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Abstract

The Cantabrian orocline is a major orocline that bends the Variscan belt of Western Europe.
Despite a wealth of studies, its timing and relationship with the late-Variscan folding stages in
the Iberian Massif are still debated. This study provides an integrated structural analysis of the
Variscan fold generations and associated W-Sn bearing vein systems within the southern
Central Iberian Zone (Regoufe, Portugal), giving insight into their kinematic relationship with
oroclinal buckling. Two superimposed fold generations with mutually parallel, steep to vertical
fold axes have been identified. Isoclinal F1 folds with E-W striking axial planes formed during
coaxial shortening and are spatially localised. Fs folds with NW-SE axial planes are associated
with late-Variscan transpressional deformation and constrain the structural outline of the major
folds. Temporal and kinematic considerations indicate that vertical-axis, asymmetric F3 folding
corresponds with the expected deformation style within the southern limb of the Cantabrian
orocline. The Regoufe area is characterised by two types of W-Sn vein-type mineralisation.
Granite-hosted hydrothermal quartz veins show a concentric distribution and are associated
with the stress regime during granite emplacement. The wvein system within the
metasedimentary host rock, however, is emplaced along a regional, subhorizontal cross-fold
joint system. This cross-fold joint system developed orthogonal to the subvertical F3 fold axes,
and is interpreted to be coeval with oroclinal buckling. These results impact the understanding
of (i) the relative significance and geometry of the main deformation stages in the Iberian
massif, reconciling the timing and kinematics of F3 regional folding with oroclinal buckling,
and (ii) the kinematic relationship between late- to postorogenic deformation and W-Sn vein-

type mineralisation.
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1. Introduction

The Variscan orogenic belt formed during the prolonged collision of Gondwana and Laurussia
during the late Palaeozoic, constituting the European section of the Pangaea supercontinent
(Matte, 2001; Nance et al., 2010; Kroner and Romer, 2013). The belt has a highly curved
geometry, with the Ibero-Armorican arc as its most noticeable exponent (Weil et al., 2013;
Ballevre et al., 2014; Pastor-Galan et al., 2015b). The Iberian massif has been the main focal
point to study the dynamics of this arcuate structure, since it contains the core of the arcuate
structure, the Cantabrian orocline (Weil et al., 2013). In addition, the existence of a Central
Iberian orocline, forming a S-shaped pair of isoclinal oroclines with the Cantabrian orocline
(Fig. 1), has been suggested based on structural and paleocurrent data (Martinez Catalan, 2011,
2012; Shaw et al., 2012; Carreras et al., 2014). Such a S-shaped pair of coupled oroclines,
however, is disputed by paleomagnetic and stratigraphic considerations (Pastor-Galan et al.,

2015a, Dias et al., 2016).

Traditionally, crustal deformation in the Iberian massif has been considered the result of a long-
lasting and diachronous deformation stage (D1) of crustal shortening, with late-Variscan
contraction (D3) being only of local importance (Ribeiro et al., 1990; Abalos et al., 2002). This
interpretation is in line with the geodynamic interpretation of the orocline resulting from the
progressive indentation of Gondwana and Laurussia during collision (Brun and Burg, 1982;
Matte, 1986; Quesada, 1991; Kroner and Romer, 2013). These considerations, however, have
been challenged the last two decades by a multitude of studies that highlight the late-Variscan
timing of orocline formation. A wealth of palaeomagnetic, structural and sedimentological data
have inferred that the Variscan belt was quasi-linear prior to Late Carboniferous to Early
Permian oroclinal buckling (ca. 310-297Ma) (Van der Voo et al., 1997; Weil et al., 2013;
Fernandez-Lozano et al., 2016; Pastor-Galan et al., 2015b, 2018). Furthermore, detailed

structural analyses infer that the geometry of many large-scale fold structures in the Iberian
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massif have been strongly reshaped by late-Variscan D3 deformation (Macaya, 1983; Martinez
Catalan, 2012; Diez Fernandez and Pereira, 2016; Dias da Silva et al., 2017; Pereira et al.,
2017). To elucidate the above discrepancy, further studies tackling the geometry and kinematics

of both Variscan fold generations are necessary.

Prior studies of the interference pattern between the F; and Fs fold generations have mainly
focused on the northern domains of the Iberian massif, in the core of the Cantabrian orocline
(Fig. 1) (Julivert and Marcos, 1973; Bastida et al., 2010; Pastor-Galan et al., 2012). Within the
Central Iberian Zone (Cl1Z), however, detailed accounts of Fi-Fs superimposed folding are
limited and have focused on narrow synforms containing Ordovician formations (Dias da Silva

et al., 2017; Pastor-Galan et al., 2018).

In addition, the geometry of the different fold generations is disputed. On the one hand, Diez-
Balda et al. (1990) subdivided the CIZ in two structural domains, based on significant
differences in the D1 deformation style: a northern ‘Domain of Recumbent Folds’ (DRF) and a
southern ‘Domain of Vertical Folds’ (DVF) (Fig. 1). In the DRF, D: deformation is
characterised by recumbent F1 folds and low-angle thrusts in the upper structural levels, and
fold-nappe stacks in the lower structural levels (Macaya et al., 1991; Diez Fernandez et al.,
2013). The F; folds are associated with a subhorizontal intersection lineation Li. The DVF is
characterised by F; folds with a subvertical axial planar S; foliation. Broad domains containing
the Neoproterozoic-Cambrian basement are unconformably covered by narrow and tightly
folded synclines where Ordovician (locally also Cambrian) to Upper Carboniferous
metasedimentary rocks are outcropping (Abalos et al., 2002). F1 folds show steep fold axes in
the basement and mostly subhorizontal fold axes within the synclines (Diez-Balda et al., 1990).
This discrepancy is related to the influence of pre-Variscan tilting of the Neoproterozoic

formations during a Cadomian tectonothermal event (Talavera et al., 2015).
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On the other hand, certain studies do not agree with the above subdivision and indicate that the
entire CIZ is characterised by F; folds with subhorizontal fold axes (Dias and Ribeiro, 1994;
Dias et al., 2016). The latter authors, however, mainly based their interpretation on the attitude
of F1 folds within the Ordovician of the tightly folded synclines, and not the Neoproterozoic-

Cambrian basement.

These contrasting fold styles have also been suggested for the Regoufe area, part of the DVF
(Fig. 1) and the subject of this paper: (i) mainly F1 folds with subhorizontal axes, a monoclinic
symmetry and a pervasive S; foliation (Dias et al., 2016), and (ii) asymmetric, kilometre-scale
Fs folds with subvertical fold axes and an axial planar Sz crenulation cleavage that are refolding
F. folds (Reavy, 1989; Valle Aguado et al., 2005). None of these studies, however, presented a
detailed analysis of both fold generations. This is partly due to the monotonous nature of the
Neoproterozoic basement, which makes a structural mapping of superimposed fold and

foliation generations an arduous task.

The CIZ, moreover, hosts the majority of the Iberian W-Sn ore deposits, which are associated
with widespread late- to postorogenic granitoids (Stemprok, 1981; Thadeu, 1989; Almeida et
al., 2002; Neiva, 2002). The Regoufe area is known for the occurrence of several W-Sn
deposits, as the region was the third Portuguese provider of tungsten during World War |1 (after
Panasqueira and Borralha) (Moura, 2005). Besides many smaller exploitations, the district
counts two main ore deposits, Minas de Regoufe and Minas de Rio de Frades, which are inactive
since the mid 1950s (Correia et al., 2012). The different W-Sn bearing vein systems are cross-
cutting the late-orogenic granite or the Neoproterozoic basement, showing a different geometry
depending on the host rock (Sluijk, 1963). To our knowledge, the structural origin of the
different W-Sn deposits and their relationship with the Variscan deformation structure has not

been constrained.
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Fig. 1. Geological map of the Iberian massif showing the tectonostratigraphic zonation and the main
Variscan structures. The study area is marked with a red star. The dashed black lines show the hypothesised
outline of the Central Iberian orocline (Shaw et al., 2012). Adapted after Diez-Balda et al. (1990), Abalos et
al. (2002) and Martinez Catalan et al. (2014). CCSZ: Coimbra-Cordoba Shear Zone; DBSZ: Douro-Beira
Shear Zone; JPSZ: Juzbado-Penalva do Castelo Shear Zone; LPSZ: Los Pedroches Shear Zone; SISZ:

Southern Iberian Shear Zone; PTSZ: Porto-Tomar Shear Zone.

The aim of this study is three-fold: (i) present a geometric and kinematic analysis of the Fi-F3
fold generations, trying to delineate the geometry and significance of both deformation stages,
(i) investigate the kinematic relationship between W-Sn vein-type mineralisation and the
Variscan deformation, and (iii) relate the observed structures to the kinematics of large-scale
oroclinal buckling. An integrated approach is applied in which the geometry of the fold-

foliation generations, a regional joint system and the W-Sn vein systems are correlated through
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a detailed orientation analysis. All data are plotted in the dip direction/dip and trend/plunge

nomenclature, using the Stereonet 8 software (Cardozo and Allmendinger, 2013).

2. Geological setting

2.1. Geodynamic framework

The Iberian massif has traditionally been subdivided in six tectonostratigraphic zones, each
reflecting a variable structural, stratigraphic and magmatic-metamorphic evolution: the
Cantabrian, the West Asturian-Leonese, the Galicia-Tras-Os-Montes, the Central Iberian, the
Ossa-Morena and the South Portuguese Zones (Fig. 1) (Lo6tze, 1945; Julivert et al., 1972; Farias
et al., 1987). The CIZ is predominantly autochthonous and consists of metasedimentary rocks
that were deposited at the northern border of Gondwana on an active and passive continental
margin during the Neoproterozoic and Early Palaeozoic, respectively (Gutiérrez Marco et al.,
1990; Orejana et al., 2015). The Neoproterozoic-Cambrian basement forms the main part of
these sequences, consisting of a monotonous alternation of clay-, silt- and sandstones with local
intercalations of volcanoclastics and conglomerates (de San José et al., 1990). In literature,
these flyschoid sequences have been termed the ‘Schist-Greywacke Complex’ and ‘Beira
slates’ (Ribeiro, 1990; Sequeira and de Sousa, 1991). The basement is unconformably overlain
by narrow synclinal structures variably containing Lower Cambrian, Ordovician to Upper
Carboniferous formations (Diez-Balda et al., 1990). Regional metamorphism ranges from lower

greenschist to amphibolite facies (Martinez Catalan et al., 2014).

Two major angular unconformities are recognised in the CIZ: (i) one internally within the
Neoproterozoic, and (ii) the aforementioned contact between the Lower Ordovician and the
Neoproterozoic-Cambrian formations (Diez-Balda et al., 1990). The first unconformity is intra-

Alcudian, separating the Lower and Upper Alcudian macro-units, and has been related to a
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Cadomian tectonothermal event (ca. 560-550Ma) (Talavera et al., 2015). Moderate Cadomian
folding, without any associated tectonic foliation or metamorphism, verticalised the Lower
Alcudian (Talavera et al., 2015). Subsequently, the Upper Alcudian and Early Palaeozoic
formations were deposited with a gentle stratification. The predominance of the Lower
Alcudian throughout the southern CIZ (i.e. DVF) (Bouyx, 1970; Crespo and Rey, 1971; Ortega
and Gonzalez Lodeiro, 1986; Martin Herrero, 1989; de San José et al., 1990; Palero, 1993;
Lopez Diaz, 1995) explains the observed contrast in the plunge of the Variscan fold generations
within the basement (steep to subvertical) and the synclines containing mainly Ordovician to
Upper Carboniferous formations (moderate to subhorizontal) (Diez-Balda et al., 1990; Talevera

etal., 2015).

Three Variscan, contractional deformation stages are traditionally considered to have affected
the CIZ (Diez-Balda et al., 1990; Dallmeyer et al., 1997; Abalos et al., 2002). D; was active
from the Late Devonian to Early Carboniferous (ca. 360-340Ma) and is reflected by F1 folding
and an associated penetrative, axial planar S; foliation. As mentioned, the geometry of the Fy
folds is suggested to vary strongly within the CIZ (Diez-Balda et al., 1990). D> (ca. 345-325Ma)
mainly affected the northern part of the C1Z and is associated with strong non-coaxial, ductile
flow along low-angle shear zones and a subhorizontal S, crenulation cleavage (Martinez
Catalan et al., 1996, 2014; Rubio Pascual et al., 2013). This deformation stage is associated
with the emplacement of the allochthonous and parautochthonous thrust sheets of the Galicia-
Tras-Os-Montes Zone and related HP-metamorphism (Martinez Cataléan et al., 2014; Arenas et
al.,, 2016) (Fig. 1). After progressive thickening, thermal relaxation and gravitational
destabilisation caused orogenic collapse with associated HT-LP metamorphism and the
exhumation of migmatite domes along low-angle extensional detachments (Diez-Balda et al.,
1995; Escuder Viruete et al., 1998; Arango et al., 2013; Diez Fernandez et al., 2013). Renewed

crustal thickening (D3) was contemporaneous with transpressional deformation throughout the
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Variscan belt (Kroner and Romer, 2013), active from the Middle to Late Carboniferous (ca.
315-305Ma) (Dallmeyer et al., 1997). Upright folds with a NW-SE striking, axial planar Ss
crenulation cleavage and associated strike-slip fault systems are testimony of this last
deformation stage (Martinez Catalan et al., 2014). Simultaneously, the intrusion of granites and
associated HT-LP metamorphism affected north and central Iberia (ca. 320-285Ma)

(Fernandez-Suarez et al., 2000).

2.2. Geology of the Regoufe area

The Regoufe area is located within the southeastern part of the Arouca municipality, part of the
Aveiro district and about 50km to the southeast of Porto. The study area consists of three main
geological entities: the Neoproterozoic-Cambrian Beira slate group, the late-orogenic Regoufe
granite and a synclinal structure consisting of Ordovician and Upper Carboniferous
metasedimentary rocks (Fig. 2). The Beira slates consist of a monotonous alternation of thin-
bedded metapelites, metasiltstones and quartzitic sandstones. The pelites were transformed to
slates and phyllites during lower greenschist regional metamorphism (Valle Aguado et al.,
2005). The synclinal structure in the northern sector of the study area is part of the Porto-Satéo
syncline that extends from Porto in the WNW to Satéo in the ESE over a length of ca. 90km.
The syncline has a steep isoclinal geometry and a general outcrop width of ca. 1-2km
(Domingos et al., 1983). The northern border of the syncline has been related to a major shear
zone, the Douro-Beira Shear Zone (DBSZ) (Fig. 1), which has been assigned both reverse and
sinistral kinematics (Domingos et al., 1983; Valle Aguado et al., 2005). The contact between
the Neoproterozoic Beira slates and the Ordovician formations in the syncline is an angular

unconformity, as is clear from the orthogonal relationship between the So traces and the syncline

(Fig. 2).
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The Regoufe granite is exposed over an area of ca. 6km?2 and is characterised by sharp contacts
with the surrounding Beira slates. The coarse porphyritic two-mica granite consists of quartz,
K-feldspar, albite, muscovite, biotite and minor tourmaline (Vriend et al., 1985). The K-feldspar
megacrysts define a magmatic foliation that has a consistent subvertical NW-SE attitude (Fig.
2) (Sluijk, 1963). The Beira slates in its contact metamorphic aureole contain cordierite
porphyroblasts. The aureole has an asymmetric distribution with a variable width (ca. 1km in
the NE, ca. 3km in the SW) (Fig. 2). This asymmetry reflects the shape of the underlying
granite, which is steep to the northeast and moderately-inclined to the southwest (Fig. 2 —
profiles A-A’ and B-B’). The latter is also reflected by the occurrence of subhorizontal to
moderately-inclined granitic veins (Fig. 2). The coarse porphyritic texture and the presence of
a subvertical NW-SE magmatic foliation, subparallel to the regional Sz foliation, suggests that
the Regoufe granite is part of the late- to postorogenic, strongly differentiated granite suite
(\Valle Aguado et al., 2005). W-Sn ore formation is spatially related to the occurrence of the
Regoufe granite body. This relationship was confirmed by the trace element composition of the
granite, which is extremely enriched in Sn, W, Li, Cs, P, Ta, Rb and F in comparison with
similar low-Ca granites (Vriend et al.,, 1985). In addition, Van de Haar et al. (1993)
demonstrated that the slates within the contact metamorphic aureole are enriched in Sn, F, B,

W, Be, Cs and Rb relative to the average Beira slate composition.

Finally, the study area is delimited to the south by the Serra da Freita granite massif (Fig. 2),
which forms part of a major synorogenic granite complex extending NW-SE from Porto to
Viseu. Valle Aguado et al. (2005) dated the Serra da Freita granite at 308Ma, i.e. syn-Ds. The

massif is associated with the sinistral Serra da Freita Shear Zone (Reavy, 1989).

10
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Fig. 2. Geological map of the Regoufe area and associated geological cross-sections (A-A”) and (B-B’). The
So trace variation and the associated kilometre-scale Fs folds are illustrated. The structure lines are based
on our own structural analysis, complemented by the mapping results of Sluijk (1963). The orientation of
the magmatic foliation within the Regoufe granite is adapted after Sluijk (1963).
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3. Variscan deformation structure

3.1. Foliation generations

Structural mapping in the basement rocks over an area of ca. 25km2 has highlighted the
existence of two of the main regional foliation generations: S1 and Sz. These tectonic foliations,
in conjunction with So, have a consistent steep to subvertical orientation (Fig. 3A), as is
characteristic for the Domain of Vertical Folds (DVF) (cf. Diez-Balda et al., 1990). The
subhorizontal S, crenulation cleavage and associated shear zones were not observed, as is
typical for the southern part of the C1Z (Diez-Balda et al., 1990). Sp has a dip that varies between
50 and 90°, a variable strike with an E-W maximum and steeply plunging beta-axis (098/75)
(Fig. 3A). S1 is the main penetrative tectonic foliation, and is characterised by a strong preferred
alignment of white mica and chlorite. Within the metapelites, S1 forms a continuous slaty to
phyllitic cleavage, while in the metasandstones an anastomosing, disjunctive cleavage is
observed. S: is often subparallel to So, but in certain sectors of the Beira slates also displays a
strong angular variation with Sp and associated cleavage refraction (Fig. 3B). When not
subparallel to So, Sy is characterised by a clustered orientation distribution with a consistent
subvertical, E-W striking attitude (average orientation of 181/86) (Fig. 3A). Within the
Ordovician slates of the syncline, Si1 is also present as a slaty cleavage but consistently

subparallel to So.

So and S; are strongly crenulated by Ss, showing mm- to cm-scale (micro)folding (Figs. 3C-D).
The Sz crenulation cleavage is a spaced foliation (Figs. 3E-F), with spacing between cleavage
domains varying from 50-200um in metapelites t0 a minimum value of 100um in
metasandstones. Sz has a consistent subvertical attitude and a NW-SE strike, with an average
orientation of 065/84 (Fig. 3A). Sz can be both symmetric (Fig. 3E) and asymmetric (Fig. 3F),
depending on their position within the Fs fold geometry (M-type vs. S- and Z-type parasitic

folds).

12



255

256

257
258
259
260
261
262
263

264

265

266

267

n=844

. All S,
sy, (not // S)

Fig. 3. Geometry of the different foliation generations. (A) Lower-hemisphere, equal-area stereographic
projections of the poles to the So, S1 and Ss foliations. (B) Alternating metasandstone and metapelite beds
that show S1 cleavage refraction and boudinage. (C) Asymmetric crenulation of So-1 by Sz. (D) Symmetric F3
folding of So-1associated with an axial planar Sscrenulation cleavage. (E-F) Micrographs with gypsum wedge
illustrating the microfolding of Si by a zonal Ss crenulation cleavage. The crenulation cleavage can be
symmetric and asymmetric, respectively. (G) Fine-grained, strongly altered cordierite porphyroblast

overgrowing the Si and Ss foliations in the host rock.

The contact metamorphic aureole surrounding the Regoufe granite is characterised by a strong
presence of cordierite porphyroblasts within the host rock. They are strongly altered to a fine-

grained aggregate of white mica and chlorite (Fig. 3G), with only local remains of cordierite

13
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crystals being observed. The alignment of the cordierite porphyroblast spots is variable, from
random to being oriented with the long axis subparallel to S; (Fig. 3G). The cordierites are
overgrowing Sz and Sz (Fig. 3G), and thus result from mimetic overgrowth on these pre-existing

foliations (cf. Passchier and Trouw, 2005).

3.2. Fold geometry

The F1 and F3 folds show a different spatial distribution. Fz folds are omnipresent throughout
large parts of the basement, while F1 hinge zones are only visible at certain localities. So has a
dominant E-W strike, but there are strong variations to the north and east of the Regoufe granite
(Fig. 2). In the latter zones, So regularly has a subvertical, N-S to NNW-SSE striking attitude.
This variability of So reflects the presence of kilometre-scale, subvertical F3 folds, whose axial
planes are quite planar and continuous over large distances (Fig. 2). The presence of F1 folds is

not reflected by such a variability of So on a kilometre-scale.

F1 folds have an E-W striking axial plane, which is coincident with the S; foliation, and a fold
axis that is plunging subvertical to steep to the east (Figs. 4A-C). All F; folds are of the
symmetric M-type. The incompetent and competent lithologies in F1 fold hinge zones show the
typical divergent and convergent cleavage fans, respectively (Figs. 4B-C). Interlimb angles vary
from relatively open (ca. 110° - Fig. 4A) to close (50-70° - Fig. 4B). The occurrence of the F;
fold hinge zones is limited to specific locations, and throughout large parts of the study area, So
and S; are subparallel. These observations demonstrate the F; folds are approximately isoclinal.
Only when approaching the hinge zones, an angular variation between Sp and S; is apparent. F1
folds are mostly limited to the areas to the west and northwest of the Regoufe granite, and

between the Regoufe granite and Covas do Monte to the east (Fig. 2).

14
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Fig. 4. Field photographs of the different fold generations. (A) Relatively open F1 fold with subvertical So-
S1 intersection lineation and fold hinge line. (B) F1 folds with a 50° interlimb angle. Hammer for scale

(28cm). (C) Detailed view of S: cleavage refraction along metasandstone and slate beds in (C).

F3 folds are observed where So and S: are mutually subparallel or only show a slight angular
variation, i.e. the F; fold limbs. They have a consistent NW-SE to NNW-SSE striking axial
plane and a subvertical fold axis (Figs. 5A-B). Fs folds also have a much more open geometry
than the F; folds, with interlimb angles in the range of 80-120°. Depending on the orientation
of the So-1 fabric, F3 folds show a different geometry. Symmetric M-type parasitic folds occur
in the vicinity of larger-scale Fs fold hinge zones (Fig. 5A). The dominant fold geometry,
however, is asymmetric. If So.1 has its typical E-W strike, F3 folds are of the sinistral S-type. If
So-1 has a N-S to NE-SW strike, the F3 folds are of dextral Z-type (Fig. 5B). The short limbs of
the asymmetric F3 folds typically have a length of 5-10m. Fig. 5C illustrates a schematic, plan-
view diagram of this contrasting geometry of M-, S- and Z-type folds and how they relate with

the So-1 orientation.
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Fig. 5. (A) M-type parasitic Fs folding of cm-scale laminations of alternating slate and metasiltstone. (B) Z-
type, asymmetric Fs folds with a strongly undulating So-1. (C) Plan-view sketch illustrating the relationship

between the orientation of the subvertical So-1 and Ss foliations and the asymmetric mesoscale Fs folds.

A detailed account of the regional geometry of the F1 and F3 fold generations is presented in
the fold trace maps of Figs. 6A-B. Fig. 6A shows the nature of the F1 and Fs superimposed
folding. Certain zones represent the hinge zones of large-scale F; folds and are characterised by
S1 having a consistent orientation at a high angle to So (Fig. 6A), as was already shown in Figs.
4A-C. Other outcrops, representing the limbs of the large-scale F1 folds where So//S;, are
strongly affected by asymmetric Fs folding (Fig. 6A). Sinistral Fz folds are predominant (Fig.
6A-B), since So has a preferential E-W strike (Fig. 2). Locally, however, dextral Fs folds are
observed where Sg has a deviating N-S to NNW-SSE-strike. To the northeast of the Regoufe
granite (Fig. 6B), no obvious F1 fold hinge zones are present. S; is consistently subparallel to

So and is strongly affected by Fs folding, giving So-1 an undulating geometry (Fig. 6B). Fig. 6B
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is situated across the axial plane of one of the major, kilometre-scale Fs folds (Fig. 2), as is

illustrated by the transition from a southern E-W to a northern NNE-SSW striking So-1.

4. Joint system

4.1. Geometry

The metasedimentary host rock is strongly cross-cut by a systematic joint system with a
subhorizontal to locally moderately-inclined attitude, not exceeding 30° (Figs. 7A-C). One or
more joint sets are present within a single outcrop, each consisting of mutually subparallel joints
that are smooth, planar and regularly-spaced (Figs. 7A-C). The spacing and length of the joints
varies with the affected lithology. Within fine-grained metapelites, the joints have a small
spacing (10-50cm) and lengths up to several tens of metres (Figs. 7A-B). More competent host
rocks (quartzitic sandstones), however, are characterised by joints that are less planar and
locally anastomosing, have a larger spacing (>50cm) and a limited lateral continuity.
Independent of the lithology, the joints are devoid of fractographic features (e.g. plumose
structure). The joints also lack shear-related markers or lineations. In addition, all tectonic
foliations (S1, S3) are cross-cut by the joints, but lack any displacement, i.e. just a dilational
parting occurred. Hence, the joints should be considered as mode | extension fractures. The
joints are typically barren, except in the vicinity of old galleries/exploitations, where subparallel

quartz veins are observed (see further).
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345 Fig. 6. Fold trace maps to the east of the Regoufe granite (cf. boxes in Fig. 2) that illustrate the geometry of
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So, S1and Ss, respectively. The dotted lines are interpretative structure lines of So. Lower-hemisphere, equal-

area stereographic projections of the poles to the measured So, S1 and Ss foliations are added.
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Fig. 7. Geometry of the joint system. The lower-hemisphere, equal-area stereographic projections show the
poles to the joints (blue) and their relationship with the great circles of So (black), S1 (green) and Ss (red).
(A-B) Closely-spaced, subhorizontal joints in well-foliated slates. (C) Closely-spaced, moderately-dipping
joints in alternating slates and metasandstones. (D) Outcrop, consisting of well-foliated slates, lacking the
development of the Ss foliation and the joint system. Hammer (28cm) for scale. (E) Outcrop that is
characterised by alternating pelitic and quartzitic sandstone laminations that vary in dip from east to west.
In the eastern part, So has its typical subvertical attitude, while to the west So gradually attains a lower dip.
The orientation of the joints accordingly switches in attitude from east to west. In the east, the joints are

subhorizontal, while in the west they are moderately-dipping in the opposite direction of So.
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A mesoscale analysis demonstrates that the joint sets are consistently oriented at a high,
suborthogonal angle relative to the So, S1 and Ss foliations and the associated intersection
lineations (photographs and insets in Figs. 7A-C). As the orientation of the intersection
lineations varies between the different outcrops, the joints follow a similar variation in dip
direction and/or dip. This is especially well-illustrated in Fig. 7D, where So changes its attitude
within one single outcrop from subvertical to moderately-inclined. The joints maintain a
suborthogonal orientation relative to So, changing from a subhorizontal to a moderately-
inclined attitude, respectively. So-S1 and So/1-Ss intersection lineations are generally subparallel
to each other in the study area, making it unclear at first sight to which fold generation the cross-
fold joints are related. As stated, however, the study area is characterised by a predominant
subparallel attitude of So and Si. Within outcrops that only contain an Se/1-Ss intersection
lineation the presence of the joint system is pronounced (Fig. 7B). However, local outcrops that
show a weak or undeveloped joint system are lacking an obvious S3 crenulation cleavage (Fig.
7D). Based on these outcrop-scale observations it is suggested that the subhorizontal systematic
joint sets can be defined as cross-fold or ac-joints (cf. Hancock, 1985), developing orthogonal

to the mesoscale F; folds.

4.2. Orientation analysis

To verify this hypothesis, a regional orientation analysis of the joint system was performed,
correlating its orientation with the geometry of the various foliations (So, S1 and S3) and their
intersection lineations. A general comparison between the orientation distribution of the poles
to the joints and the measured/calculated So-S1 and Se/1-Ss intersection lineations indicates an
excellent correlation, each having an average steep plunge to the east (Fig. 8A and Table 1).
This steep plunge also corresponds with the beta-axis associated with the best-fit girdle of So
(098/75) (Fig. 3A). The pole figure coverage of the joint system shows the best accordance with
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the orientation distribution of the So;1-Ss intersection lineations, showing a similar clustered
distribution. In contrast, the Se-Si1 intersection lineations show an E-W striking girdle
distribution, which does not fully explain the joint poles plunging to the north and south (Fig.

8A).

For a more detailed correlation, the study area was subdivided in 9 zones characterised by joints
with an average variation in dip direction (Fig. 8B). In zones F, G, H and | (western part of
study area), the joints are dominantly dipping to the west and southwest (Fig. 8B and Table 1).
To the east and northeast of the granite (zones C and D), the joint system has a preferential dip
to the north (Fig. 8B and Table 1). To investigate these regional variations, the orientation
distribution of the poles to the joints and the three foliations (left-hand side of Appendix A.1)
was compared to the measured/calculated So-S1 and So1-Ss intersection lineations and measured
F1 and F3 fold hinge lines (right-hand side of Appendix A.1). The orientation analysis of all 9
zones demonstrates that the regional variability in the orientation of the joint system is
controlled primarily by the attitude of the So girdle. The poles to these So girdles show a strong
correlation with the average pole to the joint planes (Appendix A.1 and Table 1). The latter is
especially apparent for those zones that show a strong preferred joint orientation, i.e. zones G,
H and | with a Sp girdle dipping to the west and southwest, or zones A and D with a Sg girdle
dipping to the northwest and north (Appendix A.1). S and Sz have a more consistent preferred
orientation than So throughout the study area. In zones F-1, however, Sz has a preferred steep
dip to the northeast, which correlates with the preferred dip to the west of the joint system

(Appendix A.1).
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406 Fig. 8. Regional orientation analysis of the joint system. (A) Lower-hemisphere, equal-area stereographic
407 projections of the poles to all joints and intersection lineations, both measured and calculated. The average
408  orientations are marked with a white square. (B) Geological map incorporating the geographic position of
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the different joint zones and the associated orientation distribution of the joint system. All stereoplots are

lower-hemisphere, equal-area projections.

Also the orientation analysis indicates that the cross-fold joints are geometrically related to the
F3 folds and the associated. Firstly, this is illustrated by the strong correlation with the Se/1-S3
intersection lineations in zones C, D and | where the S; foliation is dominantly subparallel to
So and F1 folds are lacking (Appendix A.1). Secondly, the correlation between the So-S:
intersection lineations and the poles to the joints is very limited in zones B, F, G and H. The Se-
S1 intersection lineations within these zones are either very dispersed or displays a E-W striking
girdle, which is opposite to the preferred orientation of the joint poles (Appendix A.1). The So/1-
Ss intersection lineations, however, are characterised by a clustered distribution that strongly
correlates with the joint orientation. Only zones A and E, where observed F3 folding was rare,

show a limited correlation between the So/1-S3 intersection lineations and the joint poles.

To quantitatively assess these correlations, different spherical angles that relate the mean joint
pole to the average orientation of the structural markers were calculated for each zone
(Appendix A.2). The spherical angles comprise 0 (relative to the pole to the best-fit girdle of
So), w1 (relative to the mean So-S; intersection lineation), w2 (relative to the mean Soi1-Ss
intersection lineation), ¢1 (relative to the average Si1) and 2 (relative to the average Ss). 6 has
an average value of 6.7 + 5.6°, confirming a good correspondence between the calculated So
girdle and the average joint orientation for most zones (Appendix A.2). @1 and @2 are mostly
greater than 80°, with mean spherical angles of 87.1 + 2.3° and 85.4 + 3.8°, respectively
(Appendix A.2). Hence, a consistent suborthogonal relation exists between the joints and the
tectonic foliations, despite the variability between the different zones. Similarly, o1 and w. are
dominantly smaller than 10° with means of 6.9 £ 3.5° and 4.6 + 4.0°, respectively (Appendix

A.2). Finally, to assess the randomness and cluster-girdle distribution of the orientation data the
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triangular plot introduced by Vollmer (1989) was applied (Appendix A.2), which uses the
differences between the three eigenvalues of the orientation tensor. The joints, foliations (S1
and Sz) and intersection lineations from zones A-I all show a strong clustered distribution, while

So is characterised by a (slight) girdle distribution (Appendix A.2).

Table 1. Orientation data for the 9 mapped joint zones in the Regoufe area. The table includes the average
orientation of the joints, the pole to the best-fit girdle of So, the average orientation of the S: and Sz tectonic
foliations, and the average So-S1 and Soi-Ss intersection lineations. Also the average orientations for all 9

zones combined are added. All orientation data are indicated in dip direction/dip or trend/plunge.

Zone A | ZoneB | ZoneC | Zone D | ZoneE ZoneF | Zone G | Zone H Zone | All

Joints 322/12 | 277/09 | 332/13 | 346/12 | 232/07 | 273/11 | 268/09 | 285/22 | 200/15 | 283/10

B-axis So | 158/81 | 088/80 | 122/83 | 133/78 | 075/70 | 096/68 | 090/65 | 096/62 | 053/74 | 098/75

S1 192/81 | 177/87 | 160/80 / 176/88 | 178/87 | 186/87 | 186/86 | 341/84 | 181/86
Ss 030/83 | 068/82 | 075/88 | 065/86 | 076/77 | 069/79 | 068/84 | 051/85 | 054/83 | 065/84
IL So-S: | 146/79 | 101/76 | 100/71 / 100/78 | 098/74 | 102/69 | 103/75 | 040/69 | 102/76

IL Son-S3 | 170/89 | 080/82 | 144/84 | 136/79 | 059/79 | 091/79 | 120/81 | 114/78 | 017/82 | 106/83

5. Vein-type mineralisation

The Regoufe granite and the surrounding contact metamorphic slates are interspersed with a
large number of old, small to moderate-sized open gallery exploitations of W-Sn quartz veins.
In addition, aplite-pegmatite and granitic veins are also observed (Fig. 9). The veins are
subdivided in two main groups, based on their host rock: (i) veins that are present within the

Beira slates, and (ii) veins within the Regoufe granite body.
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Fig. 9. Geological map illustrating the location and orientation of W-Sn quartz veins, pegmatite-aplite and

granite veins. The vein orientations are based on own data and partly adapted after Sluijk (1963).

All W-Sn bearing hydrothermal quartz veins cross-cutting the Beira slates have a subhorizontal

attitude (Fig. 9). The gangue mineralogy consists of quartz and minor muscovite. The wall rock

surrounding the veins is often strongly enriched in tourmaline. The main ore minerals are

wolframite and minor cassiterite. Wolframite crystals are prismatic and occur intergrown with

blocky quartz crystals. Various minor sulphides (arsenopyrite, sphalerite, pyrite) are also

reported (Sluijk, 1963). Although the old galleries have been strongly worked, the remnant

veins that are observed have a thickness of 5-10cm (Fig. 10A). Neighbouring quartz veins are
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typically mutually subparallel, but significant variations in dip direction do occur across the
study area (Fig. 9). Several observations demonstrate that the quartz veins are exploiting the
regional joint system. Firstly, a consistent subparallel orientation was observed on the outcrop-
scale (Fig. 10A). Secondly, the regional variation in vein orientation is concomitant with the
changing attitude of the joint system surrounding the Regoufe granite. In the southwestern
sector, the vein system is dipping ca. 10-30° to the west/southwest (Fig. 9). In the northeastern
sector, however, the vein system is dipping ca. 15-25° to the east/northeast (Fig. 9). A similar
bimodal orientation distribution, although slightly more variable, was witnessed for the cross-

fold joint system (Fig. 8B).

Tabular aplite-pegmatite and granitic veins are consistently observed to cross-cut the Beira
slates (Fig. 9). The veins occur predominantly along the western and southwestern border of
the granite body, and lack W-Sn mineralisation (Fig. 9). The granite veins have a thickness that
varies between 10 and 50m, and have a low to moderate dip to the west/southwest (15-30°, with
a maximum of 40°) (Fig. 10B). They are interpreted to be subparallel with the underlying, low-
dipping granite contact (Fig. 2 — profiles A-A’ and B-B’). The granitic veins are composed
mainly of large K-feldspar megacrysts in a matrix of fine-grained quartz, K-feldspar,
plagioclase and muscovite. The aplite-pegmatite veins have a smaller thickness of ca. 1 to 3m,
but are also dipping 10-25° to the west/southwest (Fig. 9). The aplite-pegmatites have a bimodal
mineralogy, with the rim zone being composed of a fine-grained aplite and the core of the vein
consisting of a coarse-grained pegmatite. The aplite has a typical fine-grained texture and
consists dominantly of quartz and K-feldspar. The pegmatite has a more coarse-grained,
crystalline texture with large euhedral crystals of K-feldspar (orthoclase and microcline), albite
and quartz, interspersed with radiating muscovite booklets. These different magmatic veins
again display a subparallel attitude with the neighbouring joint system, both on an outcrop-scale

(Figs. 10B-D) and a regional scale (Fig. 9). Only the vein in Fig. 10D is for a certain length
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slightly discordant to the joint planes, switching between different joint planes from north to
south. The average dip of ca. 15-30° to the west is in agreement with the preferential joint

orientation of zone G (Fig. 8B).

Fig. 10. Field photographs of W-Sn quartz veins, aplite-pegmatites and granitic veins. (A) Subhorizontal
quartz vein subparallel to joints in the vicinity of a small exploitation. Hammer (28cm) for scale. (B) Granitic
vein in the vicinity of Covelo de Paivo (Fig. 2). The vein has a moderate dip of ca. 25-30° to the
west/northwest and is subparallel to joints within the metapelitic host rock. The joint planes are marked
with white arrows. (C) Pegmatite of ca. 1.5m thick exploiting a joint set that is dipping slightly to the west.
(D) Pegmatite exploiting subhorizontal to moderately-inclined joint sets, dipping to the west. In the central

segment, the vein ‘jumps’ between different sets.
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Granite-hosted, W-Sn bearing quartz veins were studied in two areas: (i) Minas de Regoufe at
the southeastern extremity of the Regoufe granite, and (ii) Minas da Cavada at the northwestern
border of the granite (Fig. 9). The Minas de Regoufe deposit consists of a group of subparallel
veins, moderately-inclined to the northwest (average orientation of 280/39) (Fig. 11A). The
Minas da Cavadas veins have a similar subparallel geometry and limited thickness. They are
dipping moderately to the southeast (average orientation of 144/44) (Figs. 11B-C). Vein
thickness is on average a few cm’s. The granite host rock surrounding the veinlets is often
altered to a quartz-muscovite greisen (1-5cm thick), with associated cassiterite, apatite and
tourmaline (Sluijk, 1963). The ore mineralogy consists of wolframite and some cassiterite,
while the gangue material consists of quartz. Unlike the veins present within the Beira slates,

these granite-hosted veins do not appear to parallel a barren joint system.

Petrography of the all the different vein systems indicated that they are extension veins, as
reflected by the growth directions of the gangue crystals orthogonal to the vein walls. Within
hydrothermal quartz veins these consist of euhedral quartz crystals and fibrous mica-tourmaline
crystals in wall rock selvages. Within the aplite-pegmatites large blocky feldspar crystals show
growth at a high angle to the vein wall. Vein opening was syntaxial, as indicated by growth
competition. Vein contacts are typically sharp and planar, and lack any shear-related

phenomena.
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Fig. 11. Field photographs of granite-hosted hydrothermal quartz veins. (A) Subparallel veins at Minas de
Regoufe with a moderate dip to the NW. Hammer (28cm) for scale. (B-C) Subparallel veins at Minas da
Cavada, dipping moderately to the SE. (D) Lower-hemisphere, equal-area stereographic projection of the

quartz vein poles at Minas de Regoufe and Minas da Cavada.

6. Interpretation and discussion
6.1. Fold interference model

To our knowledge, only Sluijk (1963) and Reavy (1988, 1989) have analysed the fold geometry
in the study area up to now. Although the geological mapping by Sluijk (1963) acknowledged
the subvertical fold axes, the F1-F3 and S:-S3 fold-foliation generations were not differentiated
and one single deformation stage was interpreted. Reavy (1988, 1989) studied the Serra da
Freita granite and the related Ds sinistral shear zone to the south of the study area (Fig. 2). Near
Rio de Frades, Reavy (1988, 1989) also described a secondary fold generation with subvertical
fold axes, an associated NW-SE striking axial planar crenulation cleavage and a predominant
sinistral asymmetry. In contrast to the observations in this study, however, he implied that the

pre-existing F1 folds with associated S; axial planar cleavage have a gentle plunge.
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This study has highlighted the superposition of the regional F1 and Fs fold generations, which
are associated with regional D1 and D3 deformation stages. The F; fold generation should not
be considered as pre-Variscan since it is associated with a penetrative tectonic foliation, which
did not develop in association with pre-Variscan deformation (Diez-Balda et al., 1990; Talavera
et al., 2015). Taking into account the classification of Ramsay (1967), F1-Fz superimposed
folding defines a type 3 interference pattern (Fig. 12A). Type 3 fold interference is characterised
by successive fold generations with a small angle between their fold axes, and a high angle
between their axial planes. Both the F1 and Fz fold axes are subvertical to steeply plunging to
the east (Fig. 8A), the associated intersection lineations are subparallel at the outcrop-scale
(Figs. 7A-C), and F1 fold hinge lines lack a refolded/curved geometry. The S; and Sz axial
planar foliations show an average angular variation of 65° (average orientations of 181/86 and

065/84, respectively).

Based on the geometry of this fold interference pattern, the kinematics of the D1 and D3
deformation stage can be reconstructed. The F1 fold generation consists of isoclinal folds with
subvertical fold axes and an E-W striking axial plane, indicating a N-S maximum shortening
direction during D1 deformation (according to the current coordinates) (Fig. 12B). The F:
isoclinal geometry and lack of any asymmetry suggests that D1 shortening was largely coaxial,
as suggested in literature (Abalos et al., 2002). The Fs fold generation consists of subvertical
folds with NW-SE striking axial planes and a higher interlimb angle than the F; folds (Fig.
12A). The superposition of these two fold generations results in the 3D and plan-view geometry
pictured in Fig. 12A and Fig. 12C, respectively. While the axial planes of the F; folds become
strongly curved and both Sp and S; are folded, the F1 fold hinges are not markedly affected by
Fs folding. The F3 folds and associated Sz foliation indicate a NE-SW maximum shortening,
which is indeed typical for Dz deformation (Diez-Balda et al., 1990; Abalos et al., 2002). The

asymmetric Fs fold style demonstrates a simple shear component, which is in correspondence
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with the transpressional D3 deformation style and its association with numerous strike-slip fault

systems and shear zones (Abalos et al., 2002).

A Type 3 fold interference

S
S, \

—_——

divergent — —==——«

cleavage —=—=
fan =

So/S,

Fig. 12. Kinematic interpretation of the superimposed F1 and F3 fold generations. (A) Interpretative sketch
of the fold interference pattern. The F1 folds are isoclinal, subvertical folds with an E-W striking axial plane
and fold limbs. The Fs folds are asymmetric, subvertical folds with a NW-SE striking axial plane. Their
superposition results in a type 3 interference geometry. (B) Plan-view sketch of the hinge zone of a F1 fold.
S1 is subparallel to So along the fold limbs, and only shows an angular variation with So in the hinge zone.
Modified after Passchier and Trouw (2005). (C) Plan-view sketch of a Fi fold hinge zone after Fs fold
superposition. So and Sz in the fold limbs are strongly affected by asymmetric F3 folding. The grey arrows

delineate the maximum shortening direction.
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6.2. Relative timing and mechanics of cross-fold jointing

The orientation analysis has demonstrated that the regional joint system has a consistent
orthogonal orientation relative to the F3 fold axes and the associated Soi1-S3 intersection
lineations, i.e. they correspond to cross-fold joints. Firstly, this relationship is demonstrated by
the strong development of the joint system in outcrops (Fig. 7B) and zones (e.g. zones C, F and
| — Appendix A.1) where Ss is present and So//S1. In those localities where Szis lacking and a
strong angular variation is observed between So and Sy, the joint system is absent or weak (Fig.
7D and zones A and E — Appendix A.1). Secondly, we observed a stronger correlation between
the clustered orientation distributions of the joint poles and the So/1-Ss intersection lineations,
while the So-S: intersection lineations show a girdle distribution (Fig. 8A and Appendix A.1).
Had cross-fold joints indeed formed orthogonal to F; folds, they should have been strongly
deformed and reactivated by subsequent deformation and Fs folding. Instead, the cross-fold
joint system shows great planarity, lateral continuity and a lack of shear deformation. Because
F1 and Fs fold hinge lines are generally subparallel, a local correlation with the So-Si
intersection lineation (e.g. zones A and E) is thus only apparent. Interestingly, these zones are
situated along the long axis of the Regoufe granite (Fig. 8B). A possible explanation for the
lack of penetrative Sz development could be that zones A and E correspond to regional strain
shadows, which are ‘shielded’ by the granite from D3 deformation and associated NE-SW

shortening.

The bimodal orientation distribution of the joint system is congruent with the asymmetric nature
of the Regoufe granite (Fig. 2). Zones F-I are characterised by joint sets that are preferentially
dipping to the west and southwest (Fig. 8B), which is approximately subparallel to the inferred
low-angle granite contact and the associated granitic veins (Fig. 2). To the northeast, east and
southeast of the Regoufe granite, where a steep contact is presented (Fig. 2), the correlation is

less distinct. Zones C-D show joint sets that dip to the north and northeast, away from the
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granite body (Fig. 8B). Zones B and E, however, lack a preferred joint orientation, while in
zone A the joints have a preferential dip to the north towards the granite contact. The above
correlations do not suggest that the joints formed due to cooling or sagging of the underlying
granite. If the joints had been granite-induced, they should display consistent orientations over
large distances. Instead, the joints show a strict systematic variation in orientation on a meter-
scale, when associated F3 fold hinge lines change their attitude over tens of degrees, both in
trend and plunge (Fig. 7E). The joints also do not correspond to sheeting joints that form in
very superficial settings and have a more non-systematic and distinctly curved geometry
(Martel, 2017). Instead, the geometric correlation is suggestive of (slight) doming by the
Regoufe granite. Flexural deformation during doming is associated with the maximum principal
stress being perpendicular to the granitic contact (Fig. 13A) (Gudmundsson, 2006). During
expansion of the magma body and associated doming, the Fs fold axes would act as material
lines that maintain their initial orientation relative to the principal stress axes. Hence, their
orientation would adapt from an initial subvertical orientation to an attitude orthogonal to the
granite contact (Fig. 13B). Cross-fold jointing normal to these F3 fold axes would show a large-

scale orientation subparallel to the granite contact.

The orthogonal orientation between the joint system and F3 fold axes indicates that F3 folding
was associated with hinge-parallel stretching. Some authors relate cross-fold joints to the
earliest stages of folding and compressional deformation (Twiss and Moores, 1992; Reber et
al., 2010), others consider them to form syn- to late-orogenic during layer-parallel shortening
(Engelder, 1985; Hancock, 1985; Zhao and Jacobi, 1997; Fischer and Wilkerson, 2000), while
another hypothesis assigns them a post-orogenic timing associated with the release of residual
elastic strains (Reik and Currie, 1974; Engelder and Geiser, 1980; Weinberger et al., 2010).
Ramsay and Huber (1987) indicated that joints are associated with very small strains, which

suggest that the joints must form during the latest stages of an orogeny or are related to the post-
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tectonic release of residual elastic strains. The observed cross-fold joint system indeed lacks
any indications of ductile deformation or reactivation, confirming that they must be late- to
post-Ds. In a similar manner, also the intrusion of the Regoufe granite appears to be a late-Ds
phenomenon. The granite shows a subvertical, NW-SE striking magmatic foliation (Sluijk,
1963), which is subparallel to Sz and suggests a synchronicity between intrusion and Ds. The
cordierite porphyroblasts within the contact metamorphic aureole surrounding the granite,
however, are post-dating Sz (Fig. 3G). The combination of these two observations indicates that
granite intrusion most likely occurred during the final stage of Dz (<305Ma), when the orogeny
was already uplifted to upper-crustal depths (Gutiérrez-Alonso et al., 2015). Valle Aguado et
al. (2005) indeed considered that the Regoufe granite was part of the late- to post-D3 granite

suite.

Despite their mutual late-Ds origin, the exact relative timing between cross-fold jointing and
granite intrusion is difficult to define due the lack of cross-cutting relationships. Nonetheless,
it is argued that the cross-fold joints are pre- to syngenetic relative to the intrusion, having
formed before/during doming and rotation of the Fs fold axes. This sequence of events could
explain the western low-angle contact of the granite. If pre- to syngenetic, the cross-fold joint
system would have acted as a discontinuity influencing granite emplacement. This hypothesis
is supported by the tabular granitic and aplite-pegmatite veins forming subparallel to the cross-
fold joint system. Cross-fold jointing is largely coeval with late-Ds intrusion of the Regoufe

granite and subsequent magmatic-hydrothermal mineralisation.

6.3. Kinematics of veining

Magmatic-hydrothermal veins hosted by the Beira slates are exploiting the cross-fold joint
system. The joints and veins have a consistent subparallel orientation in the field (Fig. 10), and

barren joints are observed to be continuous past vein tips. Recently, the structural emplacement
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of W-Sn vein-type mineralisation at the world-class Panasqueira deposit, i.e. the most
significant of the Iberian W-Sn deposits, was demonstrated to be controlled by a similar cross-
fold joint system that developed orthogonal to the Fs fold generation (Jacques et al., 2018).
Unlike the observations at the Panasqueira deposit, however, outcrop-scale observations to
delineate the relative timing and associated stress regime are lacking (e.g. segmentation
structures, simultaneous opening of cross-cutting joint sets). It is not apparent whether the veins
represent a later reactivation of the pre-existing joints or both formed cogenetic during Fs
folding (i.e. a local stress state with o3 subparallel to F3 fold axes - Fig. 13B). Reactivation in a
far-field contractional stress regime should, however, be discarded based on the analogy with
the world-class Panasqueira deposit (Jacques et al., 2018) and the incompatibility with the D3
transpressional deformation style. The subhorizontal extension veins must have lifted the
lithostatic load and normal stress to the joint plane during dilation. Lithostatic fluid
overpressures and small differential stresses (o1 - 63 < 4T, with T: tensile strength) were thus

active during veining (cf. Boullier and Robert, 1992).

The W-Sn bearing quartz vein systems that are cross-cutting the Regoufe granite (i.e. Minas de
Regoufe and Minas da Cavada - Fig. 9) are unrelated to the cross-fold joint system. These veins
are moderately-inclined (ca. 40-50°) and form at a high angle to the Regoufe granite contact,
i.e. a concentric orientation (Fig. 13A). This geometry is analogous to the dykes and inclined
cone sheets (Gudmundsson, 2006; Magee et al., 2012), which form during the expansion of a
central magma body and the associated increase in magmatic pressure. The emplacement of
concentric dykes is classically associated with a compressional stress field that is characterised
by a radial o1 and a o3 that is subparallel to the intrusion contact (Fig. 13A) (Anderson, 1936;
Phillips, 1974). The quartz vein systems within the Regoufe granite are very limited in lateral
continuity and do not propagate into the surrounding country rock. In addition, they are pure

extension veins that lack shear deformation. Hence, it is suggested that they formed during the
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latest stages of internal fluid pressure increase, post-dating the main granite expansion phase
and associated doming. During these latest stages, the strain rate and differential stresses
decrease, allowing the formation of local hydraulic tension fractures (cf. Phillips, 1974). The
relative timing of these granite-hosted quartz veins with the veins emplaced within the cross-

fold joint system is unclear.

Beira slates —= Hydrothermal quartz veins
Regoufe granite —= Qranitic veins
Trend of Sy-S3 lineation

Fig. 13. Schematic line-drawings illustrating the contrasting stress regimes associated with veins emplaced

within the Regoufe granite and the metasedimentary host rock. (A) The formation of concentric veins due
to the expansion of the magma body and the associated increase in magmatic pressure. This doming of the
magma body is also responsible for flexural deformation of the surrounding host rock. The dotted and
dashed lines represent the trajectories of the maximum and minimum principal stresses surrounding the
expanding intrusion. (B) The magmatic-hydrothermal veins emplaced within the metasedimentary host
rock are exploiting the cross-fold joint system. This joint system is associated with a localised minimum
principal stress o3 subparallel to Fs fold axes.
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6.4. Contribution to the geodynamic framework

Previous studies suggested Type 2 Fi-Fs fold interference patterns in the Neoproterozoic
basement of the southern part of the CIZ (DVF), consisting of a F1 fold generation with
subhorizontal fold axes that is overprinted by the Fz fold generation with subvertical axes
(Castro, 1986; Reavy, 1989). These authors, however, did not provide any direct field evidence
on the F1 fold geometry, but rather inferred subhorizontal F1 fold axes based on the km-scale

alternating synclines, while neglecting the Neoproterozoic basement rocks.

The presented F1-F3 fold interference model offers insight into the controversy surrounding the
geometry of the F1 and Fs fold generations in the CIZ and the relative significance of the
associated deformation stages. The F1 folds in the Neoproterozoic-Cambrian basement are
characterised by consistent subvertical fold axes, confirming similar results obtained in the
Panasqueira area (Jacques et al., 2018). The notion that the entire CIZ is characterised by
subhorizontal F; fold axes is incorrect, since in the DVF such a geometry only occurs within
the narrow synclines unconformably overlying the broad Neoproterozoic domains. The contrast
in plunge between the Variscan fold generations in the Neoproterozoic basement and the Early
Palaeozoic formations is explained by pre-Variscan tilting of the Lower Alcudian (see above)

(e.g. Talavera et al., 2015).

In addition, the significance of the Fs fold generation, which defines the structural pattern within
the Beira slates from an outcrop to a kilometre-scale, was highlighted. F; folds in the Regoufe
area are of minor importance since their hinge zones are only locally observed and S; is
generally subparallel to Se. In the Panasqueira area, F1 folds are similarly observed to be rare
or lacking, while the asymmetric Fz folds are defining the Variscan deformation geometry
(Jacques et al., 2018). The axial traces of the large-scale Fs folds (Fig. 2) are subparallel to the
general strike of the Porto-Satdo syncline that is bordering the study area to the north (Fig. 2).

These observations demonstrate that the syncline, mainly considered as a D1 structure (Diez-
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Balda et al., 1990; Abalos et al., 2002; Dias and Ribeiro, 1994; Dias et al., 2016), was strongly
reshaped by the Dz deformation stage. This conclusion is supported by the presence of the
Upper Carboniferous (Stephanian C - Wagner and Alvarez-Véazquez, 2010) in the syncline (Fig.
2). The Upper Carboniferous was deposited syntectonically with the latest stage of D3 (ca. 303-
301Ma), but still shows a subvertical attitude and is cross-cut by a highly penetrative tectonic
foliation (S3) subparallel to the axial trace of the syncline (Sluijk, 1963; Domingos et al., 1983).
Other studies in the Iberian massif have highlighted a similar interpretation from the structural
analysis of superimposed folding (Julivert and Marcos, 1973; Pastor-Galan et al., 2012) and
various major fold structures (Martinez Catalan, 2012; Diez Fernandez and Pereira, 2016; Dias

da Silvaetal., 2017).

Up to now, the D3 deformation stage and the formation of the Cantabrian orocline have been
considered as unrelated phenomena. This was primarily due to a difference in relative timing.
Dz deformation has been dated at ca. 315-305Ma (Gutierrez-Alonso et al., 2015; Valle Aguado
et al., 2005), while oroclinal buckling has been constrained to ca. 310-297Ma (Pastor-Galan et
al., 2015a). The incorporation of the Stephanian C metasediments within the F3 Porto-Satdo
syncline, however, suggests that the Dz deformation stage was continuous till at least the
Carboniferous-Permian boundary (ca. 300Ma). Hence, the previously suggested upper limit of
Dz deformation (305Ma) most likely represents the limit of ductile deformation. Beyond
305Ma, exhumation and erosion brought the orogen to upper-crustal depths where D3

deformation and oroclinal buckling continued in the brittle realm.

The reported bending of the F3 folds in the oroclinal hinge zone (Martinez Catalan, 2012) should
not be considered as contradicting. Taking into account the tangential longitudinal strain
distribution associated with the orocline (Gutiérrez-Alonso et al., 2008; Ries and Shackleton,
1976), the CIZ is part of its outer arc and should thus be characterised by stretching parallel and

shortening orthogonal to the orogenic strike (cf. Gutiérrez-Alonso et al., 2004). Fz folds
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developing coeval with oroclinal buckling would be expected to rotate along the outer arc hinge
zone. Only within the inner arc, do Fs folds need a radial orientation relative to the orogenic
strike, which has been confirmed by studies of the superimposed folding pattern in the

Cantabrian Zone (Julivert and Marcos, 1973; Pastor-Galan et al., 2012).

The observed F3 fold style (Fig. 5C) is consistent with dextral transpression within the southern
limb of the Cantabrian orocline, as expected from tangential longitudinal strain. This
compatibility is demonstrated by a qualitative kinematic simulation of a dextral transpressional
shear zone parallel to the strike of the CIZ (Fig. 14). Deformation within this transpressional
shear zone is characterised by simultaneous pure and simple shear, internal rotation of the
fabrics and a NE-SW maximum shortening direction at an angle of ca. 45° to the shear zone
(Fig. 14), i.e. orthogonal to the axial plane of the Cantabrian orocline. Two asymmetric fold
styles can form: (i) NW-SE to NNE-SSSW striking dextral Z-type F3 folds if the initial foliation
was oriented counterclockwise relative to the maximum shortening direction, or (ii) NE-SW to
WNW-ESE striking sinistral Fs S-type folds if the foliation was oriented clockwise. The latter
Fs fold style is conform the observed geometry in the Regoufe study area (i.e. red line in Fig.
14). The observed Fs folds are thus interpreted to have formed during dextral transpression
within the outer arc of the Cantabrian orocline. Consequently, the Fz fold geometry is
incompatible with the expected sinistral transpressional kinematics in the southern limb of the

Central Iberian orocline (dotted lines in geological map of Fig. 14).
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Fig. 14. Schematic line-drawings illustrating the observed Fs geometry in the study area, its position on the
geological map within the limbs of both the Cantabrian and Central Iberian oroclines, and a kinematic
simulation of Fs folding within a dextral transpressional shear zone of simultaneous pure and simple shear.
The shear zone is subparallel to the strike of the C1Z and the southern limb of the Cantabrian orocline. The
average orientation of So-1in the Regoufe area is marked with a red full line in the strain ellipsoids. The Ss

foliation is marked with a black dashed line.

7. Conclusions and perspectives

A structural analysis of fold-foliation generations in the Regoufe area has defined a model for
F1-F3 superimposed folding in the southern CIZ based on detailed geological mapping and
outcrop-scale observations. The fold interference model has given insight into the relative
significance and geometry of both fold generations, enabling the evaluation of several
discrepancies in literature. While F1 folds appear to be more localised in nature than previously

indicated, the F3 fold generation is suggested to have shaped the major fold structures in the
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study area. Both fold generations have subvertical fold axes within the Neoproterozoic
basement. The suggested fold interference model reconciles regional D3 deformation and
buckling of the Cantabrian orocline as coeval processes with similar kinematics. Vertical-axis
Fs folding within the outer arc of the orocline is in correspondence with the long-lasting model
of a tangential longitudinal strain distribution associated with oroclinal buckling (Ries and

Shackleton, 1976).

A kinematic interpretation of the different W-Sn ore deposits in the Regoufe area has been
presented. Two modes of hydrothermal W-Sn mineralisation were recognised: (i) quartz veins
exploiting a regional cross-fold joint system within the metasedimentary basement, and (ii)
granite-hosted quartz veins that show a concentric orientation distribution and formed during
granite emplacement and doming. The cross-fold joint system was previously also encountered
in other study areas within the DVF, similarly localising W-Sn vein type mineralisation
(Jacques et al., 2018). Hence, it is suggested that the joint system developed on a regional level
throughout the DVF, coupled to the subvertical plunge of the F3 fold generation. W-Sn
mineralisation and oroclinal buckling appear to not only share their late-Variscan timing, but
could also be considered as kinematically related processes. This working hypothesis and the
geometry of the cross-fold joint system may function as an important tool in future mineral

exploration endeavours.
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1096 Appendix A.1. Lower-hemisphere, equal-area stereographic projections showing the orientation data collected for zones
1097 A-1. For each zone, the poles to the joints, to So, to S1 (not parallel to So), to Ss, as well as their mean orientations, are

1098 indicated on the left-hand side. On the right-hand side, the So-S1and Soi-Ssintersection lineations are indicated.
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1102 Appendix A.2. Statistical analysis of the mean orientation for zones A-J, added in Table 1. (A) Histogram of the
1103 calculated spherical angles 0 (angle between the mean of poles to joints and the pole to best-fit girdle to So), 1 (angle
1104 between the means of poles to joints and Si), @2 (angle between the means of poles to joints and Ss), w1 (angle between
1105 the mean of poles to joints and the mean So-S1 intersection lineation) and ®2 (angle between the mean of poles to joints
1106 and the mean Soi1-Ss intersection lineation). (B) Ternary diagram showing the statistical distribution of the joints (black
1107 dots) for each zone, all joints (black square), all measured bedding planes (white square), all measured Si1 and Sz
1108 foliations (green and red square, respectively) and all So-S1 and Soi-Ss intersection lineations (white and red diamond,

1109 respectively).
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