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[1] The nucleation, propagation, and associated folding of ramp-flat-ramp normal faults
were analyzed from field examples developed in a brittle/ductile multilayer sequence of the
Huércal-Overa Basin (SE Spain). Gently dipping sandy silt layers, which display a low
cohesive strength (C0 = 7 kPa, m = 34�), favor the development of extensional detachments.
A tectonic origin instead of a possible gravitational origin is supported by the
perpendicularity between the paleoslope direction of the fluvial-deltaic environment
inferred from imbricated pebbles, and the senses of movement deduced from fault slicken-
lines. The link between high-angle normal faults (HANFs) —formed at different levels in
the layered sequence— with horizontal fault segments comes to develop ramp-flat-ramp
normal faults with associated roll-over in the hanging wall. Observed extensional duplexes
are formed by parallel detachments connected through synthetic Riedel faults. These
Riedel faults would produce the back-rotation of the individual blocks (horses),
i.e., extensional folding of the originally subhorizontal layers. There is no correlation
between the analyzed ramp-flat-ramp normal faults, accommodating south-southeastward
extension during Serravallian-lower Tortonian, and either the regional Alpujarride/
Nevado-Filabride west-directed extensional shear zone or the top-to-the-north detachments
within Alpujarride units, which are clearly sealed by Serravallian-lower Tortonian
sediments. Therefore, the studied normal faults are restricted to the brittle/ductile
multilayer fluvio/deltaic sequence and accommodate moderate late extension instead
of belonging to a large crustal extensional system connected with a regional detachment at
depth. Therefore, the basin formed in a moderate crustal thickness context where small and
medium-scale extensional systems were subordinate structures. These natural examples
support the development of low-angle normal faults at very shallow crustal levels in
multilayer sequences with suitable rheological conditions.

Citation: Pedrera, A., J. Galindo-Zaldívar, F. Lamas, and A. Ruiz-Constán (2012), Evolution of near-surface ramp-flat-ramp
normal faults and implication during intramontane basin formation in the eastern Betic Cordillera (the Huércal-Overa Basin,
SE Spain), Tectonics, 31, TC4024, doi:10.1029/2012TC003130.

1. Introduction

[2] Mechanical models of brittle faulting suggest that
normal faults deforming isotropic rocks under vertical and

horizontal orientations of principal stresses, and with coaxial
strain history, are developed at high-angle dips, close to 60�
[Anderson, 1951]. However, normal faults frequently show
complex arrays of interaction that link high-angle and low-
angle segments in nature [Peacock and Sanderson, 1992;
Morley, 1999]. Deflected stresses [Axen, 1992] and low fric-
tion linked to high fluid pressure [Axen, 1992; Collettini and
Barchi, 2002, Collettini et al., 2006] and/or mineralogical
weakening [Abers, 2009; Boulton et al., 2009; Smith and
Faulkner, 2010] have been invoked to explain the mechanics
of these low-angle normal faults (LANFs). Accordingly,
extension in the upper crust is commonly accommodated by
listric faults [Bally et al., 1981; Shelton, 1984] and/or planar
domino style faults [Axen, 1988] rooted into a detachment at
depth. In some extensional terrains, regional LANFs accom-
modate large displacements at middle to lower crustal levels
[Lister and Davis, 1989; Axen, 1999; Cichanski, 2000; Sorel,
2000].
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[3] The aim of this contribution is to analyze the geometry
and the evolution of near-surface ramp-flat-ramp normal
faults and associated extensional duplexes. To do so, we
analyzed meso-scale examples that deform a Serravallian-
lower Tortonian brittle/ductile multilayer sequence of the
Huércal-Overa Basin (SE Spain) using structural data and
structural modeling. This field-based characterization of the
selected structures allows us to analyze their evolution,
including fault initiation, linkage between high-angle and
low-angle dipping normal faults, propagation mechanisms,
and associated folding styles. The Betic Cordillera is as a
good laboratory to explore extensional systems and the great
variety of related problems Therefore, mechanical analyses
carried out in metamorphic rocks affected by large detach-
ments mainly during early Miocene have been previously
performed [e.g., García-Dueñas and Martínez-Martínez,
1988; Galindo-Zaldívar et al., 1989; Platt and Vissers,
1989; García-Dueñas et al., 1992; Martínez-Martínez and
Azañón, 1997; Martínez-Martínez et al., 2002].Our results
shed light on the continuity of these large extensional sys-
tems that affected metamorphic complexes of the Eastern
Betic Internal Zones up to the Serravallian-early Tortonian,
and their relationship with the intramontane basin formation.

2. Geological Setting

[4] The Betic Cordillera, together with the Rif, con-
stitutes the westernmost part of the Alpine Mediterranean
belt in the convergent Eurasian and African plate boundary
[Dewey et al., 1989;Mazzoli and Helman, 1994; Rosenbaum
et al., 2002]. Three main geological domains are recognized
in the Betic Cordillera: the External Zones formed by
Mesozoic and Cenozoic sedimentary rocks, the Flysch Units
composed of Cretaceous to Miocene deep-water detrital
sediments, and the Internal Zones composed of stacked
allochthonous tectonic nappes that extensively include
Paleozoic and Mesozoic rocks mostly metamorphosed in
alpine times. Thrust-and-fold successions deformed the
External Zones and the Flysch Units during the latest
Oligocene-early to middle Miocene, associated with a west-
ward drift of the Internal Zones [Balanyá and García-
Dueñas, 1987; Crespo-Blanc and Campos, 2001; Luján et al.,
2003]. Three main tectonic complexes constituting the
Internal Zones have recorded an intense deformation history.
From bottom to top they are: the Nevado-Filabride, the
Alpujarride and the Malaguide [Egeler, 1963; Van Bemmelen,
1927; Blumenthal, 1927].
[5] The extensional opening of the Algero-Balearic Basin,

related to the roll back of a northwestward subducting Afri-
can slab, forced the westward migration of the Alboran
Domain [e.g., Booth-Rea et al., 2007]. Accretion along the
frontal sector of the Gibraltar Arc was simultaneous to a
complex extension in the inner part of the Alboran Domain
(Internal Zones of the Betic Cordillera) mainly during the
early Miocene [e.g., García-Dueñas et al., 1992; Jabaloy
et al., 1992]. The subduction of oceanic crust and the
Iberian margin beneath the Alboran Domain and the subse-
quent slab roll-back, reasonably explain the latest Oligocene
to middle Miocene evolution of the Betic-Rif cordilleras and
the development of the Alborán Basin [Lonergan and White,
1997; Jolivet and Faccenna, 2000; Faccenna et al., 2004].

2.1. Accretion and Metamorphism in the Betic
Internal Zones

[6] In Alpine orogeny, while the uppermost Malaguide
Complex is largely unmetamorphosed, the Alpujarride and the
Nevado-Filabride complexes were deformed under variable
metamorphic conditions. Both complexes experienced a HP/
LT metamorphic event, locally reaching eclogitic metamor-
phic conditions (lower part of the Ojen Units in the western
Betics [Tubía and Gil Ibarguchi, 1991] metabasites from the
Nevado-Filabride Complex, [Puga et al., 1999]). Timing of
the HP/LT peak is largely discussed and almost certainly it
was diachronous during the Paleogene [Monié et al., 1991;
Augier et al., 2005a; Platt et al., 2005], although an earliest
Miocene age has also been evoked [López Sánchez-Vizcaíno
et al., 2001; Gómez-Pugnaire et al., 2004; Platt et al., 2006].
The HP/LT metamorphic event was related to the nappe
stacking of the metamorphic complexes in a setting of colli-
sion and crustal thickening. Transpressive stacking probably
continued after decompression, reshuffling the metamor-
phic isogrades [Balanyá et al., 1998]. It resulted in late-
metamorphic overturned folds and the development of north
to northwestward brittle thrusts crosscutting the folds and
inducing the superposition of Alpujarride tectonic units
[Simancas and Campos, 1993; Balanyá et al., 1997, 1998].
Some authors support a single extensional collapse event after
the HP/LT peak, explaining the metamorphic evolution and
the development of ductile to brittle shear zones and folds in a
purely extensional framework that determined the develop-
ment of large LANFs [Platt, 1998;Orozco et al., 2004; Augier
et al., 2005b].

2.2. Low-Angle Extensional Shear Zones, Alboran
Basin Development, and Late Intramontane Basin
Individualization

[7] The attenuation of the Alpujarride and the Nevado-
Filabride units, favored by the activity of regional extensional
detachments and associated normal faults, is broadly accepted
[Galindo-Zaldívar et al., 1989; Platt and Vissers, 1989;
García-Dueñas et al., 1992; Martínez-Martínez and Azañón,
1997]. Hence, a large-scale extensional shear zone is located
at the contact between Nevado-Filabride and Alpujarride
complexes, known as the Filabres shear zone [García-Dueñas
and Martínez-Martínez, 1988;Martínez-Martínez et al., 2002;
Agard et al., 2011], Mecina Extensional System [Galindo-
Zaldívar et al., 1989; Jabaloy et al., 1992] or Alpujarride/
Nevado-Filabride extensional contact [Jabaloy et al., 1993a].
This regional detachment shows a progressive evolution from
ductile (�22–18 Ma) to ductile-brittle (18 Ma to 14 Ma)
conditions accommodating top-to-the-west extension [Augier
et al., 2005b; Agard et al., 2011]. Secondary westward-
southwestward directed normal faults are associated with the
main shear zone. Martínez-Martínez and Azañón [1997]
described listric fans coalescing in the basal Filabres detach-
ment and extensional horses bounded by LANF segments.
The development of the Filabres extensional shear zone deci-
sively contributed to the exhumation of the Nevado-Filabride
Complex. In addition, a north-northwestward normal fault
system attenuated the Alpujarride units during Burdigalian-
Langhian times [e.g., Crespo-Blanc, 1995;Martínez-Martínez
and Azañón, 1997; Booth-Rea et al., 2004], partially rework-
ing the previous thrust systems [Cuevas et al., 1986; Simancas
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and Campos, 1993]. This normal fault system encloses listric
and LANFs that coalesce into a single detachment [García-
Dueñas et al., 1992].
[8] The Viñuela group (early Burdigalian, �19 Ma)

[Martín-Algarra, 1987] is the first sedimentary unit con-
taining pebbles from the Alpujarride Complex. The
mechanical contact between the Malaguide and the Alpu-
jarride complexes is locally sealed by this sedimentary unit
postdating the syn-metamorphic main foliation and the
exhumation of the Alpujarride units [Martín-Algarra, 1987;
Jabaloy-Sánchez et al., 2007]. This extensional process
culminated in a significant crustal thinning in the western
Alboran Basin and the deposition of Burdigalian-Langhian
pelagic marls [Comas et al., 1999]. From late Serravallian
onward, the emersion of the northern Alboran Basin margin
occurred, inducing progressive intramontane basin discon-
nection. This moment is marked by an angular unconformity
between Burdigalian-Langhian pelagic marls, incompletely
preserved, and a Serravallian-lower Tortonian continental/
fluvial-deltaic sedimentary unit. The Huércal-Overa Basin,

placed in the eastern Betic Cordillera, is one of these sedi-
mentary basins.

2.3. The Huércal-Overa Sedimentary Basin

[9] The Huércal-Overa Basin is located between the E-W
to ENE-WSW trending Sierra de Los Filabres/Sierra de
Almagro and Sierra de Las Estancias (Figure 1). According
to a compilation of stratigraphical analyses [e.g., Briend,
1981; Montenat et al., 1990; Mora, 1993; Augier, 2004;
Meijninger, 2006; Pedrera et al., 2010], the stratigraphical
sequence starts with a thick continental red conglomerate
formation (reaching up to�500 m in thickness), Serravallian-
early Tortonian in age, which lies unconformably on the
metamorphic basement. These continental deposits are in
gradual lateral and upward transition toward a fluvial-deltaic
unit (reaching up to �300 m in thickness), also Serravallian-
early Tortonian in age, where brittle conglomerates alternate
with sandstone levels and soft beds made up of homogenous
gray sandy silts, clays, caliches, paleosoils and gypsum. At
the top of the Serravallian-lower Tortonian units lies an

Figure 1. Simplified geological map, cross-sections, and stratigraphy of the Huércal-Overa-Basin,
located in the eastern Betic Cordillera, southern Iberian Peninsula. The positions of Figure 3 and 11 are
marked.
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angular unconformity, and late Tortonian bioclastic lime-
stones are found in gradual transition to yellow marls toward
the center of the basin where reach up to �800 m in thick-
ness. Messinian marls crop out only in the easternmost part of
the basin. During the Plio-Quaternary, Miocene series were
highly eroded and detrital alluvial and fluvial sediments were
unconformably over the Miocene rocks.
[10] The Miocene sediments that fill in the Huércal-Overa

recorded extensional and compressional deformations
[Pedrera et al., 2010]. It offers an opportunity to study field
examples of small-scale and meso-scale normal faults
[Briend, 1981; Guerra Merchán, 1992; Mora, 1993; Augier,
2004; Meijninger, 2006; Pedrera et al., 2007, 2010]. Nor-
mal faults that are WNW-ESE to NW-SE oriented show a
widespread distribution, with evidence of activity since the
Serravallian-early Tortonian. Kinematic analysis of both
HANFs and LANFs generally reveals NNE-SSW to NE-SW
extension in transition to radial extension [Pedrera et al.,
2007, 2010]. Yet Mora [1993] and Augier [2004] support
two successive and almost perpendicular extensional stress
fields. Most of the normal faults develop planar surfaces
dipping 50–60� (Figure 2). However, LANFs that developed
in the fluvial-deltaic unit interact with HANFs, giving rise to
extensional duplexes and ramp-flat-ramp normal faults.

2.4. Contrasting Tectonic Models

[11] Several models are proposed to explain the E-W to
ENE-WSW oriented ranges and adjacent intramontane sed-
imentary basin formation in the Betics since late Serra-
vallian. Some authors propose that E-W elongated Sierra
Nevada-Sierra de los Filabres dome, and associated ranges,
have a contractional origin, which is also affected by an
isostasic adjustment due to progressive unroofing at the
footwall of the Filabres regional basement detachment [e.g.,
Martínez-Martínez et al., 2002, 2004]. Augier et al. [2005a]
propose the relief and basin genesis in a pure extensional
deformation setting where the Sierra Nevada-Sierra de los
Filabres metamorphic dome progressively grows through the
superimposition of an E-W regional extension and a lateral
downslope N-S extension induced by gravity in Serra-
vallian-Tortonian times. This N-S extension would be

accommodated by listric normal faults rooted on the reacti-
vated Filabres shear zone. Meijninger [2006] propose the
late Serravallian to late Tortonian Basin formation in
response to the approximately N to NE directed extension,
also in an extending crustal setting. This N to NE oriented
extension direction should induce extensional faulting both
in the basins and in the underlying basement. In contrast,
Pedrera et al. [2007, 2010] support the formation of the
basins in a context of moderate crustal thickening with the
coeval interplay of contractional and subordinated exten-
sional tectonic structures. The nearby Alhama de Murcia
left-lateral Fault Zone is a key major structure controlling the
basin genesis [Pedrera et al., 2010]. The Sierra de Los
Filabres would correspond with an antiform resulting from
contraction [Weijermars et al., 1985; Montenat and Ott
d’Estevou, 1990; Sanz de Galdeano and Vera, 1992] and
nucleated in a heterogeneous upper crust favored by the
presence of basic rocks [Martí et al., 2009: Pedrera et al.,
2009].

3. Methods

[12] Ramp-flat-ramp normal faults and associated exten-
sional duplexes were analyzed from field examples devel-
oped in the Serravallian-lower Tortonian brittle/ductile
multilayer sequence of the Huércal-Overa Basin. To begin,
we explored their possible connection with a large basement
extensional system, as previously suggested [Augier et al.,
2005b]. For this purpose, we characterized the detach-
ments, separating the metamorphic complexes that constitute
the basement by new geological mapping and kinematics
analysis. We pay attention to the timing and kinematic
relationships between the basement detachments and the
ramp-flat-ramp normal faults affecting the sedimentary
rocks of the Huércal-Overa Basin.
[13] Subsequently, we focus on the geometry, kinematics,

fault gouge features and related fold geometry of the selected
ramp-flat-ramp normal faults affecting the basin. After rec-
ognition of the folding mechanism, deformation analysis
through the cross-section restoration of key examples was
carried out, conserving the bed-length and cross-sectional

Figure 2. Field examples of faults. (a) Example of WNW-ESE high-angle normal fault that deforms
Serravallian-early Tortonian conglomerates. (b) WNW-ESE high-angle normal fault that decreases in dip
downward, occasionally becoming parallel to the gray silt beds.
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area and considering shear parallel to the beds, in order to
understand and quantify the fault slip.
[14] Triaxial tests of selected samples from the soft beds

that accommodate the deformation of flat segments were
also performed to obtain the cohesive strength and the slid-
ing friction coefficient [e.g., Bardet, 1997; Head, 1998]. We
compare the kinematics of the normal fault surfaces devel-
oped as opposed to the paleoslope direction deduced from
the pebble imbrications in order to explore the possibility of
a synsedimentary gravitational origin. Finally, we propose
the genetic and evolutionary model of the near-surface ramp-
flat-ramp normal faults and discuss the regional implications
of the work.

4. Detachments in the Basement
of the Huércal-Overa Basin

[15] The detachment levels that affect the Alpujarride
Units outcropping in the Limaria sector, in the center of the
Huércal-Overa Basin, are characterized in Figure 3. The
presence of LANFs crosscutting the basal sedimentary unit
of the Huércal-Overa Basin could initially suggest that basin
formation resulted from large-scale extension accommo-
dated along the crust-penetrating extensional detachment
faults described in the metamorphic basement. Therefore,
from a regional point of view, we explore two possible
hypotheses: (a) that the studied extensional detachments,
affecting the Serravallian-early Tortonian deposits of the
Huércal-Overa Basin, are connected with a regional exten-
sional basement system, being mainly controlled by an
overall extensional setting; (b) that these near-surface
detachments are a local and subordinated feature restricted to
the Serravallian-early Tortonian fluvio-deltaic deposits
accommodating a moderate extension and mainly controlled
by the primary rheology of the deformed rocks.

4.1. Alpujarride Units in the Limaria Sector

[16] We have mapped the tectonic structures in the
Limaria Sector, which is placed in the central part of the
Huércal-Overa Basin (Figures 1 and 3). The structural map
shows the relationships between the mechanical contact
separating metamorphic units and the late extensional sys-
tems deforming the sedimentary rocks of the basin.
[17] Isolated Paleozoic dark colored schists with garnets

belonging to the Nevado-Filabride complex crop out in the
southern part of the sector (Figure 3). The outcrops are
unconformably covered by the Serravallian-lower Tortonian
basal sedimentary unit.
[18] Most of the basement rocks cropping out in the

Limaria sector belong to the Alpujarride Complex. The
uppermost tectonic Alpujarride unit is the Variegato Unit,
which is formed by three formations. The first, at its base,
comprises Palaeozoic dark schists with garnet and biotite.
Above it lies a formation of bluish-gray phyllites and
quarztites. At the top there is a carbonate formation con-
taining layered calcschists, limestones, and phyllites,
evolving upward to thick dark dolomites that are probably
Triassic in age. The largest preserved thickness of the whole
unit is around 200 m in the Limaria hill (Figure 3b). This
unit has been recognized in the northern part of Sierra de Los
Filabres [De Jong, 1991] and in the nearby Sierra de
Almagro [Simon, 1963; Barragán, 1997; Sanz de Galdeano

and García-Tortosa, 2002; Booth-Rea et al., 2002, 2003,
2005].
[19] Beneath the Variegato Unit lies the Almanzora Unit,

previously recognized in Sierra de los Filabres [De Jong,
1991] and Sierra de Almagro [Simon, 1963; Booth-Rea
et al., 2002, 2003, 2005] in the same tectonic position.
Here it is formed by a layered sequence of chlorite-bearing
fine-grained schists and phyllites, quarztites, local gypsum
layers, and metabasites that give rise upwards to light
calcschists and dolostones.
[20] The lowermost tectonic unit is formed by a sequence

of alternating pelites, sandstones, carbonates, local igneous
basic rocks, and abundant gypsum that, depending on the
authors, belongs to the Almagro unit [Booth-Rea et al.,
2003] or is integrated into the Almanzora units forming
part of the Tres Pacos unit [Sanz de Galdeano and García-
Tortosa, 2002]. This discrepancy remains beyond the
scope of the present work: in any case, it is the lowest
metamorphic outcropping sequence, reaching only lower-
green schist facies [Simon, 1963; Booth-Rea et al., 2002].

4.2. Nature and Kinematics of the Contacts

[21] We have characterized two detachment zones out-
cropping within the Alpujarride units of Limaria hill and
explored their relationships with the widespread WNW-ESE
to NW-SE normal faults that affect the sedimentary rocks of
the basin.
[22] The garnet-biotite-bearing schists of the Variegato

unit are tectonically placed above chlorite-bearing fine-
grained schists and phyllites of the Almanzora unit
(Figures 3 and 4). This tectonic contact is a predominantly
low-dipping ten-meter-thick fault zone that displays slick-
enlines and S-C structures indicating a top-to-the-N sense of
shear. This is also consistent with small-scale NE-verging
overturned folds that deform the main foliation placed close
to the fault zone (Figure 4a). This detachment is clearly
sealed by the Serravallian-lower Tortonian sedimentary unit
and is deformed by E-W late folds and the WNW-ESE high-
angle normal faults (Figures 2 and 3). The presence of HP/
LT metamorphic rocks above lower-pressure ones suggests
that this detachment is a thrust. This probable late to post-
metamorphic thrusting event was already recognized in the
Sierra de Almagro [Booth-Rea et al., 2002, 2005].
[23] The contact between the Almanzora schists and the

Almagro unit is a shear zone that broadly develops a gypsum
mylonitic foliation showing a top-to-the-N sense, which is
recorded by the N-S preferential orientation of the gypsum
crystals and associated s-type porphyroclasts (Figure 3 and
4b). This contact also crops out southward, in the southern
limb of the Sierra de Almagro antiform, the so-called
Almagro detachment [Booth-Rea et al., 2005]. There, Booth-
Rea et al. [2005] describe a set of LANFs related with the
Almagro detachment, and propose its extensional character.
We observed no LANFs linked to the Almagro detachment
in the Sierra Limaria. The most prominent structures there
are isoclinal folds that are NE-SW to N-S oriented with
associated axial plane cleavage, and are placed beneath the
detachment, within the Almagro unit (Figures 3 and 4c). The
activity of the Almagro detachment and the isoclinal folds
was probably coeval. Close to the shear zone, folds hinge
lines are highly curvilinear, locally developing sheath folds
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parallel to the transport direction (Figure 4d). The presence
of related isoclinal folds, the fact that the higher metamor-
phic Almanzora unit is placed above the Almagro unit, and
the coincident N-directed kinematics with the Variegato-
Almanzora contact suggest that it is also a thrust. In any
case, the Almagro detachment is sealed by Serravallian-early
Tortonian red continental conglomerates, including clasts of

the Almagro and Almanzora units, both around the Limaria
sector and around Sierra de Almagro (Figure 3).

5. Ramp-Flat-Ramp Normal Faults
in the Huércal-Overa Basin

[24] Examples of ramp-flat-ramp normal faults are
described along the Rambla del Saliente and close to

Figure 3. (a) Structural map of Limaria sector and (b) cross-section. The locations of the outcrops of
Figure 4 are marked.
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Santopétar village in the northern part of the Huércal-Overa
Basin (Figure 1). Ramp-flat-ramp normal faults are located
in the fluvial-deltaic multilayered sedimentary sequence.
Close to the fault ramps, the sedimentary layers are folded
and form roll-overs in the hanging wall. Layers of soft
homogeneous sand to sandy silt and clay layers concentrate
the deformation, constituting detachment levels. Although
occasional low-angle segments concentrate their slip along
the discrete boundary between sedimentary layers and do not
develop fault gouge, a fault gouge up to 50 cm of thickness
in frequently observed. Sheared clay beds develop a fine-
grained foliated fault gouge with an S-C fabric featuring
small clasts floating in a silty matrix sometimes enriched in
iron oxides.

5.1. The Santopétar Section

[25] The Santopétar cross-section is the best exposed
outcrop of a flat fault segment with related folds (Figure 5).
In the hanging wall, a N110–120�E trending gentle antiform
shows an interlimb angle of �160�, an axial surface dipping
�85� to the southwest, and 7 m of minimum vertical throw.
Its hinge line is preserved from erosion along 60 m. In the
footwall, there is a N110–120�E trending gentle synform
with an interlimb angle of �160�, and an axial surface dip-
ping �80� to the southwest, approximately symmetrical to
the hanging wall antiform. The folds accommodated defor-
mation by flexural slip along discrete silty surfaces parallel
to the beds. Layer-parallel slicken-lines reveal a SW-NE
direction of the tectonic transport (Figure 5). The two folds
are separated by a flat fault zone that overlies a sandy silt
layer accommodating southwest directed extension
(Figure 5), as could be deduced from observed slicken-lines
and S-C fabric. This main detachment crops out �110 m
along the exposed section.

[26] Both folds are likewise deformed by WNW-ESE
secondary normal faults with a length from 1 to 10 m that
also accommodate a SW directed extension, as revealed by
the presence of slicken-lines. The secondary faults strike
parallel to the fold axis, and therefore parallel as well to the
ramp that was related with the roll-over development. While
the secondary faults located in the hanging wall of the major
fault have a dip between 65� and 30� toward the SW, the
secondary faults located in the footwall of the major fault
have a dip lower than 30� toward the SW.
[27] The Santopétar structure has drawn the interest of

many researchers. It was first interpreted by Briend [1981]
as an example of roll-over anticline related to extensional
synsedimentary deformation related to non-fully lithified
sediments deformed by the load of overlying sediments.
Jabaloy et al. [1993b] and Mora [1993] re-interpreted the
structure as resulting from deformation of both the footwall
and the hanging wall along a major ramp-flat-ramp normal
fault system. Some years later, Augier [2004] described a
“major slip zone” with a flat geometry constituted by a 2 to
20 cm thick brittle fault gouge. Most recently, Meijninger
[2006] recognized several hiatuses in the hanging wall that
again support synsedimentary development.

5.2. Extensional Shear Zones and Duplexes

[28] Examples of small and medium-scale extensional
shear zones crop out along the Rambla del Saliente
(Figure 1). Sub-horizontal extensional fault zones bound
extensional shear lenses that are sigmoidal in shape.
30�-dipping Riedel faults separated lenses that contain well-
cemented sands and micro-conglomerates that are back-
rotated (Figure 6). They form duplex-like structures, i.e.,
splay faults propagate connecting overstepping straight main
faults [Woodcock and Fischer, 1986].

Figure 4. (a) Top-to the N Variegato/Almanzora thrust. (b) Gypsum mylonitic foliation and associated
s-type porphyroclasts showing a top-to-the- N transport direction within the Almagro detachment. (c)
NE-SW isoclinal folds and associated axial plane cleavage within the Almagro unit. (d) Sheath folds
within the Almagro detachment parallel to the transport direction.
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5.2.1. The Cortijo de los Maderos Section
[29] The Cortijo de los Maderos section is located in the

southern part of the Rambla del Saliente (Figure 1). The
outcrop consists of 10� south-dipping alternating conglom-
erates and a sandy silt sequence that are deformed by 50–70�
dipping NW-SE to WNW-ESE oriented shear joints,
HANFs, and LANFs (Figure 7). The conjugated NW-SE
shear joints are restricted to the conglomeratic layers and
spaced between 50 cm and 2 m. The HANFs that crop out

along the section trending NW-SE to WNW-ESE have
conjugated planes dipping 50–60�, as well as variable length
(tens to cents of meters) and offsets (decimetric to metric).
At the base of the outcrop, a LANF that develops a localized
footwall ramp and a hanging wall flat can be distinguished
(Figure 8a). The LANF could not be identified to the north
of the footwall ramp because it is completely parallel to the
bedding (Figure 7), has no associated fault gouge, and is
identical to the discontinuous boundaries between

Figure 5. (a) Field view, (b) interpretative sketch, and (c) kinematics data of the WNW-ESE oriented
Santopétar ramp-flat-ramp fault and its associated extensional folds deforming the succession of conglom-
erates, sands and gray silts. Note the two men as scale.

Figure 6. (a and b) Field view and (c and d) interpretative sketch of small-scale extensional shear zones
characterized by the formation of 30� south-dipping Riedel faults connected with main sub-parallel flat
normal faults forming extensional duplex-like structures. Note that Riedel faults induce domains where
the well-cemented sands and micro-conglomerate beds form back-rotated sigmoid lenses. Sometimes
the flat normal faults develop fine-grained foliated fault gouges.
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sedimentary beds. In the footwall, the beds are slightly
curved upward, giving the general appearance of a WNW-
ESE gentle synform with an interlimb angle of �160�, �55�
south dipping axial plane, and 2–3 m estimated fold ampli-
tude. The tilted sedimentary beds are offset up to 2 m by 30�
south-dipping WNW-ESE trending Riedel faults. As in the
small-scale examples described in the previous section, the
development of these Riedel fractures is responsible for
the back-rotation of the beds located in the footwall of the
main upper bounding detachment. The nucleation of these
Riedel normal faults starts at a brittle conglomeratic level as
can be seen in Figures 8a and 8b. The connection between
the main flat surface and minor oblique Riedel normal faults
and their coincident SW directed extension, deduced from
slicken-lines and S-C fabric, would signal that both are
formed during a single deformation event. The metric Riedel
faults linked upwards to the master straight fault, plus the
25� of bedding back-rotation, suggest the existence of a
linked parallel main fault downward, configuring a releasing
overstep zone. The Riedel faults form a horsetail structure
(i.e., an extensional duplex) that joins the outcropping upper
detachment and an overstepping supposed lower one
(Figure 8c).

6. Mechanical Analysis

[30] The mechanical behavior of three sandy silt samples
collected along the Santopétar section was characterized
using an undrained triaxial test [e.g., Bardet, 1997; Head,
1998]. Samples were taken from a selected level of the
Santopétar section over a distance of 2 to 3 m (Figure 5).
Cylindrical test samples protected by a rubber sleeve were
analyzed, and triaxial experiments were performed under

natural water conditions, at room temperature, and at con-
stant effective normal stresses of 0.65, 0.75 and 0.9 MPa
(Figure 9). The sandy silts showed a linear Mohr-Coulomb
failure envelope. The obtained cohesive strength of 0.007
MPa reveals the extremely low strength between the particle
surfaces that make up the sandy silts. The slope of the Mohr
failure envelope gives a coefficient of internal friction of 34�,
i.e., the ratio of the shear stress to the normal stress at failure.

7. Evolution and Restoration of the Santopétar
Ramp-Flat-Ramp Normal Fault

[31] The Santopétar structure is interpreted to have
developed during faulting along a ramp-flat-ramp fault sur-
face (Figure 10). Deformation probably started within the
brittle conglomerate levels with the formation of a high-
angle normal fault. This precursory fault would progress up
to the soft sandy silt levels where the extension was trans-
ferred parallel to the easily deformable bed. Two possible
evolution models are analyzed and discussed below by using
restorations that conserve bed-lengths, bed thickness and
cross-sectional area.
[32] (a) Successive faulting phases model (Figure 10b). A

ramp-flat-ramp normal fault developed during a top-to-the-
northeast extensional phase. A bend fold formed during
faulting above the northeast-dipping ramp. Later, a top-to-
the-southwest flat fault partially reactivated the previous
upper flat segment and offset the preceding bend fold.
[33] Figure 10b shows the restoration of the Santopétar

structure following this hypothesis. Stages 1 and 2
(Figure 10b) restore 20 m slip (point A is the deformation
marker) along a major top-to-the-southwest flat fault surface
that cuts and displaces the antiform-synform pair. Stages 5

Figure 7. (a) Field view, (b) kinematics data, and (c) interpretative sketch of the Cortijo de los Maderos
section, formed by 10� south-dipping alternating conglomerates and sandy silts deformed by NW-SE to
WNW-ESE shear joints, NW-SE to WNW-ESE high-angle normal faults, and low-angle normal faults.
The location of Figure 8 is marked.
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and 6 reconstruct the development of the antiform-synform
linked to fault-bending associated with 23 m of top-to-the-
northeast ramp-flat-ramp fault activity. Stages 2, 3 and 4
show the restoration of the SW-dipping secondary normal
faults. Deposition of layer C1 was underway during the
activity of the adjacent SW-dipping secondary normal fault.
Strata should thicken toward the fault, with maximum sub-
sidence adjacent to the fault, while the top surface of the
sedimentary layer was originally horizontal. However, at
stage 4, it is impossible to restore the top surface of the C1
sedimentary layer up to the horizontal (Figure 10b, stage 4).
Hence, this hypothesis is proven unsatisfactory and we dis-
card it.

[34] (b) Single top-to-the-southwest ramp-flat-ramp nor-
mal fault model. A roll-over growth in the hanging wall is
associated with block movement above a southwest dipping
ramp. During the displacement of the hanging wall above
the flat fault segment, a synform developed in the footwall as
a consequence of the back-rotation domains bounded by
SW-dipping Riedel normal faults (following the small-scale
examples of parallel detachments connected by Riedel
shears in Figure 6).
[35] Stages 1 and 2 of Figure 10c show the restoration of

the displacements along the secondary faults located in the
footwall of the main fault, which are interpreted as 15–20�
SW dipping Riedel faults that entail bed back-rotation.

Figure 8. (a) Field view and (b) simplified sketch of a detachment parallel to the sandy silts beds, asso-
ciated minor 30� south-dipping faults (Riedel faults), and a linked gentle synform observed in the Cortijo
de los Maderos section. Note that Riedel faults are linked upwards to the main fault. (c) Interpretative
sketch of the structure where the Riedel faults are formed in a releasing overstep zone and finally develop
an extensional duplex joining the outcropping upper detachment to a supposed lower one.
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Stages 2, 3 and 4 illustrate the formation of the hanging wall
roll-over near a southwest dipping ramp as well as secondary
fault development. Following this possible explanation, the
hanging wall roll-over would have developed due to the
existence of a ramp located to the northeast and now eroded
away, so that no beds correlate between the hanging wall
and the footwall. Therefore, we can only estimate a mini-
mum extension of �60 m in view of the distance between
the hanging wall antiform and the northeastern end of the
outcrop. Stage 3 shows the restoration of the C1 syn-exten-
sional bed. We can coherently flatten C1 top and base in the
youngest restoration stage.

8. Discussion

[36] Here we provide examples of small and medium-
scale ramp-flat-ramp and associated extensional shear zones
developed in a mechanically layered sequence, active at a
low confining pressure and therefore at very shallow depth.
The studied faults feature small amounts of slip, making it
possible to analyze fault nucleation, linkage, propagation,
and associated folding. From a regional point of view, our
results constrain the continuity of the lower Miocene
extensional systems within the metamorphic complexes of
the Eastern Betic Internal Zones, during the Serravallian-
lower Tortonian, as well as their relationship with the
intramontane basin formation.

8.1. Gravitational Versus Tectonic Origin

[37] Gravitational sliding of the uppermost sediment lay-
ers commonly occurs in deltaic environments toward the
delta slope [Damuth, 1994; Maloney et al., 2010]. The
extensional backward thin-skinned structures that result
from this gravitational process are quite similar to those
found in the Huércal-Overa Basin. Landslides eventually
reach the surface, producing compressive deformation in
their fronts. However, no compressional structures were
identified in connection to the normal faults described.
[38] Moreover, in order to discern between a gravitational

or a tectonic origin of the studied structures, we recon-
structed the delta slope direction and compared it with the

fault kinematic data obtained. Imbricate pebbles from the
conglomeratic levels allowed us to accurately estimate the
flow direction that presumably coincided with the paleo-
slope direction. The paleocurrent indicators from the conti-
nental red conglomerate formation and the conglomerate
levels of the fluvial-deltaic studied unit, though scattered, are
predominantly directed toward the E and N [Montenat et al.,
1990; Meijninger, 2006; Pedrera et al., 2007].
[39] Figure 11 shows that the N to E paleoslope direction

does not coincide with the top-to-the-SW to -SSW kine-
matics of the studied LANFs. This direction of movement
also matches the NNE-SSW extension deduced from kine-
matic analysis of the HANFs. Therefore, the observed
extensional detachments and duplexes have an unambigu-
ously tectonic origin.

8.2. Near-Surface Ramp-Flat-Ramp Normal Fault
Evolution: Fault Linkage and Propagation

[40] HANFs sometimes crosscut along all a fluvial-deltaic
sequence, but more often they localize their slip in sandy silt
beds. Failure analysis of the sandy silts of our study, per-
formed after triaxial testing, gave a low cohesive strength
(C0 = 7 kPa, m = 34�), which is consistent with a straight-
forward reactivation of bedding as LANFs. The two
observed structures derived from the linkage between
HANFs and LANFs are extensional ramp-flat-ramp and
duplex fault zones.
[41] Shearing along bedding reactivated as LANFs favors

the formation of Riedel faults, especially in the releasing
overstep sectors between two nearly parallel flat fault seg-
ments. Progressive linkage of Riedel faults with the main
detachment faults produces horsetail structures. An exten-
sional duplex involves a set of imbricate faults —in our case
Riedel faults— that transfer the displacement between par-
allel detachments. Horses are back-rotated and transported
within the fault system. The term “extensional duplex” was
established by Gibbs [1984] to describe the structural style
characterized by connected extensional fault segments lim-
iting rock lenses (horses) commonly associated with ramp-
flat-ramp normal faults, equivalent to the duplexes defined

Figure 9. Mohr circle obtained from the undrained triaxial test results of three samples of sandy silts
from the Santopétar outcrop.
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in contractional and strike-slip faults [Boyer and Elliott,
1982; Woodcock and Fischer, 1986]. Despite the vast liter-
ature describing the styles of extensional faulting, natural
examples of ramp-flat-ramp normal faults and extensional
duplexes are very scarce [Root, 1990; Benedicto et al., 1999;
Gabrielsen and Clausen, 2001; Vetti and Fossen, 2012]. In
the Betic Cordillera, several examples have been described
in basement metamorphic rocks developed in deeper parts of
the crust and latterly exhumed [e.g., Martínez-Martínez et
al., 2002].
[42] All the extensional duplex examples documented in

the Huércal-Overa Basin are formed by parallel LANFs

linked by means of Riedel faults. Thus, the connection
between extensional flat fault segments and subsidiary Rie-
del faults is recognized as a mechanism that could derive
into the growth of extensional or individual horses, just as
Woodcock and Fischer [1986] described in the context of
strike-slip faults.

8.3. On Extensional Fault-Related Folding

[43] Field and modeling studies of extensional fault-
related folds illustrate the variety of fold styles and folding
mechanisms [Schlische, 1993; Janecke et al., 1998; Keller
and Lynch, 1999; Varga et al., 2004; White and Crider,

Figure 10. (a) Santopétar ramp-flat-ramp extensional fault and (b and c) possible restorations.
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2006; Ford et al., 2007]. According to Janecke et al. [1998],
the main mechanisms of extensional folding are fault-bend
folding above fault-parallel (roll-over, Figure 12a) and fault-
perpendicular bends, displacement gradients along normal
faults, fault-drag (Figure 12b), fault-propagation folds
(Figure 12c), isostatic adjustments, and compound folds.
[44] Another mechanism evoked to explain extensional

folding involves the plasticity of underlying rocks that
expand upwards due to unload linked to normal faulting
[Koyi and Skelton, 2001]. During normal faulting the foot-
wall slightly flexes upward to gravitationally re-equilibrate
with the unloaded hangingwall (Figure 12d). Nucleation of
the footwall folds occurs in the area where the high-dipping
normal fault reaches the underlying viscous layer, paralle-
lizing and decreasing their dip. This folding mechanism is
quite similar to the one responsible for the development of
salt rollers as described by Brun and Mauduit [2009].

[45] The meso-scale examples studied in the Huércal-
Overa Basin illustrate that back-rotation between discrete
Riedel faults provides an additional mechanism of exten-
sional folding of subhorizontal layers. Riedel faults, which
are frequently associated with releasing overstep zones
between parallel detachments, produce the progressive block
rotation. As a result, the beds curve upward, developing
gentle synforms (Figure 12e). This mechanism is equivalent
to that described by Boudon et al. [1976] for strike-slip faults
and more recently by Harris [2003] in high-grade meta-
morphic rocks.
[46] Considering the unequivocal extensional kinematics

of the main flat fault fitting with the kinematics of the sec-
ondary faults, the absence of reverse faults in the outcrop,
and the restoration of the syn-extensional C1 level, we
interpret the Santopétar structure as most likely associated
with a single top-to-the-southwest extension accommodated

Figure 11. Simplified geological map of the northern part of the Huércal-Overa Basin marking the exten-
sion direction obtained from high-angle microfaults analysis [Pedrera et al., 2010], the extension direction
deduced from the kinematics indicators in low-angle normal faults, and the paleocurrent direction deduced
from imbricate pebbles [Meijninger, 2006] marking the paleoslope during the Serravallian-early
Tortonian.

Figure 12. Mechanisms of extensional folding: (a) fault-bend folding, (b) fault-drag, (c) fault-propaga-
tion fold, (d) footwall flexure upward to gravitationally re-equilibrate with the unloaded hangingwall
during normal faulting, and (e) back-rotation between discrete Riedel faults.

PEDRERA ET AL.: SHALLOW RAMP-FLAT-RAMP NORMAL FAULTS TC4024TC4024

13 of 17



along a ramp-flat-ramp surface. During the displacement of
the hanging wall above the flat fault segment, the synform
developed in the footwall linked to the back-rotation of the
blocks bounded by SW-dipping Riedel normal faults. Dur-
ing the displacement of the hanging wall above the flat fault
segment, the synform developed in the footwall linked to the
back-rotation of the blocks bounded by SW-dipping Riedel
normal faults.

8.4. Regional Implications

[47] Augier et al. [2005b] propose that subsidence of the
sedimentary basin during the deposition of the studied
Serravallian-lower Tortonian unit is coeval with the last
exhumation of the Nevado-Filabride Complex below the
regional Filabres extensional shear zone. However, the
Alpujarride/Nevado-Filabride contact, with a presumably
extensional west-directed character, does not crop out in the
Limaria sector, instead being covered by the Serravallian-
lower Tortonian red conglomerates (Figure 3). In addition,
the top-to-the-N detachments developed within Alpujarride
units, the Variegato/Almanzora thrust and the Almagro
detachment, clearly took place before the Serravallian-lower
Tortonian.
[48] Therefore, the detachments affecting the basement

rocks in this part of the Betic Cordillera were active prior to
the basin formation, meaning they are unconnected with the
studied near-surface ramp-flat-ramp normal faults that
crosscut the Serravallian-early Tortonian sedimentary unit of
the Huércal-Overa Basin. This scenario is also consistent
with the kinematic divergence between the N transport
direction of the Alpujarride detachments, the W-directed
Alpujarride/Nevado-Filabride extensional contact, and the
SSW late extension.

9. Conclusions

[49] The growth of LANFs in the brittle/ductile multilayer
sequence of the Huércal-Overa Basin (SE Spain) is charac-
terized here on the basis of structural data. Faulting pro-
cesses occurred during sedimentation, at low confining
pressures. The estimated maximum thickness of the fluvial-
deltaic sedimentary formation is 300 m, and the syn-sedi-
mentary features reveal very shallow development. Sandy
silts beds with a low cohesive strength (C0 = 7 kPa, m = 34�)
are reactivated as LANFs. A tectonic origin is supported
instead of the possible gravitational origin after reconstruc-
tion of the paleoslope direction from the imbricate pebbles
and comparison of the senses of movement deduced from
fault slicken-lines.
[50] HANFs nucleated in the weak conglomerate levels

would have started as shear joints. After deformation reached
up to the sandy silts, it progressed along the bed, sometimes
favoring the linkage between HANFs developed at different
levels in the layered sequence and producing the ramp-flat-
ramp geometry. Extensional duplexes produced after the
linkage of horizontal parallel-bedding extensional faults
through Riedel faults. In addition to roll-overs developed in
the hanging wall of ramp-flat-ramp normal faults, synforms
linked to these extensional duplexes are illustrated. In short,
the back-rotation between normal Riedel faults provides a
mechanism of extensional folding of subhorizontal layers.

[51] The Serravallian-early Tortonian clastic deposits
represent the end of the main rifting event recorded in the
Alboran Domain, which culminated with the Alboran Basin
formation in Burdigalian-Langhian times. This continental/
shallow marine sedimentary unit seals the Filabres exten-
sional shear zone in the Huércal-Overa Basin, postdating its
activity and the extensional exhumation of the Nevado-
Filabride Complex in the eastern Betics.
[52] The presence of near-surface LANFs in the sedi-

mentary rocks of the Huércal-Overa Basin does not imply
their connection with either the outcropping Alpujarride
detachment or the Alpujarride/Nevado-Filabride extensional
shear zone. These detachments are clearly sealed by the
Serravallian-lower Tortonian sediments that fill in the
Huércal-Overa Basin, and their kinematics are unable to
coexist with the faults affecting the basin sediments. The
studied LANFs are influenced by the rock anisotropy of a
specific sedimentary unit where sandy silts alternate with
very peculiar elastic properties. These faults belong to an
extensional system together with widespread high-angle
normal faults formed under NE-SW to NNE-SSW exten-
sion. They accommodate moderate extension rather than
belonging to a large crustal extensional system connected
with a regional detachment at depth. The link between this
extensional system and the regional detachment within
metamorphic complexes would be subjected only to local
reactivations that have not yet been documented in the
studied area.
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