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ABSTRACT

The amalgamation of Pangea during the Carboniferous produced a winding mountain belt: the
Variscan orogen of West Europe. In the Iberian Peninsula, this tortuous geometry is dominated by
two major structures: the Cantabrian Orocline, to the north, and the Central Iberian curve (CIC) to
the south. Here, we perform a detailed structural analysis of an area within the core of the CIC.
This core was intensively deformed resulting in a corrugated superimposed folding pattern. We
have identified three different phases of deformation that can be linked to regional Variscan
deformation phases. The main collisional event produced upright to moderately inclined cylind-
rical folds with an associated axial planar cleavage. These folds were subsequently folded during
extensional collapse, in which a second fold system with subhorizontal axes and an intense
subhorizontal cleavage formed. Finally, during the formation of the Cantabrian Orocline, a third
folding event refolded the two previous fold systems. This later phase formed upright open folds
with fold axis trending 100° to 130° a crenulation cleavage and brittle-ductile transcurrent
conjugated shearing. Our results show that the first and last deformation phases are close to
coaxial, which does not allow the CIC to be formed as a product of vertical axis rotations, i.e. an
orocline. The origin of the curvature in Central lberia, if a single process, had to be coeval or
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previous to the first deformation phase.

1. Introduction

Orogens represent the most astonishing outcome of
plate tectonics. They control the growth of continental
crust, influence the local - and sometimes global -
climate, and host the bulk of Earth’s resources. Among
the structures formed during orogenesis, folds are
visually attractive: nothing as impressive as a solid rock
buckled as modelling clay in your hand. Folds form from
microscale to lithospheric scale (Cloetingh et al. 2002;
Pastor-Galan et al. 2012a) and their geometry and
expression carry crucial information about deformation
mechanisms and tectonics of the area. In many orogens,
the earliest fold generations have been refolded as the
result of overlapping deformation phases after mountain
belt growth and collapse. Unravelling the deformation
history is crucial to understand the tectonic and geody-
namic evolution of any orogen and, consequently, the
operating processes during rock deformation.

The largest scale folds on Earth are known as oro-
clines, which are the result of buckling or bending an

originally linear orogen or a crustal fragment (Pastor-
Galan et al. 2017). Oroclines can affect from the upper
crust to the entire lithosphere (Pastor-Galan et al. 2017
and references therein). The process of orocline bend-
ing or buckling produces contrasting effects in oro-
clines’ limbs and hinges. Orocline limbs show the
larger vertical axis rotations (Meijers et al. 2017;
Pastor-Galan et al. 2017; van der Boon et al. 2018),
coaxial deformation, and orogen parallel strike-slip
faults (e.g. Pastor-Galan et al. 2014; Gutiérrez-Alonso
et al. 2015; Shaw et al. 2016a). In contrast, orocline
hinges are characterized by less significant rotations
(e.g. Weil et al. 2013) and non-coaxial deformation
(Pastor-Galan et al. 2012b; Li and Rosenbaum 2014)
resulting in complex fold interference patterns.

The Variscan-Alleghanian orogen is a multi-episodic
orogen in which several folding events produced strik-
ing interference folding patterns (e.g. Chopin et al.
2012). In lberia, its trend depicts a sinuous ‘S-shaped’
geometry of two opposing first-order magnitude folds
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(Figure 1) delineated by the well-known Cantabrian
Orocline in the north and the Central Iberian curve
(CIC) to south, an alleged orocline whose geometry
and kinematics are intensely debated (Figure 1; e.g.
Aerden 2004; Martinez Catalan 2011; Shaw et al. 2012;
Dias et al. 2016). In this paper, we explore the structure
of superimposed folding patterns from the hinge zone
of the CIC to test if the observed curvature was conse-
quence of large differential vertical axis rotations during
a process of orocline buckling/bending analogous to
the Cantabrian Orocline.

2, Background

Closure of the Rheic Ocean and collision between
Laurussia and Gondwana resulted in the Variscan-
Alleghanian orogen, a major orogenic belt that formed
during the amalgamation of Pangea (e.g. Nance et al.
2010; Stampfli et al. 2013; Domeier and Torsvik 2014). In
the Iberian Peninsula, the first evidence of continental
collision is dated at ca. 365-370 Ma (e.g. Dallmeyer and
Ibarguchi 1990; Quesada 1991; Dallmeyer et al. 1997;
Gbémez Barreiro et al. 2006; Lopez-Carmona et al. 2014)
followed by several diachronic deformation phases (e.g.
Diez-Balda et al. 1995). The Cantabrian Orocline (or
Ibero-Armorican arc) formed as a late orogenic feature
in a short period of ca. 10-15 million years between 310
and 295 Ma (Weil et al. 2010; Pastor-Galan et al. 2011,
2014) and is characterized by a curved structural trend
that traces an arc from Brittany across the Bay of Biscay
passing through south England and Ireland into the
Central Iberian Zone (ClZ) (Figure 1; Pastor-Galan et al.
2015a). An assortment of palaeomagnetic and geologi-
cal data supports secondary oroclinal kinematics, i.e. an
originally near-linear Variscan orogenic edifice buckled
around a vertical axis (e.g. Gutiérrez-Alonso et al. 2012;
Weil et al. 2013 and references therein). The deforma-
tion phase associated with the formation of the
Cantabrian Orocline resulted in strongly non-coaxial
deformation in the hinge of this orocline generating a
set of radial folds with conical geometry that refolded
the original fold-and-thrust belt into an anastomosing
interference pattern (Pastor-Galan et al. 2012b).

Some authors hypothesized a second orogenic bend
to the south of the Cantabrian Orocline and with oppo-
site curvature, so-called Central Iberian Orocline (also
Central Iberian arc). Despite the kinematic implications
of the name, most of its geometry and kinematics are
still unknown (Dias et al. 2016; Pastor-Galan et al. 2016,
in press; Dias da Silva et al. 2017), for that reason, we
refer to it as ‘CIC" hereafter to avoid using terms imply-
ing certain kinematics of formation. Staub (1926)
hypothesized on its geometry for the first time (see

Martinez Catalan et al. 2015 for a historical perspective).
After being ignored for decades, Aerden (2004) recov-
ered Staub’s hypothesis following the structural trend
of folds and inclusion trails in garnet porphyroblasts.
More recently, Martinez Cataldn (2011) and Shaw et al.
(2012) suggested alternative geometries for the CIC.
However, the three models share two common fea-
tures: (1) the curvature runs parallel to the ClIZ, located
in the centre-west of Iberia, and (2) all place the Galicia-
Tras-os-Montes Zone (GTMZ; Figure 1; Farias et al. 1987)
in the core of the bend. The eastern boundary of the
GTMZ with CIZ is the best exposure of the Central
Iberian curvature.

Some authors have suggested that the Cantabrian
Orocline and CIC buckle together as secondary oro-
clines (e.g. Martinez Cataldn 2011; Shaw and Johnston
2016b), mostly based on aeromagnetic anomalies
(Martinez-Cataldn 2011) and palaeocurrent analyses
(Shaw et al. 2012), the latter being under debate
(Dias et al. 2016). Recent palaeomagnetic data from
the hinge and southern limb of the CIC discarded a
coeval formation for both orogenic curves (Pastor-
Galan et al. 2015b, 2016, in press). Alternative hypoth-
esis explaining the arcuate geometry of the CIC
restricts such curvature the GTMZ (e.g. Ribeiro 1974)
and adjacent areas the most prominent are (1) an
extrusion wedge product of a non-cylindrical collision
that dragged the earliest most Variscan folds
(Martinez-Catalan 1990; Dias da Silva 2014); (2) a klip-
pen of a large-scale allochthonous thrust sheet that
thrusted most of the Palaeozoic rocks of Iberia (Rubio
Pascual et al. 2013, 2016; Martinez Catalan et al. 2014;
Diez Fernandez and Arenas 2015); (3) the relic of a
narrow seaway formed at the Late Devonian during
the early stages of the Variscan orogeny (Dias et al.
2016).

3. Geological setting

In the eastern rim of the Morais Allochthonous Complex
(Figures 1 and 2), two tectono-stratigraphic domains
are juxtaposed: the GTMZ and the CIZ. The GTMZ
(Farias et al. 1987), structurally higher, is composed by
far-travelled allochthonous units including oceanic and
continental rocks stacked in the Variscan accretionary
prism. The units thrusted the lberian autochthon east-
ward (present coordinates) at 400-370 Ma (Ribeiro
1974; Ribeiro et al. 1990; Gémez Barreiro et al. 2007;
Rodrigues et al. 2013; Dias da Silva 2014). The allochtho-
nous units used the ‘Parautochthon’ (also referred as
‘Schistose Domain’; Farias et al. 1987) as the main
detachment tectonic sheet (Dias da Silva et al. 2014,
2015a, 2015b).
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Figure 1. (a) Terrain map of the Variscan orogen of western Europe showing the Cantabrian Orocline and Central Iberian curve. (b)
General geology in the surroundings of the Morais Complex. The square marks the study area. (c) Geological map of the study area.
It shows the major structures following the code in Dias da Silva (2014). See Supplementary Table 1. Dashed grey line marks the
possible prolongation of the sinistral shear band as proposed by Dias (1986), which may explain the trend variation of the C; fold
axes.
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Figure 2. General cross sections perpendicular to the trend of the Central Iberian curve (a,b) and perpendicular to Ds folds (b,c).

The CIZ is the autochthonous domain and contains a
late Neoproterozoic/lower Cambrian to Carboniferous
stratigraphic record, including Cambro-Ordovician mag-
matic rocks, deposited in the northcentral Gondwana
passive margin during the opening of the Rheic Ocean
(e.g. Gutiérrez-Marco et al. 1990; Valladares et al. 2000).
Both the CIZ and the Parautochthon were affected by
polyphase deformation under very-low to high-tem-
perature metamorphic conditions during the Variscan
orogeny.

The first deformation stage (D;) produced two
events (C; and C,, after Dias da Silva 2014; Martinez
Catalan et al. 2014; Supplementary Table 1). C; occurred
~360 Ma (Dallmeyer et al. 1997) and produced steep
axial planar cleavage folding. C; folds in the eastern rim
of the Morais Allochthonous Complex have a general
centrifuge vergency in respect to the allochthonous
core first described by Ribeiro (1974), showing a main-
land propagation of the orogenic front, from the
Parautochthon to the CIZ (Dallmeyer et al. 1997). The
C; was thrusted and detached after a subsequent com-
pressive phase (C,), dated at ~340 Ma (Dallmeyer et al.
1997), responsible for the stacking of the parautochtho-
nous units over the CIZ (Figures 1 and 2). C, deforma-
tion provoked a retightening and an increase of the C,
fold headings, with parallelization of the fold axis and
planes to the main low-dipping shear zones (Pereira
1987; Gonzdlez Clavijo 2006; Rodrigues et al. 2013;
Dias da Silva 2014). A pervasive greenschist facies cre-
nulation cleavage developed especially along the more
phylonitic bands as in the Main Tras-os-Montes Thrust
(MTMT) and Basal Lower Parautochthon Detachment

(BLPD; Figure 1). The C, foliation is almost restricted
to the GTMZ rocks, being only represented in the CIZ by
the BLPD, which used the Silurian carbonaceous slates
as a preferred sliding plane to tectonically carry the
lower and the upper Parautochthon onto the auto-
chthon (Figures 1 and 2; Dias da Silva 2014; Martinez
Catalan et al. 2014 and references within).

Overburden triggered syn-orogenic extensional col-
lapse and related isostatic rebound of deep settled
crust at ~330-320 Ma (e.g. Escuder Viruete et al. 1994;
Rubio Pascual et al. 2013). The first extensional event
(D, after; Diez-Balda et al. 1995; E, after Martinez
Catalan et al. 2014; Supplementary Table 1) led to the
formation of extensional domes, anatectic melting, and
emplacement of syn- to post-D, granitic bodies (e.g.
Lopez-Moro et al. 2012). During extension, a flat-lying
foliation (Figures 2 and 3) developed pervasively (e.g.
Escuder Viruete et al. 1994). The lack of conclusive
shear-sense criteria in the foliation has been interpreted
as the change of the tectonic regime from simple to
pure-shear deformation towards the upper structural
levels, away from the main detachment zones (Dias da
Silva 2014).

A late Variscan deformation phase (D3 or Cg;
Supplementary Table 1) took place at ~315-300 Ma
(e.g. Diez-Balda et al. 1995). D; produced NW-SE to E-
W heterogeneous folding, with sub-horizontal axis and
fan-like disposition of their planes (e.g. Alonso and
Rodriguez Fernandez 1981). Towards the deeper struc-
tural levels and in more granitic areas, late-Cs brittle-
ductile conjugated shear bands accommodated the
final shortening of the Variscan compressive pulse in
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Figure 3. Field sections showing the main field relationships between structures. (a) Drawing coming from an abandoned railroad
close to the Mogadouro road section (UTM-ED1950, 29°N; X: 693,690, Y: 4571,695). In some parts of the section, S; is be oblique to
So- We interpret that feature as the fan like effect of the cleavage in antiforms and synforms and by rheological contrast between
quartzite and pelite beds. (b) Piece of the Mogadouro road section (X: 690,131, Y: 4569,460). (c) Detailed field relations from the

Mogadouro road section.

Iberia (Gutiérrez-Alonso et al. 2015). During this stage,
large and voluminous granitic magmatism affected the
autochthon, which has been interpreted as a product of
lithospheric delamination triggered by oroclinal buck-
ling (Gutiérrez-Alonso et al. 2004, 2011a, 2011b).

4. Macrostructure of the hinge zone of the CIC

We have constructed a detailed geological map of the
study area, east of the Morais Complex (Figure 1(c); data
extracted from Dias da Silva 2014), collected in total
more than 1000 field measurements and identified
three deformation phases. The oldest structures (D,)
include E-W to NE-SW-striking showing axial-planar
low-grade cleavage (S;, this work). Due to the tight
folding recorded in the area, S; (Figures 1(c) and 2) is
often sub-parallel to the bedding (S, Figures 3 and 4).
D, folds often appear as fish-hook interference folds

with waving limbs and variably dipping hinges but
they gently head southeast and follow the trend of
the D, thrusts and detachments that define GTMZ-CIZ
boundary (Figures 1(c), 2, 3, 5, and 6).

The second deformation phase (D,) was responsible
for the formation of extensional detachments that
bound dome-shaped structures where deep-settled
hot crust was exhumed into upper structural realms
(Figures 1 and 2). The major D, structure is defined as
‘Tormes Dome’ (Figure 2; e.g. Lépez-Moro et al. 2012).
D, formed a subhorizontal cleavage (S, in this paper)
that was subsequently folded by Ds (Figure 4(c)) and
frequently includes a WNW-ESE-stretching lineation
and top-to-east-southeast shear criteria (Figures 1-9;
e.g. Escuder Viruete et al. 1994; Dias da Silva 2014).

A pervasive subhorizontal crenulation cleavage (S,)
developed in the uppermost slate unit (Figures 2 and 4
(0)), including the entire Parautochthon, showing that
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Figure 4. Stereonet analysis of the data compiled in the area. (a) Sy planes (left) and poles to planes with 2% contours (right). T/P
indicates the trend and plunge of the best cylindrical fit, which is a combination of the three different phases of deformation. (b)
Planes and pole to the planes of S;. T/P is a combination of D, and Ds. (c) Planes and poles to the planes of S,. Note that the

cleavage is folded as a result of Ds. (d) Orientation of Ss.

D, also affected the higher structural realms where the
metamorphism only reached the chlorite zone. As
response to the thermal uplift in the Tormes Dome,
the main D, (Cy) thrusts and detachments (MTMT and
BLPD) were verticalized and reactivated with top-to-
west-northwest shear sense, allowing the regression of
the GTMZ. C1 folds were parallelized to the lowermost
extensional shear zones and witnessed vertical axis
rotations towards the extensional shear-band trend
(NE-SW, Figure 1(c)). These early folds were vertically
flattened producing the waving of their axial planes
and limbs (Figure 2; Dias da Silva 2014).

The youngest phase (Ds3) produced gentle to tight
folds with variable plunging axes which we could char-
acterize using the originally subhorizontal S, (mean
trend/plunge of 285°/11°; Figure 4(c)). This deformation
event generated a set of brittle—ductile transcurrent-
shear zones that cut syn-D3 granitoids and transpose
the earlier fabrics (Figure 1(c); e.g. Gonzalez Clavijo and
Diez Montes 2008). The D; folds and axial planar clea-
vage (Ss; Figures 1(c)-4) show vertical and horizontal
fan-like arrays, with trends from E-W to NW-SE and
axial plane dips between 70° (NE and SW) and 90°
(Figures 1(c) and 2). This dispersion shows that the D3
folding was constrained by a previous crustal structure
and that these folds were locally dragged and paralle-
lized to the late-Ds shear zones. The plunging variation
of the D3 axes from nearly subhorizontal to subvertical

and from northwest to southeast is mainly due to the
interference of precursory structures (D; and/or D, folds
and shear zones) and we can assume a regional sub-
horizontal disposition of the Ds folding axis.

5. Structural analysis of the Mogadouro road
section: geometry and timing

We have studied the Mogadouro road section, an excel-
lent road outcrop in Portugal, to better constrain the
observed structural relations of the region. The
Mogadouro road section (road code: N221) is located
to the southwest of the Morais complex (GPS coordi-
nates: 41.25212°N, 6.73172°W; Figure 1). The section is
about 40 m long and the exposure is continuous at
both sides of the road. The outcrop shows an Early
Ordovician multilayer consisting in quartzitic and pelitic
layers of varying thickness and lateral extent (Figure 1;
Mardo Formation). The section contains folds, mullions,
and foliations that have been subsequently refolded
(Figures 5-7). In this section, we collected 151 bedding
planes (Figure 8(a)), 78 planes of tectonic foliations
corresponding with S, (Figure 8(b)), 69 intersection
lineations between S, and Ss (Figure 8(c)), and 66
directly measured fold axes in mullions of which part
of them are related to D, and others to Ds (Figure 7(b)).
We also collected 19 oriented samples to produce 24
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Figure 5. Field images from the Mogadouro section. Solid lines mark Sq and dotted lines and arrows mark trend and plunge
(respectively) of fold axes. (a) S, folded by Ds. (b) Typical look of the intersection lineation. (c) Refolded fold in quartzitic layers, note
the different attitudes of the fold axes. (d) Refolded folds in quartzitic layers, again with contrasting fold axes. (e,f) Different folding

styles between thick pelitic layers and the quartzitic section.

thin sections for petrographic analysis (Figure 9;
Supplementary material 1). All structural data were pro-
cessed using the software ‘Stereonet’ [Cardozo and
Allmendinger 2013; we used the patch for conical fold-
ing analysis from Mulchrone et al. (2013)].

5.1. Mesostructure

Bedding planes (Sy) are evident only where continuous
sandstone/quartzite layers are present. Sy is strongly
folded showing striking interference patterns
(Figures 5 and 6). Where pelites are not interbedded
with sandstone, Sy is not obvious to the naked eye. It
was not possible to discriminate the different deforma-
tion episodes based on the geometry of the bedding.

When plotted in a stereonet, the poles plot along a
small circle suggesting some sort of conical geometry
(Figure 8(a)) possibly as a result of the interference
between the phases. Geometrically, a conical fold is
characterized by the trend and plunge of its axis and
by the angle between the generatrix of the conical
surface and the fold axis, also known as semi-apical
angle (a/2) (e.g. Pueyo et al. 2003). The fold axis
trend/plunge is 262°/67° and its a/2 = 72°.

Occurrence of Mullions is common in the most
competent layers in the section. An exposure of an
entirely folded bedding plane showing two mullion
generations (Figure 7) and a piece of pelite outcrop
in its core permits a detailed geometrical analysis to
unravel the different deformation phases recorded by
So. The first generation of mullions, FA, hereafter, with
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Figure 6. Field images from the Mogadouro section. Solid lines mark Sy and dotted lines and arrows mark trend and plunge
(respectively) of fold axes. (a) Effects of the D; deformation phase in the Sy and S,. Note the formation of mullions in the quartzitic
layers and the different orientation of fold axes. (b) Different folding styles between thick pelitic layers and the quartzitic section. (c)
Refolded fold in quartzitic layers, note the different attitudes of the fold axes.
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Figure 7. Structural analysis of mullions. (a) Photograph (with scale) of the bedding plane showing the mullions. (b) Photograph
analysis. (c) Frequency (number of mullions) versus spacing. Note the skewed log-normal distribution. On the right corner is the
cumulative number of mullions versus the log of the spacing. The straight line indicates the fractal behaviour of mullionage whereas
the starting and end tips mark an undersampling of those frequencies (Pastor-Galan et al. 2009). (d) Interpretation of the outcrop

marking the deformation phase responsible for each structure.

an average of trend/plunge = 264°/39° (Figure 7)
shows an anastomosing pattern in which the continu-
ity along its axis is inhibited by mullions of a later
phase (FA..1). The space between FA, mullions ranges
from 0.1 to 15.7 cm (average 3.5 cm) and follows a
log-normal distribution and fractal dimension (Figure 7
(c)) as other geological features (Wu 1993; Pastor-
Galan et al. 2009).

A second generation of mullions FA,,; deformed the
FA, (Figure 7(a,d)). FA,,; mullions show an average
orientation 030°/10° and spacing between 17 and
39 cm (average = of 26 cm). Folds with shallow fold
axes are not restricted to mullions only but are present
throughout the section (Figures 5 and 6). Both FA, and

FA,;1 structures have been refolded by a later event.
This event formed open folds with a steep fold axis
(Figure 7(d)) in the quartzite layer (Sg), but shallow
axis in the pelite foliation. This exposure defines three
different deformation phases (D;, Dy, and Ds). D, is
responsible of folding (F;) accompanied by the devel-
opment of FA, mullions (FA; hereafter). D, folded F,
and FA; and produced FA,,; (FA,) and finally D3
refolded the entire structure.

In addition to Sy, the most consistent structure in the
section is a penetrative cleavage (S, onwards). S, is a
shallow dipping cleavage, strongly developed in pelitic
layers but only partially in the sandstone/quartzitic
layers (Figures 5 and 6), which usually refract it
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Figure 8. Stereonet of the data collected in the Mogadouro section. (a) Sy planes and poles to planes with 2% contours (right). T/P
indicates the trend and plunge of the best conical fit (following Mulchrone et al. 2013), which is a combination of the three different
phases of deformation. (b) Planes and poles to the planes of S,. T/P is the result of Ds. () Intersection lineation between S, and S3
and the three only planes we could clearly identify as Sz (X: 690,381, Y: 4569,907).

Fold Axis: 279°/11°
Line in thin-section
Pole to plane

@®Fold Axis: 272°/07°
eLline in thin-section

Figure 9. Thin-section analysis. (a,b) Photographs showing the relations between foliations in thin section. (c) High-resolution scan
of thin section cut parallel to Ss. It shows a microfold affecting So, whereas the S, foliation is axial planar to this fold. Sy layers are
thickened in the hinge zone, while the flanks are thinned. The fold is a nice example of Ramsay folds class 2 in the quartzitic layers
and 3 in the pelitic (Ramsay 1967), see also Supplementary material 1, thin-section 9B. (d) Stereonet analysis of all thin sections (see

Supplementary material 1).

(Figure 6(b)). Sy strike and dip vary throughout the
section. In many cases, S, is folded, in others is axial
planar to folds (Figures 5(a,c) and 6(a,c)). When plotted
in a stereonet, S, shows a mean folding axis with trend/
plunge: 293°/35° (a95 = 6°). Therefore, variation in the
Sx orientation can be explained by one cylindrical fold-
ing event (Figure 8(b)). In addition to S,, another folia-
tion comes out in areas where pelitic layers are
interbedded with quartzitic strata (Figure 8). This

foliation is not very penetrative and is overprinted by
S, so we will refer to it as S,_;.

Another widespread structure is an intersection
lineation that is visible on the S, planes (Figures 5(b),
6(a); coded Li,). The orientation of these lineations
forms an elongated cluster, with a mean direction of
trend/plunge = 289°/23° (Figure 8(c)). Lineation is inde-
pendent from Sy and it is coincident within error with
the fold axis depicted by S,. This intersection lineation
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is the result of a cleavage S,,; which in some cases is
coincident with some axial planar foliations. Relative
timing implies S, is coeval with FA,, since both have
one event predating and one event post-dating the
structures. S,_; and S, are, therefore, a product of D,
and D,, respectively (and will call them S; and S,).

5.2. Microstructure

We collected 19 oriented samples and produced 24 thin
sections for petrographic analysis (Figure 9;
Supplementary material 1). All samples were cut per-
pendicular to the intersection lineation (labelled A
when more than one section) and some of them were
also cut parallel to the lineation and perpendicular to S,
and parallel to S, (B and C, respectively).

All thin sections contain quartz, muscovite or chlorite,
and oxides in different ratios (Figure 9; Supplementary
material 1). The quartzitic domains contain less musco-
vite, detrital accessory minerals, and oxides, representing
less than 10% of the total composition. The pelitic
domains have a variable composition, containing quartz,
muscovite, and oxides in varying relative amounts. Most
of the thin sections show some accessory tourmaline
crystals. Mineral assemblages indicate that deformation
occurred under low greenschist facies.

Thin sections revealed three foliations Sy, S;, and S,. Sg
and S;, always crenulated, are visible in some thin sec-
tions. S, is present in all the pelitic and some quartzitic
domains (Figure 9; Supplementary material 1). Some thin
sections show S, folded. In such cases, S; foliation is
parallel to the axial plane to the latter folds (Figure 9(a,
b); Supplementary material 1). Cross-cutting relations
indicate three deformation events in which D; forms
foliation S,, a second non-coaxial deformation phase pro-
duces S, and a third deformation phase, Ds;, forms a

(@ D2 Mullions (n=9) ®)

Field measurement

After D3 Correction

Field Measuremen

FA (T/P) = 261°/39°

crenulation cleavage parallel to S, foliation during the
folding of S,. Thin section revealed that S, is folded fol-
lowing a fold axis with trend/plunge = 279°/11°, which is
most likely a combination of D, and Ds events. Likewise,
S, shows a fold axis with trend/plunge = 294°/22° formed
responding to Ds. This fold axis is statistically identical to
the orientation of the fold axis determined from S, in the
macrostructure (289°/23°).

5.3. Unravelling the orientation of D, fold axis

Our data analysis furthermore allows retrodeforma-
tion of the mullions outcrop, permitting to better
constrain the geometry produced by each deforma-
tion phase, at least locally. Poles to S, show gently
plunging upright folds (Figures 7 and 10). The D; fold
axis is trend/plunge 293°/35°, similar to the axis mea-
sured in the pelites at the core of fold containing the
mullions (Figure 10). When we unfold S, plane
around the Ds fold axis (Figures 7 and 10), we can
restore the D, fold axis (Figure 10(a)) obtained from
FA2 mullions. After restoring D;, D, axes became
slightly steeper with a trend/plunge = 043°/14° (ori-
ginally T/P = 030°/10°). Knowing local fold axes orien-
tations for D3 and D,, we can retrodeform the D,
mullions to their original orientations (Figure 10(b)).
FA, field orientations scatter in an elongated pattern
(Figure 4) and show and average direction of 261°/
39°, with a precision parameter k = 20.8 (the higher k
the more precise is the data; Fisher 1953). After
undoing the effects of Ds, the average orientation is
265°/35° and k = 32.3. Finally, when we unfold D,, we
find the original FA; trend/plunge of 295°/07°,
k = 43.4. Clustering improves after each step
(Figure 10(b)) and the originally elongated distribu-
tion of FA,; transforms into a rounded and fisherian

After D2 correctio
oS
0%

D1 Mullions
n =45

FA (T/P) = 265°/35°
k=323
a99 =438

FA (T/P) = 294°/07°
k=434
a%9 = 4.1

k=208
a%99 =6.0

Figure 10. Result of retrodeformation of the mullions in the Mogadouro road section. (a) Unfolding the effects of D; on D, mullions.

Unfolding the effects of D; and D, in D; mullions.
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distribution around the average, a good indicator of
the rightness of the correction. After correction, the
strike of D; fold axes is identical to D; axes
(D, = 295° D5 = 293°).

6. Tectonic significance

We have identified three different deformation and
folding phases in the ClZ, in the core of the
CIC, which can be linked with the regional
phases described for the allochthonous and
autochthonous domains of northwest Iberia
(Supplementary Table 1). Figure 11 shows a cartoon
synthesizing our interpretation of the deformation
phases in the studied area.

6.1. Collision and collapse (D; and D5)

D, formed originally upright to moderately inclined
cylindrical folds with an associated axial planar clea-
vage (S;). D; fold trend is varying since they were
refolded by D, and Ds; phases (Figure 11), but the

Do: Undeformed bedding

(c)

340-320 Ma

Tormes gneiss dome
D2: E1 extensional detachments

INTERNATIONAL GEOLOGY REVIEW 1

regional structure and retrodeformation of local out-
crops (Figures 4 and 10, respectively) suggest an
original trend ranging from 91° to 115° and subhor-
izontal axes. The D; phase observed in this region of
the CIZ can be ascribed to the C; and C, stages of
Dias da Silva (2014) and Martinez Catalan et al. (2014;
Supplementary Table 1, Section 3).

D, deformation developed a fold system in upper
slate unit with subhorizontal axes and a very pene-
trative subhorizontal cleavage (S,). Structures formed
in this phase were subsequently refolded by D;
(Figure 11(c)). The orientation of D, structures
together with the lack of simple-shear structures sug-
gests a close to \vertical shortening direction
(Figure 11(b)) which we relate to a gravitational
effect. We support that D, in the studied sections
occurred synchronous with the development of
extensional detachments in the Tormes Dome (see
Section 3; E; in Supplementary Table 1) allowing the
rise of its anathectic core which led to thermal
enhancement of the hanging wall. Together, the
combination of pure-shear and heating of the

(b) C folds rotated
by C2 thrusting

360-340 Ma [

/)

S
~

’ tochth

/ A
D1 mullions] ,” iz
D1: Cifolding and C2thusting

maximum compression
(d) during Cal
315-305 Ma = E—

D3 mullions

D3: Cs3 folding

Figure 11. Cartoon showing the structural evolution in the hinge of the Central Iberian curve. (a) Undeformed stratigraphy previous
to the Variscan orogeny, showing original trend of the C; folds (dashed line, 91°-115° directions, after complete restoration of C;
and G,). (b) D; compression: C; would be responsible for upright folding and development of axial planar foliation whereas the C,
thrusting would force the centrifuge vergency around GTMZ. Mullions would form in the hinges’ intrados. (c) Extensional collapse
(D,) would be responsible of close to top-down folding, mullions, and development of a very pervasive subhorizontal foliation. (d)
During D3 compressional event, the former structures refolded and the Central Iberian curve was tightened. GTMZ: Galicia-Tras-os-

Montes Zone; CIZ: Central Iberian Zone.
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hanging-wall block favoured the formation of a
highly pervasive flat-lying crenulation cleavage (S,
or Sg; Supplementary Table 1) and axial planar centi-
metre to metre-scale sub-horizontal folds (Dias da
Silva 2014).

6.2. Late compression (Ds)

The characteristics of D3, fan-like dispersion of upright
and slightly vergent open folding with fold axis trend-
ing 100° to 130° the development of a crenulation
cleavage (Ss), and brittle-ductile transcurrent conju-
gated shearing, fully coincide with those of the regional
scale C3 fabrics (Supplementary Table 1; Figures 1(c)
and 2; e.g. Diez-Balda et al. 1995; Dias da Silva 2014;
Gutiérrez-Alonso et al. 2015). The D5 fold pattern adapts
to the previous structure and the granitic plutons,
being deflected by late-Ds brittle-ductile shear zones
(Figures 1 and 2). The obliquity with C, folds produced
the waving of their axes, changing the plunging dra-
matically from sub-horizontal to near-vertical, forcing
the formation of fish-hook type of folds (Figure 11).
Structural analysis revealed that locally D, and Djs fold
axes have similar directions/trends suggesting that D,
and D; deformation were close to coaxial. Its interfer-
ence with C; thrusts and E; extensional regime caused
the very complex fold patterns described in this paper
(Figure 11(b-d)).

Palaeomagnetic data in the hinge and southern limb
of the Central lberia bend show consistent late
Carboniferous counter clockwise rotations (Pastor-
Galan et al. 2015b, 2016, in press). These rotations
indicate that the full CIC was part of the southern
limb of the Cantabrian Orocline during Ds. This obser-
vation does not allow the formation of the CIC after D,,
in contrast to what was proposed by several authors
(Martinez Catalan 2011; Shaw et al. 2012, 2014; Weil
et al. 2013; Martinez Catalan et al. 2014; Shaw and
Johnston 2016b). Although the Central Iberian orocline
could still formed as a product of vertical axis rotations
(orocline) during D, or D,. If the CIC was an orocline, it
should have revealed an interference pattern of defor-
mation phases resulting from a change in the stress
field, i.e. strongly non-coaxial deformation. Our data
support that D; (Cy) and D3 (G3) folding are close to
coaxial, being D, (E;) the only non-coaxial deformation
phase in the studied sections. However, the vertical
strain associated with D, is incompatible with differen-
tial vertical axis rotations. We support D3 to be related
with the formation of the Cantabrian Orocline and to
the tightening of the CIC located in the southern
branch of this major bend. Therefore, the CIC cannot

be the result of single process of orocline buckling or
bending.

The CIC, if the product of a single process, has to be
either an early collisional feature. It is widely accepted
that the Morais Complex is a klippen of the GTMZ
allochthonous nappe complex. This fact would explain
at the same time the strongly curved shape of the Morais
Complex, the coaxiality of the different phases, and the
coherent behaviour of the whole unit with the Southern
limb of the Cantabrian Orocline. Considering the general
low metamorphic grade in the studied and surrounding
areas (e.g. Diez-Balda et al. 1995), we do not think that a
larger and thick allochthonous unit could have thrusted
the studied area and most of lberia as suggested by
Rubio Pascual et al. (2013) or Diez Fernandez and
Arenas (2015). A straightforward explanation, although
somewhat speculative with the available data, could be
that the allochtonous complexes are the relic of an
extrusion wedge (Dias da Silva 2014) product of a corner
effect and/or indentation of a promontory in the
Gondwanan coast (e.g. Murphy et al. 2016), which
would have been considerably shorter and thinner,
thus producing a short residence time inhibiting the
stabilization of the regional metamorphic isograds. The
alleged promontory could have formed after an exten-
sional episode that likely produce a small oceanic basin
(e.g. Dias et al. 2016) recorded in the Gondwanan margin
just before the continent—continent collision (Gutiérrez-
Alonso et al. 2008).

7. Concluding remarks

We have performed detailed field and structural ana-
lyses around the hinge of the CIC (western Iberia). We
have identified three different phases of deformation
that can be linked to regional deformation phases of
the Variscan orogeny:

e D; developed upright to moderately inclined
cylindrical folds with an associated axial planar
cleavage (S;). D, deformation developed a fold
system with subhorizontal axes and a very pene-
trative subhorizontal cleavage (S,). We interpret D,
to be linked with regional extensional collapse.

e D; is a late Variscan (315-300 Ma) compressional
phase that formed upright open folds with fold axis
trending 100° to 130° a crenulation cleavage (S3)
and brittle—ductile transcurrent conjugated shearing.

e D, and Ds are close to coaxial. Timing and defor-
mation style suggests that Ds folds developed in
response to the same process that formed the
Cantabrian Orocline, from which the studied area
represents the southern limb. Coaxiality between
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D, and D3 does not permit the core of the CIC to
be the result of large-scale vertical axis rotations.
The geometry of the CIC in the Galicia-Tras-os-
Montes and adjacent areas, if a single process, is
not related with large differential vertical axis rota-
tions and had to be coeval to D;, with D5 respon-
sible by its final tightening.
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