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Abstract 
Tungsten is listed on the European Commission list of critical raw materials that are crucial to Europe’s 
economy. By raising awareness of tungsten as a critical raw material the EU can prioritise to enhance 
exploration, mining and recycling of tungsten. In this thesis the structural relationship between wall 
rock and veins, in a greisen-tungsten vein deposit, were analysed with the intention to interpret how 
tectonic deformation events control the emplacement of tungsten-bearing veins. The objective of this 
thesis is to investigate if and how structures controlled hydrothermal fluid flow and ore formation in 
the Peña del Seo tungsten-greisen vein deposit.  

Greisen systems are associated with tin and tungsten-bearing minerals and are related to intrusive 
magmatic bodies of granitic composition. Greisen-related granites (leucogranites), form at shallow 
depths in the crust (1.5-4 km) generally in intracontinental tectonic settings such as orogenic belts.  

The study site is located in the West Asturian-Leonese Zone in northwest Spain. This zone marks the 
transition between the foreland and the hinterland and is recognized as being part of a continental 
margin, where Palaeozoic rocks were deposited unconformably. These rocks were subsequently 
subjected to folding during the Variscan orogeny (370-290 Ma). Three main types of structures were 
generated due to three deformational phases (D1, D2 and D3) during the Variscan orogeny. D1 resulted 
in east-verging recumbent folding and formation of a related axial-planar parallel cleavage (S1), D2 
resulted in displacement along large thrust sheets and D3 produced upright folding and refolding of F1 
folds.  

Geological mapping with a focus on structural geology was carried out in March 2019, covering an area 
of approximately 0.25 km2. Structural measurements and oriented rock samples for microstructural 
study in thin sections were collected in the field. Additionally, photogrammetric mapping of structures 
was performed on a 3D photogrammetry model derived from a UAS survey. 

The geometry of the Peña del Seo tungsten-greisen vein deposit is interpreted to result from two major 
deformation events. The axial planar foliation (S1) at Peña del Seo is correlated to the regional fabric 
that developed during D1 of the Variscan orogeny. The related F1 folds are caused by buckling 
accompanied by flexural slip folding mechanism during D1. Forceful intrusion of the granite underlying 
the Peña del Seo deposit caused bending of the overlying rocks layers during D2. Layer-parallel 
stretching is likely to have caused tension fractures perpendicular to bedding in the outer arc of the F2 
fold hinge. The formation of local crenulation and related spaced cleavage can be explained by layer-
parallel shortening in the inner arc of the F2-fold. Local transposition of S1-foliation occurred during 
emplacement of quartz veins and explains the different orientation of strike of foliation between the 
northern and southern parts of the area. Fractures forming during formation of F2-fold are likely to 
have worked as conduits for ascending hydrothermal, ore-bearing fluids forming the Peña del Seo 
tungsten-greisen vein deposit.  

 

Keywords: Vein deposit, Greisen, Tungsten 
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1 Introduction 
 

Every few years the European Commission publishes a list of critical raw materials crucial to Europe’s 
economy. In 2017, 27 materials were listed, among these tungsten (W) (European Commission, 2019).  
Tungsten is an important mineral with characteristics making it difficult to substitute. Tungsten is a key 
component in steel manufacturing and due to its hardness and high density it is has military 
applications in projectiles (European Commission, 2017). Tungsten can be found in a variety of 
different deposit types, such as vein/stockwork, porphyry, skarns, disseminated and stratabound 
deposits (Schubert et al., 2006). Grades in vein deposits are typically low ranging from 0.3 to 1.5 WO3 

(Sinclair, 1995). Mining of the irregular masses and/or narrow veins introduces difficulties related to 
grade control and resource evaluation (EIT RawMaterials, 2019). By raising awareness to critical raw 
materials, the EU can enhance exploration, mining and recycling of tungsten within the union 
(European Commission, 2019). As vein deposits in general are usually controlled by geological 
structures, understanding the structural framework and geometry of vein deposits is a useful tool in 
optimising future exploration for these types of deposits. 

Formation of tungsten-greisen vein deposits requires mechanical controls keeping fluid-interactions 
contained to a relatively small volume of rock (Roberts et al., 1998), along with favourable composition 
of the hydrothermal fluids (Burt, 1981; Heinrich, 1990; Paterson et al, 1981; Witt, 1988).  

The term greisen refers to an altered rock mainly consisting of quartz and muscovite (Burt, 1981). 
Greisen systems are associated with Sn, W, U, Mo, Be, Bi, Li and F - bearing minerals and are related 
to intrusive magmatic bodies (Shcherba, 1970). Greisenisation takes place due to accumulation of 
hydrothermal fluids towards the outer and upper part of the intrusive body. Greisenisation occurs 
within the intrusive body (endogreisen) as well as veins in the surrounding country rock (exogreisen) 
(Shcherba, 1970). Greisen-related granites (leucogranites), form at shallow depths in the crust (1.5-4 
km), generally in intracontinental tectonic settings such as orogenic belts where the crust is thick 
(Shcherba, 1970; Sinclair, 1995), and at temperatures ranging from 300 ˚C to over 600 ˚C (Witt, 1988).   

Tungsten vein deposits around the world display similar features (Victor, 1956; Hsu, 1943); 1) 
Mineralised veins are found in the vicinity of granitic outcrops, 2) Deposits occur in orogenic belts, 3) 
Steeply subparallel joints cut through the overlaying metasedimentary (phyllites, schist and slates) 
bedrock, 4) Joint sets have partly been filled with quartz and wolframite, 5) Joints and veins cut 
foliation in their host rock, and  6) Mineralised veins are interpreted as tension fractures. 

Fractures, bedding and foliation in metamorphic rocks introduce strength anisotropies to the rock 
body. Considering rock in the brittle domain (upper level of the crust), planar feature of foliation 
represents planes of weakness that have tensile strengths across them that are usually considerably 
lower than other directions in the rock (Brisbin, 1986). Variations in rock strength, tensile strength in 
the brittle domain and ductile strength in the ductile domain, play a part in controlling orientation of 
intrusions (Brisbin, 1986), and preferred propagation of veins. Sinclair (1995) recognises the 
importance of structural control on vein type tin-tungsten deposits. During progressive crystallization 
of the magma internal pressure builds up. If the surrounding rock has low confining strength, metal-
bearing fluids can escape from the magma into weakness planes (e.g. fractures) to form vein deposits 
(Sinclair, 1995). 

This study deals with the structural characteristics of the Peña del Seo tungsten-greisen vein deposit. 
The deposit occurs in Precambrian pelitic schist (Hurtado, 1977b) within the West Asturian-Leonese 
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Zone in northwest Spain. Tungsten and tin mineralisation’s in this zone are associated with late to post-
tectonic Variscan leucogranites, emplaced 290-285 Ma (Fernández-Suárez et al., 2000). 

During the 1940-1950’s the area of Peña del Seo was an active mine site (Info Bierzo, 2014), where 
wolframite was mined in drifts on the northeast face of the deposit. Production ceased in 1958  (Info 
Bierzo, 2014) and  today the mine is still abandoned. There is no previous public study on the deposit, 
although some exploration was conducted during 2013-2016 by the Australian company Sierra mining 
Ltd. The exploration campaign indicates that wolframite disappears at depth and instead a scheelite 
(tungsten with calcium) deposit appears (Oria, 2017). The grade has been estimated to 1.35 Mt with 
0.25 % WO3 and 0.05 % Sn (Weissman, 2019).  

The objective of this thesis is to investigate if and how structures controlled hydrothermal fluid flow 
and ore formation in Peña del Seo tungsten-greisen vein deposit.  The structural relationship between 
wall rock and veins were analysed, with the intention to link kinematics and tectonic events to vein 
development and ore deposition. Structures were analysed in the field, using digital mapping 
techniques as well as UAS survey photogrammetry. Field investigations were accompanied by thin 
section analysis and structural analysis. 

 

2 Geology of the West Asturian-Leonese Zone 
 

The West Asturian-Leonese Zone marks the transition between the foreland to the east and the 
hinterland to the west and has been recognised as being part of a continental margin, where a thick 
(11000 m; Pérez-Estaún et al., 1990) sequence of Palaeozoic, mainly shallow-water sediments were 
deposited unconformably. These sedimentary rocks were folded and metamorphosed during the 
Variscan orogeny (370-290 Ma; Pérez-Estaún et al., 1990). 

 

2.1 Structural evolution of the West Asturian-Leonese Zone  
Processes responsible for the structural evolution seen in West Asturian-Leonese Zone started in early 
Palaeozoic when Avalonia rifted away from Gondwana (Sánchez-García et al., 2008) which led to the 
opening of the Rheic ocean (Murphy et al., 2006).  The Variscan orogeny in Spain began in the late 
Palaeozoic, as the Rheic ocean closed (Nance et al., 2012) due to convergence between the continents 
Gondwana and Laurussia (Martínez Catalán et al., 2007). From Ordovician to middle Devonian, the 
northwest Iberian Massif was part of a passive margin, with active subduction taking place (Kroner and 
Romer, 2013) eventually leading to the formation of Pangea and the Variscan orogeny (Martínez 
Catalán et al., 2007). Three main structures generated due to three deformational phases (D1, D2 and 
D3) are seen in West Asturian-Leonese Zone (Martínez Catalán et al., 1990).  

The first compressional deformation phase (D1) produced east-verging recumbent folds (Martínez 
Catalán et al., 2007). A penetrative axial planar parallel cleavage (S1) developed together with several 
minor folds (Martínez Catalán et al., 1990; Martínez Catalán et al., 2007). The Mondoñedo-Lugo-Sarria 
anticline and the Vilaoudrid syncline are examples of large, recumbent F1-folds within the West 
Asturian-Leonese Zone (Bastida et al.,1986; Martínez Catalán et al., 1990). Both minor and major F1-
folds within the West Asturian-Leonese Zone display fairly constant amplitudes and wavelengths 
(Martínez Catalán et al., 1990), characteristics which are associated with a buckling mechanism (Davies 
and Reynolds, 2006). Interlimb angle decreases and amplitude increases towards the west (Bastida, 

https://www.infobierzo.com/la-compania-australiana-sierra-mining-company-busca-una-nueva-veta-de-wolfram-en-la-pena-del-seo/137715/
https://www.infobierzo.com/la-compania-australiana-sierra-mining-company-busca-una-nueva-veta-de-wolfram-en-la-pena-del-seo/137715/
https://www.infobierzo.com/la-compania-australiana-sierra-mining-company-busca-una-nueva-veta-de-wolfram-en-la-pena-del-seo/137715/
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1980), these changes in characteristics mirrors differences in deformation intensity, where the western 
part of West Asturian-Leonese Zone was subjected to more intense deformation (Bastida et al., 1986). 

The second deformation phase (D2) is characterized by large thrust sheets. These are believed to have 
formed in response to shortening in the inner parts of Gondwana due to locking of the subduction 
zone at the outermost edge of the continent (Martínez Catalán et al., 2007). The large recumbent F1-
folds in the Mondoñedo thrust sheet were thrusted towards east by sub horizontal shearing (Bastida 
et al., 1986). D2 also gave rise to small folds, tension gashes, and breccias in quarzitic rocks and 
crenulation cleavage (S2) in meta pelites (Martínez Catalán et al., 1990).    

The third deformation phase (D3), involved refolding of earlier structures (S1) and produced large open 
folds with the same vergence as F1-folds.  Minor folds and local (S3) crenulation cleavage also 
developed during D3 (Martínez Catalán et al., 2007). 

After the main three compressional events the area experienced a phase of extension (Martínez 
Catalán, 2007) resulting in faulting and magmatism (Fernandes- Suarez et al., 2000). The Viveiro fault 
is a post-D3 fault, related to late orogenic extension, cutting across the D3-structure of the Mondoñedo 
nappe (Martínez Catalán, 2007). 

 
2.2 Metamorphism and magmatism in the West Asturian-Leonese Zone 
Metamorphism in the West Asturian-Leonese Zone is syn-deformational although there is some 
thermal metamorphism that can be linked to the intrusions of post-tectonic granitoids (Corretgé et al., 
1990; Fernandes- Suarez et al., 2000). Metamorphism within the West Asturian-Leonese Zone range 
from greenschist to amphibolite facies and increases towards the western part where granitic rocks 
become abundant (Martínez Catalán et al., 2007).  

Magmatic activity in the West Asturian-Leonese Zone mostly consists of small plutons and stocks which 
are restricted to the thermal metamorphic belts of Vivero-Lugo-Sarria and the Boal-Los Ancares 
(Corretgé et al., 1990; Suarez et al., 1990). Syn-tectonic aluminous leucogranites are found within the 
Mondoñedo nappe domain. They cut across F1-folds and intrude from west to east following the 
direction of the basal thrust (D2) into the Mondoñedo nappe (Corretgé et al., 1990). Post-tectonic calc-
alkaline granites intruded after the third deformation phase (D3) and are only affected by late 
extensional fractures (Corretgé et al., 1990). Granites found in the Boal-Los Ancares belt are mainly 
small plutons of S-type aluminous leucogranites associated with tungsten deposits (Corretgé et al., 
1990).  
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Figure 1. Simplified geologic map of the West Asturian-Leonese Zone (modified from Rodríguez-Terente et al. 2018). 

 
2.3 Geology of the deposit 
Peña del Seo is located approximately 30 km to the west of the city Ponferrada, Léon, Spain. The vein-
style tungsten-deposit is marked as an abandoned mine in figure 2 and is hosted in Precambrian pelitic 
schist.  Lithologies bordering the schist, in a north-east direction are: Cambrian sandstones, slates and 
quartzites, Cambrian slates, and Cambrian limestones and dolomites. Granitic bodies of porphyry type 
outcrop less than 1 km to the northeast of the deposit. Peña del Seo is situated on an anticline with 
north-east vergence and minor folds imposed on it (Hurtado, 1977b). Fold-axes in the area generally 
strike northwest-southeast while faults strike northeast-southwest, as do the subvolcanic dykes 
composed of quartz and silicified rocks. Foliation at the northern side of the mountain strike 
northwest-southeast, while the foliation on the south side of the mountain strikes northeast-
southwest (Hurtado, 1977b).  
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Figure 2. Local geology of Peña del Seo tungsten-greisen vein deposit (modified after Hurtado, 1977b). 
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3 Methods 
 

In this study the structural relationship between greisen veins and their wall rock was investigated, 
with the aim to link kinematics and tectonic events to vein development and ore deposition.  

During 5 days in March 2019 geological mapping with a structural focus was undertaken, covering an 
area of approximately 0,25 km2. 88 structural measurements were collected using a KRANTZ structural 
compass, and an iPad mini device using the Field Move app (Petroleum Experts Ltd.). All structural data 
were digitised on the iPad mini device. 60 dip angle/dip direction of joints and veins and 28 foliation 
strike readings were recorded in the field.  Structural analysis was achieved with the aid of the software 
packages Move 2017 (Petroleum Experts Ltd.), and ArcMap (ESRI) where maps were created. 

The DJI Mavic Pro UAS, equipped with camera and GPS, was used to take GPS-tagged photos over Peña 
del Seo. Due to the distinct topographic relief, photos were taken approx. perpendicular to the ground. 
The Agisoft software package was later used to construct a 3D photogrammetry model of the area 
(Appendix 1). The 3D reconstruction was imported in Move 2017 to visualise the data in a 3D mode 
and allow for 3D structural analysis.  

Five oriented rock samples (M01-M05) of the Precambrian pelitic schist were collected from different 
parts of Peña del Seo. Coordinates, in WGS84, for each sample are provided in table 1. 

Table 1. Coordinates given in WGS84 along with altitude (meters above mean sea level) of the sample locations. 

Sample ID Latitude (WGS84)                 Longitude (WGS84) Altitude (meters 
above mean sea level) 

M05 42° 34' 50.66"    006° 56' 25.52" 1221 
M02 42° 34' 50.66"    006° 56' 25.52" 1221 
M01 42° 34' 52.01"    006° 56' 32.89" 1307 
M04 42° 34' 45.03"    006° 56' 45.86" 1573 
M03 42° 34' 34.17"    006° 56' 37.14" 1418 

 

The samples were oriented in the field by marking a north arrow together with two horizontal lines, 
allowing for preparation of oriented thin sections. Samples M01, M02, M04 and M05 were cut 
perpendicular to foliation for structural analysis. Sample M03 showed foliation as well as a lineation in 
hand specimen and were cut perpendicular to foliation and along lineation.  Polished thin sections of 
all samples were prepared by Precision Petrographics, Canada. Microstructural investigations were 
performed using a conventional petrographic polarisation microscope with a digital camera (NIKON 
ECLIPSE E600 POL). 

4 Results 
4.1 Mapping 
The dimensions of the mapped area are approximately 700 x 400 meters, ranging over a vertical extend 
of 350 meters. Joints within the mapped area form a systematic pattern, with subparallel joints dipping 
steeply (75-85°) towards southeast and strike northeast-southwest (Fig. 3). The joints on the north side 
of the Peña del Seo deposit are generally filled with quartz (quartz veins).  On the north side of Peña 
del Seo deposit joints and veins cut across foliation almost at right angle (e.g. Fig. 4a), while on the 
south side joints and veins appear to be oriented subparallel to foliation (Fig. 5a). Quartz veins in the 
lower part of the mapped area (1200 meters above mean sea level; mamsl) are between 5-30 cm wide 
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and display massive and milky quartz along with prominent muscovite selvages (Fig. 4a). Wolframite is 
observed as 0.5-1 cm long tabular crystals in quartz inside the drifts of the lower part of the mapped 
area. Higher up in the joint system (1500 mamsl) quartz is observed as thin (0,1-1 cm wide) veins and 
veinlets that lack muscovite selvages. Quartz and mica crystals are oriented almost perpendicular to 
the vein walls and does not appear to curve.  Quartz veins to the north and the south of the northwest 
face of Peña del Seo appear bent (Fig. 4d and Fig. 5a). Another set of veins and veinlets that are formed 
parallel to the planes of foliation were also observed. These veins appear to be bent and offset by 
shearing. The two sets of veins are almost at right angles to each other Fig 4b). One fault was 
discovered on the northeast face and a displacement of about 25 cm was observed (Fig. 4c).  

The Precambrian pelitic schist display minor parasitic folds with axial surfaces parallel to S1-foliation 
(Fig. 4e, Fig. 5a; 5b). Therefore, we assign these folds to the F1 folding phase. S1-foliation was 
furthermore affected by F2 kink bending and open folding (Fig. 4d; 4e, Fig 5a).  

Two orientations of S1-foliations have been observed at Peña del Seo with a general strike of foliation 
oriented in a northeast-southwest direction on the south side of the mountain and in a northwest-
southeast direction on the north side of mountain (Fig. 6). 

 

Figure 3. Lower hemisphere, equal area stereographic projection showing joint (left) N=37 and vein (right) N=23 orientations.  
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Figure 4. Structures observed on the north side of Peña del Seo. a) Quartz vein inside a drift displaying massive quartz veins 
with prominent muscovite selvages dipping 85° towards southeast. b) Large quartz vein with dip 75° towards southeast and 
cut the horizontal veinlets that are part of the S1-foliation. c) 25 cm displacement of quartz vein (width 20 cm) by a brittle 
fault, the quartz vein to the left in the picture dip 65° towards south-southeast. d) F2-folded S1-foliation and foliation parallel 
veins observed at the north-east side of Peña del Seo. e) Hinge of small F1-fold marked by dashed line, and small F2 kink fold 
marked by solid red line, with the plane dipping 75° towards southeast. 
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Figure 5. Structures observed on the south side of the Peña del Seo. a) S1-foliation and sub-parallel- quartz veins overprinted 
by folding. Solid red line marks kink folding in the pelitic schist. B) fold-axis of minor F1 folds marked by red line. 
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Figure 6. S1-foliation of the northern side of the Peña del Seo deposit strikes northwest-southeast and northeast-southwest 
on the southern side. 
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4.2 Microscopy 
Hand specimen and photomicrographs of thin sections of samples M01-M05 are displayed in figure 
7a-o. The arrow on hand specimen points to the north (Fig 7a; 7d; 7g; 7j; 7m). Samples M01-M05 are 
all fine grained and low-grade metamorphic rocks made up by schist. Sample M05 and M02 were 
collected from the north side of the Peña del Seo deposit, at the lowest mapped altitude from within 
the mining drift at approximately 1200 mamsl. M01 is also from the northern side of the mountain, 
collected on at approximately 1300 mamsl. M04 is from the top on the southern side (approximately 
1500 mamsl) of the Peña del Seo deposit and M03 is from the southern side of the deposit 
(approximately 1400 mamsl). 

S0 is observed in sample M04 and is a compositional bedding that has been folded by F1 with an axial 
planar parallel (Fig. 7n), penetrative S1-foliation. The S1-foliation was later refolded by F2 in open folds 
(Fig. 7k) generating crenulation S2 (Fig. 7c; 7f) in the inner arc of the fold and tension fractures (Fig. 7k) 
oriented perpendicular to S1-foliation in the outer arc. The different orientation of S1-foliation between 
the north and the south part of the mapped area is observed also in thin sections. In the samples 
collected on the south part (M03-M04) of the mapped area is oriented northwest-southeast (Fig. 7k; 
7l; 7n; 7o)  while S1-foliation in sample M01,  collected on the north part of the mapped area, is 
oriented in a north-south direction (Fig. 7h) quartz grains with triple junctions appear in droplet-
formed lenses that stretches in S1-foliation direction (Fig. 7i). S1-foliation is oriented in an east-west 
direction in sample M05 and M02 (Fig. 7c; 7e; 7f) and S2 is oriented north-south (Fig. 7c; 7f). Amphibole 
porphyroblasts grows in fold hinges and along the S2 crenulation (Fig. 7c). 

Muscovite in veins grows from the wall rock contact into the vein (Fig. 4a, Fig 7a). Crystals are small at 
the contact and grows lager further towards the centre of the vein where quartz is deposited (Fig.  7b). 
Quartz grains show the same inward growing-trend towards the centre of the vein (Fig 7b).  
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5 Discussion 
 

It has been established that foliation in metamorphic rocks form perpendicular to maximum 
compressive (local) stress and joints form perpendicular to the maximum tensional stress (Davis and 
Reynolds, 1996). Furthermore, it has been widely accepted that crenulation cleavage is proof of two 
deformational events, where the different orientated stress fields are recorded in the rock fabric 
(Passchier, 2005). At the Peña del Seo greisen-tungsten vein deposit, several generations of 
overprinting structural features related both to tensional and compressional stresses are observed, 
therefore two mechanisms are believed to have generated the structures seen at Peña del Seo 
tungsten-greisen vein deposit. 

5.1 Buckling during D1 

The earliest recorded structures at Peña del Seo is a compositional primary bedding (Fig. 7n) that has 
been folded into a large, recumbent fold (Hurtado, 1977a) with smaller parasitic folds (e.g. Fig. 4e, Fig 
7n). An axial planar parallel cleavage has been here assigned S1 and can be correlated to the regional 
F1-folding (Martínez Catalán et al., 1990). During this compressional tectonic phase folds were 
generated due to buckling and an axial planar foliation (S1; observed in field) developed as a response 
to the compressional stress field (Fig. 8).  

Figure 7. Hand specimen and photomicrographs of thin sections of samples M01-M05. a) Sample M05 hand specimen (black 
arrow pointing to north) display quartz vein with muscovite selvages that intersect foliations of wall rock. b) Sample M05 
displaying vein and wall rock contact. c) Sample M05 displaying S2 crenulation cleavage overprinting mica-rich S1-foliation. 

Amphibole porphyroblasts growing with foliations. d) Sample M02 hand specimen (black arrow pointing to north) showing 
distinct S1-foliation. e) Sample M02, matrix made up by chlorite and micas and S1 is oriented approximately east-west f) Sample 
M02 display crenulation cleavage where S2 is oriented south-north. g) Hand specimen of sample M01 (white arrow pointing 
to north). h) Sample M01 displays a fine matrix of chlorite and micas with droplet formed quartz lenses, north-south oriented 
S1-foliation. I) Sample M01 close-up on quartz lens showing triple junctions in statically recrystallized quartz. j) Hand specimen 
of sample M03 (black arrow pointing to north). k) Sample M03 northwest-southeast oriented S1-foliation observed displaying 
weak bending. l) Sample M03 displaying folded bedding (S0) and related axial planar S1-foliation, northwest-southeast 
orientation. m) Hand specimen of sample M04 (black arrow pointing to north). n) Sample M04 displaying folding of S0 and 
related S1 axial planar foliation, oriented northeast-southwest, in less competent layer. o) Sample M04 displaying spaced 
foliation (S1) oriented northeast-southwest, quartz-rich domains are separated by mica-rich domains. 
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Figure 8. Layer-parallel shortening, due to compressional stress, resulting in folding of compositional primary bedding (S0) and 
S1-foliation (alignment of platy minerals) perpendicular to the direction of stress (modified from Passchier, 2005). 

 

5.2 Granite intrusion and bending during D2 

It is observable that S1-foliation is folded into open F2-folds and local F2-crenulation. Crenulation is 
exclusively observable in the lowest part of the system close to the granite body. Also, F2-folding 
decreases away from the intrusion. We therefore interpret F2-folding as bending resulting from a 
forceful intrusion of the granite body. The systematic joint set observed at the Peña del Seo greisen-
tungsten vein deposit is interpreted to have formed due to tensile stress caused by extension in the 
outer arc of a bend-related fold (Fig. 9).  

Figure 9. Layer parallel stretching in outer arc of the fold and layer parallel shortening in the inner arc due to bending in rock 
layers (Davies and Reynolds and references therein, 1996) 
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The fact that the samples from the tunnel (M05 and M02) displays crenulation cleavage, whereas the 
rest of the samples (M01, M03 and M04) does not, leads to the assumption that crenulation is an effect 
of inner-arc compression within the same bend-fold. During progressive growing, during the time of 
emplacement, the magmatic body is likely to have caused lifting and thereby bending to overlaying 
rock layers (Fig. 10). Stress from the intrusion was directed at high angles to overlaying rock, causing 
shortening and crenulation in rocks near the intrusion and extension accompanied by fracturing 
further away.  

 

 

Figure 10. a) Progressive growing of magma intrusion causing uplift in overlying strata, resulting in b) bending and c) faulting 
(modified from Cruden, 2008).  
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During progressive uplift by the granite intrusion joints may have functioned as conduits for 
hydrothermal fluids, causing infill and mineral precipitation, forming the veins seen at the Peña del Seo 
deposit (Fig. 11).  

 

Figure 11. Modell of structural evolution of Peña del Seo tungsten-greisen vein deposit. 

Faulting may have occurred due to progressive uplift (Fig. 10c). Shearing in overlaying strata would 
also be likely to occur, the faulted vein on the north face of the deposit confirms that there were 
movement after deposition of vein-material, verifying that brittle deformation seem to have taken part 
at late stage or after vein material deposition, possibly due to collapse of the roof of the intrusion. 
Uplift of overlaying strata, with a previous axial planar foliation (S1) may have caused transposition of 
the S1-foliation, this would explain the difference in orientation of foliation strike between the north 
and the south part of the mapped area. 

Hurtado (1977) suggest that small granites that outcrop in the area are spatially related to D2. 
Observation on fractures and fabrics in these granites could help determine their relative time of 
emplacement. If the granite displays the same tension fractures and foliations as the overlying 
bedrock, it is likely to be pre to syn-tectonic (Hsu, 1943). Due to the lack of data on structures in the 
granite no such conclusion can be made in this thesis.  Post-tectonic is the usual setting where greisen 
generating leucogranites form (Shcherba, 1970) and the Peña del Seo deposit is situated between two 
magmatic belts (Vivero-Lugo-Sarria to the west and the Boal-Los Ancares belt to the east) where the 
occurrence of syn- to post-tectonic leucogranites have been confirmed.  
 

5.3 Contact metamorphism 
The fabrics observed in thin-sections are indicative of a low metamorphic grade in the area. Due to the 
vicinity of a granite intrusion the area was affected by high temperatures and low pressures. 
Amphibole porphyroblasts growing with foliation are interpreted as post tectonic and indicates a 
contact metamorphism, where heat and potentially hydrothermal fluids were supplied by magmatism. 
Amphibole porphyroblasts are seen in the two samples collected in the main drift (M02 and M05), but 
not in the remaining samples (M01, M03 and M04) collected at higher altitudes and away from the 



20 
 

granite. The magmatic body would supply heat and rocks closer to the intrusion would be subjected 
to higher temperatures, where amphiboles would grow, compared to areas located further from the 
intrusion, where amphiboles are not observed in thin sections. 

5.4 Structures controlling mineral deposition 
The orientation of minerals in veins (oriented perpendicular to vein walls) indicates that mineral 
deposition started at the vein wall contact and proceeded towards the middle of an open fracture, 
most likely forcing the walls of the vein further apart. Hydrothermal fluids heated up the wall-rock and 
remobilised elements in the rock, for example micas and quartz. Hydrothermal fluids originating from 
the granite intrusion below Peña del Seo were chilled along the contact with the wall rock, where 
deposition of muscovite re-occurred. The rapid cooling of the fluids leading to deposition of small 
crystal, crystals grow larger further from the contact. Triple junctions in quartz are seen in M01 and 
M04 indicates static recrystallisation (Passchier, 2005) of parts of the wall rock, probably occurring due 
to heating of wall rock by hydrothermal fluids. Weakness planes represented by tensional fractures 
forming during D2 are likely to have worked as conduits for ascending hydrothermal ore-bearing fluids. 

 

6 Conclusion  
 

The Peña del Seo tungsten-greisen vein deposit is interpreted to be situated above a granite intrusion. 
An axial planar parallel foliation (S1) developed due to F1-folding phase (during D1) of the Variscan 
orogeny, deformation in overlaying rock layers took place during D2, due to uplift caused by an 
intruding granite body below Peña del Seo (F2). Force was applied across (at high angles) to the 
overlying rock layers which resulted in bending. Layer-parallel stretching occurred in the outer arc of 
the hinge leading to tension fractures perpendicular to stress field caused by granite, and layer-parallel 
shortening in the inner arc leading to S2-foliation and crenulation cleavage. Fractures formed due to F2 
are likely to have worked as conduits for ascending hydrothermal ore-bearing fluids. Progressive uplift 
in strata due to intrusion below, may be the cause of the two northeast-southwest-striking faults on 
each side of the deposit. Transposition of S1-foliation occurring due to uplift by granite intrusion 
explains the different orientation of strike of foliation between the north and the south part of the 
mapped area.   
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