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Abstract: The San Finx W-5n ore deposit is located in the Spanish province of A Corufia (Galicia,
NW Spain). Geologically, it occurs in the Galicia-Tras-os-Montes Zone which is one of the innermost
zones of the Iberian Variscan collisional belt. This ore deposit is characterized by NE-SW trending
quartz-dominated veins with centimeter size hiibnerite and cassiterite. This research focuses on one
sector of this deposit known as Buenaventura. The aim of this work is to present a mineralogical
and petrological characterization of the ore-bearing veins, their host-rocks and associated
hydrothermal alteration. The vein mineralogy is mainly quartz, muscovite, K-feldspar, apatite and
scarce fluorite. The ore minerals are hiibnerite, scheelite and cassiterite with columbite and
ilmenorutile-struverite inclusions, together with sulfides, mainly chalcopyrite and arsenopyrite,
and in less abundance, molybdenite, 16llingite, pyrrhotite, sphalerite, stannite, pyrite, Bi-Pb-Ag
sulfosalts and native bismuth. The main host-rocks are micaschist and paragneiss and two types of
pegmatites, homogeneous pegmatites and banded aplite-pegmatites with columbite. The host rocks
are affected by four types of hydrothermal alterations: tourmalinization, greissenization,
feldspathization and silicification. The more widespread alteration is the feldspathization in which
the protolith is replaced by massive albite and K-feldspar with fibrous habit, accompanied by
apatite, chlorite, rutile, magnetite, hematite, chalcopyrite, and sphalerite. In addition, there are
highly deformed areas with a complex alteration rich in K-feldspar and sulfides, mainly
chalcopyrite, minerals of the stannite group, and sphalerite, in less abundance, bismuthinite, native
bismuth, galena and pyrite. This deposit shares features in terms of geological setting, hydrothermal
alteration and ore assemblages with exogreisen systems formed in the cupolas of highly fractionated
granites in collisional settings.

Keywords: W-Sn ore; tourmalinization; greissenization; feldspathization; columbite-bearing
pegmatites; NW Iberia.

1. Introduction

The demand for tin and tungsten has increased over the last decade, tin due to its variety of uses
in new technologies. Tungsten is a strategic metal that has been on the EU's list of Critical Raw
Materials since it released the first one in 2011. The Sn—-W metallogenic province of the European
Variscan Belt contains numerous Sn-W ore fields associated with highly evolved Variscan S-type
granites. In this work, we focus on an Sn-W deposit, the San Finx Mine (Galicia, Spain), located in
NW Iberia, within the southern part of the above-mentioned metallogenic province. The San Finx
Mine was opened in 1884, being one of the first tungsten mining operations in Europe. Since then,
the mine has closed and reopened several times; it has been in mining operation for the last decade.
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The deposit is a system of ore-bearing quartz veins with a lateral extension of around 3.5 Km [1] and
has been divided into four exploitation areas, the Buenaventura Sector being the earternmost [1,2].
The aim of this work is a mineralogical and petrological characterization of the ore-bearing veins,
their host-rocks and associated hydrothermal alteration in the Buenaventura Sector.

1.1. Geological Setting

The study area is located in the Galicia-Tras-Os-Montes Zone (GTMZ), one of the zones into
which the NW Iberian Variscan belt was divided [3]. The GTMZ comprises a pile of units thrust over
the autochthonous Central Iberian Zone. The San Finx Deposit is located at the bottom of the
allochthonous pile (Figure 1). The tectonic style of the GTMZ is dominated by a thrust regime with
two Variscan deformation events associated with the nappe emplacements. After nappe
emplacements, subvertical axial-plane folds and shear zones typify a last deformation event (D3),
and the emplacement of synkinematic two-mica peraluminous granites, like those outcropping east
of the studied area. A postkinematic, shallow-level granitoid also outcrops south of the San Finx
Deposit. Fault systems related to the late Variscan extensional phase are widespread in the study
area.
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Figure 1. Geological map of the NW Iberian Variscan belt showing the location of the San Finx W-Sn
Deposit in the Galicia-Tras-Os-Montes Zone, modified from [4,5].

2. Materials and Methods

The studied samples were collected from the ore veins and from the different lithotypes
occurring in the underground mine of the Buenaventura sector in the San Finx deposit. The sample
suite was studied by optical and scanning electron microscopy (SEM) using a JEOL-6610LV in
association with an energy dispersive X-ray spectrometer (EDS) for chemical microanalysis (INCA
Energy 350-Xmax 50). Representative samples were chosen for mineral microanalysis using an
electron microprobe (EMP), Cameca SX100. The EMP analytical conditions of phosphates and
silicates were 15 kV, 15 nA, and those of oxides were 10 kV, 30 nA, with an acquisition time of 20s X-
ray peak and background. These analyses were done at the Scientific and Technical Services of the
University of Oviedo (Spain).

3. Results

In the Buenaventura Sector, mica-schist and, less commonly, paragneiss, host ore veins and
pegmatite dykes, and undergo different hydrothermal alterations.
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3.1. Ore veins

The mineralized structures are a system of quartz veins with an average strike of N50E, dipping
around 80° to the South. Most of them have a thickness of around 1-1.5 meters [1,2,6].

As regards vein mineralogy, apart from quartz, the second-most abundant silicate is white mica.
These major components, together with other minerals, infill the veins in a banded distribution
almost parallel to the vein contact (Figure 2a,b). At the edge of the veins, there is a thin layer (<0.5
cm) of fluorapatite, K-feldspar (Figure 3a) and fine-medium grained white mica. The latter is
frequently intergrown with fine-medium grained molybdenite. In addition, pyrite, chalcopyrite,
fluorite and Bi-Pb-Ag sulfosalts occur in minor proportions. From the vein margin towards the centre,
the white mica progressively coarsens and becomes more abundant, forming centimetric bands of
massive coarse-grained white mica accompanied by mangano-fluorapatite, centimetric euhedral
cassiterite and molybdenite. The mangano-fluorapatite, together with chalcopyrite and sphalerite
replace the white mica along cleavage planes. In the vein centre, quartz is by far the most abundant
mineral, followed by sparsely distributed K-feldspar, coarse-grained white mica and fluorapatite.
Centimetric euhedral crystals of wolframite characterize the quartz-rich central part of the veins, as
do cassiterite and sulfides. The latter are chiefly chalcopyrite, arsenopyrite and, in lower quantities,
molybdenite. Here, the mangano-fluorapatite also occurs intergrown with the white mica and
associated with the sulfides. In addition, Mn-richer fluorapatite (Figure 3b) and siderite together with
pyrite fill vugs in the ore veins. The white mica composition trend extends from muscovite to ferro-
aluminoceladonite end-members (Figure 3c) according to the [7] classification.

(b)

Figure 2. Ore veins in the underground mine of the Buenaventura Sector: (a) showing a greissenized

selvage (red arrow); (b) showing centimetric wolframite crystals. Ms: muscovite, Qz: quartz, Kfs: K-
feldspar, Ccp: chalcopyrite, Wol: Wolframite.
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Figure 3. Compositional diagrams of minerals from the ore veins and from the different lithotypes:
(a) Plot of Na (wt%) vs. K (wt%) for K-feldspars; (b) Plot of Mn (wt%) vs. F (wt%) for fluorapatite; (c)
White Mica composition in the classification diagram for K-micas [7]. All data from EMP.
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Where the veins are affected by later faults, the above described minerals are replaced by a
complex alteration assemblage, distinctly rich in sulfides, and mainly characterized by K-feldspar,
clear euhedral quartz and vermicular chlorite.

3.2. Pegmatites

Two types of pegmatite have been differentiated based on the internal structure as well as the
mineralogy, designated banded aplite-pegmatites and homogeneous pegmatites. In some sections of
the Buenaventura underground mine, it is possible to observe the ore veins crosscutting the
homogeneous pegmatites.

The banded aplite-pegmatites are tabular-shaped bodies around 1 m in width. They lie oblique
to the main foliation of the metasedimentary host rocks. The bodies show a banded internal structure
parallel to wallrock contacts, and characterized by two bands, a thicker coarse-grained band
dominated by K-feldspar and an albite-rich fine-grained band. The former is made up of K-feldspar,
quartz, muscovite and, in minor proportion, albite, garnet being an accessory mineral. The albite-rich
band shows a magmatic layering characterized by layers dominated by albite (Abgs-9) laths with a
preferred orientation, and layers dominated by quartz, K-feldspar and muscovite occurring in lower
propotion. The accessory minerals are tourmaline, beryl, fluorapatite and Nb-Ta oxides. EMP
analyses allow us to classify the tourmaline as schorl according to the [8] classification (Figure 4a),
and the Nb-Ta oxides as columbite-(Fe-Mn) (Figure 4b).

The homogenous pegmatites are also tabular-shaped bodies around 2 m in width and lie almost
parallel to the main foliation of the host rocks. They are made up of centimetric crystals of poikilitic
pertitic K-feldspar, albite, quartz and muscovite surrounded by a fine-grained groundmass with the
same mineralogy.

In both pegmatite types, intracrystalline deformation (eg.: deformation twins in albite, undulose
extinction and subgrains in quartz and felsdpars) is a common characteristic of their minerals.
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Figure 4. Mineral chemistry classification diagrams: (a) Tourmaline according to the [8] classification;
(b) Ta—NDb oxides plotted in the columbite—tantalite quadrilateral, Mn/(Mn + Fe) vs. Ta/(Ta + Nb).

3.3. Hydrothermal alterations of the metasedimentary host-rocks

The dominant metasedimentary rock is a two-mica (muscovite-biotite) schist with mica-domains
alternating with quartz-domains. This schist is affected by four types of hydrothermal alterations,
namely tourmalinization, greissenization, feldspathization and silicification.

The tourmalinization sometimes occurs as alteration halos developed along schist-ore vein
contacts. The long axes of the tourmaline are oriented parallel to the main foliation of the mica schist.
Under optical microscopy, the crystals show a colour zoning with blue cores and brown rims. From
EMP analyses, the tourmaline composition varies from dravite cores to schorl rims (Figure 4a). The
borosilicate is accompanied by fluorapatite (Figure 3b) and W-bearing rutile with up to 5 wt % W
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from EMP analyses. [9] also point out the presence of W-rich rutile in tourmalinized wallrock of the
world-class Panasqueira W-5n-(Cu) ore deposit (Portugal).

The greissenization occurs in the selvages of the ore veins (Figure 2a). It is mainly characterized
by aggregates of misoriented fine-grained (20-40 um) white mica which, along with fluorapatite,
clearly overprint the mica schist mineralogy. The white mica composition trend extends from
muscovite to aluminoceladonite end-members (Figure 3c). Pyrite and minor chalcopyrite are also
present. This alteration overprints the tourmalinized wallrocks described above.

The more widespread alteration is the feldspathization that produces fine-grained masses of
albite (Abyr.»9) and K-feldspar. The feldspathized areas are often surrounded by a silicified mica schist
halo (Figure 5a). Where the alteration is not pervasive, it is possible to observe that the schist quartz-
domains are replaced by idiomorphic albite whereas the schist mica-domains are replaced by K-
feldspar with a fibrous habit and by chlorite with some biotite relicts. In areas of pervasive
feldspathization, the metamorphic fabric is unrecognizable, and the albite coarsens and increases its
proportion with regards to that of the K-feldspar, locally forming albitites. In addition, strong
intracrystalline deformation in the feldspars is noticeable. The main accessory minerals are
fluorapatite (Figure 3b) and zircon, together with oxides and sulfides. The last two are rutile,
hematite, magnetite, sphalerite and chalcopyrite. These minerals often occur as assemblages of
subidiomorphic to idiomorphic crystals in which hematite and magnetite are embedded by
chalcopyrite and sphalerite. EMP analyses of the rutile, which usually occurs associated with the
hematite, show between 0.3 and 1.8 wt % Nb. In areas of pervasive feldspathization, local breccias
occur with a later generation of coarser-grained and purest albite (Abw) overgrowing the
feldspathized clasts, which have chlorite filling open spaces (Figure 5b). The breccia cement is
vermicular chlorite and coarse-grained clear subeuhedral-euhedral quartz together with scarcer
fluorite and pyrite. Siderite and K-feldspar, frequently showing cross-hatched twinning, together
with the mineral assemblage of this cement also occur as vug infills in feldspathized areas without
brecciation. From EMP data, chlorite in the feldspathized areas is mainly pycnochlorite whereas in
breccias is iron-richer ripidiolite, according to the [10] classification.

(b)

Figure 5. Feldspathized areas in the underground mine of the Buenaventura Sector: (a) partly
feldspathized mica schist surrounded by a halo of silicification (red arrow). (b) breccia of
feldspathized clasts in a cement of chlorite and quartz. Note a later albite-rim around the central clast.
Ab: albite, Qz: quartz, Kfs: K-feldspar, Chl: chlorite.

3.4. Ore paragenesis

The main ore minerals are wolframite and cassiterite with inclusions of Nb-Ta-Ti oxides,
together with sulfides, mainly chalcopyrite and arsenopyrite, and molybdenite, sphalerite and
stannite in lower proportion. Pyrite, 16llingite, pyrrhotite, Bi-Pb-Ag sulfosalts, native bismuth,
bismuthinite and galena occur in minor quantities
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3.4.1. Wolframite and cassiterite.

Wolframite mainly occurs in the quartz-rich central part of the veins (Figure 2b). From EMP
analyses, this oxide is the Mn-rich member hiibnerite with an average structural formula
(Mno71Feo.2sNboo1)WOa. It is often replaced by scheelite.

As regards cassiterite, two stages of deposition have been distinguished. The volumetrically
most important is represented by the euhedral centimetric cassiterite crystals (Csti) of the ore veins.
A later stage is characterized by dendritic aggregates of fine-grained cassiterite (Cst2) embedded in
euhedral clear quartz in the aforementioned complex alteration assemblage that locally replaced the
ore vein.

The cassiterite Cst: shows optical zoning and EMP analyses reveal to be quite pure with low
contents of Nb (0.5-0.8 wt%), Ta (0.2 w %), Fe (0.2 wt%) and Ti (0.1 wt %). It has abundant tiny (<
100um) inclusions of Nb-Ta-Ti oxides. EMP and SEM-EDS analyses allow us to classify some of them
as columbite-(Fe) and columbite-(Mn) (Figure 4b). In addition, some inclusions are aggregates of
columbite and a member of the ilmenorutile-striiverite series closer to the Ta-rich member (Figure
6a). The calculated structural formula is (TiozsFeo10Tao.0sNbo.04Sno.o1)x1.0002. However, it must be taken
with caution since it has been calculated from SEM-EDS analyses in tiny inclusions in cassiterite. The
cassiterite Cstz is inclusion-free and only minor Ta contents (0.7 wt %) were detected by SEM-EDS
analyses. This cassiterite is associated with iron-poor sphalerite, lower than 2 wt% Fe, from SEM-EDS
data.

3.4.2. Chalcopyrite

Chalcopyrite is the most abundant sulfide and sometimes occurs as coarse-grained crystals and
aggregates (centimetric in size) enclosing abundant inclusions of other sulfides, mainly sphalerite
and stannite (Figure 6b). Relicts of the cassiterite Cst1 embedded in and partially replaced by the
chalcopyrite are common (Figure 6¢). The stannite occurs in bands as fine-grained acicular inclusions
with some scattered rounded inclusions (Figure 6b). Moreover, there are coarser-grained sub-
rounded aggregates of this mineral, with fine-grained sphalerite inclusions mainly located at the
contact with the surrounding chalcopyrite. BSE images and SEM-EDS analyses show that it is a Zn-
rich member of the stannite group, probably zincian stannite, with a compositional zoning
characterized by a decrease in Zn and increase in Fe towards the border of the crystals (Figure 7a).
This supports the idea that the sphalerite inclusions at the border are an exolution product of the
stannite. Coarse-grained sphalerite also occurs embedded in chalcopyrite with abundant rounded
inclusions of the latter sulfide (Figure 6c). From SEM-EDS analyses, this sphalerite has contents of
around 4 wt% Fe. Some pyrite and molybdenite also occur surrounded by the chalcopyrite.
Moreover, chalcopyrite has micrometre-scale inclusions of bismuthinite, and of galena intergrown
with native bismuth. Galena has around 1 wt % of selenium from SEM-EDS analyses.

ol

Ccp+Sp

o S, -

Figure 6. BSE images of the ore paragenesis: (a) Inclusions of Nb-Ta-Ti oxides in cassiterite; (b)
Chalcopyrite with inclusions of other sulfides and cassiterite. (c) The enlarged field of (b) image
showing cassiterite partially replaced by the chalcopyrite. Irt-Stv: member of ilmenorutile—striiverite
series, Col: columbite, Cst: cassiterite, Ccp: chalcopyrite, Stn: stannite, Sp: sphalerite.
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3.4.3. Arsenopyrite

Arsenopyrite often occurs near tourmaline, in tourmaline-rich vein selvages as well as in
disrupted fragments of tourmalinized wallrock enclosed in the ore veins.

This mineral has 16llingite relicts and abundant inclusions of chalcopyrite, pyrrothite, sphalerite,
stannite and micrometer-scale native bismuth. In some inclusions, pyrrothite forms aggregates with
sphalerite and stannite. The sphalerite has around 10 wt% Fe from SEM-EDS analyses. The 16llingite
has contents of around 1.5 wt % Ni and up to 0.8 wt% Co, and up to 2.8 wt % S from SEM-EDS
analyses. From the BSE images (Figure 7b), it is possible to distinguish a first stage of Ni-Co-bearing
16llingite, demarcated by native bismuth inclusions, surrounded by a second stage of S-richer
16llingite.

1.95 wt% S

:

°.0.51 wt% S

Apy ’ /

1.54 wt%'S

Figure 7. SEM-EDS data and BSE images of the ore paragenesis: (a) Compositional zoning of stannite
with decrease in Zn and increase in Fe towards the border of the crystal; (b) A 16llingite relict in
arsenopyrite showing an earlier 16llingite, demarcated by native bismuth inclusions, surrounded by
a later S-richer 16llingite. Apy: arsenopyrite, Lo: 16llingite, Bi: native bismuth.

4. Discussion and Conclusions

The results of this study provide a tentative paragenetic sequence with an earlier oxide stage
and later sulfide stage. The former is characterized by the precipitation of cassiterite (Cst1), hiibnerite,
columbite (Fe)-(Mn) and Nb-Ta rutile (probably striiverite). In the sulfide stage, two major mineral
assemblages, one characterized by As-Fe-+S (Zn-Cu-Sn) and the other by Cu-Fe-5-(Mo-Zn-5n), are
distinguished. In the former, Ni-Co bearing 16llingite is the earliest phase, which is replaced by
arsenopyrite. Arsenopyrite is the dominant sulfide and intergrows with pyrrhotite, Fe-rich sphalerite,
stannite and chalcopyrite. During the deposition of this mineral assemblage the ore related fluids
would have progressed from lower to higher sulphur fugacities, which favoured the precipitation of
sphalerite rich in Fe and pyrrhotite. The Cu-Fe-S5-(Mo-Zn-Sn) mineral assemblage characterizes the
main stage of sulfide precipitation dominated by chalcopyrite together with molybdenite, sphalerite
and stannite. A later stage of ore deposition is documented by the dendritic aggregates of fine-grained
cassiterite (Cst2) together with iron-poorer sphalerite. A quite similar paragenetic sequence is
proposed for the Logrosan Sn-(W) deposit (Spain) by [11]. The greissenization is related to the main
ore precipitation. However, the spatial association between arsenopyrite and the tourmalinization
may support the idea that 16llingite and arsenopyrite precipitated pre-syn the oxide stage, since
greissenization overprints local tourmalinized selvages. The feldspathization may contribute to an
enrichment in Fe-Cu-Zn in the deposit. The cross-cutting relationships in the mine galleries are not
clear enough to assert whether the feldspathization was earlier or later than the other alterations.
Finally, the studied pegmatites are probably related to the ore system, the columbite of these bodies
being the earliest oxide.
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The Buenaventura Sector of the San Finx W-Sn deposit (NW Spain) shares features in terms of
geological setting, hydrothermal alteration and ore assemblages with exogreissen systems formed in
the cupolas of highly fractionated granites in collisional settings.
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