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Abstract: The Barroso–Alvão region is an excellent setting for studying Li mineralization associ-
ated with granitic pegmatites and developing Li exploration techniques. Among the distinguished
pegmatite types in this pegmatite field, the spodumene-bearing dyke from Alijó is a representative
example of an Iberian Li–Cs–Ta (LCT) pegmatite currently under exploitation. In this work, we
examine the internal evolution of the Alijó dyke and its external metasomatic effect on the surround-
ing metasediments, contributing to lithium exploration techniques. Electron microprobe analyses
provided clues about the crystallization conditions and the degree of differentiation of the pegmatitic
melt, whereas the external metasomatism induced by the spodumene-bearing pegmatite was studied
through whole-rock geochemistry. The obtained results indicate that the primary crystallization of
the studied dyke likely occurred at temperatures between 450–500 ◦C, with emplacement at shallow
crustal levels of about 2–3 kbar. The high concentrations of trace elements such as Li, Cs, Rb, Be, Sn,
Nb, Ta, Ge, U, and Tl in the pegmatitic melt suggests high availability of these elements, allowing
their partitioning into an early exsolved fluid phase. The exsolution of this fluid phase, subtracting
components such as F and B, from the pegmatitic melt would cause a significant undercooling of the
melt. Moreover, the interaction of this expelled fluid with the country rock generated a metasomatic
overprint in the surrounding metasedimentary host rocks. The metasomatic effect in Alijó is strongly
influenced by the nature of the host metasediments, with a significantly higher grade of metasoma-
tism observed in pelitic (mica-rich) samples compared to psammitic (mica-poor) samples collected
at same distances from the dyke. The greisen developed close to the pegmatite contact reflects this
metasomatic signature, characterized by the mobilization of at least B, F, Li, Rb, Cs, Sn, Be, Nb, Ta,
and Tl. We cautiously suggest that whole rock Li concentrations greater than 300 ppm, combined
with a minimum value of 1000 ppm for the sum of B, F, Li, Rb, Cs, and Sn in pelitic metasediments of
Barroso–Alvão, may be indicative of a mineralized pegmatite in this region.

Keywords: spodumene; pegmatite; lithium exploration; metasomatism; Barroso–Alvão; Iberian Massif

1. Introduction

Lithium demand as a high-technology metal has increased considerably in the last
decades [1–3]. The use of this element in rechargeable batteries, high-capacity energy
storage, and capacitors for wireless technology has made it a strategic metal for the current
society [4–6]. As a logical consequence, scientific knowledge about the location of Li-bearing
mineralization has become a priority for the European Union [7,8].

Among the different types of existing lithium mineralization, pegmatites are con-
sidered a feasible source of many critical raw materials [5,9]. Rare element pegmatites,
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especially those included in the Li–Cs–Ta (LCT) family, show marked enrichment in a
variety of chemical elements such as Li, Rb, Cs, Be, Sn, Ta, P, B, and F [10,11]. The chemical
behavior of these incompatible elements in granite-pegmatite systems is of increasing
interest among the scientific community. The distribution of incompatible elements in
pegmatite-forming minerals during pegmatite crystallization has been proven to be an
excellent tool for estimating the fractionation degree of a pegmatite body (e.g., [11,12]). As
a result, the chemical variation in micas, quartz, and feldspars, among others, has become
a principal objective in the exploration of pegmatite-related critical raw materials [8,13,14].
However, the magmatic–hydrothermal transition in pegmatitic systems is still a matter
of debate, and the behavior of the aforementioned elements in the presence of coexisting
fluids is not fully understood [15–18].

In this work, we present a mineralogical and whole-rock geochemical characterization
of a spodumene-bearing pegmatite and its metasedimentary host rocks. This contribution
provides new insights not only into the internal magmatic–hydrothermal evolution of this
Li-bearing pegmatite but also into the metasomatic processes developed in the adjacent host
rocks. The studied pegmatite, located in northern Portugal, is currently under exploitation
and represents a good example of the late-Variscan LCT pegmatites that occur in NW Iberia,
so its study would contribute to the understanding of the formation history of pegmatitic
rocks. Moreover, the inferences about the geochemical halos generated around the studied
pegmatite could be extended to other mineralized LCT pegmatites in the European Variscan
Belt, providing new data to consider in less-invasive mineral exploration techniques.

2. Geological Setting

The Barroso–Alvão (BA) region is known for its vast Li mineralization associated with
pegmatites (e.g., [19–21]). This proliferous pegmatite field is located in northern Portugal,
in the most westerly portion of the European Variscan Belt, the Iberian Massif (Figure 1).
Of the several geotectonic zones that compose the Iberian Massif, the study area belongs to
the Galicia-Trás-os-Montes Zone (GTMZ) as defined by [22], specifically to the Schistose
Domain or Parautochthon, and is close to the basal thrust that represents the southern
boundary with the Central Iberian Zone (CIZ) [22–24].

The Schistose Domain or Parautochthon comprises preorogenic Cambro–Silurian
sedimentary successions and Devono–Carboniferous synorogenic sequences, with minor
Ordovician felsic volcanics [24,25]. This sedimentary record has been interpreted as distal
deposits of the Gondwanan continental margin, showing affinities with the autochthonous
CIZ (e.g., [24,26]). The main hosts for the pegmatites of the BA Pegmatite Field include mica
schists, quartz-feldspathic schists, phyllites, quartz phyllites, quartzites, metagreywackes,
cherts, and minor calcsilicate rocks [27].

The BA region was affected by three deformation phases of the Variscan Orogeny (D1
to D3) recognized by S1–S3 foliations, resulting in an imbricated internal structure [28–30].
Intermediate-pressure Barrovian metamorphism reached up to medium-grade conditions
in the internal areas of the GTMZ [26], with pressure–temperature peak estimations for the
BA region established at T = 500–550 ◦C and P = ~3 kbar, within the amphibolite facies [30].
The studied areas belong to the biotite and andalusite zones, displaying isogrades with a
general WNW–ESE direction, roughly parallel to the nearby Variscan granitoids located to
the south of the pegmatite field [28,30] (Figure 1). Another remarkable structural feature of
the area is its proximity to the Regua-Verin fault, one of the major sets of NNE–SSW faults
in the region.
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Figure 1. (a) Geological map of the Iberian Massif (IM; excluding the Ossa-Morena and South
Portuguese zones), highlighting the Variscan Igneous Rocks (VIR). (b) Regional geological map
of the Barroso-Alvão region: I: post-D3 biotite granites; II: syn-D3 biotite granites; III: syn-D3
biotite > muscovite granites; IV: syn-D3 two-mica granites; V: mica-schist and metagreywackes
(lower parautochthon); VI: mica-schist/phyllites and quartzites (upper parautochthon); VII: dark
schist and quartzites (upper parautochthon): Star: location of studied dyke. Based on [27,31–33].

Different types of late Variscan granitoids surround the BA Pegmatite Field, ranging
from syn-D3 two mica granites to late/post-D3 biotite granites [34–38]. The syn-D3 plutons
are represented in the area by the Barroso and Vila da Ponte granites, the Cabeceiras de
Basto Pluton, and the Boticas/Leiranco granite, whereas late- to post-D3 massifs correspond
to the Vila Pouca de Aguiar and Peneda-Gerês plutons [27,35,38–40]. The syn-D3 two-
mica granites are peraluminous, and their origin has been proposed to be mainly from a
crustal derivation, involving the melting of distinct metasedimentary and/or metaigneous
sources [35,41]. By contrast, the genesis of the biotite dominant late- to post-D3 granitoids
has been attributed to mantle-derived magmas in diverse ways, from hybridization of
mantle-derived juvenile magmas with crustal melts/rocks to the melting of metabasic
lower crustal protoliths [35,42,43] (Figure 1).

Pegmatites from Barroso–Alvão

The pegmatites from the BA Pegmatite Field are unevenly distributed in the region.
They form local swarms of various sizes, up to 300 m in outcrop length. Their width
is variable, from less than a few meters to up to 30 m across. These pegmatites display
varied structures in terms of emplacement, some are flat-lying, whereas others occur gently
or steeply dipping. Typically, these pegmatites cut discordantly through the host rock,
showing sharp contacts. According to [44,45], five different groups of granitic pegmatites
are identified in BA:

(1) Intragranitic pegmatites with quartz, feldspar, muscovite, biotite, minor tourmaline,
beryl, garnet, fluorapatite, chlorite, and zircon.
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(2) Barren pegmatites with quartz, feldspar, muscovite, minor biotite, fluorapatite, beryl,
tourmaline, chlorite, zircon, pyrite, and monazite-(Ce).

(3) Spodumene pegmatites with quartz, feldspar, spodumene, muscovite, minor columbite
group minerals (CGM), fluorapatite, montebrasite, triphylite, phosphoferrite, dufrénite,
fairfieldite, chlorite, tourmaline, zircon, uraninite and sphalerite. The selected aplite-
pegmatite body from Alijó belongs to this third group.

(4) Petalite pegmatites with quartz, feldspar, petalite, muscovite, minor cassiterite, CGM,
fluorapatite, montebrasite, ferrisicklerite, eosphorite, pyrite, sphalerite, uraninite,
monazite-(Ce), autunite and xenotime.

(5) Lepidolite pegmatites with albite, lepidolite, and muscovite, minor cassiterite, CGM,
fluorapatite, zircon, and goyazite.

3. Materials and Methods

Representative samples from 8 different parts of the selected dyke were collected for
the present study in a 32 m-thick section perpendicular to the strike of the dyke. A total of
23 host rock samples were collected following the procedures of the H2020 GREENPEG
project, taking samples systematically in a section perpendicular to the strike of the dykes,
up to 35 m far from the dyke (location in Supplementary Materials; more details for the
sampling procedure are provided in [18]). Among those host rock samples, four were
collected several hundred meters away from the pegmatite as ‘control-samples’, in order to
represent non-metasomatized compositions for the metasedimentary rocks.

Thirty-five polished sections were made from representative samples of the mineral-
ized pegmatite and its host rocks for petrographic study, which was carried out using a
Leica DM LP model polarizing microscope, Leica Microsystems Pty Ltd, Lane Cove West,
Australia fitted with a CCD camera at the Geology Department of the University of the
Basque Country UPV/EHU.

3.1. Electron Microprobe (EMP) Analysis

Over 300 EMP analyses were obtained from polished thin sections using a Camebax
SX-100 EMP at the Raimond Castaing Centre of the University of Paul Sabatier (Toulouse,
France). The operating conditions were a voltage of 15 kV and a beam current of 10 nA
(20 nA for phosphate minerals). The calibration standards used were synthetic SiO2 (Si),
synthetic MnTiO3 (Ti, Mn) wollastonite (Ca) corundum (Al), hematite (Fe), albite (Na),
orthoclase (K), fluorite (F), graftonite (P), periclase (Mg), synthetic chromite (Cr), synthetic
glass of Rb2O (Rb) and Cs2O (Cs), synthetic BaTiO3 (Ba), sphalerite (Zn), and tugtupite (Cl).
Data were reduced using the procedure outlined in [46], and analytical errors estimated at
±1%–2% for major elements and ±10% for minor elements. Complete results can be found
in the Supplementary Materials (SM).

3.2. Whole-Rock Geochemical Analysis

A total of 24 samples were sent to Activation Laboratories Ltd. (Ancaster, ON, Canada)
for whole-rock major and trace element analyses. For the pegmatite, a representative
sample was obtained by crushing 15 kg of different proportional parts of the pegmatite to a
nominal grain size of 1 cm at the Geology Department of the UPV/EHU. In the case of the
23 host rock samples, they were cut to obtain representative sub-samples of 300 g. Each
sample was then crushed up to 80% (passing 2 mm), split using a riffle splitter (250 g), and
pulverized up to 95% (passing 105 µm) using a mild steel pulverizer.

Major and trace element concentrations were obtained via different analytical tech-
niques. To obtain major element concentrations, as well as Zr, Sc, Hf, and Lu concen-
trations, a lithium metaborate/tetraborate fusion was performed to dissolve the entire
sample. Major elements were measured using X-ray fluorescence (Actlabs, Ancaster, ON,
Canada), whereas Sc and Zr were analyzed by inductively coupled plasma—optical emis-
sion spectrometry (ICP-OES, Actlabs, Ancaster, ON, Canada), and Hf and Lu by ICP—mass
spectrometry (MS, Actlabs, Ancaster, ON, Canada). Concentrations of the remaining trace
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elements were also measured by ICP-MS, but with a previous sodium peroxide fusion. Flu-
orine concentrations were analyzed using an ion-selective electrode (ISE, Actlabs, Ancaster,
ON, Canada) following a lithium borate fusion and dissolution in dilute nitric acid.

4. Results
4.1. Field Characterization of the Spodumene-Bearing Dyke from Alijó

The studied aplite-pegmatite body from Alijó is a subvertical discordant body with
an approximate strike of N155◦ E and variable thickness (5 to 30 m). This heterogeneous
dyke is composed mainly of quartz, plagioclase, K-feldspar, spodumene, and white mica,
with accessory tourmaline, phosphate minerals, eucryptite, beryl, cookeite, and CGM.
According to [47], this dyke may be classified as an LCT pegmatite of the complex type
and the spodumene subtype. Aplitic and pegmatitic facies are distributed heterogeneously
inside the dyke, typically with an abrupt transition between them. Quartz and plagioclase
compose mainly the aplitic units, whereas K-feldspar occurs randomly distributed. On the
contrary, plagioclase and K-feldspar (±quartz) are the main rock-forming minerals in the
pegmatitic units. Locally, spodumene becomes the main mineral phase.

One of the most remarkable petrographic features of this dyke is the abundance of
unidirectional solidification textures (UST). In the aplitic units, a subvertical layering is
commonly observed parallel to the contact with the host rocks, with alternating (~1 cm
thick) quartz + plagioclase-rich and plagioclase-rich layers (crystal sizes in the range of
1–3 mm) (Figure 2a). In the pegmatitic facies, plagioclase crystals often exhibit a combed
texture, with the axis of the crystals growing perpendicularly to the contact with the host
rocks (Figure 2b). Less frequently, spodumene crystals also appear as combed crystals.
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Figure 2. (a) Layered structure in an aplitic sample alternating quartz + plagioclase and plagioclase-
rich layers. (b) Hand sample with a pegmatitic texture, exhibiting combed feldspars marked with
dashed lines. (c) Representative outcrop of the pelitic host metasediments. (d) Field photograph of
an outcrop showing psammitic layers in a mainly pelitic lithology.

The Alijó spodumene-bearing aplite-pegmatite body intrudes discordantly into a
metasedimentary sequence that includes phyllites and mica-schists interlayered with
black schists, lydites, and some quartz-phyllites and calc-silicate rocks of upper Ordovi-
cian to lower Devonian age [30] (Figure 2c,d). Broadly, these metasediments can be
classified as pelitic (mica-rich and quartz/feldspar-poor) and psammitic (mica-poor).
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These metasediments were later affected by the Variscan Orogeny, with the respective
metamorphic overprint.

4.2. Petrography and Mineral Chemistry of the Spodumene Pegmatite

The mineralogy of the studied pegmatitic body predominantly consists of quartz,
plagioclase, K-feldspar, spodumene, and muscovite. Additionally, it contains accessory
minerals such as tourmaline, phosphate minerals, eucryptite, beryl, cookeite, and members
of the columbite group (Figure 3).
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Figure 3. (a) Microphotograph of combed micas growing from the contact with the host rock marked
by dashed line. (b) Euhedral spodumene crystals of up to 8 mm. (c) Eucryptite (Ecp) (yellowish) and
cookeite (Ckt) (uncolored) replacing spodumene (Spd) crystals, with some relicts of Spd. (d) Anhedral
crystal of montebrasite (Msb) with a slight twinning.

Feldspars constitute a volumetrically important part of the studied dyke, with albite
(Ab98–Ab99.8) being the most common term (Supplementary Materials). Albite occurs as
fine to coarse subhedral crystals, with the biggest ones often growing perpendicularly to
the dyke contacts. The chessboard texture or myrmekite intergrowths have been described.
Potassium feldspar (Or92–Or98) occurs as subhedral to anhedral crystals, varying in size
from very fine to coarse (<5 cm). Some crystals display inclusions of quartz and/or micas,
whereas others display Carlsbad or cross-hatched tartan pattern twinning. Phosphorous
contents reach up to 0.43 wt.% and 0.36 wt.% (P2O5) in K-feldspar and plagioclase, re-
spectively. A negative correlation between Si and P + Al suggests the influence of the
berlinite substitution type for the incorporation of P in the structure of these alkali feldspars
(Figure 4a). Rubidium concentrations reach up to 2469 ppm in K-feldspar and below the
detection limit in plagioclase.
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Figure 4. (a) Binary Si vs. P + Al diagram of K-feldspar and plagioclase from the Alijó peg-
matite. (b) Binary Mg − Li vs. Fe + Mn + Ti + AlVI diagram of analyzed micas (based on [48]).
(c) Ternary Na + K vs. Ca vs. vacancy (X site) classification diagram of analyzed tourmaline crystals.
(d) Quadrilateral Mn/(Mn + Fe) vs. Ta/(Ta + Nb) plot of analyzed CGM from the Alijó pegmatite.
Analyses of CGM from other localities from BA are also shown in green for comparison (data
from [44]).

White mica crystals are fine-grained (<1 cm), subhedral, and usually tabular (less
frequently radial). Close to the contacts with the host rocks, micas with combed textures
grow perpendicularly to them (Figure 3a). Occasionally, primary crystals show “patchy
zoning”. Analyzed micas fall in the muscovite field sensu stricto of the [48] classification
diagram (Figure 4b; Supplementary Materials). Overall, Rb and Cs contents in micas
reach up to 8961 ppm and 1792 ppm, respectively, whereas the Li content does not exceed
1000 ppm (Supplementary Materials).

Spodumene is the main Li-bearing rock-forming mineral phase in Alijó. The primary
spodumene crystals are euhedral to subhedral with a medium to coarse grain size (<3 cm)
(Figure 3b). As with other main mineral phases, these prismatic crystals may also grow
perpendicularly to the contact with the host rock, showing a combed texture. Anhedral fine-
grained secondary spodumene crystals are also common, containing small sub-rounded
quartz crystals as a result of petalite replacement. Aggregates of spodumene crystals with
an acicular habit, showing vermicular textures oriented around coarser crystals, have also
been found. Eucryptite, as a low-PT Li-aluminosilicate, occurs as an accessory phase, as very
fine-grained aggregates of anhedral crystals, together with albite and/or K-feldspar. These
very fine-grained aggregates commonly replace pseudomorphically previous spodumene
crystals, with small relicts of spodumene in the interior (Figure 3c). Sometimes, eucryptite
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also occurs together with phyllosilicates such as cookeite, a frequent product of spodumene
alteration (Figure 3c).

Tourmaline occurs as an accessory phase, mainly in the aplitic units of the dyke. It
shows a fine to medium crystal size and appears as euhedral to subhedral crystals with
a prismatic or acicular habit, apparently with no preferred orientation. According to the
X-position occupancy [49,50], analyzed tourmalines are alkaline (Figure 4c). Chemical data
showed 9.97–12.84 wt.% and <0.09 wt.% of FeO and MgO, respectively, allowing them to
be classified as Fe-rich term schorl (Supplementary Materials). Instead of Mg, Li is present
in tourmaline from the dyke (Li2O 0.28–0.8 wt.%), belonging to the schorl-elbaite series and
evolving via the LiAl(Fe)-2 exchange vector.

Phosphate minerals appeared scattered, predominantly in the aplitic unit. In general,
these accessory phases appear as subhedral to anhedral fine crystals and display brownish
to yellowish color tones. Apatite is the most common phosphate, comprising chlorapatite
(1.48–3.71 wt.% of Cl) with dark brown shades and a prismatic habit, and light brown to
beige fluorapatite (2.3–3.46 wt.% of F) (Supplementary Materials). In general, MnO and
FeO contents are high (1.41–6.75 wt.% and 1.25–4.44 wt.% respectively), with chlorapatites
richer in Mn (~5 wt.%) and fluorapatites in Al (1.19–5.32 wt.%). Apatite crystals with
low F and Cl could be classified as hydroxyapatites. Measured concentrations of Sr reach
up to 1.12 wt.% (SrO). Regarding the amblygonite group minerals, they show a marked
twinning (Figure 3d). Taking into account the low values of F (<1.4 wt%), these accessories
correspond to almost pure montebrasite-term (Supplementary Materials).

Columbite group minerals from the studied dyke occur as an accessory phase. These
fine-grained tabular crystals show homogeneous Mn/(Mn + Fe) and Ta/(Ta + Nb) ratios
close to 0.5 (Supplementary Materials). Based on their composition, most of the analyzed
crystals may be classified as columbite-(Fe) (Figure 4d).

4.3. Petrography and Mineral Chemistry of the Host Rock

The studied host rock samples were composed of mica-schists, metagreywackes,
quartzites, and phyllites that form a metamorphosed psammopelitic sequence (Figure 2c,d).
In the pelitic samples, a well-developed slaty cleavage was observed (Figure 5a). In
these samples, muscovite, biotite, and quartz were the main mineral phases whereas
oxides, apatite, and garnet corresponded to the most common accessory phases (Figure 5a).
Contrarily, the psammitic samples were mainly composed of quartz, with significantly
smaller amounts of muscovite and biotite, with oxides as accessory minerals that appeared
essentially in the pelitic layers (Figure 5b). Some samples corresponded to intermediate
terms, with nearly equal proportions of micas and quartz (Figure 5c). Scattered biotite and
garnet porphyroblasts were common in many samples, with relatively greater crystal sizes
(Bt up to 2 mm, Grt up to 1.5 mm) (Figure 5d).

Close to the contact with the pegmatite, well-developed tourmalinization was ob-
served in the pelitic samples and/or layers, with up to 1.5 cm long euhedral/subhedral
tourmaline crystals that become gradually smaller in the samples collected further from the
contact (Figure 5e). There were notable compositional differences between the tourmaline
from the dyke and that found in its host rocks. Analyzed tourmaline crystals from the
host rocks showed relatively lower FeO (8.94–10.97 wt.%) and higher MgO (2.75–3.9 wt.%)
contents, belonging to the schorl-dravite series (Supplementary Materials).

Also close to the pegmatite contact, irregular masses of greisen formed mainly by
quartz and muscovite were locally observed. The crystal size in these bodies (up to 3 mm)
was greater than that of the metasedimentary host rocks (Figure 5f).

4.4. Whole Rock Geochemistry

The studied aplite-pegmatite body showed relatively high SiO2 (75.62 wt.%), Al2O3
(16.05 wt.%), Na2O (3.18 wt.%), and P2O5 (0.23 wt.%) contents, resulting in a strongly pera-
luminous and perphosphorous nature (A/CNK = 2.1; normative apatite = 0.18; Table 1). As
expected, MgO (0.03 wt.%), Fe2O3

t (0.34 wt.%), TiO2 (0.01 wt.%), and CaO (0.1 wt.%) con-
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centrations are low, leading to a low maficity (B) parameter in the B-A diagram (Figure 6a).
Moderate concentrations of K2O (2.05 wt.%) lead to a K2O/Na2O ratio lower than unity
(0.67). Regarding trace element composition, the studied dyke showed relatively low con-
tents of F (100 ppm), but significantly high contents of Li (8480 ppm) (Figure 6b). The ratios
K/Rb (27) and Nb/Ta (1.6) were in the range of Iberian-enriched aplite-pegmatite bodies
(Figure 6c). In addition to Li, Nb, and Ta, concentrations of other trace elements such as Rb,
Cs, Be, Sn, Ge, U, and Tl were significantly high as well, contrasting with commonly low
contents of Ba, Sr, Zr, Y, Th, and REE (Figure 6e; Table 1).
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Figure 5. (a) Microphotograph of a pelitic (mica-rich) host rock sample, with a marked original slaty
cleavage and a well-developed crenulation cleavage. (b) Alternating psammitic (quartz-rich) and
pelitic layers in a psammitic host rock. (c) Microphotograph of an intermediate sample, with a greater
mica proportion compared with the psammitic samples. (d) Porphyroblast of biotite (Bt) from the
host rock. (e) Small tourmaline (Tur) crystals formed in the pelitic layers of the host rocks relatively
close to the pegmatite. (f) Representative microphotograph of a greisen sample.
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Table 1. Major- (wt.%) and trace-element (ppm) whole rock geochemical analyses of studied rocks
from Alijó.

(a)

Type met. met. met. met. met. met. met. met. met. met. met. met.

Class. lith. wacke sub-
lith. shale lith. lith. lith. shale shale shale greisen Shale

Sample B-09 B-10 B-11 B-12 B-13 B-14 B-15 B-16 B-17 B-18 B-19 B-20
Dist.
(m) 0 W 0.5 W 1 W 2 W 3 W 6 W 12 W 20 W 35 W 50 W 0 E 0.5 E

SiO2 78.36 75.49 90.49 61.3 84.53 82.18 81.62 64.49 65.6 67.91 70.1 56.41
TiO2 0.54 0.56 0.19 0.9 0.45 0.47 0.46 1.18 0.82 0.56 0.13 0.96

Al2O3 12.37 13.99 4.61 20.1 9.43 11.21 9.89 23.05 18.51 16.21 18.01 24.83
Fe2O3

t 3.08 2.95 2.69 8.02 1.56 1.71 3.31 3.65 5.92 7.57 2.06 6.54
MnO 0.024 0.026 0.026 0.085 0.026 0.015 0.037 0.055 0.044 0.052 0.04 0.026
MgO 0.62 0.54 0.26 1.69 0.18 0.18 0.42 0.37 0.77 0.49 0.2 0.58
CaO <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.79 <0.01

Na2O 0.22 0.2 0.06 0.23 0.14 0.16 0.17 0.28 0.28 0.23 0.37 0.28
K2O 2.9 3.68 1.01 4.47 2.49 2.85 2.71 4.42 4.45 3.7 4.62 6.22
P2O5 0.04 0.04 0.02 0.04 0.04 0.03 0.05 0.09 0.1 0.1 0.93 0.11
LOI 1.82 2.26 0.71 3.79 1.49 1.79 1.69 2.69 4.09 3.65 2.73 4.7
Total 99.97 99.74 100.09 100.63 100.34 100.6 100.36 100.28 100.58 100.47 99.98 100.66

F 600 500 <100 200 <100 <100 <100 <100 <100 <100 600 300
As 22 66 12 30 15 12 8 104 46 19 14 32
B 1430 430 60 80 90 90 90 180 150 90 350 240

Ba 481 642 179 823 477 532 539 814 940 689 170 1170
Be 11 <3 <3 <3 <3 <3 <3 <3 <3 <3 147 6
Cr 90 110 110 150 80 100 90 130 130 120 70 150
Cs 26.8 22.8 4.3 16.8 8.8 8.2 11 9.1 17.1 7.9 66.5 30.2
Ga 15.9 19.8 6 31.4 15.9 13.3 15.9 29.9 25.4 24.5 30.3 32.6
Ge 2.8 3.1 1.3 3.7 2.3 2.1 2.7 2.9 2.7 2.6 6.4 3.3
Li 288 294 104 400 99 105 123 105 190 113 264 472

Mo 5 6 9 3 3 6 3 1 <1 3 2 2
Nb 12.5 11.8 5 24.6 10.8 9.8 10 20.5 17.7 13.7 58.3 19.3
Ni 40 40 40 50 20 30 20 30 50 40 140 20
Pb 27.9 19.6 17.2 25.2 18.3 21.4 19.9 32.2 26.5 26 19.4 34.8
Rb 215 216 52.1 229 104 104 102 147 178 146 834 334
Sn 38 22.8 3.5 7.6 3.7 2.7 3 8.3 5 4.3 185 24.4
Sr 58 53 23 69 52 54 56 82 62 60 197 85
Ta 1.3 0.9 0.3 1.8 0.8 1.1 0.9 2.1 1.5 1.2 51.4 1.8
Th 17.5 14.4 5.5 20.4 18.3 14.9 16.2 30.9 19.5 14.7 3.3 22
Tl 1.5 1.6 0.3 1.5 0.5 0.6 0.5 0.6 0.8 0.5 4.4 1.7
U 4 3.6 1.3 3.5 2.6 2.5 3.3 6.6 4.5 4.1 7.6 4.2
V 52 63 17 128 32 35 38 71 78 71 16 121
W 5.9 5.8 1.9 6.9 3.6 5.1 4.3 5.7 7.6 5.4 5.4 16.9
Y 32 24.7 9.3 35 29.4 24 28.9 41.5 30.4 25.7 6.3 38.2

Zn 60 30 30 80 <30 30 30 40 40 60 60 100
La 41.8 40.3 13.2 59.3 36.5 34.6 43.3 55.5 45 38.1 8 59.2
Ce 90.6 80.8 27.3 116 77.7 70.2 91 119 89.3 79.2 16.7 112
Pr 11.1 10.1 3.3 14.8 9.8 8.5 10.5 13.8 11.1 10.2 1.9 13.9
Nd 37 32.9 12.2 48.1 32.1 32 35.9 52.9 40.5 32.6 7.6 50.5
Sm 8.3 8 2.3 9.1 6 5.2 7 9.1 7.1 8.2 1.6 10
Eu 1.6 1.6 0.4 1.6 1.3 1.5 1.6 1.7 1.3 1.3 0.7 1.5
Gd 6.3 5.4 2.3 7.9 5.4 4.8 6 7.7 6 5.5 1.2 7.2
Tb 0.9 0.8 0.2 0.9 0.9 0.7 0.7 1.2 1 0.9 0.2 1.1
Dy 5.1 4.8 1.8 5.9 4.8 4.2 4.9 6.9 5.5 4.3 1 6.3
Ho 1 1.1 0.3 1.3 1.1 0.8 1.1 1.4 1.1 0.8 <0.2 1.4
Er 3.2 2 1.1 2.9 2.6 2.3 3.2 3.3 3.3 2.6 0.5 3.8
Tm 0.5 0.4 0.1 0.5 0.5 0.4 0.5 0.6 0.5 0.4 <0.1 0.5
Yb 4 3.6 1.4 4.2 3.8 2.7 4.3 5 4.3 2.9 1.1 3.9

(b)

Type met. met. met. met. met. met. met. Ctrl. Ctrl. Ctrl. Ctrl. Peg.

Class. wacke shale lith. lith. wacke shale shale lith. shale lith. shale Spd.
Peg.

Sample B-21 B-22 B-23 B-24 B-25 B-26 B-27 ALI-01 ALI-03 ALI-04 ALI-05 ALI-02
Dist.
(m) 1 E 2 E 3 E 6 E 12 E 20 E 35 E > 200 > 200 > 100 > 100 > 100

SiO2 71.31 54.76 78.18 81.2 73.52 63.31 63.12 77.92 60.16 81.57 59.14 75.62
TiO2 0.76 1.34 0.43 0.45 0.69 0.87 0.84 0.6 0.86 0.52 0.88 0.01

Al2O3 16.96 26.2 12.89 11.47 17.02 22.32 19.57 12.73 21.1 10.53 22.19 16.05
Fe2O3

t 3.5 6.67 2.19 1.63 3.14 5.89 7.41 2.9 6.82 2.36 6.74 0.34
MnO 0.024 0.056 0.016 0.015 0.026 0.051 0.048 0.054 0.065 0.039 0.074 0.029
MgO 0.3 0.85 0.36 0.24 0.44 0.87 0.62 0.44 0.91 0.41 1.48 0.03
CaO <0.01 <0.01 <0.01 <0.01 0.01 0.02 <0.01 <0.01 0.13 0.11 0.06 0.1

Na2O 0.21 0.24 0.16 0.15 0.18 0.24 0.38 0.14 0.26 0.15 0.28 3.18
K2O 4.34 5.28 3.33 3.11 3.1 3.96 4.93 3.73 6.13 3.03 6.69 2.05
P2O5 0.09 0.15 0.04 0.02 0.04 0.1 0.1 0.04 0.27 0.12 0.1 0.23
LOI 2.93 4.32 2.12 1.8 2.24 2.93 3.69 1.83 3.36 1.52 3.07 0.84
Total 100.42 99.87 99.72 100.09 100.41 100.56 100.71 100.38 100.07 100.36 100.7 98.48
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Table 1. Cont.

F <100 <100 <100 <100 <100 <100 200 <100 300 <100 200 <100
As 16 102 15 19 22 78 17 18 175 24 40 <5
B 170 180 90 80 150 170 280 40 80 170 170 20

Ba 788 1020 614 560 568 755 1090 647 900 422 968 6
Be <3 3 <3 <3 4 4 <3 <3 4 <3 5 141
Cr 150 160 80 90 100 160 130 80 160 100 140 70
Cs 17.1 17 8.8 5.8 13.5 32.6 19.6 7.8 25.2 7.2 22.5 65.5
Ga 22.7 33.4 16.6 17.5 21.7 28.8 27.9 15.4 34.9 15 30.8 17.5
Ge 3 3.8 2.4 2.3 3 3.3 2.7 1.6 3.2 2.1 2.5 6.8
Li 355 676 167 129 298 497 231 44 108 50 130 8480

Mo 4 <1 1 2 <1 3 <1 <1 <1 2 2 2
Nb 16.5 24.9 10.8 11.4 12.4 18.6 18.6 12.5 20.2 13.1 19.6 46.5
Ni 50 30 20 20 40 70 30 20 30 30 40 20
Pb 26.8 43.7 23.5 22 22.1 28.2 33 17.2 31.1 18.8 28.5 12
Rb 200 232 132 101 127 190 214 138 289 121 287 628
Sn 11.1 7 3.5 3.4 4.2 15.1 13.3 3.1 4.8 2.9 5 50.1
Sr 85 89 69 57 66 99 91 49 76 48 68 103
Ta 1.7 2.2 0.7 0.8 1.4 1.7 1.4 1.2 1.7 0.9 1.7 28.8
Th 20.5 27.7 9.4 12.9 22.5 19.8 21 24 22.5 21.3 19.7 0.5
Tl 1.2 1.1 0.7 0.4 0.8 1.1 1.1 0.9 1.3 0.6 1.6 3.7
U 4.1 6.3 2.3 2.6 4.2 4.4 4.6 5.1 4.9 4.5 4.1 12.7
V 63 113 38 35 46 82 94 37 104 36 101 <5
W 10.9 11 7 5.8 4.4 8.7 7.2 4.4 7.6 3 8.9 1.3
Y 30.8 42.7 26.2 22.7 26 39.2 33 19.7 52.1 30.8 30 0.2

Zn 40 90 30 <30 60 80 110 <30 70 40 60 40
La 48.6 78.2 28.7 31.1 39.1 52.1 52.6 30.7 93.5 21.5 31 <0.4
Ce 95.5 154 63 69.2 83 110 111 61.6 193 48.9 61.6 <0.8
Pr 12.1 18.9 7.2 8.2 10.6 14.2 13.7 8.8 24.8 6.1 7.9 <0.1
Nd 37.2 66 28.3 28.2 32.9 50.8 42 28.6 83.4 21.5 26.6 <0.4
Sm 7.6 13.3 4.1 5.7 6.5 9.2 6.7 4.8 15.9 5.1 5.8 <0.1
Eu 1.8 2.7 1.2 1.1 1.5 2 1.6 1 3.3 0.9 1.1 <0.1
Gd 6.2 10.6 4.7 5.2 5.5 7.5 7.6 3 15.2 5.6 4.5 0.2
Tb 1.1 1.5 0.7 0.7 0.8 1.2 1 0.6 2.2 0.9 0.8 <0.1
Dy 4.9 7.6 3.8 4.1 4.5 6.6 6.3 3.3 9.5 5.7 4.7 <0.3
Ho 1.2 1.5 0.9 0.9 1 1.2 1.3 0.8 1.9 1.3 0.9 <0.2
Er 3.7 4.6 2.8 2.6 3.2 3.5 3 2.3 5.6 3.5 3 <0.1
Tm 0.5 0.8 0.3 0.4 0.4 0.5 0.6 0.5 0.7 0.7 0.5 <0.1
Yb 4 5 2.6 2.8 3.8 4.1 3.8 3.7 5.2 4.1 3.3 0.1

met. = metasomatized host metasedimentary rock; Ctrl. = control sample (non-metasomatized composition);
Peg. = pegmatite; lith. = litharenite; Spd. Peg. = spodumene-bearing pegmatite.

The studied set of metasedimentary samples could be classified geochemically as
shales (eight pelitic samples), litharenites-arkoses (eight psammite samples), and two
intermediate wackes (Figure 6e). The SiO2 contents were lower in the pelitic samples
(55–68 wt.%) compared with the psammitic samples (76–91 wt.%), which were inversely
correlated with the Al2O3 contents (16–26 wt.% and 5–14 wt.%, respectively) (Table 1).
The pelitic samples had the highest FeOt (3.6–8.0 wt.%) and K2O (3.7–6.2) concentrations
(1.6–3.3 wt.% and 1.0–3.9 wt.% in psammitic samples). The contents of TiO2, MgO, Na2O,
and P2O5 were also higher in the metapelites as expected, and all of them were extremely
poor in CaO (most of them presented values below the detection limit). Trace element
composition also differed depending on their pelitic or psammitic nature, with overall
higher concentrations of Ba, Sr, Y, Th, and REE in the pelitic samples (Figure 6d,f).

In the case of other trace elements, significant variations were observed when metaso-
matized and non-metasomatized samples were compared. These differences were greater
in the case of pelitic samples, as they held higher absolute concentrations compared with
psammitic samples. Despite the similar low F contents of <600 ppm for the complete set
of samples (<100 ppm for most of them), some tourmalinized samples displayed high B
contents of 500–1430 ppm, and many of the metasomatized pelitic samples displayed Li
concentrations greater than 300 ppm (up to 676 ppm) (Figure 7a). These Li concentrations
decreased with the distance from the pegmatite contact, up to values that resembled those
of the non-metasomatized samples (about 50 ppm in psammites and around 100–130 ppm
in pelites). Maximum concentrations of other trace elements such as Rb (<350 ppm), Cs
(<35 ppm), and Sn (<40 ppm) were also measured in host metasediments close to the
pegmatite contact (Figure 7b–d).
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Figure 6. (a) Multicationic [B] vs. [A] diagram from [51] modified by [52], showing compositions of
the selected aplite-pegmatite, greisen, and host rocks from Alijó. (b) Bivariate plot displaying F vs.
Li (logarithmic) of the same set of samples (Iberian aplite-pegmatites, S1 granites, and S2 granites
also shown for comparison; data taken from [13]. (c) Nb/Ta vs. K/Rb diagram (logarithmic) of
the same three types of studied rocks. (d) Spider plots of the studied spodumene-pegmatite, host
metasediments, and greisen normalized to the upper continental crust (UCC; [53]). (e) Classification
diagram of siliciclastic sediments [54], showing compositions of the studied metasedimentary host
rocks. Compositions of the Neoproterozoic Iberian Average Shale (NIBAS; [55]), average of North-
Central Iberian Zone (N-CIZ) slates [56], and Post Archean Australian Shale (PAAS; [57]) are also
displayed for comparison. (f) Chondrite-normalized [58] REE diagrams of the host metasediments.
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from the dyke divided by the thickness of the dyke (range of non-metasomatized control samples
also displayed in grey for comparison).

Regarding the greisen sample collected immediately after contact with the pegmatite,
it showed remarkably high concentrations of P2O5 (0.93 wt.%), F (600 ppm), B (350 ppm),
Li (264 ppm), Be (147 ppm), Rb (834 ppm), Cs (66.5 ppm), Nb (58.3 ppm), Ta (51.4 ppm), Sn
(185 ppm), and Tl (4.4 ppm) (Figure 7; Table 1).

5. Discussion
5.1. Internal Evolution of the Alijó Pegmatite

Several studies support that the structural state and texture of feldspars, as well as their
chemical composition, may help to clarify the crystallization conditions of pegmatites [59–62].
The coexistence of albite and K-feldspar as individual phases suggests the subsolvus character
of the studied body [63,64], as observed in the aplite-pegmatite body in Alijó. The crystallization
of the two feldspars may be due to the increase in temperature of the solvus, associated with
abundant Ca [65], or to the relatively high H2O activity in the system, which would decrease the
temperature of the solidus [63,66]. Considering the low Ca contents observed in the different
mineral phases of the studied pegmatite, which are consistent with the extremely low Ca
concentrations in the whole rock (CaO = 0.1 wt.%), the second option seems to be the most
plausible. The formation of greisen bodies and the tourmalinization observed close to the contact
also attest to the relatively high H2O contents in the pegmatitic system. On the other hand, the
presence of cross-hatched twinning in microcline, as a result of the monoclinic–triclinic phase
transition, indicates that the crystallization temperature of the dyke might have been above
450–500 ◦C [67,68].
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Moreover, Li-aluminosilicates may help in interpreting the crystallization condi-
tions [20,69]. The presence of both primary and secondary spodumene indicates that,
in addition to crystallizing directly from the pegmatitic melt, some of the spodumene
crystals in the dyke have been formed during subsolidus processes. These secondary
crystals were most likely formed as the result of the replacement of primary petalite by a
spodumene + quartz intergrowth [SQI texture] [70–73]. As shown by the P-T phase dia-
gram for Li-aluminosilicates (Figure 8), the textural and paragenetic relationships suggest a
rapid T decrease to allow the coexistence of primary and secondary spodumene with late
eucryptite. Considering that the maximum conditions of regional metamorphism for the
host rocks are ~3 kbar [30] and that the minimum crystallization temperature for K-feldspar
to show lattice twins is 450–500 ◦C, the primary crystallization of the Alijó pegmatite is
proposed to have occurred within the range of 450–500 ◦C and 2–3 kbar (blue rectangle
with dashed-line in Figure 8). This is consistent with the simultaneous crystallization
of spodumene and ‘non-preserved’ petalite. The secondary mineral paragenesis of the
studied dyke also indicates that the magmatic–hydrothermal transition in the evolution
of the studied spodumene-bearing pegmatite continued up to eucryptite stability condi-
tions (Figure 8). The replacement of spodumene crystals by eucryptite and cookeite is
evidence of low-temperature metasomatism in a subsolidus stage. However, recent studies
show that the stability of Li-aluminosilicates is more complex than previously thought,
suggesting that P and T may not be the only factors controlling the crystallization of these
minerals [72,73].
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Apart from textures, mineral chemistry provides valuable insights into the crystalliza-
tion processes that occurred within the Alijó dyke. The ratio K/Rb is considered a good
indicator of the degree of fractionation in granitic-pegmatitic magmas, decreasing as the
fractionation proceeds [74–76]. The K/Rb ratio in micas of spodumene pegmatites from BA
is about 29 [45]. This value is relatively low, but it cannot be considered as extremely low
as seen in highly fractionated pegmatites (K/Rb = 9 for lepidolite-bearing pegmatites, [45]).
In other pegmatitic fields from the CIZ, the observed values are consistent. In Tres Arroyos,
micas from the lepidolite-bearing pegmatites show K/Rb ratios of 20-4 [60]. Micas of the
Li-mica-rich pegmatites from Fregeneda–Almendra show ratios of about 8–12, whereas
spodumene pegmatites are in the range of 33–39 [77]. Considering these values, the ratio
of 29 for micas from BA suggests a higher degree of fractionation compared with other
spodumene-bearing pegmatites from the CIZ, but lower when compared with Li-mica
and/or lepidolite-rich pegmatites from the same area. Whole-rock geochemistry is in line
with this, with a K/Rb ratio of 27 calculated for the studied dyke, which is relatively lower
than that obtained by [19] and that of spodumene-bearing pegmatites from Fregeneda–
Almendra [K/Rb = 39–46], and higher than those of the Li-mica-rich pegmatites from
Fregeneda–Almendra (K/Rb = 16–17) [78] and lepidolite-bearing dykes from Tres Arroyos
(K/Rb = 7) [79].
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Phosphate minerals also play a significant role as petrogenetic indicators in these
granitic-pegmatitic environments [80–83]. Considering that Cl is a highly volatile element,
and so, would easily separate from the melt once the system was opened [84], the crystal-
lization of chlorapatite must have occurred before the opening of the system. The analyzed
CGM crystals show slightly higher Ta/[Ta + Nb] and Mn/[Mn + Fe] ratios than the ones
proposed for the spodumene subtype pegmatites from the Barroso-Alvão region [44]. How-
ever, all of them are in agreement with other CGM from spodumene-bearing pegmatites
from the CIZ, such as the Fregeneda–Almendra pegmatite Field [77]. The small variation
in the fractionation of Nb–Ta could be attributed to the presence of other Fe competitors
such as schorl [85].

According to experimental data based on the correlation CF
Montebrasite = 3.65CF

melt + 0.07
obtained by [86], the F concentration in the melt during crystallization would be below 0.27%.
Such a low F contents in the melt, also evidenced by the absence of topaz and the presence
only of montebrasite, would determine the principal Li-bearing minerals, crystallizing Li-
aluminosilicate instead of lepidolite in the Alijó dyke.

5.2. External Metasomatism Caused by the Alijó Pegmatite

The magmatic–hydrothermal transition in pegmatite evolution is a complex, multi-
stage process where silicate melt–hydrosaline melt–aqueous fluid immiscibility may occur
as the pegmatitic melt cools (e.g., [87–90]). This transition in magmatic systems of granitic
composition usually occurs when crystallization is already in an advanced stage, but in
the case of volatile-rich shallow magmatic systems, early exsolution of fluid phases is also
likely [91]. The nature of the exsolved fluid strongly depends on the nature of the peg-
matitic melt, conditioning the availability of the elements that can partition into the fluid
phase [92,93]. In the case of evolved terms of LCT pegmatites, the studied cases have shown
that the pegmatite-derived metasomatizing fluids may cause enrichment in elements such
as Li, Rb, Cs, F, B, Sn, Be, Tl, and W in the host rocks [15,17,18,94,95]. Despite varying in
abundance compared to host rocks of other types of LCT-type enriched pegmatites, the
host rocks that accommodate similar spodumene-rich pegmatites in this case study show
enrichment in these same elements, especially in B, F, Li, Rb, Cs, and Sn (e.g., [17,18]).

The scarce presence of tourmaline within the studied spodumene-bearing dyke, to-
gether with the tourmalinization developed in the host metasedimentary rocks, particularly
in close proximity to the pegmatite, suggest a relatively early opening of the system. This
tourmalinization indicates B metasomatism in the host metasedimentary rocks, which
caused the enrichment of up to 1430 ppm in the whole rock. Fluorine contents are also
markedly higher in the host rocks close to the pegmatite contact (up to 600 ppm) and the
greisen (up to 600 ppm) when compared with that in the spodumene-bearing pegmatite
(<100 ppm) (Table 1). Although concentrations are not strictly correlated, Li enrichment
seems to have occurred together with that of B and F. Lithium enrichment decreases grad-
ually as the distance from the pegmatite increases, resembling a geochemical halo that
differs significantly between pelitic (mica-rich) and psammitic (mica-poor) metasomatized
samples (Figures 7a and 9a). Tin concentration is also remarkable outside the dyke, with a
maximum value of 185 ppm observed in the greisen sample. Similarly to Li, Sn contents
decrease with the distance in the metasomatized host metasediments, from a maximum
value of 38 ppm in samples collected close to the dyke (Figure 7d). Rubidium and Cs
enrichment in the metasedimentary host rocks is surprisingly minimal and is only recog-
nizable in some of the pelitic samples. On the contrary, in the greisen sample, Rb and Cs
concentrations reach high values of 834 and 66 ppm, respectively (Table 1). Despite the
relatively low Li contents in the greisen (264 ppm) compared with metasomatized pelitic
samples (400–700 ppm), the whole-rock geochemistry of the greisen properly reflects the
overall enrichment prompted by the pegmatite-derived metasomatizing fluids. The studied
greisen sample shows notably high contents of B, F, Li, Rb, Cs, Sn, Be, Nb, Ta, and Tl, with
a total sum of B, F, Li, Rb, Cs, Sn of up to 2300 ppm (Figure 9b). The sum of these key trace
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elements shows differences between mica-rich and mica-poor samples as well, with greater
values in mica-rich samples (Figure 9b).
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grams that show geochemical differences between mica-rich (pelitic) and mica-poor (psammitic)
metasedimentary host rocks.

Despite the absence of clear concentration decreasing trends that may define geochem-
ical halos around the studied spodumene-bearing pegmatite (the only exception could be
Li), the metasomatic signature related to the pegmatite in the metasedimentary host rocks
is consistent with other studied cases in central Iberia (e.g., [18]). The geochemistry of the
pelitic samples collected close to the studied pegmatite, together with the geochemical
composition of the greisen, indicate that at least B, F, Li, Rb, Cs, Sn, Be, Nb, Ta, and Tl
were mobilized from the pegmatitic melt to the host rocks by the exsolved fluids. The
early exsolution of a fluid phase from the pegmatitic melt and its subsequent escape into
the nearby host rocks were probably facilitated by shallow emplacement conditions. The
loss of flux elements such as H2O, Li, F, and B may have induced a strong undercooling
of the system, resulting in the formation of the UST observed in the Alijó pegmatite. This
lowering of the solidus, together with a sudden decrease in pressure and temperature due
to the shallow emplacement of the pegmatitic melt into open fractures, may have led to the
formation of such textures, as suggested in experimental works [96–99]. In addition, the
high concentrations of B and F in the exsolved fluids probably favored the formation of
metal–ligand complexes, facilitating their transport from the pegmatite to the surrounding
host rocks during fluid exsolution [100–103].

Based on the obtained geochemical data, certain inferences can be made regarding
lithium exploration for the BA region. Considering the significant differences observed be-
tween pelitic and psammitic host metasedimentary rocks in terms of elemental enrichment,
only the pelitic samples should be considered for lithogeochemical exploration studies.
Apart from the visible tourmalinization in the field, which may only indicate close proxim-
ity to a dyke, the whole rock geochemical gains in pelitic host rocks may trace mineralized
pegmatites at greater distances. Lithium contents greater than 300 ppm in this type of
sample may indicate the presence of a Li-rich pegmatite but should be used in combination
with other elements due to the lack of clear geochemical halos. We suggest the sum of B,
F, Li, Rb, Cs, and Sn as a possible parameter to consider for Li exploration in BA, with
an approximate minimum value of 1000 ppm (with all due caution) that may relate to a
mineralized pegmatite in this region.
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6. Conclusions

The spodumene-bearing pegmatite dyke from Alijó, located in the Portuguese Barroso–Alvão
region, is an unzoned pegmatite enriched in elements such as Li, Cs, Rb, Be, Sn, Nb, Ta, Ge, U,
and Tl, among others. Mineralogical data suggest a moderate to high degree of differentiation of
the pegmatitic melt, which was emplaced under pressure conditions of approximately 2–3 kbar.
Primary crystallization likely occurred at temperatures between 450–500 ◦C, with significant
undercooling caused by (1) a sudden decrease in P-T conditions due to the shallow emplacement
of the pegmatitic melt into open fractures, (2) the early exsolution of a fluid phase carrying flux
elements such as F, B, and Li, or (3) the combination of both of them.

The escape of the exsolved fluid phase generated greisen bodies and induced external
metasomatism in the surrounding metasedimentary host rocks. This study shows that the
degree of metasomatism varies not only with the composition of the intruded pegmatite, as
observed in other pegmatitic fields from CIZ [18], but also with the nature of the host rocks,
which are generally classified as either pelitic (mica-rich) or psammitic (mica-poor). Whole-
rock geochemistry reveals that pelitic samples exhibit a significantly higher enrichment of
fluid-mobilized elements (B, F, Li, Sn, Be, ±Rb, and ±Cs) compared to psammitic elements
collected at the same distances from the dyke. This suggests that, for lithogeochemical
studies aimed at Li exploration, pelitic samples should be prioritized over psammitic ones.
With all caution, we propose that whole rock Li concentrations greater than 300 ppm,
together with a minimum value of 1000 ppm for the sum of B, F, Li, Rb, Cs, and Sn in pelitic
metasediments from Barroso–Alvão, may indicate the presence of a mineralized pegmatite
dyke in the area.
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