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A B S T R A C T   

Fluid-assisted mass transfer and re-equilibration of mineral phases are common consequences of metasomatism 
associated with igneous intrusions. The addition and/or removal of chemical components in these environments 
may result in the generation of metasomatic aureoles, which can be recognized by their mineralogy and 
geochemistry. Due to an increasing demand for critical raw materials used in green energy technologies, rare- 
element granitic pegmatites have seen renewed interest in the mineral exploration industry. Granitic pegma-
tites represent potential sources of critical commodities and geochemical studies of their related aureoles help to 
advance techniques in exploration targeting. Moreover, the role and timing of fluid exsolution during magma-
tic–hydrothermal evolution in granitic–pegmatitic systems and concomitant element mobility remain highly 
debated. 

We present a prospect-scale systematic study of geochemical haloes generated by LCT (Li-Cs-Ta) family 
pegmatite dykes from the Fregeneda–Almendra Pegmatite Field, in the Central Iberian Zone of the Iberian Massif 
(Spain and Portugal). To understand the magnitude of metasomatic processes linked to these intrusions, we 
performed whole-rock mass-balance calculation of element gains and losses in variably metasomatized psam-
mitic and pelitic host metasediments. The results show that F, B, Li, Rb, Cs, Sn, Be, Tl, As, W and S (±Mo, Ta) 
were carried by early exsolved and expelled aqueous fluids. The first evidence of element enrichment is recorded 
at distances of 4–5 times the thickness of the dykes, with exponentially increasing gains of those fluid-mobile 
elements proximal to the pegmatite margin. Enrichments that were detected farthest from the pegmatite mar-
gins were those of Li and Cs, followed by Rb and, to a lesser extent, Sn, F, B, Be, and Tl. The most evolved 
(fractionated) aplite-pegmatites generated the broadest haloes, with concentrations higher than 200 ppm Li, 30 
ppm Cs, 300 ppm Rb, and 15 ppm Sn in the metasediments indicating proximity to a mineralized dyke. In 
addition, absolute gains of up to ~4000 ppm Li, ~1300 ppm Cs, ~1300 ppm Rb, and 170 ppm Sn in the host 
rocks could point to the presence of superimposed haloes from multiple evolved dykes.   

1. Introduction 

Raw materials that are of great economic and strategic relevance, 
principally due to their use in green technologies, are described as 
‘critical’ (Blengini et al., 2020). In the last decade, lithium has become 

one of the main critical raw materials, due to significant increases in 
global demand because of its use in rechargeable batteries for electric 
vehicles (Jaskula, 2017; Gourcerol et al., 2019; Bibienne et al., 2020). 
Subsequently, geological resource exploration has been focused on the 
discovery of new Li-deposits and/or the re-assessment of known 
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reservoirs (Kesler et al., 2012; Gourcerol et al., 2019; Pesquera et al., 
2020). Among these deposits, granitic pegmatites represent an impor-
tant source of not only Li, but also Sn, Ta, Nb, Be, Cs, Rb, Sc, Th, U and 
rare earth elements (REE) (Černý and Ercit, 2005; Selway et al., 2005; 
Linnen et al., 2012; London, 2018; Roda-Robles et al., 2018; Zhang et al., 
2021). Granitic pegmatites are divided into two main families that differ 
in terms of their trace element signature, namely LCT and NYF, with the 
most evolved examples being enriched in Li-Cs-Ta (±Rb, Be, Sn, B, P and 
F), and Nb-Y-F (±Be, REE, Sc, Ti, Zr, Th and U), respectively (Černý and 
Ercit, 2005). 

With greater emphasis on sustainable mineral exploration in recent 
years, many research projects have proposed innovative and less- 
invasive mineral exploration techniques that allow reduction of the 
environmental footprint (Cardoso-Fernandes et al., 2019, 2020; Kes-
selring et al., 2020; Ruiz-Coupeau et al., 2020; Xing et al., 2021; Müller 
et al., 2022). Since sustainability factors seem to be mainly achievable 
during the early stages of the natural resource extraction process, a 
complete understanding of the mineralization itself, and its effects on 
surrounding rocks, can contribute to sustainable mineral exploration 
(Kesselring et al., 2020; Pell et al., 2021). 

The intrusion and evolution of granitic–pegmatitic melts often re-
sults in the alteration of surrounding rocks and the development of 
metasomatic aureoles (‘metasomatic aureole’ or ‘geochemical halo’ are 
used synonymously throughout this work) (Shearer et al., 1984; London, 
1986; Morgan and London, 1987; Lentz and Gregoire, 1995; Selway 
et al., 2005; Teng et al., 2006; Estrade et al., 2015; Pérez-Soba and 
Villaseca, 2019). This type of contact metasomatism originates from the 
influx of pegmatite-derived fluids, commonly during late- to post- 
magmatic stages of the intrusion, causing a compositional change of 
pre-existing minerals and crystallization of new phases in the exocontact 
(Morgan and London, 1987; London, 1986; Kretz et al., 1989; Selway 
et al., 2005; Migdisov and Williams-Jones, 2014; Fuchsloch et al., 2019; 
Barros et al., 2020). The evolution of this geochemical alteration de-
pends on 1) crustal temperature and pressure conditions (related to the 
structural relationship between the pegmatite and host rocks); 2) the 
composition of host-rocks, pegmatitic melt and related fluids; and 3) the 
fluid/rock ratio (Audétat et al., 2008; Beinlich et al. 2010; Thomas and 
Davidson, 2012; Thomas and Davidson, 2016). Recent studies have 
shown that the transition from a pure magmatic to a pure hydrothermal 
environment during pegmatite crystallization is a complex multi-stage 
process (Kaeter et al., 2018; Ballouard et al., 2020; Barros et al., 2020; 
Hulsbosch and Muchez, 2020; Shaw et al., 2022). Paragenetic studies 
indicate that, according to internal pegmatite evolution, 
melt–melt–fluid immiscibility occurs during this transition, where at 
least three immiscible phases can coexist (e.g., Veksler, 2004; Kaeter 
et al., 2018; Ballouard et al., 2020; Barros et al., 2020; Hulsbosch and 
Muchez, 2020; Shaw et al., 2022). Aqueous fluids gradually become the 
prevailing phase over hydrosaline melts as cooling of the pegmatitic 
melt proceeds, which causes variations in the capacities of such 
melts–fluids to leach and transport different metals (e.g., Ballouard 
et al., 2020). The aqueous phases mainly consist on H2O, CO2, and 
chloride salts (predominantly NaCl), and their compositions are 
controlled by the nature of the related magma, whereas the exsolution of 
immiscible fluids is controlled by pressure (London, 1986; Audétat et al., 
2008; Thomas et al., 2012; Audétat, 2019). These processes become 
more complex when other volatiles such as B, F and P (and alkali ele-
ments such as Li), intervene in the system, lowering the solidus tem-
perature and magma viscosity (London, 1987; Pollard et al., 1987; 
Thomas et al. 2000; Raith et al., 2004; Bartels et al., 2011; Thomas et al., 
2012). In addition to their role as fluxing components, B and F can act as 
important ligands to form complexes with metals that could be trans-
ported from the pegmatite to the surrounding host rocks during fluid 
exsolution (London, 1987; Morgan and London, 1987; Pollard et al., 
1987; Thomas et al., 2000, 2003; Migdisov and Williams-Jones, 2014). 

Mass transfer in metasomatic systems is reflected in whole-rock 
elemental gains and losses, which vary depending on the chemical 

behavior of elements under specific P-T-X conditions (Gresens, 1967; 
Grant, 1986; Ague, 1994; Lentz and Gregoire, 1995). The distance from 
a pegmatite intrusion where gains of fluid-mobile elements are observed 
defines the metasomatic aureole—its width partly controlled by the 
factors mentioned above—but also by the size of the intrusion (Morgan 
and London, 1987; Galeschuk and Vanstone, 2007). In the case of LCT 
pegmatites, adjacent metasomatic aureoles are characterized by an 
enrichment in elements such as Li, Cs, and Rb, and metal anomalies can 
extend >150 m beyond the contact between the pegmatites and their 
country rocks (Černý, 1989; Selway et al., 2005; Galeschuk and Van-
stone, 2007; Linnen et al., 2012; Martins et al., 2017). According to 
pioneering works of Trueman (1978), Shearer et al. (1986), Morgan and 
London (1987) and Černý (1989), Li-rich aureoles tend to be broader 
than those of Rb and Cs, and these geochemical haloes are broader in 
metasedimentary host rocks compared to those observed in igneous or 
meta-igneous rocks. More recent studies have revealed that W, In and Sn 
anomalies in host rocks may also be good indicator of nearby LCT 
pegmatites (e.g., Galeschuk and Vanstone, 2007). Accordingly, the 
systematic lithogeochemical study of country rocks in pegmatite fields is 
a useful and small-footprint exploration tool to identify buried pegma-
tites with economic potential (e.g., Selway et al., 2005; Martins et al., 
2017). 

Abundant Li-pegmatites crop out in the Iberian Massif throughout a 
500 km-long and NW–SE striking belt, comprising different pegmatite 
fields that have been exploited from the 1920s (Fuertes-Fuente and 
Martin-Izard, 1998; Charoy et al., 2001; Neiva and Ramos, 2010; Vieira 
et al., 2011; Neiva et al., 2012; Martins et al., 2012; Antunes et al., 2013; 
Roda-Robles et al., 2016, 2018; Garate-Olave et al., 2017, 2020; Roza- 
Llera et al., 2019). These pegmatites constitute a metallogenetic prov-
ince of the Variscan Orogeny. Geochemical, geochronological, and 
structural data suggest that they are related to the main episode of 
granitic magmatism between 330 and 290 Ma (Roda-Robles et al., 2016, 
2018 and references therein). The Iberian pegmatites are characterized 
by: (1) complex layering and textural variations (aplitic, pegmatitic 
and/or aplitic + pegmatitic); (2) an enrichment in Li (±F, Sn, P, Nb, Ta, 
Rb and Cs); (3) an overall absence of quartz cores, internal concentric 
zoning or graphic intergrowths; and, (4) the occurrence of spodumene, 
petalite, Li-micas/lepidolite and/or amblygonite group minerals as the 
main Li-bearing minerals (Roda-Robles et al., 2016, 2018). The Frege-
neda–Almendra Pegmatite Field is one of the main pegmatite fields of 
the Iberian Massif, which has been thoroughly studied in terms of 
mineralogy and crystallochemistry, petrogenesis, and exploration tech-
niques (López-Plaza et al., 1982; Roda-Robles et al., 1995, 1996, 1999, 
2010; Vieira et al., 2011; Cardoso-Fernandes et al., 2019; Cardoso- 
Fernandes et al., 2020). 

The main goal of this contribution is to characterize metasomatic 
processes and related geochemical modifications associated with the 
intrusion of aplite-pegmatites into pelitic and psammitic metasediments 
within the Fregeneda–Almendra Pegmatite Field. We present a prospect- 
scale study which relies on whole-rock geochemistry and mass-balance 
equations to evaluate metasomatic processes associated with four 
representative aplite-pegmatite bodies. The selected localities that were 
examined are the Feli open pit (Li-mica-bearing pegmatite), the Alberto 
open pit (spodumene-bearing pegmatite), the Hinojosa–Saucelle road 
(petalite-bearing pegmatite) and the Tumbo de la Caldera area (inter-
mediate pegmatite). 

2. Geological setting 

The Fregeneda–Almendra Pegmatite Field is located in the Central 
Iberian Zone (CIZ) of the Iberian Massif, south of the allochthonous 
terranes of the Galicia–Trás-os-Montes Zone (Martínez Catalán et al., 
2014, 2021 and references therein; Fig. 1a and b). Located SW of the 
Tormes Dome, this pegmatite field occurs along a ~30 km-long and ~7 
km-wide W–E belt of Neoproterozoic to Cambrian metasediments 
delimited to the N by the Paleozoic successions of the Poiares Synform 
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(Armorican Quartzite Formation), to the S by the 
Mêda–Escalhão–Penedono–Lumbrales (MEPL) Granitic Complex, to the 
E–NE by the Saucelle Granite, and to the W by the Vilariça Segment of 
the Manteigas–Bragança Fault Zone (Roda-Robles et al., 1999, 2010, 
2016; Vieira et al., 2011; Díez Fernández and Pereira, 2016; López-Moro 
et al., 2018; Cardoso-Fernandes et al., 2019; Ferreira et al., 2019, 2020; 
Fig. 1b and c). 

2.1. Stratigraphy, structure and metamorphism 

The metasedimentary belt that hosts the Fregeneda–Almendra 
Pegmatite Field is constituted mainly by a thick Neoproterozoic to lower 
Paleozoic terrigenous sequence included in the Douro Group of Sousa 
(1982). As other pre-Ordovician metasediments of the CIZ, the Douro 
Group represents turbiditic flysch deposits from the northern conti-
nental margin of Gondwana (Silva and Ribeiro 1994; Rodríguez 
Fernández et al., 2000; Valladares et al., 2002; Gutiérrez-Alonso et al., 
2003; Rodríguez-Alonso et al., 2004; Ugidos et al., 2010; Talavera et al., 

Fig. 1. (a) Geological map of the Iberian Massif, subdivision based on Julivert et al. (1972) and Variscan granitoids adapted from Rodríguez Fernández and Oliveira 
(2015). I: Cantabrian Zone, II: West Asturian-Leonese Zone, III: Galicia-Trás-os-Montes Zone (GTOMZ), IV: Central Iberian Zone (CIZ), V: Ossa-Morena Zone, VI: 
South Portuguese Zone, VII Variscan granitoids. (b) Regional geological map based on Rodríguez Fernández and Oliveira (2015), with subdivision of the Ollo de Sapo 
Domain (OSD) and Schist-Greywacke Domain (SGD), and distinction of the Northern Central Iberian Zone (N-CIZ) and Southern Central Iberian Zone (S-CIZ; Talavera 
et al., 2012; Villaseca et al., 2014). (c) Detailed geological map of the Fregeneda–Almendra Pegmatite Field, displaying the location of studied dykes (stars) and 
control samples (green dots). Geologic units based on Silva and Ribeiro (1994) and Rodríguez Fernández et al. (2000). 
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2012; Villaseca et al., 2014). This thick pile of pelitic and psammitic 
metasediments is characterized in the region by millimeter- to 
centimeter-scale alternations of phyllites (±lutites, slates, schists) and 
greywackes, with interbedded quartzite and calcsilicate layers (Silva 
and Ribeiro 1994; Rodríguez Fernández et al., 2000). Because the 
studied area has been traditionally included in the southern Schist 
Greywacke Domain of the CIZ according to stratigraphic evidence, the 
pre-Ordovician metasediments of the area have been included within 
the Schist–Greywacke Complex (Carrington da Costa, 1950; Silva and 
Ribeiro 1994; Rodríguez Fernández et al., 2000; Teixeira et al., 2011; 
Talavera et al., 2012). Villaseca et al. (2014) proposed an alternative 
subdivision of the CIZ based on geochemical evidence. According to 
these authors, the studied aplite-pegmatite dykes would have intruded 
Neoproterozoic to lower Paleozoic metasediments of the northern CIZ 
(N-CIZ) that chemically differ slightly from those of the Schist–-
Greywacke Complex sensu stricto, which would be restricted to the 
southern CIZ (S-CIZ; Fig. 1b). 

The Neoproterozoic to lower Paleozoic metasediments of the studied 
area recorded a Variscan polyphasic deformation and metamorphism 
(Escuder Viruete et al., 1994; Silva and Ribeiro, 1994; Rodríguez 
Fernández et al., 2000; Dias da Silva et al. 2017). The first deformation 
phase (D1), related to crustal thickening, was accompanied by a low- 
grade Barrovian-type metamorphism (M1) with peak conditions in the 
greenschist facies (Díez Fernández and Pereira, 2016; Dias da Silva et al., 
2017). The M1 metamorphic grade decreases to the west, with wide 
areas belonging to the biotite zone and minor ones to the chlorite zone 
(Silva and Ribeiro, 1994; Rodríguez Fernández et al., 2000; Díez 
Fernández and Pereira, 2016; Dias da Silva et al., 2017). Coeval with the 
exhumation of high-grade metamorphic domains during the orogenic 
collapse (D2), the associated high temperature-low pressure meta-
morphism (M2) resulted in the generation of gneisses and migmatites. 
These high-grade rocks occur only in close proximity to some granitic 
intrusions, showing a sharp transition to the main low-grade domain 
(Díez Fernández and Pereira, 2016; Dias da Silva et al., 2017). In 
addition, the intrusion of some syn- and late- to post-D3 Variscan 
granites generated narrow contact metamorphism aureoles that locally 
overprint the regional metamorphism (Rodríguez Fernández et al., 
2000; Díez Fernández and Pereira, 2016; Dias da Silva et al., 2017). The 
main structures in the Fregeneda–Almendra area are WNW–ESE striking 
and NE vergent antiforms and synforms, which have been related to the 
D1 deformation phase of the region and appear to be associated with an 
S1 slaty-cleavage (Escuder Viruete et al., 1994; Silva and Ribeiro 1994; 
Rodríguez Fernández et al., 2000; Dias da Silva, 2014; Fig. 1c). After the 
second deformation phase (D2), a ductile strike-slip deformation phase 
(D3) took place during retro-metamorphism (M3) in the region, which 
led to the development of upright D3 folds (e.g., Díez Fernández and 
Pereira, 2016; Díez Fernández and Pereira, 2017). Late-Variscan tec-
tonic features in the study area include NE–SW to NNE–SSW faults that 
cross-cut previous W–E striking shear zones such as the large-scale (D3) 
Juzbado–Penalva do Castelo Shear Zone (Silva and Ribeiro 1994; 
Rodríguez Fernández et al., 2000; Díez Fernández and Pereira, 2016; 
Dias da Silva et al., 2017; Fig. 1b and c). 

2.2. Variscan granitic magmatism 

Leaving aside minor Cambro–Ordovician crust-derived per-
aluminous magmatic rocks (Bea et al., 2007; Villaseca et al., 2016; 
García-Arias et al., 2018), the main magmatic event in the area, by far, 
corresponds to the widespread emplacement of Variscan granitic in-
trusions (Dias et al., 1998; López-Moro and López-Plaza, 2004; Valle- 
Aguado et al., 2005; Gutiérrez-Alonso et al., 2011; Teixeira et al., 
2011, 2012; Díez Fernández and Pereira, 2016; López-Moro et al., 2017; 
Pereira et al., 2018; Ferreira et al., 2019, 2020; Fig. 1b and c). These 
granitic intrusions have been traditionally classified considering their 
temporal relationship with respect to the Variscan orogenic stages, 
distinguishing syn- and late- to post-D3 intrusions. Consequently, the 

MEPL Granitic Complex (~319–313 Ma; U–Pb in zircon) has been 
defined as syn-D3, and the Saucelle Granite as late- to post-orogenic 
(Rodríguez Fernández et al., 2000; Díez Fernández and Pereira, 2016; 
Pereira et al., 2018; Ferreira et al., 2019; Fig. 1b and c). The MEPL 
Granitic Complex consists mainly of coarse- to medium-grained two- 
mica peraluminous granites and biotite-rich porphyritic monzogranites, 
while the Saucelle Granite is composed of homogeneous undeformed 
peraluminous two-mica leucogranites (Rodríguez Fernández et al., 
2000; Díez Fernández and Pereira, 2016; Pereira et al., 2018; Ferreira 
et al., 2019, 2020). 

2.3. Geology of the aplite-pegmatites from Fregeneda–Almendra 

Hundreds of pegmatite bodies have been identified in the Fregene-
da–Almendra Pegmatite Field, which have been classified into eleven 
types according to their mineralogy, textural features, shape and size, 
degree of fractionation, and relationships with deformation and tectonic 
structures (e.g., Roda-Robles et al., 1999, 2010; Vieira et al., 2011). 
Overall, the aplite-pegmatites of Fregeneda–Almendra display a 
regional spatial zonation from barren to evolved types with increasing 
distance from the MEPL Granitic Complex, as demonstrated by the 
northward-increasing Li-F contents (Roda-Robles et al., 1996, 1999, 
Vieira et al., 2011). Of the eleven recognized pegmatite types (Table 1), 
four consist of concordant barren dykes that occur relatively close or 
within the MEPL Granitic Complex, with quartz, K-feldspar > albite, 
muscovite, tourmaline ± andalusite ± garnet (types 1 to 4). The 
remaining seven pegmatite types consist of discordant dykes with a 
N10◦–50◦E strike. Intermediate (in terms of fractionation) bodies (types 
5 and 6) are characterized by the occurrence of Fe–Mn phosphates, 
amblygonite group minerals ± tourmaline, and micas and feldspars 
showing higher Rb and Cs contents relative to the concordant barren 
aplite-pegmatites. Evolved aplite-pegmatites of the Fregeneda-
–Almendra field host spodumene, petalite, Li-micas and amblygonite 
group minerals, with significant enrichment in Li ± F, Sn, Rb, Nb > Ta, 
B, P and Be (types 7 to 10; Table 1). Finally, type 11 dykes are repre-
sented by quartz veins rich in cassiterite, micas, and albite. According to 
Vieira et al. (2011), pegmatites of Fregeneda–Almendra do not relate to 
the fractional crystallization of a single magma, and their possible 
petrogenetic linkage with the MEPL Granitic Complex is not completely 
understood. 

3. Materials and methods 

3.1. Sampling 

A total of 71 rock samples were collected for the present study: four 
from representative subvertical discordant aplite-pegmatites (types 6 to 
9; Table 1) (8–12 Kg/sample), 44 from their host rocks (variably met-
asomatized), four from host metasediments of a type 3 concordant 
barren dyke, and fourteen metasedimentary ‘control samples’ repre-
senting non-metasomatized samples (2–3 Kg/sample for the control 
samples and ~1 Kg/sample for the rest) (Table 2). Control samples were 
collected from country rocks surrounding the selected dykes (>300 m 
away), attempting to avoid any possible effect related to the intrusion of 
the aplite-pegmatites. At five of the localities with favourable outcrop-
ping conditions (Feli open pit, Alberto open pit, Hinojosa–Saucelle road, 
Tumbo de la Caldera, and Valdenoguera; Fig. 1c), a systematic sampling 
was performed, where all samples were collected in a section perpen-
dicular to the strike of the dykes and georeferenced (Table 2). The ideal 
length of the profiles for the halo sampling was about 10 times the width 
of the intrusive body, with a progressive increase of the number of 
collected samples close to the dyke (following procedures of the H2020 
GREENPEG project). Additionally, five drill core samples from the 
Bajoca open pit (pegmatite type 7) were also included (Table 2). In total, 
60 thin sections were selected for the petrographic study. 
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3.2. Whole-rock analyses 

All samples were sent to Activation Laboratories Ltd. (Ancaster, 
Ontario, Canada) for whole-rock major and trace element analyses 
(complete results in Supplementary Table 1). Pegmatite samples were 
crushed to a nominal grain size of 1 cm at the Geology Department of the 
University of the Basque Country and then the resultant material was 
split to obtain representative sub-samples of 500 g. In the case of host 
metasediments, samples 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 con-
centrations were obtained by different analytical techniques, which are 
listed together with respective detection limits in Supplementary 
Table 1. To obtain major element (SiO2, TiO2, Al2O3, Fe2O3

t, MnO, MgO, 
CaO, Na2O, K2O, P2O5) and Zr, Sc, Hf and Lu concentrations, a lithium 
metaborate/tetraborate fusion was performed to dissolve the entire 
sample. Major elements were measured using X-ray fluorescence 
whereas Sc and Zr were analyzed by inductively coupled plasma – op-
tical emission spectrometry (ICP-OES) and Hf and Lu by inductively 
coupled plasma – mass spectrometry (ICP-MS). Other trace element 
concentrations were measured by ICP-MS, but with a previous sodium 
peroxide fusion. Fluorine concentrations were analyzed by ion selective 
electrode (ISE) following a lithium borate fusion and dissolution in 
dilute nitric acid. 

4. Field description and petrography 

4.1. Aplite-pegmatite dykes 

The pegmatitic bodies selected for the study of metasomatism related 
to the Fregeneda–Almendra Pegmatite Field correspond to barren 
(Valdenoguera [type 3]), intermediate (Tumbo de la Caldera [type 6]), 
petalite-bearing (Hinojosa–Saucelle road [type 7]), spodumene-bearing 
(Alberto open pit [type 8]), and Li-mica-bearing (Feli open pit [type 9]) 
aplite-pegmatite dykes (Tables 1 and 2; Fig. 1c). Excluding the sub- 
horizontal concordant E–W trending dyke from Valdenoguera, the 
aplite-pegmatite bodies are subvertical dykes with a NNE–SSW strike 
that crosscut the regional foliation of the host rocks (Fig. 2a). These 
dykes are characterized by variable thicknesses from 1.2 to 7.0 m 

(Table 2), and a marked variation in grain size, from few millimeters up 
to several centimeters. A layering, parallel to the contact with the host 
rock, is observed in the case of the Feli open pit, but neither internal 
zoning nor a quartz core are observed. The complementary samples from 
the Bajoca open pit are from a drill core that cuts two subvertical 
petalite-bearing pegmatite dykes where no layering is observed. A 
notable feature of the studied aplite-pegmatites is the abundance of 
unidirectional solidification textures (UST) such as comb crystals of 
feldspars, spodumene, petalite and tourmaline (depending on the 
pegmatite-type) across the entire width of the dykes (Fig. 2b). 

The barren concordant dyke from the Valdenoguera area mainly 
consists of quartz, K-feldspar, albite, muscovite and minor tourmaline, 
with accessory garnet, andalusite, and biotite. Likewise, main minerals 
for the Tumbo de la Caldera intermediate discordant dyke are quartz, 
albite, K-feldspar and muscovite, with accessory Fe–Mn phosphates, 
montebrasite, tourmaline, cassiterite, and columbite group minerals. 
The Hinojosa–Saucelle and Bajoca dykes are mainly composed of quartz, 
petalite, albite, and K-feldspar, along with minor muscovite and cassit-
erite, and accessory Fe–Mn phosphates, montebrasite, and eucryptite. 
Similarly, the studied dyke from Alberto is composed of quartz, spodu-
mene, albite, K-feldspar and muscovite, with subordinate petalite and 
trace montebrasite and Fe–Mn phosphates. Minerals comprising the 
studied intrusion at Feli are quartz, albite, K-feldspar, Li-muscovite, 
muscovite; minor spodumene; and accessory montebrasite, cassiterite, 
columbite group minerals, apatite, eucryptite, and Fe–Mn phosphates. 

Apart from the primary mineralogy described above, a variety of 
textures and secondary mineral assemblages were observed in the aplite- 
pegmatites that could represent manifestations of late- to post-magmatic 
processes (Fig. 2c–f and Fig. 3). Specific evidence of Na-metasomatism 
includes: (i) subsolidus growth of irregular patchy perthites inside 
some K-feldspar crystals; (ii) presence of ‘chessboard’ albite and 
saccharoidal pure albite (Fig. 2c and d); (iii) common occurrence of 
myrmekitic quartz blebs inside pure albite; (iv) relative abundance of 
high temperature secondary Na-Fe-Mn-phosphates, mainly belonging to 
the alluaudite group, replacing primary Fe-Mn phosphates (see Roda- 
Robles et al., 2010); and, (v) presence of late apatite and other Ca-rich 
phosphates (e.g. messelite, crandallite), whose requisite Ca is derived 
from plagioclase during albitization. All of these textures are observable 
in pegmatite types 6 to 9 of Fregeneda–Almendra, mainly in the most 
evolved pegmatitic intrusions. Evidence of greisenization is less 

Table 1 
Summary of main features for the distinguished pegmatite types in the Fregeneda-Almendra Pegmatite Field.  

Type Mineralogy Morphology and 
structure 

Remarks Enrichment 

Main Other    

[1] Qz, Kfs Ms, Ab, Tur elongated bodies; thickness < 50 cm scarce; intragranitic (MEPL) K, Al, (B, P) 
[2] Qz, And Ms, Tur, Kfs concordant dykes; deformed; unzoned; thickness 

< 50 cm 
scarce; boudinaged Al, Si, (B, K) 

[3] Qz, Kfs, Ms, Ab, Tur And, Grt, Bt, Ap concordant dykes; deformed; locally with internal 
zoning; thickness < 1 m 

abundant; graphic texture; Valdenoguera* Al, Na, B 

[4] Qz, Kfs, Ms Ab, Tur, Bt Irregular masses or lenticular forms; unzoned more common to the east; graphic texture K, Al, (B, P) 
[5] Kfs Qz, Ms, Py discordant dykes; NNE–SSW; thickness > 1 m scarce; main component pink Kfs K 
[6] Qz, Kfs, Ab, Ms Fe-Mn Pho, Mbs, Tur, 

Clb-Ttl 
discordant dykes; NNE–SSW; thickness 10 cm to 2 
m 

most abundant; internal layering usual; 
Tumbo de la Caldera* 

Na, K, Al, (P, Li) 

[7] Qz, Ab, Ptl Ms, Mbs, Cst, Clb-Ttl, 
Ecp 

discordant dykes (NNE–SSW) without internal 
zoning; thickness 5–30 m 

main intrusions: Bajoca* and Hinojosa de 
Duero* 

Li, P, (Sn) 

[8] Qz, Ab, Spd, Kfs Ms, Ptl, Mbs, Cst, Clb- 
Ttl 

discordant dykes (NNE–SSW) without internal 
zoning; thickness 4–15 m 

main intrusion: Alberto* Li, P, (Sn) 

[9] Qz, Ab, Kfs, Li-mica, 
Ms, Spd 

Ms, Cst, Mbs, Clb-Ttl discordant dykes (NNE–SSW) with internal zoning 
common; thick. < 15 m 

main intrusion: Feli* Li, Sn, P, F, (Rb, 
Cs) 

[10] Qz, Ab, Li-mica, Kfs Ms, Cst, Mbs, Clb-Ttl, discordant dykes (NNE–SSW); internal zoning 
common; thick. < 3 m 

main intrusions: Cármen, Riba d’Alva and 
Ramalha 

Li, Sn, P, F, (Rb, 
Cs) 

[11] Qz, Cst, Ms Ab, Kfs, Ap, Clb-Ttl discordant veins; deformed; thickness < 50 cm hydrothermal veins Sn, Si, K, (P) 

Table modified from Roda-Robles et al. (1996, 1999, 2010) and Vieira et al. (2011). Pho: phosphate; Mbs: montebrasite; Clb: columbite; Ttl: tantalite; Ecp: eucryptite. 
Other mineral abbreviations from Whitney and Evans (2010). 
Types 1 to 4: barren dykes; types 5 and 6: intermediate dykes; types 7 to 10: evolved dykes; type 11: hydrothermal veins. 

* Selected localities for this study. 

J. Errandonea-Martin et al.                                                                                                                                                                                                                   



Ore Geology Reviews 150 (2022) 105155

6

Table 2 
Summary of the sampling performed for the present study.  

N◦ Locality UTM coordinates (X;Y, sheet 29 T, 
datum ETRS89) 

Sample Lithology Subtype Related dyke-type 
(thickness) 

Distance from the 
dyke (m) 

1 Feli 677620; 4543771 FR-43 Psammitic and pelitic 
metasediment 

Metasomatized Li-mica (1.8 m) 0 E 
2 Feli 677620; 4543771 FR-44 0.5 E 
3 Feli 677621; 4543770 FR-45 1 E 
4 Feli 677622; 4543770 FR-46 2.5 E 
5 Feli 677624; 4543768 FR-47 5 E 
6 Feli 677628; 4543765 FR-48 10 E 
7 Feli 677618; 4543772 FR-49 0 W 
8 Feli 677616; 4543773 FR-50 0.5 W 
9 Feli 677616; 4543774 FR-51 1 W 
10 Feli 677615; 4543774 FR-52 1.8 W 
11 Alberto 681111; 4542020 F-38 Psammitic and pelitic 

metasediment 
Metasomatized Spodumene (2.6 m) 0 SE 

12 Alberto 681111; 4542020 F-39 0.5 SE 
13 Alberto 681112; 4542020 F-40 1 SE 
14 Alberto 681113; 4542019 F-41 2.5 SE 
15 Alberto 681114; 4542018 F-42 5 SE 
16 Alberto 681108; 4542022 F-43 0 NW 
17 Alberto 681107; 4542022 F-44 0.5 NW 
18 Alberto 681107; 4542023 F-45 1 NW 
19 Alberto 681106; 4542023 F-46 2.5 NW 
20 Alberto 681105; 4542024 F-47 5 NW 
21 Hinojosa-Saucelle 683500; 4541515 FR-18 Psammitic and pelitic 

metasediment 
Metasomatized Petalite (7 m) 0 E 

22 Hinojosa-Saucelle 683501; 4541515 FR-19 0.5 E 
23 Hinojosa-Saucelle 683502; 4541516 FR-20 1 E 
24 Hinojosa-Saucelle 683503; 4541517 FR-21 2 E 
25 Hinojosa-Saucelle 683504; 4541516 FR-22 3 E 
26 Hinojosa-Saucelle 683507; 4541516 FR-23 6 E 
27 Hinojosa-Saucelle 683513; 4541516 FR-24 12 E 
28 Hinojosa-Saucelle 683521; 4541515 FR-25 20 E 
29 Hinojosa-Saucelle 683535; 4541511 FR-26 35 E 
30 Hinojosa-Saucelle 683493; 4541513 FR-27 0 W 
31 Hinojosa-Saucelle 683492; 4541515 FR-28 0.5 W 
32 Hinojosa-Saucelle 683492; 4541513 FR-29 1 W 
33 Hinojosa-Saucelle 683491; 4541514 FR-30 2 W 
34 Hinojosa-Saucelle 683490; 4541514 FR-31 3 W 
35 Hinojosa-Saucelle 683487; 4541513 FR-32 6 W 
36 Hinojosa-Saucelle 683482; 4541511 FR-33 12 W 
37 Hinojosa-Saucelle 683473; 4541507 FR-34 20 W 
38 Tumbo de la 

Caldera 
678015; 4539988 BAR-07 Psammitic and pelitic 

metasediment 
Metasomatized Intermediate (1.2 m) 0 W 

39 Tumbo de la 
Caldera 

678014; 4539988 BAR-08 1 W 

40 Tumbo de la 
Caldera 

678012; 4539988 BAR-09 2.5 W 

41 Tumbo de la 
Caldera 

678010; 4539988 BAR-10 5 W 

44 Tumbo de la 
Caldera 

678017; 4539988 BAR-13 0 E 

45 Tumbo de la 
Caldera 

678017; 4539988 BAR-14 0.5 E 

46 Tumbo de la 
Caldera 

678018; 4539988 BAR-15 1 E 

47 Bajoca 666804; 4540779 BJ04-B- 
DD 

Psammitic and pelitic 
metasediment 

Metasomatized Petalite (4.75 m) 0.5 down 

48 Bajoca 666804; 4540779 BJ04-C- 
DD 

Petalite (6.2 m) 10 up 

49 Bajoca 666804; 4540779 BJ04-D- 
DD 

0 up 

50 Bajoca 666804; 4540779 BJ04-E- 
DD 

0 down 

51 Bajoca 666804; 4540779 BJ04-F- 
DD 

5 down 

52 Valdenoguera 681146; 4538892 T4-19–01 Psammitic and pelitic 
metasediment 

Metasomatized Barren (1.2 m) 0 down 
53 Valdenoguera 681146; 4538892 T4-19–02 0.5 down 
54 Valdenoguera 681146; 4538892 T4-19–03 1 down 
55 Valdenoguera 681146; 4538892 T4-19–04 2 down  

N◦ Locality UTM coordinates (X;Y, sheet 29 T, 
datum ETRS89) 

Sample Lithology Subtype Related dyke-type 
(thickness) 

Distance from the 
dyke (m) 

56 Alberto 679250; 4541464 Ctrl_01 Psammitic and pelitic 
metasediment 

Control 
sample 

– – 
57 Feli 677643; 4543119 Ctrl_02 
58 Feli 677695; 4542679 Ctrl_03 
42 Tumbo de la 

Caldera 
678004; 4539987 Ctrl_04 

(continued on next page) 
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prevalent. Limited development of small (<50 cm) irregular greisen 
masses, comprised of equigranular fine-grained aggregates of quartz and 
white(-greenish-pinkish) micas, occur in spodumene- and Li-mica- 
bearing pegmatites, particularly in the latter (Fig. 2e). Spodumene 
may be primary or may occur as a secondary phase replacing petalite 
and forming spodumene-quartz intergrowths (SQI) (Fig. 2f), and it can 
also be altered to secondary white micas. Columbite group minerals also 
show textures that are indicative of late-stage dissolution and recrys-
tallization of oxides. Secondary sericite is also present, replacing both K- 
and Na-feldspars, and differs in texture and crystal-size from a secondary 
interstitial (greenish) gilbertite observed in some samples. Locally, 
massive aggregates of fine-grained eucryptite and/or cookeite replace 
spodumene and petalite in type 8 pegmatites. The timing of cookeite 
formation seems coeval with that of sericite, representing the latest 
mineral phases of the studied intrusions (Fig. 3). 

4.2. Host metasediments 

The host rocks of the selected aplite-pegmatite dykes are part of a 
monotonous siliciclastic metasedimentary sequence with turbiditic 
features. This series comprises a roughly rhythmic alternation (milli-
metric to centimetric) of pelites and psammites (Fig. 4a) with minor 
calc-silicate rocks and no volcanic sequences. Overall, the studied 
psammitic and pelitic metasediments are fine-grained, and they pre-
serve sedimentary structures such as erosion surfaces, parallel lamina-
tion, ripples, load casts, and graded bedding (Fig. 4b). These features are 
mainly visible in the most psammitic layers. Fresh metapelite samples 
are grey to dark-grey, with slight green–blue–violet tints, which contrast 
with the light-colored psammitic layers (Fig. 4b). 

The metasediments have granolepidoblastic texture (Fig. 4c and d). 
In the more pelitic layers, the metamorphic overprint is visible, with 
randomly oriented porphyroblasts of biotite and a well-developed slaty- 
cleavage oblique to the sedimentary laminations (Fig. 4c and d). These 
metasediments are comprised of quartz, biotite, and muscovite in vari-
able amounts, plus accessory plagioclase (±K-feldspar), apatite, zircon, 
and oxides (Fig. 4c and d). In general, the mineralogy of the selected 
samples is fairly homogeneous, but in some thin sections in which later 
modifications are perceived, the occurrence of tourmaline or chlorite 
(±calcite, ± epidote, ± titanite) is common. 

In some of the metasedimentary samples a pseudomorphic replace-
ment of biotite by chlorite is observed. At outcrop scale, the distribution 
of these samples is heterogeneous, representing local alteration pro-
cesses that are often related to fractures, but independent from the 
pegmatite dykes. In thin section, the degree of chloritization is also 
variable, with some samples displaying relatively weak alteration that 
contrasts with the pervasive replacement observed in others (Fig. 4e and 
f). When chloritization is not significantly developed in the sample, the 
replacement by chlorite commonly evolves along microcracks, and 
biotite crystals remain unaffected within a few μm of these micro-
fractures (Fig. 4e). In the less altered samples, chlorite partially replaces 
only some small biotite flakes, whereas in the case of strongly chloritized 
samples only occasional moderately larger biotite crystals remain un-
altered (Fig. 4e and f). 

A conspicuous feature observed in samples close to the selected 
dykes is the abundance of tourmaline-rich layers (Fig. 5). Tourmaline in 
these samples has a euhedral to subhedral prismatic habit, and 
commonly appears parallelly-arranged, with the C-axis following the S1 
slaty-cleavage (Fig. 5a). The occurrence of tourmaline is strongly 
controlled by the S0 sedimentary fine-scale layering, with tourmaline- 
rich laminae present in the pelitic layers and tourmaline-poor or -ab-
sent areas corresponding to more psammitic layers (Fig. 5b). In some 
samples tourmaline displays a pronounced, gradational to discontinuous 
optical zoning (with blue-green-grey cores and brown-red rims), 
whereas others, containing brown to reddish tourmaline, slight or no 
optical zoning is observed. Overall, tourmaline crystals show a strongly 
colored to almost colorless pleochroism, and contain numerous in-
clusions of other minerals. The abundance of tourmaline decreases 
gradually as the distance from the pegmatite increases (Fig. 5c–f). 
Nearly pure tourmalinite layers are present in some of the samples 
collected within a few centimeters of the pegmatites (composed almost 
exclusively of tourmaline, up to 90 % in vol.; Fig. 5c). Tourmaline 
crystal-size also correlates inversely with distance from the pegmatite, 
with euhedral prisms of up to 2 mm found at the pegmatite contact and 
disseminated subhedral crystals of <0.1 mm in distal samples where 
tourmaline represents an accessory phase (Fig. 4d and Fig. 5a). 

Pale beige-brown micas coexist apparently in equilibrium with 
tourmaline within the tourmaline-rich layers proximal to the aplite- 
pegmatites. These micas show a pale to almost colorless pleochroism 

Table 2 (continued ) 

N◦ Locality UTM coordinates (X;Y, sheet 29 T, 
datum ETRS89) 

Sample Lithology Subtype Related dyke-type 
(thickness) 

Distance from the 
dyke (m) 

43 Tumbo de la 
Caldera 

677998; 4539984 Ctrl_05 

59 Hinojosa- 
Saucelle 

690967; 4539994 Ctrl_06 

60 Hinojosa- 
Saucelle 

657305; 4546444 Ctrl_07 

61 Alberto 679507; 4540642 Ctrl_08 Psammitic and pelitic 
metasediment 

Control 
sample 

– – 
62 Feli 679046; 4541657 Ctrl_09 
63 Hinojosa- 

Saucelle 
683023; 4541418 Ctrl_10 

64 Hinojosa- 
Saucelle 

683051; 4541428 Ctrl_11 

65 Tumbo de la 
Caldera 

677959; 4539973 Ctrl_12 

66 Tumbo de la 
Caldera 

676965; 4539987 Ctrl_13 

67 Tumbo de la 
Caldera 

676962; 4540028 Ctrl_14 

68 Feli 677619; 4543772 FEL-02 Aplite-pegmatite Li-mica – – 
69 Alberto 681110; 4542021 ALB-01 Spodumene 
70 Hinojosa- 

Saucelle 
683499; 4541514 PET-01 Petalite 

71 Tumbo de la 
Caldera 

678016; 4539988 BAR- 
06 

Intermediate 

Samples from Bajoca are from a drill core that cuts two dykes. In that case, “up” and “down” mean the relative location of the samples regarding the related dyke within 
the drill core. 
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and are absent in distal samples. Like the tourmaline crystals, their size 
decreases as the distance from the pegmatite increases. In the first few 
centimeters from the dykes, where tourmaline prisms comprise almost 
the entire mineralogy (±quartz), the abundance of these micas is greatly 
reduced. Beyond these first few centimeters or decimeters, pale-micas 
become predominant over tourmaline, the latter becoming nearly ab-
sent in the psammitic layers (Fig. 5c–f). This association of pale-colored 
micas and tourmaline in the host rocks occurs in biotite- (and primary 
muscovite-?) free samples. With increasing distance from the dykes, a 
zonation of the main mineral assemblage can be simplified as follows: 
tourmaline ≫ pale-mica + quartz → tourmaline ≈ pale-mica + quartz 
(±muscovite) → pale-mica ≫ tourmaline + quartz (±muscovite) → 
biotite + quartz (±muscovite). 

Tourmaline-rich layers are significantly more developed near the 
Hinojosa–Saucelle and Bajoca dykes (thickest dykes), with disseminated 
tourmaline crystals present 15 m farther from the dyke at Hinojo-
sa–Saucelle. The host rocks of the studied Li-mica-rich aplite-pegmatite 
from the Feli open pit also display a well-developed tourmalinization, 
differing from those of the Alberto (spodumene-bearing) dyke. It should 

be noted that no petrographic evidence of greisenization or sodic 
metasomatism were found in the studied metasediments. 

5. Whole-rock geochemistry 

5.1. Aplite-pegmatite dykes 

The four aplite-pegmatite samples from the Fregeneda–Almendra 
Pegmatite Field have high SiO2 (70.8–74.3 wt%), Al2O3 (15.3–17.7 wt 
%), Na2O (2.4–6.3 wt%), and P2O5 (0.4–0.9 wt%) contents (Table 3). In 
contrast, MgO (0.01–0.15 wt%), Fe2O3

t (0.4–0.5 wt%), TiO2 (~0.02 wt 
%), and CaO (0.2–0.4 wt%) concentrations are relatively low (Table 3). 
K2O contents (2.2–7.5 wt%) are variable, and all selected samples are 
peraluminous to strongly peraluminous, with A/CNK values (Shand, 
1943) from 1.11 to 1.99. They are perphosphorous (higher P/Ca than 
can be accounted for by apatite; cf., Bea et al., 1994), and display K2O/ 
Na2O ratios in the range of 0.3–2.2, with the lowest ratios in the aplite- 
pegmatite from Feli (highest contents of Na2O and P2O5; Table 3). 

The studied samples are poor in Ba, Zr, Y, Th, As, W and REE, and are 

Fig. 2. (a) Photograph of the selected spodumene-bearing aplite-pegmatite dyke from the Alberto open pit. (b) Comb-textured albite (Ab) crystals with their vertex 
pointing to the wall-rock contact in the Li-mica-bearing dyke from the Feli open pit. (c) ‘Chessboard’ albite in the Li-mica-bearing aplite-pegmatite. (d) Saccharoidal 
pure albite, a product of Na-metasomatism. (e) Pegmatite sample showing greisenization via replacement of feldspars by micas + quartz. (f) Secondary spodumene 
forming spodumene (Spd) – quartz (Qz) intergrowths (SQI). 
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enriched in Li, Rb, Cs, Nb, Ta, Sn, Be, Ge, and Tl relative to Iberian 
granites (Table 3). Fluorine concentrations are relatively low in the 
pegmatites excepted for the Feli dyke (3100 ppm) (Table 3; Fig. 6a). The 
highest Be, Ge, Cs, Nb, Ta, Sn and U concentrations were determined for 
the Feli aplite-pegmatite whereas the highest Li concentration was 
determined for the Alberto spodumene-bearing pegmatite (9070 ppm). 
Rubidium concentration is especially high in the intermediate dyke from 
Tumbo de la Caldera (1310 ppm; Table 3). The Nb/Ta ratio decreases in 
the selected samples following the sequence, intermediate → petalite- → 
spodumene- → Li-mica-bearing pegmatite, similar to the K/Rb ratio 
(Fig. 6b). 

5.2. Host metasediments 

5.2.1. Major elements 
In metasedimentay samples from the Fregeneda–Almendra area, 

SiO2 contents are in the range of 53.9–72.5 wt%, and Al2O3 contents are 
13–21 wt% (Supplementary Table 1). Apart from SiO2 and Al2O3 con-
centrations, TiO2, MgO and Fe2O3

t contents display small dispersion, 
with average contents of 0.8, 2.3 and 6.3 wt%, respectively (Supple-
mentary Table 1). Average concentrations of Na2O and K2O (1.87 and 
4.03, respectively) are similar to that of the Neoproterozoic Iberian 
Average Shale (NIBAS; Ugidos et al., 2010), and the same is true 
regarding P2O5 (average = 0.15 wt%, discarding anomalous P-rich 
samples with P2O5 >0.45 wt%) (Supplementary Table 1). Excluding Ca- 
rich control samples Ctrl_01 and Ctrl_02, metasedimentary samples 
display slightly higher CaO contents in the range 0.14–3.03 wt% 
compared with that of the NIBAS. 

Most of the studied samples plot within the field of shales in the 
classification diagram of Herron (1988), although some samples project 
into the greywacke field (Fig. 6c), with SiO2/Al2O3 values in the range of 
2.6–5.6. Values of A/CNK fall within the range delimited by the slightly 
peraluminous Upper Continental Crust (UCC) of Rudnick and Gao 
(2014) and the NIBAS, showing moderate to strongly peraluminous 
compositions (A/CNK = 1.17–3.07; Fig. 6d; Supplementary Table 1). 
The reference composition (RC) given in Table 4 represents an ideal non- 

metasomatized composition for the Fregeneda–Almendra metasedi-
ments, calculated considering only the collected control samples. In 
terms of major elements, the concentration of CaO in the RC was 
calculated excluding the two previously mentioned Ca-rich samples 
(considering their low representation at regional scale), and the refer-
ence P2O5 value was obtained discarding samples with P2O5 >0.45 wt%. 

5.2.2. Trace elements 
In comparison with the NIBAS, the metasedimentary samples are 

rich in Ni, Cr and Th, poor in V, Y, U and Hf, and have similar Zr and Co 
contents (Supplementary Table 1). Considering only control samples 
(Table 4), Ba and Rb contents are slightly higher than in the NIBAS and 
the UCC, whereas Sr concentrations are markedly higher. In multi- 
element diagrams normalized to the UCC (Fig. 6e), average composi-
tions of regional metasediments display relatively flat patterns close to 
the UCC composition. Exceptions are marked by positive anomalies of 
Li, Cs, Rb, F, B, Sn, Be and Tl, as well as by positive Ta and P anomalies 
and negative Sr anomalies in the case of metasediments from Bajoca 
(Fig. 6e). Total REE contents vary in the range of 172–286 ppm, and 
chondrite-normalized REE patterns exhibit segmented geometries, with 
LaN/YbN ratios (~11.2) higher than the NIBAS (Fig. 6f). Heavy REE 
show nearly flat patterns (GdN/YbN = ~1.76), contrary to light REE that 
show moderate slopes (LaN/SmN = ~4.14). All samples have similar 
negative Eu anomalies (Eu/Eu* = EuN/[(SmN × GdN)1/2]) of approxi-
mately 0.66 (Fig. 6f). No tetrad effect was observed in the metasomat-
ized metasedimentary samples. 

In agreement with the observed anomalies in the UCC multielement 
diagram, metasomatized samples have significantly high concentrations 
of F, B, Li, Rb, Cs and Sn (see Table 5 for a compilation of representative 
metasomatized samples and Supplementary Table 1 for complete re-
sults). When the concentrations of these elements are plotted against 
relative sample distance from the pegmatite, an exponential decreasing 
trend is observed, which is notable in the most evolved aplite-pegmatites 
(Figs. 7-9). At these locations (Feli, Alberto, and Hinojosa–Saucelle), Li 
concentrations in samples close to the pegmatites is about 1500–2000 
ppm (Fig. 7a, Fig. 8a and Fig. 9a), with the exception of some chloritized 

Fig. 3. Paragenetic sequence for studied LCT aplite-pegmatites. Areas of albitization (albit.) and greisenization (greisen.) include mineral phases formed during Na- 
metasomatism and H+-metasomatism, respectively. 
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samples that show relatively low Li contents (e.g., Fig. 9a). Host rocks of 
the Li-mica-bearing pegmatite show significantly higher values of Cs 
(1280 ppm) compared with that of the spodumene- and petalite-bearing 
pegmatites, displaying the highest concentrations between the primary 
selected dyke and another minor dyke (the other elements mimic this 
behaviour; Fig. 7). Fluorine concentrations reach extremely high values 
of 1600–7000 ppm (maximum in the metasediments hosting the Li-mica 
dyke). Overall, metasedimentary samples closest to the pegmatites have 
F concentrations higher than the related aplite-pegmatite (Figs. 7-9). 
Distribution of B is similar to that of F near the most evolved dykes 
(maximum B is >10000 ppm), excepting the spodumene-bearing 
pegmatite at Alberto where B concentrations in the host rocks are 
markedly lower. Rubidium and Sn contents are, in general, higher in the 
aplite-pegmatites relative to the host rocks, with concentrations up to 
1340 ppm Rb and 126 ppm Sn in the most metasomatized samples. 
Anomalous concentrations of Be (up to 41.0 ppm), Ta (up to 20.2 ppm), 
Tl (up to 10.4 ppm) and Ge (up to 5.5 ppm), together with As, W, Mo and 
S were also found in some of the studied samples. 

It should be noted that some of the control samples surpass the 
estimated threshold values of Li and/or Cs for the RC (considering also 
extensive data compiled in Cardoso-Fernandes et al., 2022), so they 
were consequently discarded for the calculation of the RC. These 
anomalous Li and Cs values can possibly be explained by the presence of 
hidden pegmatite bodies close to those sample sites. 

6. Discussion 

6.1. Fluid exsolution and pegmatite crystallization 

The transition from a magmatic to a pure hydrothermal stage during 
pegmatite crystallization is a complex multistage process (e.g., Kaeter 
et al., 2018, 2021; Ballouard et al., 2020; Barros et al., 2020; Hulsbosch 
and Muchez, 2020; Shaw et al., 2022). The origin and evolution of the 
pegmatitic melt, particularly emplacement/crystallization pressure 
conditions and chemical composition of the melt, constrain the nature of 
the coexisting aqueous liquid (London, 1986; Audétat et al., 2008). 

Fig. 4. (a) Field photograph showing representative outcrop of the host psammitic and pelitic metasediments. (b) Section of a metasedimentary hand sample that 
displays pelitic (dark grey) and psammitic (light grey) laminae. (c) Plane-polarized photomicrograph of alternating psammitic and pelitic layers in host metasedi-
ments (S0 sedimentary layering; S1 slaty-cleavage). (d) Plane-polarized photomicrograph of biotite (Bt) porphyroblasts developed in pelitic layers constituted by 
smaller Bt crystals plus quartz (Qz), muscovite (Ms) and tourmaline (Tur). (e) Plane-polarized photomicrograph that shows the development of chlorite (Chl) along 
microcracks. (f) Strongly chloritized metasedimentary sample with rare fresh biotite flakes. 
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Melt–melt–fluid (silicate melt – hydrosaline melt – aqueous fluid) 
immiscibility occurs as cooling of the pegmatitic melt proceeds, with 
aqueous fluids becoming increasingly predominant over hydrosaline 
melts (Thomas et al., 2012; Kaeter et al., 2018; Ballouard et al., 2020; 
Hulsbosch and Muchez, 2020). Because aqueous fluids may exsolve at 
early stages of crystallization or when the complete solidification of the 
pegmatite is approached, the timing and relevance of aqueous fluid 
exsolution is still a matter of debate, (e.g., Kaeter et al., 2018). Recent 
paragenetic studies have linked pegmatite crystallization stages with the 
continuous transition from magmatic to hydrothermal conditions, 
identifying overall albitization (Na-metasomatism) and greisenization 
(H+-metasomatism) as important late-stage processes (Kaeter et al., 
2018; Ballouard et al., 2020; Hulsbosch and Muchez, 2020; Shaw et al., 
2022). 

The subvertical discordant LCT aplite-pegmatite dykes selected for 
the present study lack a concentric internal zoning and show abundant 
UST, including layers parallel to the contacts with the host rocks, as well 
as comb-textured crystals (both ubiquitous across the dykes). Layering 
in the studied samples may be defined by crystal size or mineralogy, 

with alternating pegmatitic and aplitic textures, or alternating albite- 
rich and Li-mica-rich bands, whereas the most common comb crystals 
are those of alkali feldspars, spodumene and petalite. Unidirectional 
solidification textures have been attributed to rapid crystallization far 
from equilibrium, induced by strong undercooling conditions (Webber 
et al. 1997, 1999; Sirbescu et al., 2008; Nabelek et al. 2010). The 
undercooling may be prompted by a sudden change of pressure or 
temperature, or by a chemical fluctuation, such as a decrease of 
important fluxing components (e.g., B, P, F and Li) in the melt (e.g., 
Simmons and Webber, 2008; London, 2018). In addition, the observed 
variation in crystal size could result from significant sudden changes in 
the nucleation density as a function of the liquidus undercooling, with 
pegmatitic layers formed at low-nucleation density and aplitic bands at 
high density (Simmons and Webber, 2008; Nabelek et al. 2010; London, 
2018). The occurrence of several thin alternating pegmatitic and aplitic 
layers in a single dyke would indicate that the undercooling vs nucle-
ation density and undercooling vs growth rate curves (see Nabelek et al. 
2010) should be very close, which would allow slight changes in the 
physical-chemical conditions during crystallization to favour either the 

Fig. 5. Plane-polarized photomicrographs of metasomatized metasedimentary samples. (a) Contact between an aplite-pegmatite and its host rocks, with parallelly 
arranged tourmaline (Tur) crystals developed, in this case, perpendicular to the contact. (b) Tourmaline-rich area strongly controlled by the extent of the pelitic layer. 
(c) Tourmalinite sample, composed of tourmaline (up to 90% in vol.) and quartz (Qz). (d) Similar tourmaline and pale-mica proportions in a pelitic layer, with 
remnant biotite. (e) Pelitic layer showing pale-mica predominance over tourmaline. (f) A mainly psammitic layer with pale-micas replacing biotite flakes. 
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aplitic or the pegmatitic texture. At this point, it should be highlighted 
that OH–-and H2O-bearing minerals, such as micas, are scarce in the 
studied subvertical dykes. If these pegmatites crystallized from portions 
of melts expelled from the apical part of a magma chamber, where a 
previous vertical chemical zoning occurred with accumulation of fluxing 
components in the upper parts (see Roda-Robles et al., 2016, 2018; 
Garate-Olave et al., 2017, 2020), then they should be relatively rich in 
H2O and probably not far from H2O-saturation. Consequently, the 
paucity of hydrated minerals within the dykes could be caused by the 
early exsolution of a fluid phase favoured by the sudden adiabatic 
decompression (first boiling), produced by the intrusion of pegmatitic 
melts in open fractures at brittle upper crustal conditions. Early exso-
lution of an aqueous fluid phase, with significant amount of fluxing 
components (e.g., B, F and Li), would certainly induce a chemical 
quenching of the pegmatitic melts (e.g., Garate-Olave et al., 2020). In 
addition, a concomitant sudden temperature drop originated by the 
intrusion of pegmatitic melts into significantly colder host rocks would 
enhance the undercooling of the melt. The combination of the chemical, 
thermal and baric undercooling would result in a rapid crystallization of 
the pegmatitic melts under disequilibrium conditions, leading to a 
complete crystallization in a short period of days–weeks according to 
modelling developed by Webber et al. (1997, 1999) for similar dyke-like 
pegmatites. Moreover, the studied dykes are usually thin (<5 m), which 
may have reduced thermal insulation of their core, thus preventing a 
slower crystallization rate. Collectively, these factors would result in the 
formation of internally unzoned dykes with abundant UST textures like 
those found at Fregeneda–Almendra. 

The strong tourmalinization observed in the host rocks, proximal to 
the dykes, suggests open-system behaviour during pegmatite intrusion 
and early exsolution of a fluid phase. This aqueous liquid would 
sequester most of the B, as suggested by the absence of tourmaline and 
low B concentrations in the evolved aplite-pegmatites. In addition to B, 
other important fluxes, such as Li, F and P, would be transported 
contemporaneously by the aqueous solution to the host rocks. While B- 
metasomatism is spatially restricted close to the pegmatite contacts, Li- 
metasomatism (together with Cs, Rb, Sn and F) becomes rapidly pre-
dominant with increasing distance from the dykes (Figs. 7-9). After the 
early release of fluids that metasomatize the host rocks, the subsequent 
crystallization of dominantly anhydrous minerals under isobaric con-
ditions in the aplite-pegmatites may prompt H2O saturation (second 
boiling). Thus, during cooling/crystallization of the pegmatitic melt, a 
second metasomatic event could occur, with no evidence of it in the host 
rocks and, therefore, assumed to have developed exclusively within the 
aplite-pegmatites (auto-metasomatism). Based on the paragenetic 
sequence observed in the studied dykes (simplified in Fig. 3), the Na- 
metasomatism as indicated by albitization of feldspars, presence of 
saccharoidal pure albite and other evidence described in section 4.1, 
preceded lower-T greisenization. The generation of H+ during albitiza-
tion (hydrolysis of earlier silicates) leads to a decrease of the pH 
(increasing acidity) in the saline hydrothermal fluid, which induces 
greisenization (e.g., Kaeter et al., 2018; Ballouard et al., 2020). Because 
greisen masses are spatially reduced in (and probably restricted to) the 
studied aplite-pegmatites, a low fluid/rock ratio may be assumed for the 
second metasomatic event. The large proportion of fluids expelled in the 
first metasomatic event may cause a drastic reduction of the fluid/rock 
ratio during the second event. Moreover, if the second boiling occurred 
when the crystallization was advanced, or nearly complete, the crys-
tallized portion of the intrusion may have inhibited fluid release. The 
considerably lower permeability of the pegmatite at this advanced/ 
completed crystallization stage would even preclude the release of such 
fluids into the host rocks, as it seems to be the case of the studied aplite- 
pegmatites. A final, purely hydrothermal alteration stage was also 
expressed in the studied dykes, resulting in the formation of cookeite 
and sericite (Fig. 3). Leaving aside the second (auto-)metasomatic event, 
a detailed study of the early metasomatism is presented in the following 
section. 

Table 3 
Major- (wt%) and trace-element (ppm) whole-rock geochemical analyses of 
selected aplite-pegmatites from the Fregeneda–Almendra Pegmatite Field.  

Locality Feli Alberto Hinojosa- 
Saucelle 

Tumbo de la 
Caldera 

Type Li- 
mica 

Spodumene Petalite Intermediate 

Thickness 
(m) 

1.8 2.6 7.0 1.2 

Sample FEL-02 ALB-01 PET-01 BAR-06 

SiO2 70.84 74.27 74.29 71.04 
TiO2 0.02 0.02 0.02 0.02 
Al2O3 17.07 16.79 15.30 15.91 
Fe2O3

t 0.45 0.36 0.38 0.50 
MnO 0.03 0.02 0.03 0.04 
MgO 0.04 0.15 0.01 0.05 
CaO 0.32 0.21 0.43 0.30 
Na2O 6.30 2.44 5.41 3.44 
K2O 2.15 3.74 3.78 7.46 
P2O5 0.82 0.37 0.48 0.67 
LOI 1.00 0.86 0.71 0.63 
Total 99.07 99.26 100.90 100.10 
F 3100 < 100 100 200 
As 7 < 5 7 < 5 
B 50 20 50 < 10 
Ba 27 20 52 29 
Be 208 94 89 71 
Bi < 2 < 2 < 2 < 2 
Cd < 2 < 2 < 2 < 2 
Co 1.3 0.6 0.6 0.9 
Cr 70 70 100 70 
Cs 379 57.2 28.5 40.7 
Cu 27 10 8 12 
Ga 38.2 15.1 15.7 19.6 
Ge 13.6 4.0 4.1 4.1 
Hf 4.8 < 0.2 0.6 0.4 
In < 0.2 < 0.2 < 0.2 < 0.2 
Li 2600 9070 200 61 
Mo < 1 1 2 2 
Nb 78.1 22.1 12.6 10.3 
Ni 30 30 40 20 
Pb 20.2 12.7 35 13.4 
Rb 1080 772 640 1310 
S < 0.01 < 0.01 < 0.01 < 0.01 
Sb < 2 < 2 < 2 < 2 
Sc < 0.1 0.1 0.1 0.2 
Se < 8 < 8 < 8 < 8 
Sn 768 93.2 61.1 34.6 
Sr 75 50 82 45 
Ta 118 14 6.7 3.5 
Te < 6 < 6 < 6 < 6 
Th 3.1 0.4 0.2 0.2 
Tl 7.7 6.2 4.3 10.4 
U 8.9 1.5 1.7 1.2 
V < 5 < 5 < 5 < 5 
W 3.9 < 0.7 0.9 3.0 
Y 0.2 0.6 0.6 1.4 
Zn < 30 50 40 40 
Zr 38 3 11 7 
La < 0.4 0.6 < 0.4 0.7 
Ce < 0.8 < 0.8 < 0.8 0.9 
Pr < 0.1 0.1 < 0.1 < 0.1 
Nd < 0.4 0.5 0.6 0.7 
Sm < 0.1 0.2 < 0.1 0.2 
Eu < 0.1 < 0.1 < 0.1 < 0.1 
Gd < 0.1 < 0.1 < 0.1 0.2 
Tb < 0.1 < 0.1 < 0.1 < 0.1 
Dy < 0.3 < 0.3 < 0.3 < 0.3 
Ho < 0.2 < 0.2 < 0.2 < 0.2 
Er < 0.1 < 0.1 < 0.1 < 0.1 
Tm < 0.1 < 0.1 < 0.1 < 0.1 
Yb < 0.1 < 0.1 < 0.1 0.2 
Lu 0.02 0.08 < 0.01 0.01  
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Fig. 6. (a) Bivariate plot displaying F vs Li (logarithmic) concentrations of selected aplite-pegmatites (Iberian aplite-pegmatites, S1 granites and S2 granites taken 
from Roda-Robles et al., 2018). (b) Nb/Ta vs K/Rb diagram (logarithmic) for the studied aplite-pegmatites (legend as in Fig. 6a). (c) Classification diagram for 
siliciclastic sediments (Herron 1988), showing compositions of the studied metasedimentary host rocks (and the reference composition for Fregeneda–Almendra). 
Compositions of the Neoproterozoic Iberian Average Shale (NIBAS; Ugidos et al., 2010), average of North-Central Iberian Zone (N-CIZ) slates (Villaseca et al., 2014) 
and the Post Archean Australian Shale (PAAS; Taylor and McLennan, 1985) are also displayed for comparison. (d) Multicationic [B] vs [A] diagram of Debon and Le 
Fort (1983) modified by Villaseca et al. (1998) (legend as in Fig. 6c). (e) Spider plots for the metasediments normalized to Upper Continental Crust (UCC; Rudnick 
and Gao, 2014). (f) Chondrite-normalized (McDonough and Sun, 1995) REE diagrams for the studied metasediments (legend as in Fig. 6e). 
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Table 4 
Major- (wt%) and trace-element (ppm) whole-rock geochemical analyses of metasedimentary control samples and the reference composition for the regional 
metasediments.   

Control Samples Ref.* 

Ctrl 01 Ctrl 02 Ctrl 03 Ctrl 04 Ctrl 05 Ctrl 06 Ctrl 07 Ctrl 08 Ctrl 09 Ctrl 10 Ctrl 11 Ctrl 12 Ctrl 13 Ctrl 14 

Control samples considered after the geochemical study Control samples discarded after the geochemical study** 

SiO2 63.5 67.12 61.24 65.29 63.18 65.38 69.74 62.45 60.93 64.85 62.44 63.47 63.03 64.98 65.06 
TiO2 0.72 0.7 0.81 0.73 0.81 0.824 0.842 0.84 0.88 0.76 0.83 0.8 0.78 0.82 0.78 
Al2O3 15.18 15.43 18.04 16.06 17.12 16.99 14 18.01 19.4 16.24 17.97 17.51 17.86 16.56 16.12 
Fe2O3

t 5.55 5.53 7.7 6.29 6.19 6.09 4.18 6.53 6.4 6.41 6.35 6.25 5.8 6.06 5.93 
MnO 0.151 0.088 0.098 0.067 0.077 0.062 0.047 0.058 0.06 0.073 0.074 0.061 0.051 0.066 0.08 
MgO 2.13 2.24 2.69 2.3 2.22 2.14 1.44 2.69 2.82 2.47 2.64 2.2 2.17 2.58 2.17 
CaO 7.95 3.81 1.4 2.1 2.62 0.83 1.01 1.16 0.43 1.57 1.16 1.73 1.12 1.4 1.59 
Na2O 0.71 2.24 1.84 1.96 2.9 1.88 2.76 2.16 1.02 2.48 1.83 2.62 1.32 2.05 2.04 
K2O 1.84 2.41 4.01 3.72 4.02 4.28 3.2 4.69 5.87 3.89 5.15 4.11 5.04 3.91 3.35 
P2O5 0.15 0.16 0.14 0.12 0.14 0.13 0.2 0.09 0.14 0.13 0.12 0.16 0.13 0.13 0.15 
LOI 1.81 0.89 2.08 1.88 1.01 2.19 2.18 1.93 2.49 1.5 1.92 1.42 2.31 1.78 – 
Total 99.74 100.7 100.1 100.6 100.3 100.8 99.61 100.6 100.4 100.4 100.5 100.3 99.61 100.3 – 
F 300 400 400 300 100 400 300 300 300 400 300 200 300 300 314 
As < 5 17 < 5 < 5 < 5 < 5 8 5 5 5 7 5 6 8 < 5 
B < 10 70 70 60 50 48 56 60 90 50 60 60 110 180 59.0 
Ba 642 611 827 633 1100 933 706 897 1250 836 997 792 994 1020 779 
Be 4 3 4 5 4 3 2 3 4 3 3 4 3 3 3.57 
Bi < 2 < 2 < 2 < 2 < 2 1 < 0.4 2 2 2 2 2 2 2 < 2 
Cd < 2 < 2 < 2 < 2 < 2 NA NA 2 2 2 2 2 2 2 < 2 
Co 15.3 15.7 17.3 15.6 14.7 24 12 12.3 15.3 15.7 14.7 15.8 17 11.5 16.4 
Cr 120 110 130 130 140 90 110 140 140 130 130 120 120 120 119 
Cs 6 23 25.5 9.7 11.4 9.5 7.6 13.8 45 18.2 24.9 10.3 27.8 62.6 13.2 
Cu 17 17 35 29 8 20 10 14 5 20 14 17 20 11 19.4 
Ga 20.7 23.2 30.8 24.6 24 24 17 29.4 31.1 22.9 27 27.7 29.1 24.7 23.5 
Ge 2.3 2.6 2.5 1.9 2.2 2 1 3.2 2.1 2.2 2.5 2.3 1.8 2.3 2.07 
Hf 5.4 5.3 4.6 NA 9.8 4.3 14.6 NA NA NA NA NA NA NA 7.33 
In < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 < 0.2 
Li 83 150 94 113 129 60 50 186 226 291 178 186 181 158 97.0 
Mo 2 < 1 < 1 < 1 < 1 < 2 3 1 1 1 1 1 1 1 < 1 
Nb 11.4 12.9 15.5 13.2 15.1 18 12 15 15.7 12.9 14.7 16.9 15.1 15.7 14.0 
Ni 40 40 60 50 50 30 30 50 50 70 60 40 40 30 42.9 
Pb 28.3 22.4 24.2 23.3 34.7 21 21 20.3 12 21.7 18.7 24.6 16.4 16.6 25.0 
Rb 121 138 207 197 185 182 141 208 240 196 238 190 232 177 167 
S 0.02 < 0.01 0.02 < 0.01 < 0.01 NA NA 0.01 0.01 0.01 0.01 0.01 0.01 0.01 < 0.01 
Sb < 2 < 2 < 2 < 2 < 2 < 2 < 2 2 2 2 2 2 2 2 < 2 
Sc 12.1 11.6 15.7 NA 13.6 15 11 NA NA NA NA NA NA NA 13.2 
Se 11 < 8 20 11 11 NA NA 8 8 42 11 11 16 31 13.3 
Sn 2.7 1.9 3.7 1.9 2.8 4 3 2.9 4.2 3.1 4.2 2.2 4 3.7 2.86 
Sr 448 381 190 294 343 191 228 264 117 239 243 276 187 296 249 
Ta 1 1.1 1.4 1.2 1.4 1.3 1.2 1.3 1.4 1.4 1.6 1.5 1.1 1.1 1.23 
Te 14 9 14 15 15 NA NA 18 23 13 13 19 15 17 13.4 
Th 14.3 14.5 16.5 15.8 16.9 14.7 22.7 17 18.6 15.9 16.7 18.3 17 16.7 16.5 
Tl 0.5 0.7 0.9 0.6 1 0.9 1.1 1.1 1 1.2 1.2 0.8 1 0.9 0.81 
U 2.9 2.5 3.2 2.3 2.9 2.7 4.1 2.4 2.7 3.2 2.6 3.5 2.2 3.7 2.94 
V 75 75 101 82 86 97 74 99 109 85 103 87 92 97 84.3 
W 1.5 1.2 2.2 1.6 2.4 3 2 2.9 2.5 1.6 2.4 1.7 2.7 2.5 1.99 
Y 26.9 33.7 30.2 25.5 29.4 33 32 25.4 30.3 25.3 27.4 33.3 23.2 26.7 30.1 
Zn 80 100 110 90 80 90 60 90 90 90 80 90 80 60 87.1 
Zr 207 233 175 NA 214 171 612 NA NA NA NA NA NA NA 200 
La 42.2 67.7 56.2 40.7 53.1 46.1 51 45.6 54.5 47.1 51.7 55.9 44.7 49.5 51.0 
Ce 84.3 114 103 91.3 102 90.2 106 89 106 84 91.2 107 93.4 96.5 98.7 
Pr 9.4 14.2 12 9.9 12.6 10.2 11.9 10.4 12.4 10.9 11.7 13.4 10.7 11.6 11.5 
Nd 35.4 52.5 45 36.7 44.8 37.3 44 38.4 43.3 40.4 43 45.3 37.8 39.4 42.2 
Sm 6.6 10.6 8.3 6.6 8.4 6.8 8.2 6.2 7.6 5.8 8.2 9.6 7.1 7.9 7.93 
Eu 1.4 1.7 1.9 1.5 1.8 1.56 1.68 1.9 1.8 1.6 1.7 1.5 1.6 1.8 1.65 
Gd 6.3 9.3 7.3 6.1 7.8 6 6.7 5.6 7.7 6.3 7.6 7.2 7.1 7.8 7.07 
Tb 1 1.3 0.8 0.9 1 0.9 1 0.8 0.9 0.8 1 1.1 0.7 1 0.990 
Dy 4.1 6.4 5.1 4.4 5.9 5.7 5.7 4.6 5.2 4.7 5.5 5.9 4.9 5.2 5.33 
Ho 0.9 1.3 0.9 0.8 1 1.1 1.1 0.9 1.1 0.9 1.1 1.4 1 1 1.01 
Er 2.5 3.3 3.2 2.2 2.9 3.3 3.4 2.8 3.2 2.9 3.1 4 3 3.1 2.97 
Tm 0.5 0.6 0.5 0.4 0.4 0.48 0.49 0.4 0.3 0.3 0.4 0.6 0.4 0.5 0.480 
Yb 2.9 2.6 3.2 2.5 2.6 3.1 3.5 2.7 2.6 2.6 2.3 3.6 2.7 2.8 2.91 
Lu 0.44 0.41 0.41 NA 0.42 0.46 0.53 NA NA NA NA NA NA NA 0.450 

NA not analyzed. 
“-” not calculated. 

* Reference composition calculated from control samples (n = 7), excluding anomalous samples (for CaO and P2O5), and metasomatized samples. 
** Discarded due to their relatively high Li contents of >150 ppm (see text for explanation). 
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Table 5 
Major- (wt%) and trace-element (ppm) whole-rock geochemical analyses of highly enriched (metasomatized) metasedimentary samples from the Fregeneda–Almendra 
Pegmatite Field.  

Locality Feli Feli Feli Alberto Alberto Alberto Hinojosa-Saucelle Hinojosa-Saucelle Hinojosa-Saucelle Bajoca Bajoca 
Dyke type Li-mica Li-mica Li-mica Spd. Spd. Spd. Ptl. Ptl. Ptl. Ptl. Ptl. 
Distance* (m) 0 1 1.8 0 0.5 0 0 0.5 12 0.5 0 
Sample FR-49 FR-51 FR-52 F-38 F-39 F-43 FR-18 FR-19 FR-24 BJ04-B-DD BJ04-D-DD 

SiO2 67.59 58.46 66.23 66.85 63.52 65.32 53.90 61.76 58.89 68.05 64.64 
TiO2 0.67 0.95 0.71 0.76 0.77 0.76 0.91 0.80 0.89 0.55 0.58 
Al2O3 14.40 20.79 15.07 15.70 17.44 15.87 20.98 17.79 20.47 14.68 16.77 
Fe2O3

t 5.41 6.14 5.34 5.30 6.51 5.58 8.97 6.96 7.34 5.96 5.74 
MnO 0.11 0.05 0.09 0.07 0.05 0.08 0.11 0.13 0.08 0.09 0.09 
MgO 1.95 2.43 1.77 1.98 2.55 2.21 3.36 2.67 2.71 2.02 2.02 
CaO 2.01 0.56 1.40 1.85 0.66 1.77 2.56 1.35 1.70 0.80 1.64 
Na2O 2.25 2.37 1.58 3.00 1.17 1.88 4.00 1.80 1.78 0.41 0.54 
K2O 2.62 5.09 4.42 3.74 5.28 3.33 3.77 3.50 1.75 3.22 2.97 
P2O5 0.16 0.14 0.61 0.15 0.12 0.20 0.13 0.17 0.58 0.61 1.22 
LOI 1.62 2.76 2.13 1.04 2.06 2.23 1.68 2.54 2.59 2.23 2.60 
Total 98.82 99.76 99.41 100.50 100.20 99.27 100.50 99.52 98.82 98.60 98.83 
F 3400 3100 7000 2400 700 1800 1600 1300 2700 3100 3400 
As 45 73 148 31 7 26 41 18 281 466 1080 
B 420 3900 910 250 220 110 470 2240 > 10,000 6090 8880 
Ba 972 1310 590 1000 894 681 620 850 566 294 280 
Be 10.0 14.0 22 11.0 4.0 12.0 13.0 9.0 17.0 41.0 29 
Bi <2 <2 <2 <2 <2 <2 <2 <2 <2 <0.4 0.4 
Cd <2 <2 <2 <2 <2 <2 <2 <2 <2 NA NA 
Co 7.8 9.4 8.3 11 15.2 11.3 11 15.5 8.8 11 15 
Cr 100 160 110 120 140 130 140 140 140 90 100 
Cs 1120 668 1280 169 107 130 270 157 76.4 306 230 
Cu 7 17 11 6 31 30 16 18 22 10 10 
Ga 21.3 35.2 24 23.4 27 27.5 29.3 25.2 29 18 20 
Ge 2.5 3.9 4.5 2.6 2.3 2.9 3.5 2.8 5.5 2 3 
Hf 5 4.2 6.7 NA NA NA NA NA NA 3 3.8 
In <0.2 0.3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
Li 1990 2530 4120 1920 1530 1750 1450 1070 281 1270 1120 
Mo <1 2 2 <1 1 <1 <1 <1 4 2 2 
Nb 13.2 16.8 24.1 16.3 15.8 14.6 14.9 17.1 22.1 11 16 
Ni 40 40 40 40 60 40 60 50 50 30 40 
Pb 16.9 16.4 13.1 32 13.5 38.1 64 23.2 39.7 7 13 
Rb 762 786 1340 417 342 507 523 378 163 665 557 
S <0.01 0.12 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 0.02 NA NA 
Sb <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Sc 10 18.2 10.5 NA NA NA NA NA NA 10 11 
Se <8 10 <8 <8 <8 <8 <8 <8 <8 NA NA 
Sn 38.5 64.8 117 48 18.9 48.4 35.6 39.1 81.4 105 126 
Sr 397 152 301 355 148 214 480 249 235 81 185 
Ta 1.5 1.5 11.9 2.7 1.4 1.3 1.3 1.3 2 3.5 20.2 
Te 15 18 13 20 20 16 <6 <6 <6 NA NA 
Th 9.9 20.8 11.9 15.5 16.9 15.3 19.8 16.6 17.4 9.7 11 
Tl 7.6 5.9 10.4 2.7 2 3 3.8 2.4 0.8 4.8 4.5 
U 2.3 2.9 3.4 4.1 7.3 5.8 3.4 2.8 2.9 3.7 4.1 
V 72 112 69 81 92 86 117 99 109 73 77 
W 18.4 8.4 13.7 1.7 3 33.8 2 2.5 11.1 8 11 
Y 14.7 28.8 24.7 22.7 27.9 31.5 17.5 28.4 24.5 24 27 
Zn 80 80 100 190 80 190 180 730 170 130 200 
Zr 206 154 261 NA NA NA NA NA NA 127 140 
La 20.4 56.5 38.7 48.3 51.8 48.8 54.1 46.1 45.1 32 33.7 
Ce 36.8 114 63 92.1 97 91.2 95.3 82.8 84.2 63.5 64.9 
Pr 4.5 13.2 8.2 10.8 11.3 10.9 12.2 11.2 10.2 7.2 7.55 
Nd 16.9 46 32.2 39.7 39.1 41 41.3 39.5 36.8 26 27.6 
Sm 2.8 8 5.1 6.4 8.3 7.6 6.3 7 5.7 5.3 5.8 
Eu 1 2 1.5 1.4 1.4 1.5 1.6 1.2 1.3 0.86 1.17 
Gd 2.8 6.5 6.1 5.6 6.3 6.4 5 6.2 5.5 5.2 5.4 
Tb 0.3 1 0.9 0.9 0.9 1 0.6 0.9 0.9 0.9 0.8 
Dy 2.7 4.7 4.5 4.4 5.2 5.3 3 5 4.7 5 4.8 
Ho 0.6 1 0.9 0.8 0.9 1.1 0.5 1 1 1 0.9 
Er 1.6 3 2.2 2.4 2.9 3.5 1.9 2.7 2.5 2.8 2.7 
Tm 0.2 0.5 0.3 0.3 0.4 0.5 0.3 0.4 0.4 0.4 0.39 
Yb 1.6 3.1 2.6 1.9 2.6 3.2 2 3.4 3.9 2.6 2.5 
Lu 0.23 0.49 0.33 NA NA NA NA NA NA 0.37 0.39 

NA not analyzed. 
* Distance from the dyke. 
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6.2. Metasomatism of metasediments by intrusion of aplite-pegmatites 

Metasomatic alteration of host rocks caused by the intrusion of LCT 
pegmatites involves mainly enrichment in alkali elements (e.g., Li, Rb 
and Cs) and volatiles (e.g., H2O, F and B) (Shearer et al., 1984; Morgan 
and London, 1987; Černý, 1989; Selway et al., 2005). At Fregeneda-
–Almendra, the early exsolution and release of an aqueous phase from 
the pegmatitic melt into the host rocks has resulted in an enrichment of 

these elements (e.g., Figs. 7-9). The structural relationship between the 
subvertical dykes and metasedimentary host rocks is effectively the 
same at the four main sample sites; therefore, this variable can be 
omitted. However, the heterogeneously distributed and variably devel-
oped chloritization, postdating pegmatite emplacement and present at 
all localities, should be taken with caution as it could modify features of 
prior metasomatism (e.g., Fig. 9). With this consideration, it was noted 
that the Chemical Index of Alteration (CIA; Nesbitt and Young, 1982) of 

Fig. 7. Plots of distance vs trace element concentration for metasomatized metasedimentary samples from the Feli open pit. The stars mark the concentration of 
respective elements in the Li-mica-bearing pegmatite. 
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strongly chloritized samples in this study is typically > 68. CIA values 
were calculated as CIA = [Al2O3 / (Al2O3 + CaO* + Na2O + K2O)] ×
100, where oxides are in molar proportions and CaO* represents the CaO 
of the silicate fraction (Fedo et al., 1995). The previous observation is in 
agreement with other works on similar metasediments from the Iberian 
Massif, where low CIA values are considered to indicate minimal 
weathering or a limited degree of post-depositional alteration (i.e., fresh 
rocks) (see Fuenlabrada et al., 2016, 2021; Rojo-Pérez et al., 2021), 

whereas CIA values of >70 would represent minor to moderate weath-
ering (Fuenlabrada et al., 2020). Overall, CIA values in metasediments 
from Fregeneda–Almendra are lower than 70 (55–70), and only strongly 
chloritized samples (also showing high loss on ignition [LOI] values of 
>3 wt%) display greater values than about 70, together with some Ca- 
rich and apatite-rich samples (Fig. 10). 

Fig. 8. Plots of distance vs trace element concentration for metasomatized metasedimentary samples from the Alberto open pit. The stars mark the concentration of 
respective elements in the spodumene-bearing pegmatite. 
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6.2.1. Selection of immobile elements 
Quantification of whole-rock chemical gains and losses was per-

formed following the Isocon method proposed by Grant (1986) after 
Gresens’ (1967) equation for composition–volume relations during 
metasomatic alteration. The assumption that at least one component 
behaves as immobile in a determined metasomatic system leads to the 
categorization of elements as relatively mobile or immobile (Gresen, 
1967). In this work a set of immobile elements, those with no difference 

in concentration between metasomatized and non-metasomatized sam-
ples, was used as a reference frame (Fig. 11). The calculated reference 
composition shown in Table 4 was used as the non-metasomatized 
composition for these calculations. An ideal immobile element would 
display a slope Ci

a / Ci
0 of 1 on the ‘Isocon diagram’ (if volume remains 

constant or significant mass-change did not occur, as in the studied 
case); therefore, elements with a slope of 1.0 ± 0.1 were considered as 
immobile in this study (Supplementary Table 2). 

Fig. 9. Plots of distance vs trace element concentration for metasomatized metasedimentary samples from Hinojosa–Saucelle. The stars mark the concentration of 
respective elements in the petalite-bearing pegmatite. 
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Averages of major elements, excepting P2O5, CaO and K2O, have 
consistent Ci

a / Ci
0 slopes of 1.0 (±0.1). The slope of 1.4 calculated for 

P2O5 is the result of some apatite-rich rocks sampled close to some of the 
dykes, while variations of CaO and K2O are not controlled by the dis-
tance from the dyke, but rather by inherited chemical variations from 
the sedimentary protolith. Similarly to most major elements, a number 
of high-field strength elements (Zr, Nb, Y, Ga, Sc, Th, Pb), large ion 
lithophile elements such as Sr and Ba, some transition metals (Cu, Cr, V) 
and REE behave as immobile, showing average Ci

a / Ci
0 slopes of 1.0 ±

0.1 (Supplementary Table 2). To calculate gains and losses, the set of 
immobile elements was reduced in order to make the results from 
different localities comparable. The best regression to fit the Isocon line 
in each sample leads to the selection of Si, Al and Ti as the consistently 
immobile elements reliable for mass-balance calculations, with compa-
rable slopes of the respective Isocon lines (1.00 ± 0.13; Supplementary 
Table 2). This selection was tested by means of cluster of slopes (least- 
squares regression method using EASYGRESGRANT of López-Moro, 
2012), composition-volume diagrams (Gresen, 1967; Potdevin, 1993), 
and the ‘Isocon diagram’ (Grant, 1986, 2005). The authors would like to 
point out that no quartz veining was observed in the metasomatized 
samples, nor any other evidence of later quartz dissolution- 
precipitation, which supports the assignment of Si as an immobile 
element. 

6.2.2. Determination of highly mobile elements 
The selection of immobile elements allows identification of those 

elements that behave as highly mobile. It must also be considered that 
some elemental variations reflect the original composition, obscuring 
the recognition of those elements enriched by external (metasomatic) 
effects. These ‘controversial elements’ usually display greater variation 
in Ci

a / Ci
0 slopes than immobile elements, but not at magnitudes com-

parable to highly mobile elements (e.g., Fig. 11). For the Fregeneda-
–Almendra Pegmatite Field, the minimum slope to discern highly mobile 
elements and those elements of questionable mobility is marked by Rb. 
Due to the relatively high background concentrations of Rb in the 
studied metasediments (see the reference composition of Table 4), the 
enrichment of Rb is defined by a slight average slope of 2.2 (Supple-
mentary Table 2). Consequently, elements that display average slopes 
>2.0 were considered as highly mobile in the studied samples, and the 
enrichment of these elements attributed to external processes. The 
calculated average Ci

a / Ci
0 slopes leads to the classification of F, B, Li, Rb, 

Cs, Sn, Be, Tl, As, W and S (±Mo, Ta) as highly mobile elements (Fig. 11; 
Supplementary Table 2). In general, higher concentrations of F, B, Cs, 
As, W and S are found in the metasomatized host rocks when compared 
with the aplite-pegmatites, in contrast to Li, Rb, Sn, Be and Tl (e.g., 
Figs. 7-9). This suggests that these elements are strongly partitioned into 
the early exsolved fluid phase in preference to the pegmatitic melt 
consistent with published fluid-melt partition coefficients (e.g., London, 
1986; Pollard et al., 1987; Simon et al., 2007; Hulsbosch et al., 2016; 
Binder et al., 2018; Audétat, 2019). Moreover, other elements also 
display Ci

a / Ci
0 ratios too high to be considered as immobile. Among 

these ‘controversial elements’, P, Ge, Ta, and Te are commonly enriched 
in LCT pegmatites (e.g., London, 1987; Černý and Ercit, 2005; Selway 
et al., 2005; Márquez-Zavalía et al., 2012; Garate-Olave et al., 2017), 
and Mo (together with S) is partitioned into the vapor phase in similar 
evolved granitic systems (Tingle and Fenn, 1984). All of these mobile 
elements would be dissolved in the early exsolved aqueous fluid that was 
expelled from the aplite-pegmatites into the host rocks, some of them 
showing a clear preference for the fluid phase over the pegmatitic melt. 

6.2.3. Quantification of gains and losses during mass-transfer 
Whole-rock elemental gains and losses during metasomatism can be 

approached through absolute quantifications, where the concentration 
of an element “i” in the non-metasomatized (C0) sample is added or 
subtracted from the metasomatized (Ca) samples (Ci

a – Ci
0). Following 

this procedure, elements with maximum absolute gains are B (9941 

Fig. 10. Loss on ignition (LOI) vs Chemical Index of Alteration (CIA) diagram, 
where strongly chloritized samples display overall CIA values of > 68–70 and 
LOI values of > 3 wt%. Correction of the CIA was carried out following 
McLennan (1993), with a first calculation of CaO in apatite considering whole- 
rock P2O5 data (CaOap = CaO – 10/3 × P2O5), and a later comparison of CaOap 
with whole-rock Na2O (if CaOap > Na2O, then CaO* = Na2O; if CaOap < Na2O, 
then CaO* = CaOap). 

Fig. 11. Isocon diagram (after Grant, 1986, 2005) for the studied metasedi-
ments, considering the reference composition from Table 4 as the unaltered 
(non-metasomatized) sample and total average contents of all metasomatized 
samples (Supplementary Table 1) as the altered (metasomatized) sample. See 
text for the explanation of ‘controversial elements.’. Isocon line: Ci

a / Ci
0 
= 1; 

ΔCi = Ci
a – Ci

0 = 0, where Ci
a is the concentration of an element “i” (in wt% or 

ppm) in a metasomatized sample, and Ci
0 is the concentration of the element “i” 

in a non-metasomatized sample. 
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ppm), F (6700 ppm) and Li (4023 ppm), with lower absolute gains for Cs 
(1266 ppm), Rb (1173 ppm), S (1150 ppm), As (1077 ppm), and Sn (167 
ppm), and minor gains in the case of Be, W, and Tl (Fig. 12a; see Sup-
plementary Table 2 for detailed results). However, the foremost 
parameter used to calculate mass-transfer in metasomatic systems is the 
relative gain and loss of an element “i”, expressed as ΔCi

a/Ci
0 = (1/M ×

Ci
a / Ci

0) – 1 (Grant, 1986, 2005), where M represents the slope of the 
Isocon. The obtained numerical results (Supplementary Table 2) indi-
cate that, among the highly mobile elements, highest relative maximum 
gains are observed for As (357) and B (155), followed by Cs (101), Sn 
(57), and Li (43), and lowest gains are found for F, S, W, Tl, Be and Rb 
(<22) (Fig. 12b). 

To analyze the effect of the aplite-pegmatite types, the distances from 
the dyke (for each of the collected samples) have been normalized to the 
thickness of the related dyke (relative distance in Fig. 13 and Supple-
mentary Table 2). At all localities, gains of highly mobile elements are 
highest in close proximity to the pegmatite margin, and decrease away 
from the dyke margin. Arsenic, W and S are exceptions because their 
enrichment is not strictly related to distance from the pegmatite. In the 
case of Li, the observed trends for relative grain/loss approach the 
reference composition (no relative gain) at distances of about 4–5 times 
the thickness of the dyke for Feli (Li-mica-bearing pegmatite) and 
Alberto (spodumene-bearing pegmatite) (Fig. 13a). At Hinojo-
sa–Saucelle (petalite-bearing pegmatite) and Tumbo de la Caldera (in-
termediate pegmatite), relative Li gains approach the RC at distances 
twice the width of the dyke (Fig. 13a). It is noteworthy that those 
samples that occur relatively close to a second dyke (in between two 
dykes) show superposed enrichments, falling outside of the overall trend 
defined by other samples. Strongly chloritized samples that display low 
relative gains also fall outside of the overall trend (Fig. 13c). The 
behavior of Cs is similar to that of Li, with the highest relative gains in 
the Li-mica-bearing dyke (background values reached at distances >6 
times the thickness of the dyke). Cesium gains reach background values 
at a relative distance of ~3 for the petalite- and spodumene-bearing 
dykes, with the lowest gains in samples from the barren and interme-
diate dykes (Fig. 13b). The extent of the metasomatic halo for Rb is 
slightly narrower than those of Li and Cs, with the greatest gains sur-
rounding the Li-mica-bearing dyke of the Feli open pit (Fig. 13c). Gains 
of Sn differ from other elements because the maximum enrichments are 
observed at Bajoca (petalite-bearing dyke) (Supplementary Table 2). In 
addition, there are no clear differences in Sn, F and B gains between the 
selected sites, which may be best represented by a general decreasing 
trend from relatively high gains to that of the RC within distances equal 

to the width of the dykes (Fig. 13d–f). 
The first inference from the quantification of gains resulting from the 

early metasomatism caused by the aplite-pegmatites is that the meta-
somatic haloes become greater (in distance and gains) as the fraction-
ation degree of the pegmatitic melts increases. Considering the 
evolutionary trend of discordant aplite-pegmatites from Fregeneda-
–Almendra (types 6 to 9) gains of highly mobile elements are consid-
erably lower in host rocks of the intermediate dykes, as expected, and 
the highest gains are associated with the most evolved dykes containing 
Li-mica (Fig. 13). Among the highly mobile elements, enrichment in B, 
F, Li, Cs, Rb, Sn, Be and Tl in the host rocks is inversely correlated with 
distance from the dyke (Fig. 13). It seems evident that the highest mass- 
transfer during metasomatism of studied LCT pegmatites is that of B > F 
> Li > Cs > Rb (Fig. 12a), but that these absolute gains are not strictly 
correlated with the relative gains (B > Cs > Sn > Li > F; Fig. 12b). 
Enrichments of other mobile elements such as P, Ge, Ta, Te and Mo, 
represented by local or minor gains in the host rocks, are also likely 
related to the release of the early exsolved fluid from the aplite- 
pegmatites. In this system, lithium is the most mobile element (in 
agreement with observations made by Selway et al., 2005), followed 
closely by Cs (Fig. 13). The relative mobility of Rb is more difficult to 
interpret; depending on the original Rb contents in the host rocks the 
resulting Ci

a / Ci
0 slope could be too low to consider it highly mobile. 

6.3. Implication of metasomatic aureoles in mineral exploration 

The metasomatic haloes surrounding aplite-pegmatites from the 
Fregeneda–Almendra area resemble those from other case studies of LCT 
pegmatites (Morgan and London, 1987; Černý, 1989; Selway et al., 
2005; Linnen et al., 2012), with elevated gains of B, F, Li, Cs, Rb and Sn 
(±Be, Tl) (Fig. 12). The outward-decreasing trends at the studied lo-
calities indicate that each highly mobile element behaves differently, 
with distinct degrees of enrichment at a determined distance (Fig. 13). 
An important outcome from this study for mineral exploration is that an 
estimation of ‘proximity indicator concentrations’ could be calculated 
from the trends of Fig. 13. These concentrations (or higher) would 
indicate relative proximity to a buried dyke at Fregeneda–Almendra, 
with Li and Cs as the most useful mobile elements. Thus, Li contents of 
about 200 ppm (or higher) in the metasedimentary samples from the 
area (or equally ~30 ppm of Cs), would indicate proximity to a (hidden) 
mineralized dyke, with Rb (~300 ppm) and Sn (15 ppm) as comple-
mentary indicators (Fig. 14). Despite the consistent outward-decreasing 
trends for some mobile elements, F and B do not show clear trends with 

Fig. 12. Diagrams with absolute (a) and relative (b) gains (y-axis logarithmic) of highly metasomatized samples. For each element, the 25 most metasomatized 
samples were selected. Their gains are arranged according to a decreasing trend to aid visualization (the order of the 25 metasomatized samples in the x-axis differs in 
each decreasing trend without respect to distance from a pegmatite dyke). 
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respect to a certain dyke, and these data should be treated with caution 
in terms of geochemical exploration. Another notable observation is that 
the CIA and LOI could be useful parameters for geochemical exploration 
in this pegmatite field. Chemical Index of Alteration values >70 in these 
types of metasediments, together with high LOI values (>3 wt%), could 
suggest a pervasive (post-metasomatic) chloritization process that may 
cause significant leaching of highly mobile elements (Figs. 9, 10 and 13). 

Careful documentation of chloritization is important as these samples 
can obscure the determination of geochemical trends within a particular 
geochemical halo, leading to an erroneous estimation of the proximity to 
a buried or unexposed aplite-pegmatite. Moreover, some metasedi-
mentary samples show extremely high enrichments in certain highly 
mobile elements (e.g., ~4000 ppm of Li, ~1300 ppm of Cs, ~1300 ppm 
of Rb), which are often higher than concentrations in the related 

Fig. 13. Diagrams of relative distance (distance from the dyke normalized with the thickness of the dyke) vs relative gain/loss for (a) Li, (b) Cs, (c) Rb, (d) Sn, (e) F, 
(f) B. 
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pegmatite dyke. Such anomalous concentrations could signify the su-
perposition of metasomatic haloes, and therefore, may indicate the 
presence of multiple evolved aplite-pegmatite dykes (Fig. 14). 

Considering relative distances and calculated gains for the selected 
haloes, an economically interesting pegmatite dyke of about ~20 m in 
width would generate a metasomatic halo with enrichment in Li-Cs and 
Rb-sn-(±F, B) of up to ~100 and 20–40 m, respectively (Fig. 14). 
Considering that at Fregeneda–Almendra evolved pegmatite dykes are 
nearly subvertical and that the host metasediments show a similar 
structural relationship (Roda-Robles et al., 1999, 2010; Vieira et al., 
2011), an important outcome of this work is the recognition of extensive 
surficial representation of the geochemical haloes generated by dykes 
with economic potential. A geochemical halo, in the case of Li and Cs, 
would cover a longitudinal area of up to 220 m (20 m dyke + [2×100 m 
halo]), or in terms of significant gains of >2, one of about 100 m (20 m 
dyke + [2×40 m halo]) (Fig. 14). 

This imprint caused by the pegmatitic intrusions at Fregeneda-
–Almendra could be present in other pegmatitic fields with similar host 
rocks. Taking into account the location of known Li-mineralization in 
the Iberian Massif (e.g., Roda-Robles et al., 2018), the obtained results 
could be used to aid exploration for buried mineralized pegmatites in 
large areas of this Variscan Belt segment. The geochemical signature of 
the studied Neoproterozoic to lower Paleozoic host metasediments could 
help to constrain the most prospective areas. Despite some slight 
geochemical differences compared with those equivalent series in the 
CIZ (e.g., lower Ti/Nb and Yb/Th ratios or higher CaO concentrations 
than NIBAS), overall, compositions of the studied host rocks resemble 

those of the Neoproterozoic to lower Paleozoic successions ascribed to 
the Schist–Greywacke Complex (e.g., similar SiO2/Al2O3, Zr/Sc, La/Th 
and Cr/V ratios) (see Ugidos et al., 1997, 2003, 2010; Villaseca et al., 
2014). 

The size of these metasomatic anomalies (up to 200 m) makes them 
potentially detectable with the use of remote sensing techniques (e.g., 
Cardoso-Fernandes et al., 2019, 2020). Moreover, most of the highly 
mobile elements in the metasomatic haloes can be semi-quantitively 
analyzed in the field using portable tools such as X-ray Fluorescence 
(XRF) and Laser-Induced Breakdown Spectroscopy (LIBS; e.g., Fabre 
et al., 2021; Xing et al., 2021) equipments, thus expediting pegmatite 
discovery. Prospect scale studies analogous to this one provided for 
Fregeneda–Almendra, with detailed characterization of the pegmatite- 
related metasomatic haloes, will further enhance the reliability and 
performance of these techniques. 

7. Conclusions  

1) The intrusion of LCT aplite-pegmatite dykes generated metasomatic 
haloes of variable size in the psammitic and pelitic host metasedi-
ments in the Fregeneda–Almendra Pegmatite Field (CIZ). The sudden 
adiabatic decompression of the system led to a strongly undercooled 
pegmatitic melt and the early exsolution (and expulsion) of an 
aqueous fluid. This fluid was responsible for the formation of the 
exocontact metasomatism, with tourmaline and pale-micas as the 
main metasomatic minerals. 

Fig. 14. Idealized schematic representation of a metasomatic aureole generated by the intrusion of an evolved aplite-pegmatite in the Fregeneda–Almendra 
Pegmatite Field. 
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2) Early exsolution of the metasomatizing fluids depleted the pegma-
titic melts in volatiles and some metals, and late-stage fluid exsolu-
tion was mainly restricted within the pegmatites. During this late- 
magmatic to hydrothermal stage, albitization and greisenization 
processes resulted basically in pegmatite auto-metasomatism.  

3) Quantification of whole-rock chemical gains and losses shows that F, 
B, Li, Rb, Cs, Sn, Be, Tl, As, W and S (±Mo, Ta) behaved as highly 
mobile elements during metasomatism. Excluding As, W, and S 
(±Mo), gains of the other fluid-mobile elements decrease exponen-
tially with the distance from the pegmatite contacts. 

4) First evidence of anomalous concentrations of highly mobile ele-
ments was observed at distances of 4–5 times the thickness of the 
dykes. Significant relative gains of >2 are observed at distances of 
1–2 times the thickness of the dykes or closer. 

5) The spatial extent and magnitude of element enrichment of meta-
somatic aureoles is closely related with the pegmatite type. The 
geochemical haloes are expanded as the degree of fractionation in 
the pegmatitic melts increases, with the largest haloes associated 
with the most evolved Li-mica-bearing aplite-pegmatites. Li and Cs 
are enriched in metasedimentary host rocks furthest from the 
pegmatite dykes, followed by Rb and to a lesser extent by Sn, F, B, Be, 
and Tl.  

6) For mineral exploration, concentrations higher than 200 ppm Li, 30 
ppm Cs, 300 ppm Rb, and 15 ppm Sn in regional metasediments are 
indicators for proximity to an evolved aplite-pegmatite. Highly 
metasomatized host rocks, with maximum absolute gains of up to 
~4000 ppm Li, ~1300 ppm Cs, ~1300 ppm Rb, and 170 ppm Sn 
could indicate the presence of multiple evolved dykes. In contrast, 
highly chloritized metasedimentary samples, with high CIA (>70) 
and LOI (>3 wt%) values, should be treated with caution. Samples 
with pervasive chloritization may have experienced an alteration 
process that postponed pegmatite-related metasomatism and caused 
leaching of previously enriched elements.  

7) The present study suggests that the Fregeneda–Almendra Pegmatite 
Field is a suitable area to improve innovative less-invasive methods 
for critical mineral resource exploration. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Financial support was provided by the European Commission’s Ho-
rizon 2020 Innovation Programme [grant agreement No 869274, project 
GREENPEG: New Exploration Tools for European Pegmatite Green-Tech 
Resources]; grant RTI2018-094097-B-100 funded by MCIN/AEI/ 
10.13039/501100011033 and, by “ERDF A way of making Europe”; and 
the University of the Basque Country UPV/EHU [grant GIU18/084]. The 
authors are grateful to Kathryn M. Goodenough, an anonymous 
reviewer, and Tânia Martins for their constructive comments, which 
have improved considerably the quality of the manuscript. Editorial 
handling and helpful suggestions by Franco Pirajno and Allen K. 
Andersen are also acknowledged. The. Work of I. Garate-Olave has been 
supported also by the UPV/EHU by means of the “Convocatoria de 
contratación para la especialización de personal investigador doctor en 
la UPV/EHU 2019”. Financial support provided by FCT– Fundação para 
a Ciência e a Tecnologia, I.P., with the ERA-MIN/0001/2017 – LIGHTS 
project and through the FCT project UIDB/04683/2020 and UIDP/ 
04683/2020 – ICT (Institute of Earth Sciences) is recognized. J. Cardoso- 

Fernandes has been financially supported within the compass of a Ph.D. 
Thesis, ref. SFRH/BD/136108/2018, by Portuguese national funds from 
MCTES through FCT, and co-financed by the European Social Fund 
(ESF) through POCH – Programa Operacional Capital Humano – and 
NORTE 2020 regional program. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oregeorev.2022.105155. 

References 

Ague, J.J., 1994. Mass transfer during Barrovian metamorphism of pelites, south-central 
Connecticut. I: Evidence for changes in composition and volume. Am. J. Sci. 294, 
989–1057. https://doi.org/10.2475/ajs.294.8.989. 

Antunes, I.M.H.R., Neiva, A.M.R., Farinha Ramos, J.M., Silva, P.B., Silva, M.M.V.G., 
Corfu, F., 2013. Petrogenetic links between lepidolite-subtype aplite-pegmatite, 
aplite veins and associated granites at Segura (central Portugal). Chem. Erde 
Geochem. 73, 323–341. https://doi.org/10.1016/j.chemer.2012.12.003. 

Audétat, A., 2019. The Metal Content of Magmatic-Hydrothermal Fluids and Its 
Relationship to Mineralization Potential. Econ. Geol. 114, 1033–1056. https://doi. 
org/10.5382/econgeo.4673. 

Audétat, A., Pettke, A., Heinrich, C.A., Bodnar, R.J., 2008. The Composition of 
Magmatic-Hydrothermal Fluids in Barren and Mineralized Intrusions. Econ. Geol. 
103, 877–908. https://doi.org/10.2113/gsecongeo.103.5.877. 

Ballouard, C., Elburg, M.A., Tappe, S., Reinke, C., Ueckermann, H., Doggart, S., 2020. 
Magmatic-hydrothermal evolution of rare metal pegmatites from the 
Mesoproterozoic Orange River pegmatite belt (Namaqualand, South Africa). Ore 
Geol. Rev. 116, 103252 https://doi.org/10.1016/j.oregeorev.2019.103252. 
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Bea, F., Pereira, M.D., Corretgé, L.G., Fershtater, G.B., 1994. Differentiation of strongly 
peraluminous, perphoshorous granites: the Pedrobernardo pluton, central Spain. 
Geochim. Cosmochim. Acta 58, 2609–2628. https://doi.org/10.1016/0016-7037 
(94)90132-5. 
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Sabugal areas, Portugal, to constrain granite sources. Lithos 125, 321–334. https:// 
doi.org/10.1016/j.lithos.2011.02.015. 

Teixeira, R.J.S., Neiva, A.M.R., Gomes, M.E.P., Corfu, F., Cuesta, A., Croudace, I.W., 
2012. The role of fractional crystallization in the genesis of early syn-D3, tin- 
mineralized Variscan two-mica granites from the Carrazeda de Ansiães area, 
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