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Abstract Zircon grains extracted from S-type granites
of the Méda-Escalhdo-Penedono Massif (Central Iberian
Zone, Variscan Orogen) constrain the timing of emplace-
ment and provide information about potential magma
sources. Simple and composite zircon grains from three
samples of S-type granite were analyzed by LA-ICP-MS.
New U-Pb data indicate that granites crystallized in the
Bashkirian (318.7 £ 4.8 Ma) overlapping the proposed
age range of ca. 321-317 Ma of the nearby S-type granitic
rocks of the Carrazeda de Ancides, Lamego and Ucanha-
Vilar massifs. The timing of emplacement of such S-type
granites seems to coincide with the waning stages of activ-
ity of a D, extensional shear zone (i.e. Pinhel shear zone)
developed in metamorphic conditions that reached partial
melting and anatexis (ca. 321-317 Ma). Dykes of two-mica
granites (resembling diatexite migmatite) are concordant
and discordant to the compositional layering and S, (main)
foliation of the high-grade metamorphic rocks of the Pinhel
shear zone. Much of the planar fabric in these dykes was
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formed during magmatic crystallization and subsequent
solid-state deformation. Field relationships suggest con-
temporaneity between the ca. 319-317 Ma old magmatism
of the study area and the switch from late D, extensional
deformation to early D contractional deformation. Inher-
ited zircon cores are well preserved in these late D,-early
D; S-type granite plutons. U-Pb ages of inherited zircon
cores range from ca. 2576 to ca. 421 Ma. The spectra of
inherited cores overlap closely the range of detrital and
magmatic zircon grains displayed by the Ediacaran to Silu-
rian metasedimentary and metaigneous rocks of the Ibe-
rian autochthonous and parautochthonous domains. This is
evidence of a genetic relationship between S-type granites
and the host metamorphic rocks. There is no substantial
evidence for the addition of mantle-derived material in the
genesis of these late D,—early D; S-type granitic rocks. The
eNd arrays of heterogeneous crustal anatectic melts may be
just inherited from the source, probably reflecting mixing
of a range of crustal materials with different ages and pri-
mary isotopic signatures. The generation of the Bashkirian
S-type granites has been dominated by continental crust
recycling, rather than the addition of new material from
mantle sources.

Keywords Carboniferous granitic rocks - Igneous
intrusion relationships - U-Pb zircon LA-ICP-MS dating -
Migmatites - Crustal recycling - Variscan deformation

Introduction
A large extension of Carboniferous and Permian plutonic
rocks crops out in the Iberian Massif (e.g., Castro et al.

2002 and references therein). In the Carboniferous, magma
production occurred simultaneously with the building of
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the Variscan Orogen caused by the collision between Gond-
wana and Laurussia (Martinez Catalan et al. 1997, 2009).
In the earliest Carboniferous (ca. 360-340 Ma; Dallmeyer
et al. 1997) a massive allochthonous complex was progres-
sively transported over the Iberian parautochthonous and
autochthonous (Central Iberian Zone) domains (Figs. 1,
2; Diez Fernandez and Arenas 2015; Diez Fernandez et al.
2016 and references therein), which represent in NW Iberia
the section of the Gondwanan margin that was not involved
in subduction (Arenas et al. 2016). Coevally to the alloch-
thonous units emplacement, the Iberian autochthon expe-
rienced shortening (D, folding and thrusting). The sub-
sequent crustal evolution of NW Iberia was marked by a
stage of gravitational collapse (D, folding and extensional
shearing), and then followed by later subhorizontal short-
ening (D;—D, folding and strike-slip shearing), defining the
general structure of this part of the Variscan Orogen (Fig. 3;
Diez Fernandez and Pereira 2016 and references therein).

The compositional range of Carboniferous intrusions in
the Iberian autochthonous domain represented by the Cen-
tral Iberian Zone is wide. Most granitic rocks are S-type
peraluminous, sometimes with abundant Al-rich miner-
als such as cordierite, sillimanite and andalusite. But there
are also granitic rocks with transitional features between
S- and I-type, I-type and hybrid granites, including rare
metaluminous varieties (Bea et al. 1999, 2003; Castro
et al. 1999, 2002; Fernandez-Suarez et al. 2000, 2011;
Neiva and Gomes 2001; Neiva et al. 2009; Dias et al. 1998,
2010; Teixeira et al. 2011; Villaseca et al. 2012; Merino
Martinez et al. 2014). The type of sources for Variscan
granites has been widely discussed. Crustal recycling of
metasedimentary and metaigneous upper crustal sources,
metasedimentary mid-crustal sources, metaigneous lower
crustal sources, or mantle sources that interacted with dis-
tinct crustal melts is among the most cited (e.g., Neiva and
Gomes 2001; Castro et al. 1999, 2002; Bea et al. 1999,
2003; Villaseca et al. 1999, 2012; Teixeira et al. 2011).

U-Pb zircon geochronology of the granitic rocks found
in the Iberian autochthonous domain of the Central Ibe-
rian Zone indicates that part of the magmatic crystalliza-
tion ages obtained overlap the time interval of development
of Variscan structures (ca. 335-306 Ma; Dias et al. 1998;
Bea et al. 1999; Villaseca and Herreros 2000; Castro et al.
1999, 2002; Valle Aguado et al. 2005; Teixeira et al. 2011;
Diaz-Alvarado et al. 2011; Villaseca et al. 2012; Orejana
et al. 2012; Martinez Catalan et al. 2014; Diez Fernindez
and Pereira 2016, 2017). The Permo-Carboniferous granitic
rocks (ca. 306287 Ma; Dias et al. 1998; Fernandez-Suarez
et al., 2011; Neiva et al. 2012; Villaseca et al. 2012; Ore-
jana et al. 2012; Diez Ferndndez and Pereira 2017) crosscut
Variscan structures and are considered as unrelated to the
Gondwana-Laurussia collision sensu stricto (e.g., Gutiér-
rez-Alonso et al. 2011; Pereira et al. 2015a).

@ Springer

EUROPEAN VARISCIDES
(CROPPING OUT / COVERED)
AVALONIAN FORELAND THRUST BELT
(RHENOHERCYNIAN ZONE)

RHEIC SUTURE
(REWORKED)

INTERNAL VARISCAN ZONE WITH
ALLOCHTHONOUS UNITS

PARAUTOCHTHON

WANA4p

BOHEMIAN
MASSIF

A
AUTOCHTHON ¥’
e
FORELAND 5o
THRUST BELT Q\»{’
S
GONDWANA .

200 km

VARISCAN
STRIKE-SLIP
SHEAR ZONES

RHEIC SUTURE
(REWORKED)

MAIN VARISCAN
THRUSTS

-A_A_ ALPINE FRONT

Fig. 1 Location of the study area in the Variscan orogen (adapted
from Martinez Cataldn et al. 2007 and Diez Ferndndez and Arenas
2015)

It has long been proven that the Variscan granitic rocks
of the Central Iberia Zone have variable and complex spa-
tial and temporal relationships between them (Julivert et al.
1974; Ugidos 1990) and with Variscan structures (Ferreira
et al. 1987). However, the exact timing between the intru-
sions of some of the granite phases to the regional defor-
mation—metamorphism is yet to be properly established. In
this study, we report field data and U-Pb zircon geochro-
nology of S-type granites from the Central Iberian Zone in
Portugal (Méda-Escalhdao-Penedono Massif) to better: (i)
constrain the timing of magma generation and emplace-
ment (this is the first time that U-Pb zircon dating is
applied to these plutons), (ii) analyze its relationship with
a regional switch from D, extensional to D5 contractional
deformation, (iii) determine a possible source of the gra-
nitic magmas, and (iv) discuss the regional significance by
comparing our results with equivalent data from the Vari-
scan magmatism of SW Iberia. The field and geochronolog-
ical data presented and discussed here contribute to a better
understanding of models regarding pluton emplacement
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under different stages of collision orogenic deformation.
This work is a tribute to the career of Prof. Jarda Dostal,
who devoted much of his research to granites.

Geological setting

The stratigraphy of the Iberian autochthonous domain in
the Central Iberian Zone is dominated by Neoproterozoic
to Carboniferous siliciclastic sequences with minor vol-
canic and carbonate rocks (San José et al. 1990; Gutiérrez
Marco et al. 1990; Rodriguez-Alonso et al. 2004; Martinez
Poyatos et al. 2004) (Fig. 2).

Sequential Variscan deformation episodes are recog-
nized by the overprinting relationships between different
ductile structures, which may be more or less developed
according to their heterogeneous spatial distribution and
intensity. D, folds and thrusts (ca. 360-337 Ma; Dallmeyer
et al. 1997; Escuder Viruete et al. 1998; Rubio Pascual et al.
2013; Diez Fernandez et al. 2013; Dias da Silva et al. 2014)
formed during early crustal thickening. Initial contractional
deformation was followed by D, extensional deformation
(Noronha et al. 1978; Escuder Viruete et al. 1994; Diez
Balda et al. 1995; Rubio Pascual et al. 2013; Diez Fernan-
dez et al. 2013; Martinez Catalan et al. 2014; Diez Fernan-
dez and Pereira 2016) responsible for the exhumation of
high-grade rocks (ca. 337-316 Ma; Escuder Viruete et al.
1994, 1998; Barbero 1995; Dallmeyer et al. 1997; Castifiei-
ras et al. 2008; Martinez Catalan et al. 2014; Diez Fernan-
dez and Pereira 2016). D5 upright folds are widespread in
the region and show consistent trend and axial planar folia-
tion (S;), but are locally affected by Variscan D5 , s strike-
slip shear zones (Diez Ferndndez and Pereira 2016, 2017)
(Fig. 3).

Voluminous Variscan magmatic activity in the Central
Iberian Zone has been usually interpreted to be restricted
to the time interval in which Dj contractional deformation
was active, from ca. 321 Ma to ca. 300 Ma, following the
classification of Ferreira et al. (1987). This assumption is
not fully supported by field and U-Pb zircon data, which
suggest a spatial and temporal relationship between volu-
minous magmatism and the transition from the waning
stages of D, extensional deformation to the early stages of
D; contraction (Diez Ferndndez and Pereira 2016).

Variscan basement (Moimenta da Beira-Pinhel
region)
Stratigraphy, deformation and metamorphism

In the Portuguese sector of the Central Iberian Zone (Moi-
menta da Beira-Pinhel region), the lithostratigraphy is

variably metamorphosed and comprises (Regéncio Macedo
1988; Sousa and Sequeira 1989; Silva and Ribeiro 1991,
1994; Oliveira 1992; Ferreira and Sousa 1994): Cambrian
greywackes, siltstones, pelites and limestones (Schist-
Greywacke Complex: Douro Group) unconformably over-
lain by Ordovician felsic volcaniclastic rocks (Sdo Gabriel
Formation), which are subsequently overlain by sand-
stones, siltstones and mudstones (Armorican Quartzite For-
mation) (Fig. 4).

The pelites, sandstones, greywackes and volcanic rocks
were transformed into slate, quartzite, phyllite, schist,
gneiss and migmatite as a result of variable metamorphic
conditions attained during Variscan deformation. Varia-
tions in metamorphic grade are sharp along a formerly low-
dipping D, extensional shear zone (i.e., Pinhel shear zone),
whose hanging wall and footwall define at a regional scale
a low- (LGD) and a high-grade (HGD) domain, respec-
tively (Diez Fernandez and Pereira 2016). The Pinhel shear
zone was folded during D5 contraction, and then deformed
by D;_4 5 strike-slip shear zones under lower grade meta-
morphic conditions (Huebra, Lamego-Malpica, Juzbado-
Penalva do Castelo and Porto-Tomar shear zones; Diez
Ferniandez and Pereira 2016, 2017) (Fig. 4).

Magmatism

In the Moimenta da Beira-Pinhel region, the Variscan intru-
sions classify in three age groups from Serpukhovian to
Moscovian, including strongly and variably deformed gra-
nitic rocks: syn-D, (ca. 331-321 Ma), late D,-early D5 (ca.
317-315 Ma) and syn-Dj; (ca. 311-310 Ma) (Diez Fernin-
dez and Pereira 2016).

The syn-D, granitic rocks are spatially and tempo-
rally related to migmatites of the HGD (Fig. 4). They are
fine- to coarse-grained (sometimes resembling diatexite
migmatites), and their facies range from poorly deformed
to strongly foliated two-mica granites, with S, foliation
defined by mica oriented parallel to the elongate shape of
quartz (including subgrains and newly formed grains) and
feldspar. These granites intruded at ca. 331-321 Ma, based
on zircon U-Pb ages (Diez Fernandez and Pereira 2016).

The late D,-early D; Ucanha-Vilar Massif is a 25 km
long, NW-SE elongated body made of porphyritic
medium—coarse-grained biotite-rich granitic rocks includ-
ing granodioritic—tonalitic enclaves (Fig. 4). These grano-
diorites and monzogranites are characterized by a dominant
steeply dipping planar anisotropy defined by the alignment
of feldspar phenocrysts, and preferred orientation of biotite
and microgranular mafic enclaves. The NW-SE to N-S-
striking magmatic foliation is locally folded and deformed
by discrete N70E-striking D, strike-slip shear zones. This
pluton intruded at ca. 317-315 Ma, based on zircon and
monazite U-Pb ages (Dias et al. 1998; Simdes 2000).
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«Fig. 2 Regional map of the central part of the Iberian Massif (after
Diez Fernandez and Pereira 2016). The trace of mayor faults, late
upright folds, and strike-slip shear zones is shown. Localities (num-
bered black circles): / Lamego; 2 Moimenta da Beira; 3 Penedono; 4
Pinhel; 5 Juzbado. DBSZ Douro-Beira shear zone, HSZ Huebra shear
zone, JPSZ Juzbado-Penalva do Castelo shear zone, MLSZ Malpica-
Lamego shear zone, PTSZ Porto-Tomar shear zone, TMSS Tamames-
Marofa-Satdo Synform, 7SZ Tamames shear zone, VSZ Villalcampo
shear zone. Geographic coordinates

Previous field studies (Ferreira and Sousa 1994) suggested
a coeval nature of these granitoids with the two-mica gran-
ites of the Meéda-Escalhdo-Penedono pluton and some
hecto—decameter-scale bodies of granodiorite/quartzdior-
ite. Both massifs occur at the core of D upright antiforms
(Fig. 4).

The syn-D; Tabuago Massif is a NW-SE elongated, oval
shaped body (8 km wide and 35 km long) of granitic rocks
that intrude the Pinhel shear zone and the late D,-early D;
Méda-Escalhdo-Penedono Massif (Fig. 4). The Tabuacgo
pluton is made of fine- to coarse-grained, muscovite-rich
(rarely porphyritic) and two-mica (partially porphyritic)
granites dated at ca. 310 Ma, based on zircon U-Pb ages
(Neiva et al. under review). It includes xenoliths and roof
pendants of the HGD. This massif shows near-vertical
planar anisotropy and kinematic criteria that suggest it
was affected by the sinistral strike-slip shearing that con-
centrated along the D; Huebra and D, Juzbado-Penalva
do Castelo shear zones. Towards southwest, in the Pin-
hel region, the Santa Eufémia Massif represents an E-W
elongated, oval shaped body of medium-grained two-mica
syn-D; granite. It shows preferred orientation of quartz
(undulose extinction and subgrains), feldspar and micas
defining a moderate S; subvertical planar anisotropy. It cuts
the LGD-HGD boundary of the D, Pinhel shear zone and
occurs at the core of a D5 antiform. The crystallization age
of that D5 granite was estimated at ca. 311 Ma, based on
zircon U-Pb ages (Diez Ferndndez and Pereira 2016).

Meéda-Escalhao-Penedono Massif

The Méda-Escalhdo-Penedono Massif is a 10-15 km wide
and 80 km long body of coarse- to medium-grained two-
mica granites elongated in the ENE-WSW to ESE-WNW
directions (Figs. 2, 4). It shows a magmatic fabric defined
by the preferred orientation of mica, micaceous enclaves
(Fig. 5a, b) and schlieren layering (Fig. 6¢). The mag-
matic fabric is transposed by S; cleavage (Fig. Sc, d). This
massif includes xenoliths of the HGD rocks and cuts the
LGD-HGD boundary. The generally diffuse nature of the
contacts between two-mica granite and S, compositional
layering/foliation of the HGD host rocks evidence they are
rather contemporaneous (Fig. 5c, d). D; contraction was

responsible for folding the S, compositional layering/folia-
tion of the host metamorphic rocks (Fig. 5c, d). The Méda-
Escalh@o-Penedono pluton has interfingering contacts with
the late D,-early D; Ucanha-Vilar Massif suggesting they
are coeval intrusions. Discordant and mutually crosscutting
contact between the two-mica granite dykes and the bio-
tite-rich porphyritic monzogranite indicate that they were
emplaced at the same time interval (Figs. 5e, 6a, d).

Along the northern contact of the Méda-Escalhido-Pene-
dono Massif two sets of pervasive S-C mylonitic fabrics
are recognized. Subvertical mylonitic bands striking NSOE
(sinistral) and N120E (dextral) are the result of strike-
slip motions associated with the D; Huebra and Malpica-
Lamego shear zones, respectively. These regional shear
zones and the local mylonitic bands run roughly parallel to
the axial planes of D5 folds. The Méda-Escalhdo-Penedono
Massif is also affected by later, N70E-striking (sinistral),
discrete strike-slip shear zones, which are probably sub-
sidiary to the D, Juzbado-Penalva do Castelo shear zone
(Fig. 6b).

The Méda-Escalhdao-Penedono S-type calc-alkaline per-
aluminous granites (SiO, = 71.1-73.7 wt%; Al,0; = 14.2—
15.3 wt%, MgO = 0.3-0.4 wt%, Fe,0; = 0.1-0.5 wt%,
TiO, = 0.1-0.3 wt%, CaO = 0.6-0.9 wt%, Na,0 = 3.4—
4.6 wt%, K,0 = 5.0-5.1 wt%) include two main varie-
ties (e.g., Ferreira and Sousa 1994) that were sampled for
geochronology. Sample MB-1 is a fine- to medium-grained
biotite (dominant)-muscovite granite (partially porphyritic)
consisting of quartz, perthitic K-feldspar and plagioclase
(albite and albite—oligoclase). Sillimanite, apatite, zircon,
monazite, tourmaline, chlorite and ilmenite are accessory
minerals. Samples MB-2 and MB-3 are medium- to coarse-
grained muscovite (dominant)-biotite granites (partially
porphyritic) consisting of quartz, perthitic K-feldspar and
plagioclase (albite). Apatite, tourmaline, sericite, zircon,
chlorite and ilmenite are accessory minerals. These gran-
ites display highly evolved isotopic signatures of Eyy < —7
(Dias et al. 2002).

Along the intrusive contact with the host HGD rocks,
the late D,-early D; two-mica granites typically occur as
conformable and discontinuous 1-20 m thick dykes resem-
bling diatexite migmatite (Fig. 6¢). Some granite dykes
intruded parallel to the compositional layering of the host
high-grade metamorphic rocks, being folded and boudi-
naged during D, deformation (Fig. 6d).

Zircon U-Pb geochronology
Analytical method

Zircon grains were obtained from three samples of granite
with standard heavy mineral separation techniques. They
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were mounted in epoxy resin, polished down to equatorial
sections and photographed at University of Evora. Zircon
was imaged by SEM cathodoluminescence at TU Bergaka-
demie, Freiberg and analyzed for U, Th, and Pb isotopes
by LA-ICP-MS at the Museum fiir Mineralogie und Geol-
ogie (Senckenberg Naturhistorische Sammlungen Dres-
den), using a Thermo-Scientific Element 2 XR sector field
ICP-MS coupled to a New Wave UP-193 Excimer Laser
System. To enable sequential sampling of heterogeneous
grains (e.g., growth zones) during time resolved data acqui-
sition a teardrop-shaped, low volume laser cell was used.
Each analysis (laser spot-sizes of 15-35 um) consisted
of 15 s background acquisition followed by 35 s sample
acquisition. A common Pb correction based on the interfer-
ence- and background-corrected **Pb signal and a model
Pb composition (Stacey and Kramers 1975) was applied
if necessary. The necessity of the correction was judged
on whether the corrected 2*’Pb/**Pb lies outside of the
internal errors of the measured ratios. An in-house Excel®
spreadsheet program developed by Dr. Axel Gerdes (Insti-
tute of Geosciences, Johann Wolfgang Goethe-University
Frankfurt, Frankfurt am Main) was used to correct raw data
for background signal, common Pb, laser-induced elemen-
tal fractionation, instrumental mass discrimination, and
time-dependent elemental fractionation of Pb/Th and Pb/U.
Reported uncertainties were propagated by quadratic addi-
tion of the external reproducibility obtained from the stand-
ard zircon GJ-1 during individual analytical sessions (~0.6
and 0.5-1% for the 207Pb/?°Pb and 2°°Pb/>38U, respec-
tively), and from the within-run precision of each analysis.
Plotting of U-Pb data was performed using Isoplot (Lud-
wig 2001). In this study, the 2°’Pb/?%Pb ages were taken
for interpretation for all zircon >1.0 Ga, and the 2°°Pb/**3U
ages for younger grains (for details see Frei and Gerdes
2009). Pb-loss was inferred for few strongly discordant
analyses and for some anomalously young concordant U—
Pb ages.
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region. The direction of emplacement of the allochthonous complexes
(e.g., Morais Complex) (D,) is to the E-SE (Ribeiro et al. 1990;
Martinez Cataldn et al. 2009). The legend and trace of the composite
cross section is indicated in Fig. 2

Results

The U-Pb results of magmatic and inherited zircon are
given in Table 1 (supplementary data repository). Concor-
dia and probability density diagrams are presented together
with CL imaging of representative zircon grains (Fig. 7).
The three samples of S-type two-mica granites (Fig. 4 for
sample location) contain zircon grains (60—310 um diame-
ter) with common features. They have a wide range of mor-
phologies, from rounded subhedral to prismatic euhedral.
Prisms are equant to moderately elongate (aspect ratios
1:4). The internal structure of most grains is quite complex,
including cores with simple concentric zoning, banded zon-
ing, one or more overgrowths and even unzoned sectors.
A concentric zoned or unzoned rim surrounds most cores
(Fig. 7).

Sixty-four analyses were obtained from 60 zircon grains
from sample MB-1 (Supplementary Table 1). Of a total of
33 concordant analyses (90-110% concordance; Fig. 7a),
54.5% represents Carboniferous grains. The best estimate
for the crystallization age of the granite is a Concordia age
of 317 £ 3 Ma (MSWD = 0.15) (Fig. 7b). This age was
obtained after rejecting the youngest Carboniferous age
(ca. 299 Ma) and a “Permian” age (ca. 293 Ma), which
together probably reflect later recrystallizations. The older
zircon grains are interpreted to be inherited grains: Ediaca-
ran and Cryogenian (ca. 659-552 Ma; 33.3%), Cambrian
(ca. 537 Ma; 3%), Ordovician (ca. 473 Ma; 3%) and Paleo-
proterozoic (ca. 2 Ga; 3%).

We performed 59 analyses in 58 zircon grains from sam-
ple MB-2 (Supplementary Table 1).

Of a total of 33 concordant analyses (90-110% con-
cordance; Fig. 7a), 21.2% represents Carboniferous grains.
The best estimate for the crystallization age of the gran-
ite is a Concordia age of 319 & 4 Ma (MSWD = 0.002)
(Fig. 7c). The youngest ages (‘“Permian”) probably reflect
a later hydrothermal recrystallization. The most abundant
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Fig. 4 Schematic geological map of Moimenta da Beira region indicated with black stars. The composite cross section includes
after Sousa and Sequeira (1989), Oliveira (1992) and Ferreira and A-B (data from this work) and C-D (following Diez Ferndndez and

Sousa (1994). Sampling locations of Bashkirian S-type granites are Pereira 2016)
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Fig. 5 Late D,-early D; two-mica granite of the Méda-Escalhdo-
Penedono Massif with a, b micaceous enclaves and b feldspar phe-
nocrysts; ¢, d diffuse nature of the contacts between two-mica granite
and S, compositional layering/foliation of the HGD host metasedi-

inherited grains are Ediacaran and Cryogenian (ranging
from ca. 816 to ca. 558 Ma; 45.5%), followed by Paleopro-
terozoic (ca. 1.9 Ga; 9.1%), Cambrian (ca. 516-514 Ma;
6.1%), Ordovician (ca. 460—466 Ma; 6.1%) and Silurian
(ca. 433-421 Ma; 6.1%).

Sixty-one analyses were carried out in 61 zircon grains
from sample MB-3 (Supplementary Table 1). Of a total of
33 concordant analyses (90-110% concordance; Fig. 7a),
27.3% accounts for Carboniferous grains. The best esti-
mate for the crystallization age of the granite is a Concor-
dia age of 319 £+ 2.6 Ma MSWD = 1.5) (Fig. 7d). The
most abundant group of inherited grains is Ediacaran and
Cryogenian (ranging from ca. 696 to ca. 549 Ma; 36.4%);
other inherited grains gave Cambrian (ca. 511-500 Ma;
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B8 = Biotite-rich

Two-mica granite dykes“

mentary rocks, transposed by S;. e Two-mica granite dykes cutting
the HGD metasedimentary rocks (left) and discordant and mutually
crosscutting contact between the two-mica granite dykes and the bio-
tite-rich porphyritic monzogranite (right)

12.1%), Paleoproterozoic (ca. 1.9 Ga; 9.1%), Ordovician
(ca. 468—456 Ma; 6.1%), Mesoproterozoic (ca. 1 Ga; 6.1%)
and Neoarchean (ca. 2.57 Ga; 3%) ages.

Discussion
Age of magmatic zircon grains and rims

The emplacement age of the two-mica granites of
the Meéda-Escalhdo-Penedono Massif is estimated at
318.7 £ 4.8 Ma (weighted average age obtained from 33
analyses—34.7%; MSWD = (.22, probability = 1) based
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% i =

Two-mica granite

Biotite-rich
porphyritic
granite

Fig. 6 a Discordant and mutually crosscutting contact between the
two-mica granite dykes and the biotite-rich porphyritic monzogranite;
b N70E-striking (sinistral), discrete D, strike-slip shear zones affect-
ing the late D,-early D; two-mica granite; ¢ two-mica granite with
schlieren layering resembling diatexite migmatite; d discordant, con-

on euhedral grains and concentric zoned rims found on
almost all zircon grains (Fig. 8a, b).

The Méda-Escalhdo-Penedono two-mica granites have
the same age as the granitic rocks of the biotite-rich grano-
diorites and monzogranites from the Lamego and Ucanha-
Vilar massifs (ca. 319-317 Ma; Simodes 2000; Dias et al.

formable and discontinuous two-mica granite and biotite-rich porphy-
ritic monzogranite dykes cutting the HGD host metamorphic rocks;
granitic dykes are folded and boudinaged by D,; e, f mafic micro-
granular enclaves (granodioritic—tonalitic) included in the porphyritic
monzogranite

2002). This result was expected because the two massifs
exhibit interfingering contacts indicating they are coeval. A
relevant finding is that the emplacement age of these gra-
nitic rocks overlaps the time interval for the maximum tec-
tonomagmatic activity of the Pinhel shear zone (ca. 321—
317 Ma; Diez Ferndndez and Pereira 2016), supporting the
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Concordia Age = 319 2.6 Ma
(2-sigma , decay-const. errs included)
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Fig. 7 a Probability density plot of U-Pb zircon ages from S-type
granites of the Moimenta da Beira region; b—d Concordia plots with
the youngest U-Pb zircon ages (Carboniferous) for all three analyzed

correlation between magma generation and D, extensional
deformation reaching high-grade metamorphic conditions
of anatexis. The HGD rocks of the D, Pinhel shear zone
show evidence of partial melting and close spatial relation-
ship with different generations of granitic dykes (resem-
bling diatexite migmatites) intruded subparallel or discord-
ant to the S, foliation and compositional layering.
Metamorphic mineral assemblages of the HGD rocks
indicate temperature and pressure conditions during meta-
morphism of 725 + 50 °C and 5.4 &£ 1 kbar, implying rela-
tively shallow depths (at least 15 km) for crustal anatexis
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0,34 0,36 0,38 0,40

Concordia Age = 317 3 Ma
(2-sigma, decay-const. errs included)
MSWD (of concordance) = 0.15,
Probability (of concordance) = 0.70

207pp/235
30Mm 316t 11 Ma

samples (90-110% concordance), samples MB-1, MB-2 and MB-3
respectively. Cathodoluminescence (CL) images with reference to
analyzed spots of Carboniferous zircon grains

(Pereira et al. 2014). This suggests that the metamorphic
recrystallization and partial melting in the Pinhel shear
zone, and the magma production and emplacement of the
Méda-Escalhdo-Penedono and Ucanha-Vilar plutons were
part of the same thermal event.

Age of inherited zircon: implications for S-type magma
genesis

The oldest inherited zircon grains in the Mé&da-Escal-
hao-Penedono granitic rocks are Palacoproterozoic (ca.
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Samples MB-1,2 and 3, n=95, (90 - 110% conc.)
All ages A
Paleoproterozoic (7,4%)
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Fig. 8 a Pie diagram with U-Pb zircon ages for all three analyzed
samples (90-110% concordance); b weighted average age of the
youngest U-Pb zircon ages (Carboniferous) for all three analyzed

2.4-1.9 Ga; 7.4%), Mesoproterozoic (ca. 1 Ga; 2.1%),
and Neoarchean (ca. 2.57 Ga; 1%) (Fig. 8a, c). The Edi-
acaran and Cryogenian age group is the largest one (40%)
and peaks at ca. 598 Ma (Fig. 8c), thus matching the ages
of Pan-African and Cadomian zircon forming events (e.g.,
Pereira 2015 and references therein). The Precambrian
inherited zircon ages closely resemble the age spectrum of
detrital zircon from the Ediacaran (Beiras Group; Pereira
et al. 2012a; Talavera et al. 2012) and Cambrian (Douro
Group; Teixeira et al. 2011; Talavera et al. 2012) metasedi-
mentary rocks of the Iberian autochthonous domain.

Twelve inherited cores gave Cambrian and Ordovician
ages that mostly overlap the time interval of some pre-Vari-
scan magmatic events in the Iberian autochthon (ca. 498-
462 Ma; Valverde-Vaquero and Dunning 2000; Talavera
et al. 2013) and parauthochton (ca. 499—-462 Ma; Talavera
et al. 2013; Farias et al. 2014; Dias da Silva et al. 2014,
2016).

samples (90-110% concordance); MSWD mean square of weighted
deviates; ¢ Age histogram and Probability density plot including the
oldest U-Pb zircon ages (pre-Carboniferous)

The youngest inherited cores found in the Carboniferous
S-type granites give Silurian ages (ca. 433—421 Ma; 2%).
Assuming that these ages have not been reduced by radio-
genic Pb-loss, they place an upper limit of Silurian on the
age of the crustal component of the granite magma. Such
Silurian ages are coincident, within analytical error, with
the zircon U-Pb age obtained for felsic volcanic rocks of
the Iberian parautochthonous (439.6 £+ 5 Ma; Valverde-
Vaquero et al. 2007) and autochthonous (Gonzélez Clavijo
and Martinez Cataldn 2002) domains.

U-Pb age determinations on inherited zircon extracted
from the Méda-Escalhdo-Penedono granites are similar
to those of their metamorphic host, indicating they prob-
ably formed by partial melting of Ediacaran to Silurian
sedimentary and igneous rocks of the Iberian autoch-
thonous domain. A similar crustal source was also pro-
posed for the S-type peraluminous granites with similar
age (ca. 317-316 Ma), geochemical (SiO, = 68.2-74.1
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wt%; AlL,O; = 14.1-16.0 wt%, MgO = 0.2-0.9 wt%,
Fe,0; = 0.3-0.9 wt%, TiO, = 0.1-0.6 wt%, CaO = 0.5—
0.9 wt%, Na,0 = 2.9-4.1 wt%, K,0 = 4.3-5.7 wt%) and
isotopic composition (Eyy = —9 to —8) of the Carrazeda
de Ansides Massif (Teixeira et al. 2007; Teixeira 2008). The
existence of several S-type granite plutons of the same age
(ca. 319-317 Ma), and derived from a crustal source that
records protracted recycling of an older crust, demonstrates
unequivocally that there was a major crustal recycling event
in the Iberian autochthonous throughout Bashkirian times.

Field relationships and U-Pb data show that the Méda-
Escalhdo-Penedono two-mica granites are spatially and
temporally associated with the Ucanha-Vilar biotite-rich
porphyritic granitic rocks. Therefore, Bashkirian crus-
tal recycling via partial melting and anatexis gave rise to
distinct magmas. The porphyritic granites are moderately
peraluminous (SiO, = 62.1-68.9 wt%; Al,0; = 15.2-
16.4 wt%, MgO = 0.2-2 wt%, Fe,0; = 2.8-5 wt%,
TiO, = 0.4-0.6 wt%, CaO = 1.7-3.3 wt%, Na,O = 3-3.3
wt%, K,0O = 4.8-5.1 wt%) and less enriched (Eyy = —4.4
to —4.8) than the two-mica granites (e.g. Simdes 2000;
Dias et al. 2002). The first ones include mafic microgran-
ular enclaves (granodioritic—tonalitic; Fig. 6e, f) that may
account for magma mixing. Partial melting of a composi-
tionally heterogeneous crust made of immature metasedi-
mentary and/or felsic metaigneous rocks was proposed as
their likely source (Dias et al. 1998, 2002). Another evi-
dence for the coexistence of magmas with different compo-
sition is given by hecto- to decameter-scale bodies of foli-
ated, fine-grained granodiorites/quartzdiorites that occur
within the two-mica granites (Ferreira and Sousa 1994).
These enclaves are slightly metaluminous (SiO, = 57.9
wt%; Al,O3 = 17.3 wt%, MgO = 2.6 wt%, Fe,0; = 6.3
wt%, TiO, = 1.0 wt%, CaO = 4.1 wt%, Na,O = 3.9 wt%,
K,0 = 3.7 wt%), and have relatively unevolved isotopic
compositions (Eyy = —3.3) when compared to the two-
mica granites and the porphyritic granitic rocks, suggesting
an hybrid source (Simdes 2000; Dias et al. 2002). The coe-
val input of mafic magma into the crust is another reasona-
ble hypothesis for explaining the source of hybrid magmas
(e.g., Castro et al. 1999) that was proposed as the driving
mechanism for S-type melt production (e.g., Valle Aguado
et al. 2005). However, the generation of the Bashkirian
S-type granites at shallow crustal levels seems to have been
dominated by continental crust recycling, rather than by
addition of new material from the mantle.

Model of S-type granite emplacement
The ca. 319-317 Ma S-type granites make up a great

extent of the surface geology in the Iberian autochthonous
domain. Crustal melting at this scale probably required a
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combination of hot mid-crust and mantle-derived heat
input at the base of the continental crust to produce exten-
sive melting zones. The Méda-Escalhdo-Penedono S-type
granite magmas are largely sourced from an Ediacaran-
Cambrian greywacke—pelite sequence and, possibly, from
Cambrian-Ordovician volcano-sedimentary sequences of
the Iberian autochthonous domain. Although we have only
found two Silurian grains (with a limited statistical sig-
nificance) we cannot exclude the hypothesis that Silurian
rocks from autochthonous domain were also a source of
these granites. Inherited zircon cores from S-type gran-
ites of Carrazeda de Ansides Massif match the age spectra
shown by detrital zircon grains of metasedimentary rocks
from the Cambrian Beiras Group, mainly in the Ediacaran-
Cryogenian time interval (Teixeira 2008; Teixeira et al.
2011). The tectonothermal record of the study area is simi-
lar to that presented by Diez Ferndndez and Pereira (2016)
for a region located nearby to the east. Consequently, an
equivalent (adapted) evolutionary model may be applied
to explain the sequence of Variscan events recorded in
the study area. Underthrusting and crustal thickening (D,
contractional deformation) are considered responsible for
creating a thermally and gravitationally imbalanced crust
during the early stages of Gondwana-Laurussia collision
(Escuder Viruete et al. 1994; Martinez Catalan et al. 2014,
Alcock et al. 2015) (Fig. 9a). The resulting gravitational
disequilibrium was progressively attenuated by pervasive
extensional flow that operated on overthickened sections
of the Variscan orogen (e.g., Pinhel shear zone; D, exten-
sional deformation), thus facilitating heat advection from
lower parts of the crust and the mantle along with a pro-
gressive thermal recovery after a period of thermal matu-
ration. D, extensional deformation favored partial melting
and anatexis of fertile layers within the crust. Thermal and
gravitational reequilibration were assisted by large-scale
mass and heat transfer upwards through the crust, as indi-
cated by the generation and emplacement of S-type granitic
magmas into the upper crust at ca. 331-317 Ma (Fig. 9b).
Magma genesis peaked at ca. 321-317 Ma, as indicated by
the age of large late-D, intrusions cutting across the Pinhel
shear zone (Diez Fernandez and Pereira 2016; data in this
work).D, extension has been framed in an intra-orogenic
setting, i.e. Gondwana and Laurussia continued to move
relative to each other during Variscan extensional collapse
(Martinez Catalan et al. 2007; Diez Fernandez et al. 2012,
2016). A progressive decrease of the post-D, gravitational
disequilibrium in this context led to a regional switch from
widespread subhorizontal extension to compression, prob-
ably derived from further convergence between Gondwana
and Laurussia. Renewed compression brought in the cessa-
tion of D, extensional shear zones along with the onset and
amplification of D; upright folds and strike-slip shear zones
(Fig. 9c). S-type magmatism did not decline immediately
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after crustal extension, as it remained during D5 (Fig. 9d).
The simultaneous emplacement of granitic rocks with vari-
able geochemical and isotopic compositions, from highly
(Eng < —7) to relatively unevolved isotopic compositions
(Eng = —3.3), suggest that high-grade metamorphic con-
ditions were reached in a compositionally heterogeneous
crust (e.g., Dias et al. 2002) after the time required for ther-
mal recovery. Part of such heterogeneity was transferred
from the source to the upper crust via partial melting and
melts migration, as reflected by crustal-derived granitic
massifs emplaced during crust attenuation. Syn-orogenic
extensional collapse assisted this process, and is regarded
here as a mechanism capable of probing unexposed levels
of orogenic crust for further research. The ages of S-type
magmatism obtained here enhance the idea that the exten-
sional collapse of the Variscan orogen (which has a simi-
lar age) is one of the leading processes contributing to the
production of voluminous magmatism in NW Iberia. The
timing of the S-granites studied here indicates that this
particular magmatism occurred in the transition from an
extensional-dominated stage (D,) to a compression-domi-
nated one (D3). Therefore, melt production/migration likely
started during the D, extensional stage (i.e., associated with
the Pinhel shear zone), but some of the regional structural
features associated with their final emplacement in the
upper crust were eventually determined by the major D;
structures that followed (upright folds and strike-slip shear
zones) (e.g., Azevedo and Aguado 2013). In this regard,
the sheet-like appearance of these granitoids is probably a
feature determined by and/or acquired during the waning
stages of D,, whereas their occurrence along the core of
upright antiforms and defining elongate massifs parallel to
strike-slip shear zones would represent the influence of D5
during the latest stages of their emplacement (Diez Fernan-
dez and Pereira 2016). In this light, Variscan magmatism
developed across several stages throughout the evolution of
the orogen, and therefore both the ongoing processes lead-
ing to melt generation and those contributing to subsequent
melt emplacement could be different.

The results presented here for NW Iberia show that the
compositional, temporal and spatial evolution of magma-
tism is distinct from SW Iberia. Remarkably, mantle con-
tributions diminish towards the north and northeast of the
Iberian Massif, where extensional syn-orogenic magma-
tism is slightly younger and is clearly dominated by crustal
sources (e.g., Villaseca et al. 1998). In NW Iberia, crustal
thickening achieved by the stacking of tectonic nappes and
the rejuvenation of reliefs progressed during Tournaisian-
Visean and intraorogenic extensional activity had a remark-
able development in the Serpukhovian-Bashkirian. The
overriding of the Iberian Allochthonous complexes can jus-
tify by itself the extensional collapse of the Variscan orogen
and the generation of abundant crustal-derived magmatism
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(Alcock et al. 2015) without an obvious mantle input.
However, in SW Iberia something different happened. In
the Ossa-Morena and South Portuguese zones, intra-oro-
genic extension (Simancas et al. 2003; Pereira et al. 2009)
started earlier and simultaneously with the emplacement of
voluminous Tournaisian-Bashkirian mantle-derived mafic
to intermediate (alkaline, calc-alkaline, and metaluminous)
and felsic (calc-alkaline and peraluminous) magmatism
(Pereira et al. 2015b and references therein). A recently
proposed geodynamic model based on terrane correlation
between NW and SW Iberia admits that the Carbonifer-
ous intraorogenic extension followed the underthrusting of
Gondwanan crust towards Laurussia (Diez Fernandez et al.
2016). This hypothetical tectonic frame probably favored
the creation of a thicker crustal root towards Gondwana
(NW Iberia), i.e., a higher mantle topography towards Lau-
russia that imply a major thermal anomaly in SW Iberia.
The upwelling of the asthenosphere was probably respon-
sible for the decompressional melting of the lithospheric
mantle which had already been metasomatized by sub-
ducted slab-derived melts, leading to the generation of the
mafic parental magmas of the calc-alkaline suites in the
Ossa-Morena and South Portuguese zones (Pereira et al.
2015b). The underplating of mantle-derived magmas and
the intra-orogenic extension created conditions for the ana-
texis of crustal materials in SW Iberia (Pereira et al. 2009,
2012b), thus leading to the generation and emplacement
of voluminous calc-alkaline felsic and mafic plutons at
ca. 353-335 Ma (Romeo et al. 2006; Jesus et al. 2007; Pin
et al. 2008; Lima et al. 2012; Gladney et al. 2014; Cam-
beses et al. 2015; Moita et al. 2015; Pereira et al. 2015b),
and at ca. 320-317 Ma (Lima et al. 2012). Consequently,
once the cohesion of the orogen was lost to its thermal re-
equilibrium, the gravitational collapse gained importance
through Serpukhovian-Bashkirian times in NW and SW
Iberia (Diez Fernandez et al. 2016).
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