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Resum: 

L’estudi dels filons de quars encaixats en les sèries infra i suprajacents a la discordança (Sarda) de l’Ordovicià 

Superior (massís del Canigó) proporciona dades sobre l’evolució estructural i tèrmica de les roques pre-

Varisques del Pirineu Oriental. D’acord amb el patró de distribució i la relació amb la macro, meso i 

microestructura de les roques encaixants, a la zona de La Molina s’hi han diferenciat dues generacions de 

filons de quars d’escala mètrica (V1 i V2). La combinació de geotermometria de clorites i microtermometria 

d’inclusions fluides en el quars, ha permès conèixer la pressió i temperatura (P,T) de formació dels filons. La 

diferència de temperatura entre clorites localitzades a diferents punts dels filons i de les roques encaixants 

suggereixen que els filons es varen formar en condicions de baixa relació fluid/roca, en equilibri tèrmic amb 

les roques que els contenen. La formació dels filons V1 podria estar relacionada amb un episodi extensiu 

durant l’Ordovicià Superior. Per als filons V2 es proposa una edat probablement Alpina, d’acord amb la seva 

estructura i amb les condicions de formació (T= 318±12ºC, P=2.4±0.2kbar), compatibles amb una profunditat 

d’emplaçament d’uns 9 km i un paleo-gradient geotèrmic de 34ºCkm-1. 

La meso i microestructura del filó de quars hectomètric de Gréixer, i la comparació amb els que es troben a la 

zona de La Molina així com en altres indrets del Pirineu oriental, ajuden en la comprensió dels mecanismes 

genètics de filons de quars d’escales diferents. En el treball també es discuteixen les implicacions 

paleosísmiques que es podrien extreure d’un major coneixement dels mecanismes i condicions de formació 

dels filons, tot presentant proposta metodològica pel seu estudi. 

Paraules Clau: Filons de quars. Pirineu. Condicions P-T. Clorita. 

Keywords: Quartz veins. Pyrenees. P-T conditions. Chlorite. 
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PRELIMINAR CONSIDERATIONS 

In this work, paleo-fluid circulation in the southern 

slope of the Canigó massif (Eastern Pyrenees) is 

studied by characterizing two of its most usual 

expressions: metric- and hectometric-sized quartz 

veins. The adequacy of this work to the Geological 

Hazards MSc lies in the broadly accepted but 

poorly understood assumptions that earthquakes 

can be triggered by fluids, and fluid circulation can 

also be enhanced by earthquake occurrence. In the 

Eastern Pyrenees, evidences of pre-Variscan 

seismic episodes are present, so understanding 

these vein-forming events can contribute to a 

better knowledge of these relationships. 

During the 2018-2019 academic year, the 

undergraduate final project of González-Esvertit, 

E., titled La discordancia del Ordovícico Superior 

en La Molina: estudio de la deformación y 

condiciones de formación de las venas de cuarzo 

asociadas, was successfully presented at the 

Faculty of Earth Sciences, University of Barcelona. 

The work proposed for the MSc project was a 

deepening on the same topic, but focussing on the 

Gréixer hectometric quartz vein. New insights 

about the fluid-rock interactions and formation 

mechanisms of this larger vein, together with what 

was learned from the La Molina metric veins, 

should provide a better knowledge in the structure 

and fluid circulation in the Eastern Pyrenees. 

The COVID-19 pandemic lockdown interrupted the 

MSc project when mesostructural field-derived and 

microstructural preliminary results have been 

obtained, but geochemical and microthermometric 

data were not acquired yet. We took the decision of 

preparing the research done in La Molina for peer-

revision and publication. The document presented 

here represents the “metamorphosis” from an 

undergraduate, embryonic research to a (under 

peer-revision) scientific paper. Preparing the 

manuscript for submission has required to discuss 

the detected constraints on the intrinsic features of 

some methods used, to do a complete and updated 

revision of the state of the art, the text rewriting, 

design of new quality figures, retreatment and 

regional comparisons of the data and the proposal 

of new interpretations. Moreover, available data 

from the Gréixer quartz vein has been included in 

the MSc project and considered for the discussion.  

1. INTRODUCTION 

Quartz is an ubiquitous mineral, the second most 

abundant in Earth’s crust (Nesbitt and Young, 

1984). One of the main quartz formation 

mechanisms is its precipitation during fluid 

circulation, with applications in various earth 

science fields (e.g. Ryley, 1982; Dauteuil and Ricou, 

1989; Yardley y Cleverley, 2015; Saishu et al., 

2017). Quartz veins are a clear evidence of this fluid 

movement, and their study can reveal information 

about the paleo-stress field, deformation kinetics 

and the T-P conditions of the rocks where they are 

hosted (Bons et al., 2012 and the references 

therein), not only during their formation but also 

along its evolution. Quartz veins can formed under: 

(i) a closed system, where fluids are derived locally 

from the hosting rocks through diffusion (Elliot, 

1973; Wangen and Munz, 2004; Sharp et al., 2005), 

with thermal balance between the fluids and host 

rocks (low fluid/rock ratio), or (ii) an open system, 

where large quantities of externally-derived fluids 

circulate through advective (“Darcian”) flow in 

thermal disequilibrium with the hosting rocks, 

episodically (by seismic pumping, Sibson et al., 

1975; fault valving, Sibson, 1990; or mobile 

hydrofracturing, Bons, 2001) or continuously 

(trough porous flow or fractures, Yardley, 1984; 

Oliver, 1996; Oliver and Bons, 2001). 

The existence of large quartz veins (often referred 

as quartz reefs, here LQVs) is ubiquitous in various 

orogenic settings. However, the mechanisms that 

favour and/or constrain their formation are poorly 

understood. The decrease in silica solubility that 

enhance quartz precipitation has been classically 

linked to T-P variations from fluids upward 

movement (e. g. Yardley, 1984; Lemarchand et al., 

2012), while the fluid/rock ratios are considered 

high (Bons, 2001). However, it has been 

demonstrated that (i) mineralogy and structure of 

the hosting rocks can control the silica circulation 

and precipitation (Oliver and Bons, 2001; Wangen 

and Munz, 2004), and (ii) high fluid/rock ratios 

and thermal disequilibrium are not required for the 

formation of LQVs (e.g. Sharp et al., 2005). 

In the Eastern Pyrenees, quartz veins of 

centimetric to decametric width and metric to 

kilometric length respectively, are present. 

Investigations carried out to date in the largest 

structures are only those from Ayora and Casas 

(1983) in the Esquerdes de Rojà (Canigó massif) 

and those from Fonseca et al. (2015) in the Roses 

LQV (Cap de Creus massif). Other undescribed 

LQVs are mostly hosted in the Paleozoic 

successions of the Pyrenees and have been 

classically related to the Variscan Orogeny, but in 

the southern slope of the chain (Roc de Frausa 

massif), some veins are hosted in Mesozoic 

sedimentary rocks, being consequently post-

Variscan in age.  
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In the southern slope of the Canigó massif, fluid 

circulation system/s are represented at different 

scale by the La Molina centimetric-width quartz 

veins and by the Gréixer metric-width LQV. In the 

La Molina area, two generations of quartz veins are 

cropping out in the Upper Ordovician and in the 

underlying Cambrian-Ordovician successions, the 

latter affected by “Sardic” (Middle-Upper 

Ordovician) events. The Gréixer LQV, ~8-10m 

width and ~600m length, is hosted in the 

Cambrian-Ordovician succession. Rocks from both 

areas have experimented a complex tectono-

thermal evolution from Ordovician to Miocene 

times (Casas et al., 2019; Puddu et al., 2019). 

Singularly, the Cambrian-Ordovician succession 

also shows evidences of (Early-Mid Ordovician?) 

paleoseismic activity, as revealed by in-situ shock 

deformation of sediments (paleo-liquefaction 

structures; Masana, pers. comm.).  Since it is 

broadly accepted that fluids play a major role on 

earthquake triggering (e.g. El Hariri et al., 2010), it 

is deduced that a better knowledge about the fluid-

rock interactions and quartz precipitation 

constraints may contribute to grasp these poorly 

understood relationships. 

In this work, the structural, petrographic, 

microthermometric and geochemical features of 

multi-sized quartz veins are presented, in order to 

establish: (i) the fluid circulation mechanism/s, (ii) 

the T-P conditions registered during its formation, 

and (iii) their relationships with the structure and 

microstructure of the hosting rocks. The results 

obtained will allow to discuss: (i) the thermal 

balance between fluids and host rocks, (ii) their 

emplacement in the frame of the structural 

evolution of the pre-Variscan rocks of the Pyrenees, 

(iii) how (and how not) to characterize multi-scaled 

quartz veins from a multidisciplinary approach, 

and (iv) the paleoseismic implications of a better 

knowledge on fluid circulation and vein formation.  

2. GEOLOGICAL SETTING 

The Pyrenees is an Alpine fold-and-thrust belt 

formed from late Cretaceous to Miocene by the 

collision between the Iberia and Eurasia plates 

(Muñoz, 1992a). In the transverse profiles, an 

asymmetric shape of the orogen is envisaged from 

the double vergency, the age and the structure of 

their rocks. Thus, the Pyrenees are actually divided 

in three domains (Mattauer and Séguret, 1971; 

Choukroune, 1988 and the references therein): 

North Pyrenean, South Pyrenean and Axial zones. 

In the Axial Zone (Fig. 1), a cortical-scale Alpine 

antiformal stacking exhumated a complete pre-

Variscan metasedimentary succession, late-

Neoproterozoic to Carboniferous in age (Muñoz, 

1992a). These pre-Variscan rocks are affected in 

different grade by Sardic (Ordovician), Variscan 

and Alpine deformational events, and also record 

Cadomian, Ordovician and Carboniferous 

magmatic activity together with a Variscan regional 

metamorphism (Guitard, 1970; Santanach, 1972b; 

Zwart, 1979; Muñoz, 1992a; Casas, 2010; Pereira et 

al., 2014; Navidad et al., 2018; Padel et al., 2018a). 

The La Molina (Figs. 1; 2) and Gréixer (Figs. 1; 3) 

areas are located in the southern slope of the 

Canigó massif and separated by the La Cerdanya 

Neogene normal fault. In La Molina (in the 

hangingwall), the Upper Ordovician (Sardic) 

Unconformity (Santanach, 1972a) splits-up the 

pre-Silurian sequence into an underlying (pre-

Sardic) Cambrian-Ordovician and an overlying 

(post-Sardic) Upper Ordovician successions, giving 

rise to a ~20 m.y. gap (Margalef et al., 2016) (Fig. 

2). In Gréixer (in the footwall), the Cambrian-

Ordovician rocks are predominant (Fig. 3), and 

further northwest (near Talltendre) the Sardic 

Unconformity is cropping out, showing an angular 

(90º) relationship between the pre- and post-

Sardic successions (Puddu et al., 2019). 

The Cambrian-Ordovician succession is 

represented by the uppermost part of the Jujols 

Schists Series (Cavet, 1957) actually referred as 

Serdinya Formation (Padel et al., 2018b) within the 

Jujols Group (Laumonier, 1988). It consists of a 

rhythmic alternation of sandstone and argillite 

layers millimetric to centimetric thick. Late 

Cambrian-Early Ordovician acritarch-based age 

was established by Casas and Palacios (2012) in its 

uppermost part, whilst a maximum age of ca. 475 

m.y. was proposed by Margalef et al. (2016) on the 

basis of the youngest detrital zircon population. 

The Upper Ordovician succession (Cavet 1957; 

Hartevelt 1970) forms a fining-upward siliciclastic 

package with some limestone key levels and 

significant (100-1000m) thickness variations. This 

succession was defined by Hartevelt (1970), who 

described five formations, from base to top: 

Rabassa Conglomerate, Cava, Estana, Ansobell and 

Bar Quartzite. In La Molina area, only the Rabassa 

Conglomerate and Cava formations are cropping 

out, whilst in Gréixer the Serdinya Fm is 

predominant. The Rabassa Conglomerate Fm is 

made up by red-purple and matrix-supported, 

unfossiliferous polymictic conglomerates 

composed by surrounded slate and quartzite 

heterometric (2-20cm) clasts, attributed to the 

Sandbian-Early Katian (former Caradoc). The 
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overlying Cava Fm is 100-800m thick, and either 

covers the Serdinya or the Rabassa Conglomerate 

Fm. Is made up of feldspathic conglomerates and 

sandstones grading upward into variegated shales 

and fine-grained sandstones, with strongly 

burrowed quartzites in the uppermost part 

(Belaustegui et al., 2016). On the basis of abundant 

brachiopods, bryozoans and echinoderms, Gil-

Peña et al. (2004) attributed a Katian (former late 

Caradoc-early Asghill) age to this formation.  

The Cambrian-Ordovician succession is affected by 

a pre-Variscan (Middle Ordovician?) deformation 

(Santanach, 1972a; Casas, 2010; Casas et al., 2012), 

that gave rise to the Sardic Unconformity. The 

existence of this intra-Ordovician unconformity 

was first established in other NW Gondwana 

domains as in Sardinia (Teichmuller, 1931). 

Posteriorly, this so-called “Sardic” Unconformity 

has been recognized in other Pyrenean massifs (i.e. 

Lys-Caillouas area, Den Brok, 1989; Kriegsman et 

al., 1989; Garona Dome, García-Sansegundo and 

Alonso, 1989; García-Sansegundo et al., 2004 or La 

Cerdanya area, Casas and Fernández, 2007; Puddu 

et al., 2019) (Fig. 1), although its origin and 

meaning are still object of several interpretations 

(i.e. Pasci et al., 2008;  Álvaro et al., 2018; Cocco 

and Funedda, 2019). Moreover, the Cambrian-

Ordovician succession, the Sardic Unconformity 

and the lowermost part of the Upper Ordovician 

succession are cut and offset in La Molina by 

several Late Ordovician NNE-SSW-trending 

synsedimentary extensional faults, which affected 

the thickness (from few up to 100m) of the lower 

part of the Cambrian-Ordovician succession 

(Casas, 2010; Puddu et al., 2019; Fig. 2). In Gréixer 

(Fig. 3), outcropping faulting evidences have also 

been identified (see below). 

A principal foliation related to a folding episode is 

well recognisable in both successions from La 

Molina and in the Cambrian-Ordovician rocks 

from Gréixer.  Classically, a Variscan age has been 

attributed to this folding episode (Santanach, 

1972b; Casas, 2010; Casas et al., 2012). 

Nevertheless, the absence of post-Variscan 

deposits in the study areas rends this attribution 

speculative. This cleavage can be correlated with 

the pervasive cleavage linked to east-west folds, 

that is the main mesostructure in the Pallaresa, 

Rabassa and Orri domes and in the Tor-Casamanya 

and Llavorsí synclines (Fig. 1) (Speksnijder, 1986; 

Poblet, 1991; Clariana and García-Sansegundo, 

2009; Margalef and Casas, 2016). 

During Alpine geodynamics, the Cambrian-

Ordovician and the Upper Ordovician successions 

were part of the Rialp-Canigó unit, the lowermost 

unit involving pre-Variscan rocks in the Pyrenees 

(Muñoz, 1992a). According to this author, three 

main Alpine thrust sheets (Rialp-Canigó, Orri-Cadí 

and Pedraforca-Nogueres) formed an antiformal 

stack with their basal thrusts north-dipping in the 

northern flank of the chain, subhorizontal in the 

central part, and south-dipping in the southern 

contact with the Mesozoic cover. Transverse (N–S-

trending) displacement related to these thrust 

sheets is about 150–160 km (Muñoz, 1992a), so the 

original Palaeozoic basin should be located 

northward, doubling the width that is preserved at 

present day. However, Alpine metamorphism is 

absent and internal deformation is moderated, so 

the original characteristics of the pre-Variscan 

rocks may be confidently reconstructed. 

In the La Molina area (Fig. 2), two generations of 

quartz veins with centimetric thickness and metric 

Fig. 1. Geological sketch of the pre-Variscan rocks of the Pyrenees with the location of the study areas. 
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length are cropping out. Their possible relationship 

with the Sardic Phase has been suggested by Casas 

et al. (2019) and Puddu et al. (2019). However, 

their petrography, structure, distribution and 

formation conditions have not been described yet. 

Furthermore, non-continuous kilometrical veins 

with metric to hectometric aligned massive quartz 

bodies are known in the Eastern Pyrenees. These 

veins cut metasedimentary sequences, orthogneiss 

and granitoids, and are crosscut by fine-grained 

quartz veinlets, some with few phyllosilicates and 

calcite. Host rock fragments in their boundaries are 

also common. Examples of these veins, from west 

to east, are the WNW-ESE Esquerdes de Rojà in the 

Canigó massif (Ayora and Casas, 1983), the W-E to 

NW-SE large quartz veins in the Roc de Frausa 

massif (Liesa, 1988) and the NW-SE Roses-Palau 

sections in the Cap de Creus massif (Fonseca et al., 

2015). The Gréixer LQV (Fig. 3), with similar 

features, has not been characterized yet from any 

structural, petrographic or geochemical approach. 

3. METHODS 

Samples were collected from Cambrian-Ordovician 

and Upper Ordovician rocks and from different 

vein locations (wall and centre) in La Molina 

(n=15) and Gréixer (n=17) (Supplementary 

Material, S.M., Table I; Figs. 2; 3). Geological maps 

and cross-sections from both study areas were 

Fig. 2. Detailed geological map (A), Cambrian–Ordovician and Upper Ordovician stratigraphic log (B) and geological cross-

section (C) of the La Molina area. Location shown in Figure 1. Basemap: Hillshade from  ©LiDAR v2 data; ICGC [online]; 

Available in www.icgc.cat. 
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performed using 3D-software MOVE® from the 

collected field data. Bedding, main cleavage, 

bedding/cleavage intersection lineation, folds axes, 

joints, normal faults and quartz veins datasets have 

been plotted in equal-area lower-hemisphere 

stereographic projections to carry out a classic 

structural analysis (n=1046; S.M., Table II). Veins 

spatial distribution along La Molina area was 

obtained from the number of each generation veins 

(>0.5cm thick) in each visible outcropping m2 

(S.M., Table III). Altogether 299 well-distributed 

outcrops have been plotted in a Geographical 

Information System (GIS) and interpolated using 

the natural neighbour method. This algorithm 

finds the closest subset of input data to a query 

point, and applies weights based on proportionate 

areas to interpolate a value (Sibson, 1981). 

The petrographic study of 47 thin sections from 

host rocks and quartz veins has been carried out 

with special emphasis on the texture, 

microstructure and vein-rock relationships. 

Muscovites and chlorites from the La Molina 

samples were analysed in a JEOL JXA-8230 

Electron Probe Microanalyzer (EPMA) at Centres 

Científics i Tecnològics de la Universitat de 

Barcelona (CCiTUB). The EPMA was operated 

using an excitation potential of 20kV with a beam 

diameter of 1μm. Peak counting times for each 

analysed element were 10s with the exception of 

Na, where 20s peak counting times were used. Back 

measurements were made at 50% peak counting 

time on each side of the analysed peaks. Three 

semi-empirical geothermometers (Bourdelle et al., 

2013; Lanari et al., 2014; Inoue et al., 2018) have 

been used through the spreadsheet from 

Verdecchia et al. (2019) to estimate the 

temperature of vein formation. Calculations were 

applied to analysed chlorites without smectite or 

vermiculite interstratified layers (Na+Ca+K<0.1 

atoms per formula unit, apfu) and octahedral sites 

Fig. 3. Detailed geological map (A) and geological cross-section (B) of the Gréixer area. C) D2 decimetric secondary fold 

affecting the Cambrian-Ordovician S0 surfaces. Location shown in Figure 1. Basemap: Hillshade from ©LiDAR v2 data; ICGC 

[online]; Available in www.icgc.cat. 
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below 5.95apfu, since according to Bourdelle and 

Cathalineau (2015) and Vidal et al. (2016), analyses 

with low amount of octahedral vacancies produce 

erratic temperature estimations (S.M., Tables IV, 

V, VI). Fluid inclusion petrography and 

microthermometric measurements were 

performed in 250μm thick double-polished 

sections from the La Molina quartz veins (S.M., 

Table VII). Data was obtained on a Linkam THMSG 

600 heating-freezing stage at the Department de 

Mineralogia, Petrologia i Geologia Aplicada of the 

Universitat de Barcelona. The stage was calibrated 

with fluid inclusions of pure CO2 and distilled 

water. Precision of measurements was ±0.1ºC 

below 0ºC, and ±2ºC for the homogenization 

temperatures. FLUIDS package from Baker (2003) 

was used to obtain the trapped-fluid properties. 

Salinity of fluid inclusions, reported in equivalent 

mass %NaCl, was calculated using the Bodnar’s 

(1993) equation in BULK software. The 

corresponding isochore was calculated from the 

obtained density and molar volume through the 

state equations of Bodnar and Vityk (1994) and 

Kinght and Bodnar (1989) in ISOC software. 

4. RESULTS 

4.1. Structure 

A detailed geological map and a stratigraphic log 

from La Molina and Gréixer areas are shown 

respectively in Figures 2, 3. These areas are located 

in the southern flank of the WNW-ESE oriented 

Canigó antiform, a macrostructure truncated 

southwards by the Alpine Ribes-Camprodon thrust 

(Muñoz, 1992b), that separates it from a southern 

synformal megastructure (Figs. 1; 2C; 3B). 

In La Molina, the most visible mesostructures in 

the host rocks are the bedding surfaces (S0), which 

exhibit different attitudes in each succession. In the 

Cambrian-Ordovician rocks, S0 display a marked 

dispersion with dip values ranging from subvertical 

up to subhorizontal (Fig. 4A). In contrast, the 

Upper Ordovician S0 surfaces are southwards 

dipping with a regular NW-SE trend (Fig. 4B). 

A poorly developed slaty cleavage (S1) is observed 

only at microscopic scale (see below) in the pre-

Sardic rocks. Other deformational mesostructures 

or folds associated with this cleavage have not been 

identified. A roughly NNE-dipping S2 cleavage 

related to D2 folds affecting both pre- and post-

Sardic rocks is the dominant deformation structure 

(Fig. 4C, D). As S2 cleavage, D2 fold axial surfaces 

display a moderate-to-subvertical dip (45°-90°) 

towards NNE. D2 folds are SW verging, open to 

tight, generally metric to hectometric sized and 

parallel or with centimetric minor folds (2nd or 3rd 

order folds) on the limbs of the main folds. 

D2 fold axes (L2) exhibit different orientation in 

both successions (Fig. 4E, F). In the Upper 

Ordovician rocks, L2 axes and L0-2 intersection 

lineation are clustered forming a maximum with a 

low plunge to the NW (15/320°) (Fig. 4F). 

According to the bedding/cleavage relationship the 

study area constitutes the southern flank of a 

south-facing first-order D2 fold, oriented NW-SE 

(Fig. 2C). In contrast, the minor L2 axes and L0-2 

intersection lineation in the Cambrian-Ordovician 

rocks display a wide range of orientations. L0-2 

plunge ranges from sub-vertical to sub-horizontal 

(Fig. 4E) and no simple distribution pattern may be 

deduced from map analysis (Fig. 2A). If L0-2 and L2 

of the Cambrian–Ordovician rocks are plotted 

together, they are mainly distributed along a great 

circle coincident with the S2 average plane, 

although a wide maximum oriented ca. 50/295 can 

be envisaged (Fig. 4E). This pattern displayed by D2 

linear elements may be explained if D2 folds 

developed over initially non-horizontal surfaces, 

that is if pre-existing folds control the geometry of 

D2 mesoscale folds (e.g. Turner and Weiss, 1963; 

Mey, 1967; Ramsay, 1967). The existence of 

previous folds may also explain the S0 arrangement 

in this succession, but evidence of an axial cleavage 

or other mesostructures related to the pre-D2 folds 

have been found. 

In Gréixer area, Cambrian-Ordovician rocks are 

predominant (Fig. 3). S0 surfaces are SE-NW 

trending and exhibit a slight dispersion (Figs. 3B; 

5A), less than that observed in the La Molina (Fig. 

4A). They are mostly NE dipping, showing 

decametric pre-S2 folds (Fig. 3A, B) not related to 

cleavage formation or metamorphism and 

secondary (2nd or 3rd order) centimetric-metric 

folds linked to the D2 folds limbs (Fig. 3C). 

A poorly-developed S1 slaty cleavage is also 

recognizable only at microscopic scale in the host 

rock fragments within the LQV. S2 surfaces are SE-

NW trending, dipping moderately and towards the 

NE. 2nd or 3rd order centimetric-decametric sized 

NE verging minor folds are abundant. (Fig. 5B). 

The bedding/cleavage relationship (Fig. 5A, B) and 

the “Z” shape of the secondary centimetric-metric 

folds (Fig. 3C; Ramsay and Huber, 1987) 

demonstrate that the S0 decametric folds were 

developed previously to the S2 cleavage formation, 

and the S2 cleavage was formed in the inverted 

southern flank of a NW-SE south-facing first order 

D2 fold, as seen in the La Molina area (Figs. 2C; 3B).  
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Extensional synsedimentary NE-SW trending 

faults (Figs. 2A; 3A; 4G; 5C) have also been 

recognized in both areas. Faults dip moderate to 

strongly towards the SE or NW (Figs. 4G; 5C), and 

in the La Molina area cut and offset the Sardic 

Unconformity resulting in up to 60m thickness 

variations in the lowermost part of the Upper 

Ordovician succession. Despite their proximity to 

the Gréixer LQV, no structural criteria were found 

to establish a possible genetic relationship between 

the faults and the vein formation. 

Several NE-SW to ESE-WSW trending joints (Figs. 

2A; 3A; 4G; 5C, D) were identified in both areas. In 

La Molina, one joint set displays a moderate to 

subvertical dip towards the SE or NW (Fig. 3G) 

cropping out on the SW or NE continuation of the 

faults trace (Figs. 2A; 3A). Contrarily, in Gréixer, 

two joint sets (F and V joints) can be deciphered 

(Figs. 3; 5C, D). The F joints (Fig. 5C) may share a 

common origin with the faults and joints described 

in the La Molina area (Figs. 2A; 4G), whilst V joints 

are always parallel to the LQV, without any clear 

relationship with the faults or folds (Figs. 3A; 5D). 

4.2. Gréixer LQV: macroscopic features 

Detailed geological mapping shows that the Gréixer 

LQV is formed by three SW-NE to NW-SE aligned 

quartz massive bodies (Fig. 3A), sharing the same 

features (Fig. 5D-G). The central zones of these 

bodies are formed by massive milky quartz with few 

(5-15%) partially silicified host rock fragments, 0.5-

5cm in size (Fig. 6A, B). The amount of these 

fragments increases notably (up to 80%) towards 

the limits of the main bodies (Fig. 6C), so in most 

cases it is not possible to recognize a net vein-host 

rock contact. In contrast, several stylolite-like dark 

surfaces are homogeneously distributed without 

preferential orientation along the LQV (Fig. 6A). 

Phyllosilicate aggregates (2-5mm) occur eventually 

in the LQV, either in walls or centre. Additionally, 

cavities of ~1-4cm3 are partially filled by 1-3mm 

less-milky and prismatic euhedral quartz crystals. 

All main quartz bodies are crosscut by millimetric-

centimetric width anastomosing quartz veinlets 

(Fig. 6A, B). In some areas, the LQV limits are 

defined by 5-20cm thick semi-continuous 

brecciated levels (Fig. 6C), where host rock 

fragments are embedded within a milky quartz 

mass. Additionally, main quartz bodies eventually 

narrow and branch into thinner (centimetric-

width) veins towards their terminations.  

S1 and S2 cleavages recognized in the host rocks 

were not identified in the LQV (Fig. 3A, B). In 

contrast, three fracture sets were recognized within 

the three quartz bodies: Sf1, Fig. 5E; Sf2, Fig. 5F 

and Sf3, Fig. 5G. Sf1 surfaces (Fig. 5E) are the most 

visible mesostructure in the LQV, displaying a SE-

NW trend with subvertical dipping. Sf2 surfaces 

(Fig. 5F) are oblique to Sf1 and Sf3 ones, mainly N-

S trending and dipping moderately towards the 

ENE, whilst Sf3 surfaces (Fig. 5G) are 

perpendicular to Sf1 ones, SW-NE trending and 

subvertical dipping towards NW. 

Fig. 4. Equal area lower hemisphere stereoplots of the La Molina S0, S2 and L0–2  from the Cambrian–Ordovician (A, C, E) 

and Upper Ordovician successions (B, D, F). G) Late Ordovician normal faults and joins. n indicates the number of 

measurements. Data available in S.M., Table II. 
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Finally, it has to be mentioned that only a very low 

amount of centimetric-metric length quartz veins 

has been identified outsides the main quartz 

bodies. Apparently, these veins correspond to the 

LQV terminations, pointing to that silica 

precipitated here in a spatially restricted structure, 

distinctively than in the La Molina area. 

4.3. The La Molina quartz veins: structure 

and distribution 

The small extension together with good 

outcropping conditions of the La Molina area has 

allowed a detailed characterization of the metric 

quartz veins. Two generations (V1 and V2) have 

been deciphered according to their distribution 

patterns throughout the study area and their 

relationships with the S2 cleavage (Fig. 7A, B).  

Distribution patterns reveal that V1 veins are 

mostly arranged around the Upper Ordovician 

unconformity and the synsedimentary normal 

faults, with no preferred orientations (Fig. 7A). V1 

veins are deformed by D2 folds and crosscut by the 

S2 cleavage (Fig. 7A). Otherwise, V2 veins are 

distributed more regularly and with higher density 

than V1 veins (Fig. 7B), with no abnormal 

concentrations throughout the study area and 

arranged parallel to S2. These distribution and 

 ►   Fig. 6. A) Stylolite-like dark surfaces randomly oriented 

(green arrows), centimetric-width anastomosing veinlets 

(yellow arrows) and host rock fragments (orange arrows). 

B) Centimetric-millimetric width quartz veinlets and host 

rock fragments. C) Brecciated levels in the edges of the LQV 

with heterometric host rock fragments. 

Fig. 5. Equal area lower hemisphere stereoplots of the Gréixer S0 (A) and S2 (B). C) Normal faults and F joints. D) LQV contact 

and V joints. E), F) and G) in-vein fracture sets, Sf1, Sf2 and Sf3 respectively. Data available in S.M., Table II. 
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relationships suggest that the V1 veins formation 

should be previous to D2 folding episode, 

Otherwise, parallelism between the V2 veins and 

the S2 cleavage (Figs. 4C, D; 7B) suggest a post-D2 

formation for this vein generation, the age of which 

will be discussed below. 

4.4. Petrography 

4.4.1. Host rocks 

Cambrian-Ordovician (Fig. 8A-C) and Upper 

Ordovician rocks (Fig. 8D, E) exhibit clear 

differences regarding its microstructure. 

Cambrian-Ordovician argillites in areas with high 

amounts of quartz veins show a micrometric to 

millimetric bedding defined by compositionally 

different bands (Fig 8A, B). Thinness bands 

(60μm-0.5mm) are rich (>90%) in phyllosilicates 

with chlorite and muscovite (<20μm) and poor 

(<10%) in quartz, representing a localized volume 

reduction (LVR) interpreted as bedding-parallel 

compaction bands (e.g. Aydin et al., 2006; Fossen 

et al., 2007) (Fig. 8B). Otherwise, the thickest 

bands (0.5-1.75mm) are mostly formed by quartz 

(>95%) (Fig. 8A). Quartz grains show in both cases 

a granoblastic texture with intracrystalline 

deformation and sutured boundaries, indicating 

recrystallization processes. Eventually, the poorly-

developed S1 is transposed by the S2 main cleavage 

(Fig. 8C). S2 is anastomosed, well-developed and 

defined by preferred orientation of phyllosilicates 

in the thinness bands, surrounding euhedral-to-

subhedral chlorite crystals (<100μm) (Fig. 8C). 

Upper-Ordovician Rabassa conglomerates are 

constituted by rounded to sub-rounded shale, 

quartzite and monomineralic quartz clasts 

supported on a quartz (90%) + phyllosilicates (5%) 

± opaque minerals (5%) matrix (Fig. 8D). Matrix 

quartz grains (40-100μm) show a granoblastic 

texture with sutured boundaries. Shale clasts, 1-

4mm in size, are interpreted as Serdinya Fm-

sourced. Quartzite clasts (0.01-2cm) are eventually 

elongated without preferential orientation, 

showing chlorite-bearing stylolites within. 

Fig. 7. Distribution patterns, arrangement and structural relationships with the S2 cleavage from V1 (A) and V2 (B) veins. 

Note the spatial relationship between V1 veins and the Sardic Unconformity and extensional faults from Figure 2A. n indicates 

the outcrops where NV1 (>0.5cm)/m2 and NV2 (>0.5 cm)/m2 have been characterized. Data available in S.M., Table III. 
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Monomineralic polycrystalline quartz clasts (0.3-

3mm) are elongated in a preferential orientation 

and show characteristic textural relationships with 

quartz veins (see below). S0 is represented by 

alignment of matrix opaque minerals, eventually 

deformed by open folds with axial surface parallel 

to S2. The preferential orientation of matrix 

phyllosilicates and the elongation direction of 

monomineralic quartz define the S2 surfaces, that 

are the only visible surfaces in the matrix since they 

surround all the clasts (Fig. 8D). 

Cava Fm conglomerates are composed by clasts of 

the same type and origin as those described for 

Rabassa Conglomerate Fm. Clasts are homometric 

(1-2mm) and supported in a quartzofeldsphatic 

matrix that also includes tourmaline, zircon and 

apatite crystals (10-30μm). S0 is well-defined by 

matrix grain-size variations (from 10-60μm to 

0.25-0.5mm; Fig. 8E) and by opaque minerals 

alignment, whereas S2 is depicted by preferential 

orientation of phyllosilicates, monomineralic 

polycrystalline quartz and shale clasts. Chloritized 

subhedral biotite (0.02-0.25mm) unrelated to 

matrix grain-size variations (Fig. 8E) grow coevally 

to S2, pointing to a low-grade metamorphic 

condition during S2 development. 

Host rocks described above and veins (see below) 

from both areas have up to 20% of Fe oxides, which 

permeate S1 and S2 cleavages, stylolites, clasts 

boundaries and quartz veins walls (Fig. 8A, C-H). 

V1 walls are apparently more permeated than V2 

ones. Euhedral to subhedral pyrite crystals (30μm-

0.8mm) unlinked to grain-size variations with 

quartz+chlorite pressure fringes (Fig. 8A, B) are 

also present in both successions.  

4.4.2. Quartz veins 

For the petrographic characterization, 1-2cm thick 

veins from both (V1 and V2) generations hosted in 

Cambrian-Ordovician and Upper-Ordovician 

successions from La Molina were selected in order 

to identify possible differences between them (Figs. 

2A; 8A, G, H). Samples from centre and walls along 

the Gréixer LQV were also preliminarily studied to 

identify possible longitudinal or transversal 

variations regarding to the texture and vein-rock 

relationship (Figs. 3A; 9). 

The texture of both V1 and V2 La Molina veins 

varies from blocky to elongated-blocky without 

preferential direction. Blocky veins (Fig. 8F) are 

generally narrow (0.2-4mm), containing 

homometric grains (50μm-0.3mm) with sutured 

edges. Elongated blocky veins (Fig. 8A, B) are 

wider (1-15mm) and quartz crystals have a 

length/with ratio in the order of 10. Crystals long 

axes are aligned perpendicularly to the vein walls, 

having a large quantity of smaller-crystals in the 

vein-margins and a reduced quantity of larger 

crystals towards the vein centre. A concave-convex 

curvature along long axis of crystals in V1 veins 

eventually develops (Fig. 8A, B), indicating a 

syntaxial growth morphology (Durney and 

Ramsay, 1973; Bons, 2000).  

Properties of vein-filling quartz crystals from 

Cambrian-Ordovician V1 veins are variable, since 

quartz-rich and phyllosilicate-rich bands match 

with quantity and grain-size variations within the 

veins (Fig. 8A, B): phyllosilicate compaction bands 

result in zones within the veins with larger crystals, 

whilst quartz-rich bands result in zones with more 

quantity of smaller crystals. This variation has not 

been recognized in the Upper Ordovician V1 veins, 

probably due to the lack of LVR in this succession. 

Complex relationships between V1 veins and 

monomineralic quartz clasts from Rabassa 

Conglomerate Fm have also been identified (Fig. 

8G, H). Limits between both show a “net” surface 

in Plane-Polarized Light (PPL) defined by Fe oxides 

(Fig. 8G). Otherwise, in Cross-Polarized Light 

(XPL), elongation of vein crystals shows different 

properties when the vein crosses the matrix 

components or the monomineralic quartz clasts. As 

the vein crosses a quartz clast, crystals exhibit 

elongation parallel to the vein wall, becoming 

perpendicular to it at the end of the clast when the 

vein becomes matrix-shrouded again (Fig. 8H). 

The Gréixer LQV show host rock fragments (Fig. 

9A, B) occurring as boudinated, rounded to 

subrounded semi-continuous levels (Fig. 9A), or 

more often as isolated elements (Fig. 9B). The 

poorly developed S1 cleavage can be recognized in 

some of these fragments, obliquely transposed by 

the S2 main cleavage (Fig. 9B), similarly as in La 

Molina (Fig. 8C). S1 and S2 cleavages and the edges 

of these host rock fragments are in most cases 

permeated by Fe oxides (Fig. 9A, B).  

Quartz from the LQV (Fig. 9C-F) shows 

heterometric blocky grains (5-500μm), or more 

often randomly oriented elongated grains with a 

variable (from 4 to 20) length/width ratio. These 

elongated grains show net contacts between them, 

although eventually sutured edges occur, 

indicating recrystallization processes. In contrast, 

blocky grains show in all cases recrystallized edges 

(Fig. 9F). Chlorite-bearing stylolites are present in 

host rock fragments and in quartz (Fig. 9A-C), 

often arranged sub-parallel to the boudinated host 

rock fragments. 



MSc project                                                                               Insights into the structural evolution of the pre-Variscan rocks of the Eastern Pyrenees 

González-Esvertit, E.   12 

The most visible feature at PPL is the highly 

variable quantity of solid inclusions (e.g. Fig. 9B, 

C). Zones with abundant un-oriented solid 

inclusions give to the quartz a “dirty” aspect. 

Otherwise, zones with minimum quantity of solid 

inclusions appear as sharper, milky areas where 

several chlorite crystals (Fig. 9C, D) and 

measurable (10-40μm), mostly biphasic (L+V; 80-

20%) fluid inclusions have been identified. These 

sharper areas are mostly related to stylolite 

occurrence (Fig. 9C, D). 

Fig. 8. Microphotographs of the Cambrian-Ordovician and Upper Ordovician rocks: A) V1 vein hosted in Serdinya Fm, with 

in-vein stripes related to the host rocks compaction bands (XPL); B) Interpretation of (A) (see text for further explanations); 

C) Euhedral chlorite crystals growing coevally with S2, the last transposing the S1 cleavage (PPL); D) S2 cleavage surrounding 

monomineralic quartz and quartzite clasts from Rabassa Conglomerate Fm (PPL); E) Grain-size variations (S0) and their 

relationship with S2 cleavage in Cava Fm (PPL); F) Sutured boundaries (blue arrows) from a V2 blocky vein hosted in Cava 

Fm (XPL); Relationships between monomineralic quartz from Rabassa Conglomerate Fm and a V1 vein in PPL (G) and XPL 

(H) (see text for further explanations). Orange arrows: Fe-oxides location. Red arrows: silica dissolution and diffusion 

pathways. Double red arrows: maximum silica diffusion into the vein.  
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Two different types of secondary anastomosing 

veinlets can be distinguished crosscutting the main 

quartz bodies. The first, visible only in PPL, is 

distinguished by a decrease in the amount of 

inclusions (Fig. 9E, F). These veinlets are 1-3mm 

thick and generally continuous, without showing 

Fe oxides in their walls. In XPL can be observed as 

these veins do not contain quartz grains, so they are 

not formed by new grains nucleation. Interestingly, 

they are contained in larger grains, as a part of it, 

and masked by their extinction (Fig. 9F).  The 

second typology, thicker than the first one (up to 

0.6mm), contain individualized blocky quartz 

grains inside, being identified in both PPL and XPL 

by increases in sharpness and by the presence of 

permeating Fe oxides in its margins. 

Phyllosilicates, mostly chlorite and muscovite as 

revealed by XRF diffraction, can be recognized 

within the host rock fragments (Fig. 9A, B), at their 

surroundings (Fig. 9B) or more often within the 

main quartz mass (Fig. 9C, D). Host rock-linked 

chlorites mostly occur as isolated euhedral to 

subhedral crystals (5-200μm; Fig. 9A) or 

eventually with vein morphology (Fig. 9B). 

Chlorites in the surroundings of the host rock 

fragments occur as chrysanthemum or vermicular-

shaped crystals (30-150μm) in aggregates of 50-

200μm (Fig. 9C). Chlorites within the quartz, 

without relationship with host rock fragments, 

mostly grow from the stylolites towards the 

sharpest areas as isolated chrysanthemum or 

vermicular-shaped crystals (50μm-1mm) (Fig. 9C, 

D). Interestingly, only few (<10%) of isolated or 

aggregated chlorite crystals have been identified in 

the dirty quartz areas. 

4.5. Phyllosilicate chemistry and chlorite 

thermometry 

Phyllosilicates, white mica and chlorite (S.M., Fig. 

S1), from host rocks and veins from the La Molina 

area have been chemically characterized by EPMA. 

White micas (Fig. S1A, B) are present at host rocks, 

with no textural differences among Cambrian-

Ordovician or Upper Ordovician successions. They 

occur as tabular or flaky-shaped crystals, <20μm in 

size and aligned parallel to S2 planes, or more often 

as white mica-chlorite interstratified layers (1-

8μm) (Fig. S1B). Chemically, Cambrian-Ordovician 

white micas show significantly higher amounts of 

K, Fe2+, Mg apfu and lower of Al(VI) apfu than Upper 

Ordovician ones (S.M., Table VI). 

Fig. 9. Microphotographs of the Gréixer LQV. A) Semi-continuous boudinated host rock fragments (PPL); B) S1 and S2 

cleavages in an isolated host rock fragment; C) and D) Chlorite-bearing stylolites and chlorite growing towards the sharper 

areas; Anastomosing sharper quartz veinlets in PPL (E) and XPL (F). Orange arrows: Fe-oxides location. Green arrows: 

stylolite development. Blue arrows: recrystallization edges. 
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Chlorites are present in host rocks (Fig. S1A-C), in 

the walls of V1 veins and in the centre and walls of 

V2 veins (Fig. S1D-H). All chlorites are classified as 

ripidolites according to Hey (1956) (Fig. 10A). The 

chlorites hosted either in pre- or post-Sardic rocks 

occur as euhedral-subhedral greenish-brownish 

crystals, 50-150μm in size and eventually replaced 

along cleavage planes by Fe oxides (Fig. S1A, B). In 

some cases, flaky-shaped chlorites occur associated 

with stylolites in monomineralic polycrystalline 

quartz clasts of the Rabassa conglomerates (Fig. 

S1C). Pre-Sardic chlorites have higher Mg apfu and 

lower Fe2+ apfu comparing with those hosted in the 

post-Sardic rocks (S.M., Table VI). Altogether show 

a positive correlation in Fe2+/Mg vs. Fe2+ diagram 

(Fig. 10B), and a negative correlation in Al(VI) vs. 

Fe2+ diagram (Fig. 10C). 

Chlorites located in V1 and V2 veins walls (Fig. 

S1D-F) occur as isolated euhedral crystals (100-

200μm) or more often as aggregates (0.1-0.4mm) 

of vermicular or chrysanthemum-shaped crystals 

(20-60μm). Otherwise, chlorites located in V2 

veins centre (Fig. S1G, H) only occur as aggregates 

(0.2-2mm) of crystals (40-150μm). Chlorites in V1 

walls have the highest amounts of Si and Al(VI) apfu 

and the lowest amounts of Fe2+ apfu. Chlorites in 

V2 walls are compositionally between the chlorites 

in V1 wall and in the V2 centre, the latter having the 

highest Fe2+ apfu and the lowest Si and Al(VI) apfu 

(S.M., Table VI). Altogether, vein-hosted chlorites 

display a positive correlation in Fe2+/Mg vs. Fe2+ 

diagram (Fig. 10B), and a negative correlation in 

Al(VI) vs. Fe2+ diagram (Fig. 10C). Correlation lines 

have similar slope for the vein-hosted and host rock 

chlorites, although lines do not overlap due to the 

compositional differences aforementioned (Fig. 

10B, C). Furthermore, if chlorite location (V2 wall 

vs. V2 centre) and vein-generation (V1 wall vs. V2 

wall) are considered, four compositional groups 

(Fig. 10B, C) are deciphered. 

Three semi-empirical geothermometers from 

Bourdelle et al. (2013), Lanari et al. (2014) (Chl2) 

and Inoue et al. (2018) were applied to rock- and 

vein-hosted chlorites. In the performed analyses, 

Fe total is expressed as FeO, and Fe2O3 content is 

unknown. For the application of these 

geothermometers, the lack of XFe3+ is not a 

hindrance due to combination of thermodynamic 

calculations with semiempirical comparisons 

based in the Inoue et al. (2018) approach 

(Verdecchia et al., 2019). By this method, the 

estimation of XFe3+ is based on the comparison of 

formation temperatures estimated with semi-

empirical thermometers that include and not the 

Fe3+. According to Verdecchia et al. (2019), 

temperatures obtained from both pair of 

thermometers should be identical or similar, with a 

maximum difference of 30ºC. Bourdelle et al. 

(2013), Lanari et al. (2014) (Chl2) and Inoue et al. 

(2018) geothermometers are valid for formation 

conditions of <350ºC and 4kbar, 100-500ºC and 1-

20kbar and <400ºC respectively. Furthermore, 

each geothermometer has restrictions that should 

be fulfilled by the analysed chlorites: for the 

Bourdelle et al. (2013) geothermometer, Si apfu 

should be between 2 and 4 and vacancies (Al(VI)-

Al(IV)/2)>0.05apfu; for the Lanari et al. (2014) 

(Chl2), Si apfu should be <3, vacancies (Al(VI)-Al(IV)-

Na-K/2)>0.05apfu and is necessary an estimated 

pressure value (0.5kbar for V1 and 3kbar for V2 and 

host rock chlorites); for the Inoue et al. (2018), 

vacancies (6-(Fe2+Mg+Al(VI)) should be <1apfu and 

NaO+K2O+CaO<0.5apfu. 

All chlorites used here as geothermometers are in 

agreement with the aforementioned premises. 

From the analyses plotted in Figure 10A-C, only 

those with the sum of octahedral sites below 

0.95apfu were used for the temperature 

estimations, so the analyses with low amount 

(<0.05) of octahedral vacancies have been 

discarded. Rock and V2 centre hosted chlorites 

show the maximum temperatures, being slightly 

higher those obtained from Cava Fm-hosted (Fig. 

10D; S.M., Table VI). Significantly different 

formation temperatures from vein-hosted chlorites 

were obtained for the three geothermometers, 

depending on the location and vein-generation 

(Fig. 10D; S.M., Table VI). According to all 

geothermometers applied, temperature increasing 

towards the vein centre is perceived from V2 centre 

and V2 margin comparison, whilst significantly 

lower temperatures have been obtained for V1 walls 

(Fig. 10D; S.M., Table VI). As only wall-hosted 

chlorites have been identified in the V1 veins, it 

cannot be determined whether this difference on 

chlorite formation temperature depending on vein 

location occurs for both vein types. Here, only the 

temperatures obtained from V2 centre and rock 

hosted chlorites have been considered 

representative of the formation conditions during 

the V2 fluid circulation event. Temperatures 

obtained from V1 and V2 margins and their validity 

as a geothermometer will be discussed below. 

4.6. Fluid inclusions 

Quartz from both vein generations shows 

numerous under-micron-sized fluid inclusions. 

Only few bigger (3-8μm), liquid rich two-phase 

inclusions have been measured (n=184) (S.M., 

Table VII). Most inclusions are rounded to sub-
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rounded in shape and aligned obliquely to the main 

direction of the veins, although the relationships 

between these directions and crystal faces growth 

are unknown due to the lack of crystal faces.    

Fluid inclusions from V1 veins show 

homogenization temperatures (Th) between 165 

and 204ºC (n=30) with a mean value of 176±8ºC. 

Given the low number of data the standard 

deviation is large, and no distribution patterns are 

perceived (Fig. 11A), probably due to a non-

isochoric behaviour. No salinity data were obtained 

due to the small size of inclusions. 

Fluid inclusions from V2 veins show a Th between 

164 and 211ºC (n= 154), with most values ranging 

from 176 to 191ºC defining a right-skewed normal 

distribution with a mean value of 184±7ºC (Fig. 

11A). Measured eutectic temperature (Te) in the 

two biggest inclusions (~12μm) with Th of 179 and 

186ºC indicate that the system corresponds to 

NaCl-H2O. The last phase to melt was the ice at -5 

and -6.5ºC respectively, giving a salinity of ~ 9 

wt.% NaCl according to Bodnar and Vityk (1994). 

These results have been applied in the state 

equations of Bodnar and Vityk (1994) and Kinght 

and Bodnar (1989) through ISOC software 

(Bakker, 2003), obtaining the system isochore (Fig. 

11B). 

Formation temperature from chlorites hosted in 

Cambrian-Ordovician and Upper Ordovician rocks 

(n=20) and in V2 veins centre (n=43) were used 

altogether to obtain the pressure conditions 

through their correlation with the isochore (Fig. 

11B). Temperatures of 338±27ºC, 384±24ºC and 

318±12ºC obtained from Bourdelle et al. (2013), 

Lanari et al. (2014) (Chl2) and Inoue et al (2018) 

geothermometers give pressure values of 

2.78±0.5kbar, 3.55±0.4kbar and 2.42±0.2kbar 

respectively (Fig. 11B). The utility of chlorite 

formation temperatures obtained from V1 and V2 

vein walls (Fig. 10D) will be discussed below. 

5. DISCUSSION 

5.1. Thermal balance between fluids and 

host rocks 

The obtained chlorite formation temperature for 

the centre of V2 veins and for host rocks, either 

Serdinya or Cava Fm, is ca. 318±12ºC given the 

Inoue et al. (2018) geothermometer (Figs. 10D; 

11B; S.M., Table V). Temperatures from Bourdelle 

et al. (2013) and Lanari et al. (2014) (Chl2) show 

similar mean values but with higher standard 

deviations (Figs. 10D; 11B; S.M., Table V). This 

result is in accordance with veins formed under low 

Fig.10. Si vs. Fe2+/Fe2++Mg (after Hey, 1954) (A), Fe2+/Mg vs. Fe2+ (B), and Al(VI) vs. Fe2+ (C) diagrams of analysed chlorites. 

Note the two sub-parallel trends for vein- and rock-hosted chlorites in (B) and (C); D) Formation temperatures obtained from 

Bourdelle et al. (2013), Lanari et al. (2014) (Chl2) and Inoue et al. (2018) geothermometers for vein- and rock-hosted chlorites; 

for each dataset, up and down colour boxes limits are the standard deviation (first-third quartiles), horizontal lines are the 

median, black points are the mean value and whiskers are the max.-min. values. Data available in S.M., Tables IV, V, VI. 
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fluid/rock ratios and therefore, with expected 

thermal equilibrium between circulating fluids and 

rocks (Sharp et al. 2005 and references therein). 

However, same three geothermometers point to 

different and lower temperature for chlorites in the 

walls of V1 and V2 veins, 210±7 and 257±22ºC 

respectively given the Inoue et al. (2018) one (Fig. 

10D). Conversely, differences in temperatures 

between wall and centre are predicted on veins 

formed by high fluid/rock ratio, with thermal 

disequilibrium between fluids and rocks. This 

contradictory result needs to be addressed because 

assure thermal equilibrium between fluid and rock 

is a key point when fluid inclusion data are 

combined with an independent geothermometer to 

obtain the pressure (Fig. 11B). Once knowing the P-

T condition for vein formation it would be possible 

to grasp the thermal gradient (see below). 

To invoke a high fluid/rock ratio seems unlikely 

since: (i) similar chlorite formation temperatures 

were found in host-rock and V2 centre (Fig. 10D) 

and (ii) no Th differences were found between fluid 

inclusions of V2 wall and centre (Fig. 11A). 

Additionally, even the giant quartz veins formed 

under up to 400ºC in the Alps show evidences of 

low fluid/rock ratios and thermal balance between 

the hosting rocks and the circulating fluids, 

according to their δ18O (Sharp et al. 2005 and 

references therein).  

The major requirement to determine the use of 

chlorite as geothermometer is that the system must 

be in equilibrium but also “the phases must be 

chemically and structurally well-defined” (Essene 

and Peacor, 1995). Therefore, chemistry and 

somehow structural definition of different 

chlorites, especially the ones hosted on the vein 

walls, require attention. The EPMA results show 

higher Si and Mg and lower FeT content for 

chlorites in the vein walls compared to those 

located either in vein centre or within the host 

rocks (S.M., Tables V, VI; Fig. 10A-C). 

Interestingly, these wall chlorites are also close to 

iron oxides minerals (S.M., Fig. S1). 

The EPMA analysis assume total Fe as FeO, so here 

is discussed what could be the influence of Fe3+ on 

the calculated temperature. The Lanari et al. (2014) 

(Chl2) and Inoue et al. (2018) geothermometers 

estimate the Fe3+/Fe2++Fe3+ via thermodynamic 

modelling (Verdeccia et al., 2019), but according to 

Masci et al. (2019) they are based on a restricted 

number of analyses. Thus, specific chlorite 

compositions could be out of their known 

application limits. In contrast, Bourdelle et al. 

(2013) defended that it is possible to calculate 

reliable formation temperatures without any 

measurement or assumptions on the chlorite Fe3+ 

content (Bourdelle and Cathalineau, 2015). 

There are chlorite substitutions that involve the 

incorporation of Fe3+ in both tetrahedral (Munoz et 

al., 2013) or octahedral (Vidal et al., 2006; Trincal 

and Lanari, 2016) positions. According to Masci et 

al. (2019), the Fe3+ increasement goes together 

with an increment in octahedral vacancies (Fig. 

11C-E). Thus, a coupled substitution of three 

divalent cations by two Fe3+ cations, similarly as in 

the di-trioctahedral substitution (☐VI + 2Fe3+ = 

3(Mg, Fe2+)) is proposed (Trincal and Lanari, 2016; 

Masci et al., 2019),  fitting well with higher 

vacancies in V1 and V2 wall-hosted chlorites (Fig. 

11C-E). Qualitative estimations of mineral 

abundance show more Fe-bearing phases in V1 

walls, correlating with their highest amount of 

octahedral vacancies (Fig. 11C-E). Moreover, the 

increasing trend of Mg in wall-hosted chlorites 

(Fig. 10B) can be produced by homovalent 

substitution (Mg2+=Fe2+), which would have 

involved a higher loss of Fe2+ (Fig. 10C). Biotite 

from host rock could provide Mg by chloritization 

(e.g. Morad, 1990). 

The plausible Fe3+ incorporation into the V1 and V2 

wall-hosted chlorites could have resulted in an 

underestimation of their formation temperature 

using Lanari et al. (2014) (Chl2) and Inoue et al. 

(2018) geothermometers. Although these Fe3+ 

variations should not alter the temperatures 

obtained from Bourdelle’s et al. (2013) 

geothermometer, an associated vacancy increment 

(Fig. 11C-E) might explain the lower and different 

temperatures for the vein walls chlorites (Fig. 10D; 

S.M., Tables V, VI). Therefore, the considered 

temperature for V2 veins formation in this work is 

the one obtained from vein centre, that match with 

the temperature of host rocks chlorite (Fig. 10D), 

pointing to low fluid/rock ratios. Concerning V1 

veins, chlorite lack in the vein centre prevents 

knowing the real formation temperature. 

Hypothetically, if Fe3+ incorporation occurred 

similarly as V2 walls, an increasement of ca. 50ºC 

given the Inoue et al (2018) geothermometer can 

be envisaged for the V1 centre (Fig. 10D), resulting 

in a formation temperature of ca. 260ºC. 

Fluid circulation under low fluid/rock ratios imply 

static regimes with locally derived fluids (Yardley, 

1975), and fluid-rock interactions constraint by 

host rock properties (among them mineralogy, 

grain-size or banding) and their deformational 

history (e.g. Sharp et al., 2005; Van Noten and 

Sintubin, 2010). Quartz dissolution is favoured by 
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pressure variations (e.g. Sharp et al., 2005), grain-

grain contacts, high dislocation densities and small 

grain size (Yardley, 1975). Specifically, pressure 

solution in quartz-quartz interfaces produce less 

dissolution than in quartz-mica ones (Renard et al., 

1997; Wangen and Munz, 2004). As at the 

boundaries of the pre-Sardic phyllosilicate 

compaction bands (LVR) have many quartz-mica 

interfaces, it might constitute the main source of 

silica (Fig. 8A, B). Upper Ordovician rocks do not 

show LVR, although some (few, 5%) mica-quartz 

interfaces are present in the matrix (Fig. 8D, E). 

According to Nakamura and Watson (2001), 

dissolved silica can diffuse into fractures over 

meters at a rate as high as 0.1-1m/year. In the pre-

Sardic-hosted V1 veins, diffusion heterogeneities 

are gathered from the matching of in-vein stripes 

with the phyllosilicate compaction bands in the 

adjacent host rock (Fig. 8A, B). The size and the 

number of quartz crystals within the stripes 

correlate with the bands in the host rock (Fig. 8A, 

B). As quartz-mica boundaries support a thicker 

layer of water than quartz-quartz ones (Rendard et 

al., 1997; Niemeijer and Spires, 2002), the 

diffusion pathways are enhanced by the numerous 

compaction bands boundaries (Fig. 8B). 

Conversely, inner zones of the phyllosilicate 

compaction bands probably acted as transmissivity 

barriers due to the permeability gain with the 

phyllosilicate increasement (Parry et al., 2004). 

These low-permeability zones prevented silica 

diffusion into the veins, resulting in inner-vein 

stripes with minimum nucleation and larger-in-

size crystals (Fig. 8A, B). 

5.2. Quartz vein emplacement and the 

structure of the pre-Variscan rocks 

Two quartz veins generations (V1 and V2) are 

differentiated in the La Molina area based on 

differences in their orientation (Figs. 4; 7), 

distribution (Fig. 7) and relationship with the 

deformational structures (Figs. 4; 8A, B, E, F). 

Variations on chlorite chemistry (Figs. 10; 11C-E) 

also support this differentiation. 

Concerning their age, V1 veins are affected by 

centimetric scale D2 folds and crosscut by S2 

cleavage planes, so a pre-D2 emplacement may be 

pointed out. Moreover, their occurrence around the 

Upper Ordovician Unconformity and the Upper 

Ordovician synsedimentary extensional faults 

suggest an emplacement coeval to the 

sedimentation of the lowermost part of Upper 

Ordovician succession and to the Late Ordovician 

faulting episode (Fig. 7). Thus, it may be considered 

a relationship between the formation of V1 veins 

and the Sardic events, supporting the 

interpretations from Casas et al. (2019) and Puddu 

et al. (2019).  

Besides V1 veins, other deformational structures, 

previous to D2 and only affecting the Cambrian-

Ordovician succession, have been identified in the 

Fig. 11. Histogram of the homogenization temperatures (Th) obtained from V1 and V2 fluid inclusions; B) P-T formation 

conditions of the V2 veins from the correlation between the isochore and the geothermometers applied; C), D) and E) T(ºC) vs. 

octahedral vacancies (☐ VI) plots, calculated through Bourdelle et al. (2013), Lanari et al. (2014) (Chl2) and Inoue et al. (2018) 

approaches respectively. Shaded areas represent the “application limit” of each geothermometer as revealed by vacancy 

increasement due to Fe3+ incorporation (see text for further explanations). 
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study area: S1 slaty cleavage (Figs. 8C; 9B) and pre-

D2 folds (Figs. 2; 3). Hartevelt, (1970), Bons (1988) 

and Poblet (1991) also recognized a fabric prior to 

the development of the mainphase cleavage in 

Central Pyrenees and in the Orri dome, but they 

concluded that this bedding parallel fabric is the 

result of sedimentation and compaction processes. 

Clariana and García-Sansegundo (2009) and 

García-Sansegundo et al. (2011) also described a S1 

cleavage only recognisable in the Cambrian-

Ordovician succession and not related to fold 

development in the Central Pyrenees (Garona and 

Pallaresa domes). These authors suggest that S1 

could be related to a pre-Late Ordovician 

deformation event. In the La Molina area, S1 

cleavage has been only identified at microscopic 

scale and no relationship with folding structure 

have been observed. Thus, S1 development cannot 

be unequivocally related to a Middle Ordovician (?) 

pre-D2 fold system. Alternatively, it could represent 

a poorly-developed cleavage near its upper front at 

shallow metamorphic levels, whereas it is well 

developed at deeper structural levels where 

constitutes the main Variscan deformational 

mesostructure (Santanach, 1972b; Ayora and 

Casas, 1986; Carreras and Capellà, 1994). In the La 

Cerdanya area Puddu et al. (2019) described NE-

SW oriented decametric to hectometric folds not 

related to cleavage formation or metamorphism 

and only affecting the pre-Sardic sequence. These 

authors interpreted these folds as fault-

propagation folds of upward-propagating pre–

Sardic (Early–Mid Ordovician) normal faults. The 

similarities with the pre-D2 folds described in the 

La Molina and Gréixer, and their possible 

relationship with Late Ordovician faults (Figs. 2A; 

3A, B), suggest that these fold systems may share a 

common origin. Finally, the distribution of V1 veins 

and their relationship with D2 mesostructures 

point to a pre-Variscan (Sardic-linked) age for this 

vein type (Fig. 7A). 

Veins of V2 are parallel to the S2 cleavage, either 

where S0 and S2 are perpendicular or oblique, close 

or away of D2 fold hinge, respectively (Fig. 7). This 

points to a post-D2 emplacement for V2 veins. 

Therefore, V2 veins could be Variscan (after D2 

deformation), or Alpine in age.   

Classically, a Variscan age has been attributed to 

the deformation responsible for the main cleavage 

in the pre-Alpine basement rocks of the Pyrenees 

(see a review in Carreras and Capellà, 1994). In the 

equivalent rocks of Serdinya Fm of the Orri dome, 

Bons (1988) obtained paleotemperatures between 

250°C and 350°C on the basis of illite crystallinity 

data, that for a geothermal gradient of 30°Ckm-1 

would imply maximum pressures on the order of 2-

3kbar. In the same area, Cochelin et al. (2018) 

obtained similar temperatures, ca. 350ºC by using 

Raman spectrometry analysis of carbonaceous 

material on muscovite-chlorite bearing 

metasediments. Cochelin et al. (2018) related these 

temperatures to the Variscan metamorphism 

developed subsequently to the initiation of 

regional-scale folding and draw flat isotherms with 

an estimated paleothermal gradient of 45ºCkm-1. 

Considering this gradient, an estimated depth of 

about 7.8km is obtained for the cleavage 

development during Variscan times in the Orri 

dome. These temperatures are similar to those 

obtained in the study area for V2 veins and host 

rocks (Fig. 10D). However, in the La Molina area, 

this estimated depth is unrealistic unless several 

repetitions of the overlying Upper Ordovician, 

Silurian, Devonian and pre-Variscan 

Carboniferous successions (from 1000 to 2000m 

in thickness; Domingo et al., 1988; Martín-Closas 

et al., 2018) occur. In addition, preserved Variscan 

structure of the Tossa d’Alp massif, close to la 

Molina, points that the thrust system affecting the 

post-Silurian rocks only produces a structural relief 

of ca. 2000m (Domingo et al., 1988). 

Alternatively, an Alpine age can be considered for 

the V2 veins. In the northern slope of the Canigó 

massif (Conflent area), Kister et al (2003) obtained 

formation conditions of 309-405ºC and 2.5-

3.5kbar from a set of centimetric-width quartz 

veins, with purely empirical chlorite thermometry 

and fluid inclusions microthermometry. According 

to them, these veins are parallel-to or related with 

fractures, fault sets or shear zones, and aged late-

Variscan or Alpine. Applying the semi-empirical 

geothermometers of Bourdelle et al. (2013), Lanari 

et al. (2014) and Inoue et al. (2018) to their 

analyses, here are obtained temperature values of 

308±54, 343±51 and 308±25ºC respectively, very 

similar to those from La Molina V2 veins. In the 

Gavarnie thurst area, Henderson and McCaig 

(1996) studied Alpine quartz veins estimating P-T 

conditions of 5kbar and 330ºC for Pic Long and La 

Glère shear zones, applying empirical chlorite 

thermometry and fluid inclusions 

microthermometry. Semi-empirical thermometry 

could not be applied to their analyses since the sum 

of octahedral sites is >5.95apfu. Nevertheless, 

empirical formation temperatures of these Alpine 

veins are also similar to those obtained in the La 

Molina V2 ones with modern geothermometry.  

In the Central Pyrenees, Lacroix et al. (2011, 2012) 

obtained paleotemperatures of 208 and 240ºC and 

pressures of 570 and 650 bars, during the 
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emplacement and fault reactivation of the Monte 

Perdido thrust sheet in late Eocene-early 

Oligocene, respectively. These authors used fluid 

inclusions, oxygen isotopic fractionation and 

chlorite thermometry data. Izquierdo-Lavall et al. 

(2013) got paleotemperatures up to ca. 215ºC based 

on vitrinite reflectance for the lowermost part of 

the Paleogene succession in the Jaca basin. 

Combining this data with fluid inclusions they 

obtained a pressure of 800-1200bars, estimating a 

burial depth of ca. 6km. Lacroix et al. (2011, 2012) 

and Izquierdo-Lavall et al. (2013) get the same 

geothermal gradient of 34ºCkm-1, but differently to 

what is proposed in this work, they assumed 

hydrostatic pressures. In La Molina, higher chlorite 

formation temperatures give higher pressures, and 

assuming lithostatic pressures a burial depth of ca. 

9km and a geothermal gradient of 34ºCkm-1 can be 

pointed out. From regional stratigraphic data, 

Carrillo et al. (2014) estimated a thickness of ca. 

5.6km for the Eocene sequence in the south-

eastern Pyrenees. In La Molina, a thicknesses of ca. 

500m for the Late Cretaceous-Paleogene 

succession and ca. 2000m for the post-Upper 

Ordovician sequences should be added. As a result, 

a burial depth of ca. 8.1km is achieved for 

Cambrian-Ordovician rocks in Eocene times based 

on stratigraphical criteria. This depth is 

comparable to that proposed in the Orri dome, but 

fitted in Variscan time by Cochelin et al. (2018), 

and close to that estimated in La Molina trough the 

Inoue et al. (2018) geothermometer. 

Concerning the giant quartz veins, they have been 

classically considered as the expression of large 

quantities of externally derived fluids that 

precipitate in regional-scaled brittle-ductile 

structures, at 200-300ºC and 2-3Kbar (Bons, 

2001; Lemarchand et al., 2012). However, other 

formation mechanisms without involving high 

fluid/rock ratios have been suggested (e.g. Sharp et 

al., 2005). A low fluid/rock ratio and an Alpine age 

is the condition proposed for the La Molina V2 

veins in this work. Considering the structural 

features of the Gréixer LQV, where S2 is not 

recognisable, a pre- or post-S2 formation may be 

pointed out for this structure. Classical 

crosscutting relationships may indicate a post-S2 

formation, although the S2 surfaces could also be 

being refracted by the main quartz bodies or be 

invisible due to the quartz rheology, so a pre-S2 age 

may also be envisaged. However, S2 cleavage have 

been identified in the host rocks fragments within 

the main quartz bodies, so a post-S2 GQV formation 

may be more plausible. Thus, in the absence of 

thermobarometric data that confirm or deny the 

same tectonothermal framework for both types of 

veins, it might be asked: could these two structures, 

small and giant veins, be formed at the same 

conditions? Although the answer of this question is 

out of scope of this work, a short summary of the 

existing data is provided. 

The giant quartz veins on the Eastern Pyrenees 

consist of SE-NW to SW-NE oriented massive 

quartz bodies that show evidences of 

protocataclastic to ultramylonitic deformation. 

They are hosted either in pre-Silurian 

metasedimentary rocks, gneisses derived from 

Ordovician granites and late-Variscan granitoids. 

Their emplacement seems strongly controlled by 

the regional structural features. Phyllosilicates 

and/or calcite are also present in minor amount 

and often the main quartz bodies are crosscut by 

anastomosing centimetric-width quartz veinlets 

with minor deformation structures. Host rock 

fragments within the main quartz bodies and host 

rock silicification near their boundaries are also 

common features (Ayora and Casas, 1983; Liesa, 

1988; Fonseca et al., 2015; Ayora, pers. comm.). 

Although some of these kilometric veins have been 

already studied, the available data cannot be 

objectively compared with the preliminary results 

obtained by now. Could these impressive veins be 

Alpine in age? What features control the silica 

precipitation either in small, metric veins or in 

kilometrical ones? Fluid inclusions as a 

geobarometer through and independent 

geothermometer, as applied here for the La Molina 

metric veins, can constitute an effective 

methodological approach for future works on the 

larger veins. The phyllosilicates occurred in these 

veins can work as an accurate independent 

geothermometer if semi-empirical methods are 

applied, although it should be taken into account 

the geochemical constraints suggested here. The 

formation conditions together with the structural 

and thermal framework will help to establish the 

age of these structures in future works. 

5.3. Suggested methodology 

Characterizing multi-sized quartz veins requires a 

multi-scaled multidisciplinary approach. Features 

controlling the formation mechanisms include, 

among others, fluid/rock ratios and the thermal 

balance, fluid source, fluid-rock interactions and 

structural and thermal framework. Quartz vein 

formation requires: (1) availability of silica (± other 

elements), locally or externally derived, (2) their 

transport via diffusion or advection mechanisms 

(among others, local pressure gradients, Oliver and 

Bons, 2001; mobile hydrofracturing, Bons, 2001; 

seismic pumping, Sibson et al., 1975), and (3) the 
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silica precipitation due to fluid supersaturation, as 

a result of (among others) changes in fluid 

composition (Newton and Manning, 2000), 

pressure variations (Sharp et al., 2005) or seismic-

triggered flash vaporization (Amagai et al., 2019). 

A vein-forming episode can only be fully 

characterized by understanding all these processes. 

However, in the S.M., Figure S2, a simplified 

methodological approach to grasp some of these 

mechanisms is suggested on the basis of what has 

been learned from the La Molina and Gréixer veins. 

5.4. Seismic and paleoseismic implications 

Fluid circulation is enhanced in zones of intense 

deformation, as faults in the upper brittle crust and 

shear zones in the lower ductile crust (Lemarchand 

et al., 2012). Since the last century, it is well known 

that fluid circulation can generate overpressures 

(Bredehoeft and Hanshaw, 1968; Sharp and 

Domenico ,1976) and trigger seismicity (Engelder, 

1984; Muir-Wood and King, 1993). Earthquake 

triggering occurs when stress exceeds the elastic 

limits of the rocks. If these rocks are homogeneous 

and isotropic, they will fall on predictable planes 

(Anderson, 1951). However, earth’s crust is not 

isotropic, often because previous faults, fractures, 

and density changes due to fluid circulation (e.g. 

Sevage, 2010). The pre-existing faults and fractures 

can break at lower stresses and at different angles 

that those expected if isotropic conditions were 

considered (Sibson, 1985), and fluids occurrence 

reduce the stress needed to break the rocks (e.g. 

Bons et al., 2012). Thus, fluids influence in 

earthquake triggering is an undeniable question. 

Furthermore, the precipitation of fluid-derived 

authigenic and hydrothermal minerals in seismic 

or paleoseismic areas is the clearest evidence of 

these fault-fluid relationships (Sibson, 1988; Oliver 

and Bons, 2001; Viola et al., 2016). According to 

some authors (Miller, 2013; Marchesini et al., 

2019) mineral precipitation is not only an evidence 

but also a condition controlling the seismic cycles. 

Additionally, assumptions not only related to the 

triggering, but also to the aftershocks have been 

proposed recently. One of such proposes is that the 

spatial distribution patterns of the aftershocks 

reflect the fluid pathways taken due to the 

mainshock-triggered pressure release. However, 

interpretations of these processes are still an open 

debate (see a review in Miller, 2013). 

It is important to notice that direct evidences of 

relationship between fluids and earthquakes are 

limited to surface data, whilst subsurface indirect 

ones are provided by geophysical methods and 

computer modelling (Miller, 2002; Miller et al., 

2004). Thus, direct information from fluid 

circulation at near-surface and subsurface levels, as 

those studied in this work, can help on grasping the 

links between fluids and earthquake occurrence. 

In the Cambrian-Ordovician Armorican Quartzite 

Fm (NW Iberia, León area) and in the Serdinya Fm 

(La Cerdanya area), synsedimentary deformation 

structures interpreted as liquefaction evidences 

(seismites) have been reported (Fernández-Lozano 

et al., in press and Casas, pers. comm., 

respectively). Is assumed that these structures are 

formed by Mw>5 earthquakes occurred at shallow 

(<2km) crustal levels (e.g. Dowrick, 2009; 

Fernández-Lozano et al., in press). In La Cerdanya, 

there are also evidences of Late Ordovician faulting 

linked to the La Molina V1 veins precipitation, that 

could produce earthquake/s. 

Furthermore, here is proposed an Alpine vein-

forming episode that produced, at least, the La 

Molina V2 and the Conflent area quartz veins 

(Kister et al., 2002), involving the northern and 

southern slopes of the Canigó Massif. However, it 

is an open question if this event could also give rise 

to LQVs, as the Gréixer one. The amount of 

circulating fluids during this episode, and so the 

decrease of the stress needed to break the rocks and 

favour seismic events, strongly depends on the age 

and circulation mechanisms (locally or externally-

derived) of the Gréixer and other LQVs spread 

throughout the Pyrenees Paleozoic basement. 

Paleo-fluid-faulting relationships in the Eastern 

Pyrenees also depend on the fluid circulation 

mechanisms and the fluid-rock interactions. Here 

is proposed a low fluid/rock ratio for the (Late 

Ordovician) V1 and (Alpine) V2 veins, but it is 

unknown how and when has the Gréixer LQV been 

formed. In a locally derived circulation system, 

silica dissolved in the host rock can be diffused into 

the fractures as high as 0.1-1m/year (Nakamura 

and Watson, 2001). Thus, siliciclastic Cambrian-

Ordovician rocks can constitute an “unlimited” 

source of silica in a geologically reasonable time, 

giving rise to the metric (through short diffusional 

pathways) and hectometric (through long 

diffusional pathways) veins. Contrarily, if a high 

fluid/rock ratio is considered for the LQVs, 

earthquake-related fluid circulation mechanisms 

as seismic pumping (Sibson et al., 1975), suggested 

by Ayora and Casas (1983) for the Esquerdes de 

Rojà vein, or mobile hydrofracturing (Bons, 2000) 

can be proposed. By now, these attributions remain 

speculative, although future studies on fluid 

circulation may provide new insights about it. 
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6. CONCLUSIONS AND FINAL REMARKS 

In the La Molina area, two types of decimetric-

metric quartz veins (V1 and V2) have been 

deciphered based on differences in orientation, 

distribution and relationships with deformational 

structures. The V1 veins generation is suggested to 

be linked to the Late Ordovician faulting episode, 

related to the Middle-Late Ordovician Sardic 

events. V2 veins were formed in a low fluid/rock 

ratio regime, since in-vein and host rock chlorites 

provide the same formation temperatures. For the 

V2 veins, the combination of chlorite chemistry 

and fluid inclusion data give a T of ca. 318±12ºC 

and a P of 2.4±0.2kbar, with an estimated 

geothermal gradient of 34ºCkm-1 that suppose a 

burial depth of ca. 9 km. After a comparison of 

these conditions with other areas of the Central and 

Eastern Pyrenees and based on stratigraphical 

criteria, an Alpine age for the V2 veins is proposed. 

Actual data does not allow to establish a pre- or 

post-D2 age for the Gréixer LQV. Thermo-

barometric data that fit with the Alpine tectono-

thermal setting will be necessary to suggest a vein-

forming episode that includes the formation of 

metric and decametric veins in the Canigó massif. 

Several questions raise from these results, for 

instance the representativity of the data for larger 

areas, not only in the Canigó massif but also in 

Central and Eastern Pyrenees, and/or the 

relationship between the metric veins and the 

larger ones spread throughout the pre-Alpine 

basement of the Eastern Pyrenees. Could the large 

quartz veins be formed at low fluid/rock ratios as 

has been suggested for example in the Alps (e.g. 

Sharp et al., 2005)? In the Eastern Pyrenees, 

although giant veins are mostly hosted by Variscan 

and pre-Variscan rocks, large fault-related quartz 

bodies also crosscut Mesozoic sedimentary rocks in 

some places (Liesa, 1988; Fonseca et al., 2015), 

being therefore Alpine in age.   

Veins formed under low fluid/rock ratios are a 

paleorecord of the P-T conditions of the enclosing 

rocks. Fluid inclusions as a geobarometer through 

and independent geothermometer, as applied in 

this work, constitute an effective tool to stablish the 

fluid/rock ratio, but chlorite thermometry requires 

caution. The formation conditions together with a 

well-known structural and thermal framework can 

help to establish the age of these structures, whilst 

an accurate petrographic and geochemical 

characterisation can provide information about 

their formation constraints and mechanisms.  
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