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Abstract: We present new data of the pre-Variscan, Variscan, and Alpine evolution of the pre-
Silurian rocks from the Gréixer sector (La Cerdanya area, Eastern Pyrenees). Structural analysis and
detailed mapping of Cambrian-Ordovician and Upper Ordovician low-grade metasediments suggest
the existence of three deformational events, together with the emplacement of an hectometric-sized
quartz vein and the development of thrusts zones. We compare the results with other sectors close
to the study area, and suggest that they form the southern (reverse) limb of a kilometre-sized E-W-
trending south-verging “D,” antiform of Variscan age. This fold was deformed by open NW-SE-
trending south-verging “D,” folds with gently north-dipping limbs of unknown age—Variscan or
Alpine. Moreover, microstructural analysis and the structural attitude of the D, mesostructures
suggest the existence of a pre-Upper Ordovician “D,” deformational event that only affects the
Cambrian-Ordovician metasediments. By comparison with neighbouring areas, an Alpine age for
quartz vein emplacement and the development of thrust zones is suggested.

Keywords: structural analysis, giant quartz vein, Cambrian-Ordovician, Upper Ordovician,
Eastern Pyrenees.

Resumen: Presentamos nuevos datos sobre la evolucién pre-varisca, varisca y alpina de las
rocas pre-Siltricas de los alrededores de Gréixer, en La Cerdanya, Pirineo oriental. El andlisis
estructural y cartografia de los meta-sedimentos de bajo grado metamérfico de edad cambro-
ordovicica y ordovicica superior, sugieren la existencia de tres episodios de deformacion asi
como el emplazamiento de cabalgamientos y de una vena de cuarzo de tamafio hectométrico. La
comparacion con otros sectores préximos sugiriere que todos ellos forman el flanco sur (invertido)
de un antiforme “Dz” kilométrico E-O con vergencia hacia el sur, de edad varisca. Este pliegue fue
deformado por pliegues “D,” posteriores, de orientacién NO-SE y vergencia sur, cuyos flancos
buzan moderadamente hacia el norte y cuya edad es desconocida, varisca o alpina. Ademds, el
andlisis microestructural y la disposicién de las meso-estructuras D, sugieren la existencia de un
evento de deformacién “Dl”, anterior al Ordovicico Superior, que afectarfa tan solo a la sucesién
Cambro-Ordovicica. Por comparacién con zonas vecinas, se sugiere una posible edad alpina para el
emplazamiento de la vena de cuarzo y para el desarrollo de los cabalgamientos.

Palabras clave: anilisis estructural; vena gigante de cuarzo; Cambro-Ordovicico; Ordovicico Su-
perior; Pirineo Oriental.



https://doi.org/10.17811/tdg.37.2023.81-95
mailto:e.gonzalez-esvertit%40ub.edu?subject=
https://orcid.org/0000-0002-1168-2532
https://orcid.org/0000-0001-5428-3139
https://orcid.org/0000-0002-5544-0201
https://orcid.org/0000-0001-7760-7028

82 ELor GONZALEZ-ESVERTIT, JULIA MOLINS-VIGATA, ANGELS CANALS y JosEP MARIA Casas

1. Introduction

Pre-Silurian rocks cropping out in the basement of
the Pyrenees record the imprint of pre-Variscan, Var-
iscan, and Alpine deformation phases. The structur-
al inheritance of these episodes is exceptionally well
exposed throughout the La Cerdanya area (Eastern
Pyrenees), where a low-grade metasedimentary suc-
cession crops out in, among others, the Gréixer,

La Molina and Talltendre sectors (i.e., Santanach,
1972a; Casas and Ferniandez, 2007; Casas, 2010;
Puddu etal., 2019). These rocks have been deformed
by various folding episodes and also host multi-sized
quartz veins, from millimetric to centimetric thick-
nesses and metric lengths in the La Molina and Tall-
tendre areas (Puddu et al., 2019; Gonzdlez-Esvertit
et al., 2020) to metric thicknesses and hectometric
lengths in the Gréixer area.

Figure 1. (A) Geological sketch map of the Eastern Pyrenees and its location on the Iberian Peninsula. B) Detailed geological map of
the La Cerdanya area, modified after Institut Cartografic i Geologic de Catalunya (1:25,000) and Instituto Geoldgico y Minero de
Espafa (1:50,000) (CC BY 4.0); note that the La Cerdanya normal fault separates the Gréixer and Talltendre sectors (in the hanging
wall) from the La Molina sector (in the footwall).
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Aiming to decipher the structural evolution of the
pre-Silurian rocks of the La Cerdanya area, here
we present a detailed geological map and structur-
al analysis of the Gréixer sector, together with its
structural comparison with the available data from
neighbouring sectors. Furthermore, as the study
of quartz veins helps to reconstruct the tectonic
and thermal evolution of the rocks where they are
hosted, we discuss the age and the structural con-
trols on the emplacement of the hectometric-sized
Gréixer vein.

2. Geological setting

The Pyrenees is an Alpine E-W trending fold-and-
thrust belt formed from the Late Cretaceous to Mi-
ocene after the collision between Iberia and Eurasia
(Roest and Srivastava, 1991; Mufioz, 1992; Rosen-
baum et al., 2002). Along the central area of the
orogen (i.e., the Axial Zone), the Alpine deforma-
tion exhumed a complete pre-Variscan basement
succession, Late Neoproterozoic to Carboniferous
in age, mainly made up of low- to medium-grade
metasedimentary rocks (Fig. 1A). These rocks record
Cadomian, Ordovician, and Variscan magmatism,
and were affected by Sardic (Ordovician), Variscan,
and Alpine deformational events, as well as by Var-
iscan regional metamorphism (Santanach, 1972a, b;
Mufoz, 1992; Casas, 2010; Navidad et al., 2018;
Padel et al., 2018).

The study area is located near the town of Gréixer
in the La Cerdanya area (Eastern Pyrenees; Fig. 1)
and is made up of Cambrian-Ordovician and Up-
per Ordovician metasedimentary successions and
Neogene sedimentary rocks (Fig. 2) (Gonzalez-Es-
vertit et al., 2022a). Cambrian-Ordovician rocks
from the Gréixer sector correspond to the upper-
most part of the Jujols Group (Cavet, 1957; Lau-
monier, 1988) and are represented by the Serdinya
Formation and its uppermost Font Fréde Member
(Padel et al., 2018). The Serdinya Fm. comprises a
rhythmic alternation of millimetric to centimetric
sandstone and shale layers. It was attributed to the
Late Cambrian (Furongian)—Early Ordovician by
Casas and Palacios (2012) on the basis of acritarch

remnants in the La Molina area, whereas a maxi-
mum depositional age of ca. 475 Ma was proposed
by Margalef et al. (2016) according to the youngest
detrital zircon population in the La Rabassa dome.
In the Gréixer sector, the Serdinya Fm. contains
two key centimetric levels: convoluted facies or
soft-sediment deformation structures, interpreted
to be formed during storm episodes or liquefaction
processes, and quartzite layers. The quartzite levels
become more recurrent upwards until reaching the
Font Fréde Member, which crops out scarcely in the
study area and consists of a ca. 10 m-thick package
of centimetric quartzite with decametric lateral ex-
tension (Fig. 2A). According to Padel et al. (2018),
the Font Frede Member could represent the onset of
an early Tremadocian regression. The overlying Up-
per Ordovician succession exhibits significant (100
— 1000 m) thickness variations and displays a fining
upwards siliciclastic package with some carbonat-
ic levels and volcanic intercalations. From base to
top, Hartevelt (1970) defined five formations that
can be identified along the pre-Variscan outcrops of
the Pyrenees and the Catalan Coastal Ranges: the
La Rabassa Conglomerate, Cava, Estana, Ansobell,
and Bar Quartzite Fms. In the Gréixer sector, only
the Cava Fm. has been identified. It is composed
of feldspathic conglomerates and sandstones grad-
ing upward into variegated shales and fine-grained
sandstones. This formation was attributed to the
Katian (former Late Caradoc—Early Ashgill) by Gil-
Pefia et al. (2004) on the basis of abundant brachi-
opods, bryozoans, and echinoderms.

In the Pyrenees, the Upper Ordovician unconform-
ity separates the Cambrian-Ordovician and the Up-
per Ordovician metasedimentary successions. This
unconformity has been recognized near the study
area in the La Molina and La Rabassa areas (San-
tanach, 1972b; Casas, 2010; Gonzalez-Esvertit et
al., 2020), the Talltendre sector (Casas and Ferndn-
dez, 2007; Puddu et al., 2019), as well as in other
Pyrenean massifs (Den Brok, 1989; Garcia-Sanse-
gundo and Alonso, 1989; Kriegsman et al., 1989;
Garcifa-Sansegundo et al., 2004). It corresponds to
the “Sardic” unconformity, also recognized in oth-
er domains of the NW Gondwana margin such as
Sardinia, and their origin and significance are still
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the subject of different interpretations (Cocco and
Funedda, 2019). In the La Molina and Talltendre
areas, Casas (2010), Casas et al. (2012) and Puddu
et al. (2019) related the formation of this uncon-
formity to pre-Upper Ordovician foliation-free open
folds attributed to a Mid-Ordovician deformational
event. This folding event was followed by a Mid—
Late Ordovician extensional faulting coeval with the
deposition of the lower part of the Upper Ordovi-
cian succession which, in some sectors, exhibits sig-
nificant thickness variations (Casas, 2010).

As in the rest of the pre-Variscan rocks of the Pyr-
eneces, a pervasive cleavage parallel to the axial sur-
faces of the main folds (S,) is the most recognisable
structure in both successions of the studied area.
This S, cleavage can be correlated to the “S.” cleav-
age recognized in the Pallaresa, La Rabassa, and Orri
domes and in the Tor-Casamanya and Llavorsi syn-
clines (Fig. 1A) (Speksnijder, 1986; Poblet, 1991;
Clariana and Garcia-Sansegundo, 2009; Margalef
and Casas, 2016) and has been classically linked to
the main Variscan folding episode.

Figure 2. (A) Detailed geological map of the Gréixer area, (B) schematic stratigraphic log and (C, D) geological cross-sections.

Location shown in figure 1B.
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Alpine deformation involved the pre-Variscan suc-
cessions from the La Cerdanya area within the Ri-
alp-(Canigd) unit, the lowermost crustal thrust sheet
of the Central-Eastern Pyrenees, which is overthrust-
ed by the Orri-(Cadi) and the Pedraforca-(Nogueres)
units (Mufoz, 1992). These three units make up an
antiformal stack with their basal thrusts dipping to-
wards the north on the northern side of the chain,
sub-horizontal in its central area and south-dipping
at its southern contact with the Mesozoic-Cenozoic
cover. According to Mufioz (1992) and the paleo-
magnetic data from McClelland & McCaig (1989)
the main cleavage present in the pre-Variscan rocks
of the Pyrenees was also displaced and folded during
the antiformal stacking of these thrust sheets. De-
spite the southward displacement of ca. 150 — 160
km along these thrust sheets (Munoz, 1992), Alpine
metamorphism is absent and the internal deforma-
tion is moderated, so that the original characteristics
of the Pyrenean basement rocks may be confidently
reconstructed.

After the Alpine compression, Neogene extension
in the Pyrenees gave rise to different intramontane
basins. The La Cerdanya Basin (Fig. 1) was formed
as a result of a half-graben development along the
hanging wall of the La Cerdanya normal fault. To-
gether with the La Seu d’Urgell, Rossell, Conflent,
and Capcir basins, the La Cerdanya Basin exhib-
its a Neogene to Plio-Quaternary infill of detrital
(mainly lacustrine) deposits. In the La Cerdanya
Basin these deposits directly overlap the pre-Silurian
rocks in its northern area (Pous et al., 1986 and ref-
erences therein), whereas the southern margin of the
basin is bounded by the La Cerdanya normal fault,
which separates the Gréixer and Talltendre sectors
(in its hanging wall) from the La Molina sector (in
its footwall) (Figs. 1, 2). According to the published
cross-sections (Cirés et al., 1994) a minimum dis-
placement of ca. 1000 m can be estimated for the La
Cerdanya normal fault.

Within  this
and Upper Ordovician rocks from the La Molina

framework, Cambrian-Ordovician

and Talltendre sectors exhibit paleo-fluid circula-
tion fingerprints represented by centimetric-width
quartz veins (Puddu et al., 2019; Gonzdlez-Esver-

tit et al., 2020). Contrarily, in the Gréixer sector, a
metric-width discontinuous quartz vein is present
(Figs. 1B, 2A, 2D). An Alpine age and low fluid/
rock ratio regimes have been recently proposed for
the La Molina veins (Gonzélez-Esvertit et al., 2020).
However, the age and formation conditions of the
Gréixer and other non-continuous km-scale veins
that are spread throughout the Pyrenees are not yet
well constrained (Ayora and Casas, 1983; Ayora et
al., 1984; Gonzalez-Esvertit et al., 2022b).

3. The Gréixer host rock structure

In the Gréixer area, the contact between the Cava
and Serdinya Fms. (i.e., the Upper Ordovician un-
conformity) crops out scarcely due to the fact that
it is almost entirely covered by Neogene rocks (Figs.
1B, 2A). Bedding planes in both successions exhibit
a similar NW-SE trend with a reverse NE dip. How-
ever, close to the unconformity, the Cava Fm. beds
dip less (ca. 31/354) than the Serdinya Fm. beds (ca.
58/019) (Figs. 3, 4A, 4B). At a regional scale, this
contact can be considered as an angular unconform-
ity (e.g., Casas and Ferndndez, 2007).

A poorly-developed slaty cleavage (S,) defined by the
orientation of phyllosilicate crystals can identified
at microscopic scale only within the Cambrian-
Ordovician rocks of the Serdinya Fm. (Fig. 5B). The
study area stands out for its well-developed cleavage
(§,) that exhibits a broadly uniform disposition (Figs.
3B, 3C, 5B), trending mainly NW-SE and dipping
moderately to the NE (average value: 31/025) (Figs.
2A, 2GC, 2D, 4C, 4D). At microscope scale, S, can
be described as a crenulation cleavage affecting the
previously developed S, surfaces (Fig. 5B). In the
Cambrian-Ordovician and the Upper Ordovician
rocks, S,
D, folds, facing the NE and with “Z” asymmetry
viewing down plunge (Fig. 3C). D, folds are well

cleavage is related to centimetre-sized

recognizable when affecting the bedding surfaces
of the Cambrian-Ordovician rocks of the Serdinya
Fm. due to its lithological and grain size variations.
According to the bedding-cleavage relationship,
minor S, fold asymmetry, and map scale fold
geometry depicted by the bedding surfaces, the area
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represents the southern (reverse) limb of a south-  examples of larger, decimetric-sized, D, folds (Fig.
verging first-order hectometre to kilometre sized ~ 3D). The larger size of the folds in the quartzite is
D, fold (Figs. 2, 3B, 3C). The quartzite of the Font  probably due to its higher competence and layer
Fréde Member displays several well recognizable thickness.

Figure 3. (A) The Upper Ordovician Unconformity splitting up the Serdinya and Cava Fms. (Location shown in Figure 2). (B)
Relationships between the bedding (S,) and cleavage (S,) surfaces in the Cava Fm., which suggest that the study area belongs to
a southern (reverse) limb of a south-verging first-order D, fold. (C) S surfaces of the Serdinya Fm. exhibiting centimetre-sized
D, folds with “Z” asymmetry, linked to the S, development. (D) Quartzite layers of the Font Fréde Member showing a minor
(decametric) SW-NE oriented thrust fault.
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In the Cambrian-Ordovician rocks, bedding poles
are mainly distributed along a NE-SW girdle with a
maximum oriented ca. 39/033 (p axis 8/313) (Fig.
4A). It should be noted that poles to bedding are also
dispersed along another girdle that is orthogonal to
this one (Fig. 4A). The S /S intersection lineation
(Ly,s,) and D, fold axis are dispersed and arranged
on a girdle (31/020), which is coincident with the S,
average value (Fig. 4C). Over this girdle, a NW-SE
(05/298) maximum L,
roughly coincident with the p axis deduced from

value can be recognized,

the bedding disposition. The dispersion of the L,
w and D, fold axes, together with the S, disposition
(Figs. 4A, 4C), suggest the existence of a previous
deformational event (D)) that could be linked to

the development of the aforementioned S, cleavage
(Fig. 5B), although no mesostructures related to this
event have been identified at outcrop scale.

Despite cropping out in a reduced area—available
data is therefore scarce (Figs. 4B, 4D)—the bedding
surfaces of the Cava Fm. present a distribution on
a single girdle (p axis 10/306) (Fig. 4B), suggesting
that they are not affected by the D, deformational
event, which in this case should be pre-Upper Or-

dovician in age. The fact that the L values in the

52/50
Upper Ordovician rocks do not show a dispersion
as marked as those from the Cambrian-Ordovician
succession also suggests the existence of this pre-Up-

per Ordovician deformation event (Fig. 4C, 4D).

Figure 4. Equal-area lower-hemisphere stereoplots of the rocks from the Gréixer area: bedding surfaces of Cambrian-Ordovician (A)

and the Upper Ordovician (B), cleavage and bedding-cleavage intersection lineation of the Cambrian-Ordovician (C), and cleavage

of the Upper Ordovician (D). n is the number of measurements.
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Brittle mesostructures can be found in the study
area, including a metric-spaced joint set and a deca-
metric-sized thrust fault zone (Figs. 2, 5C). NE-SW
oriented joints are developed only in the host rocks
surrounding the Gréixer vein. Joints dip moderate-to
sub-vertically towards the SE or NW. Moreover, the
boundaries of the Gréixer vein (see Section 4) exhib-
it the geometry of an E-W trending, south-direct-
ed thrust which postdates the D, folds and the S,
cleavage (Figs. 2, 5C, 5D). This thrust is similar to
others linked to quartz bodies located northwards of
the study area (Cirés et al., 1994). The lithological
uniformity of the Serdinya Fm. prevents one from
quantifying the southwards displacement related to
this thrust. A minimum post-D, moment of em-
placement can thus be considered for this structure
and, on the basis of their geometry and orientation,
we propose an Alpine age.

4. The Gréixer quartz vein

The Gréixer vein (Fig. 5A) is located within Cam-
brian-Ordovician rocks and exhibits three NE-SW
aligned hectometric-size quartz bodies (Fig. 2A),
which share the same macrostructural features.
Their core zones are broadly formed by massive
milky quartz with scarce (5 — 15%) and partially
silicified host rock fragments (Fig. 5E), 0.5 — 5 cm
in size. The amount of these fragments increases no-
tably (up to 80%) towards the limits of the quartz
bodies (Fig. 5F), and thus in most cases it is not pos-
sible to recognize a net vein-Serdinya Fm. host rock
border. Several stylolite-like dark surfaces are homo-
geneously distributed without preferential orienta-
tion along the massive quartz bodies, and the latter
are also crosscut by more transparent micrometric
to millimetric width anastomosing quartz veinlets
(Fig. 5E). In some areas, vein limits are defined by
5 — 20 cm thick semi-continuous brecciated levels,
where host rock fragments are embedded within a
milky quartz mass (Fig. 5F). Moreover, main quartz
bodies eventually narrow and branch into centimet-
ric-width veins towards their terminations. These are
the unique centimetric-width veins identified out-
side the main quartz bodies in the study area, thus
indicating that silica precipitated in a spatially re-

stricted structure, more distinctively than at La Mo-
lina (Gonzdlez-Esvertit et al., 2020) or Talltendre
(Puddu et al., 2019) sectors where numerous cen-
timetric-width quartz veins are spread throughout.

Field evidence suggests that the Gréixer vein is
spatially linked to the E-W trending south-verg-
ing thrusts identified in the study area (see Section
3) (Figs. 2A, 5C, 5D). However, more criteria are
necessary to distinguish whether i) the vein formed
along the thrust surface after the latter was formed,
ii) the thrust nucleated along the pre-existing vein
because it represented a rock discontinuity, or, iii)
both the Gréixer vein and the thrust development
were coeval.

At microscope scales (Figs. 5G-K), quartz shows het-
erometric blocky grains (5 — 500 um), or more often
randomly oriented elongated grains with a variable
(4 — 20) length to width ratio. Dynamic recrystalli-
zation mechanisms of bulging and sub-grain rota-
tion, indicative of low to intermediate (- 250 — 500
°C) deformation temperatures (e.g., Stipp et al.,
2002), can be found at the quartz grain bounda-
ries (Fig. 5G). Eventually, bulges evolved to form
small (2 — 10 um) new grains. A variable number
of submicron fluid inclusions with no preferred ori-
entation are observed in the quartz mass (Fig. 5H)
conferring a milky visual appearance. Otherwise,
zones with a minimum quantity of these inclusions
appear as sharper areas where several chlorite crystals
(Fig. 5H) and 10 — 40 pm-sized, mostly liquid-rich
biphasic fluid inclusions are present. Recrystalliza-
tion processes appear to be localized in these sharper
areas, which also exhibit chlorite-bearing stylolites,
pointing to the occurrence of dissolution-precipita-

tion processes (Fig. 5H).

Two types of secondary anastomosing veinlets can
be distinguished crosscutting the main quartz mass.
The first, visible only under Plain Polarized Light
(PPL), is distinguished by a decrease in the num-
ber of submicron inclusions and exhibits a gradual
contact with the milky quartz host (Fig. 5I). These
veinlets are 0.1 — 3 mm thick and are generally con-
tinuous. In Cross Polarized Light (XPL) these veins
are in optical continuity with the host quartz crystals
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with no new quartz crystal nucleation (Fig. 5]). The tified in both PPL and XPL by increases in sharp-
second typology is thicker (up to 0.6 mm), formed ness and by the presence of permeating Fe oxides
by individualized blocky quartz crystals, being iden-  along its margins.

Figure 5. (A) Panoramic view of the Gréixer quartz vein (white arrows); one-lane road in the lower right corner for scale. (B)
Typical fabric of the Serdinya Fm. rocks: a slaty cleavage (S,) only visible at the microscopic scale in the pelitic layers is affected by
a crenulation cleavage (S,) that is the most recognisable surface in the study area. (C) Outcrop of the meso-scale thrust identified in
the study area and (D) detail of one of the thrust surfaces showing slickensides and striae that suggest a southwards displacement of
the hanging wall. (E) Centimetric- to millimetric-width veinlets crosscutting the main quartz body (black arrows). (F) Brecciated
levels in the vein limits composed of heterometric host rock fragments. (G) Dynamic quartz recrystallization with bulges and small
recrystallized grains (red arrow), under cross polarized light (XPL). (H) Chlorite-bearing stylolites under plane polarized light (PPL)
(red arrow), with chlorite crystals growing towards the sharper areas. (I, J) Anastomosing quartz veinlets displaying optical continuity
with the host quartz crystals, respectively, under PPL (black arrows) and XPL (white arrows). (K) Silicified, phyllosilicate-rich host
rock fragment (Serdinya Fm.) embedded in a heterometric quartz matrix.
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Phyllosilicates—mostly chlorite and muscovite as
revealed by XRF diffraction—can be recognized
within the host rock fragments and within the main
quartz mass (Figs. 5H, 5K). Host rock-linked chlo-
rites mostly occur as isolated euhedral-to-subhedral
crystals (5 — 200 um), or eventually with vein mor-
phologies (Fig. 5K). Chlorites within the quartz that
grow from host rock fragments occur as chrysanthe-
mum or vermicular-shaped crystals (10 — 150 pm)
in aggregates of 50 — 200 um. In contrast, chlorites
within the quartz having no relationships with host
rock fragments are isolated vermicular-shaped crys-
tals (50 pm — 1 mm). Interestingly, only few (<
10%) isolated or aggregated chlorite crystals have
been identified in the milky quartz areas.

On the basis of chlorite semi-empirical thermom-
etry, peak temperatures between 310 and 370 °C
have been suggested for the host rocks coevally to
the regional foliation development, whilst the for-
mation of the main quartz bodies have registered
temperatures of 140 — 180 °C (Gonzélez-Esvertit et
al., 2021). This difference on the formation temper-

atures was attributed to a progressive “chlorite re-
finement” during the quartz formation that involved
changes in the texture and chemistry of the different
types of chlorites.

5. Comparison with neighbouring areas

It should be noted that other Pyrenean massifs made
up of low-grade Cambrian-Ordovician metased-
iments exhibit a similar structural arrangement to
that described for the studied area: a regional crenu-
lation cleavage, regularly oriented and moderately to
steeply dipping to the north, is associated with inter-
section lineations and minor fold axes with a marked
dispersion when developed in the Cambrian-Ordo-
vician rocks. This disposition has been described in
the La Rabassa dome (Poblet, 1991; Capella and
Bou, 1997; Margalef, 2015), the Massana anticline
(Casas et al., 1998; Hartevelt, 1970; Poblet, 1991),
the Orri dome (Hartevelt, 1970; Speksnijder, 1986;
Poblet, 1991) and the Lys-Caillouas massif (Den
Brok, 1989), among others (Fig. 1A).

Figure 6. Structural sketch showing the bedding (S )-cleavage (S,) relationships in the Gréixer, La Molina, and Talltendre sectors.
Basemap: Hillshade from ©LiDARv2 data; Institut Cartografic i Geologic de Catalunya (CC BY 4.0).
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Figure 7. Structural sketch section integrating the bedding (S)-cleavage (S,) relationships from the Gréixer, La Molina, and

Talltendre sectors shown in figure 6. The three sectors are located in the southern limb of a first-order E-W trending south-verging

D, antiform, which was re-folded during D, by south-verging folds.

When comparing in greater detail the structure
described here with that of the neighbouring La
Molina and Talltendre areas, some differences arise
(Fig. 6). In Talltendre, bedding planes of the Up-
per Ordovician rocks dip strongly to the south
(average value of ca. 80°) whereas the S, cleavage
planes dip strongly to the north (average value of
ca. 60°) (Puddu et al., 2019). In a similar way,
bedding planes of Upper Ordovician rocks in the
La Molina area dip strongly to the south (ca. 70°)
and the S, dips ca. 70° to the north (Casas et al.,
2012; Gonzilez-Esvertit et al., 2020) (Fig. 6). The
difference between the disposition of the S  and S,
in both areas could be attributed to a hanging wall
tilting of the La Cerdanya normal fault. Consider-
ing an average south-dipping value of 8 — 10° for
the Neogene beds of the La Cerdanya Basin (Cirés
et al., 1994), a tilt of 10° linked to the movement
of the fault may affect the Talltendre and Gréixer

areas (Figs. 2C, 6). However, this tilt is not enough
to explain the different attitude of the S  and S, in
Gréixer compared with that of the La Molina and
Talltendre areas. The effect of a post-D, folding ep-
isode, affecting both the S, and S, planes, should
thus be invoked (Fig. 7). Although no mesostruc-
tures related to this D, folding episode have been
identified in the study area, in the La Molina sector
Casas et al. (2012) describe D, open south-verging
folds with axial surfaces dipping moderately to the
north or northeast. D, folds developed across dif-
ferent scales and gave rise to a locally developed S,
cleavage. Thus, we propose that D, folds affecting
the southern limb of a kilometre-sized D2 fold may
explain the reverse limb geometry that is observed
in the study area (Fig. 7). Following this idea, thrust
planes and the Gréixer quartz vein might have been
emplaced preferentially in D, fold limbs, where S|
and S, dip gently to the north (Figs. 5B, 5C, 7).
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6. Conclusions

The study area constitutes the south limb of a
kilometre-sized E-W trending south-verging D,
antiform of Variscan age related to the formation
of a well-developed S, cleavage. This limb is de-
formed by open south-verging D, folds with ax-
ial surfaces that dip moderately to the north or
northeast, which gave rise to the reverse limb ge-
ometry observed, as well as the different structural
attitudes between the study area and the La Moli-
na and Talltendre sectors. D, folds could be Var-
iscan or Alpine in age. Differences between these
areas were influenced, furthermore, by the ~ 10°
hanging wall tilt of the La Cerdanya Neogene nor-
mal fault.

Previous to D, a D, deformational episode of prob-
ably pre-Upper Ordovician (Mid-Ordovician?) age
may be inferred at microscopic scale and from the
disposition of the main phase (D,) mesostructures
and bedding surfaces in the Cambrian-Ordovician
rocks. The hectometric-sized Gréixer quartz vein,
probably Alpine in age, is emplaced together with
other quartz bodies located northwards in the gently
north dipping D, fold limbs, following a south-di-
rected thrust. The mechanisms of quartz vein em-
placement, together with the relationships between
quartz veins and thrust development, deserve future
attention.
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