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ABSTRACT

The supercontinent Pangea formed in the late Carboniferous as a result of the Gondwana-
Laurussia collision, producing the strongly sinuous Variscan—Alleghanian orogen. Iberia is
interpreted to comprise two Variscan bends, forming an S-shaped orogenic belt: the Canta-
brian orocline to the north and the Central Iberian bend to the south. Coeval formation of both
oroclines, however, requires significant north-south shortening (in present-day coordinates)
during Pangea’s amalgamation. In contrast to the Cantabrian orocline, neither the kinematics
nor geometry of the Central Iberian bend is well constrained. We provide paleomagnetic data
from the southern limb of the Central Iberian bend, showing ~60° counterclockwise vertical
axis rotation during the late Carboniferous to early Permian, comparable to that determined
for the southern limb of the Cantabrian orocline. This result is incompatible with the hypothe-
sized S-shaped bend in the Iberian Variscides. We argue that Central Iberia, if really bent, must
have acquired its curvature before the Cantabrian orocline, the curvature being an inherited
structure. We propose a new mechanism of Pangea formation, compatible with the geology,
geochronology, and paleomagnetism, in which a clockwise rotation of Gondwana produces the

necessary change in the stress field to form the late Variscan Cantabrian orocline.

INTRODUCTION

The supercontinent Pangea is one of the cor-
nerstones of geology, but the kinematics and
mechanisms responsible for its amalgamation are
poorly understood and hotly debated. The result
is an assortment of models for its assembly (Do-
meier et al., 2012; Stampfli et al., 2013; Domeier
and Torsvik, 2014, and references therein). The
general consensus is that Pangea amalgamated
during the late Paleozoic from the oblique colli-
sion between Gondwana, Laurussia, and several
microplates, forming the westward-younging
Variscan—Alleghanian orogen (Quesada, 1991;
Hatcher, 2002; Nance et al., 2010; Chopin et al.,
2014). This orogen has several oroclines, i.e., the
Pennsylvanian bend in the American sector, and
the Bohemian, Cantabrian, and alleged Central
Iberian bends in the European segment (Fig. 1;
e.g., Martinez Catalan, 2011).

The formation of oroclines is the process by
which an originally roughly linear mountain
range bends into a curved configuration (Carey,
1955). Oroclines occur worldwide in orogenic
zones of all geologic ages (Rosenbaum, 2014),
and their degree of curvature can range from tens
of degrees to as much as 180°; they may affect the
entire lithosphere (e.g., Pastor-Galan et al., 2012)
and can represent up to thousands of kilometers
of shortening (Johnston et al., 2013). Incorporat-
ing oroclines into tectonic and paleogeographic
reconstructions is therefore unavoidable. Sur-
prisingly, most paleogeographic reconstructions
of Pangea ignore the role of these Variscan—Al-
leghanian oroclines, despite the fact that some are
kinematically well constrained.

The Cantabrian orocline is one of the best
studied oroclines on Earth (e.g., Gutiérrez-
Alonso et al., 2012; Weil et al., 2013). Extensive

paleomagnetic, geochronological, and structural
data constrain its development to the late Car-
boniferous—early Permian (Moscovian to Asse-
lian, ca. 310-297 Ma; van der Voo et al., 1997;
Weil et al., 2010; Pastor-Galan et al., 2011, 2014
Gutiérrez-Alonso et al., 2015), and its formation
has been shown to be coeval with lithospheric
delamination, lithospheric mantle replacement,
and widespread magmatism (Gutiérrez-Alonso
etal., 2011a, 2011Db).

In addition, some authors suggest the exis-
tence of another Iberian orocline, the Central
Iberian bend, to the south of the Cantabrian
orocline (Fig. 1A; e.g., Shaw et al., 2012). The
kinematics of the Central Iberian bend are still
unconstrained, and its geometry has mainly
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been inferred on the basis of the orientation of
porphyroblasts, aeromagnetic anomalies, and
paleocurrent orientations (Aerden, 2004; Mar-
tinez Catalan, 2011; Shaw et al., 2012). If so,
the Cantabrian orocline and the Central Iberian
bend would together define an S-shaped, conti-
nental-scale double bend (Fig. 1A), instead of
single C-shaped belt defined by the Cantabrian
orocline alone (Fig. 1B).

The idea that the Cantabrian orocline and
Central Iberian bends formed coevally, as a
coupled orocline, has two main consequences:
(1) it changes the geometry of the Variscan—Al-
leghanian orogen, requiring a new configuration
for the collisional margin of Gondwana (Shaw
et al., 2014), and (2) a new kinematic model
for the amalgamation of Pangea is required to
explain the necessary vertical axis rotations
and the large amounts of shortening. Previous
studies tried to solve these problems by invok-
ing Pangea-scale megashears or intra-orogenic
subduction zones (Martinez Catalan, 2011), for
which there is little evidence. In this paper, we
investigate the kinematics and geometry of the
puzzling Central Iberian bend and their implica-
tions for the formation of Pangea through paleo-
magnetic analysis.

BACKGROUND

The rocks in Iberia recorded a Cambrian rift
event that culminated in opening of the Rheic
ocean in the Early Ordovician, and the devel-
opment of a Paleozoic passive margin sequence

4 Literature
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Figure 1. A: The Iberian Peninsula showing the trace of the Variscan belt, including
the Cantabrian orocline and the alleged Central Iberian bend in the most extreme
interpretation by Shaw et al. (2012). B: Iberian Peninsula showing the strike of the
Variscan orogen with a single bend, the Cantabrian orocline. Stars are sampling
localities; triangles are localities from the literature.
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that is characteristic of northern Gondwana
(Murphy et al., 2006; Pastor-Galén et al., 2013;
Fernandez-Sudrez et al., 2014). During the Early
Devonian through Carboniferous, an oblique
collision between Gondwana and Laurussia
occurred, and rocks in the Iberian Massif were
deformed, metamorphosed, and intruded by
different magmatic pulses, including a ca. 310-
295 Ma postfolding pulse resulting from litho-
spheric delamination (Quesada, 2006; Braid et
al., 2011; Gutiérrez-Alonso et al., 2011a, 2011b,
and references therein).

The southern limb of the Central Iberian
bend is not as well exposed as the Cantabrian
orocline and Paleozoic rocks in the supposed
hinge are scarce and mainly hidden beneath
Mesozoic—Cenozoic basins. The rocks consist
of a dominantly clastic-marine sequence that
includes limestones and volcanics, which are
the best paleomagnetic targets. We sampled the
Tamames Limestone (Diez-Balda et al., 1995)
and Los Navalucillos Limestone formations
(Menéndez Carrasco, 2013), both composed of
alternating limestones and dolomitic carbonates
and deposited between 515 and 509 Ma. The
limestones show significant lateral facies and
thickness changes (from 120 to 600 m); they are
affected by, at most, very low grade metamor-
phism. The limestones crop out in the cores of
the homonymous synclines in the southern limb
of the Central Iberian bend (Fig. 1; Fig. DR1 in
the GSA Data Repository'). The volcanic rocks
crop out mainly in the Almadén synform in
southern Iberia (Fig. 1; Fig. DR1), and include
thin lava flows, tuffs, and abundant dikes and
sills. We have incorporated the previous paleo-
magnetic results from these volcanics into our
analyses (Fig. 2; Perroud et al., 1991; Parés and
Van der Voo, 1992).

PALEOMAGNETISM

We studied three localities (Fig. 1A), one in
the Tamames syncline (TAM, with 237 inde-
pendently oriented samples; Fig. 2; see the Data
Repository) and two in different areas of the Los
Navalucillos syncline (LN1, 22 samples, and
LN2, 34 samples, all of them independently ori-
ented; combined in Fig. 2). Sampling areas are
located to the south of the different interpreta-
tions of axial planes for the Central Iberian bend
(Aerden, 2004; Martinez-Catalan, 2011; Shaw
etal., 2012). All three localities allow a fold test.

We performed standard paleomagnetism
sampling, laboratory methods, and interpreta-
tion. Detailed locations of samples, methodol-
ogy, and a table with the results displayed in

!GSA Data Repository item 2015187, methods,
Figure DRI (accurate location), Figure DR2 (Zei-
jderveld diagrams), Figure DR3 (fold test), and Figure
DR4 (declination calculation), is available online at
www.geosociety.org/pubs/ft2015.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 2. Equal area projection of results obtained from the Tamames Limestone, Los
Navalucillos Limestone, and Almadén volcanics, showing the reference direction of
each outcrop for Moscovian and Asselian time (for further information, see the Data
Repository [see footnote 1]). Grayscale indicates how far or close the points are to the

Moscovian and Asselian declinations (Dec).

Figure 2 are provided in the Data Repository.
Characteristic remanent magnetization (ChRM)
showed consistently shallow inclinations in in
situ coordinates (Fig. 2). In contrast, paleomag-
netic declinations in all localities showed a va-
riety of orientations ranging from 78° to 185°,
in agreement with the behavior of the B compo-
nent in the Almadén volcanics (Fig. 2; Perroud
etal., 1991; Parés and Van der Voo, 1992). After
structural correction they become sensibly more
scattered and show a negative fold test (Fig.
DR3), indicating that the ChRM represents a
postfolding remagnetization event.

The characteristics of the ChRM, i.e., postfold-
ing shallow inclinations and absence of reversals,
constrain its acquisition to the reversed Kiaman
superchron (late Carboniferous to middle Perm-
ian). We can provide a more bracketed timing
because average inclinations shallow downward,
indicating that Iberia, then in equatorial lati-
tudes, was situated in the Southern Hemisphere.
Following Weil et al. (2010), Iberia crossed the
equator during the early Permian, constraining
the remagnetization to an interval between the
Moscovian and Asselian (315-297 Ma). The
widespread postfolding magmatic pulse seems
the best candidate for producing a large pervasive
remagnetization, constraining the remagnetiza-
tion event to the interval 310-297 Ma (Gutiérrez-
Alonso et al., 2011a).

SIGNIFICANCE AND TECTONIC
IMPLICATIONS

Considering the postfolding character of the
magnetization and its uniform inclination, the
observed dispersion of ~80° in declination (Fig.

2) can only be explained in terms of vertical axis
rotations. Remarkably, the dispersion is found in
all three limestone localities as well as the Al-
madén volcanics (Fig. 2; Fig. DR1; Parés and
Van der Voo, 1992). The only plausible explana-
tion is that the observed pervasive remagnetiza-
tion occurred coevally with a regional vertical
axis rotation. It is known that Iberia registers
no differential rotations since the early Perm-
ian (Welil et al., 2010); therefore, we calculated
a reference declination for each locality (~155°;
Fig. 2) based on the early Permian pole obtained
by Weil et al. (2010). Using this reference direc-
tion, we found that all 4 localities rotated coun-
terclockwise (Figs. 2 and 3) ~60° between 310
and 297 Ma.

These results are in agreement with the ro-
tations observed in the southern limb of the
Cantabrian orocline (Fig. 1C; Weil et al., 2013).
However, the inferred geometry of the Central
Iberian bend explicitly demands a clockwise ro-
tation to accommodate the S shape in its south-
ern limb, where the studied areas are located
(Fig. 1A). Consequently, we calculated the
idealized reference declination for each local-
ity in a pre-Cantabrian orocline formation stage,
assuming that the regional strike represents the
southern limb of the convex to the west Canta-
brian orocline, instead of the concave Central
Iberian bend (Fig. 2; see Fig. DR4). The ob-
served rotations confirm the correspondence of
the studied localities to the southern limb of the
Cantabrian orocline (Figs. 2 and 3). Kinemati-
cally, our results invalidate the formation of the
Central Iberian bend during the late Carbonifer-
ous—early Permian, in contrast to what was pro-
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Figure 3. Latest stages of the amalgamation of Pangea and Cantabrian orocline development, highlighted by a slightly curved, roughly lin-
ear orogen (following Quesada, 2006) in which paleomagnetic directions from the Cantabrian orocline (Weil et al., 2013) and this study are
shown. A change in the regional stress field, probably related to relative movement between Gondwana and Laurussia (see text) produced
the buckling of the orogen, producing a C shape, and the final amalgamation of Pangea.

posed by Martinez Cataldn (2011), Shaw et al.
(2012), and Weil et al. (2013).

Our results only permit the Central Iberian
bend, if it ever existed, to be an inherited fea-
ture formed in pre-Moscovian time. Examples
of plausible mechanisms capable of producing
a large-scale hairpin-bend are indentation of a
sharp and large rigid block during earlier col-
lision (e.g., Late Devonian or early Carbonifer-
ous) or precollisional rollback of a subducting
slab. Until now, no evidence for either of these
processes was found. We also argue that the
possibility of a primary bend of such magnitude
being an inherited irregularity in the continental
margin (e.g., a large embayment) is unlikely.

In addition to the kinematic constraints im-
posed on the Variscan belt evolution, our results
have important bearing on tectonic reconstruc-
tions of Pangea: they explicitly enlarge the size of
the Cantabrian orocline to a plate-scale orocline
that buckled around a vertical axis in ~10 m.y., re-
ferred to in the literature as the Ibero-Armorican
Arc (e.g., Aerden, 2004; Weil et al., 2010). Pro-
ducing such a feature requires a 90° change in the
regional stress field (Fig. 3) which has yet to be
included in global reconstructions of Pangea (e.g.,
Stampfli et al., 2013; Domeier and Torsvik, 2014).

PANGEA'’S SIMPLE TWIST OF FATE

The collision between Gondwana and Lau-
russia occurred diachronously along a west-
ward-younging trend (e.g., Hatcher, 2002; Weil
et al., 2013; Chopin et al., 2014). The initial
collision of Gondwana with Laurussia pro-
duced the Variscan belt of Europe in the Late
Devonian to mid-Carboniferous. In contrast, the
collision in the North American segment is not
recorded until the late Carboniferous (Hatcher,
2002). The initial collision generated a roughly
linear orogen in north and central Iberia (Weil et
al., 2013). However, our model permits a tenu-
ous bend concave to the west, as suggested by
Quesada (1991, 2006) and Braid et al. (2011),
and shown in Figure 3A (blue band). This fea-
ture was likely produced by irregularities in the
Gondwanan continental margin.

We suggest that, during Moscovian time (ca.
310 Ma), Gondwana began to rotate clockwise
relative to Laurussia, allowing the southern
continental margins to collide after closure of
the Rheic Ocean remnant, producing the Al-
leghanian orogen of North America (Fig. 3B;
Hatcher, 2002). The rotation of Gondwana,
accommodated by shortening on the western
side of Pangea (Alleghanian orogen), would
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have produced extension in its easternmost seg-
ment (Fig. 3B). Ultimately, this extension could
have been responsible for initiating the opening
of the Neo-Tethys Ocean (Fig. 3C) during the
Permian after the Cimmerian continent rifted
apart from Gondwana (Gutiérrez-Alonso et
al., 2008; Stampfli et al., 2013). This rotation
phase can also explain the late Carboniferous
dextral motion found throughout the Variscan—
Alleghanian orogen (Hatcher, 2002; Gutiérrez-
Alonso et al., 2015) and the late Carboniferous
lithospheric thickening and subsequent delami-
nation observed in the Variscides (Gutiérrez-
Alonso et al., 2011a; Pastor-Galan et al., 2012),
and is fully compatible with the widely ac-
cepted oblique collision between the irregular
continental margins of Gondwana and Laurus-
sia (e.g., Quesada, 2006; Braid et al., 2011)
Finally, we propose that such a rotation of
Gondwana produced a buttress effect to the
south of the Iberian Peninsula (Fig. 3B) that
would be responsible for the change in the stress
field of ~90° in the Variscan orogen, as recorded
in northwest Africa and the Iberian Peninsula
(Pastor-Galan et al., 2011; Chopin et al., 2014).
This change in the stress field resulted in the
formation of a single twist in the trend of the
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Variscan orogen, the Cantabrian orocline (Fig.
3C; Weil et al., 2013).
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