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Sn—Nb-Ta-Ti oxides occur as accessory minerals in the granitic facies of the External Unit in the Jalama Batholith
(Salamanca, Spain) and in the related LCT pegmatite dikes of the rare-element class. Moreover, abundant cassiterite and
columbite-group minerals crystallized in the Cruz del Rayo peribatholithic pegmatite dikes, cutting the pre-Ordovician
low-grade metasedimentary rocks of the surrounding Schist-Graywacke Complex.

Cassiterite, rutile, ilmenite and tantalite-(Fe) occur disseminated in the border facies of the External Unit, especially
throughout the tourmaline-bearing leucogranite and the apical aplites. Additionally, cassiterite, rutile and Ta-rich rutile
developed locally in the intragranitic pegmatite dikes.

Two types of peribatholithic pegmatites can be distinguished at Cruz del Rayo: (i) granite-like pegmatites, with colum-
bite-(Fe) I and II and cassiterite, in which the influence of metasomatic fluids led to formation of the late albite unit and
crystallization of tantalite-(Fe), and (ii) greisen-like bodies, which contain high amounts of columbite-(Fe), columbite-
(Mn), tantalite-(Mn) I and II as well as cassiterite.

The primary oxide assemblage in both types of the peribatholithic pegmatite dikes would have crystallized as a result
of magmatic differentiation of the residual melts coming from the Jalama granitic cupola. However, crystallization of
the secondary assemblage, richer in Fe and Ta, is interpreted mainly as a consequence of interaction with external fluids
coming from the metamorphic host rocks, more or less mixed with meteoric fluids, although partial dissolution and

re-precipitation could have played an important role, as well.
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1. Introduction

Rare-metal granitic cupolas are generally strongly
enriched in F and show variable Sn, W, Nb, Ta, Rb,
Cs, Be and Li contents. Thus, they are mainly associ-
ated with Sn—Nb-Ta—Li ores, which were deposited
directly through magmatic crystallization processes or
as a consequence of the late-hydrothermal alteration
of these granitic bodies. In Europe, examples of such
deposits are scattered throughout the Variscan Belt
and they are spatially associated with peraluminous
syn- to post-tectonic granitic cupolas, which frequently
have high phosphorus contents. Li-rich muscovite or
lepidolite, columbite-group minerals, and pyrochlore-
group minerals are common in these deposits (Cerny
et al. 2005). Examples in the French Massif Central
include the Ta—Sn—Li mineralization of the Beauvoir
granite (Cuney et al. 1992; Raimbault et al. 1995), the
columbite—tantalite minerals of the complex lepidolite-
subtype pegmatites of Chedeville (Raimbault 1998), as
well as the cassiterite and wolframite-group minerals
of the Vienne granite (Cuney et al. 2002; Bouchot et

al. 2005). The rare-metal deposits linked to the LCT
pegmatites occur also in the Bohemian Massif, Czech
Republic (Johan and Johan 1994; Cerny et al. 2007;
Breiter et al. 2007) and the tin and tungsten deposits
are known from the Cornwall Massif, south—eastern
England (Charoy 1986; Willis-Richards and Jackson
1989). In the Iberian Massif, the pegmatite fields of
Lalin-Forcarei (Fuertes-Fuentes and Martin-Izard
1998) and Fregeneda-Almendra (Roda-Robles 1993;
Roda-Robles et al. 2007; Vieira et al. 2011) are some
of the best-known rare-metal deposits associated with
leucogranites in northern and western Spain.

The late-Variscan granitic cupola of the Jalama
Batholith (Ramirez 1996; Ramirez and Grundvig 2000),
which is located in the central-western part of the Span-
ish Iberian Massif, is another good example of these
rare-metal deposits. It belongs to the Navasfrias Sn—W
district (geographic coordinates 40.265708, -6.79616),
which was mined irregularly during the second half of
the last century to obtain cassiterite and wolframite-group
minerals from aplites, pegmatites and a group of hydro-
thermal quartz veins (Fig. 1). Already Fernandez-Leyva
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(2007) and Ruiz et al. (2008) established the potential
geochemical indicators of the rare-metal mineralization.
Recently, Llorens and Moro (2010a) have reported the
existence of a rare Nb—Ta deposit hosted by the Li-rich
LCT pegmatites of La Canalita, which are also related to
another granitic cupola in the Navasfrias district; namely,
the Cadalso-Casillas de Flores Batholith.

This contribution reports the occurrence of the Nb,
Ta, Sn and Ti oxide minerals disseminated in the leuco-
granite and the aplites of the Jalama Batholith, as well

Salamanca

Iberian Massif

as in the intra- and peribatholithic pegmatite dikes. Here
we: 1) report results of petrographic and mineralogical
study, textural relations, and chemical data for the Nb-,
Ta-, Sn-, Ti-bearing minerals, paying special attention
to their zoning patterns, 2) discuss the mechanism of
chemical substitution in individual ore minerals, 3) as-
sess the chemical evolution of these oxides related both
to the magmatic stage and the batholith’s hydrothermal
alteration, and 4) discuss the factors controlling the likely
formation of these oxides.

+ + + +
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Fig. 1 Simplified geological map of the Jalama Batholith and the old mining works in the central part of the Spanish Variscan Massif. Based on

Ramirez (1996).
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2. Geological setting

The Jalama Batholith is an elliptical allochthonous and
discordant body striking NNW-SSE. It intruded the
Schist-Graywacke Complex (CEG) of the central-western
Iberian Peninsula (Martinez Catalan et al. 2004) after the
main Variscan deformation phase (~300 Ma, Ramirez
1996). In the study area, the CEG includes large outcrops
of pre-Ordovician graywacke—pelite metasediments af-
fected by low-grade regional metamorphism (Rodriguez
Alonso 1985; Diez Balda et al. 1990), overprinted by the
contact-metamorphic aureole of the Jalama Batholith.

The Sn, Nb, Ta and Ti oxide minerals studied in this
contribution occur in the northern part of the Jalama
Batholith: the so-called External Unit (EU) of Ramirez
(1996) and Ramirez and Grundvig (2000). According to
these authors, the EU represents a magmatic differentia-
tion series constituted, from south to north, by coarse-
grained porphyritic monzogranite, two-mica equigranular
granite, tourmaline-bearing leucogranite, and a group
of aplitic and pegmatitic dikes cutting the metamorphic
aureole (Fig. 1). The hydrothermal alteration of the EU
caused a progressive increase in modal proportions of
muscovite, albite and tourmaline at expense of biotite and
K-feldspar. Sulphides (e.g. arsenopyrite, chalcopyrite,
pyrite and loellingite), together with phosphates (e.g.
apatite, montebrasite, rockbridgeite and childrenite—eos-
phorite), are the most common accessory minerals (Llo-
rens and Moro 2012), being especially concentrated in
the most fractionated and marginal facies of the batholith.

All the granitic facies of the Jalama Batholith are
strongly peraluminous, with ASI ranging from 1.15 and
1.44 [ASI being the A1,O,/(CaO + Na,0 + K O) molar
ratio]. Moreover they show high, with differentiation
further increasing contents of SiO, (68.73 to 75.50
wt. %) and P,O, (0.27 to 0.51 %) as well as trace ele-
ments such as Li, Rb, Cs, Be, Sn and Tl (Ramirez and
Grundvig 2000). For example, the amounts of Sn vary
from 9 ppm in the porphyritic monzogranite to 66 ppm
in the leucogranite, and 55 ppm in the border aplites.
However, the Nb and Ta contents remained more or less
constant during the differentiation (at ¢. 30 ppm and 12
ppm respectively), reaching 46 ppm Nb and 58 ppm Ta
in the tourmaline-bearing leucogranite and border aplites
(Ramirez and Grundvig 2000; Fernandez-Leyva 2007;
Ruiz et al. 2008).

A suite of pegmatite bodies is hosted by the different
facies of the EU of the Jalama Batholith. The dikes cut-
ting the two-mica equigranular granite (Horia and Mari
Carmen, Fig. 1) are homogeneous or poorly zoned, strik-
ing N170-180°E, and mainly composed of K-feldspar,
albite, muscovite and quartz (Fig. 2a). In contrast, the
pegmatites hosted by the tourmaline-bearing leucogranite
and the apical aplites are 10—50 cm thick and up to 100 m

long, striking mainly between N120°E and N180°E (the
Salmantina Group and Bon, Fig. 1). They form tabular,
lenticular bodies or ellipsoidal pods consisting of albite,
microcline, quartz and muscovite and showing a poor
zoning pattern (Fig. 2b). Moreover, they contain variable
but accessory amounts of Mn—Fe—Ca phosphates (Llorens
and Moro 2007, 2008, 2012) and, locally, also tourma-
line, biotite, zircon and Fe- with Cu-rich sulphides.

The largest pegmatite bodies, and indeed the only ones
that have been mined for Sn, correspond to the LCT peg-
matites of the rare-element class (Cerny and Ercit 2005).
They occur at Cruz del Rayo, where they intruded the
metamorphic rocks of the CEG (Fig. 1). These include
three main lenticular dikes striking N170°E, with sub-
vertical dip and secondary ramifications. They range
from 20cm to 1 m in width and have a maximum length
of 300 m. The average estimated contents reach 600 ppm
Sn and 22 ppm Nb and Ta; hence the mining works in-
cluded mainly shallow excavations of the individual dikes
down to 6 m. However, currently the mining works are
not active and they have not been preserved for mapping
purposes. Pegmatite dikes of granite-like composition
and greisen-like bodies were identified (for a detailed
description, see Llorens and Moro 2012), both showing
internal zoning (Fig. 2¢). Pegmatite bodies of granite-like
composition mainly consist of albite, sometimes with
the “cleavelandite” habit, K-feldspar, quartz and mus-
covite. Alluaudite, mitridatite, rockbridgeite and apatite
appear as accessory minerals in the outermost zones of
the bodies. Later metasomatic processes resulted in the
development of a unit mainly made up by saccharoidal
albite, forming fracture-fillings and building groundmass,
especially in the intermediate zones. Finally, greiseniza-
tion gave rise to the crystallization of the greisen-like
pegmatite dikes, which are almost exclusively composed
of quartz and muscovite and host the main Sn, Nb and
Ta oxide minerals (Fig. 2d). Tourmaline and apatite are
accessory minerals in the outermost zones of the dikes,
whereas the quantities of amblygonite—montebrasite and
beryl increase progressively towards intermediate zones.

3. Analytical techniques

All samples were collected in situ from several zones of
the Jalama Batholith (Fig. 1). Only the Cruz del Rayo
pegmatite samples came from the surrounding dumps
owing to the difficulty in accessing the outcrops and pre-
vious restoration works. Of the 66 samples collected (33
belonged to granites and aplites, 20 to intragranitic peg-
matite dikes, and 13 to the Cruz del Rayo peribatholithic
pegmatite dikes), 23 were selected for petrographic and
chemical analyses. Where internal zoning patterns were
present in the pegmatite bodies, samples were taken from
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Fig. 2a — Poorly zoned pegmatite dikes striking N180°E and hosted by the two-mica equigranular granite. b — Pegmatite dikes striking N180°E with
a subvertical dip, cutting the tourmaline-bearing leucogranite, ¢ — Schematic sections of the Cruz del Rayo peribatholithic pegmatites, showing the
zoning pattern of both types of pegmatite dikes: the granite- and greisen-like ones. d — Sample of a greisen-like pegmatite dike, showing a contact

zone with the metamorphic host rock in its upper part and disseminated crystals of cassiterite towards the bottom.

each zone, although in some cases the thinness of several
dikes rendered such identification impossible.

The millimetre size of most of the Sn, Nb, Ta and Ti
oxide minerals hindered their separation, such that the
use of X-ray diffraction was not possible. Thus, their
identification was based on combined optical and electron
microscopy, as well as chemical composition, obtained
by electron-microprobe analysis (EMPA). We employed
a Cameca SX-100 electron microprobe at the Scientific-
Technical Services of the University of Oviedo, which
was operated with an accelerating potential of 20 kV
and a sample current of 20 nA. The counting time was
20 s for Zr, W, Fe, Ta, Bi, U and Al, and 10 s for the
rest of elements. The detection limits ranged between
0.01 and 0.04, and standard deviations between +0.02
to £0.10 for main elements and up to 0.11 and between
+0.12 to £0.34, respectively, for trace elements. The

following standards were used: metals for Ti, Sn, W, Zr
and Bi; vanadinite for V; magnetite for Fe; MnTiO, for
Mn; Ta,O, for Ta; Nb,O, for Nb; andradite for Ca, and
corundum for Al. Back-scattered electron (BSE) images
and semi-quantitative analyses were obtained using SEM
at the Scientific-Technical Services of the University of
Oviedo and at the University of Salamanca (ZEISS DSM
940) in order to determine compositional variations and
the possible zoning of the oxide minerals.

4. Mineralogy and chemistry of the Sn-
Nb-Ta-Ti assemblage

The Sn, Nb, Ta, and Ti oxides studied in this work occur
as accessory minerals disseminated throughout the differ-
ent granitic facies that constitute the EU at the northern
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part of the Jalama Batholith. Three mineral assemblages
can be recognized: 1) cassiterite, rutile, ilmenite and
tantalite-(Fe), disseminated in the border facies of the
EU and, in particular, the tourmaline-bearing leucogranite
and apical aplites, 2) cassiterite, rutile and Ta-rich rutile
in the intragranitic pegmatite dikes, and 3) cassiterite
and columbite-group minerals in the Cruz del Rayo
peribatholithic pegmatite dikes hosted by the contact
metamorphic aureole.

4.1. Tourmaline-bearing leucogranite and
aplites

Cassiterite is the main accessory mineral in the mar-
ginal granitic facies in the EU of the Jalama Batholith.
It occurs as millimetre-sized anhedral crystals, normally
associated with muscovite. Cassiterite usually includes
earlier minerals, suggesting crystallization from late hy-
drothermal fluids. Rutile and ilmenite crystallized as mil-

limetre- to micrometre-sized crystals, commonly showing
fibrous textures, enclosed in biotite and muscovite or
in chlorite, derived from their alteration (Fig. 3a-b).
Finally, tantalite-(Fe) with a mean chemical formula of
(Fey ,gMn, ), 6(Ta, oNby  Ti Sny ), 0, s found locally
disseminated in the tourmaline-bearing leucogranite.

4.2. Intragranitic pegmatites

Cassiterite is scarce in the pegmatite dikes hosted by the
tourmaline-bearing leucogranite and the apical aplites,
whereas it is lacking completely in the dikes hosted by
the two-mica equigranular granite. Cassiterite occurs as
millimetre-sized anhedral to subhedral crystals that are
usually associated with muscovite and quartz (Fig. 3c¢).
Its composition is rather homogeneous (Tab. 1) with Sn
(0.976-0.987 apfu) substituted solely by small amounts
of Ti and Fe (up to 0.007 apfu each). Only a few cassit-
erite crystals show a limited degree of substitution by Ta

100 um

————————————————

Fig. 3 Photomicrographs and BSE images of several Sn and Ti accessory oxides disseminated in the tourmaline-bearing leucogranite and apical
aplites (a—b) and in the intragranitic pegmatite dikes (c—d): a — rutile and ilmenite crystallized in the foliation planes of muscovite (plain reflected
light); b — acicular crystals of rutile in chlorite formed by biotite alteration. Zircon crystals surrounded by pleochroic halos (dark circular patches)
are also observed (plain transmitted light); ¢ — crystals of cassiterite in association with muscovite (plain reflected light); d — BSE image of a
poorly zoned euhedral crystal of rutile, showing higher Nb and Ta contents towards its rims. Rt: rutile, [lm: ilmenite, Ms: muscovite, Zrn: zircon,

Chl: chlorite, Cst: cassiterite, Qz: quartz.
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Tab. 1 Representative compositions of cassiterite and rutile in the intra- and peribatholithic pegmatite dikes (wt. % and apfu)

Pegmatite type Intragranitic

Peribatholithic

Hosted by leucogranite and aplites Granitic Greisen Late Unit

Mineral Cst Cst Rt Rt Ta-Rt Cst Cst Cst Cst Cst
Analyses 0.1 34 1.1 1.2 0.2 1.4 3.8 7.5 1.1 1.3
WO, b.d.L b.d.L. 0.36 b.d.l. 0.00 0.00 0.00 0.00 -

Nb,O, 0.14 0.39 4.38 3.72 5.19 0.33 0.16 2.26 1.02 0.46
Ta, 0, 1.07 b.d.L. 0.86 2.89 42.32 3.06 0.13 5.39 2.95 1.09
TiO, 0.15 0.41 90.36 87.02 32.99 0.23 0.09 0.13 0.21 0.18
ZrO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SnO, 98.48 97.94 1.50 0.41 5.31 95.74 99.10 89.20 94.45 97.94
AlLO, 0.00 0.09 0.06 1.72 0.12 b.d.L. 0.00 0.08 0.07 0.00
V.0, 0.00 0.00 0.40 0.34 0.21 0.00 0.04 b.d.l. - -
CaO 0.53 0.55 0.02 0.06 0.05 0.51 0.53 0.49 0.00 0.00
MnO b.d.L. 0.00 b.d.L. 0.00 0.10 0.05 0.00 0.51 b.d.l. b.d.L.
FeO 0.25 0.21 2.28 2.80 9.30 0.64 0.13 0.92 0.52 0.22
Total 100.67 99.74 100.25 99.03 95.59 100.57 100.185 99.00 99.23 99.91
w 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb 0.001 0.004 0.027 0.024 0.048 0.003 0.002 0.023 0.010 0.005
Ta 0.007 0.000 0.003 0.011 0.236 0.019 0.001 0.033 0.018 0.007
Ti 0.002 0.007 0.932 0.925 0.510 0.004 0.001 0.002 0.004 0.003
Zr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sn 0.979 0.978 0.009 0.003 0.049 0.956 0.987 0.906 0.955 0.980
Al 0.000 0.002 0.001 0.029 0.003 0.000 0.000 0.002 0.002 0.000
\% 0.000 0.000 0.004 0.004 0.003 0.000 0.001 0.000 0.000 0.000
Ca 0.013 0.0013 0.000 0.001 0.001 0.012 0.013 0.012 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.010 0.000 0.000
Fe 0.005 0.004 0.026 0.033 0.160 0.012 0.002 0.018 0.010 0.004
> cat. 1.007 1.009 1.006 1.034 1.012 1.007 1.007 1.007 0.999 1.000
Mn/(Mn+Fe) 0.039 0.000 0.006 0.000 0.011 0.077 0.000 0.360 0.035 0.097
Ta/(Ta+Nb) 0.818 0.109 0.106 0.319 0.831 0.849 0.333 0.589 0.635 0.587

N° of ions (in apfu) calculated on the basis of 20. Cst: cassiterite, Rt: rutile, Ta-Rt: Ta-rich rutile, b.d.1.: below detection limit, — not analyzed.

and Nb (up to 1.07 wt. % Ta,O, and 0.39 wt. % Nb,O,).
Generally, Nb contents are invariably moderate, whereas
Ta is either absent or its contents are comparably high.

Rutile crystallized less abundantly than cassiterite as
micrometre- to millimetre-sized crystals or granular ag-
gregates, disseminated in the pegmatite dikes or filling
fractures together with muscovite (Fig. 3d). Chemically,
Ti occupies most of the cationic site (up to 0.937 apfu),
being substituted mainly by Nb and Fe (between 0.021
and 0.041 apfu each one), and, less commonly, by Ta
and Sn (up to 0.024 apfu in total). It was observed that
rutile accommodates substantial amounts of Al in some
intragranitic pegmatite dikes, reaching 1.72 wt. % of
AL O, (Tab. 1). The Al contents are even higher than
those obtained for the rutile of the Podlesi granitic cu-
pola in the Czech Republic (Breiter et al. 2007), which
have been considered the most Al-enriched ever reported
from any type of rock. The incorporation of Al into the
rutile structure would be probably charge-balanced with
oxygen vacancies by means of the ALTi ,O | substitution
mechanism (Hata et al. 1996).

Finally, Ta-rich rutile occurs very locally in asso-
ciation with cassiterite, showing a mean formula of
(TiO,SlTa0A24NbOAOSSn0.05FeOA16)2102'

4.3. The peribatholithic pegmatites of Cruz
del Rayo

In contrast to the intragranitic pegmatites, cassiterite is a
very abundant oxide mineral in the peribatholithic peg-
matite dikes of Cruz del Rayo, especially in the greisen-
like ones. Moreover, a broad variety of columbite-group
minerals occurs scattered throughout them (Llorens and
Moro 2010b).

4.3.1. Cassiterite

Cassiterite appears in limited amounts in the granite-like
pegmatite dikes, whereas in the late unit enriched in al-
bite and the intermediate zones of the greisen-like dikes
this mineral is abundant. Its optical and chemical proper-
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Fig. 4 Photomicrographs and BSE images of the main Sn, Nb and Ta ore minerals hosted by the peribatholithic pegmatite dikes of Cruz del Rayo:
a — zoned subhedral cassiterite crystal hosted by a greisen-like pegmatite dike (plain transmitted light); b — oscillatory-zoned crystal of columbite-
(Fe) I (CIf) hosted by cassiterite (Cst) in a granite-like pegmatite body; ¢ — columbite-(Fe) II (CIf) and tantalite-(Fe) II (Tnf) included in cassiterite
and quartz of a granite-like pegmatite dike; d — crystal of tantalite-(Fe), hosted by the late albite unit, shows a weak zoning owing to limited
variations in the Ta contents; e — reverse zoning in columbite-(Mn) (Clm) I enclosed in cassiterite of a greisen-like pegmatite dike. The lighter
zones are enriched in Ta, whereas the darker ones contain higher quantities of Nb; f — columbite-(Mn) surrounded by tantalite-(Mn) (Tnm) in an
intermediate zone of a greisen-like pegmatite dike.

ties are similar in all kinds of rocks. Cassiterite mainly
forms up to centimetre-sized anhedral to subhedral
crystals that are especially common in the intermediate
zones of the dikes. Microscopically, it exhibits a clearly
zoned texture owing to alternating reddish and colourless

growth zones, the latter enclosing numerous inclusions
of columbite-group minerals (Fig. 4a). The reddish zones
commonly contain higher amounts of Fe (up to 0.018
apfu), Nb (up to 0.023 apfu) and Ta (up to 0.033 apfu)
than the colourless ones. Moreover, TiO, contents reach
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0.57 wt. % (Tab. 1), but any regular zoning in this ele-
ment distribution throughout the cassiterite crystals could
not be found.

4.3.2. Columbite-group minerals

The columbite-group minerals grew exclusively in the
inner intermediate zones of the granite-like pegmatite
dikes, whereas they crystallized in a disseminated manner
throughout the different zones of the greisen-like dikes
(Fig. 2¢). Their chemical composition is highly variable,
depending on that of their pegmatite dikes host.

Tab. 2 Representative compositions of columbite in the Cruz del Rayo peribatholithic pegmatites

(wt. % and apfu)

Two different generations of columbite-(Fe) crystallized
in the inner intermediate zone of the granite-like pegmatite
dikes: columbite-(Fe) I and columbite-(Fe) II. The first,
columbite-(Fe) I, occurs as millimetre-sized anhedral to
subhedral crystals included in cassiterite. They usually
exhibit a distinct zoning (Fig. 4b) owing to variations in
the Fe and Mn versus Nb and Ta contents, the latter being
almost invariable. As a consequence, a horizontal trend is
seen in the columbite quadrilateral (Fig. 5). Chemically,
columbite-(Fe) I is strongly enriched in Nb (1.236-1.493
apfu) and less in Ta (0.381-0.624 apfis), with high Ti con-
tents (up to 0.226 apfu) and trace amounts of Sn, Zr and
W occupying the B site in the general
formula AB,O, (Von Knorring and
Fadipe 1981). Iron (between 0.580

and 0.828 apfir) and Mn (up to 0.331

Peg. type Granitic pegmatite Greisen apfu) fill the A site almost completely
Mineral CIf 1 CIf I CIf 11 CIf 11 CIf Clm Clm (Tab 2) Consequently’ the Mn/(Mn
Analyses 2.1 2.6 1.2 1.5 8.7 6.4 8.9 + Fe) ratio ranges widely from 0.073
wo, 000 122 048 207 004 380 101  t00.363, owing to the zoned tex-
Nb,0, 4268 5087 3125  33.71 5792 45.02  55.95 tures, whereas th.e variation .m.the
Ta/(Ta + Nb) ratio is more limited
Ta,0, 3580  23.87 4795  42.23 2050 3091 21.32 (0.203-0.335)
TiO, 3.48 4.72 2.07 1.98 1.67 2.14 0.84 Columbite-(Fe) II occurs as milli-
Zr0, b.d.l 0.00 0.31 0.08 0.00 0.00 0.00 metre-sized prismatic crystals together
$n0, 215 145 1.02 0.69 045 0.48 218 with cassiterite and quartz (Fig. 4c).
Its chemical composition features mu-
ALO, 0.07 0.00 0.02 0.25 0.05 b.d.l. b.d.l. s chemical composition features mu
2 tually comparable Nb and Ta contents
V.0, b.d.l. 0.03 b.d.l. 0.00 0.00 0.00 b.d.l. occupying the B site (up to 1.046 and
Ca0 0.02 0.02 0.04 0.08 0.02 0.03 0.08 0.940 apfu respectively), with very
MnO 115 6.38 7.19 7.16 8.26 11.29 14.37 low or, in some cases, significant
FeO 15.34 11.34 8.76 10.84 10.54 6.49 425 amounts of Sn, W and Ti (up to 0.032,
0.037 and 0.109 « I tively).
Total 100.74 9990  99.11 99.09 100.34  100.17  100.02 ne B.ou ap /u respectively)
The A site is mainly filled by Fe (up to
W 0.000  0.019  0.009  0.037 0.015  0.063 0.016 0.622 apfir) and Mn (up to 0.427 apfir)
Nb 1.236 1407  0.986 1.046 1.588 1.306 1.556 in similar proportions (Tab. 2). The
Ta 0.624 0397 0910  0.788 0338 0539 0357 sum of the 4- and B-site occupancies
Ti 0168 0217  0.109  0.102 0076 0103 003  inthe mlalorl?’ of the COhimblge'(F €)
II crystals is close, or equal, to 3 apfu
Zr 0.001 0.000 0.011 0.003 0.000 0.000 0.000 Y - orequal, pfi
some of them reaching as much as
Sn 0.062  0.039 0032  0.021 0012 0014  0.060 3.062. This would suggest the pres-
Al 0.005  0.000  0.001 0.020 0.003  0.001 0.001 ence of trivalent cations in the struc-
\ 0.0001  0.002  0.001  0.000 0.000  0.000  0.000 ture (Ercit 1994), similar to the colum-
B site 2096 2082 2058  2.017 2033 2026  2.029 bite-group minerals in the Lacorne and
C 0.002  0.001 0.003  0.006 0.001 0.002  0.005 Lamotte pegmatites, Canada (Mulja ct
a : ) : ’ i ’ ’ al. 1996). However, this cannot be the
Mn 0.063 0331 0425 0416 0424 0614 0748 case here as all the Fe is Fe, as cal-
Fe 0.822 0.580 0.511 0.622 0.535 0.348 0.218 culated by charge balance according to
Asite 0.885 0912 0938  1.044 0960 0964 0972 Ercit et al. (1992). The columbite-(Fe)
Mn/(Mn+Fe)  0.071 0363 0454  0.401 0442 0.638 0774 IT of the granite-like pegmatite dikes
has intermediate Mn/(Mn + Fe) and
Ta/(TatNb) 0335 0220 0480  0.430 0175 0292  0.186

N° of ions (in apfu) calculated on the basis of 60. CIf: columbite-(Fe), Clm: columbite-(Mn),

b.d.L.: below detection limit, — not analyzed.

Ta/(Ta + Nb) ratios, which are similar
to each other and vary between 0.401
and 0.456 and between 0.430 and

32



Sn, Nb, Ta and Ti minerals in Jalama Batholith (Salamanca, Spain)

FeTa,O4 MnTa,O4
Tapiolite-(Fe) Tantalite-(Mn)
1.0 P 7
Pa - xS , 7
/ 4 -0\\\' 7’
e \@'\99\%")? '
0.8 1 7 z (\\,'6\\‘(6\\\\\‘ - “ ‘
©1 ﬂ’o&@o - 8 ®
% 061 §|° ®
£ 00
@©
: X% e
0.4 %
o
o
L ALY
0.2 ' R4 Ehg%
OO T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Mn/(Mn+Fe)
FeNb,Og MnNb,Og

Columbite-(Fe) Columbite-(Mn)

< Columbite-(Fe) |

& Columbite-(Fe) Il granite-like dikes

O Tantalite-(Fe) in the late unit

[ Columbite-(Fe), -(Mn) outer zone

@ Tantalite-(Mn) | intermediate zone greisen-like
dikes

O

Tantalite-(Mn) Il

Fig. 5 Compositions of the Nb-Ta oxides from the Cruz del Rayo
peribatholithic pegmatite dikes and the late albite unit in the columbi-
te—tantalite quadrilateral.

0.494 respectively, thus plotting in intermediate zones of
the columbite classification diagram (Fig. 5).

The late albite unit only contains tantalite-(Fe), which
appears as micrometric, subhedral to anhedral crystals.
They commonly show a slight zoning in which the Ta
contents increase progressively rimwards (Fig. 4d). Ac-
cording to the chemical composition, Ta dominates over
Nb at the B site, reaching 1.602 apfu and 0.753 apfu
respectively, with only trace amounts of Ti and Sn (Tab.
3). Iron and manganese fill the 4 site in similar quanti-
ties, although the Fe contents (up to 0.497 apfu) are
always higher than those of Mn (up to 0.423 apfu). Con-
sequently, the Mn/(Mn + Fe) ratio ranges from 0.408 to
0.473, whereas the Ta/(Ta + Nb) ratio varies from 0.624
to 0.782 apfu (Fig. 5).

As mentioned above, both the primary and the second-
ary Nb and Ta assemblages in the greisen-like pegmatite
dikes crystallized from the wall zone to the intermediate
zone (Fig. 2¢), usually being associated with cassiterite.

The primary assemblage consists of columbite-(Fe),
columbite-(Mn) and tantalite-(Mn) I, whereas the second-
ary one is composed of tantalite-(Mn) II and — locally
— tantalite-(Fe).

Columbite-(Fe) developed in the wall zone of the
pegmatite dikes as micrometre-sized anhedral exsolu-
tion blebs clustered in certain zones of the cassiterite
crystals. Its composition is strongly enriched in Nb
(1.247-1.591 apfu) over Ta (0.272-0.637 apfu) and the
mineral contains significant Ti (up to 0.154 apfu), Sn (up
to 0.103 apfu) and W (up to 0.029 apfu) in its B site (Tab.
2). The 4 site is occupied by variable Fe (0.508-0.683
apfu) and minor Mn contents (0.278—0.464 apfu). As a
consequence, the Mn/(Mn + Fe) ratio ranges from 0.418
to 0.478, whereas the Ta/(Ta + Nb) ratio shows a more
restricted variation (0.176-0.217; Fig. 5).

Columbite-(Mn) is relatively abundant in the greisen-
like pegmatite dikes. It generally occurs as micrometre-
sized subhedral to euhedral inclusions near the rims of
cassiterite crystals and, in some cases, as prismatic crys-
tals associated with quartz and muscovite. The colum-
bite-(Mn) exhibits a strong oscillatory zoning owing to
variations in the contents of the Fe—Mn and Nb—Ta pairs
(Fig. 5) (Anderson et al. 1998). Some of the grains show
a reverse zoning, featuring higher Nb contents in the rims
than in the cores (Fig. 4e). This contrasts with the more
common normal zoning pattern from the Nb-rich cores
to the Ta-rich rims described above. Such a reverse trend
is usually explained as the result of a late hydrothermal
replacement of the primary oxide minerals, which showed
a normal zoning (Cerny et al. 1992; Tindle and Breaks
1998, 2000). However, in this case the absence of typical
replacement textures (e.g. patchy zoning) and the planar
limits displayed by the growth zones, which should be
parallel to gradual changes in composition, would sug-
gest a primary origin for these crystals (Beurlen et al.
2008; Rao et al. 2009; Chudik et al. 2011). Moreover,
the crystallization of cassiterite, which formed late in
the crystallization sequence, coating the columbite-(Mn)
(Fig. 4e), further supports the primary origin of these
crystals. Thus, the causes for this reverse pattern could
be established from the origin of the oscillatory zoning.
The growth dynamics of the crystals, different concentra-
tions of the main elements, fluctuating equilibrium and
different solubilities of the two end-members are some of
the processes described to explain the oscillatory zoning
(Cerny et al. 1985; Lahti 1987; Putnis et al. 1992; Johan
and Johan 1994). They contain higher amounts of Nb
(1.273-1.624 apfir) than Ta (0.325-0.638 apfu) in the B
site, which is completed by trace amounts of Ti, Zr and
W (Tab. 2). The 4 site is occupied by Mn (0.503—0.748
apfu) and Fe (0.213-0.514 apfu). The Mn/(Mn + Fe) ratio
ranges from 0.524 to 0.776, whereas the Ta/(Ta + Nb)
ratio varies between 0.164 and 0.292.

33



Teresa Llorens, Maria Candelas Moro

Nb+Ta
a
20 \

(FeMn)2*(NbTa),0p

100 90
Sn+W+Ti

0.0 + T T T

T
0.02
Fe+Mn (apfu)

@ |Intragranitic pegmatites

B Granite-like dikes

Peribatholitic pegmatites

O Late unit (Cruz del Rayo)

O Greisen-like dikes

Fig. 6a — (Sn + W + Ti)~(Nb + Ta)—(Fe + Mn) triangular diagram representing the occupation of the cationic site and dominant substitution scheme
in the studied cassiterite. b — Nb + Ta vs. Fe + Mn diagram for the cassiterite from the pegmatite dikes.

Tantalite-(Mn) I crystallized in the intermediate zone
of the greisen-like pegmatite dikes as micrometre-sized
crystals commonly associated with white mica aggre-
gates. These crystals also exhibit a compositional zoning,
whereby the rims are progressively enriched in Nb (Fig.
4f). The tantalite-(Mn) I contains high Ta (0.997-1.275
apfu) and Nb contents (0.510-1.014 apfu) filling the B
site, which is completed with trace amounts of Ti and Sn
(Tab. 3). Manganese clearly dominates over iron in the
A site, with up to 0.933 apfu. Thus, the Mn/(Mn + Fe)
ratio ranges from 0.931 to 0.986, whereas the Ta/(Ta +
Nb) ratio varies from 0.496 to 0.746. All the analyses plot
close to the vertical axis, i.e. at Mn/(Mn + Fe) = 1, in the
columbite classification diagram (Fig. 5).

Tantalite-(Mn) II has been identified less commonly
both in the wall and intermediate zones of the greisen-
like pegmatite dikes. It occurs as micrometre-sized
crystals hosted by colourless border zones of cassiterite
as well as thin rims surrounding previous columbite. Its
composition is enriched in Ta (1.067—-1.213 apfu) but
less so in Mn (0.724-0.901 apfu), with up to 0.070 apfu
Ti and 0.025 apfu Sn. The 4 site is occupied by similar
quantities of Fe and Mn (up to 0.433 and 0.565 respec-
tively), the latter always dominating slightly over the
former. Thus, the Mn/(Mn + Fe) ratio ranges from 0.549
to 0.603, whereas the Ta/(Ta + Nb) ratio is fairly homoge-
neous, varying between 0.542 and 0.626. Tantalite-(Mn)

IT plots in central part of the columbite classification
diagram (Fig. 5).

Finally, only a single tantalite-(Fe) crystal was identi-
fied in a greisen-like pegmatite. It shows a composition
similar to the tantalite-(Mn) II described above (Tab. 3),
with Mn/(Mn + Fe) and Ta/(Ta + Nb) ratios of 0.457 and
0.584 respectively (Fig. 5).

5. Discussion

5.1. Substitution mechanisms in Sn—Nb-Ta—-Ti
oxides

The composition of the cassiterite analysed in the indi-
vidual granitic and pegmatite rock types of the Jalama
granitic cupola displays variations mainly in Nb and
Ta, instead of Fe and Mn contents. According to the
data plotted in Fig. 6a—b, Nb and Ta clearly entered the
structure of cassiterite from the granites, aplites and peg-
matites of the Jalama Batholith by means of a columbite-
type substitution [Ti,(Fe,Mn) ,(Ta,Nb) ,]. In both figures,
analyses of cassiterite from the pegmatite dikes fall close
to the line of the ideal (Ta + Nb)/(Fe + Mn) = 2. This is
typical of many rare-element granitic pegmatites world-
wide, as demonstrated by Tindle and Breaks (1998). This
ratio is less than 2 for the cassiterite from the intragranitic
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pegmatite dikes, indicating that their Ta and
Nb contents were probably not exclusively

Tab. 3 Representative compositions of tantalite in the Cruz del Rayo peribatholithic
pegmatites (wt. % and apfu)

controlled by included particles and exsolved

X ; Peg. type Greisen Late Unit
blebs of columbite-group minerals (Mdoller et Mineral — ol Toml Tamil - -
al. 1988). Moreover, in the (Sn + W + Ti)—(Nb
+ Ta)—(Fe + Mn) triangular diagram plot these ~ Analyses 72 12 13 73 21 23
analyses close to the (Sn + W + Ti) corner, WO, 0.13 - - 0.00 - -
suggesting an influence of minor Sn, W and Ti ~ Nb,0 23.29 22.05 30.50 25.91 13.75 19.33
in additional substitutions (Fig 6a). Ta, O, 54.42 62.12 52.75 56.80 70.53 65.33

The T102 contents are clearly higher in cas- TiO, 0.93 0.10 0.11 0.92 1.36 0.37
siteri.te from the intragranitic.pegma.tite.: dikes 710, 295 0.00 0.00 046 0.00 0.00
thaq in the (?rqz de.l Rayo perlbathgllthlc peg- ¢ o S0 bl bl 0.85 0.45 017
matites. This implies that the residual melts :
responsible for the crystallization of the cas- vo, - 0.06 0.08 B 0.12 bdl
siterite in the intragranitic pegmatites could ALO 0.05 0.03 0.29 0.02 0.38 0.03
have been less evolved than those precipitat- V.0, b.d.l. - - 0.00 - -
ing cassiterite in the peribatholithic dikes. In  Bi,0, - 0.00 0.00 - 0.00 b.d.L.
contrast, the TiO, contents are very similar in  ca0 0.05 0.00 0.05 0.04 b.d.l b.d.l
the cassiterite from both the late albite unit ;0 6.48 14.52 14.85 927 508 6.59
and in the greisen-like dikes. FeO 780 034 0.41 6.19 734 785

The main mechanisms of substitution in the
A and B sites of the columbite—group miner- Total 100.42 99.24 99.09 100.48 99.92 99.76
als in the Jalama Batholith are represented in w 0.002 0-000 0-000 0-000 0.000 0.000
Fig. 7a-b. Two clearly distinct populations Nb 0766 0.748  0.988  0.843 0.482  0.662
are seen: (i) primary columbite-group min- Ta 1.076 1.268 1.028 1.112 1.486 1.346
erals from the granite-like pegmatite dikes, Ti 0.051 0.006 0.006 0.049 0.079 0.021
which are enriched mainly in Nb and Fe, to 7r 0.080 0.000 0.000 0.016 0.000 0.000
the greisen—.like p.egmatite dikfsa which are ¢, 0.163 0.001 0.001 0.027 0.015 0.006
strongly enrlched in Mn, and (ii) the.crystals Al Y 0.002 0.025 0.002 0.035 0.002
of the late albite unit and those resulting from
exsolution processes, which show intermedi- v 0.000 0.000 0.000 0.000 0.000 0.000
ate compositions or are Fe-enriched. Addi- B site 21432025 2048 2050 2.098  2.038
tionally, the reverse trend represented by the U 0.000 0.001 0.001 0.000 0.002 0.001
crystallization of the columbite-(Mn) in the Bi 0.000 0.000 0.000 0.000 0.000 0.000
greisen-like pegmatite dikes, which is slightly ¢, 0.004 0.000 0.004 0.003 0.001 0.001
more enriched in Nb than the columbite-(Fe) 0.399 0.923 0.902 0.565 0392 0423
of thz .grE];I.llte;llke pegmatites, can be ob- 0474 0021 0025 0373 0476 0.498
served in Fig. 7a.

The coluribite-group minerals of the gran- Asite 0877 0945 0931 0942 0871 0923
ite-like pegmatite dikes host signiﬁcantly more Mn/(Mn+Fe)  0.457 0.978 0.974 0.603 0.452 0.460
Ti (up to 4.75 wt. % Tioz) than those of the Ta/(Tat+Nb) 0.584 0.629 0.510 0.569 0.755 0.670

greisen-like dikes (up to 3.26 wt. % TiO,), the
latter containing almost no Ti in the innermost
zones. These differences between both pegma-
tite types are represented in Fig. 7c. Thus, considering
the correlations represented in Fig. 6a—b, and according
to the data for the columbite-group minerals plotted in
Fig. 8, the incorporation of Fe, Mn, Nb, Ta and Ti into
the crystal lattice would have been possible owing to the
3Ti* < 2(Nb,Ta)’* + (Fe,Mn)>" coupled substitution.
The fact that the sum of the cations filling the B site, Nb
+ Ta + Ti, is slightly higher than 2, seems to confirm the
significant role of this substitution mechanism in most of
these minerals (Ercit 1994).

N° of ions (in apfu) calculated on the basis of 60. Tnf: tantalite-(Fe), Tnm: tantalite-
(Mn), b.d.L.: below detection limit, — not analyzed.

5.2. Chemical evolution of the columbite-
group minerals

The chemical composition of the columbite-group miner-
als described in the Cruz del Rayo peribatholithic peg-
matite dikes and the late albite unit is presented in Fig. 5.
Two groups can be distinguished.

The first reveals, in general, a progressive enrich-
ment in Mn, which is followed by an abrupt enrichment
in Ta. On the one hand, the Mn/(Mn + Fe) ratio of the
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columbite-group minerals in the granite-like pegmatite
dikes evolves from 0.07 to 0.36, whereas the Ta/(Ta +
Nb) ratio remains low and more or less constant. This
trend reflects the primary minerals crystallization in
these pegmatite bodies. On the other hand, the tantalite-
(Fe) hosted by the late albite unit shows the highest Ta/
(Ta + Nb) ratio, following an upward trend. It represents
the late crystallization of the columbite-group minerals
owing to replacement processes during a Na-metasoma-
tism. This alteration would have caused albitization of
the pegmatite dikes (both intragranitic and, especially,
the peribatholithic ones) and crystallization of the late
albite unit.

The second group represents the columbite-group
minerals of the greisen-like pegmatite dikes, which show
a wide variation in the Mn/(Mn + Fe) and the Ta/(Ta +
Nb) ratios, depending on the hosting zone. These values
range from 0.418 to 0.776 and from 0.176 to 0.292, re-
spectively, in the outermost zones of the dikes, following
a horizontal branch in the diagram of Fig. 5. In contrast,
they vary between 0.931 and nearly 1.000 and between
0.496 and 0.746, respectively, in the innermost zones of
the greisen-like dikes, forming a vertical branch in Fig.
5. This evolutionary trend, again representing a Mn-en-
richment followed by a strong Ta-enrichment, could have
responded to the crystallization of the primary columbite-
group minerals in the greisen-like pegmatite dikes as a
consequence of the fractionation of their parental melts.
Moreover, it could also have been favoured by a high
fluorine activity in the greisen-type dikes, which would
have been responsible for a very high Mn/Fe ratio (e.g.
Cerny and Ercit 1985; Cerny et al. 1986; Cerny 1989).
Finally, the secondary assemblage of the columbite-group
minerals exhibits a less pronounced enrichment in Mn
than the primary one. Thus, they have a Mn/(Mn + Fe)
ratio varying between 0.401 and 0.603 and a Ta/(Ta + Nb)
ratio ranging from 0.564 to 0.739. In general, similar evo-
lutionary trends are represented by the columbite-group
minerals of other LCT pegmatites, such as the northern
group of the Cross Lake pegmatite field (Cerny and
Ercit 1985) and Greer Lake (Cerny et al. 1986), both in
Manitoba; the beryl-columbite phosphate pegmatites of
the Sebago granite—pegmatite system, Maine, USA (Wise
and Brown 2010), Los Chilenitos, Argentina (Sosa et al.
2002), and Cap de Creus, Spain (Alfonso et al. 1995).

As mentioned above, the columbite-group minerals in
the granite-like pegmatite dikes of Cruz del Rayo have
high Ti contents compared with those hosted by the
greisen-like bodies (Fig. 7¢). In this diagram, an abrupt
decrease in Ti can be observed from the Nb-, Ta-oxides
of the granite-like pegmatites to those of the outermost
zones of the greisen-like ones, whereas the Ta/(Ta + Nb)
ratio remains low and almost constant. This evolution-
ary trend corresponds to the horizontal branch in the

columbite diagram (Fig 5). Thereafter, the Ti contents
continue to decrease, but more slowly, in the inner zones
of these dikes at higher values of the Ta/(Ta + Nb) ratio.
This trend is represented by the vertical branch in the
columbite diagram, which, together with the previous
trend, represents the crystallization of the primary oxide
minerals. A less abrupt decrease in the Ti contents can
be observed in the secondary columbite-group minerals
of both pegmatite types and the late unit as the Ta/(Ta +
Nb) ratio increases, reflecting the normal behaviour of Ti
in silicate melts. Plotting the Ti versus the Sn contents in
the columbite-group minerals of the Cruz del Rayo peg-
matites (Fig. 7d), a 3:1 positive correlation is observed to
dominate both in the granite-like and greisen-like dikes
and in the late albite unit. Thus, these minerals apparently
tend to incorporate preferentially more Ti than Sn, prob-
ably owing to the reduced availability of the latter ele-
ment as a consequence of the cassiterite crystallization.

5.3. Factors controlling melt fractionation
and ore deposition

The primary Mn/(Mn + Fe) and Ta/(Ta + Nb) ratios of
columbite-group minerals in the rare-element granitic
pegmatites of Cruz del Rayo generally increase with dif-
ferentiation. This evolutionary trend developed during the
pegmatite bodies crystallization allows the composition
of the original melt and the fluids controlling the mineral-
ization to be inferred (e.g. Cerny 1982, 1991; Cerny and
Ercit 1985, 1989; Mulja et al. 1996, Tindle and Breaks
2000; Beurlen et al. 2008). According to Linnen and Kep-
pler (1997), the rise in the Ta/(Ta + Nb) ratio as pegmatite
melts crystallize can be accounted for in terms of the
lower solubility of Nb-rich columbite-group minerals in
peraluminous melts. However, the progressive increase
in Mn/(Mn + Fe) ratio is harder to explain. The reason is
that the solubility of the Fe-rich members of columbite-
group minerals in pegmatite melts is higher than that of
the Mn-rich members (Linnen 2004a, b). Therefore, their
fractionation trend could be controlled by two factors:
first, by other Fe-bearing minerals formed during peg-
matite crystallization (London et al. 2001), and second,
by the increasing fluorine activity with the fractionation
of the melt (Cerny 1989, 1991).

The general evolutionary trend of the Nb and Ta oxide
minerals points to a progressive enrichment in Mn from
the granite-like pegmatite dikes to the greisen-like dikes of
Cruz del Rayo, followed by an increase in the Ta contents
at the final stages (Fig. 9) (Llorens and Moro 2010b). Lin-
nen and Keppler (1997) noted that accessory phases favour
Nb over Ta at early stage of magmatic evolution. In our
case, this behaviour was observed in the columbite-group
minerals hosted by the granite-like pegmatite dikes, which
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Fig. 9 Primary evolutional trend of the columbite-group minerals in
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the Cruz del Rayo granite-like pegmatites (dark grey arrow) to the
greisen-like bodies (light grey arrow), as well as a later Ta enrichment
in the secondary assemblage (white arrow).

are especially enriched in Nb and Fe. Therefore, the Nb/Ta
ratio would have decreased in the residual melt along frac-
tionation, thereby crystallizing oxide minerals enriched in
Ta and Mn in the greisen-like pegmatites.

According to the mineralogical composition of the
granite-like pegmatite dikes they can be assumed to
contain low amounts of F. Such a scenario could have
been favoured by the lack of F-bearing minerals in these
pegmatites and would therefore explain their relatively
sparse mineralization. In addition, a limited Fe and Fe—
Mn-rich phosphate assemblage crystallized in these
pegmatites, such as the early alluaudite or the mitridatite
and the late Mn-rich hydroxylapatite (Llorens and Moro
2012). This could have influenced Mn and Fe partition-
ing, thus shaping the oxide mineralization in the peg-
matite dikes during both the primary and the secondary
processes (e.g. Linnen and Cuney 2005).

The greisen-like pegmatite dikes are clearly deprived
of Fe-bearing minerals and show an important crystal-
lization of phosphates of the amblygonite—montebrasite
series, only some of them containing more than 7 wt. %
F. This suggests a slight enhancement of the F contents
with the fractionation of the residual melt from the crys-
tallization of the granite-like pegmatites to the greisen-
like dikes (Linnen 1998). Thus, the increasing fluorine
activity would have been the main factor controlling

mineral deposition in the greisen-like dikes. These higher
F contents would have increased the solubility of the
Ta-rich complexes, causing the Ta- and Mn-rich oxides
to crystallize during the final consolidation stages of the
pegmatite bodies, or even as a consequence of later re-
placement processes (Cerny and Ercit 1985; Cerny 1989,
1991; Linnen 1998).

As a result, the abundance of Fe-rich columbite-group
minerals, showing broad variations in their Fe and Mn
contents, together with the limited crystallization of F-
rich minerals in these pegmatite dikes, point to a low
degree of evolution of their parental melts. The progres-
sive melt differentiation causing crystallization of both
the granite-like pegmatite and the greisen-like dikes
would therefore have been responsible for the primary
enrichment in Mn and, later, in Ta (Belkasmi et al. 2000;
Linnen and Cuney 2005). Moreover, the higher amounts
of Fe and the scarce Ti contents incorporated by the
secondary columbite-group minerals could reflect partial
dissolution and re-precipitation of the primary Nb—Ta-
oxide assemblages. However, certain influence of fluids
exsolved from the surrounding metamorphic rocks, with
or without meteoric fluids admixture, on the residual peg-
matite melts could have played an important role in this
Ti and Fe enrichment (Cerny and Némec 1995; Tindle et
al. 1998; Pal et al. 2007; Llorens and Moro 2010a). This
external influx could have meant an entry of cations such
as Fe and Ti into the system, which would have been in-
corporated to the secondary oxide minerals (Fig. 9). The
crystallization of a broad variety of secondary phosphates
enriched in Fe, Ca, Mg and Sr in both granitic facies of
the Jalama Batholith, the related pegmatite dikes, and the
CEG would support the idea of metamorphic + meteoric
contamination (Llorens and Moro 2012).

The lack of suitable components in the pegmatite
forming-melts would have limited the crystallization
of cassiterite and columbite-group minerals in both the
granitic facies of the EU and the pegmatite dikes hosted
by them. Two causes can be envisaged.

Firstly, the mineral-forming components could have
been fixed by the low amounts of ore minerals crystal-
lized, e.g. cassiterite or rutile, which contain significant
amounts of Nb and Ta. Similar cases were Sn—Nb—Ta
deposits of the granitic cupolas of Cinovec (Johan and
Johan 1994), Podlesi (Breiter et al. 2007) and the Kras-
no—Horni Slavkov district (René and Skoda 2011), all in
Erzgebirge (Bohemian Massif), as well as the rare-metal
Yichun granite in China (Belkasmi et al. 2000).

Secondly, Sn, Nb and Ta could have entered, as trace
elements, the structure of the major rock-forming min-
erals that constitute the granitic and pegmatite rocks.
Biotite and muscovite in particular scavenged these
trace elements during their crystallization, containg up
to 1020 ppm Sn in the granites and up to 981 ppm in
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the intragranitic pegmatite dikes of the Jalama granitic
cupola (Llorens 2011). Since concentration of Sn, Nb and
Ta was not sufficient for saturation of the essential oxide
minerals, the trace elements would have been extracted
from the melt to be incorporated in micas.

In contrast, columbite-group minerals crystallized in
large quantities in the Cruz del Rayo pegmatite dikes,
hosted by the metamorphic rocks and, especially, in those
of greisen-like composition. The pegmatite bodies seem
to have crystallized from the residual melts exsolved
from the Jalama Batholith. Such liquids would have been
extremely enriched in volatiles owing to fractionation
processes, containing higher Nb and Ta contents than the
intragranitic pegmatite-forming melts. The crystallization
of abundant amblygonite—montebrasite series phosphates
in these pegmatite bodies would have removed significant
amounts of F and Li from the residual melt, thus reaching
saturation in tantalite (Linnen 1998; Fiege et al. 2011).
Accordingly, this process would have promoted the
formation of the Nb and Ta oxides, whose composition
would become progressively more Ta- and Mn-enriched
as fractionation continued.

5.4. Towards a comprehensive genetic model

The Sn—Nb-Ta-Ti oxides in the Jalama Batholith occur
as accessory minerals disseminated throughout the border

granitic facies of the EU (tourmaline-bearing leucogran-
ite and aplites) and in the rare-element pegmatite dikes
hosted by them (Cerny and Ercit 2005). On the other
hand, these oxides crystallized more abundantly in the
Cruz del Rayo peribatholithic pegmatite dikes, hosted by
the metamorphic rocks of the CEG. The EU of the Jalama
Batholith is made up of a group of granites crystallized
as a consequence of the fractional crystallization of a
magma derived by partial melting of peraluminous and
compositionally heterogeneous low-grade metamorphic
rocks (Ramirez 1996; Ramirez and Grundvig 2000).
The emplacement of the magma would have generated
convective cells, concentrating the more volatile-rich
residual melt, which would have been strongly enriched
in F, Cl, P and B, towards the apical zone of the magma
chamber (Fig. 10a). The overpressure caused in the cham-
ber due to the fractional crystallization would have led
to expulsion of the residual melts (+ fluids) into zones
of structural weakness, where a large number of pegma-
tite dikes would have crystallized in situ, hosted by the
granitic cupola. Both the granitic rocks and the related
pegmatite bodies contain only locally disseminated cas-
siterite and rutile, because the Sn, Nb and Ta quantities in
the melt would have been too low for abundant ore min-
erals to crystallize. In some cases, the residual melts that
were more evolved and enriched in volatiles could have
escaped into zones of weakness, reaching a fair distance
from the granitic cupola. They would have crystallized

a — —

P — \/
granite-like peribatholitic

pegmatites

_\\\

/ Sn,Nb>Ta —

o+

magmatic

+  melt (+ fluid)

greisen-like peribatholitic
pegmatites

%e;morphic + meteoric
/_ fluid
Tis Mg

Porphyritic monzogranite

Equigranular two-mica granite

IEI Tourmaline-bearing leucogranite

Tourmaline-bearing apical aplites

z Schist-Graywacke Complex (CEG)

Fluid-host rock interaction (Na-metasomatism)

/ Fractures
/ Pegmatite dikes

Fig. 10 Schematic evolutionary model for the Jalama granitic cupola. a — residual melts resulting from the Batholith’s fractional crystallization,
likely to be extremely enriched in volatiles, migrate through fractures to form the intragranitic and peribatholithic pegmatite dikes of granite-like
composition, the latter containing scant mineralization of Sn and Nb > Ta oxides; b — a generalized Na-metasomatism leads to crystallization of
the late albite unit. Later, greisenization reactions could have formed the greisen-like pegmatite bodies, which host an important Sn and Ta > Nb
assemblage. The final influx of metamorphic and/or meteoric fluids favours crystallization of the secondary Nb—Ta assemblage.
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as a group of peribatholithic pegmatite dikes of granite-
like composition, hosted by the metamorphic rocks of
the CEG (Cruz del Rayo). These contain more abundant,
disseminated cassiterite and columbite-group minerals
enriched in Nb and Fe (Fig. 10a).

The residual melts from the pegmatite crystallization
would have been extremely enriched in volatiles and
hence in Na, triggering the Na-metasomatism affect-
ing the whole northern margin of the Jalama granitic
cupola (Fig. 10b). As a consequence, the late albite unit
would have crystallized in Cruz del Rayo. This process
could have released large amounts of aqueous fluid
that, together with the excess of volatiles, would have
resulted in muscovitization and greisenization, thus pro-
ducing the greisen-like pegmatite dikes. They contain
an important deposit of cassiterite and columbite-group
minerals, which are progressively enriched in Ta and
Mn (Fig. 10b). Finally, the crystallization of a secondary
assemblage of columbite-group minerals, with higher Fe
contents, would correspond to hydrothermal alteration of
the pegmatite bodies, which would have caused partial
dissolution and re-precipitation of the oxide minerals and
would have probably been influenced by the influx of
external fluids coming from the metamorphic host rocks
+ meteoric fluids (Fig. 10b).

6. Conclusions

The Jalama Batholith represents a good example of a
fractionated granitic cupola which has developed a series
of Sn-, Nb-, Ta- and Ti-bearing intra- and peribatholithic
pegmatites:

(i) The most fractionated facies of the Jalama Batho-
lith, the tourmaline-bearing leucogranite and the apical
aplites, host abundant rutile and ilmenite, whereas cas-
siterite is less abundant and tantalite-(Fe) occurs only
locally.

(i1) The poorly zoned intragranitic pegmatites contain
cassiterite as the main ore mineral, as well as scarce rutile
and, locally, Ta-rich rutile.

(iii)) The main Sn—Nb-Ta ore occurs in the Cruz del
Rayo peribatholithic pegmatites, which contain abundant
cassiterite and columbite-group minerals. Two evolution-
ary trends have been identified in these minerals. The
first one represents a progressive enrichment in Mn and
then in Ta of the primary Nb—Ta assemblage from the
granite-like dikes to the greisen-like bodies. The second
trend reflects a Ta enrichment of the secondary Nb-Ta
assemblage in these dikes and in the late unit.

(iv) The factors controlling the fractionation trends of
the primary columbite-group minerals likely were, on the
one hand, the partitioning of Fe and Mn among individual
minerals in the granite-like dikes and, on the other hand,

the increasing fluorine activity of the residual pegmatite
melts in the greisen-like bodies.

(v) Certain influence of metamorphic + meteoric fluids
mixed with the residual pegmatite melts probably led to
the crystallization of the secondary assemblage.
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