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ABSTRACT

We report on a series of analogue modeling 
experiments that study the oroclinal buckling 
process as a thick-skinned process involving 
the entire lithosphere. The results obtained in 
the experiments suggest that, during oroclinal 
buckling, extension in the outer arc and sig nifi -
cant shortening in the inner arc are produced 
by tangential longitudinal strain as the main 
mechanism of deformation. The models also 
reveal that the mantle lithosphere thickens in 
different noncylindrical ways depending on 
the initial lithospheric mantle thickness: from 
almost recumbent to folding with subvertical 
axial planes for the thinnest to the thickest 
mantle lithosphere, respectively. The results 
provide useful insights into thick-skinned 
orocline buckling as it is interpreted to have 
happened in the Iberian-Armorican Arc.

INTRODUCTION

Although the concept of plate tectonics revo-
lutionized the understanding of regional crustal 
processes, the behavior of the mantle lithosphere 
during plate-margin interaction is still poorly 
understood. Most of our recent understanding of 
the dynamics of the mantle lithosphere during 
tectonic processes has been obtained from geo-
physical studies (e.g., Karato and Wu, 1993) and 
by analogue modeling (e.g., Davy and Cobbold, 
1991). In addition, orogenic processes at litho-
spheric scale have been analyzed by numerical 
modeling (e.g., Houseman et al., 1981; Schott 
and Schmeling, 1998; Arnold et al., 2001; 
Beaumont et al., 2001; Morency et al., 2002; 
Moresi et al., 2002; Pysklywec et al., 2002, 
2006; Morency and Doin, 2004). Although the 
numerical models yield interesting results and 
have provided impressive insights into litho-
spheric mantle dynamics, especially in subduc-

tion-related environments, they have not, as yet, 
produced accurate and robust three-dimensional 
(3-D) numerical approximations of the complex 
processes affecting the whole lithosphere.

Analogue modeling, on the other hand, is a 
powerful technique that can be used to study 
geological processes in 3-D (e.g., Ghosh et al., 
1995; Zulauf et al., 2003, 2011a, 2011b; Zulauf  
and Zulauf, 2005; Dietl and Koyi, 2011) if the 
models are properly scaled (Hubbert, 1937; 
Weijermars and Schmeling, 1986). These models  
can be used to study tectonic processes from 
micro- to lithospheric scale (e.g., Autin et al., 
2010; Fernández-Lozano et al., 2011).

Orogens extend hundreds to thousands of 
kilometers across Earth’s surface, and although 
many are approximately linear in plan, most 
are curved or bent when observed in map view. 
Many bends are signifi cant defl ections, both in 
terms of scale and magnitude. The western part 
of the Variscan orogen of Europe, for example, 
is characterized by a 180° hairpin bend that af-
fects a 500-km-wide mountain system in Iberia 
and France, as previously recognized in the late 
nineteenth century by Suess (1885). Recent 
paleomagnetic data indicate that this mountain 
system originated as an approximately linear 
belt (Weil et al., 2000, 2001, 2010), and hence 
it is an orocline. The origin of this orocline has 
been the subject of debate for decades. This bend 
of the Variscan mountain system, formed in the 
Pennsylvanian, is temporally associated with a 
pervasive thermal and magmatic event that af-
fected large parts of central Pangea (Gutiérrez-
Alonso et al., 2004). Modern bends are equally 
impressive and are potentially of equivalent 
geological signifi cance. Some of the greatest 
topographic reliefs on Earth are associated with 
the still-evolving tight bends (called syntaxes) 
that adorn, for example, the eastern and western 
terminations of the Himalayas (Burg and Pod-
ladchikov, 2000) or the Cape fold belt in South 
Africa (e.g., Johnston, 2000). These syntaxes 
are characterized by elevated heat fl ow and are 

the sites of exhumation of large tracts of lower 
crust (Zeitler et al., 2001). Likewise, Earth’s 
second largest and highest plateau, the Altiplano 
of South America, reached its present elevation 
during formation of the great Bolivian bend of 
the Andes (Allmendinger et al., 1997; Isacks, 
1988; Maffi one et al., 2009).

Analogue modeling has been previously per-
formed to understand mechanisms leading to 
curved orogens in several possible scenarios. One 
of the most common models invoked to produce 
curved orogens is the collision of a rigid indentor 
(microplate) with a continental margin, the latter 
of which shows a linear structural grain. This sce-
nario has been frequently modeled using  simple 
rock analogues (e.g., Tapponnier et al., 1982; 
Marshak, 1988; Davy and Cobbold, 1988; Keep, 
2000). Other mechanisms propose orogenic cur-
vature to be the result of nonparallel thin-skinned 
transport at uppermost crustal levels. The ap-
proaches used to support such a scenario include: 
(1) the modeling of the curvature of the Can-
tabrian zone in NW Iberia  (Julivert and Arboleya, 
1984, 1986); (2) the tracking of thicknesses of the 
different layers in a foreland fold-and-thrust belt 
and their relationships to the initiation of thrusts 
and the possibility of curved resultant geometries 
(Marshak and Wilkerson, 1992); and (3) the re-
lationships between curved fold-and-thrust belts 
and previous topography (Marques et al., 2002). 
However, to the best of our knowledge, there 
have been no attempts to model lithospheric-
scale true oroclines developed from an initially 
linear orogenic architecture, with the exception 
of the classic indentor models (e.g., Tapponnier 
et al., 1982) used to explain the sinuous trend of 
the Himalayan belt.

There are different rock analogues that can be 
used to model deformation at crustal and litho-
spheric scales. Granular materials, such as sand 
or glass beads, are effective in modeling the 
upper crust, where the strength of quartzofeld-
spathic rocks is largely controlled by confi n-
ing pressure (e.g., Malavieille, 2010). Viscous 
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rock analogues, on the other hand, are used to 
model deformation at deeper structural levels, 
where the strength is controlled by temperature 
and strain rate. Plasticine can be used to model 
power-law creep of rocks undergoing disloca-
tion creep (Zulauf and Zulauf, 2004).

In the present study, we used plasticine as 
rock analogue in a thermally controlled model-
ing apparatus, in order to model the lithospheric-
scale effects of buckling around a vertical axis 
and the generation of lithospheric-scale oro-
clines. The results obtained are compared with 
the models  recently proposed for the evolution 
of the Iberian-Armorican Arc (Brun and Burg, 
1982; Gutiérrez-Alonso et al., 2004, 2011a, 
2011b; Weil et al., 2010).

GEOLOGICAL BACKGROUND

Oroclines were fi rstly described by Carey 
(1955, p. 257) as “an orogenic system that has 
been fl exed in plan to a horse-shoe or elbow 
shape.” In its fi rst defi nition, Carey used the 
word orocline in reference to originally linear 
orogens that had been bent during a subsequent 
deformation event. The term orocline was, how-
ever, commonly used in the literature as a geo-
metric term for any orogenic curvature, because 
of the diffi culties in constraining the deforma-
tion phases and consequently in determining if 
the orogen had originally been linear (Eldredge 
et al., 1985). Weil and Sussman (2004) pro-
posed a classifi cation for curved orogens based 
on kinematics, in contrast to other traditional 
classifi cations, which are largely based on the 

relationship and geometry of displacement and 
strain trajectories (e.g., Ries and Shackleton, 
1976; Marshak, 1988; Ferrill and Groshong, 
1993). This classifi cation proposes three kine-
matic categories of curved orogens: (1) Primary 
arcs are initially curved belts that have not under-
gone subsequent rotation around a vertical axis; 
(2) progressive arcs are belts that have increased 
their curvature from an original curved shape 
during their formation; and (3) oroclines are 
purely secondary curved orogens, i.e., they ac-
quired a curved shape from an initially linear, or 
almost linear, structural grain.

Constraining the kinematics of curved oro-
gens is not a simple task. Paleomagnetic studies 
have long been used for unraveling vertical-
axis rotations (e.g., Irving and Opdyke, 1965; 
Grubbs and Van der Voo, 1976; Eldredge et al., 
1985; Butler et al., 1995; Weil et al., 2000, 
2010), but as discussed by Gray and Stamatakos  
(1997), the interpretation of paleomagnetic data 
in complex curved orogenic belts is not straight-
forward. This diffi culty in interpreting the paleo-
mag netic data arises from the fact that it is not 
always possible to know the relative timing of 
magnetization acquisition (MacDonald, 1980; 
Stewart, 1995; Weil and Van der Voo, 2002), in 
which case detailed structural analysis is a help-
ful alternative tool with which to estimate rota-
tions and to investigate the kinematics of curved 
orogens. For example, orientation of calcite 
twins (Kollmeier et al., 2000), strain analysis 
(Ries and Shackleton, 1976; Yonkee and Weil, 
2010), anisotropy of magnetic susceptibility 
(Weil and Yonkee, 2009), and joint analysis 

(Engelder and Geiser, 1980; Pastor-Galán et al., 
2011) have been used to constrain the kinematic 
evolution of curved orogens where paleomag-
netic data are inconclusive.

Furthermore, the kinematic classifi cation of 
curved orogens does not consider the mecha-
nisms causing the curvatures. These mechanisms 
might include: (1) initial confi guration of the 
sedimentary basin (e.g., Allmendinger et al., 
1990; Mitra, 1997), (2) changes in strength 
along detachments horizons (Marshak, 2004), 
(3) buttress effects (Lash, 1988; Paulsen and 
Marshak, 1999), (4) indentor tectonics (Treloar  
and Coward, 1991; Jacobs and Thomas, 2004; 
Ribeiro et al., 2007), (5) wrench faulting (Law-
rence et al., 1981; Cunningham, 1993), (6) lat-
eral variations in lithospheric strength across 
mountain belts (Willingshofer and Sokoutis, 
2009), and (7) buckling mountain belts and 
ribbon continents (Johnston, 2001; Gutiérrez-
Alonso et al., 2004).

The Iberian-Armorican Arc of western Europe 
(Bard et al., 1968; Ribeiro et al., 1995) is one 
of the most striking curved orogenic systems 
on Earth, tracing a bend of 180° in the Variscan 
structural grain (Weil et al., 2001) (Fig. 1). The 
Iberian-Armorican Arc is situated within the 
western European Variscan belt, which resulted 
from Devonian–Carboniferous collision among 
Gondwana, Laurentia, and several microplates 
(e.g., Martínez-Catalán et al., 1997, 2007, 2009; 
Matte, 2001). The impressive geometry of the 
Iberian-Armorican Arc was fi rst recognized by 
Suess (1885) and has been the object of many 
studies (Brun and Burg, 1982; Dias and Ribeiro, 

North Gondwana foreland
fold-and-thrust belt
Fold-and-thrust
metamorphic belt
Gondwanan autochthon with
Cambro-Ordovician magmatism
Gondwanan autochthon with
strong Cadomian imprint
Allochthonous units including
ophiolites and HP rocks
South Laurentia foreland fold-
and-thrust belt

Dextral shear zones

Sinistral shear zones
Major faults
South West European Variscan limits

Figure 1. Tectonostratigraphic 
location of the Iberian-Armori-
can Arc (after Weil et al., 2010; 
Pastor-Galán et al., 2011) show-
ing the Iberian-Armorican Arc 
trace and the main structures 
related to its formation.
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1995), especially at its core (e.g., Julivert, 1971; 
Julivert and Arboleya, 1984, 1986; Pérez-Estaún 
et al., 1988; Weil et al., 2000, 2001; Weil, 2006). 
The aforementioned studies have attempted to 
decipher the curved mountain belt kinematics, 
and a wealth of different hypotheses, spanning 
the entire classifi cation of Weil and Sussman 
(2004), has been proposed: (1) a primary arc 
inherited from a Neoproterozoic embayment 
(Lefort , 1979); (2) a progressive arc result-
ing 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 produced by a pro-
gressive change in the transport direction of the 
thrust units similar to a photographic iris (Pérez-
Estaún et al., 1988); and more recently (5) a true 
orocline formed by the rotation around a vertical 
axis of an originally linear orogen (Weil, 2006; 
Weil et al., 2000, 2010; Gutiérrez-Alonso et al., 
2004, 2008). The last hypothesis is the one that 
we investigate in the present work.

Gutiérrez-Alonso et al. (2004) proposed a 
thick-skinned kinematic model for the Iberian-
Armorican Arc that integrates structural, geo-
chronological, geochemical, magmatic, and 
paleomagnetic data. This model invokes E-W 
shortening (in present-day coordinates) (i.e., 
Pérez-Estaún et al., 1991) that produced the 
initially linear or almost linear Variscan oro-
gen. Subsequent N-S shortening (e.g., Julivert 
and Marcos, 1973; Weil et al., 2001, 2010; 
Merino-Tome et al., 2009) led to lithospheric-
scale rotation of the orogen limbs. Buckling 
was accommodated by local and regional thrust 
rotation and conical folding of the thrust units 
around E-W axes that produced interference 
folds in the inner arc when superposed on lon-
gitudinal N-S–trending structures (Julivert and 
Marcos, 1973; Julivert and Arboleya, 1984; 
 Álvarez-Marron and Pérez-Estaún, 1988) and 
the development of crustal-scale shear zones in 
the outer arc (Gutiérrez-Alonso et al., 2010). At 
a lithospheric scale, the model infers mantle lith-
osphere thinning below the outer arc and thick-
ening beneath the inner arc based on a tangential 
longitudinal strain distribution for buckling 
(Ries and Shackleton, 1976; Gutiérrez-Alonso 
et al., 2004). Since this thickened lithospheric 
root is not observed in deep seismic sections 
(Pérez-Estaún et al., 1994), lithosphere thicken-
ing beneath the inner arc might have resulted in 
a gravitational instability, causing oroclinal de-
velopment to be followed by mantle lithosphere 
removal from the lower crust (Gutiérrez-Alonso 
et al., 2004). Mantle lithosphere removal would 
have led to upwelling of the asthenosphere, with 

the associated increase in heat fl ow. Based on 
geological (Pastor-Galán et al., 2011) and paleo-
magnetic constraints (Van der Voo et al., 1997; 
Weil et al., 2000, 2001, 2010), Iberian-Armori-
can orocline buckling took place from 310 to 
300 Ma in Pennsylvanian time.

This model is based on the kinematic obser-
vations and consequences of orocline buckling 
and does not consider tectono-mechanical as-
pects of the buckling. Gutiérrez-Alonso et al. 
(2008) suggested that the self-subduction of 
the Pangea global plate could have produced the 
change in the stress fi eld required for orocline 
buckling. In the latter model, Pangea’s oceanic 
lithosphere subducted northward beneath the 
portion of Pangea occupied by Siberia. This 
scenario would have produced extension in the 
outer parts of Pangea and shortening near the 
vertex of the northern Paleotethys subduction 
zone. According to paleogeographic reconstruc-
tions of Stampfl i and Borel (2002), the Iberian-
Armorican Arc was situated in the core of 
Pangea at the apex of the Paleotethys. Subduc-
tion near the apex should have resulted in bend-
ing of the lithosphere around a vertical axis. 
Moreover, the self-subduction model explains 
(1) dextral faulting in the Iberian-Armorican 
belt ( Gutiérrez-Alonso et al., 2010), (2) Penn-
sylvanian N-S shortening in the Cantabrian-
Asturian  arc, (3) large-scale extension in the 
outer parts of Pangea that resulted in radial rift 
zones, and (4) the rift-to-drift transition of the 
Cimmerian ribbon continent.

In addition, evidence for an intense post-
orogenic magmatic event (310–290 Ma) has 
been detected during and after orocline buck-
ling. Evidence for elevated heat fl ow includes: 
(1) the widespread post-tectonic granitoids in 
the Iberian-Armorican Arc and their particu-
lar spatial-temporal distribution (Fernández-
Suárez et al., 2000, 2011; Gutiérrez-Alonso 
et al., 2011b); (2) uncommonly high coal ranks 
in uppermost Carboniferous continental basins 
(Colmenero and Prado, 1993; Colmenero et al., 
2008); (3) gold mineralizations in the foreland 
fold-and-thrust belt (Martin-Izard et al., 2000); 
(4) remagnetizations due to unexpected heat 
fl ow in the Pennsylvanian and in the Permian 
(Weil and Van der Voo, 2002); (5) dolomitiza-
tion along late breaching and out-of-sequence 
thrusts (Gasparrini et al., 2003); and (6) post-
orogenic elevation of the topography (Muñoz-
Quijano and Gutiérrez-Alonso, 2007a, 2007b).

Any tectonic model must also consider the 
rapid rotation of the structures in the uppermost 
Carboniferous strata and the thermal imprints 
during Pennsylvanian and early Permian times. 
Models assuming an initial curvature (Hirt et al., 
1992) or models proposing thin-skinned pro-
gressive arc development (Pérez-Estaún et al., 

1988) are not supported by paleomagnetic data 
(Weil et al., 2001; Weil, 2006). Indentor-based 
models require signifi cant thick-skinned block 
rotation during collision (i.e., in the Devonian). 
In addition, the foreland, being the place where 
the deformation took place during the late stages 
of orogeny (Dallmeyer et al., 1997), would not 
have exhibited a linear grain, as is suggested by 
the structural and paleomagnetic data.

Broad knowledge of the geology and the 
lithospheric response after Iberian-Armorican 
Arc orocline buckling makes it a natural labora-
tory in which to study the ways in which the 
mantle lithosphere could have behaved during 
thick-skinned orocline buckling. From this point 
of view, the only way to investigate the litho-
spheric geometry acquired during lithospheric 
buckling around a vertical axis is to develop 
models, either numerical or analogue, that can 
shed light on this process. The analogue mod-
eling performed in this work illustrates the 
development of lithospheric roots linked to 
thick-skinned orocline development.

MODEL SETUP

Analogue Material Properties and Scaling

The orocline development was modeled as 
a thick-skinned buckling scenario in order to 
understand the kinematic and dynamic evolu-
tion of the lithospheric mantle and the resultant 
morphologies during and after orocline forma-
tion, and to test if these results are consistent 
with the available paleomagnetic, structural, 
petrological, and geochronological data and 
interpretations.

Scaling and construction of the orocline 
buckling models followed the methodology of 
Davy and Cobbold (1991) and Cobbold and 
Jackson (1992) for lithospheric thermomechani-
cal modeling. The experiments were scaled to 
the natural boundary conditions by selecting 
proper dimensions and types of analogue mate-
rials in order to establish similarity in geometry, 
kinematics, and dynamics.

The analogue materials selected for the ex-
periments were plasticine and sand. In general 
terms, plasticine is a nonlinear, strain-rate soft-
ening material consisting of a weak organic 
matrix and mineral fi llers (e.g., McClay, 1976; 
Weijermars, 1986; Schöpfer and Zulauf, 2002; 
Zulauf and Zulauf, 2004). Plasticine at constant 
temperature shows non-Newtonian creep de-
fi ned by the fl ow law:

 Ė = C σn,

where Ė is the strain rate, C is a material con-
stant, σ is the stress, and n is the stress exponent 
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(McClay, 1976). Plasticine is well recognized 
as a good analogue for rocks undergoing dislo-
cation creep (Zulauf and Zulauf, 2004), which 
is the dominant deformation mechanism in the 
lower crust and upper mantle (e.g., Carter and 
Tsenn, 1987; Hirth et al., 2001; Eaton et al., 
2009). Dry sand with rounded grains of quartz 
and feldspar, on the other hand, was used to 
model the upper crust. Because of their low 
cohesion and internal friction angle, according 
with the Navier-Coulomb and Byerlee law (τ = 
C + μσn, where τ is the shear stress at failure, 
C is the cohesive strength of the material, μ is 
the coeffi cient of internal friction, and σn is the 
normal stress on the plane at failure), granular 
materials such as sand are considered suitable 
analogues for the brittle upper crust (Mandal 
et al., 1977; McClay and Ellis, 1987; Davy and 
Cobbold, 1991; Rossi and Storti, 2003). Proper-
ties are summarized in Table 1.

Two different kinds of plasticine were used 
for the experiments (Fig. 2C): (1) Beck’s orange , 
manufactured by Beck’s Plastilin, Gomaringen, 
Germany, and (2) Weible red, made by Weible 
KG, Schorndorf, Germany. The rheological 
properties of the selected plasticines (Table 1; 
Fig. 3) have been studied in previous research 
and are well constrained (Zulauf and Zulauf, 
2004; Tkalcec, 2010), and additional insights 
are provided by new data from this study. We 
used an experimental setup that provided tem-
peratures leading to appropriately scaled viscos-
ities for modeling thick-skinned processes. At 
the temperatures used for the experiments, the 
stress exponent of the rock analogues is com-
parable with the stress exponent assumed for 
lower crust, lithospheric mantle, and astheno-
sphere, with the exponent value ranging from 2 
to 5 (Carter and Tsenn, 1987; Karato and Wu, 
1993; Freed et al., 2006).

The asthenosphere was modeled with Beck’s 
orange plasticine, which fl ows at nearly steady 
state under experimental strain rates (Zulauf 
and Zulauf, 2004). Assuming an average viscos-
ity ηeff = 5.15 × 1019 Pa·s for the asthenosphere 
(Rydelek and Sacks, 1988; Morency and Doin, 
2004), the model is defi ned with a scale ratio of 
M* = (ηeff)m/(ηeff)n = 1.146 × 10–17 for Beck’s 
orange at an experimental average temperature 
T = 60 °C based on an effective viscosity of 590 
Pa·s for Beck’s at 60 °C (Table 1) (where M* is 
the viscosity scaling factor and subscripts m and 
n refer to laboratory model and natural scales, 
respectively). Density of this plasticine is ρ = 
1250 kg/m3, measured at T = 20 °C, as plasticine 
shows minimum decay in density with tempera-
ture (Zulauf and Zulauf, 2004). Assuming a den-
sity for natural asthenosphere ρ = 3100 kg/m3 
(Pysklywec and Cruden, 2004), the resulting 
density scaling factor is P* = ρm/ρn = 0.4.

Weible red plasticine was used to model the 
lithospheric mantle. Assuming an average viscos-
ity ηeff = 5 × 1021 Pa·s for the natural lithospheric 
mantle (e.g., Walcott, 1970; Morency and Doin, 
2004; Shi and Cao, 2008; Johnson et al., 2007; 
Fernández-Lozano et al., 2011), the viscosity 
scaling factor with Weible red at the average tem-
perature (T = 45 °C) of the experiments is again 
M* = (ηeff)m/(ηeff)n = 1.146 × 10–17. Considering 
the density of this plasticine (ρ = 1400 kg/m3), its 
scaling ratio with the natural lithospheric mantle 
(ρ = 3360 kg/m3) is P* = ρm/ρn = 0.41.

Sand and Beck’s orange plasticine were used 
for upper and lower crust, respectively. Beck’s 
orange was selected to simulate a more ductile 
and less dense layer than the material used for 
the lithospheric mantle, and sand was selected 
to simulate the brittle upper crust. With the 
same viscosity and density scaling factors, this 
implies lower-crustal viscosities and densities of 

~1.13 × 1021 and 3100 kg/m3 for model tempera-
tures in the lower crust of 40 °C. These parame-
ters are accepted for a strong lower crust after an 
orogeny (Carter and Tsenn, 1987; Copley et al., 
2011). The rheological and density data for the 
analogue materials are listed in Table 2.

During the orocline buckling experiments, the 
temperature varied between 55 °C and 65 °C in 
the analogue asthenosphere, between 45 °C and 
55 °C in the analogue lithospheric mantle, be-
tween 40 °C and 45 °C in the lower crust layer, 
and between 35 °C and 40 °C in the upper crust 
analogue. The thermal diffusivity of plasticine 
ranges between 0.65 and 0.8 W m–1 K–1 (Tou-
loukian et al., 1970). The activation energy has 
been determined at 323 ± 34 kJ/mol for Beck’s 
orange plasticine and between 400 and 500 
kJ/mol for other plasticines (Zulauf and Zulauf, 
2004). These values are in agreement with the 
values proposed for modeling the lithosphere 
by Davy and Cobbold (1991) and Cobbold and 
Jackson (1992).

Orocline Buckling Experiment

Fourteen elongated layered models (Ob-1–
Ob-14), with varying strain rates, different 
confi gurations for the lithospheric mantle, and 
an approximately constant temperature profi le 
(Fig. 3B) were deformed using a thermome-
chanical apparatus at the Geozentrum at Frank-
furt University (Fig. 2B).

Thermomechanical Deformation Apparatus
The apparatus is capable of simulating tectonic 

processes at different spatial and temporal scales 
by applying stresses and adding a thermal gradi-
ent to the rock analogues. The apparatus is based 
on the design of a 3-D coaxial deformation ap-
paratus that works at room temperature (Zulauf  

TABLE 1. DENSITY AND RHEOLOGICAL DATA OF THE MATERIALS USED

Temperature
(°C)

Density
(kg/m3)

Effective viscosity
(Pa·s)

Stress exponent
(n)

Strain rate
(s–1)

Differential strength
(Pa)

Beck’s orange
20 1250 8.10 × 106 *100.0*8.7*

92.110.034.4009,2104
169.010.012.4016954
337.010.039.3033705

71.010.077.3007155
950.010.014.309506

Weible red
21 1400

32.710.038.4003,2704
37.510.073.4003,7554
56.310.018.3005,6305
91.210.058.3009,1255
66.110.016.4006,6106

Bulk density
(kg/m3)

Angle of 
internal friction

Cohesion
(Pa)

Grain size
(mm)

3.125.08.71°9.030021dnaS
*Data are taken from Zulauf and Zulauf (2004) and were obtained using uniaxial compression, while the other measurements were obtained using a rheometer 

(RheolabQC).
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et al., 2003). Figure 2 depicts a plan view of the 
machine, which is composed of four aluminum 
plates set up orthogonally (1, 2, 3, and 4, in Fig. 
2A) built on an aluminum table with a copper-
plate inlay (5 in Fig. 2A). Two independent 
motors, connected to the plates by worm gears, 

achieve the movement of plates 1 and 2 in two 
orthogonal directions, respectively. One of the 
motors (motor 1) is fi xed to the aluminum table 
plate (7 in Fig. 2A). Motor 2 is built on a rail and 
moves passively along the rail when motor 1 is 
working (8 in Fig. 2A). Plate 3 moves passively 

when the mobile motor is active, and plate 4 (in 
Fig. 2A) is attached to the fi xed working bench. 
The speeds of the plates are adjustable and range 
from 1 to 800 mm/h. The apparatus includes an 
oven that is capable of heating the basal copper 
plate from room temperature to 100 °C.

Beck’s orange

Beck’s orange

Figure 2. Thermomechanical apparatus at Geozentrum of Frankfurt University. (A) Plan view showing the kinematic framework. 1 and 2—
aluminum movable plates in y and x direction, respectively; 3—movable passive plate; 4—fi xed plate; 5—thermal copper plate; 6—worm 
gears; 7—fi xed motor; 8—movable motor in y direction; 9—table. (B) Photograph showing the thermomechanical apparatus. (C) Cartoon 
showing the dimensions and the layering of the experimental setup for the orocline buckling models. Models were built with a 4–5-cm-
thick asthenosphere layer made with Beck’s orange plasticine, a 1 cm, 1.5 cm, or 2 cm Weible red plasticine mantle lithosphere layer, 
and a 1 cm crust divided into a 0.5 cm Beck’s orange plasticine lower-crust layer and a 0.5 cm upper crust represented by sand. (D) Top 
view and cross section of experiment Ob10 depicting (1) fi rst stage of the experiment, (2) middle stage of experiment, and (3) fi nal stage.
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Beck’s orange

Weible red

Figure 3. (A) Results of thermo-viscosity tests on Beck’s orange and Weible red plasticines at a constant strain rate Ė = 0.01 s–1, simi-
lar to the strain rates used in the experiments (modifi ed from Tkalcec, 2010). (B) Example of thermal profi le obtained during orocline 
buckling experiment Ob6. The actual experiment lasted 5 h, between 2 h (time allowed for the sample to acquire the needed tem-
perature) to 7 h (once the experiment had ended). (C) Simplifi ed effective viscosity and temperature profi les for nature and orocline 
buckling experiment. (D) Simplifi ed strength profi les for the lithosphere and upper asthenosphere of the Earth and for the model.
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Model Setup
The model’s length was limited by the di-

mension of the apparatus, and this was the main 
constraint on designing the laboratory experi-
ment (Fig. 2A). The length scale of the models 
was set at lm = 30 cm; the length of the Iberian-
Armorican  Arc around its neutral fi ber is ln ≈ 
1300 km, which gives a length scale ratio L* = 
lm/ln = 2.3 × 10–7. Based on this scale and the ap-
proximate width of the Iberian-Armorican Arc, 
which is Wn ≈ 350–400 km, the model’s width 
was chosen to be Wm = 8–9 cm. Because there 
are no constraints on the initial thickness of the 
lithospheric mantle, three different thicknesses 
of the model lithospheric mantle (Mlm = 1.0, 1.5, 
2.0 cm) were tested in order to analyze their im-
pact on the style of oroclinal buckling, using the 
same scaling factor, to represent mantle litho-
spheric thicknesses of 40, 60, and 80 km. The 
crust was offset at the same starting thickness in 
every model, consisting of an upper crust, Ucm = 
0.5 cm, and a lower crust, Lcm = 0.5 cm, which 
together represent a slightly thickened conti-
nental crust after orogenic shortening (~40 km 
in nature). We ran our experiments under nat-
ural gravity, so the gravity scale ratio is G* = 
Gm/Gn = 1. Thus, the calculated stress ratio is 
σ* = P*L*G* ≈1*10–7; the time scale ratio for 
the experiments can now be defi ned as T* = 
M*/P*L*G* = tm/tn ≈ 1.2 × 10–10; a strain rate 
ratio is given by Ė* = σ/M = 8.7 × 109; and a 
velocity ratio is given by V* = Ė*L* ≈ 2 × 103.

We suggest a strain rate for the Iberian-
Armorican  Arc of ~2 × 10–15 s–1 based on the 
N-S shortening (~900 km) and the time taken 
for this process (~10 m.y., following the hy-
pothesis of Weil et al. [2010] and Pastor-Galán 
et al. [2011]). The velocity of the plates was 
set between 1.5 and 3.5 cm/h, which, consider-
ing a shortening of ~15 cm of the initial length 
of models, made experiments 5 h and 10 h in 
duration. The strain rate used to run the buck-
ling experiments varied from 1 × 10–5 to 5 × 
10–5 s–1. These parameters make a real scale 
of time (T ) between 5 × 10–11 and 1 × 10–10; 
velocity  (V ) between 1.46 × 103 and 3.4 × 103; 
and strain rate (Ė) between 5 × 109 and 2.5 × 
1010, which are consistent with the other scal-
ing parameters.

Boundary Conditions
The copper plate at the base of the apparatus 

is the lower boundary, acts as a rigid body, and 
limits the downward development of the model. 
This copper plate was coated in petroleum jelly 
that is immiscible with Beck’s orange plas-
ticine to minimize slip of the branches of the 
experiments during the buckling process. The 
upper boundary is a free surface (Fig. 2D). All 
models were coated with a 1-cm-thick wall of 
Weible red plasticine around the Beck’s orange 
bottom layer (experimental asthenosphere) in 
order to prevent lateral escape of the Beck’s 
orange  plasticine, which behaves in a very 
ductile manner at the temperatures used in the 
experiments (Fig. 2D). This wall was kinemati-
cally independent of the Weible red layer rep-
resenting the lithospheric mantle and Beck’s 
orange and sand layers representing the crust. 
The wall was removed from the model before 
computer tomog raphy was applied. The wall 
acted as a side boundary for the asthenosphere 
layer, whereas the lithosphere and crust side 
boundaries were free. During the experiments, 
the lower parts of these walls melted and spread 
because Weible red plasticine can blend with 
the petroleum jelly, dramatically changing its 
viscosity. Although the spreading plasticine 
sometimes touched the side plates (Fig. 2D, 
part 3), their contact had no infl uence on the 
development of the deformation of the layers. 
Most of the models (except Ob6 and Ob7) were 
run with small wedges at their ends, which trig-
gered the model to bend around a vertical axis 
and not to develop a train of horizontal folds 
(white blocks, Fig. 2D).

Strength and viscosity profi les for the model 
lithosphere compared with a three-layer litho-
sphere Earth strength profi le (Davy and Cob-
bold, 1991) are shown in Figure 3D. Ductile 
strength values were computed for effective 
viscosities assuming a strain rate of 1 × 10–5 s–1, 
which is a reasonable approximation of defor-
mation rates observed in the experiments. The 
strength profi le for the sand crust was calcu-
lated following Navier-Coulomb and Byerlee 
laws. The effective strength of the ductile crust, 
lithospheric mantle, and asthenosphere will 
vary in the experiments because of variations in 

the strain rate and the thermal evolution of the 
plasticines.

The progress in deformation was monitored 
by digital plan-view photography (Fig. 2D). 
Digital photographs were taken every minute, 
resulting in 24 frames per second videos ac-
celerated to 24 min per second (see GSA Data 
Repository1). The temperature was recorded by 
an electronic logger consisting of four sensors 
situated in each layer, at one side of the model.

Computer Tomography

Geometrical data of the deformed models can 
be obtained in two ways. (1) One can slice them 
mechanically and reconstruct the 3-D interior 
geometry of the different layers, in which case 
the model is destroyed. (2) Alternatively, the 
models can be analyzed using computed tomog-
raphy (CT), which is a nondestructive imaging 
technique that is sensitive to the different densi-
ties of the materials used (Zulauf et al., 2003).

CT is capable of recording high-resolution 
3-D information in a series of 2-D slices (e.g., 
Colletta et al., 1991) and is extremely appro-
priate for imaging the models produced with 
plasticine of different densities (Zulauf et al., 
2003). The fi nal models were examined using 
a multislice spiral CT scanner (Phillips CT bril-
liance 6 slice). The resulting 3-D images were 
used to study the different lithospheric mantle 
morphologies acquired after orocline buckling. 
Only one model was sliced after applying a CT 
scan (Fig. 4, Ob1). The CT images were rep-
resented in virtual reality .wrl fi les using the 
software SMOOTH developed at Geozentrum 
of Frankfurt University. These fi les have been 
transformed into enhanced PDFs, which are 
more accessible to regular users, and are stored 
in the GSA Data Repository (see footnote 1).

RESULTS

To a fi rst order, the results obtained from all 14 
experiments show consistent results and are sum-
marized in Table 3. After the model had under-
gone shortening, in each experiment, including 
those not equipped with wedges at their ends, the 
initially rectilinear models that simulate a linear 
orogen buckled around a vertical rotation axis, 
acquiring an arcuate or horseshoe shape. In geo-
logical terms, regardless of differences in thick-
nesses of the layers or in the strain rate, the model 
lithospheric mantle was shortened in the core of 
the orocline and extended in the outer arc.

1GSA Data Repository item 2012190, video and 
virtual reality images of some models,is available at 
http://www.geosociety.org/pubs/ft2012.htm or by 
request to editing@geosociety.org.

TABLE 2. SCALING PARAMETERS BETWEEN EXPERIMENTS AND NATURE

Lower crust Lithospheric mantle Asthenosphere
ρ (kg/m3) 052100410521tnemirepxE

001306330013erutaN
4.014.04.0rotcafgnilacS

ηeff (Pa·s) Experiment 12,900 57,300 590
Nature 1.13 × 1021 5 × 1021 5.15 × 1019

Scaling factor 1.146 × 10–17 1.146 × 10–17 1.146 × 10–17

14.373.48.7tnemirepxEn
Nature From 4 to 8 From 2 to 5 From 2 to 5
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In all the experiments, shortening of the inner  
arc was accompanied by the development of 
noncylindrical folds causing lithospheric mantle 
thickening, which resulted in a lithospheric root 
to the modeled orocline. Lithospheric root de-
velopment was accompanied by thrusting and 
duplication of the lower crust (Fig. 4). Every 
experiment generated a root at least two times, 
and typically more than 2.5 times, thicker than 
the original lithospheric mantle. A certain de-
gree of rise of the upper surface of the model 
over the generated root was recognized in all 
models. This vertical growth varied from 0.5 to 
1.0 cm. On the other hand, the extension in the 
outer arc was produced through almost radial 
tensile fractures (e.g., Fig. 5), and so the thick-
ness of the lithospheric mantle in the outer arc 
was unchanged.

Another feature, present in every experiment, 
was the growth of tensile fractures parallel to the 
shortening direction, which crosscut the horse-
shoe shape of the model (e.g., Fig. 6). These fea-
tures were developed mainly in the uppermost 
part of the lithospheric mantle, although they 
commonly affected the entire layer (hereafter 
they are termed parallel fractures). Furthermore, 
most of the experiments showed more or less 
subvertical shear zones with angles between 
30° and 40° with respect to the shortening di-
rection that crosscut the trace of the arc (e.g., 

Figs. 6, 7, and 8). In three of the experiments 
(Ob4, Ob9, and Ob14), a shear zone affecting 
the entire thickness of the model formed (e.g., 
Fig. 8). In each case, shear zones displaced the 
growing root, allowing the generation of a new 
root where the shear zone developed or where 
its presence inhibited development of the root.

Three different geometries—recumbent, over-
turned, and upright—were produced, depend-
ing on the initial lithospheric thickness in the 
models; these are depicted in Figure 4 and are 
described in the following paragraphs. The 
resulting morphologies obtained in the ex-

periments depict the aforementioned folds and 
shear zones, the geometries of which were de-
pendent essentially on the initial thicknesses of 
the model lithospheric mantle (Table 3). There 
was no signifi cant impact of the strain rate or 
the temperature profi les on the geometry of the 
deformed samples, although variations of these 
parameters in the experiments were minor in 
order  to preserve the scaling.

Three experiments were run with an initial 
model lithospheric mantle thickness (Mlm) of 1 
cm (40 km). The results obtained from these ex-
periments are represented by experiment Ob12 

Beck’s orange

Beck’s
orange

Beck’s
orangeBeck’s orange

Beck’s orange

Beck’s ora ng e

Lower Beck’s
orange

Beck’s orange

Figure 4. Model cross section and computed tomography sections for orocline buckling models Ob1, Ob3, Ob7, and Ob13, showing the dif-
ferent morphologies of the lithospheric root depending on the initial lithosphere thickness.

TABLE 3. SYNTHESIS OF THE RESULTS OBTAINED FROM THE OROCLINE BUCKLING EXPERIMENT

Model
Initial mantle lithosphere thickness

(cm)
Plate velocity

(cm/h) Root shape Shear zones
Major tensile 

fractures
21egraLdloftnebmuceR114bO

fiitneditoNdloftnebmuceR2121bO  ed 14
01llamSdloftnebmuceR313bO
7llamSdlofdenrutrevO5.15.12bO

fiitneditoNdlofdenrutrevO25.17bO  ed  7
––%03tadeliaF25.111bO
6llamSdlofdenrutrevO2.25.15bO
6llamSdlofdenrutrevO7.25.16bO

lacirdnilycnoN221bO
mullions

Not identifi ed  3

4giBdlofthgirpU228bO
5llamSdlofthgirpU2231bO
4egraLdlofthgirpU5.229bO
5egraLdlofthgirpU2.2241bO
4llamSdlofthgirpU5.3201bO

Note: Major tensile fractures refer to tensile fractures that break the entire layer.
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(Fig. 5). Models with this thickness developed 
an almost recumbent, tight-shaped fold with its 
apex pointing to the outer arc of the experiment, 
a lithospheric root in the inner arc (Fig. 4, Ob3; 
Fig. 5C), some radial fractures in the outer arc, 
and a large number of parallel fractures over the 
entire layer (Fig. 5B). Although in model Ob12, 
no oblique shear zones were identifi ed, a small 
incipient shear zone developed in experiment 
Ob3, and a longer one developed in model Ob4 
(see GSA Data Repository1).

Five experiments with an initial model litho-
spheric mantle thickness of 1.5 cm (60 km) also 
developed lithospheric roots in the inner arc 
through tight and overturned folds. In each ex-
periment, the lithospheric mantle in the model 
was extended in the outer arc by means of radial  
fractures. Parallel fractures commonly occurred 
over the entire layer, but they were not as abun-
dant as in the experiments with 1 cm of model 
mantle lithospheric thickness. Three of the 

fi ve experiments produced short (<1 cm) shear 
zones oblique to the compression direction in 
one of the orocline limbs. Figure 6 shows the 
most representative experiment of this group 
(for further images, see GSA Data Repository 
material1).

Finally, the six experiments with an initial 
model lithospheric mantle thickness of 2 cm ac-
quired two analogous root morphologies: (1) a 
very tight upright fold (Fig. 4, Ob13; Fig. 7), 
or (2) a fold train composed of two noncylin-
drical folds, resembling mullions (Fig. 4, Ob1; 
for further information, see GSA Data Reposi-
tory material1). Radial fractures occurred in the 
outer arc, and some parallel fractures devel-
oped. Short (<1 cm) shear zones oblique to the 
compression direction developed in three of the 
models, and model-scale shear zones developed 
in two of them.

Three experiments responded to the applied 
stresses by developing model-scale shear zones. 

Two of them had an initial model lithospheric 
mantle thickness (Mlm) of 2 cm (Ob9 and Ob14) 
and developed a root shaped as a tight fold. The 
root of the other model, with Mlm = 1 cm (Ob4), 
turned into a recumbent fold. Model Ob14 
(Fig. 8) is representative of the morphologies 
that these models presented, such as an incom-
pletely developed root in the inner arc that is 
duplicated and off-centered by the effects of the 
model-size shear zone developed in one of the 
orocline limbs oblique to the overall shortening 
direction, and the presence of radial fractures 
preferentially focused in the outer arc of one 
limb of the model.

DISCUSSION

Thermomechanical experiments run over 
scaled lithosphere models produced results that 
shed light on the processes taking place dur-
ing the deformation and evolution of the litho-

Figure 5. Three-dimensional image of model Ob12 mantle lithosphere layer with 1 cm of initial mantle lithosphere thickness showing the 
devel op ment of an almost recumbent noncylindrical fold as a root and several parallel and radial fractures, from three different views: 
(A) top view, (B) oblique view, and (C) front view. (D) Conceptual interpretation of the results obtained in model Ob12. Gray scale is a 
computer pattern designed to improve the visualization of relief when depicted in two dimensions.
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spheric mantle related to orocline buckling. In 
general, the results allow a better understanding 
of lithospheric-scale processes such as thick-
skinned orocline buckling and, in a more par-
ticular case, the relationship between orocline 
development and a lithospheric mantle removal 
event that is interpreted to have taken place in 
the late Paleozoic in the Iberian-Armorican Arc. 
In addition, these experiments show limitations 
in the development of lithospheric structures 
due to analogue material behavior, scaling, and 
laboratory conditions and setup.

Limitations and Interpretation

During the orocline buckling experiments, 
independently of the initial setup, the strain pat-
tern in the model is characterized by extreme 
shortening in its core and the generation of a 
root below the inner arc, as well as by extension 
in the outer arc developed via extensional frac-

tures. These features were predicted by Ries 
and Shackleton (1976, their fi g. 14-A), who 
suggested tangential longitudinal strain as the 
main folding mechanism for lithospheric bend-
ing. This mechanism has also been proposed 
by Gutiérrez-Alonso et al. (2004) to explain 
the different aforementioned geological effects  
found in nature, especially in the Iberian-
Armorican  Arc.

The shapes of the buckled model lithospheric 
mantle in our experiments are strikingly similar 
to those obtained in other plate-convergence 
analogue and numerical models without pre-
existing subduction (e.g., Pysklywec et al., 
2002; Luth et al., 2010), and they depict a 
marked noncylindrical geometry due to the 
vertical rotational axis buckling (Pastor-Galán 
et al., 2012, their fi gs. 6, 7, 8) instead of a cylin-
drical one (Shemenda and Grocholsky, 1992; 
Luth et al., 2010) or an unknown 3-D geometry, 
like that obtained from 2-D numerical model-

ing (Arnold et al., 2001; Pysklywec et al., 2002, 
2010; Pysklywec, 2006).

A thickened lithospheric root observed in the 
experiments could trigger lithospheric mantle 
removal, which would be consistent with the 
models of Schott and Schmeling (1998), Pyskly-
wec et al. (2002, 2010), Pysklywec (2006), and 
Morency and Doin (2004), among others. How-
ever, neither delamination nor dripping of the 
lithospheric mantle occurred in the experiments 
due to the size limitations and the analogue ma-
terials used in the experiments, which caused the 
observed vertical crustal growth over the litho-
spheric root. The thermal conductivity of plasti-
cine is quite low (between 0.65 and 0.8 W m–1 K–1) 
(Touloukian et al., 1970), which implies that in 
order to keep a realistic scalable thermal gradient, 
the sublithospheric mantle in the models could 
not be thicker than 4 or 5 cm. Hence, the model 
asthenosphere is not thick enough to avoid the ef-
fect of the lower boundary (thermal copper plate) 

Figure 6. Three-dimensional image of model Ob6 lithosphere with an initial mantle lithosphere thickness of 1.5 cm depicting the develop-
ment of a noncylindrical overturned fold root and the development of parallel and radial fractures and a small shear zone. Three different 
views: (A) top view, (B) oblique view, and (C) front view. (D) Conceptual interpretation of the results obtained in model Ob6. Gray scale is 
a computer pattern designed to improve the visualization of relief when depicted in two dimensions.
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of the experiments . This lower boundary avoided 
any further growth, delamination, or dripping of 
the lithospheric root. Moreover, the yield strength 
of Beck’s orange plasticine is likely too large to 
let Weible red plasticine detach and sink under 
natural gravity conditions, at least for the dura-
tion of the experiments. The use of a denser plas-
ticine to model the lithospheric mantle would not 
have modifi ed the results, as the asthenospheric 
analogue would not have allowed its downward 
migration. Thus, when the lithospheric mantle 
could no longer migrate downward, it started to 
build a positive bulge along the surface of the 
model. Without the aforementioned experimen-
tal limitations, the process in nature would be 
the opposite: The dynamic sinking of the litho-
spheric mantle root would pull down the crust 
above it, resulting in basin formation (Muñoz-
Quijano and Gutiérrez-Alonso, 1997a, 1997b).

All of our experiments show extension in the 
outer arc, mostly produced by radial fractures. 
This brittle behavior is not expected in natural 
lithospheric mantle, where deformation should 
be accommodated by crystal plastic processes 
(e.g., Karato and Wu, 1993). The development of 
fractures in the model mantle lithosphere, instead 
of viscous stretching, could be due to the plastic 
failure of the materials. In this way, the curva-
ture in the outer arc becomes more pronounced, 
causing mode 1 tensile fractures in the model 
lithospheric mantle. Moreover, in nature, there 
is a considerable confi ning pressure at depth, 
which discourages brittle and plastic failure.

Apart from the radial fractures, the growth 
of tensile fractures observed in the model litho-
spheric mantle was not expected, as these are 
not likely to occur in the natural lithospheric 
mantle. The parallel fractures developed, main-

taining the scaling relationship between the 
initial lithospheric thickness of the model and 
the spacing of the fractures as found in other 
natural examples of brittle rocks (e.g., Narr and 
Suppe, 1991; Mandal et al., 1994; Gross et al., 
1995). Enhanced dilatancy due to the lack of 
confi ning pressure and, subsequently, plastic 
failure of the material are probably the most 
important reasons why these mode 1 tensile 
axial loading fractures developed in the model 
lithospheric mantle.

Oblique shear zones (mode 2 fractures) are 
lacking in every model, and just three of the 
models display model-scale vertical shear zones 
that control the fi nal morphology of the model 
lithospheric mantle. All shear zones developed 
with angles <40° with respect to the principal 
shortening direction. Zulauf and Zulauf  (2004) 
documented that in models under going high 

Figure 7. Three-dimensional image of model Ob10 mantle lithosphere with an initial lithosphere thickness of 2 cm showing the development 
of a slightly overturned root. Few radial and parallel fractures grew up, and a small shear zone can be observed. Three different views: 
(A) top view, (B) oblique view, and (C) front view. (D) Conceptual interpretation of the results obtained in model Ob10. Gray scale is a 
computer pattern designed to improve the visualization of relief when depicted in two dimensions.
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strain rates (Ė > 10–3 s–1), plasticine is not a suit-
able analogue for viscously deforming rocks be-
cause strain tends to be localized along discrete 
shear corridors in the plasticine. The orocline 
buckling experiments of the present study were 
run under lower strain rates (Ė = 10–5 s–1), and, 
despite the local higher strain rates that take 
place especially in the outer arc of the model, 
the shear zones of the models mimic natural 
shear zones observed in most curved orogenic 
belts. These shear zones are interpreted to de-
velop at the same time as curvature generation 
(Gutiérrez-Alonso et al., 2010). However, litho-
spheric-scale shear zones, like those of models 
Ob4, Ob9, and Ob14 (Fig. 8; GSA Data Re-
pository material [see footnote 1]), which act as 
high-strain domains, are not easily recognized 
in nature, although a more distributed pattern 
of shear zones likely to occur  at lithospheric 
scale can be recognized (e.g., lithospheric-scale 
shear zones in the North Armorican massifs, 
Porto-Tomar shear zone; Gutiérrez-Alonso 
et al., 2010). In our opinion, the lithospheric-
scale shear zones probably formed in order 
to accommodate the lithospheric buckling, 
but they initiated along the previously formed 
radial  or parallel fractures (see GSA Data Re-
pository material1).

Another limitation is the impossibility of 
measuring the temperature in the growing root, 
which was presumably higher than the tempera-
ture measured at the side of the model because 
the root is closer to the thermal plate. It would 

have been useful to know this temperature in 
order  to compare it with numerical and fi eld 
data, because the mechanism of lithospheric 
thickening in nature leads to an increase in heat 
fl ow, raising the mantle isotherms. The increas-
ing thermal fl ow drives the chemical and physi-
cal process that can trigger lithospheric mantle 
removal (Leech, 2001).

Implications of the Experimental 
Results on the Development of the 
Iberian-Armorican Arc

The new experimental results also improve 
our understanding of lithospheric mantle be-
havior during thick-skinned orocline buckling 
and the dynamics of the Iberian-Armorican Arc. 
Results and structures obtained from the models 
here, which produced in all cases a lithospheric 
root, are in agreement with the structural, petro-
logical, paleomagnetic, and geochronological 
data described from the Iberian-Armorican Arc.

The main observed differences in the shape 
of the lithospheric root come from the initial 
mantle lithospheric thickness, as stated previ-
ously. Because there is no possibility to deter-
mine the Variscan lithospheric mantle thickness 
in the Pennsylvanian, we cannot argue which 
of the results best matches reality. In any case, 
all the obtained results produced a lithospheric 
root that was susceptible to subsequent detach-
ment and foundering into the asthenospheric 
mantle (Pysklywec and Cruden, 2004). From 

this point of view, we can link the experiments 
to the geological observations in the Iberian-
Armorican Arc.

An interpretation of the whole process of 
thick-skinned orocline buckling and the possible 
subsequent delamination or dripping of the litho-
spheric root inferred from structural, petro logical, 
and geochemical studies ( Fernández-Suárez 
et al., 2000; Gutiérrez-Alonso et al., 2004, 
2011a, 2011b), based on the results of the ex-
periments produced in this work and on the 
aforementioned geological criteria, is depicted 
in Figure 9. For our interpretation, we have 
chosen  the case where the lithospheric mantle 
had an intermediate thickness (~60 km), which 
is plausible within a postorogenic environment. 
In any case, all models produced a lithospheric 
root than can be correlated to the one inferred 
from the geological data.

Using the modeling results and the geologi-
cal constraints, we propose that during orocline 
development, the effect of mechanical thinning 
in the outer arc (Fig. 9) caused the upwelling 
of the asthenosphere and the accompanying 
thermal uplift (Muñoz-Quijano and Gutiérrez-
Alonso, 2007a, 2007b) due to the increased heat 
fl ow and the subsequent lower-crustal melting, 
which is supported by the emplacement of early 
post-tectonic granitoids at ca. 310–300 Ma 
(Fernández-Suárez et al., 2000; Gutiérrez-
Alonso et al., 2011a, 2011b). In the upper crust, 
this extension was accommodated by slip along 
crustal-scale shear zones (Gutiérrez Alonso 

Figure 8. Three-dimensional image of model Ob14 mantle lithosphere showing the development of a large shear zone, which interfered with 
the growing of the root. See text for explanation.
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Figure 9. Cartoon depicting the proposed interpretation for the Iberian-Armorican Arc lithospheric development during and after orocline 
buckling. (A) 1—Sketch showing an ideal initial stage of a linear or nearly linear Variscan belt and its plan view; 2—plan view of the effects 
at middle stage of the orocline buckling based on the deformation mechanism proposed (longitudinal tangential strain) showing a cross 
section that corresponds to the C-1 block diagram; (3) plan view of the fi nal stage of orocline buckling displaying a cross section that is 
represented in C-2 block diagram. (B) Map view of the fi nal stage of Iberian-Armorican Arc after lithospheric delamination and/or drip-
ping but before the opening of the Bay of Biscay, showing a cross section that corresponds to block diagram C-3. (C) 1—Simplifi ed block 
diagram of the Iberian-Armorican Arc at ca. 305 Ma showing stretching in the outer arc and thickening in the inner arc. 2—Block diagram 
showing the effects of orocline buckling at ca. 300 Ma. The growth of the root created a basin in the core of the arc, and this lithospheric 
root became unstable and began to break. 3—Block diagram showing the fi nal stage of delamination and/or dripping with the replacement 
of the mantle lithosphere by upwelling asthenosphere.
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et al., 2010). In contrast, the shortening in the 
core of the arc produced a thickened mantle 
lithospheric root and lower-crust duplication by 
means of underthrusting, independently of the 
lithospheric mantle initial thickness. Collec-
tively, these processes  caused the depression of 
the core, which resulted in sediment discharge 
into the core of the arc (Gutiérrez-Alonso et al., 
2004) and marine  strata as the vestiges of a 
relict epi conti nental sea (Merino-Tomé et al., 
2009). In the upper crust, this shortening was 
accommodated by radial conical folding (Juli-
vert and Marcos, 1973; Gutiérrez-Alonso, 1992; 
Aller and Gallastegui, 1995; Pastor-Galán et al., 
2012), reverse and strike-slip faulting (Alonso, 
1989; Nijman and Savage, 1989), and out-of-
sequence thrusting (Alonso et al., 2009). The 
shear zones developed in the models at angles 
<40° to the compression direction are consistent 
with the geometry and kinematics of some of 
the shear zones that cut the Iberian-Armorican 
Arc’s trace (Gutiérrez-Alonso et al., 2010).

The mass imbalance between the thickened 
root beneath the inner arc and the stretched 
lithospheric mantle beneath the outer arc pre-
sumably caused an important gravitational in-
stability that brought about the detachment and 
removal of the lithospheric root, which would 
have permitted the asthenosphere to invade the 
location occupied by the former lithosphere 
(Pysklywec et al., 2010). The foundering of the 
sinking root further stretched the lithospheric 
mantle and probably dragged down part of the 
remaining, previously thinned outer arc litho-
spheric mantle, causing the fi nal asthenospheric 
upwelling. Evidence for this fi nal substitution 
of the lithospheric mantle by the asthenosphere 
is recorded by the contrast in the Sm/Nd iso-
topic signature observed in mantle-derived 
rocks that predate and postdate the postulated 
lithospheric mantle removal event (Gutiérrez-
Alonso et al., 2011a). The enhanced thermal ac-
tivity caused a widespread thermal event from 
310 to 300 Ma in the hinterland and from 300 
to 285 Ma in the foreland fold-and-thrust belt 
(Valverde-Vaquero, 1992; Fernández-Suárez 
et al., 2000; Gutiérrez-Alonso et al., 2011b; 
Fernández-Suárez, 1994; Martínez and Rolet, 
1988; Martín-Izard et al., 2000; Colmenero 
et al., 2008; Gasparrini et al., 2003).

The duration of orocline formation and the 
subsequent lithospheric mantle removal lasted 
~10 m.y., based on geological data (Weil et al., 
2010), starting at ca. 310 Ma to ca. 300 Ma 
(Pastor-Galán et al., 2011) (Pennsylvanian). 
Lithospheric mantle removal, inferred from 
the igneous activity in the inner arc, which cor-
responds to the foreland fold-and-thrust belt, 
seems to have started at ca. 300 Ma (Gutiérrez-
Alonso et al., 2011b), when the root was thick 

enough (Schott and Schmeling, 1998) to desta-
bilize and founder. The lithospheric mantle re-
moval would have lasted between 5 and 10 m.y., 
according to numerical models (Schott and 
Schmeling, 1998; Pysklywec et al., 2010), and 
the related magmatic activity lasted for ~15 m.y. 
(Gutiérrez-Alonso et al., 2008).

These data imply that Iberian-Armorican 
Arc formation was a relatively fast lithospheric-
scale tectonic process, with bulk north-south 
shortening acting at shortening rates between 5 
and 10 cm/yr. Such large, continuous, and rapid 
thick-skinned processes could be explained in 
the context of large-scale plate motions as in the 
scenario proposed by Gutiérrez-Alonso et al. 
(2008) for Iberian-Armorican Arc buckling.

CONCLUSIONS

Analogue modeling of orocline buckling has 
revealed a powerful tool to mimic lithospheric-
scale processes similar to those observed 
in nature. The experiments provided useful 
insights indicating that during thick-skinned 
orocline buckling of the lithosphere, tangential 
longitudinal strain is a plausible mechanism 
of deformation, causing extension in the outer 
arc and signifi cant shortening in the inner arc. 
The extension of the lithospheric mantle in the 
outer arc is probably accommodated by vis-
cous stretching, whereas extension in the crust 
is accommodated by crustal-scale shear zones. 
On the other hand, the inner arc shortening is 
adjusted in the lithospheric mantle by ductile 
fl ow and folding of the lithosphere, developing 
a well-defi ned lithospheric root.

Detachment and removal of the lithospheric 
mantle thickened root were not observed due to 
experimental limitations. However, according 
to other modeling in the literature (e.g., Schott 
and Schmeling, 1998; Morency and Doin, 2004), 
it is expected that such a lithospheric thickened 
root would delaminate or drip. This process is 
likely to be responsible for the anomalous ther-
mal activity recorded in the Iberian-Armorican 
Arc. Further experiments are required with dif-
ferent scaling and materials in order to permit 
mantle removal.
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