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Keywords: The Pena do Seo W-Sn ore deposit in NW Iberia consists mainly of quartz veins hosted in schists. Vein mineralogy
W-Sn comprises wolframite, cassiterite and minor molybdenite. Peraluminous S-type granites and minor metaluminous
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granitoid breccias crop out in the same location. Whole rock geochemistry, mineral characterization, fluid in-
clusions and stable isotope geochemistry have been combined to infer hydrothermal mineralization conditions.

A pre-ore stage (0) involving the alteration of host rocks, three stages of mineralization (I, II and III), and a
supergene stage (IV) have been identified. Stage I (oxide-halide-sulfide stage) consisted of a cassiterite-pyrite-
fluorite mineralization in granitoid breccias. Stage II (main oxide stage) involved wolframite-rich selvages and
wolframite-cassiterite-(molybdenite) quartz veins. Stage III (main sulfide stage) consisted of a sulfide minerali-
zation in quartz veins comprising pyrite and minor arsenopyrite and chalcopyrite.

Three types of fluid inclusions were found in vein quartz: (1) aqueous two-phase inclusions, with homoge-
nization temperatures (Th) between 445 °C and 280 °C and moderate salinities (9-14 wt% NaCl eq.), (2)
aqueous-carbonic three-phase fluid inclusions, with Th from 340 °C to 260 °C and low salinities (2-7 wt% NaCl
eq.), and (3) aqueous two-phase fluid inclusions, with Th from 270 °C to 155 °C and low salinities (0-6 wt% NaCl
eq.). 5'%0 values in quartz from mineralized veins range from +11.2%o to +13.4%o, and between +15.0%o and
+15.4% in quartz from mineralized granitoid breccias. 5>*S values in sulfides (pyrite, arsenopyrite and chal-
copyrite) range between +13.0 %o and +37.1 %o, thus suggesting a marine source of sulfate and possible
equilibration with host-rock sulfides. 8D values in muscovite and chlorite from quartz veins range between
—105.7 %o and —71.5 %o and between —69.4 %o and —67.1 %o, respectively, indicating a transition from
magmatic to magmatic-metamorphic conditions.

An aqueous (Hy0-NaCl) magmatic-hydrothermal fluid led to the W-Sn mineralization, as deduced from the
studied fluid inclusions and isotopic signatures. High W and Sn contents in the peraluminous granites indicate
that the W-Sn mineralization in Pena do Seo could partially be related to the granites and granitoid breccias.
Whereas the Sn (+W) likely derived from hydrothermal fluids exsolving from the crystallizing magmas, host
quartz schists would have supplied other elements required for wolframite deposition such as Fe and Mn. Sulfide
mineralization in stage III was probably driven by fluid dilution.
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1. Introduction

Tin and tungsten are strategic metals of great importance for in-
dustrial and technical uses. Tungsten has been considered as a Critical
Raw Material by the European Union due to its strong economic
importance and risk of supply and therefore research on tungsten de-
posits is now a priority in Europe (European Commission, 2010, 2011,
2020a, 2020b). Tin has been recently included in the list of strategic
minerals by China (The State Council of the People’s Republic of China,
2016) and in the list of critical materials by the United States (Depart-
ment of the Interior, 2018). Its global supply has been in deficit since
2018 (European Commission, 2020c).

Understanding how Sn and W were able to reach economic con-
centrations has always been the target of ore deposit research. Common
questions regarding Sn-W deposits relate to the sources from where
these elements were derived, the nature of the fluids that transported
them and the processes and conditions that led to the precipitation and
ore formation (e.g., Audétat et al., 1998; Lehmann, 2021). Its frequent
spatial association with granite intrusions suggests a direct relationship
in which the differentiation of granite magmas enriches residual melts in
these elements; exsolved magmatic fluids can subsequently lead to
economic concentrations (Hannah and Stein, 1990). The role of
magmatic-hydrothermal fluids in the precipitation of W and Sn has been
highly debated. Mixing of magmatic and meteoric fluids (Audétat et al.,
1998; Heinrich, 2007; Wei et al., 2012; Legros et al., 2019; Harlaux
et al., 2021a, 2021b), fluid-rock interaction (Lecumberri-Sanchez et al.,
2017b), depressurization and boiling (Korges et al., 2017) and hydraulic
fracturing (Liu et al., 2018) have been proposed to be the main processes
triggering mineralization.

In this research we study the Pena do Seo W-Sn deposit located in NW
Spain. The Pena do Seo deposit is located in the so called “Iberian Sn-W
Metallogenic Province” (Cotelo-Neiva, 1944), which is part of the Eu-
ropean Variscan Belt of Western Europe. This Belt comprises the
northwest and central/western Iberia (Mangas and Arribas, 1988a,
1988b; Noronha et al., 1992; Vindel et al., 1995; Llorens, 2011; Llorens
and Moro, 2012a, 2012b; Moura et al., 2014; Chicharro et al., 2015,
2016; Lima et al., 2019), Cornwall in the southwest of UK (Jackson et al.,
1982, 1989), the French Central Massif (Marignac and Cuney, 1999;
Vallance et al., 2001; Harlaux et al., 2018a, 2018b, 2021a; Monnier
et al., 2019) and the Bohemian Massif (Stemprok, 1967; Seltmann and
Stemprok, 1994; Korges et al., 2017) among other provinces. Apart from
Pena do Seo, there are other important W-Sn ore deposits in the NW of
Spain, such as Virgen de la Encina (Arribas, 1982) and Montearenas
(Deicha, 1973), to the east, and Casaio (Ourense) and the Calabor dis-
trict (Zamora), to the south (Burkhardt and Garcia, 1985; Junta de
Castilla y Leon, 1986; Fernandez-Fernandez et al., 2019).

In the Iberian Peninsula, these W-(Sn) deposits are commonly
genetically related to the intrusion of syn- to post-tectonic Variscan
peraluminous granites (Noronha, 2017). Tin-tungsten deposits in Iberia
include skarn such as Los Santos (Tornos and Casquet, 1984; Tornos
et al., 2001, Timon-Sanchez et al., 2009) and Morille (Pellitero, 1981a,
1981b; Timon-Sanchez et al., 2018), pegmatites and leucogranite cu-
polas, such as Enaras (Arribas, 1982b) and Golpejas (Gonzalo and Gar-
cia, 1984), quartz veins, as Panasqueira (Kelly and Rye, 1979; Polya,
1988, 1989; Noronha et al., 1992; Lecumberri-Sanchez et al., 2017a),
Barruecopardo (Pellitero, 1981a) and Pena do Seo (Kronsell, 2019;
Bergstrom, 2020; this work), or combined greisen-quartz vein type, as
Logrosan (Chicharro, 2010; Chicharro et al., 2015, 2016). In the case of
Borralha, a breccia pipe has been also identified (Noronha, 1983; Gon-
calves et al., 2017).

The present work aims to provide the first systematic field re-
lationships and mineralogy description of the Pena do Seo W-Sn vein-
type ore deposit. This deposit is hosted in quartz veins crosscutting
Neoproterozoic schists spatially related to peraluminous and metal-
uminous Variscan granitoids. The field relations among these rocks and
optimal outcrop conditions make this deposit suitable to investigate the
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genesis of granite-related W-Sn deposits. Ore-forming conditions have
been constrained through the study of the mineral paragenesis, fluid
inclusions and O-H-S stable isotope data.

2. Regional geology
2.1. Geological setting

According to the division of the Iberian Variscan Massif (IVM) pro-
posed by Pérez-Estatin et al. (2004), the Pena do Seo area belongs to the
Western Asturian-Leonese Zone (WALZ), formed by Cambro-Ordovician
(+£Neoproterozoic) sedimentary sequences. These rocks were deformed
during the Iberian Variscan Orogeny (ca. 370-290 Ma, Martinez-Catalan
et al., 2009). In this context of deformation, the Seo-Arnadelo Anticline
developed.

The sedimentary record in the study area spans from the Neo-
proterozoic to the Middle Cambrian. The Neoproterozoic strata are
represented by the Serie de Villalba Formation, a sequence of tourma-
linized muscovite quartz-schists and grey/black slates. The Lower
Cambrian (Candana, Capas de Transicion and Vegadeo Formations)
consists of slates/schists, quartz-schists/sandstones, quartzites =+
microconglomerates, and carbonate and calc-silicate layers (Matte,
1968; Zamarreno, 1975; Abril Hurtado et al., 1981 and references
therein). Neoproterozoic schists are exposed along the axial zone of the
Seo-Arnadelo Anticline (Villalba/Narcea Formation; Martinez-Catalan
et al., 1990, 2007) and are the host rock of the studied mineralized veins
(Figs. 1, 2A-B).

Close to the studied W-Sn deposits, the Cadafresnas granites crop out.
They form small stocks belonging to the Boal-Los Ancares magmatic belt
and have been dated at 289 + 3 Ma through U-Pb in zircon (Sudrez,
1970; Fernandez-Suarez, 1994; Fernandez-Suarez et al., 2000). These
granite stocks consist of: i) granites (leucogranites + monzogranites and
aplite dikes) and ii) granitoid breccias.

Neoproterozoic schists in the study area record both regional and
contact metamorphism. Low-grade regional metamorphism is common
in the WALZ, being more intense towards the west (Fernandez-Suarez,
1994; Martinez et al., 2004). Regional metamorphism is syn-kinematic
to the main deformational phases, and reached the greenschist facies,
within the chlorite/biotite zone (Fernandez-Suarez et al., 2000; Rodri-
guez Fernandez et al., 2021).

2.2. Field observations and geological background

At alocal scale, contact metamorphism can be observed in two areas:
i) close to the Cadafresnas granite, where it produced a small meta-
morphic aureole with a “spotty” texture in the host quartz schists
(Sudrez, 1970); and ii) in the mine area, where a concealed granitoid
generated heat, dehydration and silicification of the host rock and
developed biotite porphyroblasts cutting the schistosity (Chl + Ms — Bt
+ And + Qz + fluid-H,O; Fernandez-Suarez, 1994).

The granites cropping out in the area (Cadafresnas granites and
granitoid breccias) are late/post-tectonic, in relation to the main
Variscan deformation phases, and spatially related to the observed
mineralization (Figs. 2C-D) that occurs in adjacent Neoproterozoic
schists (Figs. 1, 2A-B). These granites (Fig. 2E-F) are part of a N-S belt of
S-type peraluminous =+ I-type metaluminous granitoids emplaced at
pressures <2 kbar (Boal-Los Ancares belt; Suarez, 1970; Fernandez-
Suarez, 1994; Corretgé et al. 2004). Aplite-porphyry dikes, which were
only found inside mine galleries, crosscut the host quartz schists and are
30-50 cm wide (Fig. 2G).

The Neoproterozoic schists hosting the mineralization are mainly
composed of quartz, muscovite and chlorite, as well as sericite, K-feld-
spar, epidote, magnetite, pyrite, chalcopyrite and covellite as accessory
minerals. Pyrite is interpreted to be pre-kinematic, since it combs the
matrix foliation, generates pressure shadows and does not feature ori-
ented inclusions of minerals. The mineralization, mainly wolframite and
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Fig. 1. A) Map of the different zones of the Iberian Variscan Massif, based on Julivert et al. (1972). WALZ: West Asturian-Leonese Zone; CZ: Cantabrian Zone; GTOM:
Galicia-Tras-Os-Montes Zone; CIZ: Central-Iberian Zone; OMZ: Ossa Morena Zone; SPZ: South Portuguese Zone. The location of Pena do Seo mine is marked with a
star, within the WALZ. B) General view of the deposit, facing west. C) Geological map of the area of study, modified after Abril-Hurtado et al. (1981).
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1cm

Fig. 2. Field and and hand sample images, respectively, of the host quartz schists (A, B), the W-Sn bearing quartz veins (C, D), the leucogranite (E, F), the aplite (G,
H) and the granitoid breccia (I, J). White dashed lines in B) indicate schistosity. Wf: wolframite; Qtz: quartz; Ms: muscovite; Kfs: K-feldspar; Bt: biotite; Ser: sericite;
Tur: tourmaline; Py: pyrite; Fl: fluorite.
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Fig. 3. Representative photographs and microphotographs of main igneous rocks in Pena do Seo. A,: leucogranite showing signs of alteration, with secondary sericite
replacing K-feldspar and albite, and cordierite partially pinitized. B: altered granite. C: aplitic porphyry. D: Granitoid breccia. Ab: Albite; Bt: biotite; Chl: chlorite; Crd:
cordierite; Kfs: K-feldspar; Ms: muscovite; Py: pyrite; Qtz: quartz; Ser: sericite; Tur: tourmaline. All pictures with crossed nicols.

much less abundant cassiterite, appears in subvertical quartz veins
striking NNE-NE (N40E on average; Fig. 1), although considerable
cassiterite mineralization is also found in granitoid breccias as well.

3. Materials and methods
3.1. Field work and sampling

Eighteen representative samples from the Variscan granitic rocks,
Neoproterozoic country rock schists and mineralized quartz veins were
collected (Figs. 1-2, Table 1). Eight of the samples were taken in out-
crops surrounding the mine and in the dump. The other ten samples
were taken in different underground adits (Fig. 1, Table 1). Thin sec-
tions, polished thin sections and polished slabs were prepared for mi-
croscopy analysis.

3.2. Microscopy and cathodoluminescence

Thin sections of the Variscan granitic rocks, Neoproterozoic country
rock schists and mineralized quartz veins (I and II) were prepared and
then studied under a Nikon Eclipse E600 microscope at the School of
Mines in the University of Leén with both transmitted and reflected
light. A JEOL 6100 LV Scanning Electron Microscope (SEM) equipped
with an Energy-Dispersive Spectrometer (EDS) at the Microscopy Ser-
vice Facilities in the University of Le6n was also used for determining the
mineral phases, as well as for taking microphotographs of the samples.
Analyses were performed using a working distance of 10 mm,

accelerating voltage of 20 kV, spot size of 50 um and current of 15nA.
Cathodoluminescence (CL) imaging was performed using a CITL Mk5
cold cathode operating at 15 kV and 400 mA at the CIUDEN laboratories
in Cubillos del Sil, Ledn, Spain.

3.3. Whole-rock geochemistry

Eighteen representative samples of the Variscan granitic rocks,
Neoproterozoic host country rock schists and mineralized quartz veins
were analyzed for whole-rock geochemistry. Rocks were sent for anal-
ysis to the ALS laboratories in Ireland. Rock analyses were performed by
ICP-AES (Inductively Coupled Atomic Emission Spectroscopy) for major
elements and ICP-MS (Inductively Coupled Mass Spectrometer) for trace
and rare earth elements using the ME-ICP06 and ME-MS81 packages
(https://www.alsglobal.com). In ME-ICP06, a prepared sample (0.100
g) was added to lithium metaborate/lithium tetraborate flux, mixed well
and fused in a furnace at 1000 °C. The lowest detection limit was 0.01 wt
% The resulting melt was then cooled and dissolved in 100 ml of 4 %
nitric acid + 2 % hydrochloric acid. This solution was then analyzed by
ICP-AES and the results were corrected for spectral inter-element in-
terferences. In MS81, a prepared sample (0.100 g) was added to lithium
metaborate/lithium tetraborate flux, mixed well and fused in a furnace
at 1025 °C. The resulting melt was then cooled and dissolved in an acid
mixture containing nitric, hydrochloric and hydrofluoric acids. This
solution was then analyzed by inductively coupled plasma - mass
spectrometry. The lowest detection limit for this method ranged be-
tween 0.01 and 10 ppm, depending on the analyzed element.
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3.4. Fluid inclusion study

Microthermometry studies of around 200 fluid inclusions on eleven
samples of quartz were carried out on doubly-polished wafers (250-300
pm in thickness) using a Linkam THMSG600 heating-freezing stage
(Shepherd et al., 1985) at the Department of Mineralogy and Petrology
of the Faculty of Geology in the Universidad Complutense de Madrid.
The calibration curve employed was generated from melting points of
solid standards at T > 25 °C, and melting points of H,O and H,O-CO of
synthetic inclusions at T < 0 °C. The rate of heating was 0.1 °C/min
when phase transitions were approached, in order to get an accuracy of
+0.2 °C for final ice melting at T < 0 °C, and of +4 °C for homogeni-
zation temperatures over 25 °C.

The phase volume-fractions were visually estimated. Raman micro-
spectrometry analyses were performed on a Jobin Yvon-Spex XY Raman
spectrometer at Earth Sciences Institute, pole of the University of Porto
and the quantification of the different volatile species in the inclusions
was obtained following methods described by Prieto et al. (2012). Bulk
composition and density were computed from P-V-T-X properties of
individual fluid inclusions in the C-O-H-System (Dubessy, 1984;
Dubessy et al., 1989; Thiéry et al., 1994). Bulk composition and density
of representative fluid inclusions were calculated from micro-
thermometric measurements and Raman analyses of the volatile phase
using a clathrate stability model (Dubessy et al., 1992; Bakker et al.,
1996; Bakker, 1998) and the CLATHRATES package software (Bakker,
1997). Isochores were calculated with the ISOC computer program of
the FLUIDS package (Bakker, 2003; Bakker and Brown, 2003) using the
equation of state of Bowers and Helgeson (1983) and Bakker (1999) for
the volatile-bearing fluid inclusions and the equation of state of Zhang
and Frantz (1987) for the aqueous fluid inclusions. Salinity for the H,O-
NaCl system was calculated using the equation of state of Bodnar (1993),
whereas salinity for the HoO-CO2-CH,4-Ny-NaCl system was calculated
from the clathrate melting temperature using the equations of state of
Thiéry et al. (1994) and Duan et al. (1996).

3.5. Stable isotopes

Stable isotope analyses were performed at the isotope facilities in the
Universidad de Salamanca, Spain. Twenty-nine 80/1°0 analyses were
performed in twelve representative samples of quartz, biotite, muscovite
and chlorite. These samples were analyzed through laser fluorination,
involving total sample reaction with excess CIF3 (Borthwick and Har-
mon, 1982) using a CO4 laser as a heat source (in excess of 1500 °C;
according to Sharp, 1990). Resulting O, was then converted to CO3 by
reaction with hot graphite (Clayton and Mayeda, 1963) and analyzed on
line by a VG-Isotech SIRA-II mass spectrometer. Reproducibility was
better than + 0.3 %o (10), based on repeat analyses of internal and
external standards during sample runs. Results are given in standard
notation (5'%0) as per mil (%o) deviations from the VSMOW standard.
Regarding sulfur isotopes, seventeen analyses were performed in five
samples of pyrite, arsenopyrite and chalcopyrite by standard techniques
(Robinson and Kusakabe, 1975), with SO, being liberated by combust-
ing with excess CupO at 1075 °C, in vacuum. Liberated gases were
analyzed on a VG Isotech SIRA II mass spectrometer, and standard
corrections applied to produce 5**S values. Standards used were inter-
national standards NBS-123 and NBS-127, with 16 reproducibility better
than + 0.2 %o. Results are given in 534S notation as per mil (%) de-
viations from the Vienna Canyon Diablo Troilite (V-CDT) standard. For
D/H isotopic analysis, fourteen analyses were performed on six samples
of biotite, muscovite and chlorite. Extraction of Hp and HyO was per-
formed through the uranium technique, as explained in Godfrey (1962),
with updates by Jenkin (1988). Samples were heated up to 1500 °C and
H20 was converted to Hp by reduction over the depleted uranium.
Hydrogen and oxygen isotope ratios were measured in a SIRA-II mass
spectrometer. Data is reported relative to V-SMOW.
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4. Results

4.1. Petrology of the Variscan granites (Cadafresnas stocks and granitoid
breccias)

4.1.1. Field relations and petrography

The Cadafresnas granites are two-mica and, in general, their
mineralogy and composition are similar to those of the Ponferrada
granite. These granites trend N60E, roughly parallel to the Variscan
structures, but in detail they crosscut these structures, being tardi- to
post-Variscan. Their mineralogy consists of K-feldspar (Kfs: 35 %), albite
(Ab: 25 %), quartz (Qtz: 20 %), muscovite (Ms: 10 %) + biotite (Bt: 5-10
%) + garnet (Grt: <2 %) + pseudomorphically altered cordierite (Crd:
<2 %, Fig. 3). The accessory minerals observed are apatite and zircon.
The granite intrusion produced a thermal aureole and a spotty texture in
the quartz schists defined by biotite + tourmaline (Suarez, 1970). These
granites are hydrothermally altered, with albite and sericite as typical
replacement phases after K-feldspar and muscovite, respectively, and
pinite replacing cordierite (Fig. 3A).

Aplite-porphyry dikes crosscut the host quartz schists (Fig. 2G),
showing a brecciated texture and being mainly composed of sericite
(Ser: 45%), quartz (Qtz: 35%), tourmaline (Tur: 15%), muscovite (Ms:
<5%) and chlorite (Chl: <5%). Their texture is porphyritic-bimodal and
show subvolcanic features such as quartz embayments (Fig. 3C).

The granitoid breccias are stocks mostly composed of quartz (Qtz:
20%), K-feldspar (Kfs: 20%), muscovite (Ms: 15%), sericite (Ser: 20%),
prehnite (Prh: 5%), fluorite (Fl: <5%) and cassiterite (Cst: < 5%)
(Fig. 2J). A Pb-Bi-Ag sulfosalt, waylandite and native bismuth over-
growing disseminated pyrite in the muscovite-sericite matrix appear in
minor amounts.

4.1.2. Geochemistry

Since the analyzed granitic samples are variably altered (see section
4.2 below), their modal classification through the QAPF diagram of
Streckeisen (1976) will be not attempted and the following statements
about their major element composition should be taken with the
opportune cautions. All samples are peraluminous, (A/CNK =
1.22-3.78) with low CaO (0.01-0.42 wt%), Na;O (0.1-3.2 wt%) and
P,05 (0.02-0.1 wt%) and relatively elevated Ko0 (2.9-4.75 wt%) con-
tents (Table 1, Fig. 4A and 4B). The very high A/CNK values of some
samples could be indeed indicative of hydrothermal alterations that
removed part of the CaO, NayO and possibly P2Os. The projection of the
major element data in the classification diagram of Villaseca et al.
(1998) shows the elevated peraluminous character of these rocks and
the positive correlation of the A parameter (equivalent to the A/CNK
molar ratio) with the B maficity parameter (FeO; + MgO + TiO5 wt.%,
Fig. 4), characteristic of S-type granites (Villaseca et al., 1998). On the
other hand, these granites also display relatively elevated F contents
(260-690 ppm), high FeO/MgO (3.3-24.9 wt%), Nas0 + K»0/CaO and
Ga/Al ratios (Table 1), which suggest a very fractionated nature and/or
a slight A-type signature (Whalen, et al., 1987). This geochemistry is
similar to that of other Variscan late/post-tectonic known as “G3 type”
(Capdevila, 1969; Capdevila and Floor, 1970) granites: peraluminous,
and low in CaO and P05 contents (Fernandez-Sudrez, 1994; Cuesta and
Gallastegui, 2004; Gonzalez-Menéndez et al., 2019).

The chemical composition of granitoid breccias shows different A-B
relations compared to the Cadafresnas granites in Fig. 4. Their CaO, FeO
and TiO, contents are higher (Table 1) and have metaluminous A/CNK
values (0.66-1.02). K50 (2.16-3.1 wt%) is lower but Na,O (0.05-4.41
wt%) is higher on average compared to the Cadafresnas granites. This
indicates a different origin for these rocks. Its NayO + K20/CaO and Ga/
Al ratios are closer to standard I/S granitoids but display higher FeO./
MgO (6.4-12.6 wt%) and F contents (>2 wt%).

Regarding trace element compositions, the Cadafresnas granites
show high Rb contents (139-700 ppm) and moderate to low contents in
the other trace elements. Many of the trace elements decrease (Li, Rb,



Table 1

Whole-rock major (wt. %) and trace-element (ppm) compositions of the most relevant rocks in Pena do Seo. Temperatures estimated using zircon saturation temperature (ZST, Watson and Harrison, 1983).

Cadafresnas stock Schists Altered schists Quartz vein

Granites Granitoid breccias

Leucogranites Altered granites Aplite
Sample 26734 26740 PS-15 PS-16 26735 26736 PS-18 PS-19 26730 26731 PS-10 PS-12 PS-22 26729 26732 26737 26738 26739
SiO, 76.6 75.8 74 76.5 74.1 63.6 81.7 86 74.8 71.8 70.7 81.1 60.2 63.2 78.7 28.6 53.8 91.8
Al,03 13.3 14.3 14.45 13.45 14.2 23.2 10.2 7.43 14.9 11.2 11.55 5.71 16.1 17.3 9.4 13.1 22.2 0.4
Fe,03 1.7 1.6 2.21 1.91 2 2.8 1.66 1.66 2.2 5 3.94 4.92 6.76 7.8 5.2 34.1 6.8 4
CaO 0.3 0.2 0.25 0.42 0.3 0.1 0.04 0.01 0.1 2.6 3.64 3.79 3.88 0.4 0.1 0.1 0.1 0.1
MgO 0.1 0.2 0.19 0.09 0.3 0.6 0.06 0.21 0.6 0.7 0.28 0.38 2.06 2.1 0.9 0.6 1.7 0
Na,O0 2.6 3.1 1.63 3.2 1.5 0.1 2.23 0.16 0.2 1.7 4.41 0.05 0.24 0.3 0.2 0.1 0.8 0
K0 4.5 4.6 4.75 4.59 5.2 7.4 4 2.9 3.2 3.1 2.16 2.3 3.32 3.9 2 3.3 3.9 0.1
TiO, 0.05 0.05 0.05 0.02 0.05 0.1 0.03 0.01 0.1 0.3 0.3 0.06 0.83 1 0.4 0.3 1.1 0
MnO 0.1 0 0.06 0.03 0.1 0.1 0.02 0.02 0 0 0.02 0.02 0.08 0.1 0.1 0 0.1 0
P,0s 0.1 0 0.04 0.05 0.1 0 0.04 0.02 0.1 0.1 0.03 0.06 2.98 0.2 0.1 0.8 0.1 0.1
LOI 100.3 100.8 100.5 101.1 99.6 101 100.77 100.7 99.8 99.3 99.94 101.51 99.82 99.7 98.8 90.9 93.4 98.5
Total 76.6 75.8 74 76.5 74.1 63.6 81.7 86 74.8 71.8 70.7 81.1 60.2 63.2 78.7 28.6 53.8 91.8
Ag 0.1 0.51 <0.5 <0.5 1.7 23.4 <0.5 <0.5 0.16 5.05 5.7 7.5 <0.5 0.39 2.74 6.9 8.53 64.7
As 4.4 156 11.4 16 18 61.7 9.3 8.5 3.510.00 97.4 41.9 >250 1.6 17.6 1.245.00 8.070.00 >10000 >10000
Ba 35.6 58.9 82.3 69.7 96.9 13.8 111.5 109 105.5 835 1140 381 417 432 209 548 414 6.8
Bi 16,3 2,7 1 0,52 17,6 13,8 1,32 2,52 0,6 16,8 24,4 20,9 0,53 1,8 6,6 64,4 12,7 1,36
cd 0,0001 0,11 0,01 0,01 0,1 0,09 0,01 0,01 0,04 4,29 2,2 8,4 6 5,21 1,17 47,6 3,4 380
Ce 21.8 15.65 39 27.4 25.6 32.1 20.1 13.6 36.6 34.6 28.7 24.1 6 85.3 40.2 99.6 61.9 1.4
Cl - - <50 <50 - - 160 310 - 60 50 119.5
Co 0.7 0.4 1 <1 0.6 1.1 <1 <1 1.5 6.6 8 2 13 14.1 3.1 2.5 7.7 0.5
Cr 11 11 20 20 9 7 170 30 10 41 50 40 170 103 61 100 36 29
Cs 9.5 9.87 9.63 9.29 7.98 24.1 5.71 3.05 63.6 249 7.31 10.8 34.5 45.3 61.9 80.1 82.5 1.42
Cu 21 169 74 2 253 44 17 13 16 241 23 1310 25 77 136 78 1.140 1.395
Dy 4.3 5.5 7.27 7.03 4.6 8.5 4.62 3.15 5.8 3.7 3.8 3.92 16.55 6 3.8 5.3 5.4 <0.05
Er 1.9 1.7 3.83 2.59 2.4 4.4 2.52 1.25 2.9 2.2 2.22 2.43 7.73 3.6 2.1 3.1 2.4 0.1
Eu 0.1 0.1 0.12 0.14 0.1 0.2 0.15 0.06 0.5 0.7 0.56 0.55 3.26 1.5 0.8 1.6 1.9 0
F - - 690 440 - - 350 260 - - >20000 >20000 - - - - - -
Ga 22.9 29.6 21.9 21.1 23.6 40.6 14.8 9.2 20 12.6 6.5 4.1 23.7 24.3 15.2 31.3 14.4 2.4
Gd 3.7 6 6.27 6.44 3.1 5.9 6.27 6.44 5 3.5 3.41 3.28 23.3 7.2 3.2 6.6 8 0.1
Hf 2.8 2.1 3 2.4 2.4 0.1 2 1 3.8 5.2 5.4 0.5 8.1 8.4 4.3 7.3 1.7 0.2
Ho 0.7 0.9 1.29 1.05 0.9 3.2 0.88 0.48 1 0.8 0.82 0.83 3.05 1.2 0.7 1.1 1 0
La 10 8.2 15.1 12.2 10.9 12.9 13.4 14.9 16.5 15.4 1.15 0.52 54.6 41.4 18.2 34 24.1 0.8
Li 39.2 12.4 40 60 36.1 95.1 10 10 134 89.3 15 10 140 165 315 383 124 21.1
Lu 0.3 0.2 0.47 0.22 0.3 0.6 0.28 0.3 0.4 0.3 39 15 0.84 0.5 0.3 0.5 0.3 <0.01
Mn 497 230 - - 484 738 - - 124 281 - - 561 503 443 364 310 124
Mo 0.8 0.6 <1 1 6.3 1.5 <1 2 1.5 95.5 2 32 <1 0.8 5.6 1 21.8 36.8
Nb 23.5 23.4 13.7 15.6 14.8 18 9.5 7.8 17.9 17.6 20.7 4.7 14.4 17.9 27.5 18.6 4.1 9.6
Nd 9.8 11.6 16.8 13.2 10 17.9 10.7 7 16.3 14.5 13 9.9 63 39.3 17.6 45.8 34.1 0.7
Pb 16.3 15.7 33 29 15.4 4.5 12 9 19.2 6.9 8 6 22 18.9 4.9 34.2 56.7 749
Pr 2.8 3 4.55 3.64 2.8 5.1 2.98 2.09 4.6 3.8 3.08 2.68 14.85 10.2 4.7 11.8 7.9 0.1
Rb 417 367 265 277 391 700 200 139 389 259 121 133.5 263 382 304 394 412 6
Sb 0.2 0.9 0.14 0.09 1.1 1.1 0.15 0.2 2.5 2 0.84 1.81 0.12 0.5 2.4 5.3 65.4 74.7
Sc 4.1 5.3 5 5 5.5 8.2 3 2 6.4 3.8 2 1 16 18.7 7 20.1 6.1 0.4
Sn 16.9 35.1 18 9 79.1 300 27 4 32.8 96.7 128 2320 19 41 1045 1420 323 2740
Sr 13.3 25.8 13 14 30.3 5.8 59 21.4 39 3 464 45.5 164 82 34.8 153.5 223 8.3
Ta 7.7 4.3 2 1.5 2.9 3.9 1.2 1 69.9 2.4 3.6 0.9 0.8 1.3 5.3 1.2 0.3 0.8
Th 8.3 9.5 12.75 10.75 8 13.7 7.56 4.62 0.9 186.5 4.09 1.25 13.5 14.2 6.3 14.3 4.8 0.2
U 6.3 9.3 5.96 5.06 8.1 6.3 7.33 4.44 7.3 1.8 1.15 0.52 3.91 3.7 2.5 5.5 4.1 0.2
v 2 1 6 7 5 12 0.1 5 9 22 15 10 116 134 64 53 161 7
w 9.8 10.6 5 4 306 18 2 2 26.2 19.5 39 15 36 38 164 2760 356 488
Y 11.3 18.9 38.5 33.5 12.1 16.7 25.6 17.5 23.1 11.9 22.6 27.4 83.2 31.6 19.2 21.7 27.9 0.5
Yb 2.3 1.2 3.75 1.69 2.6 4.5 2.3 0.87 2.7 1.9 2.07 2.23 5.99 3.5 1.9 2.4 3.1 0.1
Zn 37 59 37 47 143 85 12 12 20 114 48 110 138 143 92 319 151 20
Zr 31.1 28.8 52 40 33.9 50.7 45 12 67.4 59.6 197 19 295 292 144 58 252 0.1
ZST (°C) 683.8 676.9 735.3 693.4 699.5 747.3 709.9 645.7 787.8 709.3 756.8 595.7

I 32 DJAIPIPD d

19€S01 (£202) SST smalay £30102D 210
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Th, Nb, Th, V, Sc, Zr, REE, Ga) with increasing SiO, and with decreasing
maficity (FeO; + MgO + TiOy; Fig. 5). Most of these elements are carried
in biotite and accessory zircon + monazite (Bea 1996; Brown and
Korhonen, 2009; Clarke et al., 2021; Michaud et al., 2021). Therefore, a
biotite fractionation process could explain these trends. Other trace el-
ements (Pb, U, Ba, Sr) show no significant correlations in binary dia-
grams with SiO,. These elements are commonly carried by feldspars (K-
feldspar/plagioclase). A more pervasive hydrothermal alteration of
these phases could explain the scatter and absence of correlation be-
tween these elements and SiO,. Compared to the Cadafresnas granites,
the granitoid breccias have higher Ba (381-1140 ppm) and Sr (45-1140
ppm) contents (Table 1).

C1 chondrite-normalized REE patterns (Fig. 6) have been produced
for i) the least altered Cadafresnas granite samples, ii) altered Cada-
fresnas granites and iii) granitoid breccias. The least altered granites
(Fig. 6A) have moderate to low total REE contents (60.45-105.64 ppm,
average 82.35 ppm), low fractionated pattern (La,/Yb, = 2.74-4.91;
avg = 3.82) and high negative Eu anomaly (Eu* =0.06-0.31; avg =
0.12). The altered granites (Fig. 6B) also have moderate to low REE
contents (41.63-101.70 ppm, average 68.8 ppm), are slightly less frac-
tionated (La,/Yb, = 1.95-5.87; avg = 3.44) and show a more pro-
nounced negative Eu anomaly (Eu* = 0.08-0.12; avg = 0.098). The
granitoid breccias (Fig. 6C) show moderate REE contents (68.44-86.10
ppm, average = 76.51 ppm), a slightly more fractionated pattern (La,/
Yb,, = 4.41-5.52; avg = 4.83) and a much less pronounced negative Eu,
anomaly (Eu* = 0.56-0.66; avg = 0.61) than the granite samples.

In the granites, the contents of Sn (58 ppm) and W (43.6 ppm) are
elevated (Table 1). These elements show broad positive correlations
with FeO¢ + MgO + TiO, and negative correlation with SiO,, indicating
a decrease of W and Sn contents with magmatic differentiation driven by
biotite fractionation (Fig. 7, Table 1). In the granitoid breccias, the Sn
(848 ppm; 96-2320 ppm) and W (24.5 ppm; 15-39 ppm) contents are
higher and similar, respectively, compared to the granites. A broad in-
crease of Sn and W with decreasing maficity (FeO¢ + MgO + TiO3) in the
granitoid breccias can be observed (Fig. 7). As expected, the quartz vein

shows the highest Sn (2740 ppm) and W (488 ppm) contents.

The Nb/Ta and Zr/Hf ratios have been used as markers of magmatic-
hydrothermal transition and also as metallogenic markers for per-
aluminous granites (Ballouard et al., 2016). Those granites with signif-
icant fluid interaction usually have K/Rb < 150 and Nb/Ta < 5. In our
study, the granites show low K/Rb (68-173, avg <150) and Nb/Ta
(2.9-10, avg. > 5). Therefore, most of them are classified as barren. The
granitoid breccias, having similar Nb/Ta ratios and K/Rb < 150 would
also classify as barren.

4.2. Hydrothermal alterations in the Cadafresnas Variscan granites and
Neoproterozoic schists

Different types of hydrothermal alteration related to anomalously
high W and Sn concentrations have been found in the deposit, both in
the granite and in the host quartz schists. The intrusion of these igneous
rocks produced a metamorphic halo in the host schist, with abundant
tourmaline. Subsequently the hydrothermal alteration occurred:

e Greisenization appears in the easternmost part of the Cadafresnas
leucogranites, with feldspars and biotite crystals replaced by
muscovite. In other areas the granites show a strong fracturing and a
pervasive silicification as a result of the circulation of high temper-
ature fluids.
Hydrothermal alteration has also transformed the primary plagio-
clase into K-feldspar (Witt, 1987). This alteration seems to be
fracture-controlled, appearing on both sides of the faults and frac-
tures. Quartz is less abundant compared to the unaltered granite.
Phyllic alteration affects the host rocks, i.e., Neoproterozoic mica-
schists, with primary muscovite and chlorite being altered to a
mass of sericite and muscovite. Where this alteration is more intense,
close to the quartz veins, smectite, montmorillonite and kaolinite
occur.
e Tourmalinization: it affects the quartz schists in their proximity to
the quartz veins. Tourmaline partially replaces muscovite.
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With the aim of characterizing the alteration of the different rocks,
we used the Ishikawa Alteration Index of Ishikawa et al. (1976) and the
Chlorite-Carbonate-Pyrite Index of Large et al. (2001) (Fig. 8). Granitoid
breccias plot in the least altered boxes of mafic and intermediate rocks
whereas the granites show a chloritic-sericitic alteration trend, which is
consistent with the observed alteration of K-feldspar to sericite.

4.3. Mineralogy and paragenesis

Based on textural observations in host rocks, granitoid breccias and
the mineralized quartz veins, a sequence of the different mineral asso-
ciations or paragenesis (paragenetic diagram) has been produced for the
Pena do Seo deposit (Fig. 9). It consists of a pre-ore stage dominated by
host-rock alteration, three hypogene ore stages and a supergene alter-
ation stage.

Stage 0: pre-ore stage: Host rock alteration (Figs. 10, 11A). This stage is
mainly characterized by pervasive tourmalinization of the pyrite (Py-0)-
bearing host schist (Figs. 10A-D, 11A) close to the quartz veins, along
with biotite. Tourmaline found within the schist is more abundant near
the contact with the quartz veins (~10 cm). Tourmaline grains are
euhedral and between 50 and 400 um in size. Biotite appears as nodules
between 50 and 250 pm in size, and is occasionally overgrown by
tourmaline (Fig. 10C-D).

Ore Stage I: oxide-halide-sulfide stage (Figs. 11-12). During this stage,

10

the intrusion of granitoids of brecciated appearance took place. They are
composed of K-feldspar and abundant fluorite and muscovite (Fig. 11E),
with a first generation of cassiterite (Cst I, Fig. 11C, 12A), some pyrite
(Py I, Figs. 11B,C,D,F,G, 12A) and minor arsenopyrite (Apy I, Fig. 11B)
and chalcopyrite (Ccp 1), as well as altered fragments of the host quartz
schists. Tourmaline, rutile (Fig. 11F), a Pb-Bi-Ag sulfosalt (Fig. 12B) and
waylandite (Fig. 12F) are also present. Py-I forms subidiomorphic to
idiomorphic crystals between 50 and 500 pm in size (Fig. 11G), whereas
arsenopyrite forms smaller crystals, between 10 and 100 um, also sub-
idiomorphic to idiomorphic in shape (Fig. 11B). Intergrowths of pyrite-
arsenopyrite are found, indicating they are coeval. Cst I forms brownish
crystals between 200 ym and 800 pm and shows a clear oscillatory
zonation. Fluorite forms crystals between 300 pm and several cm.
Chalcopyrite (Ccp 1) is also found in this stage. The Pb-Bi-Ag sulfosalt is
mainly found filling cracks in pyrite (Fig. 12B), and locally, native bis-
muth and waylandite overgrow arsenopyrite (Apy I; Fig. 12F).

Ore Stage II: main oxide stage (Figs. 11-12). During this stage, a
selvage is developed between the veins and the host rock, mainly
composed of muscovite (Ms I), prehnite (Prh I), apatite and wolframite
(Wf1, Fig. 11H). In the vein itself, a second generation of wolframite (Wf
II, Figs. 111, 12C) and minor amounts of cassiterite (Cst II, Fig. 12D) are
found within the first generation of quartz (Qtz I). Qtz I is massive,
characterized by its milky appearance, coarse grain size (>500 ym) and
uniform extinction (very locally, some of the crystals show undulose
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Mineral Formula Hostrock o C BiREEFe  W-Sn-{(Mo) Fe-As
alteration
Biotite K(Mg,Fe) 5(AlISi ;0,0)(F,OH) , ——bW 1§
Tourmaline AD;G (T40,5)(BO;);X;5Z A, ———————————————
Muscovite KA, (AlSi;0,0)(OH), — —— —
Arsenopyrite FeAsS — R
Chalcopyrite CuFeS, —— —
Cassiterite SnO, E—
Pyrite FeS, E— I
Fluorite CaF, EET———
K-feldspar KAISi; O e ——
Rutile Tio, —— e
Bi-Pb-Ag sulfosalt  Ag;PbgBi;;S;, —
Waylandite BiAl,(PO,),(OH), ——
Native bismuth Bi —
Quartz Sio, == ]
Prehnite Ca,Al,Si;0,,(0H), —
Wolframite (Fe/Mn)WO, —
Molybdenite Mos, ——————
Apatite Cas(PO,)5(CI/F/OH)
Chlorite (Mg,Fe);(Si,Al);0,, (OH),*(Mg,Fe);(OH)q EEE——
Stannite Cu,FeSnS, A ——
limenite Fe?*TiO, ————
Sphalerite ZnS —
Scorodite Fe**AsO, - 2H,0
Covellite CuS

Fig. 9. Paragenetic sequence in host rocks, granitoid breccias and the mineralized quartz veins of Pena do Seo deposit.

11



P. Caldevilla et al.

%

e & e
500 pm
P TR

B SO es G LN R T

Ore Geology Reviews 155 (2023) 105361

Fig. 10. Microphotographs of the host quartz schist. A) Aspect of the unaltered schist, far from the igneous rocks and the quartz veins, showing a composition of
quartz, muscovite, chlorite and Fe-Ti oxides as accesory. B) Quartz schist showing spotted texture with tourmaline crystals (Tur), chlorite (Chl), quartz (Qtz),
muscovite (Ms) and accessory Fe-Ti oxides. C) and D) Quartz schist spotted with biotite (Bt) nodules, result of contact metamorphism, overgrown by tourmaline
crystals (Tur) as a result of flowing fluids close to a quartz vein (~10 cm), in a matrix of abundant quartz (Qtz), and muscovite (Ms), with Fe-Ti oxides as accessory.

All pictures in transmitted light and parallel nicols.

extinction). Wf I forms crystals between 200 um and 2 cm, whereas Wf II
forms elongated crystals 20 pm-3 cm long. Cst II forms crystals between
300 and 600 um and shows oscillatory zonation. Minor amounts of
molybdenite (Mo, Fig. 12D-E) form 10-30 uym long acicular crystals.

Ore Stage III: main sulfide stage (Figs. 11-12). During the third stage,
abundant pyrite (Py II) and minor arsenopyrite and chalcopyrite
precipitated along with a second generation of quartz (Qtz II), together
with abundant chlorite, which is overgrown by a second generation of
apatite (Fig. 11J). Qtz II is granoblastic and shows uniform extinction.
Pyrite appears as subhedral crystals, often massive, and filling cracks in
quartz II. Pyrite (Py II) masses appear very commonly embedded in
chlorite patches, and overgrow apatite, arsenopyrite and chalcopyrite
(Fig. 11J). Stannite (Stn) forms crystals between 50 um and 200 pm,
often replacing cassiterite (Cst II, Fig. 12G). Locally, rutile (Rt II) over-
grows stannite (Fig. 12G), and isolated crystals of sphalerite and
ilmenite overgrow chlorite (Fig. 12H).

Ore Stage IV: supergene stage (Fig. 12). Mineral assemblages from the
three previous stages are locally replaced by supergene minerals.
Chalcopyrite is replaced by covellite and arsenopyrite is replaced by
scorodite (Fig. 12I).

4.4. Fluid characterization

4.4.1. Petrography, distribution and types of fluid inclusions
In Pena do Seo, Qtz I and Qtz II commonly present suitable fluid
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inclusions for microthermometric and Raman microspectrometry
studies. In contrast, appropriate fluid inclusions for microthermometry
have not been found in other minerals of interest, such as cassiterite,
wolframite or fluorite, as they were too small to be analyzed. Around
200 fluid inclusions have been selected in vein quartz crystallized during
stages II and III. They are commonly small in size (<10 pm). Cath-
odoluminescence was performed in the different types of quartz (Qtz I,
co-precipitated with wolframite and cassiterite (Fig. 13A,C), and Qtz II,
co-precipitated with sulfides; Figs. 9, 13E,G) to determine the para-
genetic significance of the studied fluid inclusion assemblages and to
identify quartz textures (Fig. 13). Qtz I appears as massive crystals and
show growth zoning, with blue colors (Fig. 13B,D), whereas Qtz II forms
polygonal grains with no color zoning (Fig. 13F,H). No signs of defor-
mation were found in quartz grains.

Different fluid inclusions assemblages (FIAs) were defined, according
to the occurrence and the spatial relationship of the fluid inclusions,
their characteristics at room temperature and their behavior during
microthermometric cycles (Fig. 14, Table 2). Then, the selected fluid
inclusions were regrouped into three different types (I, II, II; Table 3).
Type I consists of rounded to slightly elongated two-phase isolated
aqueous fluid inclusions, with sizes between 3 and 7 um and degrees of
fill (F) between 0.8 and 0.6, hosted by quartz I in stage II quartz-
wolframite-cassiterite veins. Following the criteria of Roedder (1984),
they are presumably primary, as they appear isolated and show a
random distribution (Fig. 14A-D). Type II consists of three-phase
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rounded to oval isolated aqueous-carbonic fluid inclusions, with sizes
between 2 and 10 pm and F between 0.7 and 0.4, hosted by quartz II in
stage III sulfide-rich veins (Fig. 14B-C). As they show a very similar
distribution to type I fluid inclusions, they are considered to be of pri-
mary origin as well. Type III are aqueous two-phase fluid inclusions

* » ¥
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Fig. 11. Optical microscopy images of mineralization
in Penia do Seo. A) Pre-kinematic pyrite (Py 0) in host
quartz schist. B) Pyrite (Py I)-arsenopyrite (Apy I)
intergrowth in granitoid breccia (stage I). C) Cassiterite
(Cst I) and pyrite (Py I) in granitoid breccia (stage I). D)
Cassiterite (Cst I) overgrown by pyrite (Py I) and Fe
oxides in granitoid breccia (stage I). E) Fluorite (Fl)
mineralization overgrown by K-feldspar (Kfs) in gran-
itoid breccia (stage I). F) Inclusions of rutile (Rt) in
pyrite (Py I) from granitoid breccias. G) Subhedral to
euhedral pyrite (Py I) in a K-feldspar (Kfs) matrix. H)
Wolframite (Wf I) overgrown on muscovite (Ms I) and
Prehnite (Prh I) in vein selvage. I) Wolframite (Wf II) in
quartz (Qtz I) vein is partly overgrown by chalcopyrite
(Ccp 1) and ferberite (Feb). J) Subhedral pyrite crystals
(Py II) overgrown on chlorite (Chl) and apatite (Ap) in a
quartz (Qtz II) vein, stage III. A, C, D, E, H: transmitted
reflected light; B, F, G, I, J: transmitted light. A, C, D, E,
F: parallel nicols; B: crossed nicols.

hosted by quartz (both Qtz I and Qtz II) in veins from stage II and III,
with F between 0.7 and 0.5. They are elongated and mostly irregular in
shape, and 8 to 20 ym in size. They often form intercrystalline trails,
sometimes following fractures, which indicates that they are secondary
in origin (Fig. 14D-G). No evidences of fluid reequilibration (stretching,
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Fig. 12. Back-scattered electron (BSE) images of mineralization in Pena do Seo. A) Cassiterite, (Cst I and Cst II) pyrite (Py I) and muscovite in granitoid breccia. B)
Pb-Bi-Ag sulfosalt (Pb-Bi-Ag ss) filling cracks in pyrite (Py I) in granitoid breccia. C) Wolframite crystal (Wf II) with chalcopyrite both surrounding and replacing it. D)
Economic minerals found in the quartz veins: cassiterite I (Cst I), wolframite (Wf II) and molybdenite (Mo). E) Molybdenite (Mol) in a quartz vein. F) Waylandite
(Way) and native bismuth (Bi) overgrowing arsenopyrite (Apy I). G) Stannite (Stn) with inclusions of cassiterite (Cst II) and sphalerite (Sp), Stannite is overgrown by
rutile. H) Sphalerite (Sp) and ilmenite (Ilm) surrounded by chlorite (Chl) in sulfide-rich quartz (Qtz II) veins.I) Aggregates of framboidal scorodite (Sc). Some
arsenopyrite (Apy) crystals are visible at the top edge, within a sulfide-bearing quartz (Qtz II) vein.

leakage, decrepitation) were found among the fluid inclusions studied.

4.4.2. Microthermometric and Raman microspectrometry results

Microthermometric and Raman microspectrometry data of the fluid
inclusion assemblages (FIAs) are summarized in Table 2 with all ab-
breviations used in the text.

Type I fluid inclusions, which are aqueous (HO-NaCl), yield ice
melting temperatures (Tmjc) between —9.8 °C and —5.9 °C corre-
sponding to salinities between 13.7 and 8.8 wt% NaCl eq. Homogeni-
zation temperature (Th) occurs to the liquid phase at temperatures
between 288 °C and 442 °C (Table 3). Their density is between 0.90 and
0.55 g/cm3. Type II fluid inclusions (H20-CO2-N3-CH4-NaCl) are hosted
by quartz I and show Th ranging from 261 °C to 339 °C (Figs. 15, 16).
The Tmco is between —57.6/-56.6 °C, clathrate melting temperature
(Tmgy) is between 7.3 °C and 9 °C, and salinities are between 1.9 and 6.2
wt% NaCl. eq. Volatile phase composition is dominated by CO»
(87.3-100 %), with lower amounts of Ny (1.4-3.5 %) and CH4 (0.2-3.8
%). Their density is between 0.96 and 0.40 g/cm>. Type III fluid in-
clusions (H20-NaCl) yield homogenization temperatures between
274 °C and 155 °C and Tmjc between —3.6 °C and 0 °C with corre-
sponding salinities between 5.9 and 0.0 wt% NacCl eq.
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4.5. Stable isotope data

4.5.1. Oxygen and hydrogen isotopes

5180 isotopic signatures were obtained in quartz, muscovite and
chlorite from granite, metamorphic host rocks and quartz veins and their
selvages (Table 4, Fig. 17). 8D were obtained for biotite, muscovite and
chlorite from the same rocks (Table 4). Qtz I yields the highest 51%0
values, from 12.0 %o to 13.2 %o, whereas 5'80 of Qtz II ranges between
13.0 %o and 13.6 %o. Quartz from Cadafresnas granite has values be-
tween 12.1 %o and 12.3 %o. The lowest 8180 values, between 11.2 %o and
11.5 %o, correspond to late quartz veins crosscutting the granite
(Fig. 17).

8D values range between —111.5 %o and —105.3 %o for biotite, be-
tween —74.3 %o and —71.5 %o for muscovite from stage I granitoid
breccias, between —86.3 %0 and —71.7 %o for muscovite from stage II,
and between —69.4 %o and —67.1 %o for chlorite from stage III (Table 4).

4.5.2. Sulfur isotopes

5°4S analyses were performed in pyrite, arsenopyrite and chalcopyrite
from the granitoid breccias and quartz veins and also in pyrite found in the
host Neoproterozoic quartz schists. The results show a great variability.
543 values in the pyrite found in the quartz schists (Py 0) range between
+17.4 %o and +18.6 %o. In granitoid breccias, 5>*S ranges between +13.0
%o and +14.2 %o for Py I, between 15.0 %o and 15.2 %o for arsenopyrite and
between +13.0 %o and +13.6 % for chalcopyrite. 5>*S values in massive
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Fig. 13. Petrographic (A, C, E, F; parallel nicols) and cathodoluminescence (CL) microphotographs (B, D, F, H) of quartz co-precipitated with wolframite (Qtz I) and
sulfides (Qtz II). Growth zoning can be seen in quartz I. Qtz: quartz; Wf: wolframite; Py: pyrite; Chl: chlorite.
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Fig. 14. A) Type I two-phase primary isolated aqueous fluid inclusion and trail of secondary aqueous fluid inclusions. B) and C) Type II primary isolated three-phase
aqueous-carbonic fluid inclusions coexisting with Type I aqueous fluid inclusions. D) Type I inclusion and Type III secondary fluid inclusion trail. E), F), G) Secondary
Type III fluid inclusion trails.

16



P. Caldevilla et al. Ore Geology Reviews 155 (2023) 105361

Table 2
Microthermometric data for the fluid inclusion assemblages (FIAs) in Pena do Seo.
FIA n Type  Stage  Host Comp. Origin  FV Tmco2(°C) Tmg(°C)  Tmje(°C) Theo2(°C)  Th(°C) NaCl Global
(%) (wt.% density (g/
eq.) em®)
1 1-1b1 7 I I Qtz I H,0-NaCl P 40/ - - -8.2/- - 370.8/ 11.9/ 0.73/0.61
20 7.2 352.7 10.7
2 1-1e 3 I 11 Qtz I H,0-NaCl P 40 - - —-8.1/- - 431.4/ 11.6/ 0.66/0.55
7.2 419.0 11.2
3 1-1f 3 I 11 Qtz1 H,0-NaCl P 40 - - —8.3/- - 335.4/ 12.0/ 0.90/0.87
7.2 313.4 10.7
4 1-1g 7 I )i Qtz I H,0-NaCl P 50/ - - -7.5/- - 442.6/ 11.1/ 0.60/0.56
30 6.1 412.1 9.3
5 21-1b 4 I 11 Qtz I H,0-NaCl P 40/ - - —-9.1/- - 328.7/ 13.0/ 0.87/0.82
30 8.4 307.8 12.2
6 21- 3 I I Qtz I H,0-NaCl P 30 - - —6.6/- - 378.2/ 13.4/ 0.71/0.69
2a2 6.2 368.0 9.5
7 21- 4 1 11 Qtz I H,0-NaCl P 30 —9.8/- - 310.4/ 13.7/ 0.87/0.78
2a3 9.2 299.5 13.1
8 21- 6 I 11 Qtz1 H,0-NaCl P 40/ - - —9.8/- - 378.1/ 13.2/ 0.82/0.72
3cl 30 7.1 331.9 10.6
9 21-5d 8 I I Qtz I H,0-NaCl P 40/ - - —6.8/- - 354.5/ 10.2/ 0.86/0.74
20 6.0 294.7 9.2
10 21-5e 4 I 11 Qtz I H,0-NaCl P 30/ - - —8.2/- - 304.1/ 11.9/ 0.86/0.81
20 6.0 288.4 9.2
11 6-1b 4 I I Qtz I H,0-NaCl P 40 - - -8.2/- - 306.1/ 11.3/ 0.85/0.83
7.2 298.3 10.3
12 6-1c 7 I 11 Qtz I H,0-NaCl P 50/ - - —8.3/- - 315.2/ 11.4/ 0.84/0.81
40 6.1 297.7 9.1
13 6-2a 5 I 11 QtzI H,0-NaCl P 50 - - —8.4/- - 315.0/ 11.5/ 0.83/0.80
6.2 3129 9.2
14 6-2b 9 I I Qtz I H,0-NaCl P 40 - - -8.3/- - 314.8/ 11.4/ 0.86/0.80
5.9 294.9 8.8
15 6-2¢ 4 I 11 Qtz I H>0-NaCl P 40/ - - —9.0/- - 316.1/ 12.0/ 0.84/0.83
30 8.2 311.5 11.3
16 6-la 3 I 111 Qtz II H,0-NaCl- P 60/ —56.6 9.0/8.8 - 27.1/ 317.8/ 4.9/4.2 0.96
CO,-CH4- 40 25.3 288.4
Nz
17 21-1f 2 I 111 Qtz II H,0-NaCl- P 60 —57.6/- 9.0/8.8 - 28.0/ 291.5/ 5.9/4.9 0.92/0.85
CO,-CH4 57.5 27.8 285.2
18 21-1g 2 11 111 Qtz II H,0-NaCl- P 60 —57.5/- 8.8/8.2 - 28.2/ 316.4/ 2.9/19 0.4
CO,-CHy 56.6 26.3 261.9
19 21-3b 7 I 111 Qtz II H,0-NaCl- P 70/ —57.4/- 8.8/7.3 - 27.9/ 333.9/ 7.3/3.8 0.96/0.92
CO,-CHy 60 57.1 26.2 316.4
20 21- 3 I Jiig Qtz IT H,0-NaCl- P 70 —57.0/- 8.4/8.3 - 26.9/ 303.2/ 5.7/5.3 0.96/0.95
3c2 CO,-CHy 56.8 26.5 262.4
21 21-5a 4 1T 111 Qtz II H,0-NaCl- P 60/ —56.9/- 8.7/8.5 - 25.5/ 339.3/ 5.6 0.96/0.4
CO,-CHy4- 40 56.7 25.3 300.5
N2
22 21-5b 3 11 111 Qtz II H,0-NaCl- P 70/ —56.8/- 8.7/8.6 - 28.4/ 307.1/ 6/5.8 0.91/0.4
CO2-Ny 60 56.6 28.3 299.8
23 21-5e 5 I 111 Qtz II H,0-NaCl- P 50/ —56.9/- 8.6/8.5 - 25.3/ 326.7/ 5/4.14 0.93/0.92
CO; -CH4- 40 56.6 23.9 295.4
N2
24 21- 4 I 111 Qtz IT H,0-NaCl- P 60 —56.8/- 8.3 - 27.9/ 320.4/ 6.0/5.1 0.92/0.91
5f1 CO; -CHy4- 56.7 27.7 309.5
N2
25 21- 3 11 III Qtz II H,0-NaCl- P 60 —56.9/- 8.7/8.3 - 27.2/ 333.8/ 6.2/5.3 0.95/0.93
5f2 CO; -CHy4- 56.6 26.5 318.6
N2
26 21-6b 6 III - Qtz I H,0-NaCl S 40 - - —2.8/- - 212.8/ 4.6/1.2 0.90/0.86
/11 0.7 197.4
27 21-6¢ 4 III - QtzI H,0-NaCl S 40/ - - —2.5/- - 188.5/ 4.2/3.5 0.92/0.9
/10 30 2.1 175.1
28 1-1b2 10 III - Qtz I H,0-NaCl S 40/ - - —2.9/- - 219.4/ 4.8/4.3 0.92/0.86
/10 20 2.6 187.8
29 1-1d 8 111 - Qtz I H,0-NaCl S 30 - - —2.7/- - 274.4/ 4.4/4.1 0.82/0.61
/10 2.5 261.2
30 21-1a 7 111 - Qtz I H,0-NaCl S 30 - - -0.7/- - 267.0/ 1.16/ 0.84/0.78
/1 0.6 225.5 0.99
31 21- 11 III - Qtz I H,0-NaCl S 30/ - - —0.6/0.0 - 217.7/ 1.05/ 0.94/0.91
2al /10 20 205.8 0.0
32 21-2b 8 111 - Qtz I H,0-NaCl S 30/ - - —3.6/- - 209.1/ 5.86/ 0.96/0.87
/10 20 1.4 154.9 2.40
33 21-2¢ 7 III - Qtz I H,0-NaCl S 30 - - —2.8/- - 172.8/ 4.6/4.3 0.93
/1 2.6 168.9
34 21-2d 9 III - Qtz I H,0-NaCl S 30/ - - —2.9/- - 214.2/ 4.8/4.6 0.90/0.89
/1 20 2.8 201.3
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Table 3
Microthermometric and Raman data for the different types of fluid inclusions in Pena do Seo.

Type I Type II Type II
Phase stage Stage II Stage III Stage II and IIT
Mineral host Quartz I Quartz I1 Quartz I and II
Composition H,0-NaCl H,0-NaCl-CO5-CH4-No H,0-NaCl
FV (%) 20/50 40/70 20/40
Microthermometry (°C)
Tmco2 - —57.6/-56.6 -
Tmg - 7.3/9.0 -
TMjce ~11.8/-5.7 - —2.9/0.0
Theo, - 24.4/28.4 (L) -
Th 284/442 (L) 262/339 (L) 157/267 (L)
Raman (mol %)
ZCO, - 87.3/100 -
ZCH4 - 0.2/3.8 -
7N, - 1.4/3.5 -
Bulk composition (mol %)
XH,0 90.0/94.2 50.4/77.1 96.9/99.2
XNy - 0.0/1.9 -
XCOy - 19.2/47.8 -
XCH,4 - 0.0/0.8 -
NaCl 5.8/10.0 0.9/1.2 3.1/0.8
NaCl (wt.% eq.) 8.8/13.7 1.9/6.2 0.0/5.9
Global density (g/cm3) 0.55/0.90 0.4/0.96 0.61/0.96

subhedral to anhedral pyrite (Py II) in chlorite-rich quartz veins from the
third stage of mineralization yield much heavier S signatures, with 534S
ranging from +35.1 %o to +38.0 %o. (Table 5, Fig. 18).

5. Discussion

5.1. Origin of the granites and granitoid breccias related to the W-Sn
deposits

The petrography and geochemistry of the studied igneous rocks
suggest the existence of two different magmatic pulses: the Cadafresnas
granites and the granitoid breccias, both related the Sn-W mineraliza-
tion. The Cadafresnas granites (granites — including greisenized granites
— and aplites) show features of S-type granites (e.g., its A/CNK vs. FeO
+ MgO + TiO5 and Rb/Ba vs. Rb/Sr relations; Figs. 4, 19) (Chappell and

White, 2001). A metasedimentary pelitic source and peritectic phases
like sillimanite (Sill) + cordierite (Crd)/garnet (Grt) could have been
involved in the partial melting process (Villaseca et al., 1998; Clemens
and Stevens, 2012). The high FeO/MgO, Na20 + K20/CaO and Ga/Al of
these granites could also indicate a minor A-type component in their
source (Whalen, et al., 1987). The intrusion of these peraluminous
magmas in the upper crustal levels involved biotite fractionation that
caused part of the observed geochemical variation in diagrams shown in
Fig. 5. Wolfram and Sn can be enriched in the granitic melts during the
melting process (Zhao et al. 2021) but in this study case were subse-
quently depleted due to its possible compatibility with the biotite frac-
tionation (Fig. 7).

The granitoid breccias are petrogenetically unrelated to the Cada-
fresnas granites. These rocks have low values of A/CNK (A parameter)
and relatively high ones of FeO; + MgO + TiOs, thus being classified as

25 -
EType | (H,0-NaCl)
EType Il (H,0-CO,~(N,)-(CH,)-NaCl)
OType Il (H,0-NaCl)
20
15 4
=
10 -
5 4
0
140 160 180 200 220 240 260 280

300
Th (°C)

320 340 360 380 400 420 440 460

Fig. 15. Histogram of temperatures of homogenization (Th) for the three different types of fluid inclusions.
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Fig. 16. Salinity vs temperature of homogenization (Th) plot for the two types of primary fluid inclusions.
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Fig. 17. 5'%0smow) data of minerals from different ore stages and granite. Most of the minerals show a likely magmatic origin, with the exception of quartz from
granitoid breccia, which seems to have partially reequilibrated with host quartz schists.

metaluminous I-type granitoids (Fig. 4). Their Rb/Ba and Rb/Sr values
indicate its derivation from partial melting of clay-poor, intermediate +
mafic greywackes (Fig. 19). Its elevated Ba, F and Sn contents could be
explained by inputs of hydrothermal fluids and also by dehydration
melting of biotite (+some other hydrated mafic phases) which could add
such elements initially to the melt (Fernandez-Sudrez, 1994; Tischendorf
et al., 2001; Villaros et al., 2009; Michaud et al., 2021; Zhao et al.,
2021).

The W (+Sn) mineralization could have come from these crystal-
lizing magmas, especially those of the granitoid breccias. Contact

metamorphism could have activated dehydration reactions and circu-
lation of fluids in the country rocks. This metamorphism generated the
spotted schist (country rocks) that can be explained by muscovite/
chlorite dehydration reactions (Ms-Pg + Qz = And + Ab + H3O; Spear,
1993; Ms + Chl = And + Bt + Qz + H0; Pattison et al., 2011). Such
reactions could have liberated W from its mineral host (e.g., muscovite;
Michaud et al., 2021; Zhao et al.,, 2021) and given rise to W
mineralization.
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0 and H isotopic signatures from different stages of mineralization in Pefia do Seo. Oxygen composition of fluids (8'®0gqy;q): quartz (Qtz): Clayton et al., (1972),
muscovite (Ms): O’Neil and Taylor (1967), biotite (Bt) and chlorite (Chl): Zheng (1993). Hydrogen composition of fluids (§Dgyiq): biotite, muscovite: Suzuoki and
Epstein (1976), chlorite: Graham (1984). Temperatures for veins were obtained from fluid inclusions. Temperature for granites and granitoids obtained from zircon

saturation temperature (ZST) (Watson and Harrison, 1983).

Sample  Mineral  Rock Stage  5'°%0 (%0 SMOW) 8D (%0 SMOW)  Hy0  Tmin °C)  Thmax °C)  8'®0puia 6'%0fuia max  8Dgujg min  8Dgyiq
min max
PS-7a Bt Qtz-Schist 0 +9.8 -111.5 8 280 435 5.9 8.4 —39.0 —61.7
PS-16 Bt Granite 0 +9.9 -105.3 3.1 650 750 11.0 11.5 -77.5 -82.1
PS-12 Ms Granitoid I +9.9 -71.5 0.9 620 631 10.8 10.9 —65.7 —66.8
PS-12 Ms Granitoid I +10.2 —~74.3 0.9 620 631 11.1 11.2 —62.9 —64.0
PS-2 Ms W-Sn vein selvage  1I +9.7 —86.3 4.1 280 435 5.8 8.3 -33.1 —56.6
PS-2 Ms W-Sn vein selvage 11 +9.1 -71.7 4.4 280 435 5.2 7.7 -18.5 —42.0
PS-7 Ms W-Sn vein selvage  1II +9.4 —78.6 4.1 280 435 5.5 8.0 —25.4 —48.9
PS-7 Ms W-Sn vein selvage 11 +9.8 —81.7 4 280 435 5.9 8.4 —28.5 -52.0
PS-21 Ms Qtz-sulf. vein 111 +10.4 -99.6 4.3 260 340 6.0 7.9 —-41.5 —59.7
PS-21 Ms Qtz-sulf. vein 111 +10.1 -105.7 4.4 260 340 5.7 7.6 -47.6 -65.8
PS-21 Ms Qtz-sulf. vein 111 +9.7 -80.7 2.4 260 340 5.3 7.2 -22.6 —40.8
PS-21 Ms Qtz-sulf. vein 111 +10.2 -79 3.5 260 340 5.8 7.7 -20.9 —39.1
PS-21 Chl Qtz-sulf. vein 111 +10.7 —67.1 2.1 260 340 6.3 8.2 -9.0 —27.2
PS-21 Chl Qtz-sulf. vein 111 +10.5 —69.4 2.3 260 340 6.1 8.0 -11.3 —-29.5
PS-16 Qtz Granite 0 +12.3 650 750 11.7 12.5
PS-18 Qtz Granite 0 +12.7 650 750 12.1 12.9
PS-16 Qtz Granite 0 +12.4 650 750 11.8 12.6
PS-20 Qtz Granite 0 +11.2 650 750 10.6 11.4
PS-20 Qtz Granite 0 +11.5 650 750 10.9 11.7
PS-12 Qtz Granitoid I +15.0 620 631 14.2 14.3
PS-12 Qtz Granitoid I +15.4 620 631 14.6 14.7
PS-12 Qtz Granitoid I +15.1 620 631 14.3 14.4
PS-1 Qtz W-Sn vein il +12.5 280 435 4.8 8.4
PS-2 Qtz W-Sn vein i +12.7 280 435 5.0 8.6
PS-4 Qtz W-Sn vein il +12.0 280 435 4.3 7.9
PS-7 Qtz W-Sn vein I +13.2 280 435 5.5 9.1
PS-21 Qtz Qtz-sulp. vein 111 +13.3 260 340 4.9 7.7
PS-21 Qtz Qtz-sulp. vein 111 +13.6 260 340 5.2 8.0
PS-21 Qtz Qz-sulp. vein 111 +13.4 260 340 5.0 7.8
peraluminous geochemical signature (Chapter 4.3 in this paper). In Pena
Table 5

534S (%o V-CDT) sulfur isotope data for sulfides from Pefia do Seo.

Sample Mineral §%*S (%o V-CDT)
PS-22 Py - host rock +17.4
PS-22 Py - host rock +17.5
PS-22 Py - host rock +18.6
PS-22 Py - host rock +18.1
PS-10 Py stage I +13.0
PS-10 Py stage [ +13.1
PS-12 Py stage 1 +14.2
PS-10 Apy stage I +15.2
PS-10 Apy stage I +15.0
PS-12 Apy stage I +16.0
PS-1 Ccp stage I +13.6
Ps-1 Ccp stage I +13.0
PS-21 Py stage IIT +35.1
PS-21 Py stage III +37.1
Ps-21 Py stage III +36.8
PS-21 Py stage IIT +38.0
PS-21 Py stage III +37.7

5.2. O-H-S isotopic signature in granites, granitoid breccias and quartz
veins

5180 values higher than 10 %c have been previously described in
Iberian peraluminous granites related to tin deposits (Fernandez-Suarez,
1994; Chicharro et al., 2016), as well as in other granites from Western
Europe (Hoefs and Emmermann, 1983; Jackson et al., 1989; Tartese and
Boulvais, 2010), and indicate that granites evolved from a sedimentary
or metasedimentary protolith (Taylor, 1978), in agreement with their
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do Seo, 6180ﬂuid values decrease with decreasing temperatures obtained
from fluid inclusions (quartz veins) and zircon saturation temperatures
(ZST, granites; Watson and Harrison, 1983; Table 4), whereas 8D values
increase. The §'80-8D plot shown on Fig. 20 includes the fields for the
different types of waters (Sheppard, 1986; Ohmoto, 1986). 580 and 6D
data from fluids in equilibrium with minerals found in the granite
(biotite), in the metamorphic aureola (biotite), in the granitoid breccias
and in the veins from the different stages (muscovite, chlorite) are
plotted. These §'80-8D signatures indicate a fluid evolution from purely
magmatic conditions in the granitoid breccias and the W-bearing veins
towards contact metamorphic conditions in later sulfide-bearing veins.
No input of meteoric fluids is observed (Fig. 20).

As for the 5%*S isotopic data, highly-positive 5>4S values (+13.0 %o to
437 %o) are found in Pena do Seo sulfides. This indicates that marine
sulfur, probably associated to deposition/diagenesis of the Neo-
proterozoic strata in a marine continental environment, could have been
involved. 534S values from pyrite and arsenopyrite in granitoids (stage I)
range between +13.4 %o and +15.2 %o, thus indicating that the source of
sulfur is not magmatic, and that sulfur was probably incorporated into
the magma through melting and/or interaction with Neoproterozoic
schists. Pyrite from the sulfide stage (Py-II, stage III) shows much
heavier 53*S values (+35.1 %o to +37.1%o), higher than most of the
values obtained for sulfides in Northwestern Iberia (Gomez-Fernandez
et al., 2012; Martinez-Abad et al., 2015; Fuertes-Fuente et al., 2016).
Higher values in NW Spain have only been reported for sulfides from
orogenic gold deposits in the Truchas Syncline (Gomez-Fernandez et al.,
2021).
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5.3. Fluid evolution and ore deposition
Three different fluids were identified:

- Type I is a high-temperature (288-442 °C) and moderate salinity
(8.8-13.7 wt% NaCl eq.), HyO-NaCl aqueous fluid, related to the
main W-Sn ore stage (stage II). This fluid probably derived from a
magmatic source, since its salinity is in the range of bulk magmatic
fluids (5-15 wt% NaCl eq.) for pressures between 1 and 2 kbar and
temperatures between 700 and 400 °C (Audétat, 2019). The 5!80-5D
isotope data support this hypothesis (Fig. 20). This fluid corresponds
to the stage II of mineralization, related to the main W-Sn mineral-
ization in quartz veins.

Type I is a high-temperature (262-339 °C) and low salinity aqueous-
carbonic Hy0-CO»-N3-CHy-NaCl fluid (1.9-7.3 wt% NaCl eq.). This
fluid corresponds to the third stage of mineralization, related to
deposition of sulfides.

Type III is an aqueous (HyO-NaCl) fluid, trapped in secondary fluid
inclusions. Therefore, it will not be used to discuss the evolution of
the hydrothermal system.

In Pena do Seo, W and Sn mineralization in veins is linked to a HyO-
NacCl fluid, as only aqueous, carbonic-free inclusions have been found in
W-Sn bearing veins (stage II). Temperature, salinity and the §'%0-8D
isotopic signature allow interpreting a magmatic origin for this fluid.
Ore fluids with similar characteristics have been identified in other W-Sn
deposits worldwide, as in Germany (Korges et al., 2017) and China (Hu
et al., 2012; Ni et al., 2015; Legros et al., 2019), but are uncommon in
deposits in Iberia, where W deposition is generally related to meta-
morphic fluids with CO,-CH4-N3 volatile components (Noronha et al.,
1999; Mangas and Arribas, 1988b; Chicharro et al., 2016). A decrease in
salinity together with a limited decrease of temperature occurred as the
fluid evolved from Type I (stage II) to Type II (stage III), indicating that
dilution could have led to deposition of sulfides in stage III, besides other
mechanisms.

CO; in the Type II fluid might have been formed through fluid-rock
interaction by decarbonation of wallrocks (Lowestern, 2001), but the
absence of carbonates close to the quartz veins rather suggests it must
have formed as a result of oxidation of CHy4, as previously suggested by
Fuertes-Fuente et al. (2000). The origin of CHy is probably in the organic
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matter present in the host metasedimentary sequences, via CO5 reduc-
tion (Roedder, 1984, Dubessy et al., 1989, Wilkinson, 1990; Cepedal
et al., 2013, Tittel et al., 2019). No participation of meteoric fluids has
been found. Sulfide mineralization in stage III is most probably related
to interaction between the magmatic-hydrothermal fluid (Type I) and
the host quartz schists.

Temperature-pressure conditions for the different mineralizing
stages and temperature limits for the different fields have been recon-
structed using fluid inclusion isochores (Fig. 21). Type I fluid circulated
at temperatures between 280 and 450 °C and pressures between 60 and
330 MPa, which are quite common conditions for Sn-W deposits in Spain
(e.g., Chicharro et al., 2016). Evidence of boiling was not found, which
may be explained due to high pressures preventing this process. This
accords well with the intermediate fluid density and moderate salinity
calculated for type I fluid inclusions. Type II fluid circulated at lower
temperatures, between 260 °C and 340 °C, and pressures between 160
and 310 MPa. The §'80-8D values of the fluids in equilibrium with
minerals from this stage (Ms, Chl), which plot in the metamorphic water
field (Fig. 20), indicate participation of either fluids derived from the
metasedimentary host rocks or magmatic fluids that interacted and
partially equilibrated isotopically with the host metamorphic rocks
(Harlaux et al., 2021a).

In Pena do Seo, tin and tungsten were deposited at temperatures
between 435 °C and 270 °C. This is in agreement with Naumov et al.
(2011), which concluded that the optimum temperature range for
cassiterite precipitation is 450-300 °C, and 350-240 °C for wolframite;
also, with Wood and Samson (2000), who reported 200-500 °C and
200-1500 bars as the most favorable P-T ranges for wolframite depo-
sition. Sulfides were deposited in quartz veins at lower temperatures in
the range between 340 and 260 °C. Abundant chlorite is found in veins
containing aquocarbonic inclusions, indicating low-grade contact
metamorphism conditions. CO» is the main constituent of the volatile
phase, whereas N, and CHy4 are found in small amounts. Ny probably
derived from the minerals containing ammonium (NHZ), mainly feld-
spars and micas (Wang et al., 2018).

Thermal metamorphism (in addition to fluid circulation and mobi-
lization) could have partly dehydrated muscovite, a mineral phase that
can have relatively elevated contents of W (Michaud et al., 2021; Zhao
etal., 2021). This would lead to W liberation to the fluids and ultimately,
to the W mineralization. Additional elements (Fe and Mn) are needed for
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wolframite deposition. The source of these elements is still highly
debated. Heinrich (1990) proposes that they are mostly transported as
complexes with ClI: HoWO4 + (Fe,Mn)Cly = (Fe,Mn)WO4 + 2 HCI,
whereas Lecumberri-Sdnchez et al. (2017b) suggest that fluid-rock
interaction is decisive, and Fe and Mn would be mainly leached from
the host rocks into the veins. In Pena do Seo, Mn content in the schists is
relatively high (532 ppm on average), and decreases in altered schists
(371 ppm on average), indicating host quartz schists may have provided
at least part the required Mn for wolframite deposition. Quartz schists
may be the source of Fe for wolframite deposition as well given their
high Fe,03 contents (7.28 wt% on average).

The high abundance of F (and Sn) in the granitoid breccias (Table 1)
indicates that fluorine could have been carried as fluoride-complexes
(Barsukov, 1974; Stemprok, 1982). The enrichment of F in the resid-
ual melt reduces the tendency of Cl to partition into the fluid, thus
making latest exsolving fluids more prone to transport W, and less to
transport Sn (Audétat et al., 2000). Wolframite mineralization only
appears in veins, whereas cassiterite mineralization is mostly found in
granitoid breccias. This different behavior of W and Sn may be explained
by opposed fluid-melt partitioning of both elements, with a marked
preference of W for fluid and of Sn for melt at P-T conditions of 750 °C
and 200 MPa, respectively (Schmidt et al., 2020), which would explain
why Sn content in the granitoid breccias (848 ppm on average) is much
higher than W content (24.5 ppm on average). Nevertheless, the
elevated Sn content of the granitoid breccias could also be explained by
the dehydration melting of biotite, as previously indicated (chapter 5.1,
op. cit.).

As for the mechanisms involved in W and/or Sn deposition, fluid
mixing is the most common in W-Sn deposits worldwide. In the case of
Pena do Seo, we have not found evidence of mixing with meteoric waters
in the ore system, but we cannot exclude the potential role of mixing
between magmatic and metamorphic waters, or the rapid decompres-
sion induced by hydrofracturing of the host metamorphic rocks. Thus,
mechanisms responsible for precipitation of wolframite and cassiterite
are still not fully determined, although several processes (fluid-rock
interaction, mixing, decompression, cooling) could have caused the
precipitation of ore minerals.
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6. Conclusions

Three main phases of mineralization related to at least two types of
fluids are found in the Pena do Seo W-Sn vein-type deposit:

I) The oxide-halide-sulfide stage led to cassiterite-pyrite-fluorite
mineralization (with minor arsenopyrite and chalcopyrite) in
granitoid breccias, related to magmatic-hydrothermal fluids.

II) Wolframite and cassiterite mineralization was related to aqueous
(H20-NaCl) magmatic-hydrothermal fluids, in two substages:
wolframite mineralization in selvages, and wolframite and minor
cassiterite mineralization in quartz veins.

III) Sulfide mineralization was related to (Ho,O-CO>—CH4—Ny-NaCl)
fluids that would have either derived from the metasedimentary
host rocks or resulted from the interaction between magmatic
fluids with the host metamorphic rocks.

Several processes (fluid-rock interaction, fluid mixing, decompres-
sion, cooling) could have triggered tungsten and tin precipitation in
veins during stage II. Fluid dilution observed in the evolution of fluids
was likely the main mechanism driving the deposition of sulfides.

Tin and part of the W mineralization could have been related to the
crystallizing magmas of the Cadafresnas granites and granitoid breccias.
Another part of the W mineralization could have been derived from the
country rock schists via contact metamorphism, partial dehydration
reactions and fluid circulation. Host quartz schists would have supplied
the required Fe and Mn for wolframite and sulfide precipitation. Man-
ganese was probably carried in magmatic-hydrothermal fluids together
with W and Sn.
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