
Journal of Structural Geology 30 (2008) 65e80
www.elsevier.com/locate/jsg
Recess drawn by the internal zone outer boundary and oblique structures
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Abstract
The Subbetic Domain, comprising the South Iberian paleomargin-derived units, is a fold-and-thrust belt developed over a ductile substrate
showing a complex structural pattern. In the central Betics, a main trend can be defined, with respect to which frequent oblique structures are
observed. These oblique structures, often subperpendicular to the main trend, are not located along transfer zones but rather are present every-
where in the fold-and-thrust belt. Moreover, they are coetaneous with those drawing the main trend. This complex pattern is situated in front of
a recess marked by the outer boundary of the internal zones e the Alboran Domain e which acted as backstop. Analogue models were designed
to study the influence of such a recess on a ductile-brittle multilayer. One of the models, in which the backstop recess is symmetric with respect
to its direction of movement, shows a high variation in the orientation of the resulting structures, being not only qualitatively but also quanti-
tatively similar to the studied natural case.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Betics; Structural pattern; Oblique structures; Ductile substrate; Recess; Analogue modelling

1. Introduction Gibraltar Strait. Within the Subbetic units of the central
The Alpine-Mediterranean orogenic belt, and in particular
the Gibraltar Arc area, is generally known as a case study of
extensional processes that went hand in hand with compres-
sional ones. During the Miocene, the Betic-Rif orogen was af-
fected by rifting in the internal part of the Gibraltar Arc, while
folding and thrusting took place in its external part (Platt and
Vissers, 1989; Frizon de Lamotte et al., 1991; Garcı́a-Due~nas
et al., 1992). Over the past two decades, much attention has
been paid to the extensional processes that affected the Al-
boran Domain, that is, the internal zones common to both
branches of the Gibraltar Arc (see review in Frizon de Lamotte
et al., 2004). In contrast, only a few papers address the struc-
tural evolution of the external zones, namely the External Rif
and Subbetic Domains, respectively, south and north of the
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Betics, Crespo-Blanc (2007) recently described a very com-
plex fold-and-thrust geometry resulting from Early to Middle
Miocene shortening. Oblique structures with respect to the
main structural trend are frequent, most notably in an area
where the externaleinternal zone boundary draws a recess.
Superposed buckle folding has also been described for the
same area (Crespo-Blanc, 2007). The present paper sheds
some light on the various hypotheses that may be put forth re-
garding the formation of such oblique structures e which are
distributed throughout the area, and not located along transfer
zones e by applying the analogue modelling tool.

The analogue experiments presented in this paper help to
broaden the available experimental templates for natural thrust
wedges. Together with a review of previously published ana-
logue models, they allow us to test whether a simple recess
of the backstop geometry might be evoked to explain the gen-
esis of oblique structures in a tectonic domain thus far poorly
understood from a structural point of view.
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2. The Betic-Rif orogenic wedge

The Betic and Rif arc-shaped mountain belt around the Strait
of Gibraltar closes, to the west, the Alpine-Mediterranean
orogenic system, which developed during the late Mesozoic to
Cenozoic convergence between Africa and Iberia. Various
tectonic domains can be differentiated around the Gibraltar
Fig. 1. Tectonic map of the Subbetic Domain in the central and western Betics (nort

main shortening. Large-scale cross-section (located on the map) according to Friz

Mediterranean region.
Arc (Fig. 1). The South Iberian and Maghrebian paleomargin-
derived units consist of autochthonous, parautochthonous and/
or allochthonous non-metamorphic Mesozoic and Tertiary
covers. They respectively detached during Miocene times
from a Variscan basement, the Iberian Meseta and the Moroccan
Meseta, and now constitute the Prebetic and Subbetic Domains
in Spain, and the Pre-Rif, Meso-Rif and Intra-Rif Domains in
hern branch of the Gibraltar Arc) and trend of the structures associated with the

on de Lamotte et al. (2004). Inset: Alpine orogenic belts in the westernmost
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Morocco. The Flysch Trough Units, presently located in the
western Betics and along the northern part of Africa from the
Strait of Gibraltar to Tunisia (inset of Fig. 1), derived from
a basin with attenuated/oceanic crust overlain by Jurassic to
Miocene deep-water sediments (Biju-Duval et al., 1978;
Dercourt et al., 1986; Durand-Delga et al., 2000). They separate
the internal zone from the paleomargin-derived units. The Al-
boran Crustal Domain, a predominantly metamorphic hinter-
land formed mainly by Palaeozoic to Triassic rocks,
represents the relics of a former Alpine orogenic wedge that
was stretched and drifted apart during the Neogene extensional
episodes (Balanyá and Garcı́a-Due~nas, 1988; Comas et al.,
1999). It occupies the inner part of the Gibraltar Arc and con-
forms the basement of the Alboran Basin.

Shortening in front of the Gibraltar Arc was due to the
westward migration of the Alboran Domain from Oligocene
to Miocene times. It produced the obliteration of the Flysch
Trough, and the detachment and thrust stacking of its Upper
Jurassic to Miocene siliciclastic infill. The migration of com-
pression was responsible for the inclusion of the sedimentary
covers of the South Iberian and Maghrebian paleomargins
into the deformed wedge, and the corresponding development
of foredeep and foreland basins (Guadalquivir and Rharb Ba-
sins, respectively) (Balanyá and Garcı́a-Due~nas, 1988; Lone-
rgan and White, 1997; Frizon de Lamotte et al., 2004).
Meanwhile shortening took place in the external zones sensu
lato, in the back-arc, rifting and crustal extension affected
the whole Alboran Domain. Extensional fault systems devel-
oped, leading to the Alboran Basin formation (Comas et al.,
1992, 1999; Garcı́a-Due~nas et al., 1992). Finally, from Late
Tortonian to Pliocene times, the Alboran region underwent
continuous NeS to NWeSE compression (Weijermars et al.,
1985; Comas et al., 1999; Balanyá et al., 2007).

3. Main features of the evolution of South Iberian
paleomargin-derived units

The cover of the South Iberian paleomargin is made up of
sedimentary, non-metamorphosed rocks. Meanwhile, the Late
Triassic is represented by claystones with gypsum and fine-
grained sandstones (Keuper facies), and the Jurassic to
Neogene sequences are formed by carbonate rocks. At the
beginning of the Jurassic, a broad shallow-marine environ-
ment developed. This carbonate platform broke down at the
end of the Early Jurassic, leading to the differentiation of
the Subbetic and Prebetic Zones from that time onwards
(Fig. 1). Whereas the Prebetic Zone is characterized by shal-
low-water facies e with continental deposits and/or erosional
episodes e pelagic facies prevail in the Subbetic Zone (Gar-
cı́a-Hernández et al., 1980; Vera, 2004). In the latter, the Ex-
ternal, Median and Internal Subbetic Zones have been
distinguished. Their areal distribution in the central Betics ap-
pears in Fig. 2. This differentiation was made on the basis of
paleogeographic criteria and their position with respect to the
emerged Variscan basement; the Median Subbetic is the most
subsiding realm during Jurassic times, but the Cretaceous is
uniformly developed for the three Zones (Garcı́a-Hernández
et al., 1980; Vera, 2004). The synthetic lithostratigraphic col-
umns of the sequences that belong to the Internal and Median
Subbetic Domain, respectively, and which are involved in part
of the central Betic fold-and-thrust belt are drawn in Fig. 3.

Due to the collision between the internal and the external
domains, the South Iberian paleomargin units detached mainly
along the Keuper facies formation. Shortening produced fold-
ing, thrusting and nappe-stacking whose structural trend ap-
pears in Fig. 1. The timing of the structural evolution of the
paleomargin-derived units varies from one part to the other
of the Betics. In general, deformation is more recent towards
the external part and towards the west. In the Subbetic Domain
of the central Betics, the main folds and thrusts developed
close to the AquitanianeBurdigalian transition (Crespo-Blanc,
2007). In the western Betics, however (from meridian 4.5� to
the west), the external zones sensu lato, represented by both
the Subbetic Domain and the Flysch Trough Complex, were
deformed mainly during Late Burdigalian times (Crespo-
Blanc and Campos, 2001).

The large-scale cross-section of Fig. 1, based on Frizon de
Lamotte et al. (2004), illustrates the structural style of the Sub-
betic Domain in the central Betics, which consists of large sli-
ces thrusted mainly according to a piggy-back sequence. At
first glance it would appear to correspond to a simple fold-
and-thrust wedge developed over a ductile substrate, yet
a zoom in on the orientation and distribution of the structures
of this area will reveal that this image more complex in map
view (Fig. 2).

4. Central Betics: structural trend in the Subbetic
fold-and-thrust belt and timing of the deformation

In the central Betics, the internal structure of the Subbetic
units can be chaotic, due to the low strength of the evaporitic
rocks that represent the substrate of the thrust slices. Accord-
ingly, the Subbetic Domain has been differentiated into ‘‘struc-
tured’’ and ‘‘chaotic’’ Subbetics (Vera, 2004). The trend of the
folds and thrusts within the structured Subbetic Domain is
mainly NEeSW to ENEeWSW directed (Fig. 2). Neverthe-
less, in many areas, oblique structures e that is, structures
whose orientation differs from the main trend e and super-
posed buckle folding can be found.

The most spectacular oblique structures are the NNEeSSW
structures situated 50 km ENE of Granada, in the Sierra Gorda
area (Figs.1 and 2), but these are not the only ones. A careful
examination of Fig. 2 shows that 10 km W of Iznájar, 10 km S
and SE of Priego, 15 km W and 5 km NNE of Priego, 20 km
NW of Alcalá la Real, and 12 km NW of Campillos some folds
and/or thrusts are oblique with respect to the main trend, or
even perpendicular to it. Moreover, the superposed folding
W of Priego and SW of Campillos is very distinctive of the
Subbetic Domain in the central Betics, as described in detail
by Crespo-Blanc (2007). It should be stressed that all these
anomalously trending structures are not alineated or located
along a transfer zone. Rather, they are randomly distributed
over the entire area of Fig. 2. This is a very characteristic fea-
ture of the central Betic external zones.



Fig. 2. Simplified structural map with the trend of the folds and thrusts associated with the main shortening within the Internal, Median and External Subbetic

Domains cropping out in the central Betics (localization on Fig. 1). It shows the recess drawn by the Subbetic and Alboran Domain boundary. Paleomagnetic

remagnetization vector according to Osete et al. (2004). * e Commercial well at the bottom of which Subbetic materials were drilled.
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One of the key questions behind any working hypothesis
about the origin of such oblique structures is that of determin-
ing their timing with respect to the ENEeWSW-trending folds
and thrusts that define the main structural trend. Although the
latter developed close to the AquitanianeBurdigalian transi-
tion (Crespo-Blanc, 2007), very few age constraints exist for
the oblique structures or fold interferences. For example, the
NNWeSSE-trending thrust imbrication of Sierra Gorda is



Fig. 3. Synthetic lithostratigraphic succession of the Subbetic units in the areas where the cross-sections of Fig. 4 have been drawn. The column belonging to the

Median Subbetic Domain (cross-section AeA0 of Fig. 4) has been drawn according to Lupiani et al. (1988a) and Dı́az de Neira et al. (1991) and own data. The

columns of Sierra Gorda area belongs to the Internal Subbetic Domain (cross-section BeB0 of Fig. 4) and has been drawn according to Lupiani et al. (1988b),

Pineda and Ruiz (1983) and own data. The column named ‘‘Sa Gorda area (East)’’ corresponds with the lithostratigraphy of the two thrust sheets situated in the

eastern part of the cross-section. Abbreviations in the lithostratigraphic columns: T, Triassic; J. Jurassic (Subscripts 1, 2 and 3: Lower, Median and Upper, respec-

tively); K, Cretaceous; E: Paleogene; N: Ne.

69A. Crespo-Blanc / Journal of Structural Geology 30 (2008) 65e80



70 A. Crespo-Blanc / Journal of Structural Geology 30 (2008) 65e80
sealed by Tortonian subhorizontal sedimentary rocks cropping
out east and north of Sierra Gorda (Lupiani et al., 1988a,b),
and the age interval of the formation of this thrust system
spans over the whole Early and Middle Miocene. Conse-
quently, other types of data are needed to constrain the relative
age of the structures. Paleomagnetic data show that a wide-
spread secondary remagnetization event took place during
Neogene times (Villalaı́n et al., 1994; Osete et al., 2004).
Structural and regional data, through a comparison of the rota-
tions of the paleomagnetic vectors and the age of deformation
in the central and western Subbetic, restrict the time interval of
the remagnetization event to the Burdigalian (Crespo-Blanc,
2007). In the area of Fig. 2, this remagnetization was im-
printed upon the Subbetic deformed wedge, as the orientation
of the remagnetization vector is clearly independent of the
structural trend. Both in the ENEeWSW-directed fold-and-
thrusts that draw the normal trend, and in the oblique
NNWeSSE directed structures of Sierra Gorda, it shows a con-
stant, very slightly clockwise rotated orientation. Only one
sampling site, a few kilometers west of Priego, is rotated
due to superposed folding (see full discussion in Crespo-
Blanc, 2007). It is thus assumed that the folds and thrusts
with normal trend as well as those which are oblique devel-
oped within a very short time span, if not coetaneously.

5. Structural style of the Subbetic Domain fold-and-thrust
belt

Two detailed cross-sections of the uppermost thrust sheet of
the Subbetic units are presented in Fig. 4. Cross-section AeA0

is NWeSE oriented, that is subperpendicular to the main
structural trend; while cross-section BeB0 is WSWe-ENE ori-
ented, as it crosses the area situated south of Loja where the
trend is anomalously directed (Fig. 2).

The deformation style of the folds and thrusts is controlled
by the rheology of the lithostratigraphic sequences involved,
shown synthetically in Fig. 3. Cross-section AeA0 shows an al-
most 20 km long thrust sheet composed by e from bottom to
top e a low strength decollement layer of evaporitic rocks
Fig. 4. Detailed cross-sections characteristic of the structural style of the Subbetic

legend of the cross-sections appears in Fig. 3, to the left of the lithostratigraphic c
(over 100 m thick) cropping out in the northern part of the
cross-section, a competent layer of dolomitic rocks (around
250 m thick), and a less competent layer of alternating marls,
marly limestones and limestones (1000e1500 m thick, Figs.
3 and 4). This thrust sheet, which draws a box fold accompanied
by smooth folds, is bounded to the NNW by a pop-up and to the
SSE by a pop-down structure (Fig. 4). Such a lack of preferred
vergence is characteristic of many areas of the structured Sub-
betic Domain, and is due to the presence of the weak layer of
evaporites as substrate of the fold-and-thrust system.

It must be stressed that the structural style characterized by
cross-section AeA0 is common to the whole Subbetic units
outcropping in the central Betics. In particular, it also charac-
terizes the oblique structures and the folds involved in the in-
terferences. By contrast, cross-section BeB0, orthogonal to the
NNWeSSE-trending oblique structures, shows a well-defined
W to WSW vergence (Fig. 4). It is defined by a thrust system
whose western part is characterized by two huge thrust sheets
around 10 km long, whereas in the eastern part of the cross-
section, much shorter thrust slices appear (less than 1 km).
This striking difference is related with the thickness of the in-
volved lithostratigraphic sequence. To the west, it is very thin
(around 450 m) and is made up of a very competent unit of
massive carbonate rocks overlain by competent limestones
(‘‘Sierra Gorda area-West’’ of Fig. 3). Atop it, incompetent
shales can be found. To the east, a very competent unit of do-
lostones and limestones appears, with a thickness reaching at
least 1200 m. It is overlain by a 700 m-thick, less competent
unit of alternating marls and marly limestones (‘‘Sierra Gorda
area-East’’ of Fig. 3). Hence, one should take note that the
basal detachment of the thrust system does not reach the sur-
face (Fig. 4). Triassic evaporitic rocks are nevertheless present
very near the western end of the cross-section, in the so-called
‘‘chaotic Subbetic’’ (Fig. 2), though not directly observed at
the bottom of the thrust sheet. Such weak rocks are also pres-
ent below the internal Subbetic situated northeast of Granada.
Accordingly, it is probable that although the well-defined ver-
gence is more characteristic of a brittle substrate, the thrust
system of Sierra Gorda area developed over ductile evaporites.
Units in the central Betics. (A) Montefrı́o area and (B) Sierra Gorda area. The

olumns. Localization of the cross-sections on Fig. 2.
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6. Oblique structures in the Subbetic Domain of the
central Betics: are they related with a backstop recess?

The origin of oblique structures in a deformed wedge may
be related to: (i) an along-strike displacement gradient (Hindle
and Burkhard, 1999), (ii) heterogeneities in the basement ge-
ometry (Mansy et al., 2003), (iii) heterogeneities in the folded
sequence (Corrado et al., 1998; Soto et al., 2002, 2003), (iv)
heterogeneities in the substrate (Bahroudi and Koyi, 2003;
Luján et al., 2003; Affolter and Gratier, 2004) and/or (v) the
salients and recesses of the backstop (Calassou et al., 1993;
Kley, 1999; Macedo and Marshak, 1999; Likorish et al., 2002).

In the studied natural case of the oblique fold and thrust of
the central Subbetic, an along-strike displacement gradient can
be immediately ruled out, as we are not dealing with an arcu-
ate fold-and-thrust belt, but with oblique structures that punc-
tuate the whole Subbetic Domain. Heterogeneities in the
basement geometry can also be immediately ruled out, be-
cause this is the uppermost thrust sheet of the Subbetic wedge,
and the basement is situated below several very thick thrust
sheets (see cross-section of Fig. 1). Heterogeneities in the
folded sequence have been evidenced only in the Sierra Gorda
thrust system, its western part showing a decrease in thickness
with respect to its eastern part (Fig. 3); in other area of the cen-
tral Betics, the rheological properties of the folded and
thrusted sequence are similar. Heterogeneities in the substrate
(thickness or brittle-ductile rheology) cannot be ruled out
since, for example, Triassic evaporites below the Sierra Gorda
thrust system are not directly observed (see previous
epigraph).

As for salients or recesses of the backstop, it is worth not-
ing that the irregularity of the trend lines of the structures de-
veloped in the Subbetic Domain is particularly pronounced in
front of a recess marked by the Alboran Domain outer bound-
ary. This boundary is oriented approximately EeW to ENEe
WSW in the central Betics e that is, parallel with the main
structural trend of the Subbetic Domain e although it draws
an NeS gap of about 30 km in the area of Fig. 2. This bound-
ary sometimes disappears below Miocene to Recent deposits
around Granada, but commercial well data can be used to con-
strain its approximate geometry. Indeed, at the bottom of
Granada D1 well (star on Fig. 2), Subbetic materials were
drilled (Rodrı́guez-Fernández and Sanz de Galdeano, 2006).

The geometry of this recess is tentatively sketched in Fig. 2
(see also Fig. 10). It must be stressed that the eastern branch of
this recess, which has been drawn as a straight line, could also
be interpreted as the envelope of ENEeWSW-trending seg-
ments of the internal external zone boundary, displaced by
a system of dextral, approximately NeS-trending strike-slip
faults. Nevertheless, such faults are not observed around or
within the Granada Basin, NeS-trending strike-slip faults
are present, they are mainly dextral.

Bearing this in mind, the complex pattern of the structures in
the Subbetic units in the central Betics will be interpreted in
terms of oblique structures developed in front of a backstop re-
cess, in a fold-and-thrust belt that developed over an evaporitic
substrate. In particular, the most important oblique structures in
the Subbetic units, the NeS to NNWeSSE thrust system situ-
ated south of Loja, are contiguous to the Alboran Domain and
are located in the western branch of this recess. This hypothesis
will be tested through an analogue modelling approach.

7. Folding and thrusting in the central Subbetic Domain:
convergence velocity and strain rate estimations

In order to achieve adequate scaling between the natural
case and analogue modelling, convergence velocity and strain
rate must be estimated. In the central Betics, the relationships
between the Miocene deposits of the piggy-back basins and
the structured Subbetic units show that the main shortening,
which generated NEeSW to ENEeWSW-directed folds and
thrusts, took place close to the AquitanianeBurdigalian transi-
tion, although tightening of the pre-existing structures oc-
curred during Middle and Late Miocene (Crespo-Blanc,
2007). The age of the foredeep olistostromic deposits, which
derived from the erosion of reliefs associated with the active
mountain front, evidences a migration of the main deformation
from SSE to NNW. Indeed, these deposits are Early Burdiga-
lian in age in the southernmost part of the central Subbetic do-
main (18.8e20.5 Ma according to Berggren et al., 1985), and
Serravallian in age in the northernmost outcrops (14.8e
11.2 Ma, Berggren et al., 1985) (Comas, 1978; Vera, 2000).
If it is assumed that deformation took place during the same
time interval, shortening developed in a 9.3e4.0 Ma time in-
terval. On the other hand, a total shortening within the Sub-
betic units of 91 km can be roughly estimated from the
large-scale cross-section along the central Betics (Fig. 1). In
this cross-section, the initial and final lengths of the uppermost
level of Jurassic rocks are 155 and 64 km, respectively. Ac-
cordingly, a convergence velocity of 1.0e2.3 cm/year
(3.1� 10�10 to 7.2� 10�10 ms�1) can be estimated, that is,
a strain rate of 4.8e11.3� 10�15 s�1.

8. An analogue modelling approach: backstop recess
and ductile-brittle multilayer
8.1. Material properties, scaling and model set up
In the experiments, sand and silicone were used as analogue
materials in a natural gravity field to simulate the brittle be-
haviour of upper crustal sedimentary rocks (Davy and Cob-
bold, 1991) and the ductile flow of evaporitic rocks
(Weijermars et al., 1993; Cotton and Koyi, 2000; Bonini,
2001), respectively. Dry quartz sand was used, with a grain
size varying between 0.2 and 0.3 mm, a coefficient of internal
friction f¼ 37�, and density rbM¼ 1.77 g/cm3. Coloured sand
provided horizontal passive markers within the undeformed
experimental multilayer. The silicone putty used in our exper-
iments (transparent Rhodosil Gum FB of Rhone-Poulenc) is
a Newtonian material, with a density rdM¼ 0.98 g cm�3 and
a viscosity hM¼ 0.5� 105 Pa s at room temperature (Funi-
ciello et al., 2003). A constant shortening rate of
1.74� 10�6 m s�1 (0.63 cm h�1) was imposed in all the
models.



Table 1

Scaling parameters between nature and model

Parameter Nature (N) Model (M) Scaling factor (N/M)

Length l (m) 1� 103 5� 10�3 2� 105

Density rv (kg m�3) 2200(a,b) 980 2.24

Density rb (kg m�3) 2400(b,c) 1770 1.35

Density contrast rb/rv 1.1 1.8 e

Viscosity h (Pa s) 0.1� 1018(d) to 10� 1018(b) 0.5� 105 0.2� 1012 to 20� 1012

Convergence velocity n (m s�1) 3.1� 10�10 to 7.2� 10�10(1.0e2.3 cm/year) 1.74� 10�6(0.63 cm h�1) 1.78� 10�4

(a) Weijermars et al. (1993); (b) Koyi (1988); (c) Cotton and Koyi (2000).
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Table 1 shows the characteristic values of the density (r),
length (l ), viscosity (h) and velocity (n) for both natural
case and analogue materials. The table also shows the relative
scaling factors of the main physical parameters. With the cho-
sen velocity of convergence in the model, (a) under natural
gravity conditions ( gN¼ gM¼ 9.81 m s�2), (b) assuming
a length ratio (lN/lM) of 2� 105 (1 cm in experiments
represented 2000 m in nature), and (c) according to the
approach of Weijermars and Schmeling (1986), where vN ¼
hM

hN
ð rdNgNl2N

rdMgMl2M
ÞvM, the viscosity of the evaporitic horizons should

correspond to the highest viscosities given by Cotton and
Koyi (2000), as hN calculated according to this formula gives
values of 1.1e2.5� 1019 Pa s.

The experiments were performed in a sandbox schemati-
cally illustrated in Fig. 5. The multilayer was built in the re-
cess of a rigid backstop whose geometry varied from one
model to the other. The angle marked by the recess was of
90� or 120�, and the movement of the backstop was parallel
to the symmetry axis of this angle (Models 90-45 and 120-
22) or oblique with respect to it, its perpendicular drawing ei-
ther an angle of 30� (Model 90-30) or an angle of 0� with one
of the sides of the backstop (Model 120-0) (Fig. 5).
Fig. 5. Simplified sketch of the experimental apparatus and model setting in both

experiments is schematically illustrated (Models 90-45, 90-22. 120-30 and 120-0,
The pre-deformational configuration of the experimental
multilayer was identical in all models, and the rheological
stratification consisted of (i) an upper brittle layer composed
of alternating layers of coloured and uncoloured dry sand
(1 cm thick), and (ii) a lower ductile layer of silicone putty
(0.5 cm thick) (Fig. 5). In addition, Model 90-45Sand was per-
formed with a multilayer composed only by sand, a backstop
recess of 90� and a movement of the backstop parallel to the
symmetry axis.

A 4 cm-side grid was sieved on top of the multilayer. A my-
lar sheet floored the sandbox, and sand was used to confine the
whole model. Pushing the rigid backstop attached to a motor
drive caused collision of the multilayers against it, and the
consequent growth of the fold-and-thrust wedges. The amount
of total movement of the backstop was approximately 20 cm
in all experiments. The evolution of the experiments was re-
corded by time-lapse photographs of the top surface. After
completion, each model was wetted with water and serially
sectioned parallel to the convergence direction.

All the experiments were performed in the Analogue Mod-
elling Laboratory of the Geodynamics Department of the Uni-
versity of Granada (Spain).
cross-section and map view. The geometry of the backstop in the different

from left to right).
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8.2. Experimental results: progressive evolution of the
thrust wedge
The progression of deformation of each of the multilayer
models is illustrated by a series of line drawing from overhead
photographs (Figs. 6e9). In the final experimental stage, the
numbers indicate the nucleation sequence of the thrusts.
Some of the thrusts that developed in the first stages were to-
tally covered by slice thrusts later; when this occurred, their
sequence numbering appears in one of the progressive stage
line drawings.

In all models, deformation started with a thrust that mim-
icked the outer boundary of the experimental multilayer.
A

Fig. 6. (A) Line drawings of map view of Model 90-45 for various amounts of shor

photographs). In the final stage line drawing, the numbers indicate the nucleation se

were divided into 2 cm long segments, measured with respect to the movement of

petal: 17 values). The thrust which formed in the outer part of the models (border e

dotted lines in the rose diagram represent the backstop side orientation. (B) Photogr

wedges (located as a straight line in the final stage line drawing). (C) Line drawin
This border effect is neglected in the description which fol-
lows. When shortening proceeded, the sandpack above the
ductile substrate was deformed mainly by box folds. They
were bounded by both forward and rearward vergent thrusts
and/or kink bands, which developed almost simultaneously.
The resulting geometry shows a very low surface wedge taper
enhanced by the lack of dominant vergence. The photograph
of Fig. 6B shows a representative cross-section that illustrates
the finite 2D geometry. It can also be seen how the pop-down
structures sank into the silicone and were, in some cases, to-
tally covered by subsequent thrust slices (Fig. 8A). Indeed,
buoyancy-driven processes are enhanced in the models with
respect to the natural case, as the density contrast between
C

B

tening indicated as total movement of the backstop in centimetres (drawn from

quence of the faults. In order to represent their orientation, the structure traces

the backstop and plotted in the rose diagram (total measurements: 128; largest

ffect) were not considered (thrusts in grey in the final stage line drawing). The

aph of a cross-section representative of the structural style of the experimental

g of final stage map view of Model 90-45Sand.



Fig. 7. Line drawings of map view of Model 90-22 for various amounts of shortening indicated as total movement of the backstop in centimetres (redrawn from

photographs). See rest of legend concerning the numbers and the rose diagram in Fig. 6A. Rose diagram: total measurements, 109; largest petal, 16 values.
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the brittle and the ductile layer of the model is almost twice
that existing between the carbonate sequence and the evapo-
ritic layer in nature (Table 1).

The first structure that developed in Model 90-45, after the
border effect, is a box fold bounded by thrusts that run straight
from one part to the other of the multilayer in the central sec-
tor of the model (Fig. 6). This box fold is neither parallel nor
perpendicular to the backstop movement or to any of the re-
cess sides. As shortening proceeded, other non-cylindrical
pairs of box folds, accompanied by their corresponding for-
ward and rearward vergent thrusts, developed. They nucleate
without following any rule of propagation in terms of pattern
of occurrence, as they first developed in the rear part of the
model (thrusts 6, 7 and 9 of Fig. 6) and then in the frontal
one (thrusts 10, 11 and 13).

The first stage of Model 90-22 is characterized by the de-
velopment of an S-shaped structure that links two pairs of
forward and rearward vergent thrusts. This pair of thrusts is
parallel to the recess side, at a higher angle with respect to
the one perpendicular to the backstop movement (Fig. 7).
When shortening proceeded, most of the structures developed
in the internal part of the model with respect to this S-shaped
structure, nearly parallel to the same recess side, though
slightly sinuous (e.g. thrusts 9, 11e13). A second pair of
thrusts mimics the first S-shaped structure (thrust 10).

In the first stage of Model 120-30, an arc-shaped box fold
bounded by both forward and rearward vergent thrusts devel-
oped in the centre of the multilayer (Fig. 8). It shows the same
concavity as the backstop recess, and its lateral branches are
slightly oblique with respect to the backstop sides. When
shortening proceeded, this structure was slightly squeezed in
map view and its lateral branches reached parallelism with
the backstop sides. Then, two other arcuate structures devel-
oped, convex with respect to the backstop recess, one of
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B

Fig. 8. (A) Line drawings of map view of Model 120-30 for various amounts of shortening indicated as total movement of the backstop in centimetres (redrawn

from photographs). In the final stage line drawing, the numbers indicate the nucleation sequence of the faults. Thrusts 4 and 6, indicated in previous stages, were

hidden below late thrust. The corresponding rose diagram appears in Fig. 10. (B) Photograph of a cross-section showing a pop-down syncline sunk in the silicone

and covered by a subsequent thrust slice (localized as a straight line in the final stage line drawing).
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them closer than the other (thrusts 9 and 10 of Fig. 8). Finally,
deformation was mainly concentrated in the central part of the
model, where an intense shortening took place. It caused the
disappearance of a pop-down that sank into the silicone.
Then, this pop-down was thrusted by another thrust sheet
(Fig. 8B).

Model 120-0 can be considered the most cylindrical model
of all the experiments (Fig. 9). At the beginning of this mod-
elling, the folds and thrusts were only slightly sinuous, with
a general trend subparallel to the side of the recess that is per-
pendicular to the backstop movement. A general propagation
of the deformation toward the external part of the model
took place. At the final stage, the box folds that developed
near the oblique side of the recess are seen to be slightly ro-
tated (counterclockwise), drawing a small angle with respect
to the recess side perpendicular to the backstop movement.

The structural deformation style observed in the multilayer
floored by silicone strongly contrasts with that made up only
of sand (Model 90-45Sand; Fig. 6C). The latter showed a typ-
ical piggy-back sequence evolution of the thrust wedge. Defor-
mation was concentrated at the front of the wedge, and two
systems of almost rectilinear thrusts developed parallel to
the backstop sides. These were linked by a transfer zone situ-
ated along the symmetry plane of the backstop recess. The re-
sult of this experiment closely resembles that of Calassou et al.
(1993), who describe a sandpack pushed by a backstop with
a recess of 145�, and with one side perpendicular to the
backstop movement (sketch of Fig. 9B). In their case, the
thrust systems are also parallel to the backstop sides.
8.3. Final geometry: main structural trend and oblique
structures
The analogue models presented in this paper developed
non-cylindrical structures and a complex structural pattern:
a main trend can be defined, and, relative to it, frequent obli-
que structures are observed. Again, we stress that these obli-
que structures developed everywhere in the model and were
not located along discrete transfer zones. Moreover, the struc-
tures are coetaneous, regardless of their orientation.

The spatial distribution of the structures and their grade of
obliquity can be quantified through rose diagrams. In the line
drawing of the final stage, the structure lines were divided into
segments of 2 cm length, and their mean orientation was mea-
sured. The north of the rose diagrams corresponds to the back-
stop movement direction, while each petal represents an
interval of 5� of strike orientation. It must be stressed that
the folds and thrusts situated in the outer boundary of the mul-
tilayer were neglected (border effect). These diagrams appear
in parallel with the model line drawings (Figs. 6, 7 and 9), ex-
cept that corresponding to Model 120-30, drawn in Fig. 10.

Model 120-0 shows a very well defined main trend as well
as the lowest grade of obliquity (Fig. 9). Some 95% of the ori-
entation measurements range in a 50� interval (between N65E
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Fig. 9. (A) Line drawings of map view of Model 120-0. See rest of legend con-

cerning the numbers and the rose diagram in Fig. 6A. Rose diagram: total mea-

surements, 133; largest petal, 25 values. (B) Line drawings of map view of

a model realized by Calassou et al. (1993), a sandpack shortened by a backstop

with a recess of 145� and with one of its side perpendicular to the backstop

movement.
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and N115E) and 52% of the values are comprised within a 15�

range, between N80E and N95E. The mean orientation N86E
is almost perpendicular to the backstop movement.

Despite the pronounced S-shaped structures that formed at
the beginning of the experiment, Model 90-22 shows a marked
main trend and a minor amount of oblique structures, with
82% of the measurements between N90E and 130E (40�

range); the mean orientation of the structures is N103E, that
is, subparallel to the backstop recess side that produced most
of the shortening in the multilayer (Fig. 7).

The rose diagrams of Models 90-45 and 120-30 (Figs. 6 and
10, respectively) show the highest variation of the orientation
of the structures. Although the mean trend of the structures is
almost parallel to the perpendicular to the backstop movement
(N87E and N94E, respectively), a pronounced variation of the
orientation can be observed. Indeed, in both experiments, most
of the measurements vary between N60E and N140E. More-
over, a 40� range (between N60E and 100E) comprises only
67% or 55% of the measurements (Models 90-45 and 120-
30, respectively).

In summary, models in which the backstop recess is sym-
metric with respect to its movement show the highest variation
in orientation of the resulting structures. Furthermore, if the
movement is asymmetric, with one of the entrant sides at
higher angle with respect to the backstop movement, it favours
the development of folds and thrusts nearly parallel to this par-
ticular side.

9. Discussion
9.1. Oblique structure development: backstop recess vs
other initial model configurations
The models presented in this paper provide insights as to
the kinematics and mode of development of folds and thrusts
in a situation of backstop recess with a ductile-brittle multi-
layer. This particular geometry of the backstop is, on the other
hand, common in natural cases. In cross-section, the model
structural style is identical to previously published analogue
models run with similar geometric, kinematic and dynamic pa-
rameters, and the box folds frequently bounded by forward
and rearward thrust illustrated in Figs. 6B and 8A are charac-
teristic of the deformation of a sandpack above a ductile sub-
strate (Cotton and Koyi, 2000; Costa and Vendeville, 2002;
Bahroudi and Koyi, 2003; Luján et al., 2003; Smit et al.,
2003).

The originality of the presented models resides in the com-
plex distribution of the structures in map view: the oblique
structures developed throughout the model and were not lo-
cated along transfer zones. Moreover, they formed at high an-
gles or even nearly perpendicular to the structures defining the
main structural trend, and they are particularly frequent in the
models that are symmetrical with respect to the backstop
movement (Models 90-45 and 120-30). The presence of a duc-
tile layer at the bottom of the experimental multilayer is deter-
minant for the development of such a complex structural
pattern. Indeed, when the initial multilayer is composed only
by brittle material, two monovergent thrust systems developed,
rectilinear and parallel to the backstop sides (Figs. 6C and 9B).
The formation of oblique structures had already been simu-
lated in other types of analogue models, but: (a) the obliquity
of the obtained structures was never so pronounced as that of
the models presented in this paper, except in the cases of short-
ening produced by indenters; and (b) the structural patterns are
very different in terms of spatial distribution of the oblique
structures.

With a multilayer formed only by sand, Soto et al. (2002)
performed a series of experimental wedges developed in
a sandpack, with lateral and three-dimensional thickness vari-
ations. Marques and Cobbold (2002) studied the influence of
erosion or sedimentation upon the development of thrust
wedge e that is, entailing a high gradient of thickness of var-
iation in the initial sandpack. In both cases, oblique structures
developed, but the angle between mean trend and oblique
structures was no higher than 40�. Calassou et al. (1993)
show that the variations in basal friction and/or kinked back-
stop geometry control the development of transfer zones in
thrust wedges. Nevertheless, the presence of oblique structures
modelled by these authors is limited to these transfer zones,



Fig. 10. Comparison between model and natural case in front of the recess drawn by the Alboran Domain outer boundary (drawn in thick dotted line). The final

stage of Model 120-30 was reproduced as a mirror image and rotated to enhance the similarities. The rose diagram of Model 120-30 was constructed as those of

Models 90-45, 90-22 and 120-0 (see legend in Fig. 6A). Total measurements, 144; largest petal, 17 values. The rose diagram labeled ‘‘Central Subbetic’’ corre-

sponds to the measurements in the natural case, for the area appearing in the map. The dotted lines in the rose diagram represent the backstop side orientation, in

both the model (imposed) and the natural case (deduced from geological mapping).
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and the obliquity only reaches 40e50�. In light of the models
presented in this paper, the results reached by Calassou et al.
(1993) would have been very different if the initial sandpack
had been floored by silicone.

Heterogeneities in the type e ductile or brittle e and thick-
ness of the fold-and-thrust substrate can also produce oblique
structures. Cotton and Koyi (2000) and Bahroudi and Koyi
(2003) investigated the shortening of sandpack above adjacent
ductile and frictional substrate in front of a straight backstop,
with boundaries between ductile and frictional domains at the
same time perpendicular to the backstop and parallel to its
movement. Oblique structures in the sandpack developed in
the area situated over the transition between domains: they
show only 50� of obliquity, and they systematically end
against a transfer fault zone. Luján et al. (2003) carried out ex-
periments with different geometries of a ductile plate below
a sand multilayer, in such a way that the movement of the
backstop was oblique with respect to the frictional-viscous
rear boundary. Angles of no more than 30� between main
and oblique structures were observed. A thicker layer of duc-
tile substrate below the sandpack is responsible for a farther
propagation of the deformation front and can locally generate
an arcuate thrust belt (Likorish et al., 2002). Finally, very com-
plex structures including strike-slip faults and oblique struc-
tures, localized essentially along frictional-ductile substrate
boundaries have been modelled recently by Storti et al.
(2007) in experiments which involve along strike-tapered sili-
cone floored multilayers.
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The indenting of a backstop against either a brittle or a duc-
tile-brittle multilayer produces structures whose pattern
strongly depends on the geometry and movement direction
of the indenter (Zweigel, 1998; Macedo and Marshak, 1999;
Likorish et al., 2002; Crespo-Blanc and González-Sánchez,
2005). The presence of obstacles within the undeformed
wedge can be included in this category of models (Marshak
et al., 1992). Nonetheless, in all these models, the structural
pattern of the resulting wedge generally consists of arcuate
belts, in which domains with different orientations can be de-
fined, the latter being oblique or nearly perpendicular. This is
a quite different pattern than the one observed in the models
presented here.
9.2. Implications for the structural evolution of the
central Subbetic fold-and-thrust belt
The models presented in this paper were designed to study
the influence of the recess marked by the Alboran Domain, i.e.
the internal zones of the Betics, on the structural trend drawn
by the paleomargin-derived external zones (Subbetic Domain).
The Alboran Domain acted as a backstop that produced the
shortening within the Subbetic units by a push-from-behind
mechanism.

The presence of an evaporitic substrate in the Subbetic
units imprints a structural style with a lack of preferred ver-
gence, box folds, and pop-up and pop-down structures very
similar to those simulated in the models. In fact, the cross-sec-
tion AeA0 of the natural case (Fig. 4) is very similar to the
model cross-section photograph of Fig. 6B. By contrast, the
cross-section which illustrates the thrust system of Sierra
Gorda shows a well-defined westward vergence (cross-section
BeB0 of Fig. 4). Nevertheless, a thrust system developed over
weak evaporites (that appear as a tectonic window below the
sole thrust) may also show well-defined vergence, though lim-
ited to a wide domain. Such is the case of part of the Flysch
Complex, in the westernmost Gibraltar Arc fold-and-thrust
belt (Fig. 1; Luján et al., 2003).

In map view, the development of folds and thrusts in the an-
alogue models shows a complex pattern in which the struc-
tures define a main structural trend, relative to which
oblique structures are observed. This is qualitatively similar
to the Subbetic fold-and-thrust belt that crops out in the central
Betics. Moreover, Model 120-30 is quantitatively similar. In
both the models and the natural case: (a) oblique structures
are not located along transfer zones but are present every-
where, (b) this obliquity with respect to the structures that
draw the main trend can reach 90�, and (c) the oblique struc-
tures are coetaneous with those drawing the main trend.

In order to enhance the similarities between the model and
the central Subbetic natural case in terms of structure orienta-
tion variability, the final stage of Model 120-30 appears in par-
allel with the structural map of the central Betics in Fig. 10.
The photograph of the model was reproduced as a mirror im-
age with respect to Fig. 8. It was also rotated in such a way
that the model backstop sides show an approximately similar
orientation with respect to the Alboran Domain backstop
recess deduced from mapping. Rose diagrams to quantify
the orientation variations in both cases accompany the figure.
The rose diagram for the Subbetic was constructed for the area
that corresponds to the frontal part of the backstop, which in
turn corresponds to the structural map of Fig. 10. Based on
this map, the structural lines were divided into segments of
4 km length, according to the scaling factor between nature
and model of 2� 105, and their mean orientation was mea-
sured. One-third of the measurements in the Subbetic Domain
are comprised between N60E and N85E (25� range), and two-
thirds between N25E and N85N (60� range). Moreover, all the
possible orientations are represented. On the whole, the orien-
tation distribution represented by the rose diagram is very sim-
ilar to that exhibited by Model 120-30.

Consequently, oblique structures within the ENEeWSW
directed fold-and-thrust belt of the Subbetic Domain cropping
our in the central Betics can adequately be explained in terms
of oblique structures that developed in a deformed wedge
floored by a ductile substrate of evaporitic rocks, in front of
a recess marked by the outer boundary of the Alboran Domain
(internal zones). It must be stressed that for the particular case
of the Sierra Gorda oblique thrust system, other factors such as
lateral variation of substrate (type and thickness) can be
evoked, yet according to previous published models (Soto
et al., 2002; Luján et al, 2003), these variations of parameters
are not sufficient for producing structures subperpendicular to
the main trend.

Finally, the possibility of generating oblique structures with
a very high degree of obliquity with respect to the main trend
during a single episode of shortening could be a key process in
the complex evolution of the central Subbetic. Indeed, in this
domain, superposed folding was described by Crespo-Blanc
(2007). These interferences can be observed in the area of Al-
calá la Real and Priego, that is, in front of the recess drawn by
the Alboran Domain (Fig. 1). The relationships of the buckle-
fold interference with syntectonic piggy-back sediments reveal
that the folds of the first phase and those of the second one de-
veloped within a very short time span, if not simultaneously.
Superposed buckle folding only arise when the trend of the
pre-existing folds is nearly perpendicular to the later stress di-
rection (Ghosh and Ramberg, 1968); if this angle is not higher
than 80�, the earlier buckle folds tend to rotate, approaching
the normal to the new shortening direction, instead of being
overprinted by a second fold set (hinge migration of Odonne
and Vialon, 1987). In the light of the analogue modelling pre-
sented in this paper, a working hypothesis concerning the or-
igin of the superposed folding observed in the central
Subbetic can be formulated. These interferences could gener-
ate from folds developed during the first stage of the shorten-
ing. If they were subperpendicular with the main trend, and
assuming that their orientation was adequate (nearly parallel
to the later shortening direction), they would have been re-
folded during the progressive deformation. This working hy-
pothesis should now be tested through modelling with
analogue materials that allow for the formation of superposed
folding (Ghosh and Ramberg, 1968; Grujic et al., 2002; Sen-
gupta et al., 2005).
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10. Conclusions

1. In analogue modelling, a recess in a backstop can produce
a complex pattern of structures, in which a main structural
trend is accompanied by oblique structures. Such a pattern
developed only if the multilayer showed a vertical rheo-
logical stratification consisting of a ductile substrate (sili-
cone putty) situated below a brittle layer (sand).

2. The oblique structures developed everywhere in the
models and were not located along discrete transfer zones.

3. In the models, both the structures that draw the main trend
and the oblique ones developed simultaneously.

4. The grade of obliquity of the structural pattern is higher in
models with recess sides oriented symmetrically with re-
spect to the backstop movement. In the case of asymmetry,
most of the structures developed subparallel to the side of
the backstop that was at higher angle with respect to the
backstop movement.

5. The natural case of the ENEeWSW trending fold-
and-thrust belt of the central Subbetic shows remarkable
similarities with one of the presented models (Model
120-30), in terms of cross-section, structural pattern and
progressive deformation.

6. The origin of buckle-superposed folding observed in the
central Subbetic may be related with folds developed dur-
ing the first stage of the shortening, oriented subperpendic-
ular to the main trend, then refolded when shortening
proceeded.
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