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A B S T R A C T

Understanding the link between sedimentation and fault kinematics is important for reconstructing the evolution
of sedimentary basins. The relationship between the mechanics of creating accommodation space and the se-
diment supply in asymmetric extensional basins is critical for quantifying their syn- and post-rift evolution, but is
not yet well understood. One exceptional place to analyze such mechanics of normal faulting and its relationship
with the evolution of depositional environments is the Sorbas Basin in the Betic Cordillera of SE Spain. We have
analyzed the interplay between extension and deposition by means of a detailed sedimentological and field
kinematic study. The results indicate a novel and coupled evolution, characterized by low-order tectonically
induced sedimentary successions driven by the change of deformation style and high-order tectonically induced
sedimentary successions driven by individual stages of fault activity. Fault mechanics and hanging-wall tilting
control the formation of depositional slopes, while footwall exhumation induces enhanced sourcing of coarse
sediments that may be stored in proximal areas or recycled in the basin during episodes of fault activity.
Following initiation of extension, the subsequent syn-kinematic deposition was characterized by a wide spec-
trum of subaqueous gravity flows, whose types and transformation mechanisms were controlled by the style of
normal faulting, sediment supply and basin physiography. Furthermore, the study quantifies the controls of
rheological stratified sediments on normal faulting mechanics and their implications for the spatial and temporal
basin evolution.

1. Introduction

The architecture of sedimentary basins is controlled by the balance
between the rate of creating accommodation space and the rate of se-
diment supply (e.g., Schlische, 1991; Schlager, 1993; Gawthorpe et al.,
1994). The kinematics and offset of normal faults dominantly control
the sediment production and dispersal patterns in extensional basins by
creating the accommodation space, influencing the basin physiography,
drainage network and sediment transport pathways (e.g., Colella, 1988;
Gupta et al., 1999; Whittaker et al., 2007; Ge et al., 2017). The varia-
bility and evolution of normal fault offsets or migration of deformation
across fault arrays creates tectonic-induced sedimentary successions
that have a wide range of time scales, from millions to several thousand
years (e.g., Gawthorpe and Leeder, 2000; Petersen et al., 2010). These
sedimentary successions record the system response to the onset of fault
activity and/or perturbation of its slip rates (e.g., Whittaker et al., 2007;
Armitage et al., 2011; Stojadinović et al., 2017).

The sediment distribution is also controlled by other external and
internal forcing factors, such as the variability of climate (precipitation

and evapo-transpiration), sea-level variations and autogenic processes,
such as turbiditic/deltaic lobes switching or the development of tem-
porary sediment storages (e.g., Castelltort and Van Den Driessche,
2003; Folkestad and Satur, 2008; Jackson et al., 2010; García-García
et al., 2011). These forcing factors leave typical signatures in the se-
dimentary record, such as coarsening- and/or thickening-upward and
fining- and/or thinning-upward patterns (e.g., Prélat et al., 2009;
Martins-Neto and Catuneanu, 2010). Disentangling the effects of tec-
tonics from these other forcing factors to derive the mechanics of ex-
tensional basins is often challenging and usually relies on the ob-
servation of different orders of cyclicity in depositional packages and
their relationship with basin-wide deformation features (e.g., García-
García et al., 2006; Armitage et al., 2011).

Much less is known on the relationship between the mechanics of
normal faulting and the outcrop-scale climatic and autogenic response
of system, when compared with the conceptual availability of regional
tectonic system tracts or other more general syn- and post-rift types of
deposition (e.g., Prosser, 1993; Nottvedt et al., 1995; Martins-Neto and
Catuneanu, 2010; Balázs et al., 2016; Andrić et al., 2017). The initiation
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of extension is often associated with the deposition of coarse-grained
alluvial fans and/or fan deltas sourced from uplifting footwalls and
deposited along extensional margins at the base of fault scarps (e.g.,
Colella, 1988; Postma and Drinia, 1993; Leppard and Gawthorpe,
2006). Owing to the proximity to the active normal fault, these rela-
tively small-scale depositional systems respond rapidly to slip events,
which are observed in the alternation of vertical coarsening- and/or
fining-upward trends (e.g., Rohais et al., 2008). The initiation of normal
faulting creates a gradually increasing depositional slope that delivers
gravity flow sedimentation to the deep-water environment (e.g.,
Nemec, 1990; Fugelli and Olsen, 2007; Strachan et al., 2013). During
rapid sedimentation associated with normal faulting, terrigenous or
shallow marine material may be delivered as out-sized coarser-grained
events into an otherwise contrasting deep-water facies, for instance
coarse deposition in distal prodelta mudstones (Young et al., 2000) or
distal deep marine lobes (Kane et al., 2017). Furthermore, large-scale
slide and debris flow deposits are shed by slope collapse into the deep-
water facies (e.g., Kleverlaan, 1987). However, a direct observation of
the relationship between these types of flows and their changes con-
trolled by the activity of normal faults and other forcing factors (eu-
stasy, climate, runoff precipitation, autocyclic processes) is very rare in
outcrop studies (Henstra et al., 2016), but is important to understand
the mechanics of deformation.

One excellent example of a basin preserving extensive exposures of
sedimentary facies deposited during the initiation of extension is the
Sorbas Basin, part of the extensional system overlying the internal parts
of Betic Cordillera in the SE Spain (Fig. 1; e.g., Dewey et al., 1989;
Rosenbaum et al., 2002; Vissers, 2002). Exposures of normal faults and
associated syn-kinematic sedimentary facies deposited during the
Upper Serravallian-Tortonian initiation of extension are available in the

SE part of the Sorbas Basin (e.g., Haughton, 1994; Do Couto et al., 2014
and references therein). In this part of the basin, we have studied the
link between normal faulting and continental to deep-water deposition
by means of a high resolution kinematic and sedimentological study.
The aim is to quantify the influence of the change in slope and bathy-
metry induced by normal faulting, and the associated sedimentary flow
dynamics and lobe stacking patterns, while the climatic and autogenic
effects are discriminated through comparison with the extensive work
available in previous studies of the Sorbas and neighbouring basins
(e.g., Haughton, 2001; Puga-Bernabéu et al., 2007a, 2007b; Sanchez-
Almazo et al., 2007; Postma et al., 2014 and references therein). The
results are integrated in a dynamic model of sedimentation during in-
itiation of extension and are discussed in the overall context of the Betic
Cordillera evolution.

2. Geological setting

The Betic-Rif orogenic system (Fig. 1a, b) formed in response to the
subduction and closure of the Tethyan ocean during the convergence
between the Iberia and Africa continental units (e.g., Balanyá and
García-Dueñas, 1987; Lonergan and White, 1997; Martínez-Martínez
and Azañón, 1997; Duggen et al., 2004; Vissers, 2002). The late Me-
sozoic to Cenozoic shortening resulted in the creation of a nappe stack
affecting Palaeozoic-Mesozoic sediments derived from the southern
Iberian margin in the External Betics or derived from the southern
Iberian and Alboran margins in the Internal Betics (the Nevado-Filab-
ride, Alpujarride and Malaguide units, García-Hernández et al., 1980;
Banks and Warburton, 1991; Platt et al., 2003; Balanyá et al., 1997;
Torres-Roldan, 1979). The Oligocene–early Miocene shortening in the
External Betics was largely coeval with extensional deformation in the

Fig. 1. a) Simplified map of the Iberian Peninsula with the location of the Betic and Rif system b; b) tectonic map of the Betic-Rif orogenic system (modified after Comas et al., 1999). The
thick rectangle shows the study area of c; c) geological map of the SE part of Sorbas basin (modified after Do Couto et al., 2014). NGF-North Gafarillos fault, NCRF-North Cabrera reverse
fault, and SGF-South Gafarillos fault.
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Internal Betics. This extension partly reactivated former thrusts as de-
tachments and induced a rapid exhumation of metamorphic cores (e.g.,
Martínez-Martínez and Azañón, 1997; Platt and Vissers, 1989; Platt
et al., 2005; García-Dueñas et al., 1992; Augier et al., 2005a, 2005b).
The exhumation was kinematically associated with the formation and
evolution of several extensional basins that presently separate the me-
tamorphic sierras of the SE Spain (Fig. 1b, García-Dueñas et al., 1992;
Lonergan and Platt, 1995; Crespo-Blanc et al., 1994; Augier et al.,
2005a, 2005b; Meijninger, 2006; Pedrera et al., 2012; Giaconia et al.,
2014). The overall extension is generally thought to be driven by re-
moval of lithospheric mantle beneath the Internal Betics or by roll-back
associated with detachment of the Gibraltar slab (e.g., Faccenna et al.,
2004; Spakman and Wortel, 2004; Jolivet et al., 2008; Gutscher, 2012;
Vissers, 2002). The initial early Miocene (~22 to 18Ma) N-S to NNE-
SSW oriented extension was associated with the exhumation of the
neighbouring Alpujarride and Nevado-Fillabrides nappe complex (e.g.
Monié et al., 1991; Crespo-Blanc et al., 1994; Platt et al., 2005) and was
followed by an E-W oriented middle–late Miocene (~15 to 9Ma) ex-
tension driving the main subsidence observed in the basins (e.g., De
Jong, 1991; Jabaloy et al., 1992; Johnson et al., 1997; Augier et al.,
2005a, 2005b; Platt et al., 2005; Vázquez et al., 2011).

The Sorbas Basin, situated in the Internal Betics (Fig. 1b, c) was
analyzed in numerous studies, owing to the extended and almost
complete exposure of its middle Miocene–Pliocene fill (e.g., Do Couto
et al., 2014 and references therein). The Sorbas Basin is flanked by
metamorphic rocks of the Sierra Alhamillia, Sierra de Polopos and
Sierra Cabrera to the south and the Sierra de los Filabres to the north
(Fig. 1). These sierras are generally slightly asymmetric domes with
structurally steep northern flanks and gentle dipping southern ones
(e.g., Platt and Vissers, 1989). The basement of these sierras (Fig. 1) is
made up by a nappe stack composed of low-temperature and locally
high-pressure Alpujarride and high-temperature and locally high-pres-
sure, Nevado-Filabride meta-sediments and magmatics (Johnson et al.,
1997; Martínez-Martínez and Azañón, 1997; Booth-Rea et al., 2002,
2005 Vázquez et al., 2011. This nappe stack was partly reactivated
during the onset and evolution of a large scale ductile and brittle
Miocene extensional structure (the Betic Movement Zone, e.g., Vissers,
2002; Platt et al., 2013).

The oldest Miocene sediments are poorly preserved Burdigalian
(-Langhian?) marly limestones, sandstones, conglomerates and marls
observed as isolated patches overlying the basement of Sierra Cabrerra
(pre-late Serravalian in Fig. 1c, Ott d'Estevou et al., 1990; De Galdeano
and Vera, 1992). Their deposition is thought to have been controlled by
an earlier extensional episode associated with the exhumation of the
basement nappe stack (22–18Ma, e.g., Crespo-Blanc et al., 1994). The
subsequent deposition in the Sorbas Basin was driven by extension,
followed by inversion and influenced by the large sea-level changes
during the Messinian Salinity Crisis (Fig. 1c, Martín and Braga, 1994;
Stapel et al., 1996; Hodgson and Haughton, 2004).

The late exhumation stages of the Nevado-Filabrides during the late
Serravallian to early Tortonian was coeval with the main onset of se-
dimentation in the Sorbas Basin (~12–11Ma, Johnson et al., 1997;
Vázquez et al., 2011; Augier et al., 2013). The extension has created an
asymmetric geometry. Recent studies have shown that the basin evo-
lution was controlled by the activity of listric normal faults that con-
verged at depth into in a low-angle detachment observed in the exposed
metamorphic rocks of the Nevado-Filabrides unit and are presently
buried at< 1 km beneath the Miocene sediments in the SE part of the
basin (Fig. 1, Li et al., 2012; Giaconia et al., 2014; Do Couto et al.,
2014). Furthermore, these faults are segmented by strike-slip faults,
which acted as lateral ramps for the subsequent inversional deforma-
tion (Giaconia et al., 2014). The main extensional evolution started in
the Sorbas Basin at ~12–11Ma (Fig. 2) during the extensional ex-
humation of the Nevado-Filabrides unit (e.g., Johnson, 1993; Johnson
et al., 1997; Augier et al., 2013). The subsidence was driven by suc-
cessive episodes of NW-SE and NE-SW presently oriented extension

directions, which controlled the sedimentation during the late Serra-
vallian-Tortonian (e.g., Do Couto et al., 2014 and references therein).
The associated sedimentation is made up by fluvial conglomerates,
sandstones and siltstones that laterally grade into deltaic conglomer-
ates, sandstones and marls that reach thicknesses of ~100m (e.g., Ott
d'Estevou et al., 1990). The gradually increasing Tortonian normal
faulting accelerated the basin subsidence and created an open marine
environment (e.g., Dabrio, 1990; Poisson et al., 1999), where a deltaic
system was shedding conglomerates and sandstones that were trans-
ported further into the basin by turbiditic submarine fan systems in-
terbedded within pelagic marls (e.g. Haughton, 2001). These sediments
are ~2 km thick and are generally grouped into the generic Chozas
Formation (e.g., Völk, 1966; Ott d'Estevou et al., 1990; Barragán,
1997). During the late Tortonian, the basin was predominately supplied
by north to south directed flows (i.e. sediments derived from Sierra de
los Filabres). Further into the basin, the flows were deflected along the
northern margin of Sierra Alhamillia, which resulted in a dominant
west to east flow direction (e.g., Weijermars et al., 1985; Haughton,
2001). The Chozas Formation shows progressive younging westwards,
while the eastern part of the basin was deformed and inverted during
the late Tortonian (e.g., Haughton, 2000; Haughton, 2001). Therefore,
the upper part of the turbiditic sequence is considered to have been
deposited during the subsequent inversion and strike-slip faulting ob-
served with larger effects near the southern basin margin, which has
influenced the depositional character of this sequence (e.g., Kleverlaan,
1989; Poisson et al., 1999; Haughton, 2001).

The upper Tortonian turbidites (Chozas Formation) are overlain by
shallow-water temperate ramp carbonates, generally grouped into an
uppermost Tortonian to lowermost Messinian Azagador Member that
belongs to the Turre Formation (Fig. 2, e.g., Völk and Rondeel, 1964;
Ruegg, 1964; Martín et al., 1999; Braga et al., 2006; Puga-Bernabéu
et al., 2007a, 2007b). The contact between the Chozas Formation and
the Azagador Member is thought to be an unconformity, which re-
corded the latest Tortonian–earliest Messinian phase of basin inversion
(e.g., Poisson et al., 1999). The Azagador carbonates prograded basin-
wards, have a gradual transition to and are overlain by more distal
marls (the Lower Abad Member, e.g., Ruegg, 1964; Riding et al., 1991;
Martín and Braga, 1994). At the beginning of Messinian times both the
southern and the northern basin margins were overstepped by reef
deposits (Bioherm Unit and Fringing Reef Unit, respectively, part of the
Turre Formation), which were locally deposited unconformably on top
of the Azagador Member (e.g., Ruegg, 1964; Martín and Braga, 1994;
Riding et al., 1991). Basin-wards, these reef units grade laterally into
silty marls and marls intercalated with diatomites (the Upper Abad
Member of the Turre Formation, e.g., Völk and Rondeel, 1964; Ruegg,
1964, Krijgsman et al., 2001). During the Messinian Salinity Crisis, the
Sorbas Basin became progressively more isolated. This isolation started
at 5.971Ma and led to deposition of 120m thick selenite gypsum, in-
terbedded within clay and marly laminites (the Yesares Formation,
Dronkert, 1976; Van de Poel, 1991; Manzi et al., 2013). These eva-
porites are overlain by lagoonal coarse carbonates that laterally grade
into Gilbert type of delta deposits (the Sorbas Member of the Canos
Formation, e.g., Völk and Rondeel, 1964; Roep et al., 1998). The whole
succession was covered by red continental conglomerates that reach
~60m in thickness (the Zorreras Member of the Canos Formation, Völk
and Rondeel, 1964; Montenat et al., 1980; Martín-Suárez et al., 2000).

The southern boundary of the basin (the northern limit of Sierra de
Polopos and Sierra Alhamillia, Fig. 1) is part of a transpressive fault
system with top NW sense of shear that formed during an episode of late
Tortonian-Messinian basin inversion, which possibly reactivated earlier
extensional normal faults (e.g., Ott d'Estevou et al., 1990; Haughton,
2001; Giaconia et al., 2012a, 2012b, 2013; Jonk and Biermann, 2002;
Booth-Rea et al., 2002, 2005). In the SE, this transpressive deformation
is made up by the Gafarillos Fault, which has a northern and a southern
branch (Fig. 1b, e.g., Giaconia et al., 2012a, 2012b, 2013). The inver-
sion is thought to have migrated westwards with time (e.g. Jonk and
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Biermann, 2002; Giaconia et al., 2012a, 2012b) and was associated
with the deposition of upper Tortonian sediments (e.g., Weijermars
et al., 1985; Kleverlaan, 1989). The overall inversion is thought to have
started at ~8Ma and was driven by N-S contraction and transcurrent
deformation post-dating the back-arc extension, as observed elsewhere
in the Alboran Domain (e.g., Comas et al., 1999; Jolivet et al., 2008).

3. Methodology

Understanding the link between the formation of normal faults at
outcrop scale and the response in sedimentation requires a dual struc-
tural and sedimentological approach in an area with very good and
continuous exposures during the onset of extension. Previous studies
have shown that such continuous exposures during the onset of ex-
tension are available in the SE part of the Sorbas Basin, in the area
immediately adjacent to the basement and Mesozoic cover of Sierra
Cabrerra and Sierra de los Polopos (Fig. 1, e.g., Do Couto et al., 2014
and references therein). These studies have also shown that the exten-
sional basin fill of the Sorbas Basin has been partly exhumed in this area
by the subsequent inversion in such a fashion that the original ductile to
brittle detachment and the normal faults bounding the basin have been
significantly eroded (Fig. 2). This has created an opportunity to study
both the earlier formed normal faults during the onset of continental
sedimentation and the later ones formed during the transition to marine
turbiditic deposition. Therefore, we have focussed our high-resolution
study in this SE part of the basin and upwards in the stratigraphy in
sediments as young as the Azagador Member (Figs. 1b and 2). The
continuous outcrops show that the extensional deformation and asso-
ciated sedimentological changes are particularly intense in the vicinity

of the southern inversional fault in the area of the Gafarillos and Penas
Negras villages (Fig. 1c), while the deformation decreases upwards in
the stratigraphy. Therefore, most of our observations are focussed in the
area of these villages, being less illustrative elsewhere for the link be-
tween normal faulting and sedimentation.

Structural observations were performed by standard kinematic
mapping of deformation structures, such as faults and folds. The sense
of shear along faults was derived from kinematic indicators such as
Riedel shears, drag folds and slickenslides. Whenever required, faults
and folds have been restored to their original position prior to inversion
by using bedding measurements and calculating depositional slopes,
based on for instance progradation or deltaic topsets–foresets-bottom-
sets geometries visible in outcrops. Superposition of deformation was
determined at first by cross-cutting relationships of faults, commonly
used in other structural studies of the Sorbas Basin (Do Couto et al.,
2014; Giaconia et al., 2014). However, different from these studies, the
relative age of deformation was derived primarily from a stratigraphic
correlation of the observed syn-kinematic wedges in the hanging-wall
and associated erosion in the footwall of faults. Faults were grouped in
systems that were observed to merge in splaying structures, which were
furthermore ordered in deformation events based on the stratigraphy of
the syn-kinematic wedges (Figs. 3 and 4). Given the common ob-
servation of contrasting rheologies cross-cut by faults, such as strong
rheologies in consolidated conglomerates or coarse sandstones and
weak rheologies in poorly consolidated silts or shales, special attention
was devoted to mapping the geometry and kinematics of fault segments
at their transition.

Structural observations were combined with detailed sedimentolo-
gical observations in the same transitional area from continental to

Fig. 2. General lithostratigraphic scheme of the Sorbas Basin, modified from Puga-Bernabéu et al. (2007a, 2007b), Ott d'Estevou et al. (1990) and the results of the present study.
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marine deposition in the SE part of the Sorbas Basin. The continuous
outcrops were logged along multiple sections by following vertical and
horizontal facies variations, aided by the interpretation at the scale of
individual beds of large panoramic photos. This has allowed the defi-
nition of 18 facies units based on lithology, structure, texture, contacts
with underlying and overlying units, fossil content and color (Table 1,
e.g., Miall, 1996; Folkestad and Satur, 2008). These facies units were
subsequently grouped by the definition of 8 facies associations in the
observed alluvial fan and shallow marine, deltaic and deeper marine
depositional system by following a standard sedimentological proce-
dure (Table 1, e.g., Leppard and Gawthorpe, 2006; Strachan et al.,
2013). Given the frequent observation of depositional events char-
acterized by contrasting lithologies, a special attention was dedicated to
the mapping and understanding of such ‘event beds’, which further-
more aided in the definition of flow types, which are related or not with
episodes of normal faulting.

Following the understanding of normal faults kinematics and

associated sedimentation, the asymmetric deposition of syn-kinematic
wedges in the hanging-wall of normal faults demonstrates directly their
tectonic genesis. This has allowed the definition of a high-order sedi-
mentological cycles (or successions) controlled by the evolution of
observed normal faults in the studied part of the Sorbas Basin. Grouping
these cycles and correlating them to data from available studies on
autogenic sedimentation and climatic effects has allowed the definition
of a low-order tectonic-driven sedimentary cycles (or successions).
These successions were formed during different evolutionary stages of
the asymmetric extensional Sorbas Basin, which is furthermore dis-
cussed in phenomenological context.

4. Field observations of faults and their interpretation

4.1. Fault orientations and general geometries

A large number of normal faults were mapped in the basin, in

Fig. 3. Extensional geometries and kinematics of normal faulting in the turbiditic succession of the Chozas Formation in the SE part of Sorbas Basin. Locations in Fig. 1c. a) Panoramic
photo and b) interpretation of normal faulting associated with deformation along an extensional ramp-flat system and associated syn-kinematic deposition in a submarine fan en-
vironment. Green line, blue and red lines on the stereonet represent bedding plane, antithetic and synthetic faults; c) intersection of successive stages of high- and low-angle normal faults.
Note the refraction at the transition between thick sandstones and mudstones/siltstones layers; d) Evolutionary sketch of the three successive deformation events depicted in c. The oldest
faults are associated with syn-kinematic sedimentation; e) extensional ramp-flat geometry formed in sediments of facies association C5, where the flat segment truncates mud-rich
sandstones, and; f) raft of thrusts that formed originally in the lower part of a toe slope décollement. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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particular in the SE-part where the upper Serravallian-Tortonian flu-
vial, deltaic and offshore marine successions crop out (Figs. 3–5). Many
of these faults show variable offsets, reaching few tens of metres in the
studied outcrops (e.g., Figs. 3b, 4b, 5f). In addition, bed thicknesses
regularly vary between hanging wall and footwall in response to the
deposition of wedge shaped sediments that contain often chaotic
packages of autochthonous material and intra-basinal clasts. These
wedges were deposited during the formation of normal faults, as de-
monstrated by their deposition in the immediate hanging-wall and the
gradual change in fault offset in their upper part (Figs. 4b and 10).
When faults are not reactivated, these offsets decrease to zero in the
upper part of these clear syn-kinematic wedges associated with the
normal faulting. These normal faults are often organized in conjugate
sets and are locally connected along their strike by less frequent E-W
oriented strike-slip faults.

The oldest upper Serravalian–Tortonian sequence exposed near the
Gafarillos village (Fig. 1c) is affected by a particularly dense array of
normal faults. The frequency of these faults rapidly decreases upwards
in the stratigraphy. The faults affect the fluvial, deltaic and the tran-
sition to submarine fan deposits (Figs. 3 and 4), and have two main
directions of extension, NW-SE and NE-SW. The NW-SE direction of

extension is predominant in the older alluvial to deltaic sequence lo-
cated in the SE part of the basin. These faults have centimetres to
metres offsets, with a few examples reaching>10m (e.g. Fig. 4b). The
NE-SW direction of extension is dominant upwards in the stratigraphy.
Both sets of normal faults often show high-angle or ramp geometries in
conglomerates and thick sandstones, and listric or layer parallel fault
segments in finer geometries (Figs. 4 and 5). Large offset faults are
associated with antithetic tilting of hanging-walls, folding and draping
geometries in finer sediments, and coarse lithologies deposited near
fault planes. In more uniform lithologies, similar antithetic tilting is
observed along successive fault arrays (“domino” normal faulting,
Fig. 10c, e).

Upwards in the stratigraphy of the Chozas Formation (such as ex-
posed along the road linking Penas Negras and Gafarillos, Fig. 1c)
normal faults with variable offsets (cm to> 20m) have a dominant top
to the NE sense of tectonic transport and have more complex geometries
when compared with the lower alluvial part of succession (Figs. 4 and
5). The faults show ubiquitous ramp-flat (Fig. 3a, b, e), complex listric
(Fig. 3c) or staircase (Fig. 4) geometries. Simple planar or listric geo-
metries are less frequent (Fig. 4c). Low angle normal faulting is ob-
served in matrix-supported, and/or semi-lithified sandstones and

Fig. 4. Extensional geometries and kinematics of normal faulting in the shallow water deltaic to submarine fan transition cropping out in the SE part of Sorbas Basin. Locations in Fig. 1c.
a) Panoramic photo and b) interpretation of a listric normal fault system dipping ENE-wards truncated by subsequent strike-slip structures formed during basin inversion. Note the
antithetic tilting of hanging-walls that created the main depositional slope of the basin; c) intersection between two normal fault sets cross-cutting a thick event bed (location is the blue
star in b); d) inset of c illustrating layer parallel shearing in the fine-grained sediments; e) possible solution for the temporal evolution of fault sets depicted in b: the flat segment forms as
layer-parallel shear zone that formed subsequently and cross-cuts the earlier domino-style normal faults; f) large-scale extensional shear zone formed along a SW dipping normal fault
(location is the orange star in b). Riedel shears are domains where less deformed, but rheologically strong layers (sandstones and conglomerates) form sigmoidal clasts that may reach up
to 2m; g) variability of the same shear zone as in f towards the south. Earlier formed conjugate normal faults are truncated by the shear zone; h) inset of g illustrating CS structural fabrics
developed within shear zone, and; i) layer parallel shearing developed within rheologically weak layers (location is the green star in b). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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conglomerates (Figs. 3a, b, e and 4). Normal faulting initiated with
Riedel shears and created fault gouges and semi-ductile shear zones in
finer silt or shale lithologies (Fig. 4d–h). This faulting is associated with
numerous connecting joints and Riedel shears.

4.2. Fault characteristics in relation to lithology

A characteristic ramp-flat geometry of large NE-dipping faults is
often observed within heterogeneous sediments deposited in deltaic
and deep-water settings and such faults are often associated with syn-
kinematic clastic wedges (Fig. 3a, b, c). Ramps are observed in sand-
stones and conglomerates, often at right angles to bedding (Fig. 3a, b).
Flats are observed in finer silt or shale lithologies, where shearing is
observed by the formation of brittle shear-bands and sheared clasts
geometries in a fault gouge that is usually foliated. Deformation is as-
sociated with joints, antithetic Riedel shears, roll-over anticlines and
small (half-) grabens located in hanging walls (Figs. 3a, b and 4a, b).

Foliated fault gouges are made up of silt and clay material, may
reach 5m thickness and show clear shear-sense indicators, such as an
obvious brittle shear bands fabric (Fig. 4d, h). Along the road from
Penas Negras to Gafarillios, these shear zones dip to the SW (Fig. 4a, b)
and are sub-parallel to bedding in finer grained material (fine sands,
silts and muds) that contain intercalated coarse sandstones and con-
glomerates. These zones contain small extensional duplexes with large
sigma-shaped metres-size clasts, made up of more resistant sandstones
and conglomerates, back-rotated and offset by synthetic Riedel shears
(Fig. 4d, f, g, h).

One interesting geometry observed in outcrops is that of high-angle
(70°–90°) fault segments developed in 0.15m–4m thick coarse sand-
stones (mostly granular debris flows) and conglomerates creating a
staircase fault geometry by connecting layer sub-parallel (< 35°, but
general layer parallel) segments in 0.05m–0.4 cm thick fine sandstone,
siltstones and mudstones bedsets (Fig. 5). Deformation along staircase
faults is associated with cm-scale faults that have higher dips in the

hanging-wall (40°–70°) than the footwall (20°–30°, Fig. 5). A direct
relationship between the thickness of the underlying coarse sandstones
and conglomerates and the overlying size of the step (or length of the
flat) can be observed (Fig. 5h). Some faults do not display any apparent
offset along individual steps, but the total displacement is obvious if the
full stratigraphy is considered (Fig. 5). In more detail, some displace-
ments along low offset faults are seen to be associated with layer par-
allel shearing and dragging in finer beds, shortcutting the steps by
creating extensional horses (Fig. 5a–d). When displacement increases,
these shortcutting features are less or not preserved (Fig. 5e, f, g). In
other situations of staircase normal faults, we have observed a layer
parallel shear confined to fine lithologies (Fig. 4d).

4.3. Implications for syn-kinematic basin infill and rheological control on
the mechanics of normal faulting

Our field observations on bed thicknesses variation against normal
faults and associated syn-kinematic wedges, together with intercalated
chaotic packages of autochthonous material and intra-basinal clasts
provide clear evidence for the link between sedimentation and normal
faulting in the studied part of the Sorbas basin. The numerous syn-ki-
nematic wedges provide an unusual strong age control of deformation,
with the onset of extension and subsidence of the Sorbas Basin during
late Serravallian-Tortonian times being associated with successive NW-
SE and NE-SW oriented normal faults. Inversion must have post-dated
the Tortonian in this part of the basin, since no contractional or
transpressional structures of syn-kinematic character have been ob-
served in any of the outcrop exposures of the Chozas Formation.

The clear differences in fault characteristics associated with differ-
ences in lithology demonstrate rheological control on the mechanics of
normal faulting. In particular the high angle fault segments cutting
through coarse sandstones and conglomerates and the low angle or
layer parallel segments confined to fine lithologies imply a substantial
contrast: the former must have been rheologically strong during

Fig. 5. Illustration of normal faults with staircase geometry. Locations in Fig. 1c. a) Photo and b) interpretation sketch of fault with a staircase geometry. The transition between segments
is observed along layer parallel surfaces (flats) that truncate a sandstone/silty lithology; c) inset of b illustrating an extensional horse formed along a step in the staircase geometry. Well-
cemented sandstone blocks are rotated, while the weaker silty sandstones and mudstones are sheared, forming an overall sigma-like clast geometry; d) sketch illustrating the mechanisms
of connecting two highly-inclined segments of the staircase geometry by deforming a restraining vertical overlap zone (red dashed line); e) photo and f) interpretation of a large offset
normal fault with a staircase geometry; g) inset of f, illustrating shortcutting the steps of a staircase geometry forming grinded sandstone and mudstone in the damage area, and; h) the
observed correlation between the length of the flat segment and the thickness of underling rheological strong layers observed along the staircase fault trace geometry. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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faulting, while the latter where rheologically weak.
Some ramp-flat geometries where steep segments in coarse layers

are connected with each other via layer parallel segments (Fig. 4c, d, e)
are best explained via two stages of faulting: first the formation of a
high angle normal fault cutting through all layers, followed by layer
parallel shearing creating offsets along steps in the normal fault. In
other situations, the ramp-flat geometry is not affected by layer parallel
shearing of finer sediments (Fig. 3e). Such geometries are also formed
in response to the contrasting lithologies cross-cut by normal faulting,
but the flattening of the fault segment is likely enhanced by the pre-
sence of unconsolidated sediments with high water content at the time
of deformation (e.g., Childs et al., 2009). This mechanism cannot be
applied to the staircase fault geometry where longer steep segments are
connected via much shorter layer parallel segments (Fig. 5). In these
situations, refraction during propagation of normal faulting (e.g., Childs
et al., 1996; Schöpfer et al., 2006) is unlikely, because this does not
explain the flat layer parallel segment of the staircase geometry. We
infer that these staircase geometries formed by linking initially shorter
Riedel shears or joints across rheologically weak layers in a vertical
overlap shear zone, where the faults steps are connected upwards into
the footwall across the overlap zone (e.g., Childs et al., 2009; Rykkelid
and Fossen, 2002). This interpretation is supported by the synthetic
rotation of sigmoidal clasts in the restraining vertical overlap structure.

Alternatively, the staircase geometry may also have been formed as a
result of growth and propagation of the faults nucleated within me-
chanically stronger layer and linked via weak layers (e.g., Gabrielsen
et al., 2016). These faults were initially separated (i.e. soft-linked, e.g.,
Figs. 4c and 5a,b,c) and become connected when the fault offset ex-
ceeds the thickness of the weak layer (i.e. hard-linked, e.g., Fig. 5e, f, g).

5. The depositional environment associated with extension

The upper Serravallian–Tortonian sediments exposed in the SE part
of the Sorbas Basin are characterized by coarse-grained clastics de-
posited in an alluvial fan and deltaic environment, which laterally
changes to shallow marine and further to a deeper marine depositional
system. These sediments were transported into the basin by a combi-
nation of rock-fall, stream flows and different types of gravity flows
such as debris flows or high- and low-density turbiditic currents. The
suspension fall-out deposition took place mainly in deltaic and deeper
marine environments, often suppressed by gravity flows. Eighteen li-
thofacies were identified in the studied outcrops (Table 1). These li-
thofacies are organized in eight facies associations (Figs. 6–10), inter-
preted as alluvial, shallow marine, deltaic and deeper marine
depositional systems.

Table 1
Lithofacies observed in the studied SW part of the Sorbas basin. Their interpretation follows a standard sedimentological procedure (Bouma et al., 1962; Postma, 1990; Miall, 1996;
Talling et al., 2012).

Facies code General description Inferred depositional process

F1 Clast-supported; boulder to pebble conglomerate; with/without out-sized clasts;
matrix: low amount of coarse-grained sandstone; subangular to subrounded
clasts; poor to medium sorting; massive; plane base

Rapid sedimentation from cohesionless debris flow/granular flow

F2 Matrix-supported; cobble (boulder) to pebble conglomerate/sandstone; matrix:
fine-grained sandstone/siltstone/mudstone; subangular to subrounded clasts;
poor sorting; massive; planar base

Sedimentation from cohesive debris flow

F3 Clast- to matrix-supported; cobble to granula conglomerate/sandstone;
moderate sorting; weak normal grading, imbrication; crude horizontal
stratification; planar base

Longitudinal-bar or sieve deposits under subareal braided-stream flow

F4 Clast-supported; cobble to granula conglomerate; subangular to subrounded
clasts; poor to medium sorting; normal grading; erosional base

Channel-lag deposits under subareal flashy braided-stream; sedimentation from
subaqueous high-density turbidity flow

F5 Clast- to matrix-supported; cobble to granula conglomerate/sandstone;
subrounded to rounded; weak sorting; planar crossbeds, imbrication; planar
base

Transversal-bar deposits under subareal braided-stream; deltaic growths from
older bar remnants

F6 Clast- to matrix-supported; pebble to cobble conglomerate/coarse- to fine-
grained sandstone; subangular to subrounded; weak sorting; through crossbeds;
graded or ungraded; erosional base

Channel fill under subareal braided-stream; sedimentation from high-density
turbulent flow

F7 Coarse- to medium-grained (pebbly) sandstone; low matrix content; medium to
well sorting; normal grading/massive; if presents mud rip-ups aligned; erosive/
planar base

Rapid sedimentation from high-density turbidity currents (Ta division of Bouma
et al., 1962)

F8 Medium- to fine-grained sandstone; parallel lamination; planar base Sedimentation from subaerial sheet or stream flow; deposition from high- to low-
density turbidity flow (Tb division of Bouma et al., 1962)

F9 Medium- to fine-sandstone; well sorting; ripple-cross lamination; climbing
ripples

Sedimentation from sheet or stream flow; reworking of the sediments by wave
action; deposition from low-density turbidity flow (Tc division of Bouma et al.,
1962)

F10 Coarse- to medium-grained sandstone; no internal structure; often with scattered
granulas, pebbles

Sedimentation from subareal to subaqueous cohesionless debris flow

F11 Medium- to fine-grained sandstone; moderate sorting; planar crossbeds; planar
base

Sedimentation under sheet or stream flow; deposition from unidirectional,
steady high-density turbidity currents

F12 Medium- to fine-grained sandstones; well sorting; weak normally graded/
ungraded; low-angle crossbeds; planar base

Dunes (lower flow regime) under subareal sheet flow or stream flow; deposition
from wave and/or tidal currents passing through channel; lateral accretion

F13 Fine-grained sandstone interbedded with siltstone; sometimes with scattered
granulas; laminated or massive; planar base

Sedimentation from suspension of waning floods; suspension fall-out in local
overbank flood areas or abundant channel; sedimentation from low-density
turbidity flow (Td division of Bouma et al., 1962)

F14 Fine-grained siltstone to mudstone; planar lamination or massive Sedimentation from waning low-density turbidity flow (Te division of Bouma
et al., 1962) or cohesionless density flow

F15 Grey mudstone; massive/weak planar lamination Particles settling from water column
F16 Yellow marl; massive/weak planar lamination Particles settling from water column
F17 Fine-grained sandstones, structureless Bioturbated sandstone
F18 Coarse- to medium-grained sandstones; chaotic; scattered pebbles, mud rip-ups Slump deposit
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Fig. 6. Typical examples of the main facies associations. See Table 1 for facies details and Fig. 1c for photo locations. a) facies association A1 with matrix- to clast-supported con-
glomerates deposited in a proximal alluvial fan environment. Thick black line marks the bedding; b) facies association A2 with structure-less sandstones and conglomerates deposited in a
distal alluvial fan environment; c) facies association B with well sorted mature yellow trough cross bedded sandstones deposited in a shallow water marine (shoreface) environment; d)
facies association C1 with channelized delta plain deposits; e) facies association C2 with sheet-like polimict conglomerates deposited in a river-dominated delta front environment. Note
the oyster shell inside the black ellipse; f) facies association C2 with coarse-grained sandstones containing isolated out-sized clasts intercalated with wavy laminated yellow carbonate
mudstone deposited from subaqueous distributary channels and mouth bars affected by a wave and tidal influence; g) facies association C2 with amalgamated sandstones deposited from
high-density turbidity currents capped with granular flow deposit in the delta front environment. Dashed lines delineate bed sub-units; h) facies association C3 with burrows in sandstones
and mudstones interrupted with pebble to granula clastic episodes; i) facies association C3 with ripple-cross laminated sandstone and bioturbated sandy mudstones deposited in a prodelta
settings; j) facies association C3 with horizontal burrows in prodelta sandstones; k) facies association C4 with amalgamated event beds comprised of an alternation of granula sandstones
and clast- to matrix-supported conglomerates, whereas the base of the latter is characterized by loading structures (black arrows); l) facies association C4 with interference of amal-
gamated beds and lateral channels (likely fault perpendicular flow); m) facies association C5 with parallel laminites, siltstones and mudstones deposited on the basin plain; n) isolated
medium-grained sandstone lobes deposited from high-density turbidity currents in terminal lobes, and; o) Zoophycos in distal submarine fan environment. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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5.1. Alluvial fan and shallow marine systems

The alluvial system crops out in a restricted part of the basin (north
of Gafarillos village, Fig. 1c) and is made up by red multi-storey bodies
displaying sheet-like geometry. The flow was often confined by coeval
normal faults, which created centimetres to metres wedge-shaped
geometries by thickening towards the fault (Fig. 10a).

Facies association A1 is characterized dominantly by thick-bedded
(0.5–2m) pebble to cobble conglomerates and coarse-grained sand-
stones (F1, F2 less common F10, Table 1, Fig. 6a). They are poorly
sorted and immature, and contain a large compositional diversity of
clasts (such as quartzite, schists, dolomites, marble, recycled con-
glomerates and sandstones). The base is planar with small scale ero-
sional relief (< 10 cm). These dominant lithologies alternate with thin-
bedded (< 0.1 m) fine-grained sandstones and siltstones (F9, F13,
Table 1). This facies association unconformably overlies the pre-Mio-
cene basement and is gradually replaced by facies association A2(see
below).

Facies association A1 is interpreted as a proximal alluvial fan system
dominated by deposition of debris flows (e.g., Nemec and Steel, 1984;

Blair and McPherson, 1994). The angularity and lithological nature of
the clasts derived from the surrounding metamorphic basement suggest
a proximal source area located in the neighbouring sierras. The clasts
derived by eroding the fault scarp indicate that these flows originated
from remobilization of colluvial rock-fall deposits at the base of an
active fault (e.g., Blikra and Nemec, 1998; Longhitano et al., 2015).

Facies association A2 is characterized by medium-bedded
(0.2–1.2m) sand prone deposits (F2, F3, F7, F8, F10, less common F4,
F5, Table 1, Fig. 6b). These deposits are often channels filled with
pebble to cobble conglomerates with erosive base and gradational top.
The imbrication and plane cross-bedding indicate a SW-wards flow
direction. The sandstones are often interbedded with finer deposits (F9,
F11, F13, Table 1). This facies association grade into facies association
C1 (see below).

Facies association A2 is interpreted as deposition in a medial to
distal alluvial fan environment dominated by flood-related braided
flows alternating with debris flows (e.g., Nemec and Postma, 1993;
Barrier et al., 2010). Finer clastics were deposited by combined waning
flows and suspension in a lower energy environment. The cross-strati-
fied bed sets and channels with erosive base resulted from migration of

Fig. 7. A detailed sedimentary log of the alluvial to shallow water marine environment transition observed in the SE part of the Sorbas Basin. See Table 1 for facies details and Fig. 1c for
log location. FAA1 and FAA2 – facies association A1 and A2, respectively; FAB - facies association B; FAC1 - facies association C1. The grey rectangles with numbers represent stages of
fault activity: 1 - high displacement rates; 2 - gradual termination of the faulting activity, and 3 - fault quiescence.
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small distributary channels within a fan system (e.g., Blair and
McPherson, 1994).

Facies association B is characterized dominantly by tabular
medium-bedded (0.05–0.4m) well sorted yellow calcareous sandstones
(F8, F9, F12, F17 and minor F10, Table 1, Fig. 6c). These sandstones
may be structure-less or contain climbing-ripples and trough-cross
bedding, often draped by mud. Parallel and ripple-cross lamination is
less obvious. Beds are separated by thinly-bedded (0.01–0.15m) mud-
stone layers (F15, Table 1). Towards the top, this facies association
becomes locally pebbly with strings or isolated outsize clasts. This fa-
cies association shows a general coarsening-upwards trend and is de-
posited beneath or lateral from to delta deposits (i.e. delta channel, C1,
see below).

Facies association B is interpreted as shallow marine deposits with
low or no fluvial influence. Mudstone drapes suggest periods of quies-
cence and deposition from suspension. The relative good sorting and
lack of coarser-grained material in the lower part of the succession
suggest low clastic sourcing and reworking (e.g., Carr et al., 2003). In
the upper part of the coarsening upwards sequence, the occurrence of
outsized clasts and pebbly strings infers a higher proximal clastic influx
(e.g. Young et al., 2000).

5.2. Deltaic system

Facies association C1 is characterized by thick-bedded (0.7–1.5m)
conglomerates and sandstones (F2, F4, F6, F10, F17, minor F3, Table 1,
Fig. 6d). The individual bed geometry varies from wide channels with
erosive base and rip-ups of underlying fine sandstones and marls, to less
frequent sheet like layers with planar base. They include shell frag-
ments (Pectens, oysters,< 5%). This facies association alternate with
facies associations A and B by building coarsening-upward successions
(Fig. 7). The contact with facies association B is gradual (over ~1m),
while the contact with facies association A is sharp.

Facies association C1 is interpreted to be deposited from high en-
ergy hyperpycnal and debris flows based on the presence of channels,
rip-ups fragments and a general coarsening-upward trend. These sedi-
mentary features are typical for deposition at the mouth of river-
dominated deltas (i.e. delta plain, e.g., García-García et al., 2006).

Facies association C2 is characterized by an alternation of thick-
bedded conglomerates and sandstones (0.2–2m) (F1, F2, F7, F8, F10,
Table 1, Fig. 6e, f, g), and thinly-bedded (0,1 m to 0,2m) yellow marls
(F16, Table 1, Fig. 6f). The sandstone and conglomerate beds have
generally a sheet-like amalgamated geometry, in which the amount of
matrix and grain-size varies both vertically and laterally. The amalga-
mated beds may be up to 8m thick. Bed bases are plane to slightly
erosional. The conglomerates show high textural maturity and round-
ness and may be imbricated. Most sandstones are normally graded and
contain a variety of sedimentary structures, such as parallel lamination,
climbing ripples, flaser lamination and ripple cross-lamination. They
also contain shell fragments (Pectens, oysters,< 5%). Occasionally,
sandstones are structure-less with floating clasts or pebble to cobble
strings. Well rounded outsized clasts (up to 1m) are common. This
facies association passes into facies association C1 upslope and C3
downslope. This association commonly forms upward coarsening units
of tens of metres.

Facies association C2 is interpreted to be the result of deposition
from concentrated, high-energy flows (dominated by debris flows and
granular flows where turbulent flows are less common) during high
discharge episodes in delta front environment (e.g., Young et al., 2000;
Schomacker et al., 2010). These flow episodes are separated by periods
of low discharge that allow sediment redistribution and reworking by
waves and tides, and colonization and bioturbation (e.g., Dabrio, 1990;
Aschoff et al., 2016). Relatively small bedset thicknesses indicate

deposition in shallow water environment (~10's of metres of water),
where the absence of clinoforms suggests deposition in a coarse-grained
shoal water type of the fan delta (e.g., Lewis et al., 2015; Postma,
1990).

Facies association C3 is characterized by alternation of thin-bedded
(0.01 m to 0.15m) medium- to fine-grained sandstones, siltstones,
mudstones and marlstones (F7, F8, F9, F13, F16, F17, Table 1, Fig. 6h, i,
j). Individual beds have a sharp planar base. The medium- to fine-
grained sandstones are well sorted and, usually show ripple-cross la-
mination (climbing, symmetric and asymmetric), wave ripples and
horizontal lamination (Fig. 6i). These sandstones have rare convolution
or hummocky lamination and locally contain burrows and plant ma-
terial (Fig. 6j). Near the transition with facies association C2, these
sandstones may contain floating clasts or strings.

Facies association C3 is interpreted to be deposited in a low energy
prodelta environment, with periodic low- and high-density turbidity
currents derived from a continental source (e.g., Mulder and Alexander,
2001; García-García et al., 2011). The rare hummocky bedforms in-
dicate an influence of storm waves due to either combined flows (waves
and currents) or complex oscillatory flows (e.g., Arnott and Southard,
1990). The presence of benthic organisms (i.e. vertical and horizontal
burrows, Skolithos) together with wave and tide generated sedimentary
structures indicate deposition above fair-weather wave base in sub-
littoral zone (e.g., Aschoff et al., 2016).

5.3. Deeper marine system

Facies association C4 is characterized by an alternation of a tabular
and wedge shaped thick-bedded (0.5–1.2m) facies dominated by
sandstones and conglomerates (F7, F8, F18, occasionally F1 and F2,
Table 1, Fig. 6k, l) and medium to thick-bedded (0.1–1m) fine-sand-
stone and siltstone facies (F8, F9, F13, Table 1). The base of individual
beds is sharp and, in some places, loading is present. Locally, this as-
sociation contains wide scours with erosional base and granular/pebble
lags and rip-ups (Fig. 6l). Sandstone-rich beds are often stacked, which
creates 4–8m thick units (Fig. 8). Bedding planes within these units are
represented by aligned mud rip-ups, shells and/or grain-size breaks.
Water escape structures, sand injections and mud rip-ups are common
(hybrid beds, H1 division of Haughton et al., 2009). The fine-sand-
stones/siltstones include up to 40 cm thick hybrid beds with an upper
banded part (H2 division of Haughton et al., 2009). This banding is
produced by monotonous variations in the clay matrix of the sand-
stones. Sandstones are structure-less or may show parallel lamination.
The succession is organized in coarsening- (and fining-) upward se-
quences that alternate vertically and laterally with facies association C5
(Fig. 8).

Facies association C4 is interpreted to be the result of rapid de-
position from high density turbidity and debris flows at high aggrada-
tion rates, deposited on the lower part of the slope and axial part of
proximal submarine lobes (e.g., Kneller and Branney, 1995; Prélat
et al., 2009; Talling et al., 2012). Unusually, thick coarse-grained
sandstone and fine-grained sandstones/siltstones are deposited from
hybrid flows showing evidence of flow transformation from poor to
more cohesive flows and their coexistence with turbidity flow (e.g.,
Haughton et al., 2009). The fine sandstone/siltstone unit suggests de-
position from dilute turbidity currents and hybrid flows outside the
main lobe (off-axis or fringes, e.g., Prélat et al., 2009). The presence of
boulders and slumps indicate slope steepening (e.g. Blair and
McPherson, 1994).

Facies association C5 is characterized by thin bedded (0.01–0.1m)
heterolithic packages of mudstones, siltstones, fine thin sandstones
(F13, F14, F15, Table 1, Fig. 6m, n, o) intercalated with fine- to
medium-grained sandstones (F7, F8 and F9, Table 1). Bedding is
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marked by sharp vertical alternations of dark yellow and light grey
beds, on a mm to cm scale. Sandstone (0.1–0.2m thick) intercalations
divide this monotonous succession into packages of variable thickness
(0.1–0.9 m). Beds are continuous tabular to lobate. Scours are rare and
associated with medium- to coarse-grained sandstones (Fig. 9f). Thicker
and coarser sandstone layers occur more frequently in close proximity
(within 1–2m) to proximal submarine fan facies association (C4). This
facies association is commonly observed as tens of metres' thick inter-
vals occasionally interrupted by chaotically deformed packages of au-
tochthonous material (up to 2m thick) or sandstones (F18, Table 1,
Figs. 3e, f and 9a). Deformed packages include folded heterolithic beds
and rip-ups enclosed in a poorly sorted silty/sandy matrix and have
sharp to erosive contacts with the adjacent undeformed heterolithic
packages. This chaotic facies is associated with normal faults up slope
and reverse fault down slope.

Facies association C5 is interpreted as a product of combined de-
position from dilute turbidity currents and suspension fallout in a distal
submarine fan environment over the basin plain (e.g., Bouma et al.,

1962; Talling et al., 2012). Planar, climbing-ripple and ripple lamina-
tion resulted from bed tractional reworking under moderate to high
aggradation rate (e.g., Southard, 1991; Mutti, 1992; Talling et al.,
2012). Isolated sandstone beds represent the expression of the distal-
most progradation of high density turbidity flows bypassing the lobe
environment (e.g., Talling et al., 2012; Stevenson et al., 2015). The
intercalated chaotic packages suggest syn-depositional deformation due
to remobilization of autochthonous intra-basinal material (e.g.,
Spychala et al., 2017). When combined with normal faults up slope and
reverse faults downslope, this facies association shows periods of
gravitational sliding, i.e. toe slope decollements (e.g., Postma, 1984).

5.4. Sedimentological events during deposition

We use the term ‘event-bed’ in the sense of a depositional event
characterized by contrasting lithologies that reflects the stacking of one
or multiple flow types, which does not necessarily mean that beds are
isolated or unusually thick. Such event beds are rather frequent in the

Fig. 8. Detailed sedimentary log of a prograding submarine-fan into the basin plain environment in the SE part of the Sorbas Basin. See Fig. 1c for log location. FAC4 - facies association
C4; FAC5 - facies association C5.
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studied sedimentary succession (Fig. 9). Near the source area, these
beds are observed as thick packages of proximal alluvial fan deposits
deposited over distal alluvial or deltaic sediments (Fig. 7). The rapid
transition of facies associations, and the angularity and nature of the
clasts suggest that normal sedimentation was interrupted by moments
of rapid uplift and erosion of normal fault footwall scarps and sedi-
mentation in their proximity (e.g. Longhitano et al., 2015). In more
distal marine environment, six types of event beds can be identified on
the basis of clear contrast in sedimentation.

Event bed type 1 is characterized by chaotically deformed (i.e.
folded, bed raft, rip-ups, Fig. 9a) thin bedded heterolithic packages
enclosed within a poorly sorted silt to clay matrix. These beds have
sharp upper and lower boundaries. They occur within the distal sub-
marine fan facies association C5 and reach 2m in thickness.

Deformation in such packages is often connected with a decollement to
a break-up zone made up by normal faults, while frequent isolated rafts
affected by thrusts or normal faults are observed in the field (Fig. 3e,
left part and f). In some instances, the close association with normal
faulting is observed by the decollement starting at these faults in their
syn-kinematic deposits.

Event bed type 1 is interpreted as a toe-slope decollement created by
gravitational sliding which evolved into debris flow along the deposi-
tional slope on the way to the submarine fan environment (e.g., Talling
et al., 2012). In such an environment, slides and debris flows could be
initiated by intra-basinal slope steepening, liquefaction of underlying
mud-rich deposits and/or failure generated by overpressure due to high
sedimentation rate on the slope (e.g., Gee et al., 1999; Bull et al., 2009).
In our case, the frequent association with syn-depositional normal faults

Fig. 9. Typical examples of event beds. See Table 1 for facies details and Fig. 1c for photo locations. a) event bed type 1 that resulted from seismically triggered slope collapse, leading to
remobilization and embedding of intra-basinal layers and clasts within a distal submarine fan environment (facies association C5); b) event bed type 2 that resulted from uplift and
erosion of the footwall, leading to direct delivery of extra-basinal material into a distal submarine fan environment by debris flows; c) event bed type 3 that resulted from slope failure due
to activity of intra-formational faults; d) event bed type 4 deposited from debris flows that provided the main way to re-deposit material from shallow environment further into the basin;
e) event bed type 5 that resulted from debris flow partitioning along its long transport trajectory, and; f) event bed type 6 formed as isolated distributary channels within a distal
submarine fan environment.
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demonstrates that sliding is driven by tectonics. These event beds were
most likely triggered by fault induced seismicity (e.g., Bugge et al.,
1988; Spychala et al., 2017), similar to what has been previously dis-
cussed in the neighbouring Tabernas Basin (such as the “Gordo mega-
bed” of Kleverlaan, 1987). However, when compared with the large-
scale chaotic mega-beds in this basin, our type 1 events are much
smaller in size and do not appear to have a basin-wide continuity.

Event bed type 2 is characterized by angular out-sized extra-basinal
clasts (up to 2m) enclosed within poorly sorted sandy matrix (Fig. 9b).
Beds are often isolated and interbedded within relatively finer layers
which show abundant water escape structures. Event bed type 2 is
observed in the apical parts of coarsening-upward sequences deposited
in the proximal part of the submarine fan deposits (Fig. 11a, b; see also
the Supplementary material).

Event bed type 2 is interpreted as a result of rapid deposition from
land-derived debris flows bypassing the shallow water and slope, and
depositing the material at the toe of the slope. The character of the beds
(oversized angular extra-basinal clasts) indicates that these flows were
generated in an alluvial environment by remobilization of rock-fall
material eroded from the uplifted footwall of the basin bounding fault
and rapidly deposited at the base of the slope during high-discharge
events (e.g. Leppard and Gawthorpe, 2006; Strachan et al., 2013).

Event bed type 3 is characterized by a bipartite organization. The
lower part consists of sandy matrix supported outsized clasts, of both
extra-basinal (dolomites, schists, marbles) and intra-basinal (medium-
to coarse-grained turbidites) origin. The upper part is composed of
structure-less sandstones (Fig. 9c).

Event bed type 3 is interpreted to reflect cohesion-less debris flow
deposition that was followed by high-density turbidites deposited as
part of the same general waning event (e.g. Talling et al., 2012). The
intra-basinal clasts resulted from footwall uplift and degradation of
normal faults, shedding material towards the distal submarine fan en-
vironment. Faulting caused coeval slope instability, leading to re-
mobilization of reworked extra-basinal clasts that are mixed with the
intra-basinal material along the slope on the way to the distal sub-
marine fan environment. Intra-basinal normal faults localized the
gravity flows on the basin plain (Fig. 9c).

Event bed type 4 is characterized by out-sized well rounded cobbles
and boulders of extra-basinal clasts (dolomites, schists, marbles), with
some dolomite clasts containing lithophaga borings (Fig. 9d). They
show a bipartite organization with a matrix-supported pebbly sand-
stone that is coarsening-upwards to a cobble-boulder conglomerate.

Event bed type 4 is interpreted to result from the redistribution of
avalanching material along an unstable slope (e.g., Postma, 1984).
Frequent borings suggest storage and reworking of the material from a
delta plain or beach environment before re-deposition further into the
basin (e.g., Puga-Bernabéu et al., 2007a, 2007b; Lewis et al., 2015). The
remobilization of material stored in the shallow water environment can
be induced by seismically triggered slope failure or high fluvial dis-
charge (e.g., Haughton et al., 2009; García-García et al., 2011).

Event bed type 5 is characterized by a tripartite organization
(Fig. 9e). The lower part of the event bed may include planar cross-
bedding formed by alternating matrix-supported conglomerates and
pebbly sandstones flat bands (F1, F2, F10, Table 1). The middle part of
the bed is composed of sandstones with silt to clay matrix and narrow
zones of randomly oriented marl (often yellow) rip-ups and scattered
pebbles. The upper part is made up of a clast-supported conglomerate.

Event bed type 5 is interpreted to result of partitioning of a debris
flow along the slope (hybrid flow, e.g. Haughton et al., 2003; Kane and
Pontén, 2012). Our observations suggest that the debris flow may
transform partially into an independent forerunner of a turbidity cur-
rent along its long transport pathway (i.e. long transport far into the
basin, e.g., Haughton et al., 2003; Haughton et al., 2009). During
transport, the turbidity current decelerates and becomes diluted enough
to develop planar cross-bedding at the base of the event beds (Fig. 9e).
Similar bed types (i.e. turbidites linked with debrites) are common in

distal and lateral margins of deep water systems caused by failure of a
syn-tectonic slope (e.g., syn-rift Jurassic submarine fans of the North
Sea Basin, Haughton et al., 2003). This scenario is inferred by extra-
basinal components and rip-ups of shallow water marls.

Event bed type 6 is characterized by isolated medium- to coarse-
grained sandstones interbedded within the finer distal submarine fan
facies association C5 (Fig. 9f). This event bed has often a wide scour, is
granular at the base, has a general coarsening-upwards pattern and
contains climbing ripple-cross lamination. Such beds are observed in
the vertical succession as part of coarsening- or fining-upward succes-
sions, but cannot be clearly ascribed to any of these patterns.

Event bed type 6 is interpreted as an episodic influx of land-derived
material into a distal submarine fan environment. The material was
transported along a distal terminal lobe, most likely derived from tur-
bidity currents originating from concentrated hyperpycnal flows during
high discharge (e.g. García-García et al., 2011). The beds are thus likely
related to high discharge events during wet seasons and shows no link
to tectonic activity, i.e. uplift and/or erosion prior to remobilization
and deposition.

5.5. Syn-kinematic sedimentation

Clear syn-kinematic deposition is observed in sedimentary wedges
deposited against normal faults and sealed by finer grain sediments. As
a function of the direction of normal faulting and the related orientation
of the slope along which sediments were supplied to the basin, we
distinguished two types of syn-kinematic wedges: synthetic (same di-
rection) and antithetic (opposite direction). This means that synthetic
wedges are composed of terrestrial material transported across or along
the slope created by the normal faults footwall, while antithetic wedges
consists of terrestrial material transported along a slope created by
antithetic tilting of the hanging-wall of normal faults. Both synthetic
and antithetic wedges thicken towards the fault and pinch out in the
hanging wall direction, but are oriented differently relative to source
area, i.e. they thicken SW-wards and NE-wards, respectively. Both are
locally observed to be associated with footwall uplift and erosion.

In the alluvial and deltaic parts of the succession, synthetic wedges
are controlled by centimetres to decimetres offset of low- and high-
angle normal faults (Fig. 10a–c), while antithetic wedges are less
common. These wedges contain matrix-supported (cobble to pebble)
sandstones and conglomerates that often have outsized clasts derived
from cohesive debris flows (F2, Table 1, Fig. 10a–c). These observations
show rapid deposition driven by the instability of a syn-tectonic slope.
An increase in mud content enhances the flow strength, which enables
the transport of out-sized clasts (e.g., Talling et al., 2012). The inter-
bedding or sealing of wedges with finer clastic sediments is interpreted
to result from diluted or waning turbidity currents and/or suspension
fall out during moments of tectonic quiescence (F14, F15, F16, Table 1).
Rapid changes in sedimentary facies across these wedges reveal locally
forced progradation of more proximal (higher energy) over distal
(lower energy) facies, driven by the activity of normal faults. However,
these faults may confine distributary channels and influence the lateral
migration of the fan system.

A large number of synthetic and antithetic wedges were observed in
the marine part of the succession (Figs. 3a, b and 10d, e). Some of these
wedges illustrate a rapid transition from a distal to proximal position
even at the scale of a single bed or bed set (Fig. 10e). Such wedges are
made up of debris flow and high-density turbiditic flow deposits. More
complex, larger scale antithetic wedgescontaining several syn-kine-
matic layers are related to large offset ramp-flat normal fault systems
(Fig. 3a, b). Several simultaneous wedges with variable ramp offsets are
associated with a coarse influx of debris flows, which is sealed by finer
grained lithologies in the overall submarine fan environment (Fig. 3a,
b). Successive offsets along these faults are clearly associated with high-
frequency sedimentary patterns, which are otherwise very similar in
expression as autogenic cyclicity created by submarine lobe shifting,
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driven by migration or instability of distributary channels (e.g., Prélat
et al., 2009).

6. Discussion

Our data show a direct relationship between deformation and de-
position of syn-kinematic wedges in the hanging-wall of normal faults
during the onset of basin formation (e.g., Fig. 10). Furthermore, the
studied upper Serravallian-Tortonian sediments of the Sorbas basin are

organized in two different orders of deposition driven by tectonic ac-
tivity. The higher order of tectonically induced cycles (or sedimentary
successions) are deposited during short-termed perturbation of the de-
positional system created by the onset of normal faulting and/or
changes in the slip-rates along the normal faults. Such perturbations
create up to 20m thick coarsening- and fining-upward packages (e.g.,
Fig. 11b). In the studied succession, we have observed 5 such episodes
of cyclic sedimentation, every time associated with the onset or accel-
eration of normal faulting (see also Supplementary material). The lower

Fig. 10. Typical examples of syn-kinematic wedges associated with normal faults. See Table 1 for facies details and Fig. 1c for photo locations. a) Syn-kinematic wedges developed in a
distal alluvial environment associated with synthetic normal faulting; b) syn-kinematic wedges developed in a delta front environment associated with synthetic normal faulting; c) syn-
depositional domino-type normal faults triggering deposition of matrix-supported sandstones in a delta plain environment; d) syn-kinematic wedge that is controlled by antithetic rotation
of the hanging-wall during faulting in a submarine fan environment, and; e) a coarse-grained debris flow event confined by the activity of normal faults in a distal submarine fan
environment.
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order tectonically induced cycles (or sedimentary successions) are de-
posited during long-term perturbations of the depositional system as a
consequence of the overall migration of deformation and faulting
during basin formation and evolution. These cycles create major
changes in the depositional environment during the transition from
continental to deep-marine sedimentation. Different orders of deposi-
tion have been observed in many sedimentary basins around the world,
either at high-order (such as the Wollaston Forleand Group in east
Greenland or the Suez Rift, Henstra et al., 2016; Strachan et al., 2013),
or at low-order (such Sarajevo-Zenica Basin of the Dinarides, Andrić
et al., 2017).

Other external forcing factors are less or not observed in the studied
sedimentary successions. For instance, the eustatic sea level drop of
~50m that took place at ~11–9Ma (Miller et al., 2005) is not visible in
deposition and appears to be suppressed by tectonic subsidence and
rapid deepening of the basin. Such observations are commonly ob-
served in tectonic active extensional basins, such as during the de-
position of the middle Jurassic Hugin Formation in the southern Viking
Graben (Folkestad and Satur, 2008). In our upper Serravallian-Torto-
nian sediments, the high sediment influx associated with large scale

erosion of the source area during and after tectonic uplift suppresses
most of the tectonic signal, and also no obvious climatic or orbital
controlled cycles could be detected, similar to the ones described in the
younger part of the basin fill, (Abad and Yesares Members, see e.g.
Sierro et al., 2001; Krijgsman et al., 2001). Furthermore, paleoclimatic
observations and modelling studies suggest warm and dry climatic
conditions in SE Spain during deposition of the upper Serravalian-
Tortonian succession (e.g., Zachos et al., 2001; Jiménez-Moreno, 2005;
Jiménez-Moreno et al., 2010). These conditions would have a sec-
ondary effect in tectonic active settings, for instance during the pro-
gradation of coarse-grained successions into the basin.

6.1. Normal faulting controlling high–order tectonically induced
sedimentary cycles in the Sorbas basin

Observations of normal faults offsets in the studied part of the
Sorbas basin shows that the subsidence and associated accommodation
space was mainly created by NE dipping normal faults, i.e. dipping
towards the exposed basement and are not significantly affected by the
subsequent inversion (Figs. 3 and 4). This observation means that

Fig. 11. Field examples of deposition controlled by slope steepening and shallowing, illustrating the concepts of system tracts formed during high- and low-displacement rates along
normal faults, as well as during tectonic quiescence. See Fig. 1c for photos location. a) Coarsening-upward succession reflecting the overall progradational and aggradational depositional
trend at the toe of the slope, formed during slope steepening to> 10°. The orange lines mark the location of the sedimentary log in b. The thick blue line marks the base of the sequence
controlled by normal faulting. Dashed blue lines mark the separation between system tracts. Green star represents the position of backsets in e; b) detailed sedimentary log of the
coarsening-upward succession seen in a; c) retrogradational depositional trend following slope shallowing and exhaustion of source area formed during the transition from the low
displacement rate to tectonic quiescence system tracts. Red arrows indicate aggradational onlapping geometry (1. 5m high traffic sign for scale); d) detailed sedimentary log showing
fining upward succession deposited during gradual termination of fault activity and subsequent slope shallowing; e) inset of a showing scour fill with up dip sigmoidal backset
stratification formed due to hydraulic jump (20 cm long measuring tape for scale). Black dashed line indicates the sigmoidal stratification. Black thick line shows the background bedding;
f) interpretative sketches showing sedimentary response to hanging-wall antithetic rotation during three main stage of fault activity that separate individual system tracts controlled by
tectonics: 1 - high displacement rates; 2 - low displacement rates, and 3 - fault quiescence. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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within this part of basin the accommodation space was created by
hanging-wall tilting and filled dominantly by antithetic wedges. The
sedimentation in the basin was controlled by the rate of displacement
along normal faults, influencing the evolution of the slope, together
with the amount and character of the sediment supply (Fig. 11).

High displacement rates along normal faults were associated with a
sedimentation dominated by a discharge of coarse-grained material in
shallow water environment (Fig. 11f1, i.e. facies associations A1, A2,
C1 and C4, Table 1). The subsidence and slope failure by normal
faulting resulted in narrowing the shelf and a retrograding depositional
trend observed in proximal areas by the transition from alluvial to
deltaic sediments (Fig. 7, location 1.A). The deltaic material previously
trapped in shallow water environments during tectonic quiescence
stages is remobilized during fault steepening and slope failure and
transported deeper into the basin by toe-slope decollements and debris
flows (Fig. 11a, b). Such debris flows mixing sand and clay material
create the relatively isolated event beds type 1, 3 and 4 embedded
within distal submarine fan deposits (Fig. 9a, c, d). Immediately after
slope failure, the debris flows incorporate ambient water and material
on the way leading to their partial transformation into a high-density
turbiditic flow. This high-density turbiditic flow becomes stratified, due
to its inability to support all particles by turbulence (e.g., Sumner et al.,
2008; Postma et al., 2014). The lower layer remains concentrated and
becomes supercritical. The upper layer is a low concentrated flow that
transports finer fractions further into the basin plain (F8, F9, F13 and
F14 facies, Table 1). The lower supercritical flow undergoes an erosive
hydraulic jump and decelerate at the base of the slope (e.g., Postma
et al., 2009, 2014), and is deposited as coarse-grained sediments with
soft-sediment deformation, rip-ups and scours filled with upslope dip-
ping sigmoidal crude layering (Fig. 11a, b, f; backfill, Postma et al.,
2009, 2014). These scours are typical for toes of steep slopes where
incoming supercritical turbulent flows suddenly decelerate and ex-
perience erosive hydraulic jump producing a cut-and-fill architecture
(e.g., Mutti and Normark, 1987; Cartigny et al., 2014; Henstra et al.,
2016). This process is followed by the flow becoming supercritical
again, carrying coarse-grained material further into the basin and
ending up as an event bed type 5 (e.g. Postma et al., 2009, 2014). Such
processes create a general progradation and growth of the fan.

During the same stage of high displacement rates, sedimentation is
being deposited as fining upward cycles (e.g., Fig. 7, location 1.A), as
the rate of creating accommodation space is higher than the sediment
supply. The exception is deposition at the toe of the slope, where the
sedimentary succession is characterized by sharp contacts and a coar-
sening-upward trend (Fig. 11a, b, f1). Here, the base of the succession is
marked by the sudden appearance of thick high-density turbidites and
cohesion-less debris flows, overlaying the fine-grained sediments of the
distal submarine fan and basin plain (Fig. 11b). This toe deposition is
coeval with a slope steepening that may increase to 10° (Fig. 11a, b).
This steepening was created mainly by normal faulting and associated
antithetic rotations, combined to a lesser extent with autocyclic pro-
cesses such as compensational stacking (Mutti and Sonnino, 1981;
Prélat et al., 2009) or upslope knickpoint retreat (e.g. Haughton et al.,
2009).

At lower displacement rates, when normal faulting gradually de-
creases, the creation of accommodation space is exceeded by the sedi-
ment supply (Fig. 11f2). This stage is associated with enhanced erosion
in the footwall of synthetic normal faults and degradation of the source
area, observed by dry mass-waste transport (i.e. rock-fall) to the im-
mediate hanging-wall (e.g. Longhitano et al., 2015) and syn-kinematic
clastic wedges filled with basement material (Fig. 10a). These sedi-
ments are subsequently remobilized and transported further into the
basin by land-derived concentrated hyperpycnal flows that often bypass
the delta plain and are deposited at the base of the slope or in the basin
plain. This type of sedimentation is characterised by the deposition of
event beds type 3 or smaller counterparts, which are often located in
the apical parts of an overall coarsening-upwards trend (Figs. 9b and

11a, b). Some material was temporarily stored on the delta plain and
later transported by debris flows that underwent a transformation from
high- to low-density turbidity flows, sending material to the basin plain.
The overall sedimentation at this stage is characterized by a pro-
gradational and aggradational depositional trend, observed as a coar-
sening-upward succession (Figs. 7, location 2.A and 11a, b, f2). This is
recorded in proximal environments as a gradual transition from
shoreface to deltaic and alluvial facies, and an increase in basement
derived material (Fig. 7, location 2.A).

The periods of active normal faulting are separated by stages of
tectonic quiescence, when the source area is already degraded
(Fig. 11f3). This is observed by the dominantly coeval deposition of
facies associations A2, B, C1, C2 and C5 (Table 1). The material shed by
the source area is mainly stored temporarily in shallow water and re-
worked by fluvial, wave and tidal processes in a proximal shoreface
environment. Intercalations of carbonate rich mudstones with abundant
burrowing fauna (oysters, pectin, lithophaga) reflect a low energy en-
vironment. The main mechanisms of deposition in the deep-water en-
vironment are diluted turbiditic currents and suspension fall out, irre-
gularly interrupted by high density flows (e.g., event bed type 6,
Figs. 6n and 9f), further on transformed into diluted flows. These high
density flows were most likely created by the down-dip transformation
of cohesion-less to cohesive debris flows by incorporation of fine
grained material (e.g., Henstra et al., 2016). This is observed by the
transition from clast- to matrix-supported conglomerates in the upper
part of the slope that are laterally replaced with normally graded and
horizontally bedded sandstones. The decrease in the slope inclination
initiated by the gradual cessation of fault activity and continued during
the next tectonic quiescence stage, recongnised by a retrogradation and
fining-upward trend at the toe of the slope (Fig. 11c, d, f3). In the deep
water, the main mechanism of deposition is by axial flows, which re-
work existing sediments. This mechanism is facilitated by the reduction
in coarse-grained material derived from sources perpendicular to the
fault and is obvious from the direction of transport in channels in the
fining upward sequence of the proximal submarine fan (Figs. 5l and 8).

In general, the higher order sedimentary cycles created by the
normal faulting are characterized by successive coarsening- and fining-
upward trends exceeding the inherent autocyclic character of the tur-
bidite deposition. The instantaneous subsidence created during normal
faulting resulted in slope instability, and remobilization of material
from temporary storage areas located in shallow water environment
and re-deposition at the base of the slope. As the erosion of coevally
uplifting source area takes time to respond, more material is eroded
during the subsequent stage of tectonic quiescence (e.g. Armitage et al.,
2011). This is discernible in the sediments as the coarser- and thicker-
parts of tectonically induced sedimentary cycles (e.g., Fig. 11b). Fur-
thermore, the time required by the system to respond in the subsequent
deposition depends also on the erodibility of the bedrock and pre-
cipitation rates. At higher erodibility and precipitation rates, the re-
sponse time will be lower by enlarging the catchment area and,
therefore, changing the character of deposition (e.g., Bonnet, 2009;
Refice et al., 2012). This is followed by a coarsening-upward trend
associated with a submarine fan growth and a net progradation into the
basin that follows the deceleration of faulting activity. A fining-upward
trend reflects the subsequent retrogradation due to source exhaustion
during tectonic quiescence.

6.2. A low-order tectonically induced sedimentary cycle (or succession) in
the Sorbas basin

The late Serravallian – Tortonian extension of the Sorbas Basin
created an overall transgressive sedimentation that gradually changed
from alluvial to deltaic and deeper marine. Normal fault footwall uplift
and hanging-wall tilting increased the pre-existing orogenic source area
that shedthe 2 km thick coarse clastic succession in the basin in 4
million years (e.g., Ott d'Estevou et al., 1990; Do Couto et al., 2014).
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The initial transgression was followed by a generalized regression
during the gradual cessation of normal faulting that led to the deposi-
tion of the shallow marine sediments of the Azagador Member. Our
observations show that this low-order sedimentary transgressive-re-
gressive cycle was controlled by tectonics that exceeded global sea-level
oscillations, such as the drop of ~50m between ~11 and 9Ma, and the
rise of ~35m between ~9 and 8Ma (Miller et al., 2005).

The high-order sedimentary cycles controlled by normal faulting
described above can be grouped in three stages of coupled tectonic and
sedimentological evolution in the upper Serravallian–Tortonian sedi-
mentary succession (Fig. 12). In terms of rift sequence stratigraphy,
these stages correspond to rift initiation, early rift climax and middle-
late rift climax tectonic system tracts (e.g., Prosser, 1993).

Similar to what has been observed elsewhere (e.g., Leeder and
Gawthorpe, 1987; Ravnas and Steel, 1998; Gawthorpe and Leeder,
2000), the first stage of rift initiation is associated with the formation of
isolated fault bounded symmetric depocentres with relatively small

rates of subsidence. Alluvial fan sediments were deposited in such de-
pocentres bounded by normal faults with small displacement. The
succession is characterized by a rapid transition from distal to proximal
alluvial fan sediments in close proximity to the active fault (e.g.,
Figs. 10a and 12a). The dominant sedimentation mechanisms are rock
fall and debris flows transporting footwall derived material further into
the basin by a river system flowing along the axis of these depocentres.
Sediments have simple wedge-shaped geometries that are directly de-
pendent on the available accommodation space created in the normal
faults hanging-walls and on the sediment supply from the immediate
footwalls (e.g., Quirk, 1996).

The early rift-climax stage is represented by alluvial and delta fan
deposits (Fig. 12b). Hanging-wall antithetic tilting is the main driver for
basin subsidence, sedimentation and the creation of a gentle slope into
the basin. The basin slope creates a shoal-type fan delta (2–5° slope dip,
e.g. García-García et al., 2006), where sedimentation is dominated by
gravitational flow processes such as debris and grain flows that

Fig. 12. Evolution of depositional environments during
three stages of evolution of an asymmetric extensional
basin. a) The rift initiation stage characterized by pro-
gradational and aggradational of alluvial fans sourced from
immediate footwalls of normal faults creating multiple
depocentres formed by the distributed deformation. No
marked asymmetry is observed during this stage; b) the
early rift–climax stage, when hanging–wall antithetic
tilting drives the subsidence and creates an asymmetric
depocentre. The depositional system is dominated by allu-
vial fans and shoal type fan deltas delivering material into
the basin along the hanging–wall slope; c) middle–late rift
climax stage dominated by coeval deposition of prograding
and aggrading alluvial, delta and submarine fans, similarly
controlled dominantly by the continuation of tilting
through hanging-walls antithetic rotation. FAA – facies
association A; FAB – facies association B; FAC1 – facies
association C1; FAC2 – facies association C2; FAC3 – facies
association C3; FAC4 – facies.
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transform into high-density turbidity currents in deeper water (Fig. 5g).
The deltaic system was deposited at the shoreface, with water depths of
~10–15m, controlled by the subsidence created by normal faults and
influenced by fluvial, wave and tidal processes.

The middle-late rift climax stage is predominately composed of
delta slope and basin plain deposits (Fig. 12c). This stage occurs when
the normal faulting took place dominantly inside the basin, enhancing
the subsidence and creating a deeper marine environment that reached
~350m (e.g., Ott d'Estevou et al., 1981). Normal faults offsets reach
~30m, increasing the observed hanging-wall depositional slope to
around 10°. This leads to slope failure recorded by event-beds 1, 3 and 4
(Fig. 9), the formation of a narrow shelf and dominant deposition at the
toe of the slope.

The three successive stages which witnessed period of the maximum
fault activity were followed by a continuation of the Tortonian sedi-
mentation that is dominantly recorded as a cyclic alternation of
packages, which contain high- and low-density turbidites that were
shed from a gradually degrading source area. The low number of
normal faults and the architecture of the background turbidite sedi-
mentation indicate a predominant autocyclic nature of sedimentation,
combined with episodic tectonically induced successions (see also
Haughton, 2000; Haughton, 2001). The associated tectonic quiesence
led to a general regression and ultimately the deposition of the shallow
marine Azagador Member.

7. Conclusions

Our combined kinematic and sedimentological study of the ex-
tensive outcrop exposures in the lower part of the sedimentary infill
(Upper Serravallian-Tortonian) of the Sorbas Basin showed that tec-
tonics played dominant role during deposition. The extension changed
gradually its direction from NW-SE to NE-SW during the overall tran-
sition from continental to marine sedimentation.

The mechanics of normal faulting was strongly controlled by the
rheological contrast between relatively strong conglomerates and
sandstones layers, and weaker siltstones and finer grained pelagic de-
posits. Deformation affected partially un- or poorly consolidated sedi-
ments that locally resulted in the formation of a fault gouge with a clear
foliation and brittle shear bands, incorporating rheologically stronger
conglomerates and sandstones blocks in wider shear zones. The rheo-
logical control is illustrated by the complex deformation along high-
and low-angle normal faults, ramp-flats and staircase geometries. This
complexity created a marked basin floor topography, which likely fo-
cussed turbidity currents and induced lateral migration of sedimentary
lobes.

Tectonics has induced higher and lower order tectonically induced
sedimentary cycles or successions. These sedimentary successions re-
flect series of depositional events that are not repeated regularly in the
same order, unlike the climatically induced cyclicity observed in the
younger part of the stratigraphic successions in the Sorbas Basin. These
higher order sedimentary cycles originated as a system response to the
onset of normal faulting and/or perturbation of the slip rate. Therefore,
their frequency in the stratigraphic succession depends on the succes-
sive phases of activation of the normal faults. These phases are asso-
ciated with the formation of syn-kinematic clastic wedges, composed of
coarse-grained material supplied by fault perpendicular and fault par-
allel (axial) drainages formed predominantly by antithetic tilting of
hanging-walls. The response time in sedimentation to alter bed thick-
ness and create coarsening- and fining-upwards trends is controlled by
the erosion of the source area and changes in the catchment geometry
driven by tectonic uplift of the normal faults footwall during the
asymmetric extension, likely combined with the bedrock erodibility and
precipitation rates. The phases of fault activity generated the high-order
sedimentary successions, which are composed of a coarsening- and
fining-upward cycles. These patterns reflect the main gravity flow
transformations formed in response to three main faulting stages: high

displacement, gradual termination of fault activity and tectonic quies-
cence. The highest fault displacement rates are characterized by slope
failures producing large-scale intra-basinal slumps, co-genetic debris
flows and turbiditic flows that resulted in the deposition of event beds
intercalated in basin plain sediments. Moreover, the slope steepening
induces partial transformation of the debris flows and deposition of
linked turbidites and debrites at the toe of the slope. During termination
of the faulting activity, the system becomes dominated by concentrated
land-derived hyperpycnal and debris flows, which did not suffer sig-
nificant transformations before being deposited at the base of the slope.
The tectonic quiescence stage is dominated by down-dip transformation
of non-cohesive to more cohesive flows. The debris flows evolved into
low-density turbiditic flows along the slope that continued further into
the basin. In the sedimentary record, these flow transformations are
represented as coarsening- and fining-upward cycles that reflect pro-
gradational and retrogradational depositional trends within a sub-
marine lobe environment during the evolution of normal faulting.

The lower order tectonically induced sedimentary successions are
driven by the cumulative offsets along normal faults, the migration of
deformation in space and time, and the sediments distribution across
multiple faults during the onset and evolution of extension. Deposition
took place in alluvial, deltaic, shallow and deep marine environments
during three successive phases of rift initiation and climax, followed by
a general regressive stage when sedimentation was dominantly con-
trolled by autocyclic processes. Initiation of extension was associated
with the formation of isolated depocentres in continental alluvial en-
vironments, with phases of fault activation being characterized by a
transition to rock-fall and proximal alluvial fans sedimentation. The
continuation of extension led to the creation of a shallow-water marine
environment dominated by shoal-type deltas and a deeper environment
dominated by turbiditic deposition. The overall deposition was domi-
nated by coarse-grained heterogeneous sediments originating from
rock-fall, debris, turbiditic and hybrid flows, and slumps initiated on
the deforming basin margin and transported along the hanging-wall
slope into the deep marine environment.
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