ta
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evolutionary trend, which is assumed to be magmatic in ori-
gin and in relation to the main differentiation process
(Fig. 13). The Sn enrichment of mid-levels could be compat-
ible with a change in the fO2 conditions in the melt, whose
depletion could have led to a higher solubility of SnO2 in
the melt (Linnen et al., 1995), but not in the Ta. However,
depletion in the fO2 should be probably related to assimila-
tion processes at this level, which is not the case according
to drill holes studied; besides, a change in fO2 would not
explain the mineral association beryl-cassiterite observed
in the most Sn-enriched samples (Fig. 4). It seems likely that
Sn contents out the magmatic trends are not linked to frac-
tional crystallisation, but to a fluid phase, as Sn partitions in
favour of the fluid and Ta has affinity for the melt (e.g.
Linnen and Cuney, 2005). Moreover, the signature of cassi-
terites in zones of strong Sn enrichment in the granite
(Table 5) is typically magmatic in terms of Nb and Ta con-
tents (e.g., Haapala, 1997; Costi et al., 2009). Hence, in the
light of the above it follows that an externally derived
subsolidus-hydrothermal fluid can be ruled out in explain-
ing the origin of these cassiterites and a magmatic-derived
fluid begins to gain strength. This magmatic fluid might be
generated by volatile release, process that can be evidenced
in the Penouta granite by the occurrence of flat-lying sheets
of aplo-pegmatite in the apical zone. A process able to satu-
rate a melt in vapour is depressurisation (e.g. Winter, 2001).
This mechanism might be plausible in the Penouta granite
taking into account the lower pressure of emplacement,
the lower solidus estimates and the strong volatile enrich-
ment of this kind of melts (e.g. Lehmann, 1994). Besides,
the occurrence of phenocrysts of quartz, alkali feldspar,
albite and white mica hosted in a groundmass composed
of the same minerals might indicate a rapid ascent of a crys-
tal mush from a reservoir (magma chamber?) up to the
emplacement place (similarly to subvolcanic rocks), thus
evidencing a depressurization process in the melt of the
Penouta granite. The rapid rise of the crystal mush might
be in coherence with the low viscosity of a fluorine-
enriched melt (Dingwell et al., 1985).
Fig. 14. Interpretative scheme to explain Sn enrichment in medium zones of the Penouta
lower margin transports abundant Sn and Be that are resorbed by the hotter silicate me
beryl.
Another mechanism yielding fluid saturation in a melt is the
second boiling, which is induced by crystallisation of anhy-
drous minerals (as it seems to be occurring in the Penouta
granite, Fig. 11) in a cooling scenario. This process has been
studied in tabular-like bodies with a similar thickness than
the Penouta granite (Boudreau and Simon, 2007) revealing
that a crystallising and cooling tabular body develops two
separate vapour-saturated zones, namely, at the lower and
upper margins. In the upper fluid-saturated zone, fluid
exsolved forms pegmatoids, whereas in the lower margin
fluid exsolved migrates upward into hotter silicate liquid
up to the central part of the body, where it can be resorbed.
This modelling predicts well some features of the Penouta
granite: (i) flat-lying sheets of aplo-pegmatite occur in the
apical zone of the granite body, that joined to the greisen
developed in the wall rock might be consequence of
upper-margin fluid saturation, and (ii) the absence of peg-
matoids in the lower margin, together with a dramatic
enrichment in elements with a high affinity by fluids, as Sn
and Be, in the medium levels of the Penouta granite could
be consistent with a fluid saturation from the lower margin
and its resorption in the hotter silicate liquid in the central
part (Fig. 14).
According to this modelling, the heat loss in both margins is
a key point for the development of a crystallisation-induced
degassing (second boiling), that in the Penouta granite might
be favoured by its late-orogenic character and the geometry
of the granite body. Regarding the former, the Penouta gran-
ite was emplaced in a metamorphic pile in the greenschist
facies, according to the P-T conditions of the area in the
M3 metamorphic stage (Díez Montes, 2007), that facilitated
cooling. Similarly, the Penouta granite is a laminar/laccolith
body that exhibits higher contact surfaces with the country
rock than a typical stock body for the same amount of melt
(López-Moro et al., 2012). This fact might facilitate the rapid
cooling and consequently the second boiling and the Sn
mobilization in fluid/vapour.
Moreover, vapour separated could also be a contributory fac-
tor to trigger, at least in part, the subsolidus overprinting
granite by lower-margin degassing. In this modelling a vapour separating from the
lt at mid-levels of the granite body, thus favouring the nucleation of cassiterite and
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processes affecting the Penouta granite, exemplified, for
instance, by the occurrence of mesoperthites or patchy zon-
ing in Ta-Nb oxides.

9. Conclusions

The low viscosity of granite melts with fluxed elements, such as
F, seems to be a crucial issue in controlling the lenticular shape and
the lateral extension of this kind of melts, as is the case of the
Penouta granite. The evolution of these melts in the emplacement
place can become quite simple, as it occurs in the Penouta granite,
with a single magma pulse laterally extended, with a differentia-
tion process where the melt evolves upwards. The latter is in accor-
dance with mineral chemistry, whole-rock geochemistry, mass
balance modelling, Rayleigh fractionation modelling and experi-
mental works. Our results support that Nb-Ta oxides and probably
cassiterite were not saturated mineral phases, and it could be the
rule in other albite granites. Hence, Nb-Ta oxides would have not
fractionated Nb relative to Ta and these mineral phases would have
crystallised within the intercumulus trapped liquid at very limited
portions of melt. In the light of recent experiments and/or our
results, the role played by fluorine in tantalum concentration in
the melt is unclear, and the same is true for the peraluminosity
of the melt and hydrothermal fluids. The process that best repro-
duces the Ta and Nb variations in the Penouta granite is fractional
crystallisation, including muscovite as fractionated mineral phase.
Muscovite fractionation in the Penouta granite can be highlighted
by mass balance and trace element modelling performed in this
work, mineral chemistry and modal-proportion variations of mus-
covite observed from bottom to top of the granite body and its pre-
dominant primary character. Similarly, crystallisation-melting
experiments and the occurrence of white mica phenocrysts in vol-
canic equivalents to albite granites (ongonites) point to muscovite
is a liquidus phase in this kind of magmas. However, further exper-
imental works would be necessary to constrain about muscovite
crystallisation in granite systems with a garnet-bearing albite
leucogranite as starting point (not only topaz-bearing leucogran-
ites), especially because garnet is a very frequent accessory in
rare-metal albite granites (e.g., Penouta, Nuweibi and Abu Dab-
bab). Nevertheless, despite the contribution of fluorine in concen-
trating tantalum relative to Nb is questionable, the role played by
fluorine in decreasing the solidus and the viscosity of the melt pro-
tracts crystal fractionation, and enhances crystal settling processes,
which both favoured the enrichment in incompatible elements like
Ta, Nb and Sn from bottom to top.

The process of Sn concentration in this kind of melts is compli-
cated to be unravelled by the affinity for fluids of Sn and the com-
plexity of carrying out experiments with this element. Bivariate
diagrams applied to the Penouta granite resulted to be useful tools
to discriminate two contrasted processes of Sn concentration:
crystal-melt fractionation and mobilization in a fluid phase. The
latter is economically more important since it would have pro-
vided the highest grades of Sn in the granite, but is unequivocally
a process poorly known. Depressurisation and fluid saturation
induced by anhydrous mineral crystallisation and cooling (second
boiling) could both explain a strong Sn enrichment in a fluid phase
and the magmatic signature of cassiterite in the central part of the
granite body, but the second one predicts better the place where
fluid saturation occurred: in both margins of the granite body.
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