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Abstract: We present a new structural study of a D,—M, tectono-thermal structure in SW Iberia (Ponte de Sor—
Seda gneiss dome) characterized by a spatial distribution of telescoping isograds providing a record of Buchan-
type metamorphic conditions. The gneiss dome comprises an infrastructure made up of a lower gneiss unit
(LGU) and an intermediate schist unit (ISU), separated by early D, ductile extensional shear zones. The
LGU and the ISU are composed of Ediacaran—Cambrian rocks that experienced the highest-grade M, metamor-
phic conditions (amphibolite facies). Late Ediacaran—Early Terreneuvian and Late Miaolingian—Early Furon-
gian protolith ages for LGU (496 + 3Ma) and ISU (539 + 2 Ma) orthogneisses are reported. A
superstructure made of Cambrian—Devonian rocks (Upper Slate Unit, USU) deformed under M, greenschist
facies conditions, tectonically overlies the ISU across a D, extensional shear zone. Kinematic criteria associated
with D,—M, fabrics indicate top-to-ESE-SE sense of shear. A late-D, brittle-ductile high-angle extensional
shear zone (Seda shear zone) crosscuts the gneiss dome. D5 upright folds, thrusts and transpressive shear
zones caused the steepening of D, structures and the local crenulation of S, foliation. The Mississippian Do—
M, event recorded in the Ossa—Morena Zone may be regarded as a regional-scale phenomenon that markedly
influenced the crustal architecture of North Gondwana during the assembly of Pangaea.

Supplementary material: Thin section and geochronology sample location and U-Pb data table of SHRIMP
analysis of zircon grains (samples CHA-2.1 and VAL-4.1) are available at https://doi.org/10.6084 /m9.fig-

share.c.6828875

Partial melting of the continental crust has a pro-
found impact on orogenic evolution as it causes
weakening of the orogenic root and favours gravity-
driven lateral flow and/or the development of grav-
itational instabilities (Vanderhaeghe 2009). Partial
melting occurs as a result of tectonic crustal thicken-
ing involving terranes with high radioactive heat pro-
duction and under specific kinematic regimes
(Collins 2002; Vanderhaeghe 2012). The formation
of tectono-thermal structures typically composed of
a core of gneisses and migmatites, structurally over-
lain by metamorphic rocks of much lower metamor-
phic grade, can be classified as gneiss domes
(Teyssier and Whitney 2002; Whitney ez al. 2004;
Yin 2004) or metamorphic core complexes (Coney

1980; Dewey 1988). The exchange of arguments
on the classification of dome-like tectono-thermal
structures, including consideration of the relation-
ship between metamorphic core complexes and
gneiss domes, is useful for a better understanding
of the extensional exhumation processes (e.g. Whit-
ney et al. 2013; Platt et al. 2015), but is beyond the
scope of this study. Some metamorphic core com-
plexes may include gneiss domes in their lower
unit (e.g. Vanderhaeghe et al. 1999a; Vanderhaeghe
2004) complicating structure definition. Dome struc-
tures are flanked by flat-lying ductile extensional
shear zones developed at mid-lower crustal levels
along with migmatites and gneisses, which are
exhumed and juxtaposed with upper crustal units
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(Vanderhaeghe er al. 1999b). The upper crust is
deformed by brittle extensional faulting, forming
an array of extensional horst-and-graben systems,
coexisting with synorogenic sedimentation and vol-
canism (Wernicke 1981).

In this study, we review the geology of a region
of SW Iberia included in the European Variscan
orogenic belt, formed within the Gondwana—Laur-
ussia convergent margin during the Late Paleozoic
assembly of the supercontinent Pangaea (Matte
2001; Murphy and Nance 2013). This is an excep-
tionally good natural laboratory for describing
such tectono-thermal structures (Vanderhaeghe
et al. 2020; Schulmann et al. 2022). At the western-
most tip of the Variscan belt, similar gneiss domes
are exposed in the continental basement of Iberia
(Fig. 1a), representing the North Gondwana conti-
nental margin. Mississippian gneiss domes are
found in NW Iberia (Escuder Viruete et al. 1994;
Diez Balda et al. 1995; Diez Fernandez and Pereira
2016; Dias da Silva ef al. 2017, 2021) and SW Ibe-
ria (Apraiz and Eguiluz 2002; Pereira et al. 2009;
Dias da Silva er al. 2018). These partially molten
rocks have been interpreted as being a key variable
in determining the rate of crustal flow during oro-
genic gravitational collapse. In NW Iberia, gneiss
domes are considered to be intimately linked to
extensional structures (Escuder Viruete er al.
1994; Diez Balda et al. 1995; Diez Fernandez
et al. 2012, 2017; Diez Fernandez and Pereira
2016; Dias da Silva et al. 2021). After the tectonic
formation of the Variscan allochthonous wedge,
gneiss domes may have been generated by regional
extension that caused the flow of partially molten
crust at depth and the exhumation of high-
temperature and low-pressure metamorphic rocks.
In SW Iberia, the Variscan gneiss domes show sim-
ilar features to those of NW Iberia, while arc-like
mafic-intermediate igneous rocks are dominant in
the former (Rodriguez er al. 2022). As an alternative
to the tectonic model put forward for NW Iberia, the
underlying mechanism for explaining the ongoing
long-term extension causing the exhumation of mig-
matite—granite in SW Iberia was the rollback of the
subducting slab (i.e. Paleotethys Ocean) beneath the
North Gondwana margin (Pereira et al. 2022a, b).
Another model for the tectonic evolution of SW Ibe-
ria suggests that a mantle plume was emplaced dur-
ing the Mississippian beneath the North Gondwana
continental crust, and heat released from the plume
led to melting of the overlying crust, explaining the
voluminous granitic magmatism and associated
mantle-derived mafic magmas (i.e. Iberian Reflec-
tive Body; Simancas et al. 2003). Although there
are several models being debated for the evolution
of the Variscan orogen in Iberia, questions still pre-
vail regarding how the crustal architecture of SW
Iberia evolved during the Carboniferous.

The aim of this paper is to present original struc-
tural, petrological and geochronological data on the
poorly known Ponte de Sor—Seda region represent-
ing a Variscan tectono-thermal structure exposed in
SW Iberia, referred to as a gneiss dome. The new
findings make it possible to discuss the tectonic evo-
lution of the Variscan orogenic belt, taking the Ossa—
Morena Zone (OMZ) as the key Paleozoic tectonic
unit of SW Iberia (Fig. 1b), by assuming that partial
melting of the thickened crust may have caused
weakening of the lower crustal levels, leading to
gravity-driven lateral flow and/or the development
of gravitational instabilities during the Mississip-
pian. In addition, new crystallization ages for the
Valongo and Chancelaria orthogneisses are used to
update the Geological Map of Portugal (scale
1:50 000; Galopim de Carvalho er al. 1981) and pro-
vide a better understanding of the temporal scope of
the magmatic activity in the OMZ as part of the
North Gondwana margin during the Cambrian.

Geological framework

The diachronic collision between Gondwana and
Laurussia started in the Middle-Upper Devonian,
associated with the closure of the Rheic Ocean, and
ended with the formation of the Variscan beltin Iberia
(Matte 2001; Martinez Cataldn et al. 2009). The
structure of SW Iberia is complex, resulting from
the interaction of successive contractional and exten-
sional deformation events associated with the devel-
opment of the Variscan orogeny. It shows similarities
with that of NW Iberia (Diez Ferndndez and Arenas
2015; Diez Fernandez et al. 2016). To determine
the structure of SW Iberia, we first summarize what
is known about that of NW Iberia, which better pre-
serves the early deformation and metamorphism
events (D;—M,) of the Variscan orogeny.

The transition from an accretionary to collisional
orogen in NW Iberia is marked by the tectonic
emplacement and unrooting of an accretionary
wedge along the North Gondwana margin (Arenas
et al. 1986; Gémez Barreiro et al. 2007; Martinez
Catalan et al. 2009). In accordance with this tectonic
model, North Gondwana represents the lower plate
that was partially subducted in the Famennian after
the subduction of the Rheic oceanic lithosphere,
while Laurussia acted as the upper plate (Arenas
et al. 2014). This rootless Variscan accretionary
wedge includes a basal allochthonous unit (Abati
et al. 2010; Diez Fernandez et al. 2010) representing
tectonic slices of subducted continental crust
that experienced high-pressure metamorphism at
c. 370-363 Ma (Rodriguez er al. 2003; Lopez-
Carmona et al. 2014). Later, it was tectonically
emplaced onto the North Gondwana autochthon
(i.e. Central Iberian Zone, CIZ) (Martinez Catalan
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Fig. 1. (a) Sketch map of the Iberian Massif: OMZ, Ossa—Morena Zone; CIZ, Central Iberian Zone; CZ, Cantabrian
Zone; GTMZ, Galicia—Tras-os-Montes Zone; PLZ, Pulo do Lobo Zone; SPZ, South Portuguese Zone; WALZ, West
Asturian Leonese Zone. (b) Schematic geological map of the OMZ showing the location of the Ponte de Sor—Seda
gneiss dome in relation to the Evora gneiss dome, the Aracena and Lora del Rio massifs, and the Badajoz—Cé6rdoba
Shear Zone (based on 1:50.000 and 1:200.000 scale geological maps of Portugal, LNEG, and Spain, IGME-CSIC).
The numbers refer to the age in millions of years of plutonism (circles and ellipses in white) and of high
grade-metamorphic rocks (circles and ellipses in black). Note that the tectonic transport direction towards the ESE-SE
related to the D, extensional event (this study) does not coincide with the vergence towards the SW of the thrusts and
folds (Matte 2007), the orogenic polarity (Franke 2000) or the collisional transport direction towards the SW (Rubio
Pascual et al. 2016) in Pennsylvanian times (i.e. D3 contractional event). Source: (a) simplified from Martinez Cataldn
(2011). (b) The geochronological data are compiled from Montero et al. (2000), Romeo et al. (2006), Pin et al.
(2008), Azor et al. (2008), Pereira et al. (2009, 2012a, 2015, 2020a, 2023a), Antunes et al. (2011), Lima et al.
(2012), Moita et al. (2015), Cambeses et al. (2015), Dias da Silva et al. (2018) and Rodriguez et al. (2022).

et al. 2009). There is also a parautochthonous unit
that represents an imbricated thrust and fold
sequence lying atop a basal shear zone, defining
the boundary with the underlying autochthon (Dias
da Silva er al. 2021).

In NW Iberia, the tectonic emplacement of the
allochthonous units at ¢. 360-340 Ma caused initial
Variscan folds and later thrusts recognized in the par-
autochthon and in the CIZ autochthon (D;-M;, as
defined by Dias da Silva er al. 2021 and references
therein). Physical conditions for the regional Missis-
sippian synorogenic collapse in the region and the

rebound of the underlying autochthon (i.e. CIZ)
were triggered by the tectonic overburden. The
tectonic instability that prevailed in at this stage of
orogenic evolution favoured the formation of large-
scale D,—M, gneiss domes at c¢. 340-320 Ma
(Gutiérrez-Alonso et al. 2018; Lépez-Moro et al.
2018; Rubio Pascual et al. 2022; Martins et al.
2021). The development of these D,—M, extensional
macro-structures overprinted previous fabrics and
the allochthonous thrust sheet (Diez Fernandez
et al. 2012). A Pennsylvanian D; contractional
deformation event is recognized in the gneiss



552

domes (Diez Fernandez and Pereira 2016) and the
synorogenic basins of NW Iberia (Gonzélez Clavijo
et al. 2021), through having caused NW-SE upright
folding and through the formation of transcurrent
conjugate shear zones.

In SW Iberia, the OMZ, composed of Ediacaran
to Pennsylvanian rocks, represents the continental
margin of North Gondwana (Martinez Cataldn
et al. 2007). Atits southern extremity, it is in contact
across Variscan transpressive faults (Simancas et al.
2009) with the Devonian and Carboniferous rocks of
the Pulo do Lobo (PLZ) and South Portuguese zones
(SPZ), which are part of the Laurussia margin (Per-
eira et al. 2017) (Fig. 1b).

The OMZ stratigraphy is composed of Ediacaran
to Upper Carboniferous sedimentary sequences and
volcanic rocks associated with pre- and syn-Variscan
stages of the geodynamic evolution (Quesada 1996)
that includes: (i) the onset of a Late Ediacaran Cado-
mian magmatic arc and synorogenic sedimentation
(Eguiluz et al. 2000; Linnemann et al. 2008) and
transition to a Cambrian—Ordovician magma-rich
rifted continental margin (Sdnchez-Garcia er al.
2003), followed by (ii) Upper Ordovician—Lower
Devonian passive margin sedimentation associated
with the opening of the Paleozoic Rheic Ocean
(Gutiérrez-Marco and Robardet 2004) and (iii) Car-
boniferous Variscan synorogenic sedimentation
(Pereira et al. 2020b) and an arc-type magmatic
flare-up (Pereira et al. 2022b) during the assembly
of the Pangaea supercontinent.

In SW Iberia, there are a few occurrences of high-
pressure metamorphic rocks which formed at c. 377-
371 Ma (Moita et al. 2005; Abati et al. 2018) and
which predate the main foliation of the OMZ, but
these are less well represented than in NW Iberia.
Variable-size boudins of eclogites and blueschist
are surrounded by a pervasive Mississippian mylo-
nitic foliation developed in marbles and quartzofeld-
spathic gneisses (Pereira et al. 2007, 2012a). In SW
Iberia, structures related to the early Variscan defor-
mation and metamorphic events (D;—M;) are quite
difficult to find because they are generally over-
printed by a Mississippian foliation associated with
the second Variscan deformation and metamorphism
event (D,—M,). This Mississippian deformation
event led to retrograde metamorphism of D;—M;
high-P—intermediate-high-7" mineral assemblages
and fabrics as a response to rapid decrease in pres-
sure associated with the development of the S, foli-
ation (Pereira er al. 2010; Abati et al. 2018; Arenas
et al. 2021; Novo-Fernandez et al. 2021). The Cam-
brian—Silurian OMZ metasedimentary rocks were
deformed into recumbent folds and later overlaid
by Upper Devonian-Mississippian sedimentary
rocks (Quesada et al. 1990). These recumbent folds
have been assigned to the first Variscan contractional
deformation event (Simancas et al. 2001) but this
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interpretation has been challenged with the use of
new geochronological data and a new tectonic
model, the authors of which argue that the recumbent
folds and the main foliation of the OMZ were formed
during Mississippian intra-orogenic D,—M, exten-
sion (Pereira et al. 2023a). A third Variscan defor-
mation and metamorphism event (D3;-Mj),
overlapping, S, foliation, led to the development of
upright folds, an S; crenulation cleavage and trans-
pressive shear zones (Dias da Silva er al. 2018).
The structure resulting from D3;-Mj produced the
outcrop pattern of the pre-Mesozoic rocks of the
OMZ (Pereira et al. 2009, 2023b; Dias da Silva
et al. 2018; Diez Fernandez et al. 2021), before
Alpine deformation (Fig. 2).

The spatial distribution of the Variscan structures
and D,—Mj, fabrics in the OMZ is extremely hetero-
geneous. In some areas under the influence of the
Variscan gneiss domes, D, is so marked that it erases
previous sedimentary and tectonic structures. In con-
trast, in other areas not far from Variscan gneiss
domes, D; is either absent or so weak that the origi-
nal Ediacaran-Lower Devonian stratigraphy (sedi-
mentary structures and unconformities) and
previous Cadomian structures (foliation, stretching
lineation and folds) can be recognized, having been
barely touched by Variscan deformation.

The regional distribution of M, Buchan-type
(low-pressure—high-temperature) isograds, S, folia-
tion, Le, stretching lineation, shear zones and folds
has enabled the recognition of kilometre-scale Mis-
sissippian gneiss domes in the OMZ (Fig. 1b): (i)
the Lora del Rio-Aracena—Evora metamorphic belt
(Pereira et al. 2009; Dias da Silva et al. 2018) located
near the boundary with the PLZ and the SPZ, and (ii)
the Badajoz—Cordoba shear zone (Quesada and Dall-
meyer 1994) or Central Unit (Azor et al. 1994),
located close to the boundary with the CIZ, which
has recently been reinterpreted as a Variscan gneiss
dome later deformed by Dj; transpressive shear
zones and folding (Pereira et al. 2023a).

In the OMZ, Variscan gneiss domes share
tectono-metamorphic features and show many simi-
larities with the architectural model organized on the
general concepts of ‘infrastructure’ and ‘superstruc-
ture’ that were first applied to the Late Paleozoic
gneiss domes of the Pyrenees by Zwart (1979) and
later revisited by Dencle er al. (2007) and Vanardois
et al. (2022). Therefore, it is assumed that the infra-
structure of the OMZ gneiss domes is generally com-
posed, from bottom to top (Fig. 2) of: (i) a
migmatite-gneiss unit (MGU), (ii) a lower gneiss
unit (LGU) and (iii) an intermediate schist unit
(ISU), as described by Dias da Silva et al. (2018)
for the Evora gneiss dome, and by Dias da Silva
et al. (2021) for NW Iberia. Another important fea-
ture is that the infrastructure, considered to be dom-
inated by originally flat-lying structures, was the host
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for granitic and gabbro-dioritic rocks dated at c. 340—
335 Ma (Moita et al. 2015; Pereira et al. 2015,
2022b, 2023b; Dias da Silva et al. 2018; Rodriguez
et al. 2022). These contrasting tectono-metamorphic
units (MGU, LGU and ISU), showing a pervasive
mylonitic fabric, are separated by formerly flat-lying
D, extensional shear zones that mimic telescoped M,
isograds (Pereira e al. 2009, 2023a; Dias da Silva
et al. 2018).

The gneiss dome superstructure is defined by the
upper slate unit (USU; Dias da Silva et al. 2018). The
USU is tectonically underlain by an early D, exten-
sional shear zone that separates it from the infrastruc-
ture. Locally, late-D, brittle-ductile high-angle
extensional shear zones crosscut the dome structure,
enhancing the metamorphic difference between the
dome core and its hanging wall, as is recognized in
the Lora del Rio Massif (Apraiz and Eguiluz
2002). Field relationships between Visean to Bash-
kirian igneous intrusions and the main foliation of
the Variscan gneiss dome provide a maximum and
a minimum age for D,—M,, respectively.

Mississippian synorogenic sedimentary basins
displaying significant volcanism are described in
the Superstructure (Fig. 1b), sometimes in the vicinity
of Variscan gneiss domes, as is the case in the Cabrela
marine basin (Pereira et al. 2020b). The development
of these synorogenic basins is closely associated with
the infrastructure dynamics as they are usually
detached and deformed by D, at their contact with
the underlying metamorphic basement rocks.

Brittle-ductile Dj transpressive shear zones,
thrusts and upright folds are superimposed on the
S, foliation (Pereira et al. 2009, 2023b; Dias da
Silva et al. 2018). As a result of this superposition,
the S, foliation becomes steeper and may be

transposed by the S; crenulation cleavage (Fig. 2)
formed under low-grade to very-low-grade meta-
morphic conditions.

The Ponte de Sor-Seda gneiss dome:
geometry, kinematics and tectono-thermal
evolution

The Ponte de Sor—Seda gneiss dome (PSGD) occu-
pies 200 km? in the central-western OMZ as part of
the Barrancos—Hinojales domain (Apalategui er al.
1990), between the Evora gneiss dome and the Bada-
joz—Cordoba shear zone (Figs 1b and 2). The PSGD
is partially covered by Cenozoic sedimentary rocks
of the Tagus River basin and is bounded by NNE—
SSW to ESE-WNW-trending steeply dipping
Alpine brittle faults (Figs 3 and 4). Like the nearby
Variscan gneiss domes (Evora gneiss dome and
Badajoz—Cordoba shear zone; Pereira et al. 2023a),
it presents a general structure dominated by perva-
sive S, foliation, heterogeneously transposed by
open upright Dj folds with fold axes variably plung-
ing towards the NW or SE, which may be locally
reoriented by NW-SE-trending brittle-ductile D5
transpressive shear zones (Figs 3-5).

New data on field relationships and microdefor-
mation enable the Geological Map of Portugal
(Galopim de Carvalho et al. 1981) to be updated,
by reinterpreting the tectono-metamorphic architec-
ture of the region between Ponte de Sor and Seda,
within the structural framework of a gneiss dome
(Figs 2-5). The regional distribution and general
characteristics of the fabrics of the PSGD allow
two successive Variscan deformation—metamorphic
events (D, extension and M, high-to-low-grade
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Fig. 3. Geological map of the Ponte de Sor—Seda gneiss dome showing the lithological associations of each tectono-metamorphic unit of the infrastructure (LGU, lower gneiss unit;
ISU, intermediate slate unit) and the superstructure (USU, upper slate unit). This new map is a revision of the Geological Map of Portugal. Source: Galopim de Carvalho et al. (1981).
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metamorphism and D3 contraction and M;
low-grade metamorphism) to be recognized, as
previously described for the nearby Evora gneiss
dome (Pereira et al. 2009; Dias da Silva et al.
2018). D;-M;, related to an earlier episode of
crustal thickening, is poorly preserved in this sec-
tor of the OMZ. S, foliation was most likely trans-
posed by D, ductile deformation in all
tectono-metamorphic units of the PSGD. S; is
rarely recognized in microlithons (or microfold
hinges) of minor tight D, isoclinal folds, or as
inclusion trails in syn-D, porphyroblasts.

D, is associated with two foliations formed dur-
ing non-coaxial progressive deformation. S,, folia-
tion is progressively folded, developing very tight
to isoclinal folds whose axial plane foliation is con-
sidered S, foliation. The PSGD is divided by an
early D,—M, detachment into two structural
domains: the infrastructure and the superstructure.
The infrastructure includes two main tectono-strati-
graphic units separated by an early D, extensional
shear zone: the LGU and the ISU. The MGU is not
currently exposed in this region, contrary to the
case in the Evora gneiss dome. The superstructure
is represented by the upper slate unit (USU), which
is composed of lower-grade metamorphic rocks,
mantling the higher-temperature metamorphic core.
Across the gneiss dome, a progressive change in

M, metamorphism is observed, with a sharp increase
in metamorphic grade towards the west, from Seda to
Ponte de Sor (Figs 3-5).

In the PSGD, the main foliation S, is pervasive in
all tectono-metamorphic units and commonly associ-
ated with pervasive mylonitization, transposing bed-
ding and foliation S;. The average dip—dip direction
of S, foliation is 48°/198° with a beta axis of 39°—
155°, which is close to the average direction of the
D;—Mj; intersection lineation and fold axes (Lxs
and Lis; Fig. 4). S, mylonitic foliation anastomoses
and is folded by progressive deformation on a large
variety of scales, including intrafolial folds. The S,
foliation dip varies and is found to be vertical and par-
allel to the S5 foliation due to D5 folding (Fig. 5). D,
ductile kinematic indicators with respect to fabric
symmetry (i.e. sigmoid-shaped mineral grains, S—C
foliation pairing and synthetic C’ shear bands) are
common and indicate a general top-to-the-SE-ESE
sense of shear (Fig. 5). Recognized disharmonic
intrafolial folds and conjugate shear bands (with
top-to-the-NW and to-the-SE sense of shear) indicate
that vertical shortening occurred locally. These late
structures are the result of pure shearing in a domi-
nant simple shear deformation regime with general
NW-SE-trending horizontal stretching, constrained
by a far-field orogenic stress related to the Laurus-
sia—Gondwana convergence process.
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DM, lower gneiss unit

The LGU covers most of the PSGD, whose lowest
crustal levels are currently exposed at the surface.
While the highest metamorphic grade is found here
it was previously mapped as Precambrian basement
and as ‘Hercynian’ (i.e. Variscan) alkaline igneous
rocks by Galopim de Carvalho et al. (1981). The
LGU is mostly composed of quartzofeldsphatic
gneiss interlayered with paragneiss and sillimanite
+ garnet biotiteschist, marble, rare amphibolite and
black metachert. It includes many variably foliated
granitic rocks (i.e. felsic partial melts) and granitic
aplite—pegmatite veins and dykes, which are concor-
dant or discordant to the pervasive S, foliation
(Fig. 6). The LGU lithological association resembles
the Ediacaran to Cambrian stratigraphy of other less
deformed and metamorphosed OMZ regions. Thus,
it seems likely that the sedimentary and volcanic
rocks of the Ediacaran Serie Negra Group, the Cam-
brian series composed of siliciclastic and carbonate
sedimentary rocks and volcano-sedimentary com-
plexes of bimodal composition, as well as Cambrian
granitic plutons (in accordance with the new ages
obtained and discussed below), were all transformed
into LGU metamorphic rocks under M, amphibolitic
conditions.

The LGU is defined by the sillimanite +
K-feldspar metamorphic zone representing high-
amphibolite facies metamorphism (Figs 4-7 and
8g—j). LGU mylonitic paragneisses are mostly
composed of quartz and feldspar and are interlay-
ered with biotite schist containing syn-D, fibrolite
and garnet porphyroblasts (Fig. 6). Sillimanite is
replaced by pre- to syn-Dj sericite and large crys-
tals of white mica (Fig. 6d, i). Mylonitic orthog-
neiss (including the Valongo orthogneiss) (Figs
6k, 1 and 8a—f) showing S, foliation and consist-
ing of quartz, K-feldspar (microcline), plagioclase
(albite), biotite, muscovite and rare amphibole,
occurs interlayered with mica schist, sometimes
resembling an arkosic quartzite, and amphibolite,
and is intruded by variably foliated concordant
and discordant dykes and veins of granitic pegma-
tite—aplite rocks (Fig. 6e, f and h). Amphibolite
foliation is defined by alternating layers enriched
with brown hornblende, clinopyroxene and sphene,
and plagioclase—quartz-rich layers (Fig. 8g—j).
Close to the contact with the ISU, clinopyroxene
is absent in amphibolite and brown hornblende
is replaced by bluish-green hornblende and biotite
(Fig. 8i), suggesting a decrease in the grade of
metamorphism towards the top of the LGU. The
LGU paragneiss and amphibolite commonly show
intrafolial folds with axial plane S, and axes parallel
with and perpendicular to Le, stretching lineation. Fel-
sic veins with abundant quartz and albite—K-feldspar,
and granitic pegmatite—aplite veins concordant and

discordant to the S, foliation are likely the product of
partial melting.

D>—M, intermediate schist unit

The ISU is tectonically located between the LGU and
the USU (Figs 3-5). A late-D, brittle-ductile high-
angle extensional shear zone (i.e. the Seda shear
zone) crosscuts the earlier D, low-angle extensional
shear zones and M, metamorphic isograds (Figs 4
and 5). The Chancelaria orthogneiss exposed along
an NW-SE-trending mylonitic band 8 km long and
1 km in width NW of Seda probably represents the
base of the ISU (Fig. 3). It consists of quartz, K-
feldspar (microcline), plagioclase (albite—oligo-
clase), biotite and muscovite (Fig. 8c). It shows a
coarse-grained texture and is crosscut by the devel-
opment of discrete and anastomosed shear zones
showing mylonitic foliation.

The ISU, composed of mica schist and metagrey-
wacke, marble, black metachert and quartzite,
assigned to the Ediacaran Serie Negra Group, is
exposed along with its contact with the LGU (Figs
3 and 5). Two subunits corresponding to different
metamorphic zones are distinguished based on the
mineral assemblages of the ISU mica schist (Figs
7, 9 and 10a—e). The sillimanite zone represents the
lower subunit of the ISU, composed of mica schist
with early to syn-D, staurolite and garnet porphyro-
blasts mantled by S, mylonitic foliation and showing
syn-D, mica fish of biotite indicating sense of shear
towards SE-ESE (Fig. 9a—f). The white mica of the
matrix is fine-grained and defines the S, foliation. It
partially replaces fibrolite and also shows a polygo-
nal shape, developing over S, foliation. Coronas of
chlorite or sericite surrounding garnet porphyro-
blasts are common and, in some cases, biotite occurs
as asymmetric pressure shadows on garnet (Fig. 9c—
e). Staurolite exhibits euhedral twin-shape (Fig. 9b,
c) and internal complex structures. It shows a core
including weakly oriented to wavy inclusion trails
of opaque minerals and quartz defining an earlier
foliation (S,) that is folded developing a spaced S,,
foliation, surrounded by a rim with inclusion trails
parallel to the later S, foliation (Fig. 9¢, e and f).
Staurolite is in contact with or includes garnet sur-
rounded by a corona of sericite (Fig. 9b). Garnet
within staurolite porphyroblasts occurs as non-
oriented or weakly oriented grains, whereas garnet
in the matrix shows oriented inclusion trails and
pressure shadows of quartz, biotite and white micas
that are subparallel or slightly rotated and become
subparallel to the S, foliation (Fig. 9e, f). The ISU
sillimanite zone is not represented to the east of Gal-
veias (Fig. 4), suggesting that it was removed by an
early D, extensional shear zone separating the ISU
from the USU in this area.
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The andalusite—staurolite—garnet zone (second
andalusite zone) is defined in the uppermost subunit
of the ISU by the occurrence of mica schist with por-
phyroblasts of skeletal to subhedral andalusite. These
metamorphic rocks are exposed in Seda and in the
direction of and to the east of Galveias (Figs 3, 4,
9g—k and 10a—e). The ISU lithological association
described as the Santo Anténio volcano-sedimentary
complex is assigned to the Middle—Upper Cambrian
by Galopim de Carvalho et al. (1981) whereas in Gal-
veias it is comparable to the Ediacaran Serie Negra
Group. In both cases, skeletal andalusite porphyro-
blasts and snowball staurolite porphyroblasts of
mica schists are mantled and cut by S, foliation
(Fig. 10d, e). This foliation is defined by the align-
ment of fine- to coarse-grained mica fish and dynam-
ically recrystallized quartz. Intrafolial folds are
commonly isoclinal and show discrete foliation sub-
parallel to the axial plane and S, foliation (Figs 9g—k
and 10b). Mica fish of biotite and sigma-shaped staur-
olite porphyroblast preserving a folded S, or S,, foli-
ation indicate a dominant top-to-the-SE-ESE shear
sense (Fig. 10e), while S—C fabric and C’ shear planes
with contrasting kinematics are also found. Syn-D,
biotite porphyroblasts show local retrogradation to
chlorite or to sericite and oxides, while their original
shape is preserved. Close to the non-deformed granite
that crops out west of Galveias (Fig. 10a, b), a new
generation of post-D, chlorite porphyroblasts occurs
along the zone of contact with metamorphic aureole.

D>—M; upper slate unit

The USU is divided into three subunits defining dif-
ferent metamorphic zones separated by early D,

extensional shear zones (Figs 4, 5 and 7). A steep
70° east-dipping late-D, normal brittle-ductile
shear zone (Fig. 9a) running from Seda to the
south (i.e. the Seda shear zone) defines the tectonic
contact of the ISU and the USU, which crosscuts ear-
lier D,—M, fabrics and metamorphic isograds. The
lowest subunit of the USU is exposed SE of Valongo
in the Cambrian Santo Anténio volcano-sedimentary
complex near Benavila. The lithological association
of felsic and mafic metavolcanic rocks, marbles and
calcschists occurs with black to dark-grey slates with
euhedral chiastolite porphyroblasts. Chiastolite
ranging from 1 to 5 cm long is most abundant in
the most pelitic and darker layers, representing the
first andalusite zone (Fig. 10f-h). S, foliation is
well developed in the fine-grained slaty phyllosili-
cate-rich matrix and occurs flowing around chiasto-
lite porphyroblasts. Andalusite also shows an
internal rotated foliation (S;,) suggesting syn-
kinematic growth (Fig. 10f-h). Banded amphibolite
is associated with banded marble, both of which pre-
sent lighter layers with granoblastic texture com-
posed of calcium-rich silicate minerals such as
garnet, diopside, amphibole, epidote, titanite and
plagioclase. An abundance of epidote and bluish-
green hornblende suggests that this volcano-
sedimentary complex underwent low-amphibolite
facies metamorphism during M,.

Towards the top of the USU, the intermediate
subunit is defined by the biotite zone that is exposed
in the Santo Anténio volcano-sedimentary complex.
It is confined to a narrow band composed of metape-
lites and metafelsic volcanic rocks that commonly
show a granoblastic texture and are mostly com-
posed of an assemblage of quartz, feldspar, biotite

Fig. 6. Field and petrographic aspects of the LGU metapelitic rocks and relationship with granitic veins. (a) Field
observation-based 3D sketch of sillimanite—K-feldspar—biotite-rich mica schist and paragneiss (GPS, UTM WGS84
29S: X =591 134; Y = 43 43 186). D5 shortening superimposed on flat-lying S, foliation and intrafolial folds defined
by quartz veins with K-feldspar. (b) Detail of (a) showing the field relation between D, and Dj; fabrics. (¢) and (d)
Thin-section views (cross-polarized light) showing S, foliation defined by the alignment of fine-grained biotite (bt),
quartz (qz) and K-feldspar (kfs); note a strongly chloritized (chl) porphyroblast of syn-D, biotite (bt) with zircon
inclusions and a porphyroblast of syn-D, garnet (grt) showing a corona of sericite (ser), involved in a fine-grained
matrix with fibrolite (sill) partially replaced by sericite. (e) Field observation-based 2D sketch showing mica schist
with granitic pegmatite veins cutting S,, and transposed by S,y foliation. (f) Field observation-based 3D sketch of
mica schist (GPS: 591 685; 43 43 489) showing flat-lying S, foliation and its relationship with granitic
pegmatite-aplite syn-D, veins (i.e. felsic partial melts) and intrafolial folding suggesting top-to-SE sense of shear
(black arrows). (g) Thin-section view (cross-polarized light) of sillimanite-biotite-rich mica schist (GPS: 592 512;

43 43 102) showing S; foliation (i.e. crenulation cleavage) formed by shortening and folding of a previous S,
foliation. (h) Field observation-based 3D sketch of mica schist and paragneiss (GPS: 591 202; 43 42 544) showing
syn-D, concordant granitic pegmatite veins folded by D5 shortening, cross-cut by a discordant granitic
pegmatite-aplite dyke; note that this dyke is cut by a late Dj brittle-ductile fault. (i) and (j) Thin-section views of mica
schist (cross-polarized light) showing the high-grade biotite—sillimanite-rich foliated matrix retrogressed to muscovite
(ms) and sericite during D3; porphyroblast of syn-D, garnet with poorly oriented inclusion trails embedded in a
matrix composed of quartz, feldspar and biotite. (k) Foliated quartzofeldspathic orthogneiss (sampling site of the
Valongo orthogneiss, VAL-4.1, for U-Pb geochronology) showing concordant syn-D, veins composed of quartz and
K-feldspar (GPS: 598 304; 43 40 269). (1) Thin section (cross-polarized light) of sample VAL-4.1 that was analysed
for geochronology showing the textural features of a meta-igneous rock preserving quartz and

K-feldspar porphyroclasts.
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Fig. 7. (a) Summary of the petrographical relationships between mineral phases (P) and fabrics (D) in metapelitic and
metabasic rocks in the Ponte de Sor—Seda gneiss dome: P, mineral; D, deformation stage; P << Dn, pre-tectonic with
respect to Dn; P < Dn, pre- to syn-tectonic; Dn D P, syn-tectonic; Dn < P < Dn + 1, inter-tectonic; Dn < P, syn- to
post-tectonic; Dn < P, post-tectonic. (b) Pressure—temperature (P—7") diagrams for the tectono-metamorphic units
LGU, ISU and USU showing the relationship between the M, (D, crustal extension) and M3 (D3 crustal shortening)
metamorphic events. Source: in (a), the fabric—porphyroblast nomenclature is after Rubenach and Bell (1988) and
Passchier and Trouw (2005). (b) Based on Spear (1995).
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and opaque minerals (Fig. 8k). These low-grade
metamorphic rocks are foliated or weakly recrystal-
lized while preserving igneous textures (Fig. 8l),
locally affected by intense carbonatization. The
uppermost subunit of the USU is composed of the
lower-grade metamorphic rocks (Silurian—-Devonian
‘Xistos Raiados’ Formation; Ferreira and Picarra
2020) defining the chlorite zone. The subunit
includes silky slates rich in quartz, chlorite, sericite,
tourmaline and iron oxides (described as phyllites by
Galopim de Carvalho et al. 1981) of greenschist
facies metamorphism. It comprises mostly slates
and also metagreywackes, black metacherts and
graptolitic slates (Gongalves 1973), and locally con-
tains intrafolial folds.

D3;—M; structure

The D3;—Mj; structure in the PSGD is characterized
by general NW-SE upright and open folds, locally
with tight disharmonic folding affecting S, foliation
(Figs 6a, b, g, h and 10c). D5 contractional deforma-
tion led to the steepening of the D,—M, fabric within
the limbs of isoclinal D3 folds and along brittle-
ductile transpressive shear zones, such as those
located to the north of the PSGD (Figs 4 and 5). The
axial planar cleavage of the D5 folds has a mean direc-
tion of 80°/234°, and the fold axes and interception
lineation have a mean principal direction of 32°/
148° (Fig. 4). Unfolding around this axis, which is
approximately the same as the beta axis of the D,
fabric, the S, foliation gradually becomes gently dip-
ping towards the ESE before D3. The general replace-
ment of sillimanite and andalusite with post-S,
muscovite may be related to M3 retrograde metamor-
phism as described for the Evora gneiss dome (Dias
da Silva et al. 2018). Decreasing temperature is also
evidenced by the chloritization and sericitization of
coronas of garnets, as well as the growth of epidote
and sphene in LGU and ISU amphibolites (Fig. 7).

Zircon U-Pb geochronology

Mylonitized felsic meta-igneous rocks from the base
of the ISU (sample CHA-2, Chancelaria orthogneiss;
GPS: UTM WGS84 29T; X=601785 Y=
43 44 546) and the LGU (sample VAL-4, Valongo
orthogneiss; GPS: 598 339; 43 40235) were
selected for U-Pb zircon geochronology (see Figs
3 and 5 for locations). The results of U-Pb SHRIMP
analyses are listed in the Supplementary material.
Concordia diagrams are shown in Figure 11

Analytical method

Two representative zircons groups (CHA-2.1, n =
55; VAL-4.1, n=64) were mounted in epoxy

together with the TEMORA standard (Black er al.
2003) and polished to attain quasi-central sections
that were used for radiogenic isotope and rare earth
element (REE) analysis. Later, the polished mounts
were Au-coated for examination using a FEI-
QUANTA 250 scanning electron microscope
equipped with secondary-electron, cathodolumines-
cence (CL) detectors and electron dispersive spectro-
scopy (EDS) Oxford X-Max 80 model, at
IGc-CPGeo, at the University of Sao Paulo (USP).
CL imaging was carried out under the following con-
ditions: 60 pA of emission current, 15.0 kV of accel-
erating voltage, 6 um of beam diameter, 18 mm of
work distance, 60 us of acquisition time and 2048
x 1768 px of image resolution.

Isotope measurements were performed using a
SHRIMP-Ile (IGc-CPGeo, USP), following the ana-
Iytical procedures used previously (Williams 1997;
Sato et al. 2014). Uranium abundance and U-Pb
ratios were calibrated against the TEMORA standard
(Black er al. 2003), and age calculations were per-
formed using Isoplot® 3.0 (Ludwig 2003).
SHRIMP-Ile analysis was carried out under the fol-
lowing set-up conditions: spot size = 30 um, mass
resolutions for '*°(Zr,0), **°Pb, **’Pb, ***Pb, ***U,
28(ThO) and 2*(UO) ranging from 5,000 and
5,500 (1%), and residues <0.025 (Sato et al. 2014).

All the data presented in the concordia diagrams
were corrected for common Pb using the >°®Pb cor-
rection method (Williams 1997). Error data are
reported at the 1o level, except where otherwise
indicated.

Results

The analysed zircon population of the Chancelaria
orthogneiss (sample CHA-2.1, Fig. 8c) contains sub-
hedral to prismatic euhedral grains (60-200 um in
diameter). Prisms are slightly to markedly elongate,
with a simple internal structure characterized by
banded or concentric zoning, in some cases sur-
rounded by a very thin dark rim (Fig. 11). A total
of 30 U-Pb SHRIMP analyses for sample
CHA-2.1 yielded an average Th/U ratio of 0.36,
which is a typical indicator of igneous origin (Hea-
man et al. 1990; Hanchar and Miller 1993; Hoskin
and Schaltegger 2003), and precipitation from
felsic-intermediate metaluminous sources. After cor-
rection for 2**Pb, most zircon ages are located near
the concordia line and scattered in the range c.
645-506 Ma (Fig. 11a), while the remaining more
recent ages are relatively more discordant. This data-
set (N = 30) was used to obtain an intercept age of
555 + 36 Ma (mean square weighted deviation,
MSWD = 0.04; Fig. 11a). Analyses from the same
composite grain with a ‘disturbed’ core (analysis
7.1 and 10.1, both probably more affected by
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Fig. 8. Field and petrographic aspects of meta-igneous rocks from the Ponte de Sor—Seda gneiss dome. (a) Field
observation-based 3D sketch showing the coarse-grained foliated LGU orthogneisses (GPS: 595 093; 43 42 080) that
is parallel to S, foliation of the surrounding mica schist. The stretching lineation (L.) is mainly defined by elongate
phenocrysts of quartz. (b) Coarse- to medium-grained quartzofeldspathic orthogneiss shown in (a). (¢) Petrographic
aspect of the Chancelaria (augen) orthogneiss (sample CHA-2.1) having large plagioclase (plg) and K-feldspar (kfs)
porphyroclasts mantled by a highly recrystallized quartz + biotite + K-feldspar matrix (GPS: 601 785; 43 44 546).
(d) Field observation-based 3D sketch showing the relationship between the foliated coarse-grained LGU orthogneiss
and concordant syn-D, granitic aplite veins (Fig. 8f; GPS: 595 093; 43 42 080). (e) Thin-section view of the
quartzofeldspathic orthogneiss in (d) and (f) (cross-polarized light) showing elongated grains of quartz with undulose
extinction and subgrains, plagioclase (plg) with undulose extinction, and biotite defining S, foliation. (f)
Coarse-grained foliated quartzofeldspathic orthogneiss. (g) and (h) Thin-section views of LGU amphibolite
(cross-polarized light) showing weakly oriented clinopyroxene (cpx), plagioclase and sphene (sph) (GPS: 591 380;
43 43 250) or elongated brown hornblende (hbl) and plagioclase defining the S, foliation (GPS: 591 153; 43 43 270).
(i) Naked-eye observation-based 2D sketch of a thin-section of LGU amphibolite (GPS: 591 280; 43 43 335) showing
a D, intrafolial fold. S,, layering/foliation is folded and transposed by Sy, showing that both S, foliations developed
during D, progressive extensional deformation. (j) Thin-section view of LGU amphibolite (parallel-polarized light)
described in (i) showing brown hornblende, sphene, plagioclase and actinolite (act) replacing hornblende or
clinopyroxene. (k) Thin-section view of fine-grained ISU metadioritic rock (Santo Anténio volcano-sedimentary
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Pb-loss) surrounded by an ‘older’ overgrowth (anal-
ysis 7.2 and 10.2), one analysis with discordance
>10% (6.1), and the three oldest grains (c. 645,
592 and 585Ma; Neoproterozoic), which
are interpreted as being xenocrysts, were excluded
from the age calculation. The 11 grains in the
208pp /238 age range c¢. 548-526 Ma (***Pb-
corrected and discordance <10%) yielded a concor-
dia age of 539 + 2 Ma MSWD = 0.23; Fig. 11b),
which is the best estimate for the protolith age
(Late Ediacaran—Early Terreneuvian) of Chancelaria
orthogneiss.

CL imaging shows that zircon grains (50-150 um
in diameter) in the Valongo orthogneiss (sample
VAL-4.1, Fig. 6k, 1) are stubby to elongate euhedral
with well-developed crystal faces, mostly with oscil-
latory growth, and very long prisms with a length—
width ratio reaching 5:1, with banded zoning
(Fig. 11). Some grains show a very thin dark rim,
whereas others are partly resorbed. Zircon grains
have an average Th/U ratio of around 0.31, which
is comparable with the value obtained for sample
CHA-2.1. From the plotting of 31 analyses in the
Tera—Wasserburg diagram, we obtained an intercept
age of 536 + 16 Ma (MSWD = 0.36) (Fig. 11c). A
total of 11 analyses with discordance >10%, includ-
ing analyses from the same composite grain (3, 5 and
9) with a ‘disturbed’ core surrounded by an ‘older’
overgrowth, were not considered for concordia age
interpretation because they probably experienced
Pb-loss. The oldest %rains scattered along the con-
cordia line in the 8Pb/238U age range c. 583—
508 Ma (***Pb-corrected and discordance <10%)
represent Ediacaran to Cambrian xenocrysts (Fig.
11c), overlapping the Late Ediacaran—Early Terre-
neuvian ages found in the xenocrysts of sample
CHA-2.1. Four analyses with discordance of
<10% (4.1, 12.1, 13.1 and 16.1), which are the
youngest ages, yield a concordia age of 496 +
3Ma (MSWD = 1.4; Fig. 11d), representing the
best estimate of the protolith age (Late Miaolin-
gian—Early Furongian) of the Valongo orthogneiss.

Discussion

Tectonic model for Variscan crustal
extension in the OMZ

Gneiss domes may result from large-scale crustal
flow (Whitney et al. 2004) under high-temperature
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conditions at variable depths, due to extensional tec-
tonics that triggers crustal thinning, decompression
and partial melting (Rey 1993; Teyssier and Whitney
2002). The development of gneiss domes may con-
tribute decisively to the rapid exhumation of the oro-
genic roots in a convergent plate boundary (Lister
et al. 1984). In such convergent tectonic settings,
slab rollback can cause crustal uplift in the upper
plate below low-angle extensional shear zones (i.e.
detachments) in gneiss domes (Jolivet and Brun
2010). Indeed, retreating subduction can lead to sig-
nificant crustal extension of the overriding plate and
the formation of a backarc basin (Cawood er al.
2009). Numerical models of slab rollback and trench
retreat have demonstrated that delamination of the
lower crust and lithospheric mantle tend to occur
concurrently or after collision (Ueda er al. 2012).
Furthermore, the early stages of collision may be
accommodated by the subduction of the lower
crust and mantle lithosphere beneath the overriding
plate, followed by a retreat from the collision zone
(Gray and Pysklywec 2012). As a consequence of
this kind of tectonic instability of the mantle, the lith-
osphere may suffer delamination inducing decom-
pression and partial melting (von Blanckenburg and
Davies 1995). The resulting mafic magmas, which
are emplaced in the thinned lithosphere of the over-
riding plate, cause increasing heat flow, crustal ana-
texis and the production of granitic rocks in
mid-lower crustal levels of the orogeny (Wells and
Hoisch 2008). The gradual heating of the crust
may lead to thermal softening, which allows the
extension typical of a gneiss dome (Brun and Fac-
cenna 2008).

The development of flat-lying planar fabrics
under metamorphic conditions reaching partial melt-
ing associated with crustal flow was a major conse-
quence of large-scale Variscan intra-orogenic
extension during the progressive assembly of Pan-
gaea, as described for SW Iberia by Pereira et al.
(2009). The use of the Zwart (1979) concept in rela-
tion to structural domes in the Variscan segment of
the Pyrenees, consisting of a superstructure and an
infrastructure, which was later revisited by Denele
et al. (2007), in our opinion provides a suitable
framework for the reinterpretation of the tectonic
evolution of the macrostructure exposed in the
Ponte de Sor—Seda region (Fig. 12). The two struc-
tural domains are in this case separated not only on
the basis of a great contrast between the degree of
metamorphism but also on the style of deformation,

Fig. 8. Continued. complex) from the hanging wall of the Seda shear zone (cross-polarized light) composed of
plagioclase, quartz and biotite (GPS: 605 024; 43 38 607). (1) Petrographic aspect (cross-polarized light) of a
low-greenschist facies metabasic volcanic rock exhibiting primary textures of a welded ignimbrite with aphanitic to very
fine-grained phaneritic volcanic fragments, fiammé (black opaque material) and crystal fragments (plagioclase) (GPS:

606 026; 43 39 433).
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Fig. 9. Field and petrographic aspects of the ISU mica schist. (a) Field observation-based 3D sketch of ISU
mica schist cut by the Seda shear zone (GPS: 604 255; 43 38 648). S, foliation is transposed by a late-D,
high-angle S-C fabric, indicating top-to-SE sense of shear, and both D, structures are affected by D; folding.
(b) Garnet—staurolite-rich ISU mica schist (GPS: 604 406; 43 38 450) showing a large twinned staurolite
porphyroblast. (¢) and (d) Thin-section views of ISU garnet—staurolite-rich mica schist (cross- and
parallel-polarized light) with staurolite porphyroblasts including a folded previous foliation (S;); these microfolds
have an axial plane S,, cleavage (staurolite porphyroblasts show rims of new recrystallized staurolite)



SW Iberia synorogenic extension and crustal architecture 565

which is less pronounced close to their contact. This
new perspective allows for a full understanding of
the relationship between the different lithological
associations and the Variscan ductile deformation,
developed under low-pressure granulite to greens-
chist facies metamorphism, to which they were sub-
jected. In addition, it is valuable for providing a
better understanding of the evolution of the OMZ
crustal architecture during the Mississippian.

The overall structural pattern of the large-scale
gneiss domes of the OMZ may include an infrastruc-
ture and a superstructure, as mentioned above. The
infrastructure began to form with the simultaneous
development of different tectono-metamorphic
units (Figs 5 and 12). The thermal anomaly moved
upwards having crossed the deepest levels of the
continental crust and reached shallower and more
fertile crustal levels that started to partially melt.
This thermal anomaly, which is responsible for the
high metamorphic grade in the infrastructure, could
be explained by the effects of the pressure drop asso-
ciated with the high relative rate of the tectonic denu-
dation process during crustal extension. The lower
unit (core) composed of high-grade metamorphic
rocks and mainly associated with variably foliated
granitic rocks, including felsic partial melts (termed
the MGU), was formed as a result of this dramatic
rise in temperature.

A pervasive migmatitic foliation defined by a
compositional layering, formed under granulite to
high amphibolite facies metamorphism, character-
izes the lower MGU of the Variscan OMZ infrastruc-
ture. The MGU is mainly composed of migmatite
and gneiss—migmatite associated with granitic
rocks (including felsic partial melts) and a few
gabbro-dioritic rocks. Kinematic criteria indicate
top-to-the-SE and south sense of movement. The
MGU is not exposed in the PSGD but is well repre-
sented in the Evora gneiss dome, in the Aracena and
Lora del Rio massifs and in the Badajoz—Cordoba
shear zone (Central Unit; Fig. 1b). Geochronological

data for the MGU are consistent with a Mississippian
age for M, high-grade metamorphic rocks (c. 341—
335 Ma; Ordoéiez-Casado 1998; Pereira et al.
2009, 2012b, 2022a; Abati et al. 2018), which are
temporally and spatially associated with plutonic
rocks (c. 338-335 Ma; Moita et al. 2015; Pereira
et al. 2015, 2023b; Rodriguez et al. 2022). M high-
temperature—low-pressure metamorphic conditions
in the MGU are reported in the Evora—Aracena—
Lora del Rio metamorphic belt while greater pres-
sure is recorded in the Badajoz—Cordoba shear
zone (Pereira er al. 2012a). The high-grade meta-
morphic rocks of the Central Unit show pervasive
S, foliation enclosing boudins of metamafic and
metafelsic rocks preserving high-pressure relics
(Azor et al. 1994; Pereira et al. 2010; Abati et al.
2018). The high-pressure metamorphic event
recorded in the Badajoz—Cordoba shear zone, ini-
tially presumed to be Cadomian (Abalos et al.
1991), was subsequently dated at ¢. 377 Ma (upper
Devonian) and therefore corresponds to the first
Variscan metamorphic event M, reported in the
OMZ (Abati ef al. 2018; see Fig. 13a). It is assumed
that these M high-pressure rocks were exhumed and
retrogressed during their upward path in part due to
extensional shearing (Azor er al. 1994; Pereira
et al. 2023a; see Fig. 13b—d).

The ductile shearing that was active under high-
grade metamorphic conditions in the MGU devel-
oped at lower temperatures in the LGU and the
ISU, indicating an abrupt change in thermal condi-
tions, as suggested by the spatial distribution of tele-
scoped M, metamorphic isograds. The MGU was
tectonically overlain by an intermediate unit (LGU)
composed of medium-grade metamorphic rocks
and relatively less abundant granitic rocks (including
partial melts) than in the MGU. Simultaneously, the
ISU representing the upper unit of the infrastructure
experienced ductile shearing under lower-grade
metamorphic conditions along a narrow band in con-
tact with the superstructure. Pervasive S, foliation

Fig. 9. Continued. representing inclusion trails parallel to Sy, (S, in the matrix). Sigma-shaped porphyroblasts of
staurolite (with asymmetric pressure shadows filled by recrystallized quartz) and garnet, along with S—C fabric and C’
shear planes and biotite mica-fish, indicate a general top-to-SE sense of shear (GPS: 604 404; 43 38 446). (e) and (f)
Thin-section view of mica schist (cross-polarized light) showing porphyroblasts of garnet (grt) and staurolite (st)
embedded in a foliated mica—quartz-rich matrix including sillimanite partially replaced by muscovite. Staurolite
porphyroblast shows a core (first stage of st crystallization) that is surrounded by a rim (second stage of st crystallization)
containing oriented inclusions of opaque minerals and biotite. Garnet porphyroblast shows straight inclusion trails
subparallel to the surrounding S, foliation and sericite corona indicative of a retrograde reaction. Thin section made

perpendicular to S, foliation and to the D5 fold axis. S, foliation is folded by D contractional event (GPS: 604 255;
43 38 647). (g) Field observation-based 3D sketch showing ISU mica schists from the second andalusite zone (GPS:
586 348; 43 35 506). S,, foliation is folded and transposed by S,y, (axial plane) also marked by boudinaged quartz veins.
(h) ISU mica schist showing D, intrafolial folds and the development of Sy, foliation (axial plane). (i) 3D sketch showing
the spatial relationship of S,, and S,;, observed in the photograph in (h) of ISU mica schist (Ly,—D, fold axis). (j) A
photograph of ISU mica schist illustrated in (g) showing the relationship between the quartz vein and D, foliations. (k)
Thin-section view of ISU mica schist (cross-polarized light) showing S,, foliation folded and the development of S,
foliation (crenulation cleavage).
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Fig. 10. Field and petrographic aspects of mica schist from the second andalusite zone of the ISU and the first
andalusite zone of the USU. (a) Cross-section of the ISU garnet-rich micaschists, metagreywackes and black
metacherts (Serie Negra Group; GPS: 586 342 43 34 780) showing boudinage and the development of S—C fabric
related to D, extensional deformation. (b) and (c) Thin-section views of ISU garnet-rich mica schist (cross-polarized
light) showing D, intrafolial folds with the development of Sy, foliation and growth of post-D, chlorite, and D3 folds
affecting the main S, foliation. (d) and (e) Thin-section views (cross- and parallel-polarized) of ISU mica schist
(GPS: 591 453; 43 33 539) showing (d) sigma shape porphyroblasts of skeletal andalusite with inclusion trails rotated
with respect to the S, foliation and (e) staurolite porphyroblasts having an earlier foliation (S,) that is folded,
surrounded by quartz—mica-rich matrix showing a well-developed S, fabric and syn-D, biotite mica-fish partially
replaced by muscovite and oxides; these microstructures indicate top-to-the-SE-ESE sense of shear. (f-h) USU
chiastolite slates (GPS: 597 935; 43 32 247), with euhedral delta (Fig. 8g) and sigma (Fig. 8e) shaped syn-D,
andalusite prisms (first andalusite zone) growing over the S, foliation, indicating top-to-SE sense of shear.

and kinematic criteria indicating top-to-the-SE, the partially molten MGU rocks due to the
south and ESE sense of shear suggest that the LGU  activation of a system of D, extensional shear
and the ISU were tectonically juxtaposed to zones (Fig. 12a).
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Fig. 11. Tera—Wasserburg diagram showing U-Pb data for zircon in the Ponte de Sor—Seda gneiss dome
orthogneisses. Sample CHA-2.1, Chancelaria orthogneiss: (a) all data; (b) concordia age and CL-images of the
youngest zircon age cluster. Sample VAL-2.1, Valongo orthogneiss: (c) all data, excluding analysis 8.2 and 9.2; (d)
concordia age and CL-images of the youngest zircon age cluster. Error ellipses are drawn at 2c.

The infrastructure is formed by the ductile crust
that was exhumed by a system of D, low-angle
shear zones. The metamorphic paths of the LGU
and the USU in the Evora gneiss dome show an ini-
tial thermal increase related to S, foliation followed

by retrogression of higher-temperature mineral
assemblages, expressing the tectonic exhumation of
both units (Dias da Silva et al. 2018). At the same
time, in the uppermost crustal unit of the superstruc-
ture (USU) brittle-ductile shearing proceeded under
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Fig. 12. Sketch maps and cross-sections of an idealized model showing the tectono-metamorphic evolution (D,—D3)
of the Ponte de Sor-Seda gneiss dome. See text for explanation. Source: adapted from Burg e al. (2004) and Tirel

et al. (2004).

low to very-low metamorphic conditions together
with synorogenic sedimentation (Fig. 12a). During
the final stages of the development of the Variscan
gneiss dome, the exhuming ductile crust underwent
progressive cooling and reached the brittle-ductile
transition. As a result of this vertical movement,
later D, high-angle shear zones, influenced by rela-
tively lower temperatures of shearing, formed and
crosscut the former telescoped metamorphic iso-
grads (i.e. Seda shear zone; Fig. 12b). A syn-D; sedi-
mentary basin may have been formed in the USU of
the PSGD (Fig. 12a) due to an orogenic process sim-
ilar to that described for the Evora gneiss dome (i.e.
Cabrela basin; Fig. 1b) and for the French Massif
Central (Montagne Noir; Brun and Van der Dries-
sche 1994).

The structures developed prior to crustal exten-
sion are occasionally well preserved in the super-
structure of gneiss domes formed after crustal
thickening but are progressively erased in the deeper
metamorphic units of the gneiss dome (Brun and

Van der Driessche 1994). In the CIZ, D, low-angle
extensional shear zones and the development of
Variscan gneiss domes overprinting D, folds are rec-
ognized in the lower-grade metamorphic units (for
example, Escuder Viruete et al. 1994; Barbero
et al. 1995; Diez Balda et al. 1995; Martinez Catalan
et al. 2003; Diaz-Alvarado et al. 2012; Diez Fernan-
dez and Pereira 2016; Pastor-Galan et al. 2019; Dias
da Silva et al. 2021; Moreno-Martin et al. 2022). The
same scenario is described for the OMZ (Apraiz and
Eguiluz 2002) but sometimes it is almost impossible
to recognize D, contractional structures over which
the D, gneiss domes develop in the OMZ because
D, extensional shearing and high-grade metamor-
phism may have obliterated D; structures in the
infrastructure (Pereira et al. 2007, 2009; Dias da
Silva et al. 2018). This led us to assume that the
development of pre-D, extensional ductile fabrics
may have been as weak in certain sectors of the
OMZ (i.e. uppermost crustal levels of the orogenic
front v. an externally orogenic region) as in the
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Ponte de Sor-Seda gneiss region, or practically
non-existent.

The switch from D, extension to D5 contractional
deformation renewed crustal shortening. NE-SW
oriented shortening (present-day coordinates; Figs
1 and 13) is reflected by the Dj transpressive shear
zones and upright folding. Higher-grade tectono-
metamorphic units of the PSGD experienced folding
together with lower-grade domains to define the cur-
rent upright folded structural architecture of the
study region (Fig. 12c).

The structuring of the continental crust due to
extensional tectonics impacted not only the OMZ
but also other regions of the European Variscan oro-
genic belt, such as the French Massif Central, the
Iberian and Bohemian massifs, the Vosges (Rubio
Pascual er al. 2016; Vanderhaeghe et al. 2020, and
references therein) and the Pyrenees (Dencle et al.
2007), all representing North Gondwana remnants
of the Pangaea supercontinent (Fig. 13). Most
authors who have developed tectonic models for
the evolution of the Variscan orogenic belt agree
that a regional thermal anomaly facilitated the devel-
opment of the flat-lying planar ductile fabrics and the
onset of gneiss domes during crustal extension
(Simancas et al. 2003; Faure et al. 2009; Pereira
et al. 2009; Alcock et al. 2015; Gapais et al. 2015;
Martinez Catalan et al. 2021; Schulmann et al.
2022, and references therein). As an alternative, the
development of flat-lying foliation might reflect
gravity-driven lateral flow of the thickened and ther-
mally weakened orogenic crust forming an orogenic
plateau (e.g. Vanderhaeghe et al. 2003; Vander-
haeghe 2009, 2012). However, a number of different
causes have been proposed for explaining the trig-
gering mechanism for this large-scale thermal anom-
aly. Transition from crustal thickening to
gravitational collapse of the Variscan belt during
convergence and regional extension constitutes the
most likely tectonic model for the French Massif
Central and the Pyrenees (Costa and Rey 1995).
The gravitational collapse of the Variscan orogen
was accommodated by extension of the upper
crustal levels and by lateral flow and exhumation
of the partially molten lower crustal levels, leading
to the formation of crustal-scale gneiss domes
(Vanderhaeghe er al. 2020). The protracted melting
of the root of the Variscan orogenic crust was
probably produced by the effects of an increase in
radioactive heat production in the thickened crust,
combined with an increase in mantle heat flux
owing to lithospheric mantle thinning beneath the
Variscan orogen (Vanderhaeghe and Duchéne
2010; Schulmann et al. 2022). The thermal anomaly
recorded in the OMZ has been interpreted as result-
ing from the emplacement in middle crustal levels of
voluminous mantle plume-related magmas (Siman-
cas et al. 2009). Additionally, the onset and
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development of this large-scale thermal anomaly
may have been caused and magnified, respectively,
by the Paleotethys oceanic lithosphere beneath the
OMZ (Pereira et al. 2020a, b; Rodriguez et al.
2022; Fig. 13b—d).

It is also possible that subduction of the Paleote-
thys oceanic lithosphere may not have caused dra-
matic heat flow in the North Gondwana continental
margin. A tectonic model designed for the evolution
of the French Massif Central during the Carbonifer-
ous (c. 345-310 Ma) posits the development of an
orogenic plateau by lateral flow of the partially mol-
ten orogenic root in a context of plate convergence
and southward slab retreat of the Gondwana mega-
plate (Vanderhaeghe ez al. 2020). According to Van-
derhaeghe et al. (2020), subduction and partial
melting of the North Gondwana continental margin
may explain the voluminous granitic magmas
along with mafic magmas probably derived from
mantle melting caused by decompression as a conse-
quence of slab retreat.

Another tectonic model, developed by Franke
(2014), supports the possible existence of a mantle
plume leading to the presence of a lithologic associ-
ation of mafic rocks (sills) interspersed with meta-
morphic rocks in the OMZ middle crust (i.e.
Iberian Reflective Body; Simancas er al. 2003). In
accordance with this model, the high-temperature
regime was not connected, in time and space, with
continental collision but instead occurred in response
to the propagation of the Paleotethys Rift across the
Late Paleozoic orogen, and explains the dramatic
profuse high heat flow and contamination of
Mississippian magmas.

Long-term Cambrian magmatism and crustal
recycling in the OMZ (North Gondwana
margin)

The Cambrian ages calculated for the protoliths of
the PSGD (Valongo and Chancelaria) orthogneisses
provide a significant contribution to the updating of
the Geological Map of Portugal and improving our
overall knowledge of Paleozoic magmatism in the
OMZ. These igneous rocks, which have been associ-
ated with the Variscan orogeny (i.e. ‘Hercynian’;
Galopim de Carvalho er al. 1981), are older, and
are associated with the protracted evolution of the
North Gondwana continental crust long before the
onset of the Mississippian gneiss domes.

The new age obtained for the protolith of the
Chancelaria orthogneiss (538 + 2 Ma; this study)
coincides with the time interval associated with the
initial stages of North Gondwana continental margin
extension during Terreneuvian arc-rift transition, fol-
lowing Ediacaran crustal accretion. The protolith age
of Chancelaria orthogneiss either coincides with
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or approaches the protolith age range of Terreneu-
vian OMZ andesites dated at 534 + 4 Ma (the Mal-
cocinado Formation; Sarrionandia et al. 2020), and
Monestério and Mina Afortunada migmatites dated
at 533 + 4 Ma and 532 4+ 4 Ma, derived from the
partial melting of the Ediacaran Serie Negra Group
(Ordonez-Casado 1998; Sanchez-Garcia et al
2008). Terreneuvian to Cambrian-Series 2 magmatic
activity is further represented in the OMZ by youn-
ger volcanic and plutonic rocks dated at 530 +
3 Ma (Cala rhyolitic porphyry; Romeo et al. 2006),
526 + 10 Ma (Alcdgovas orthogneiss; Chichorro
et al. 2008), 526 + 4 Ma (Barquete granite; Pereira
et al. 2011), 525 + 1 Ma (Barreiros granitic rock;
Sanchez-Garcia et al. 2014), 521 + 10 Ma (Pavia
orthogneiss; Dias da Silva er al. 2018), 522 +
5Ma and 517 + 6 Ma (Escoural orthogneisses;
Chichorro et al. 2008) and 518 + 15 Ma (Pallares
granodiorite; Ordéfiez-Casado 1998).

Similarly, the protolith age obtained for the
Valongo orthogneiss (496 + 3 Ma; this study) is a
more reliable indicator of Late Miaolingian—Early
Furongian magmatic activity in the OMZ, which
has been considered less representative than Terre-
neuvian activity. So far, OMZ igneous rocks with
Furongian age include only rhyolites of the Estremoz
volcano-sedimentary complex dated at 499 + 3 Ma
(Pereira et al. 2012c¢) and the Elvas syenites dated at
490 + 4 Ma (Diez Fernandez et al. 2015). This
Upper Cambrian magmatism seems to have been
associated with the extension of the North Gond-
wana margin in the aftermath of the Terreneuvian
arc-rift transition, which continued later in the Ordo-
vician (Sanchez-Garcia ef al. 2003; Diez Fernandez
et al. 2015; Solis-Alulima et al. 2020). In addition,
zircon rims (i.e. overgrowths) in the age range
from c. 488 Ma (Furongian; Almadén de la Plata
amphibolite; Sanchez-Lorda et al. 2016) to c.
478 Ma (Tremadocian; granitic leucosome of the
Cabril-Pefia Grajera gneiss; Solis-Alulima et al.
2020) are reported in the OMZ, providing evidence
for Furongian—-Tremadocian magmatism and crustal
partial melting of the North Gondwana margin.

Furthermore, new zircon U-Pb geochronology
data provide evidence that the Cadomian crust was
recycled in the OMZ during the Cambrian. Older zir-
con ages in the Terreneuvian Chancelaria orthog-
neiss match previous results reported for the
inherited Neoproterozoic component found in
OMZ igneous rocks of a similar age. The Terreneu-
vian Barquete granite and Cambrian-Series 2 Pal-
lares granite, both emplaced in the Ediacaran Serie
Negra Group that represents the oldest rocks of the
OMZ (Eguiluz et al. 2000; Pereira et al. 2006), con-
tain inherited Neoproterozoic zircon grains that are
interpreted as being derived from the recycling of
the Cadomian OMZ basement by partial melting
(Pereira et al. 2011).

The same is true for the component of Neoproter-
0zoic zircon grains in OMZ igneous rocks from two
Cambrian magmatic pulses that preceded and fol-
lowed the crystallization of Valongo igneous rock:
Miaolingian (c. 509-505 Ma; Freixo-Segévia rhyo-
lite; Pereira et al. 2019, 2023b) and Tremadocian
(Cabril-Pefia Grajera gneiss; Solis-Alulima et al.
2020). Neoproterozoic inherited zircon ages closely
resemble the age spectrum of detrital zircon from
the Ediacaran and Terreneuvian metasedimentary
rocks of the OMZ (Pereira et al. 2012b), indicating
a crustal source that provided recycling of the
Cadomian basement.

The oldest zircon grains (c. 587-508 Ma) found
in the Furongian Valongo orthogneiss also suggest
crustal reworking but, in this case, the inherited
Neoproterozoic—Cambrian component was probably
derived from sources with a wider age range, which
may include Ediacaran to Miaolingian igneous rocks
and/or sedimentary rocks.

To sum up, the time frame established for meta-
morphic processes suggests a close link between
crustal recycling by partial melting and magmatism
in the tectonic evolution of the OMZ from Terre-
neuvian to Furongian, which then continued in
the Ordovician, and after a long break of more
than 90 million years, in the Mississippian (Varis-
can orogeny).

Conclusions

New field mapping and petrographic studies enable
the recognition of a D,—M, tectono-thermal structure
in the westernmost domains of the OMZ (i.e. the
PSGD).

The PSGD is partially covered by the Cenozoic
Tagus basin sedimentary rocks while showing a
characteristic spatial distribution of telescoped meta-
morphic isograds that has never previously been ade-
quately interpreted within the framework of the
Mississippian synorogenic extension.

The gneiss dome features an infrastructure com-
posed of the LGU and the ISU with Ediacaran—Cam-
brian sedimentary and igneous rocks deformed under
the highest-grade M, metamorphic conditions that
this OMZ region experienced (amphibolitic facies).
Late Ediacaran—Early Terreneuvian and Late Miao-
lingian—Early Furongian protolith ages for the
LGU (496 + 3Ma) and the ISU (539 + 2 Ma)
orthogneisses are reported based on new U-Pb
SHRIMP zircon dating. The LGU and the ISU are
separated by early D, ductile extensional shear
zones. The USU Cambrian—Devonian sedimentary
and igneous rocks that were deformed under M,
lowest-grade metamorphic conditions (greenschist
facies) constitute the superstructure. The USU is
tectonically juxtaposed against the ISU by an early
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D, ductile extensional shear zone. The USU was
mainly deformed by pure shearing and compressed
vertically, but locally simple shearing developed
along discrete and conjugated D, extensional
shear zones. Kinematic criteria associated with the
main D,—M, fabric indicate top-to-ESE-SE sense
of shear.

A late-D, brittle-ductile high-angle extensional
shear zone (i.e. Seda shear zone) crosscuts the
dome structure, increasing the metamorphic differ-
ence between the infrastructure and the superstruc-
ture. The most recent Variscan D5 contractional
deformation event led to the development of Ds
upright folds, thrusts and transpressive shear zones
that caused the steepening of earlier D, structures
and the local crenulation of S, foliation.

The Mississippian D,—M, event, which is well
developed in the OMZ, may be regarded as a phe-
nomenon at the regional scale that markedly influ-
enced the crustal architecture of North Gondwana.
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