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Abstract: Dynamic content features, such as animations, videos or 3D representations are useful tools to explain
dynamic geological processes. Modern technologies permit development of animations that are more illustrative and
instructive than the classic static figures traditionally used in scientific papers. In addition, the use of supplemental
files in traditional journals, and especially within new electronic journals, permit inclusion of interactive content as an
analogue to the dynamic nature of geological processes. We present a collection of dynamic animations based on
previous data. These animations are used to deliver ideas about the kinematic and mechanical development of the
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on a regional and global-scale, and its implications for the modification of the lithosphere during orogeny.
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Introduction
The geological sciences have been connected with the

visual arts from their infancy as a discipline. Geological
studies use visual information to complement text in or-
der to convey complex ideas about solid Earth processes.
Until the mid-20th century, illustrations in scientific pa-
pers in the natural sciences consisted of sketches, line
drawings, or other art forms, such as watercolours or oil
paintings (Merriam, 2009). Critical observations such as
field relationships, which underpin many important geo-
logical interpretations, were presented in this fashion and
thus had an inherent subjectivity, or bias. Although a ge-
ologist's field notebook is still a collection of sketches
and drawings, in modern papers art work has been re-
placed by digital photographs and computer generated
figures. Nonetheless, even in modern papers, the vast ma-
jority of figures consist of static representations (sequen-
ces of discrete events) that do not accurately portray dy-
namic geological processes in time and space. However,
owing to the rapid development of computer animation
technologies, it is now possible to construct dynamic il-
lustrations in the form of animations, videos or 3D repre-
sentations that provide robust renditions of the dynamic
processes that have shaped the Earth’s evolution.

In this paper, we use animations to illustrate the de-
velopment of curved orogenic belts (in plan view) (e.g.
Marshak, 2004; van der Voo, 2004; Sussman and Weil,
2004; Weil and Sussman, 2004). The evolution of curved
orogens, which are a ubiquitous feature of recent and an-
cient mountain belts, has been debated since the 19th
century (Suess, 1885; Wegener, 1929; Wilson 1949;
Carey, 1955, 1958; Eldredge et al., 1985). Following the
kinematic classification of Weil and Sussman (2004),
which relies on Carey’s original definition (1955), arcu-
ate orogenic belts that formed by buckling of an original-
ly linear orogen about a vertical axis of rotation are clas-
sified as oroclines. Oroclines are amongst the largest geo-
logical structures on Earth and have formed from Arche-
an to recent times.

The Ibero-Armorican orocline (Fig. 1) is a curved oro-
genic system characterized by a 180° bend of the Varis-
can structural grain (Weil et al., 2001). It was referred to
as the "Asturian Knee" by Eduard Suess in the late 19th
century in “Das Antlitz der Erde (1885-1908)” (translated
into English in 1909). Suess recognized the bend in
northern Iberia of structures that are now attributed to the
Carboniferous collision between Laurussia and
Gondwana during Pangea amalgamation. Since Suess' in-
itial observations, the Ibero-Armorican orocline has been
the object of many studies (Brun and Burg, 1982; Dias
and Ribeiro, 1995), especially at its core (e.g. Julivert,
1971; Julivert and Arboleya, 1984, 1985; Pérez-Estaún et
al., 1988; Weil et al., 2000, 2002; Weil, 2006). The
aforementioned studies have attempted to decipher the
curved mountain belt kinematics, and a wealth of differ-
ent hypotheses, spanning the entire classification of Weil
and Sussman (2004), have been proposed: (1) a primary
arc inherited from a Neoproterozoic embayment (Lefort,
1979); (2) a progressive arc resulting from indentation of
a point-shaped block situated either in Gondwana (e.g.
Matte and Ribeiro, 1975; Brun and Burg, 1982; Dias and
Ribeiro, 1995) or in Avalonia (Simancas et al., 2009), (3)
an oblique collision producing a non-cylindrical orogen
(Martínez-Catalán, 1990), (4) a thin-skinned origin pro-
duced by a progressive change in the transport direction
of the thrust units similar to a photographic iris, (Pérez-
Estaún et al., 1988), and more recently (5) an orocline
formed by the rotation around a vertical axis of an origi-
nally linear orogen (Weil, 2006; Weil et al., 2000; 2010;
Gutiérrez-Alonso, 2004, 2008, Martínez-Catalán, 2011;
Gutiérrez-Alonso et al., 2012). The latter is the only pro-
posed mechanism that conforms to the definition of a true
orocline (Weil and Sussman, 2004).
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Figure 1. Ibero-Armorican orocline

Tectonostratigraphic location of the Ibero-Armorican orocline (after Weil et al. 2010, and Pastor-Galán, 2011) showing the
orocline trace and the main structures related to its formation.

The Ibero-Armorican orocline is a central component
of the Western European Variscan Belt, a complex conti-
nental-scale orogen (1000 km wide and 8000 km long;
Fig. 1) that formed through a series of protracted colli-
sional events extending from 420 to 300 Ma (e.g.,
Franke, 2006, Martínez Catalán et al., 2007 and referen-
ces therein). Variscan deformation represents the closing
of at least two, and possibly four, oceans between Lau-
rentia, Baltica, Gondwana, and several micro-continents
during the late Paleozoic amalgamation of the Pangea su-
percontinent (e.g., Van Staal et al., 1998; Martínez-Cata-
lán et al., 1997, 2007; Matte, 2001). The Ibero-Armori-
can orocline is characterized by arcuate structural trends
that trace an arc from Brittany across the Cantabrian Sea
into western Iberia, where it is truncated by the Cenozoic
Betics Alpine front in southern Spain. New interpreta-
tions, based on the ideas of du Toit (1937), consider the
Ibero-Armorican orocline as part of a coupled bend to-
gether with the southern Central-Iberian arc (Martínez-
Catalán, 2011; Shaw et al., 2012)

Ries and Shackleton (1976) divided the Ibero-Armori-
can orocline into three structural zones based on a tan-
gential-longitudinal strain model: the outer arc that un-
derwent extension, the inner arc that underwent compres-
sion, and a narrow (ca. 10 km wide) neutral zone charac-
terized by low strain. In their model, stretching parallel to
the outer arc increases away from the core (Ries and
Shackleton, 1976), whereas shortening in the inner arc
increases towards the core (Julivert and Marcos, 1973;
Pastor-Galán et al., 2012a). Outer arc extension was ac-
commodated by dextral strike-slip faulting in the upper
crust, and ductile elongation in the lower crust (Gutiér-
rez-Alonso et al., 2004). At the core of the Ibero-Armori-
can orocline is the Cantabrian Arc (Weil et al., 2001),
which consists of crust considered to have originated
along southern (Gondwanan) margin of the Rheic Ocean
during the Paleozoic (e.g., Martínez-Catalán, 2002; Ro-
bardet, 2003; Murphy et al., 2006).

In this paper we use compilations of data from recent
studies that constrain the timing, kinematics, lithospheric
geometry and the possible causes of oroclinal bending in
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the Ibero-Armorican orocline. These constraints are used
to develop a virtual tour of the orocline.

Geological Setting
Although heterogeneously deformed by the Late Pale-

ozoic Variscan Orogeny, northwestern Iberia exposes one
of the most complete sections of the Paleozoic northern
Gondwana passive margin. In this region, Paleozoic
rocks lie within the tightly curved Cantabrian Arc. If the
arc is restored to a pre-Variscan geometry (Weil et al.,
2001; Weil et al., 2010; Gutiérrez-Alonso et al., 2012),
the Iberian portion of the Gondwana continental platform
is shown to be extensive and positions northwest Iberia
adjacent to West Africa along the southern flank of the
Rheic Ocean throughout the Paleozoic (Robardet, 2002;
Robardet, 2003; Martínez Catalán et al., 2007; Nance et
al., 2010).

The Paleozoic rocks of the Iberian Massif are tradi-
tionally divided into zones based on differences in their
Lower Paleozoic sedimentary successions, which are in-
terpreted to reflect their relative proximity to the Gond-
wanan margin. From the ancient coastline seaward to-
wards the Gondwanan outer platform, five zones are
identified. The Cantabrian Zone (CZ) constitutes the
foreland fold and thrust belt. The CZ consists of a sedi-
mentary sequence of pre-orogenic, lower Paleozoic plat-
form sedimentary rocks that thin towards the core of the
arc. These pre-orogenic strata are covered by a Carbonif-
erous syn-orogenic sequence and a post-orogenic (Ste-
phanian) continental succession (Pastor-Galán et al.,
2011). Structurally, the CZ is characterized by thin-skin-
ned tectonics with a transport direction towards the core
of the arc (Pérez-Estaún et al., 1988). The basal thrust for
the whole imbricate system is imaged as a flat surface in
a deep seismic survey parallel to the axial trace of the
Cantabrian Arc (Pérez-Estún et al., 1994). Given the lack
of internal strain and metamorphism, and the presence of
a complete syn-orogenic sedimentary sequence in the
CZ, it is an ideal zone for combined paleomagnetic and
progressive deformation structural studies. The West As-
turian Leonese (WALZ), Central Iberian (CIZ) and Gali-
cia Tras-os-Montes (Schistose Domain) Zones, together
with the Ossa-Morena Zone of southern Iberia, preserve a
more outboard tectonostratigraphy (Julivert et al., 1972;
Quesada, 1990; Ribeiro et al., 1990; Perez Estaun et al.,
1991; Quesada, 1991; Martinez Catalan et al., 1997; Gu-
tiérrez-Marco, 1999; Marcos and Farias, 1999; Martínez

Catalán et al., 1999; Aramburu, 2002; Robardet, 2002;
Robardet, 2003; Robardet and Gutiérrez-Marco, 2004)
and constitute the orogenic hinterland. Boundaries be-
tween these zones are major Variscan thrust faults that
were, in some cases, reactivated by extension in the after-
math of the Variscan Orogeny (Martinez Catalan et al.,
1997; Martinez Catalan et al., 2003). Closure of the Rhe-
ic Ocean is recorded in northwest Iberia by deformation
attributable to the Laurussia–Gondwana collision, refer-
red to as the Variscan Orogeny, and by the emplacement
of ophiolite interpreted as oceanic remnants thrust out of
the Rheic suture between these continents.

The onset of continental collision began at ca. 365 Ma
(Dallmeyer et al., 1997) with initial subduction of the
Gondwana margin below Laurussia. Deformation of the
Gondwana passive margin succession migrated eastward
in space and time and was caused by Laurussia overrid-
ing Gondwana. Convergence initially produced recum-
bent folds (D1) that verge and migrate from the suture to-
wards the Cantabrian Arc. Continued shortening is
thought to have led to the extensional collapse (D2) of
the thickened orogenic hinterland (Viruete et al., 1994;
Arenas and Catalan, 2003; Pereira et al., 2009) at ca. 320
Ma (Martinez Catalan et al., 2009). Extensional collapse
within the hinterland was coeval with the development of
a non-metamorphic foreland fold-thrust belt within the
Cantabrian Zone (Perez Estaun et al., 1994). Immediately
following ocean closure, an abrupt change in the stress
field associated with Pangea amalgamation caused a dra-
matic 180° rotation of the Variscan Belt to produce the
Ibero-Armorican Orocline.

Virtual Tour
The virtual tour of the Ibero-Armorican orocline pre-

sented herein is based on five animations, four 3D virtual
reality representations and one film. These media types
were chosen to illustrate the kinematic history and the
mechanisms responsible for the arc’s development.

In this section we present two animations showing
how paleomagnetic data (animation 1) and joint patterns
(animation 2) have been used to constrain the timing of
orocline development. Animations 3 and 4 are dynamic
presentations of Late Carboniferous to Early Permian
post-orogenic Iberian magmatism and the distribution of
these intrusions within the developing orocline. Anima-
tion 5 shows an interpretation of the global-scale mecha-
nisms that drove formation of the Ibero-Armorican
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orocline, and which involves the evolution and geometry
of Pangea.

The virtual reality 3D video presents some of the re-
sults of analogue modelling experiments of oroclinal
buckling carried out in the Deformation laboratory of
Goethe University, Frankfurt (Germany). Video 1 is a
film that synthesizes our experimental results, and which
documents the evolution of our experiments

Kinematics and Timing
In this section two animations are presented that sum-

marize the two methods used to constrain the timing of
orocline development: paleomagnetic data (Animation 1)
and joint pattern development (Animation 2) performed
in the Cantabrian Arc, within the Cantabrian Zone (CZ).

The orocline model for the Ibero-Armorican arc relies
on a wealth of paleomagnetic (e.g. Parés et al., 1994;
Weil et al., 2000, 2001, 2010; Weil, 2006) and structural
data (e.g. Julivert and Marcos, 1973; Alonso et al., 2009;
Pastor-Galán et al., 2011; 2012a). It is characterized by
early longitudinal thrust and folds generated by east-west
shortening (in present coordinates) subsequently folded
by a north-south shortening (e.g. Julivert and Marcos,
1973; Pastor-Galán et al., 2012a). Based on paleomag-
netic (van der Voo et al., 1997; Weil et al., 2000, 2001;
2010; Weil, 2006) and geological constraints (Pastor-
Galán et al., 2011; Gutiérrez-Alonso et al., 2012), it is in-
ferred that the orocline developed during a period of ~10
Ma in the uppermost Carboniferous (from 310 to 300
Ma). The orocline formation produced a N-S shortening
that buckled the Variscan chain, a N-S directed thrust
emplacement in the Cantabrian Arc (Merino-Tome et al.,
2009) and the reactivation of major structures like the
Leon Fault (Alonso et al., 2009).

Palaeomagnetic data (Animation 1) constrain the kin-
ematics and timing of orocline formation. Rocks of the
northern Gondwana foreland of the Variscan Belt in the
Cantabrian Arc were remagnetized during and after early
Variscan imbricate thrusting, yielding two syn-tectonic
magnetizations. These magnetizations define two linea-
tions that can be used to reconstruct the geometry of the
arc at various times during its evolution (C and B mag-
netizations, Bashkirian and Moskovian in Animation 1;
Hirt et al., 1992; Parés et al., 1994; Stewart, 1995a; Van
der Voo et al., 1997; Weil et al., 2000, 2001). Uncon-
formably overlying Early Permian continental strata
along both limbs of the orocline preserve a primary

magnetization that records no vertical-axis rotation, thus
constraining the timing of vertical-axis rotations (eP
magnetization, Permian in Animation 1; Weil et al.,
2010).

Figure - Animation 1. 

Interpretation of magnetic lineation acquisition pri-
or to oroclinal buckling, and the subsequent clock-
wise rotation of the orocline's northern limb, and
counter-clockwise rotation of its southern limb. The
animation highlights the post-buckling Permian re-
magnetization showing no more vertical axis rotation
and constraining the timing of oroclinal buckling. The
constraints suggest that the orocline post-dates the
acquisition of the syn-tectonic remagnetization of
thrust imbricated strata at about 315 to 310 Ma, and
predates deposition of the unconformably overlying
Early Permian strata at about 299 Ma.

Animation 1 shows an interpretation of magnetic linea-
tion acquisition prior to oroclinal buckling, and the sub-
sequent clockwise rotation of the orocline’s northern
limb, and counter-clockwise rotation of its southern limb.
The animation highlights the post-buckling Permian re-
magnetization. The paleomagnetic constraints suggest
that the orocline post-dates the acquisition of the syn-tec-
tonic remagnetization of thrust imbricated strata at about
315 to 310 Ma, and predates deposition of the uncon-
formably overlying Early Permian strata at ~299 Ma.

Joint sets (Animation 2) in the Cantabrian Arc Ibero-
Armorican orocline are developed in strata that span the
duration of Variscan orogenesis, including orocline for-
mation (Pastor-Galán et al., 2011; Gutiérrez-Alonso et
al., 2012). Joints in structurally imbricated strata that are
continuously exposed around the orocline are related to
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thrust formation and oroclinal buckling (Moskovian in
Animation 2; Pastor-Galán et al., 2011). Syn-orogenic
strata constrain thrust fault formation to have occurred by
ca. 315-310 Ma (e.g., Alonso, 1987; Keller et al., 2007;
Merino-Tomé et al., 2009). Two orthogonal joint sets are
identified, one parallel to, and one normal to arc-parallel
thrust traces and the axes of thrust-related fault-bend
folds. The joint sets systematically trace the curvature of
the arc, changing orientation with regional strike around
the orocline (Moskovian to Permian in Animation 2). Up-
per Pennsylvanian strata, deposited in continental basins,
unconformably overlie the older, thrust imbricated strata
(Kasimovian, 306 Ma in Animation 2). These strata have
a younger orthogonal joint set that, when traced around
the orocline, displaying a change in strike that defines
about 60% of total arc curvature (Kasimovian to Permian
in Animation 2). These sedimentary rocks are interpreted
to have been deposited, and their joint sets developed,
during orocline formation (Pastor-Galán al., 2011). Final-
ly, joint sets in Early Permian strata that unconformably
overlie the bent Variscan structures have joint sets that
show no systematic change in orientation around the
trace of the Cantabrian Arc, and are interpreted to post-
date orocline formation (Permian, <299 Ma in Animation
2). Hence, these pre-, syn- and post-orocline sedimentary
sequences and their joint sets indicate that the Cantabrian
Arc formed after 315 Ma but prior to the Early Permian
(pre- 299 Ma). This time frame is consistent with Upper
Pennsylvanian strata (307 to 299 Ma) having been depos-
ited during orocline formation.

Figure - Animation 2. 

Interpretation of the formation of joint sets in the Can-
tabrian Arc. In pre-oroclinal buckling rocks, two or-
thogonal joint sets that traces the curvature of the arc
are identified, one parallel to, and one normal to arc-
parallel thrust traces and the axes of thrust-related
fault-bend folds (Moskovian). Syn-orogenic strata
constrain thrust fault formation to have occurred by
ca. 315 - 310 Ma (e.g., Alonso, 1987; Keller et al.,
2007; Merino-Tomé et al., 2009). Syn-orocline rocks
(Upper Pennsylvanian strata, Kasimovian, 306Ma)
have a younger orthogonal joint set that, when traced
around the orocline, display a change in strike that
defines about 60% of total arc curvature (Kasimovian
to Permian). Finally, joint sets in Early Permian strata
that unconformably overlie the bent Variscan struc-
tures have joint sets that show no systematic change
in orientation around the trace of the Cantabrian Arc
(Permian, <299Ma in Animation 2).

Lithospheric Response
Do oroclines evolve as thick-skinned, lithospheric-

scale structures, or, are they thin-skinned features that
terminate along crustal detachments? This fundamental
question relates to the three dimensional geometry of
oroclines and is one of the most challenging in under-
standing orocline development. Key insights are provided
by comparing crustal and lithospheric mantle responses
to orocline development. Significant syn-oroclinal mag-
matism is interpreted to reflect a lower-crustal and litho-
spheric mantle response to thick-skinned buckling (Gu-
tiérrez-Alonso et al., 2004, 2011a, 2011b, 2012). Synoro-
genic Variscan granitoid magmatism (345-315 Ma) ac-
companied the building and collapse of the Variscan oro-
genic belt (Fernández-Suárez et al., 2000). Post-orogenic
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magmatism comprises intrusive and volcanic rocks em-
placed between 310 and 285 Ma, and which are penecon-
temporaneous with, and slightly post-date, oroclinal
buckling (Animation 3; Gutiérrez-Alonso et al. 2011b).
The post-orogenic magmatic record consists of mantle-
and crustal-derived melts that show systematic changes
in age, spatial distribution, geochemistry and petrology,
and includes voluminous foreland magmatism in the
Ibero-Armorican oroclineCantabrian Arc (Gutiérrez-
Alonso et al., 2011b). Furthermore, the topographic re-
sponse to this thermal event is recorded in the prove-
nance and distribution of the Stephanian and Permian
strata, and has been investigated through numerical mod-
elling (Muñoz-Quijano and Gutiérrez-Alonso, 2007).

Animation 3 presents a thick-skinned interpretation of
the Ibero-Armorican orocline, and illustrates the em-
placement sequence of post-orogenic granitoids. Magma-
tism began in the orogenic hinterland with the intrusion
of mantle-derived mafic melts from 310 to 305 Ma (Mos-
kovian to Kasimovian in Animation 3). The early intru-
ded mafic plutons in the hinterland are interpreted to re-
sult from decompressive mantle melting in the extending
outer arc of the developing orocline. Thinning of the
mantle lithosphere, and the resulting asthenospheric rise,
would have elevated the geothermal gradient (see cross-
section in the left side of Animation 3), which explains
the subsequent melting of middle-upper crustal rocks, re-
sulting in the intrusion of felsic magmas in the outer arc
of the orocline between 305 and 295 Ma (Fernández-
Suárez et al., 2000, Gutiérrez-Alonso et al., 2011b) (Ka-
simovian to Permian in Animation 3). A different (albeit
intimately related) magmatic history characterizes the in-
ner arc of the orocline, where magmatism did not begin
until 300 Ma, and did not end until 285 Ma. Magmatism
in the inner arc (i.e. the foreland) began with the intru-
sion of mafic rocks and granitoids as well as widespread
bimodal volcanism that continued until 292 Ma. This
phase of magmatism was followed by felsic, crustal-de-
rived leucogranite magmatism that continued for another
7 Ma (Gutiérrez-Alonso et al., 2011b). The delayed onset

of magmatism in the foreland is interpreted to reflect ini-
tial thickening of the lithospheric mantle in the Cantabri-
an Arc, forming an orogenic root that subsequently be-
came gravitationally unstable. Delamination of the unsta-
ble root resulted in upwelling of hot asthenospheric man-
tle beneath the foreland, which explains the mantle-de-
rived mafic magmatism and crustal melting (see cross-
section in the left side of Animation 3).

Figure - Animation 3. 

Thick-skinned interpretation of the Ibero-Armorican
orocline illustrating the emplacement sequence of
post-Variscan granitoids. Map-view in the right side
display the timing of orocline formation and emplace-
ment of granitoids while cross-section at the left side
show the evolution of the lithosphere in depth. Thin-
ning of the mantle lithosphere produce astenospheric
upwelling resulting in the intrusion of mantle-derived
mafic melts from 310 to 305 Ma (Moskovian to Kasi-
movian). This process elevated the thermal gradient
explaining the subsequent melting of middle-upper
crustal between 305 and 295 Ma (Kasimovian to Per-
mian). On the other hand, initial thickening of the litho-
spheric mantle in the Cantabrian Arc, forming an oro-
genic root that subsequently became gravitationally
unstable producing delamintion that resulted in up-
welling of hot asthenospheric mantle beneath the
foreland explain the magmatism in the inner arc of the
orocline. This magmatism began with the intrusion of
mafic rocks and granitoids from 300Ma. to 292Ma.
This phase of magmatism was followed by crustal-de-
rived magmatism from 292Ma to 285Ma.

Sm/Nd isotope systematics of mantle-derived rocks
provide further evidence of mantle lithosphere involve-
ment during orocline development (Gutiérrez-Alonso et
al., 2011a; Ducea, 2011). Pre-oroclinal mantle-derived
volcanic rocks indicate that the mantle lithosphere in NW
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Iberia was emplaced, or metasomatized, at ca. 1.0 Ga
while post-oroclinal mantle-derived magmatic rocks
yield neodymium model ages (TDM) of ca. 0.3 Ga (Ani-
mation 4). This contrasting signature indicates that oro-
cline formation was coeval with removal of an older
mantle lithosphere that was replaced by a new, juvenile
mantle lithosphere. The syn-orocline mantle-derived
melts were contaminated by crustal sources during oro-
cline formation, and yield model ages that span the infer-
red age of the underlying pre-Variscan lithosphere and
the new lithospheric mantle (Animation 4) (Gutiérrez-
Alonso et al., 2011a).

Animation 4 is a synthesis of the geochemical evolu-
tion of the pre-, syn- and post-orocline mantle-derived
rocks and shows our interpretation of their formation. For
clarity, the animation has been slightly modified from the
figure from Gutiérrez-Alonso et al. (2011a) removing the
plume related CAMP magmatic rocks.

Structural, paleomagnetic, geochronologic and geo-
chemical data constrain mantle replacement and orocline
formation to have been coeval, and is consistent with in-
terpretation of the two processes as being genetically
linked. We conclude that buckling of the Ibero-Armori-
can orocline involved the whole lithosphere (Gutiérrez-
Alonso et al., 2004).

Figure - Animation 4. 

Synthesis of the geochemical evolution of the pre-,
syn- and post-orocline mantle-derived rocks. Pre-oro-
clinal mantle-derived volcanic rocks indicate that the
mantle lithosphere in NW Iberia was emplaced at ca.
1.0 Ga while post-oroclinal mantle-derived magmatic
rocks yield neodymium model ages (TDM) of ca. 0.3
Ga. This contrasting signature indicates that orocline
formation was coeval with removal of an older mantle

lithosphere that was replaced by a new, juvenile man-
tle lithosphere.

Analogue Modelling
Thermo-mechanical analogue modelling provides in-

sight into the feasibility of oroclines being lithospheric.
We modelled lithospheric-scale buckling about a verti-
cal-axis of rotation using plasticines with known con-
trasting rheological properties that were scaled to the me-
chanical properties of the crust, mantle lithosphere and
the sub-lithospheric mantle (Pastor-Galán et al., 2012b).
A synthesis of the scaling parameters is shown in Table
1.

Table 1. Scaling parameters used in the modeling
experiments

  Lower-
crust

Litho-
spheric-
mantle

Astheno-
sphere

ρ (kg/m3) Experi-
ment

1250 1400 1250

 Nature 3100 3360 3100

 Scaling
factor

0.4 0.41 0.4

ηeff (Pa·s) Experi-
ment

12900 57300 590

 Nature 1.13x1021 5x1021 5.15x1019

 Scaling
factor

1.146x10-

17
1.146x10-

17
1.146x10-

17

n Experi-
ment

7.8 4.37 3.41

 Nature From 4 to
8

From 2 to
5

From 2 to
5

The modelling apparatus has a thermo-copper plate
connected to an oven capable of imparting a vertical ther-
mal gradient during experimental runs (Video 1). This
thermal gradient allowed significant rheological change
through time as Ibero-Armorican orocline is inferred to
have happened during the formation of the Ibero-Armori-
can orocline. After buckling, the models were imaged us-
ing three-dimensional computer tomography (CT) using
a 0.5 mm slice window and 0.5 mm slice depth, which
rendered optimal resolution for the plasticines used in the
experiments (3D images and Video 1).
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The experimental set-up consisted of a 30x12x8 cm
elongate model block (crust and lithospheric mantle and
its underlying asthenospheric mantle), which was short-
ened into a buckle fold about a vertical axis (two exam-
ples view from a zenith camera shown in Video 1). Mul-
tiple experimental set-ups were used with variable strain
rates and lithospheric thicknesses. Experimental runs
were performed under a constant temperature profile de-
signed to maintain a stable viscosity contrast between the
different layers. Model results indicate that, regardless of
layer thicknesses used, or the strain rate employed during
oroclinal buckling, the mantle lithosphere thickened be-
neath the orocline core, and thinned around the orocline
outer arc. Thinning in the outer arc was accommodated
by radial tension fractures, features that have not been
observed in Iberia. Thickening in the inner arc was de-
pendent upon initial lithosphere thickness. Thick mantle
lithosphere further thickened through the formation of a
tight, steeply plunging conical fold, whereas thin mantle-
lithosphere thickened through formation of recumbent
conical nappes (see 3D representations and Video 1). Al-
though there are differences in detail, the first-order litho-
spheric-scale processes inferred to have taken place dur-
ing the generation of the Ibero-Armorican orocline are
well reproduced in the analogue experiments.

Virtual reality 3D representations were obtained using
Computed Tomography (CT) analysis and show the mor-
phology of the mantle lithosphere within the model.
These 3D images were built in .pdf files and require Ac-
robat 9 or higher to view. Video 1 is a compendium film
containing the development as well as the CT results of
some of the experiments and the interpretation of the re-
sults.

Figure video. 

Experimental set-up, developing and results of the an-
alogue experiments. Results are 3D films obtained

from the CT scanning of the samples. These results
show the differences in lithospheric morphologies ob-
tained. Click to download video (30MB, mp4 format).

3D representations
Three CT 3D representations built in .pdf files are

presented. Feel free to move and observe the morpholo-
gies of the lithosphere obtained in the analogue modeling
experiments.

• Click to view first PDF
• Click to view second PDF
• Click to view third PDF

What caused the Ibero Amorican Orocline?
Available structural, geological, geochemical and geo-

physical data are consistent with the Ibero-Armorican
orocline developing by buckling of an originally linear
orogen (Weil et al. 2000, 2001, 2010; Gutiérrez-Alonso
et al., 2004, 2008, 2011a,b, Martinez-Catalan, 2011). Ibe-
ria was positioned close to the center of the Pangea su-
percontinent during orocline formation. The eastern mar-
gin of the supercontinent was characterized by a west-
ward-tapering Paleo-Tethys oceanic embayment which
apex was Iberia (first image in Animation 5). The Paleo-
Tethys is inferred to have been characterized by an E-W
trending mid-ocean ridge, a north-dipping subduction
zone along its northern margin that descended beneath
the Laurasian portion of Pangea, and a passive southern
margin on the Gondwanan portion of Pangea. This palae-
ogeography (first image in Animation 5) is the basis for a
potential explanation for orocline formation. Subduction
of the mid-ocean ridge beneath the Laurasian margin of
Pangea, would have resulted in “self-subduction” (Gu-
tiérrez-Alonso et al., 2008). After ridge subduction, oce-
anic lithosphere subducting beneath Laurasia would have
been part of the Pangean plate, being attached to the op-
posing Gondwana passive margin of Pangea (Animation
5, 310 to 299 Ma). Because of the continuity of the oce-
anic lithosphere with the Gondwanan passive margin,
slab pull due to northward subduction beneath the Laura-
sian margin of the Paleo-Tethys would have been trans-
mitted into continental Pangea, resulting in a profound
change in the Pangea stress regime (Animation 5, 310 to
299 Ma). The self-subduction strain would have been
characterized by shortening and contraction within the in-
ner region of Pangea that surrounded the western end of
the Paleo-Tethys, and concomitant extension around the
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Pangea periphery. In Animation 5, we suggest that the
contraction within the inner tract of the Pangea super-
plate gave rise to the Ibero-Armorican orocline, explain-
ing the lithospheric delamination, mantle replacement
and the ensuing magmatic activity. In contrast, Late Pale-
ozoic radial rift basins characterize the periphery of
northern Pangea, supporting the idea of widespread ex-
tension around the edges of the superplate. Slab pull sub-
sequently resulted in failure of the continental lithosphere
along the northern Gondwana passive margin, creating a
rift basin south of and parallel to the southern Tethys
margin (Animation 5, 299 to 270 Ma). Self-subduction
ended with the formation of the Neotethys mid-ocean
ridge, which detached continental Pangea from the sub-
ducting slab (see cross-section in Animation 5). This fi-
nal stage is likely recorded in the widespread Permian-
Carboniferous unconformity in the continental basins of
Europe.

Figure - Animation 5. 

Schematic animation showing a simplified Pangea re-
construction and schematic lithospheric cross-sec-
tions through Paleo- and Neothethys oceans from
320Ma. to 270Ma. The animations shows the mecha-
nism proposed for the formation of the Ibero-Armori-
can orocline: the self-subduction of Pangean global

plate. The animation stops twice: at 310 Myr ago, at
the starting of the orocline formation; at 299 Myr ago,
when the orocline is finished.

Conclusions
Available structural, geochemical and geophysical da-

ta from Iberia are consistent with a model of oroclinal
bending at the lithospheric-scale of an originally near-
linear convergent margin during the last stages of Varis-
can deformation in the late Paleozoic. Closure of the
Rheic Ocean resulted in E-W shortening (in present-day
coordinates) in the Carboniferous, producing a near line-
ar N-S trending, east verging orogenic belt. Subsequent
N-S shortening near the Carboniferous-Permian boun-
dary resulted in complex oroclinal bending involving the
whole lithosphere, highlighted by the formation of the
Ibero-Armorican orocline.

Dynamic content is useful in illustrating complex geo-
logical processes like the formation of the Iberian-Ar-
morican Orocline, which involved numerous different
processes at different scales. Rigorously developed vid-
eos, animations, and 3D representations allow for more
accurate models explaining the related geological pro-
cesses. Dynamic content is a powerful development that
facilitates the dissemination of science, not only in con-
ferences and meetings but also in electronic journals.
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