Received: 8 September 2023

Revised: 22 December 2023

'.) Check for updates

Accepted: 8 January 2024

DOI: 10.1111/bre.12847

RESEARCH ARTICLE

Basin

Research S EACE WILEY

Tectonic control on the palaeogeographic evolution of
thrust-top basins at the active margin of the Guadalquivir
Basin (central Betic Cordillera, S Spain)

Julio Aguirre

Dpto. Estratigrafia y Paleontologia,
Facultad de Ciencias, Granada, Spain

Correspondence

Julio Aguirre, Dpto. Estratigrafia y
Paleontologia, Facultad de Ciencias,
Avda. Fuentenueva s/n, Universidad de
Granada, Granada 18002, Spain.

Email: jaguirre@ugr.es

Funding information

Ministerio de Ciencia, Innovacion

y Universidades/Agencia Estatal

de Investigacion (MCIN/AEI),
Grant/Award Number: PID2022-
142806NB-100 and PGC2018-099391-
B-100; ERDF; Junta de Andalucia,
Grant/Award Number: RMN190

| Juan C.Braga | José M. Martin | Angel Puga-Bernabéu

Abstract

The Guadalquivir Basin is the foreland basin of the Betic Cordillera (S Spain).
Closest to the orogen, several thrust-top basins evolved during the Late Miocene
in the central part of the cordillera. Here, we study the Upper Miocene depos-
its in five of these satellite basins: Montefrio, Iznjar-Cuevas de San Marcos,
Antequera, Bobadilla Estacién and Teba, in order to (1) update the stratigraphic
framework, (2) infer a depositional model, (3) establish the relationship between
sedimentary record and tectonic context and (4) reconstruct the palaecogeography
of the area during the Late Miocene. Upper Miocene sediments mostly consist
of mixed carbonate-terrigenous deposits. Facies characterization allows inferring
a sedimentary model corresponding to a ramp with foreshore deposits chang-
ing to a shoal belt offshore in the inner ramp. Swaley and hummocky cross-
stratified deposits formed in the transition to the middle ramp, and plane parallel
carbonate beds in the distal middle-outer ramp. Factory facies, dominated by
rhodoliths and bryozoans, also occur in the middle-outer ramp environments.
Silts and marls formed in the deepest outer ramp and basin settings respectively.
Breccias accumulated at the toe of palaeocliffs and conglomerates and massive
coarse sands were deposited in fluvio-deltaic systems. Conglomerates and sands
were also reworked as gravity flows and redeposited offshore. Local facies in-
clude rudstones-grainstones displaying large-scale trough-cross bedding formed
in a strait in Montefrio, and marls with chalky carbonates deposited in a shal-
low marine, sheltered lagoon with hydromorphic soils in Bobadilla Estacién. The
study basins evolved in an N-S compressive tectonic context responsible of the
emersion of the main Betic reliefs. Concomitantly, E-W and ESE-WNW exten-
sion originated the main depocentres. The influence of the tectonic activity on the
sedimentary infills is indicated by the presence of synsedimentary deformations
and several diachronic unconformities, which are younger westward. Tectonism,
in turn, also controlled the palaecogeographic evolution during the late Tortonian-

early Messinian interval.
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1 | INTRODUCTION

The foreland basin systems embrace four zones, which
from the orogen to the stable margin are called wedge-
top, foredeep, forebulge and back-bulge depozones
(DeCelles, 2012; DeCelles & Giles, 1996). Each depozone
is characterized by different sedimentary infill geometries
and subsidence histories directly influenced by the in-
tricate processes taking place in the orogenic accretion-
ary wedge (DeCelles, 2012; DeCelles & Giles, 1996). The
wedge-top depozone is the geotectonic context where
the so-called satellite (also termed piggyback or thrust-
top) basins evolve (Bosence, 2005; Ingersoll, 2012; Ori &
Friend, 1984). The sedimentary infill of satellite basins is
usually characterized by significant clastic supply, synsedi-
mentary deformations and frequent unconformities (Chen
& He, 2022; Cheng et al., 2022; DeCelles, 2012; DeCelles
& Giles, 1996; Hippolyte et al., 1994; Mutti et al., 2003).
Wedge-top depozones are significantly interesting areas,
as they record interactions between sedimentary accumu-
lation and tectonic processes that structure the orogenic
belt. Nonetheless, wedge-top basin deposits are exposed
to intense erosion as a consequence of the tectonic uplift
and, therefore, they are poorly represented except in the
Mediterranean mountain ranges, where thick depositional
sequences are preserved (DeCelles, 2012).

The Guadalquivir Basin (S Spain) is the foreland
basin of the Betic Cordillera, in the western end of the
Mediterranean (Figure 1la,f). It originated during the
Miocene by the tectonic flexure of the passive Iberian
southern palaesomargin as a consequence of the nappe
stacking in the frontal wedge of the Betic Cordillera
(Garcia-Castellanos et al., 2002; Larrasoafia et al., 2019).
The southern active margin of the Guadalquivir Basin
received large amounts of materials derived from the
thrusting front, which are collectively called Guadalquivir
allochthon (Flinch et al., 1996), frontal mélange unit
(Pedrera et al.,, 2012; Ruiz-Constan et al., 2012), or
Olistostromic Unit (e.g. Martinez del Olmo, 2019). As the
orogeny advanced, the thrusting front acquired an irreg-
ular configuration and different basins and sub-basins
developed associated with the emergent reliefs. They rep-
resent subsident areas in the wedge-top depozone, which
evolved as satellite basins at the central southern margin of
the Guadalquivir Basin during the Late Miocene (Jabaloy
et al., 1992; Rodriguez-Ferndndez et al., 2012; Roldan &
Rodriguez-Fernandez, 1991; Ruiz-Constan et al., 2009;
Sanz de Galdeano & Vera, 1992).

Highlights

« Late Tortonian-Messinian satellite basins
evolved in the active margin of the Guadalquivir
foreland Basin.

+ The stratigraphic framework records the effects
of the tectonic on the sedimentary infilling.

« Diachronic unconformities account for the
tectonic activity in the Betic Cordillera orogen
front.

« Drastic palaeogeographic changes took place in
the region during the Late Miocene.

Numerous studies have focused on the sedimentary
infill of the Guadalquivir Basin (e.g. Martinez del Olmo
& Martin, 2016; Roldan, 1995; Sierro et al., 1996), on the
tectonic evolution of the central-western Betic Cordillera
(Galindo-Zaldivar et al.,, 2000; Gonzalez-Castillo
et al., 2015; Pedrera et al., 2012; Ruiz-Constan et al., 2012;
Sanz de Galdeano, 1990), and on the origin and emplace-
ment mechanisms of the Olistostromic Unit (e.g. Martinez
del Olmo, 2019). Nonetheless, these studies analyse each
aspect independently and mainly concentrated on the
foredeep depozone of the Guadalquivir Basin. In addi-
tion, the Late Miocene sedimentary record of the basins
closest to the orogenic front has been largely overlooked,
except for a few regional works published in the last cen-
tury (Cruz-Sanjulian, 1974; Gonzalez-Donoso et al., 1980;
Rodriguez-Fernandez, 1982; Roldan, 1995; Serrano, 1979;
Vera & Gonzalez-Donoso, 1964).

In this study, the sedimentary, tectonic and palaeo-
geographic evolution of five satellite basins in the cen-
tral Betic Cordillera are analysed in the context of the
Guadalquivir foreland basin system evolution. This new
approach is based on a better comprehensive biostrati-
graphic framework of the marine basin infills (Aguirre
et al., 2022). The updated age model has allowed fitting
the sedimentary evolution of the satellite basins with the
compressive tectonism during the uplifting of the cordil-
lera and precising the palaeogeographic evolution during
the Late Miocene. Previous studies indicated that marine
sedimentation ended during the late Tortonian in some
of the study areas, such as Antequera, Izndjar or Cuevas
de San Marcos (e.g. Roldan, 1995; Serrano, 1979; van
der Schee et al., 2018). Nonetheless, here we show that
marine sedimentation continued up to the Messinian.
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FIGURE 1 (a)Geological map of the study area. See location of the entire study area in the inset. Dashed rectangles delineate the
detailed location of the different study areas. (b) Geological map of the Montefrio area with indication of the two study sections. (c)
Geological map of the Iznajar-Cuevas de San Marcos area with indication of the study sections. 1z-W: Iznajar-W; Iz-P: Iznajar-Pueblo; Iz-E:
Iznajar-E. (d) Geological map of the Antequera and Bobadilla Estacion areas with indication of the study sections. BE: Bobadilla-Estaciéon
section; Gan: Gandigiiela section; Mag: Magdalena section; PH: Pinar del Hacho section; AL: Arroyo Lagarto section. The red asterisk
southwest of the Sierra del Humilladero (37°06'12.3” N - 4°43’38.5” W) marks the location where the basal contact of the study Upper
Miocene deposits is observed (shown in Figure 13a). (e) Geological map of the Teba area with indication of the study sections. (f) Geological
section of the Guadalquivir foreland Basin. See location of the cross section in the inset in panel a. G.C., Guadalhore Corridor.

In addition, unconformities observed in different ba-
sins were considered coetaneous (Gonzalez-Donoso
et al., 1980; Rodriguez-Fernandez, 1982; Serrano, 1979;
Vera & Gonzdlez-Donoso, 1964), thus determining pre-
vious stratigraphic, tectonic and palaeogeographic inter-
pretations. Here, we demonstrate that unconformities
are not exactly coevals and we reconstruct the precise
sedimentary evolution of each basin, which we relate the
with the regional and local tectonic contexts. Finally, the
combined biostratigraphic, sedimentologic and tectonic
approach have been crucial to establish the beginning and
end of the Atlantic-Mediterranean connection through
the Guadalhorce Corridor, which is capital to understand
the Messinian palaeogeography and palaeoceanography
of the Mediterranean.

The main objective of this paper is to study the sed-
imentary record in satellite basins of the central Betic

Cordillera, integrating it in the larger context of the
Guadalquivir foreland basin evolution, in order to: (1) up-
date their stratigraphic framework; (2) propose a deposi-
tional model for the infilling sediments and its relationship
to the tectonic context and (3) infer the palaeogeographic
evolution of the area during the Late Miocene.

2 | LOCATION AND GEOLOGICAL
SETTING

The study area is located at the southern margin of the
Guadalquivir foreland basin in the central Betic Cordillera
(S Spain), which is the westernmost part of the peri-
Mediterranean Alpine orogen (Figure 1a). It constitutes
the northern branch of the Betic-Rifian arc. Three major
tectonic domains are identified in the cordillera: (1) the
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Internal Zones, formed by the superposition of three
tectonic complexes, which are from bottom to top: the
Nevado-Filabride Complex (Palaeozoic and older meta-
morphic rocks), the Alpujarride Complex (Palaeozoic to
Mesozoic metasediments) and the Maldguide Complex
(Palaeozoic-Miocene sediments) (Jabaloy et al., 2019); (2)
the External Zones, a thrust belt composed of Mesozoic to
Middle Miocene sediments deposited on the southern mar-
gin of the Iberian Massif (Garcia-Hernandez et al., 1980).
The External Zones, in turn, are divided into the Prebetic
Zone, closest to the Iberian palaeomargin and the Subbetic
Zone, in a more distal position to the south and (3) the
Flysch Units, composed of Upper Cretaceous to Middle
Miocene allochthonous sandstones and silts accumulated
in deep-sea fans (Jabaloy et al., 2019; Sanz de Galdeano
& Vera, 1992). In addition to the foreland basin, several
Late Miocene sedimentary intramontane basins evolved
during the late orogenic stages and mountain uplift, some
of them fossilizing the contact between the Internal and
External Zones (Braga et al., 2002; Rodriguez-Fernandez
et al., 2012; Sanz de Galdeano & Vera, 1992).

At the southern active margin of the Guadalquivir fore-
land basin, the Olistostromic Unit embraces a tectonically
complex chaotic pile of sediments dominated by soft and
unconsolidated Triassic clays, sands, carbonates and gyp-
sum, which include Cretaceous to Lower-Middle Miocene
(Burdigalian-Langhian) materials from the External
Zones (Roldan, 1995, 2009) (Figure 1a,f). The mechanisms
involved in the emplacement and the age of the emplace-
ment of the Olistostromic Unit (tectonics, diapiric domes,
gravitational mass displacements), its surficial exten-
sion, as well as its internal organization are still debated
(Berastegui et al., 1998; Flinch et al., 1996; Martinez del
Olmo, 2019; Pérez-Lopez & Sanz de Galdeano, 1994; Pérez-
Valera et al., 2017; Rodriguez-Ferndndez et al., 2012, 2013;
Roldan, 1995).

The Betic-Rif arc was formed by the westward col-
lision of the Albordn Domain (Internal Zones) with the
converging Iberian and African continents. The External
Zones are a thin-skinned thrust belt, whose sediments
were deformed by this collision during the Early-Middle
Miocene originating west-northwest verging thrusts and
folds (Platt et al., 2013). At the same time, crustal thin-
ning in the Internal Zones generated extensional basins,
including the Alboran Basin (Comas et al., 1999; Comas
& Soto, 1999).

From the late Tortonian (Late Miocene) onward, the
general compressional regime changed from WNW-ESE
to approximately N-S due to the convergence of Africa and
Eurasian plates (Galindo-Zaldivar et al., 2019). This N-S
compression configured the main reliefs of the cordillera
(Braga et al., 2003; Galindo-Zaldivar et al., 2019) including
the uplift of major Subbetic reliefs as E-W to ENE-WSW

trending antiforms (Cano-Medina, 1991; Galindo-Zaldivar
et al.,, 2003; Galindo-Zaldivar et al., 2019; Sanz de
Galdeano & Alfaro, 2004). In addition, the N-S compres-
sion led to the north-northwestward extrusion of the olis-
tostromic bodies into the foredeep depozone (Martinez
del Olmo, 2019; Ruiz-Constan et al., 2012), creating an
irregular basement of mostly Triassic materials over the
study area. Concomitantly, NW-SE normal faults and E-W
and NE-SW trending strike-slip faults shaped subsiding
depocentres that acted as the major Late Neogene inter-
montane basins (Galindo-Zaldivar et al., 2019; Rodriguez-
Fernandez et al., 2012; Sanz de Galdeano & Vera, 1992).
In the study area, closest to the orogen front, marine sed-
iment accumulated in shallow-water satellite basins that
evolved during the late Tortonian-Messinian.

3 | METHODS

In the first step, the outcrops assigned to the Late Miocene
in the geological maps of the region (IGME: MAGNA
1:50,000) were examined. Five areas where these deposits
are best exposed were selected (Figure 1a—e): (1) Monteftio,
(2) Iznajar-Cuevas de San Marcos, (3) Antequera, (4)
Bobadilla-Estacién and (5) Teba. Stratigraphic sections
were logged in each area (Figure 1b-e). Lithology, fa-
cies and structures were observed at the outcrop. Rock
samples of the lithofacies distinguished based on field
properties were collected in each section and 50 thin sec-
tions were prepared for petrographic characterization
(Supporting Information). The relative abundance of
terrigenous content and bioclastic components was esti-
mated semiquantitatively using the comparison charts
of Baccelle and Bosellini (1965). Regarding the biostrati-
graphic framework of the study areas, we follow the re-
sults obtained by Gonzilez-Donoso et al. (1980) and
Rodriguez-Fernandez (1982) in Montefrio and by Aguirre
et al. (2022) in the rest of the areas. The biostratigraphic
results enable to integrate the depositional evolution, the
main tectonic events structuring the basin infilling and
the palaeogeographic evolution during the late Tortonian-
Messinian interval in the study areas.

4 | LITHOFACIES DESCRIPTION
AND INTERPRETATION

Carbonate and mixed terrigenous-carbonate deposits
dominate the marine sedimentary record in the logged
sections in all the study areas. Carbonate components in
all lithofacies correspond to the heterozoan association
(James, 1997). Thirteen lithofacies types have been differ-
entiated (Table 1).
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TABLE 1 (Continued)

Palaeoenvironmental

interpretation

Accessory components

Major components

Accessory structures

Description

Lithofacies

Storm deposits in siliciclastic-

Alternating cemented and Trough- and undulating

Facies 10: Bedded

dominated settings

cross-lamination

non-cemented, cm-dm

thick, beds
Massive cm-to-m thick beds

sandstones

Distal mid- to outer-ramp

Planktonic foraminifera

Massive

Facies 11: Silts and fine

sandstones
Facies 12: Marls

Basin deposits

Planktonic foraminifera

Massive

Massive, homogeneous

marls

Scarce planktonic Shallow, sheltered lagoon

Shallow and O,-depleted

Massive

Marls with nodules and thin

Facies 13: Marls with

foraminifera

benthic foraminifera

beds (>10cm thick) of

chalky CaCO;,

carbonate nodules

IAS EAGE
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4.1 | Facies 1. Packstone-rudstone with
planar, low-angle stratification (Figure 2a)

This facies consists of sets of ca. 5-cm-thick beds displaying
gently dipping unidirectional planar cross-stratification.
Sediments are mostly composed of relatively well-sorted
fragments of bryozoans, with bivalves, benthic foraminif-
era and coralline red algae as accompanying components.
This facies is restricted to the base of the Upper Miocene
deposits in the Montefrio area (Figure 1b).

4.2 | Interpretation

Facies 1 most likely represents foreshore beach deposits
(Brenninkmeyer, 1982). Similar deposits have been de-
scribed in other Neogene Betic basins (Braga et al., 1996,
2010; Martin et al., 1996).

4.3 | Facies 2. Packstone-rudstone with
trough cross-stratification (Figure 2b)

This is the most extensively represented facies in the study
areas. This facies is characterized by the ubiquitous pres-
ence of bidirectional trough cross-bedding up to 3m high.
Terrigenous content can be up to 25%. Major components
are fragments of bryozoans, bivalves, barnacles, echinoids,
coralline red algae and benthic foraminifera. Bioclasts are
highly fragmented and abraded. Trace fossils, such as
Bichordites, Scolicia, Thalassinoides, Ophiomorpha and
Macaronichnus, are frequently observed.

Sedimentary structures are often deformed due to fluid
escape and plastic deformation (sensu Chiarella et al., 2016).
Deformed sedimentary structures include flame-like struc-
tures, as well as simple and complex folded-slumped foreset
strata, and injectites (Figure 2c-e). Representative examples
of intervals, several metres thick, of simple and complex
folded-slumped foresets (sensu Allen, 1982) can be observed
in the Montefrio, Bobadilla-Estacién and Izndjar-Cuevas
de San Marcos areas (Figure 2e). The former structures
are simple recumbent foreset folds, while the latter involve
several metres of superimposed buckled cross-strata show-
ing numerous recumbent folds, occasionally faulted, due to
downslope displacement of liquified sediment, as described
by Allen (1982) and Chiarella et al. (2016). Both simple and
complex plastic deformation structures occur in particular
foresets sandwiched between undeformed trough cross-beds.

Occasionally, in the Iznijar-Cuevas de San Marcos
area, sand dikes (injectites), up to 1 m long and from 10 to
30cm wide are also observed (Figure 2d). They are com-
posed of sandy carbonates similar to the enclosing sedi-
ments. These injectites show rectilinear margins with a
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FIGURE 2 Different types of facies.
(a) Panoramic view showing the contact
between Facies 1, packstone-rudstone
with planar, low-angle cross-stratification
and Facies 2, packstone-rudstone with
trough cross-stratification (Montefrio
area). (b) Facies 2, packstone-rudstone
with trough cross-stratification (Bobadilla
Estacion section). (c) Water escape
structures (white arrows) (Izndjar-wW
section). (d) Sand injections (white
arrows) (Iznajar-W section). (e) Deformed
trough cross-bedding (Iznéjar-W section).
(f) Facies 3, packstone-rudstone with
undulating cross-stratification (south of
Cuevas de San Marcos section).

(g) Facies 4, bioclastic floastone
dominated by rhodoliths (Magdalena
section). (h) Facies 5, vertical plane-
bedded packstone (Teba-E section). The
top of the section is to the right of the
picture. (i) Facies 6, grainstone-rudstone
with large trough cross-stratification
(Montefrio area).

rough laminar banding parallel to the borders cut-crossing
sandstones and calcarenites.

4.4 | Interpretation
The extensive Facies 2 represents shoal deposits formed
in high-energy inner ramps. This lithofacies is common in
other Neogene Betic basins forming a characteristic facies
belt offshore the shoreline deposits (Betzler et al., 1997,
Braga et al., 2006; Martin et al., 1996; Martin et al., 2004).
The submarine dunes reflect bidirectional palaeocurrents,
suggesting the influence of tides.

Water-escape structures are associated with trough cross-
bedded packstone-rudstone that show alternating layers of

sseee—WILEY-*

different grain size (Figure 2c). Coarser-grained layers include
more pore water that tends to escape after shear stress or sed-
iment overload and the squeezed water flows upward dis-
turbing the cross bedding (Allen, 1982; Postman et al., 2009;
Chiarella et al., 2016; Bhattacharaya & Saha, 2020).
Regarding the sandy carbonate injectites, the nearly
vertical orientation of the dikes through the host deposits
and their rectilinear borders (Figure 2d) indicate that the
sediment mobilized across fractures (Hurst et al., 2011).
The composition similar to the host rocks suggests that
sediments are sourced from the inner ramp deposits. Sand
emplacement is due to an increase in pore pressure and
fluidization. Triggering mechanisms of fluidization and in-
jection of sand usually are earthquakes (Obermeier, 1996),
although they are not the only possible cause (Hurst
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et al., 2011). The tectonic instability at the active basin mar-
gin suggests that seismic shaking is the most likely trigger-
ing mechanism for the observed sand injections.

Simple and complex deformation structures in the
foresets can be triggered by sediment overload due to sud-
den sedimentation events, instability at the crest of dunes
due to seismic shaking, pounding waves or shearing drag
on liquified-liquidized sediments by subaqueous currents
(Alfaro et al., 1997; Allen, 1982; Chiarella et al., 2016; Jones
& Omoto, 2000; Owen & Moretti, 2011; Puga-Bernabéu
et al., 2023; Shanmugam, 2021; Topal & Ozkul, 2014). As
for sand injections, earthquakes are the most likely trig-
gering mechanism, which otherwise is the most common
process generating soft-sediment deformation structures
(Allen, 1982; Chiarella et al., 2016; Jones & Omoto, 2000;
Shanmugam, 2021).

4.5 | Facies 3. Packstone-rudstone with
undulating cross-stratification (Figure 2f)

This facies consists of 10- to 15-cm-thick beds showing
undulating cross-stratification characterized by internal
laminations displaying antiforms in the crests and swales
in the valleys, typical of the swaley and hummocky cross-
stratification. The lamination is often obscured and poorly
observable. This facies is normally intercalated with
Facies 4 and Facies 5 (see below).

4.6 | Interpretation

The sedimentary structures of Facies 3 are characteristics
of storm deposits (Duke, 1985; Duke et al., 1991; Dumas &
Arnot, 2006; Hunter & Clifton, 1982; Mount, 1982). They
preferentially form offshore the shoal belt developed in the
shoreface (Dott & Bourgeois, 1982; Dumas & Arnot, 2006).
In the study areas, this facies intercalates either in Facies 2
(e.g. Pinar del Hacho and Magdalena sections) or in Facies 4
and 5 (e.g. lower unit in Montefrio). These relationships in-
dicate deposition in transitional settings, from inner to mid-
dle ramp, close to the storm wave base. Similar deposits are
represented in Middle Miocene carbonates in the Prebetic
Zone, in which they form a facies belt approximately parallel
to palaeoshoreline and offshore shoals (Braga et al., 2010).

4.7 | Facies 4. Bioclastic floatstone
(Figure 2g)

This facies consists of decimetre-scale massive tabular
beds (rarely up to 2m thick). These beds comprise large
bioclasts, which are generally unbroken and well preserved,

embedded in a packstone matrix. Major components are
coralline algae (both large isolated branches and rhodoliths)
and bryozoans (both branches and nodules), accompanied
by molluscs (oysters and pectinids), benthic foraminifera
and echinoids. Nuclei of rhodoliths and nodular bryozoans
are either fragments of other bioclasts (mostly bivalves) or
lithoclasts (sandstones and limestones). Rhodoliths are built
up by members of the order Hapalidiales (Lithothamnion
spp. and Mesophyllum sp.) followed by members of the
subfamily Lithophylloideae (mostly Lithophyllum group
incrustans). This lithofacies is best represented in the Teba
area, and it is generally restricted to thin intervals in other
areas, such as Montefrio and Antequera (Figure 1b-d),
where it occurs intercalated with Facies 3.

4.8 | Interpretation

Well preserved bioclasts embedded in a fine-grained matrix
suggest deposition under relatively low-energy conditions in
or nearby the production areas, that is, areas in which bryo-
zoans, rhodoliths and other skeletal producers preferentially
lived (factory facies of Martin et al., 1996). Dominance of
the Hapalidiales as the major rhodolith-forming taxa indi-
cates deposition in middle-outer ramp settings, at some tens
of metres of water depth (Braga & Aguirre, 2001, 2004). In
different Mediterranean- and Atlantic-linked Betic Neogene
basins, similar factory facies accumulated offshore shoal
systems (Aguirre & Braga, 2022; Braga et al., 2006; Martin
et al., 1996, 2004; Puga-Bernabéu et al., 2007, 2008).

4.9 | Facies 5. Plane-bedded packstone
(Figure 2h)

This facies is characterized by cemented thin-bedded, up
to 25cm thick, fine-grained carbonates mostly composed
of fragments of bryozoans, bivalves and benthic foraminif-
era with varying amounts of terrigenous particles (less
than 10% of the rock volume), mainly quartz grains. They
frequently exhibit crude parallel lamination. Echinoid
trace fossils (Bichordites) can be locally abundant. This fa-
cies typically occurs at the transition to Facies 11 and 12
(see below) in the upper part of the studied sections.

4.10 | Interpretation

Plane-bedded packstones (Facies 5) accumulated in low-
energy, distal-middle to outer ramps. The crude horizontal
lamination observed in this facies suggests that they formed
due to sediment gravity flows. Similar lithofacies charac-
terizes the distalmost deposits in carbonate ramps both in
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Mediterranean-linked and Atlantic-linked Neogene basins
of the Betic Cordillera (Puga-Bernabéu et al., 2014).

411 | Facies 6. Grainstone-rudstone
with large-scale trough cross-stratification
(Figure 2i)

This facies consists of 50-60% of bryozoan fragments with
coralline red algae (up to 10%). Highly abraded fragments
of echinoderms, bivalves and benthic foraminifera occur
in lesser proportions. Terrigenous content is up to 5%. This
facies shows by decametric trough cross-bedding, up to
20m high and 50 m of lateral extension, and is exclusively
present in the Montefrio area. Each set of mega cross-
stratification is formed by beds, up to 50 cm thick, display-
ing smaller-scale bidirectional trough cross-bedding.

412 | Interpretation

The decametric dunes of Facies 6 are indicative of sedi-
ment movement under the action of strong currents.
Submarine dunes of similar sizes form in extremely
high-energy settings, such as in recent straits where the
velocity of water masses increases substantially due to
constriction of the cross-sectional area (Dalrymple, 2023;
Longhitano, 2018; Rossi et al., 2023). Gigantic dunes of
similar dimensions occur in other localities of the Betic
Cordillera linked to ancient straits connecting the Atlantic
and the Mediterranean Sea (Betzler et al., 2006; Martin
et al., 2001, 2009, 2014; Puga-Bernabéu et al., 2023).

4.13 | Facies 7. Breccias (Figure 3a)

This facies includes clast- and matrix-supported angular
granules to cobbles embedded in a very coarse-grained sandy
matrix and showing inverse grading. Clasts are mostly com-
posed of limestone, dolostone, marlstone, chert and sand-
stone. This facies is almost exclusively restricted to the base
of the successions, such as in the Izndjar-E and Cuevas de
San Marcos sections (Izndjar-Cuevas de San Marcos area), as
well as in the Teba area. Carbonate clasts are often bored by
bivalves (Gastrochaenolites). Very rarely, barnacles attached
to clasts can be observed. Other fossils are fragments of large
oyster shells (Crassostrea) and nodular colonies of bryozoans.

4.14 | Interpretation

The angular nature and size (centimetre to metre) of clasts
in the breccia beds (Facies 7) indicate short transport from
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the source areas. They are interpreted as rock-fall and
debris-flow deposits at the toe of palaeocliffs and rocky
shores in near-shore shallow settings (Braga et al., 2006;
Martin et al., 2004, 2009). The presence of Gastrochaenolites
generally evidences deposition in shallow marine waters
(Bromley & Asgaard, 1993; de Gibert et al., 1998, 2012).

415 | Facies 8. Conglomerates
(Figure 3b)

Conglomerates consist of clast- and matrix-supported
granules to boulders made up of rounded clasts embedded
in a packstone or sandy matrix. Major clast components
are limestone, dolostones, marlstone, chert, quartzite and
sandstone. Large pebbles of black micaschists are scarcely
found in the Teba area. Conglomerates occur both as in-
verse- and as normal-graded channelized beds, which lo-
cally occur amalgamated, ranging from tens of centimetres
up to 2m in thickness. The beds can display cross-bedding.
This facies occurs in all study areas intercalated either in
carbonates of Facies 2 or in silts of Facies 11. Occasionally,
carbonate clasts show bivalve borings (Gastrochaenolites),
as well as oysters and barnacles attached to their surface.
Fragments of pectinids, oysters, bryozoans, echinoderms
and very rarely rhodoliths occur dispersed in the matrix.

4.16 | Interpretation
Clast composition in conglomerates (Facies 8) varies de-
pending on the nature of the Betic substrate surrounding
the different basins. These conglomerates are interpreted
as fluvial discharges into the sea, as indicated by the pres-
ence of clasts encrusted by oysters and barnacles, as well
as pectinids and other marine fossils dispersed in the ma-
trix. Amalgamation of conglomerate beds also suggests
deposition in shallow water close to the flow out point.
Occasionally, fine-grained matrix-supported con-
glomerates reached deeper settings, as erosive bodies
interspersed in finer sediments such as silts and fine
sandstones (Facies 11; see below). They can represent
reworked conglomerates from shallower settings mo-
bilized offshore by high-energy events, such as storms
(Aguirre, 2000; Braga et al., 2006; Puga-Bernabéu
et al., 2008, 2014). Capuano (1991) described similar de-
posits in the Pliocene conglomerates and coarse sands
deposited in the Montecalvo in Foglia piggyback basin,
NE Italy. Alternatively, they can be the result of hyper-
pycnal hyperconcentrated or concentrated flows crossing
the ramp down to the middle-outer ramp from the emer-
gent land (Mutti et al., 1996, 2003; Zabala, 2020). These
deposits are typically associated with high-gradient small
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rivers discharging sediments due to flash flows in marine
shelves with steep slope (Zabala, 2020).

4.17 | Facies 9. Massive sandstones
(Figure 3c)

It consists of structureless coarse to medium sandstones
mainly composed of rounded quartz grains. This fa-
cies is restricted to the base of the Iznajar-Pueblo sec-
tion (Iznajar-Cuevas de San Marcos area) (Figure 1c),
forming a ca. 100-m-thick massive package. Large (up
to 50 cm size) rip-up marly angular clasts derived from
the Mesozoic substrate are incorporated into the sands
at certain horizons. Sea urchin (Bichordites, Scolicia)
and crustacean (Thalassinoides) trace fossils are seldom
present.

FIGURE 3 Different types of facies.
(a) Facies 7, breccias (Iznajar-E section).
(b) Facies 8, conglomerates. (Arroyo
Lagarto section). (c) Facies 9, massive
sandstones (Iznajar-Pueblo section). (d)
Facies 10, bedded sandstones (Cuevas de
San Marcos section). Strata are vertical
and the top is to right of the picture.

(e) Facies 11, silts and fine sandstones
(Izndjar-Pueblo section). (f) Facies 12,
marls (Magdalena section). (g) Facies
13, marls with white carbonate nodules
(upper unit in Bobadilla Estacion section).

4.18 | Interpretation

Facies 9 can be interpreted as sandy hyperpycnal flow
deposits formed in fluvio-deltaic systems (sensu Mutti
etal.,1996). Theseterrigenousdepositsusuallyaccumulated
in tectonically active settings due to catastrophic floods
from small mountainous high-gradient rivers discharging
dense flows in narrow shelves (Milliman & Syvitski, 1992;
Mutti et al., 1996, 2003; Zabala, 2020). Here, sediment-
laden turbulent flows entering the basin can erode the
substrate, incorporating rip-up clasts in the hyperpycnal
flows (Mutti et al., 2003; Zabala, 2020). The thick interval of
massive sandstones observed in the Izn4jar-Pueblo section
(ca. 100m) suggests that fluvio-deltaic sands accumulated
in a subsident narrow palaeotopographic embayment (see
the palaeogeography section below) that acted as a trap of
sediment. Similar thick massive sandstones deposited in
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confined areas have been described in the Middle Jurassic
Lotena Formation from the Neuquén Basin (Argentina)
(Zabala, 2020).

4.19 | Facies 10. Bedded sandstones
(Figure 3d)

This facies comprises alternating centimetre to decimetre-
thick cemented and poorly cemented medium sandstone
beds. Both types of beds show pervasive small to mid-
scale trough cross-stratification and cross-lamination.
Locally, swaley and hummocky cross-laminations are also
observed.

4.20 | Interpretation

The alternating cemented and non-cemented bed-
ded sandstones (Facies 10) are interpreted as storm
beds (Duke, 1985; Dumas & Arnot, 2006; Hunter &
Clifton, 1982). This facies is represented in the terrigenous-
dominated deposits of the lower unit cropping out in the
Cuevas de San Marcos section, where medium sands were
reworked and transported by storms originating from dis-
crete cemented sandy beds.

4.21 | Facies11. Silts and fine sandstones
(Figure 3e)

This facies involves massive silts and fine sandstones that
locally intercalate channelized conglomerates (Facies 8)
and plane-bedded packstones (Facies 5). Bichordites and
Thalassinoides are often observed. It occurs in the upper part
of the sections in most study areas. The vertical transitions
of this facies are normally obscured due to cultivation, pre-
cluding detailed observations. This facies is also represented
in centimetre-thick beds intercalated in massive sandstones
(Facies 9; Iznajar-Pueblo section) and in cross-bedded pack-
stone to rudstone (Facies 2; Arroyo Lagarto section).

4.22 | Interpretation

Facies 11 formed in distal-middle to outer ramp settings.
In some sections, plane-bedded packstone beds (Facies
5) displaying incomplete Bouma sequences (Ta-Tb) in-
tersperse in the silts supporting that episodic turbiditic
sediment flows reached these distal settings. Turbidites
are typical deposits in foreland basins formed after impor-
tant uplifting events in the thrust and fold tectonic wedge
(Mutti et al., 2003).

- of 3
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4.23 | Facies 12. Marls (Figure 3f)

This lithofacies consists of massive, homogeneous marls
very rich in planktonic foraminifera and scattered bi-
valves and azooxanthellate corals.

4.24 | Interpretation
Marls of Facies 12 represent the deepest deposits and
formed well below the storm wave base. The presence of
abundant planktonic foraminifers corroborates deposi-
tion in deep-water conditions.

4.25 | Facies 13. Marls with chalky
carbonate (Figure 3g)

This facies, exclusively present in the Bobadilla-Estacion
area (Figure 1d), embraces greenish marls with numer-
ous chalky nodules and thin horizons (up to 10cm thick
and several metres in lateral extension) of calcium car-
bonate. Marls contain rich benthic foraminifer assem-
blages typically inhabiting oxygen-depleted, eutrophic
settings (Uvigerina, Rectuvigerina, Bolivina and Bulimina)
and shallow-water forms (Ammonia beccarii, A. inflata,
Elphidium spp., Asterigerinata planorbis, Lobatula lobat-
ula, Cibicides spp. and Cibicidoides spp.). Planktonic fo-
raminifera, although present, are scarce.

4.26 | Interpretation

The benthic foraminifer assemblages, together with the
significant scarcity of planktonic forms and the type of
sediment, are indicative of deposition in shallow, re-
stricted conditions, most likely a marine sheltered lagoon
(Murray, 2006). The chalky carbonates are interpreted
as precipitated in hydromorphic soils developed in epi-
sodic desiccation events (Alonso-Zarza, 2003; Antisari
et al., 2016; Zamanian et al., 2016).

5 | SEDIMENTARY MODEL

Spatiotemporal facies distribution in the different study
areas allows establishing a general depositional model for
a mixed carbonate-terrigenous ramp (Figure 4). Foreshore
deposits (Facies 1) changed basinward and trough cross-
bedded packstones-rudstones (Facies 2) accumulated
in shoals on inner ramps. Shoal deposits prevail in the
study areas indicating that these ramp settings were
widespread throughout the entire region (Elez et al., 2016;
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FIGURE 4 Schematic block diagram of the model proposed. (Not to scale). HCS: hummocky cross-stratification.

Martin-Serrano, 1986). Inner-ramp shoals changed offshore
either to swaley and hummocky cross-stratified carbonates
(Facies 3) or to plane-bedded carbonates (Facies 5) formed
in deeper middle ramp environments. Factory facies (Facies
4) formed local patches distributed in the middle ramp and
fed with bioclastic particles the shoals and the undulating
cross-stratified carbonates. Offshore, sediments passed to
outer ramp and basin silts and marls (Facies 11 and 12) with
turbiditic tabular sandstone and packstone beds. Coarse
terrigenous sediments accumulated in different contexts
throughout the entire study areas. Breccias (Facies 7) were
restricted to steep coastal settings whereas conglomerates
(Facies 8) were associated with fluvial flows reaching from
inner to outer ramp settings.

Within this general sedimentary model, which is valid
for the different stratigraphic units recognized in the
study areas, local conditions determined the deposition of
a few facies in particular environmental contexts. This is
the case of packstone-rudstone with large trough cross-
stratification (Facies 6), only present in the upper unit of
Montefrio, which formed in a narrow strait, and the marls
with chalky carbonates (Facies 13), exclusively observed
in the upper unit of Bobadilla-Estacion, which was depos-
ited in a shallow, sheltered lagoon.

6 | STRATIGRAPHIC
ARCHITECTURE AND FACIES
ARRANGEMENT IN THE STUDY
AREAS

6.1 | Montefrio area

The Upper Miocene deposits overlie a Mesozoic to Middle
Miocene basement and consist of two carbonate-dominated

units separated by an angular and erosive unconformity
(Gonzalez-Donoso et al., 1980; Rodriguez-Fernandez, 1982;
Vera & Gonzalez-Donoso, 1964) (Figures 5and 6a). The lower
unit is intensively deformed showing vertical, and locally
inverted strata (Figure 6a). This unit exhibits a deepening-
upward succession. At the base of the unit, foreshore depos-
its (Facies 1) change southwestward to shoal deposits (Facies
2) indicating that the Montefrio basin opened in that direc-
tion. Shoal deposits, with deformation structures and ex-
tensive bioturbation by sea-urchin burrows (Figure 6b) also
overlie Facies 1. Sedimentary structures show a southward
(SW-SE) predominant palaeocurrents. Higher up in the
section, Facies 2 intercalates floatstone beds (Facies 4) and
hummocky-cross stratified deposits (Facies 3) (Figure 6c).
The lower unit ends with thin plane-bedded packstone
(Facies 5) intercalated in silts and marls (Facies 11 and 12).
Planktonic foraminifer assemblages recovered in silts and
marls at the top of the unit indicate an early Tortonian age
(Gonzalez-Donoso et al., 1980; Rodriguez-Fernandez, 1982).

The upper unit starts with a conglomerate bed up to
0.75m thick made up of pebbles to cobbles mostly derived
from the underlying unit (Facies 8). The large-scale cross-
stratified carbonates (Facies 6) above the conglomerate dis-
playaN60°E dominant palaeocurrent direction (Figure 6a).
They represent submarine megadunes moved by water
bottom outflow from the Mediterranean to the Atlantic,
as in other Late Miocene straits in the Betic Cordillera
(Betzler et al., 2006; Martin et al., 2001, 2009, 2014; Puga-
Bernabéu et al., 2023). The foreset of smaller bedforms
superimposed to the larger ones show bidirectional NE-
SW palaeocurrents, indicating a tidal influence. These de-
posits have been attributed to the earliest late Tortonian
based on the presence of Globigerinoides extremus and in-
dividuals close to Neogloboquadrina humerosa (Gonzalez-
Donoso et al., 1980; Rodriguez-Fernandez, 1982).
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6.2 | Iznajar-Cuevas de San Marcos area
The basement of the Upper Miocene deposits in this area
comprises Jurassic limestones, dolostones and marl-
stones, as well as Triassic materials of the Olistostromic
Unit (Figure 1c). One section between Serrezuela and
Sierra del Camorro, ESE Cuevas de San Marcos (Cuevas
de San Marcos section) (Figure 7), and three sections
around Izndjar (Izndjar-E, Izndjar-Pueblo and Izndjar-W
sections) (Figure 8) have been logged.

The Upper Miocene rocks consist of two unconform-
able units. The unconformity is conspicuous in Cuevas
de San Marcos, where horizontal or gently dipping
(<10°) deposits of the upper unit overlie vertical strata
of the lower unit (Figure 7). Here, the lower unit is in-
tensely affected by jointing and faults that distort the
succession and induce abrupt changes in dip and strike
of strata. At the southeastern end of the Cuevas de San
Marcos section, the lower unit shows a deepening up-
ward trend. Shallow-water breccias and conglomerates
at the base (Facies 7 and 8) change to bedded sandstones
with undulating cross-lamination (Facies 10) and to
silts and marls at the top (Facies 11 and 12) with tabular
sandstone beds intercalated. Individual or amalgamated
channelled conglomerates intercalate in these distal
deposits.

The upper unit in Cuevas de San Marcos is dominated
by breccias and conglomerates (Facies 7 and 8) made up
of pebbles to cobbles derived from the basement and from
carbonates of the lower unit (Figure 7). At the southern

FIGURE 6 Montefrio area. (a)
Panoramic view of the unconformity
(dashed line). The lower unit is
represented by vertical strata (white lines)
and the upper unit is represented by large-
scale trough cross-stratification. The white
dashed line marks the limit between both
units. (b) Beds of packstone-rudstone with
trough cross-stratification of the lower
unit showing intense bioturbation by sea
urchins (Bichordites isp). (c) Panoramic
view of the alternation of different facies.

margin of the section, the terrigenous deposits change
upward to trough cross-bedded packstones-rudstones
(Facies 2) and, finally, to silts and fine sands (Facies 11)
(Figure 7). Sedimentary structures of Facies 2 show north-
ward predominant palaeocurrents. Channelized conglom-
erates (Facies 8) intercalate in the carbonates as well as in
the finer-grained sediments at the top of the unit.

In Iznajar, the unconformity is well exposed in the
Cerro Cuchillo (Iznéjar-W section) (Figure 9a), where the
lower unit forms a NNW verging synform (Figure 9b). This
unit is largely dominated by packstones-rudstones (Facies
2) with frequent intercalations of breccias and conglomer-
ates (Facies 7 and 8), as well as massive sandstones (Facies
9) at its base. Trough cross-bedded packstones-rudstones
(Facies 2) show an approximately E-W bidirectional pa-
laeocurrents. In the Iznjar-W section, the middle-upper
part of the unit is mostly dominated by channelized con-
glomerates (Facies 8) representing delta deposits inter-
calated within inner ramp carbonates (Facies 2). At the
base of the Iznéjar-E section, a thick interval of breccias
derived from the basement abuts on the Jurassic base-
ment rocks. Sediments fine progressively upward passing
to silts (Facies 11) showing a deepening trend throughout
the lower unit. Within this general trend, four successive
intervals can be observed in the Izndjar-Pueblo section
(Figure 9c). Each interval is characterized by a lower well-
cemented thick-bedded portion and an upper poorly ce-
mented thin-bedded set. The cemented sets stand out as
prominent scarps in the landscape. These four intervals
are interpreted as successive deepening-upward cycles.
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An up to 0.5-m-thick conglomerate bed, including
clasts eroded from the previous unit, lines the erosive sur-
face at the base of the upper unit (Figure 9a). It mainly
consists of packstones-rudstones with pervasive trough
cross-bedding (Facies 2). In its upper part, silts and fine
sands intercalate in the carbonates, and silts and marls
occur at the top.

The lower unit in this area is late Tortonian and the
upper one is Messinian in age (Aguirre et al., 2022).

6.3 | Antequera area

The study deposits are exposed immediately southwest of
Antequera town, between Pinar del Hacho and Gandigiiela
(Figure 1d). There are other scattered outcrops distributed
between the Antequera and the Bobadilla Estacion areas
(Figure 1d). Four stratigraphic sections were logged: two
in the eastern sector, Arroyo Lagartos and Pinar del Hacho,
one in the central part, Magdalena section, and one in the
western sector, Gandigiiela section (Figure 10). Between

the Magdalena and the Arroyo Lagarto sections, the Upper
Miocene deposits form a southward verging syncline. The
Upper Miocene deposits unconformably overlie Triassic
materials of the Olistostromic Unit as well as marls and
sandstones of the Flysch Units (Figure 11a). Triassic ma-
terials, in turn, locally overthrusted Upper Miocene de-
posits, as seen south of Cortijo El Castillon, about 6 km'W
of Antequera (Figure 1d) (Martin-Serrano, 1986; Sanz de
Galdeano et al., 2008). West of La Magdalena Hotel, a small
outcrop of blue marls, early late Tortonian in age (Aguirre
et al., 2022), is exposed (Figure 11b). These marls crop out
only here precluding their in-depth analysis due to this lim-
ited areal distribution.

The rest of the Upper Miocene deposits, ranging from
the late Tortonian to the early Messinian in age (Aguirre
et al., 2022), overlie an erosive unconformity extensively
biorturbated by Thalassinoides on top of the blue marls
(Figure 11b). In the whole area, they are dominantly
represented by packstones-rudstones with trough cross-
stratification (Facies 2) that change upward to plane-
bedded packstones (Facies 5), silts and fine sandstones
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(Facies 11), and finally marls at the top of the sections
(Facies 12) (Figure 10). In the easternmost Arroyo Lagarto
and Pinar del Hacho sections, however, significant amounts
of terrigenous sediments intercalate in the carbonates.
Conglomerates (Facies 8) and less frequently breccias
(Facies 7) occur at the base of the successions (Figure 10).
Higher up in the sections, single channelized bodies or
amalgamated beds of conglomerates (Facies 8) intercalate
in the carbonates. In these two sections, the nature of the
clasts changes vertically. In the lower 20m, conglomerate
clasts are made up of brownish sandstones, quartzites,

reddish marlstones, black dolostones and limestones.
Clasts in the overlaying conglomerate beds are almost
exclusively of whitish limestones, minor brownish sand-
stones, and very rarely of quartz and chert. This indicates
a shift in the source areas, from mostly Triassic materials
of the Olistostromic Unit in the lower part to dominantly
Jurassic carbonates of the El Torcal, located south of the
area, in the upper part. Packstones-rudstones (Facies 2) are
pervasively trough cross-bedded throughout the Arroyo
Lagarto and Pinar del Hacho sections (Figure 10). Crude
swaley and hummocky cross-stratification (Facies 3) is
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FIGURE 9 Izndjar area.

(a) Panoramic view of Cerro Cuchillo
showing the unconformity separating the
two Upper Miocene units. The dashed line
marks the boundary and the continuous
white lines represent stratification. The
inset shows a detail of the unconformity.
(b) Panoramic view to the north of the
Iznéjar village showing folded strata of
the lower unit. (c) Panoramic view of the
Iznéjar Pueblo section showing the four
successive intervals. White arrows mark
the well-cemented part of each interval.

locally present in the middle part of the Pinar del Hacho
section. Channelized conglomerates (Facies 8) and plane-
bedded packstone (Facies 5) beds intercalate in the silts and
marls (Facies 11 and 12) at the top of the unit.

In the central and western sectors of the Antequera area,
Magdalena and Gandigiiela sections, respectively, terrige-
nous facies are nearly absent (Figure 10). A bed of rhodolith
floatstone (Facies 4), up to 1 m thick, characterizes the base
of the Magdalena section (Figure 2g). In the middle part of
the section, an interval of plane-bedded packstones (Facies
5) and undulating cross-stratification (Facies 3) is observed
(Figure 10). Channelized conglomerates intercalate in silts
and marls at the top of the section (Figure 10). Marls are well
developed at the top of the Gandigiiela section (Figure 11c).
Here, channelized conglomerates and plane sandy carbon-
ate beds showing partial Bouma sequences intercalate in
the marls (Figure 11d,e).

6.4 | Bobadilla-Estacion area

The Bobadilla-Estacién section was logged in an aban-
doned quarry west of Bobadilla railway station (Figures 1d
and 12). The contact with the basement is exposed fur-
ther to the north, west of the Sierra del Humilladero

(Figure 1d). Here, sandy packstones-rudstones with
trough cross-bedding (Facies 2) fossilize an irregular sur-
face, lined by breccias, carved in Upper Jurassic marls and
marly limestones (Figure 13a).

The Miocene Bobadilla-Estacién section consists
of two unconformable units (Figures 12 and 13b). The
lower unit can be divided in turn in two intervals. The
lower interval consists of packstones-rudstones with
pervasive trough cross-bedding displaying W-NW domi-
nant palaeocurrents (N30°-70° W) (Facies 2) (Figure 13c)
and the upper one is made up of silts and marls (Facies
11 and 12) (Figure 13b). Deformed cross-bedding and
water-escape structures occur in the middle part of the
carbonates in the lower interval. The transition from
carbonates to the marls of the upper interval is gradual.
The age of this unit ranges from late Tortonian to early
Messinian (Aguirre et al., 2022).

The few planktonic foraminifers in the lagoonal marls of
the upper unit suggest a Messinian age (Aguirre et al., 2022).

Well-cemented continental conglomerates occur ero-
sively on top of the previous units (Figure 13b). These con-
glomerates crop out extensively in the Colonia de Santa
Inés hamlet, along the road from Antequera to Campillos.
The age of these conglomerates remains unknown, but
they are most likely post-Messinian.
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FIGURE 10 Stratigraphic sections in the Antequera area. Pinar del Hacho (base: 37°00'45.9” N - 4°34'14.0"” W; top: 37°00'26.0” N — 4°34'18.8"
W). Arroyo Lagarto (base: 37°00'09.1” N - 4°33'52.3” W; top 37°00'14.3” N - 4°34'01.9” W). Magdalena (base: 37°00'10.8” N - 4°36'17.0" W;

top: 37°00'21.8” N - 4°35’39.8” W). Gandigiiela (base: 37°00'15.3” N - 4°38'07.2” W; top: 37°00’14.1" N - 4°37'24.9” W).
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FIGURE 11 Antequera area. (a)
Panoramic view of the contact between
the Upper Miocene deposits and the
substrate (Flysch Units) observed in
Magdalena section. (b) Sharp contact
between the blue marls (lower part of

the late Tortonian) and the study upper
Tortonian-lower Messinian unit. (c)
Panoramic view of part of the Gandigiiela
section. (d) Close-up view of two
amalgamated turbidites, showing intervals
Ta and Tb. (¢) Channelized beds in the
upper part of the Gandigiiela section
intercalated in the marls.

6.5 | Teba area

Upper Miocene deposits crop out E and NNE of Teba
(Figure 1e). Four stratigraphic sections have been logged:
two E of Teba (Teba E-1 and Teba E-2) and two N and NE
of the village (Teba-N and Teba-NE) (Figures le and 14).
They unconformably cover the Olistostromic Unit to the
north and east, as well as Jurassic and Cretaceous lime-
stones and marlstones of the Sierra La Camorra and Sierra
de Pefiarrubia (Figure 13d).

East of Teba, the Upper Miocene deposits can be di-
vided into two intervals: a lower one, badly exposed due
to cultivation, and an upper interval dominantly consisting
of trough-cross bedded packstones-rudstones (Facies 2),
intercalating 15-60cm thick of bryozoan floatstone beds
and rhodolith floatstone beds (Facies 4) and 3-15-cm-thick
plane-bedded packstones (Facies 5) with pervasive paral-
lel lamination (Figure 14). Facies 4 is well represented in
the upper part of the Teba E-2 section, close to the Sierra
la Camorra (Figure 14). They are interpreted as deposits
formed at the toe of submarine palaeocliffs, constituted by
the Jurassic basement, similar to the bryozoan/coralline
algal-dominated factory facies in the Tortonian deposits in
the Cabo de Gata region (SE Spain) (Betzler et al., 2000).

In Teba-N, the Upper Miocene deposits are dominated by
conglomerates made up of well-rounded clasts up to 15cm
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in diameter, arranged in decimetre-to-metre channelized
beds and intercalating sandstones (Figure 14). Clasts are
often bored by bivalves (Gastrochaenolites) or annelids and
show attached oyster shells. These conglomerates fine east-
ward, passing to channelized conglomerate beds alternat-
ing with packstones-rudstones with trough cross-bedding
(Facies 2). Further to the east (Teba-NE), these sediments
grade to greenish-brownish marls (Figures 13d,e and 14).

Marls in the Teba-NE section (Figure 13e) contain
abundant planktonic foraminifers and calcareous nanno-
plankton that unquestionably indicate basinal deposition
during the early Messinian (Aguirre et al., 2022).

7 | DISCUSSION

7.1 | Sedimentation-tectonics interplay

The most conspicuous feature evidencing the con-
trol of tectonic processes on sedimentary evolution
in wedge-top depozones is the presence of frequent
unconformities, usually diachronic, triggered by re-
activation events of the emerging reliefs in the oro-
gen front (Beaumont, 1981; Chen & He, 2022; Cosovic
et al., 2018; DeCelles & Giles, 1996; Kawakami, 2013;
Mutti et al., 2003; Ori & Friend, 1984; Sinclair, 1997). In
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the central Betic Cordillera, during the late Tortonian,
the tectonic regime was that of a nearly N-S compres-
sion due to the Eurasian-African convergence (Galindo-
Zaldivar et al., 2019). This compression generated the
main reliefs of the cordillera (Braga et al., 2003) and the
north-northwestward extrusion of one of the olistostro-
mic bodies (O1-1 of Martinez del Olmo, 2019), or the late
Tortonian olistostrome of Roldan (1995) into the fore-
deep depozone (Figure 15).

In Montefrio, the tectonic event producing the un-
conformity separating the two Upper Miocene units took
place close to the first occurrence of Neogloboquadrina
humerosa (Gonzalez-Donoso et al., 1980; Rodriguez-
Ferndndez, 1982), which is 8.50Ma, close to the MMill
and MMil2 biozone boundary in the Mediterranean
(Lirer et al., 2019). The topmost part of the blue marls in
the Magdalena section (Antequera area) is earliest late
Tortonian in age, also close to this biozonal boundary

(Aguirre et al., 2022). It is, therefore, reasonable to assume
that the tectonic event producing the unconformity sepa-
rating these blue marls from the overlying carbonates in
Antequera could be closely coetaneous with that of the
Montefrio (Unc-1 in Figure 15).

After this intra-Tortonian unconformity, the deposition
of the upper unit in Montefrio during the late Tortonian
occurred in a NE-SW elongated marine corridor, along
one of the regional extensional fault systems. Following
the closure of this corridor marine deposition ended in the
Montefrio basin due to uplift (Lupiani-Moreno & Soria-
Mingorance, 1985) (Figure 15). Oligocene marls locally
overlie deposits of the two recognized Tortonian units in
Montefrio. The crenulated outline of the reverse faults
(Lupiani-Moreno & Soria-Mingorance, 1985) suggests a di-
apiric extrusion of marls, probably forced by compression.

In Antequera, the intra-Tortonian unconformity sep-
arating the blue marls from the overlying Upper Miocene
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FIGURE 13 (a) Base of the lower unit of the Bobadilla Estacion area as observed west of Sierra del Humilladero (red asterisk in
Figure 1d). (b) Panoramic view of the top of the Bobadilla Estacion section. The upper unit is sandwiched between the lower unit and
the conglomerates. (c) Packstone-rudstone with trough cross-stratification (Facies 2) of the lower unit in Bobadilla Estacién section. (d)

Panoramic view of Teba-NE section (Teba area). Upper Miocene carbonates unconformably overlay the Jurassic basement (the dashed line

follows the contact in this view). The carbonates change upward to marls, which crop out in the substrate of the olive trees. (e) Marls at the

top of the Teba-NE section.

deposits marks an abrupt shift in the depositional condi-
tions, from deep basinal to shallow-water ramp settings.
Here, marine deposition of the upper unit continued up
to the early Messinian (Aguirre et al., 2022) (Figure 15).
North of the Antequera area, the Triassic materials
formed an E-W elongated relief that supplied clastic
materials as evidenced by the presence of Triassic clasts
in the lower part of the Arroyo Lagarto and Pinar del
Hacho sections. Subsequently, the Jurassic limestone in
the antecedent relief of El Torcal at the southern margin
of the basin, was the source of widespread terrigenous
deposition in the southeastern sector of the basin during
the late Tortonian (Martin-Serrano, 1986; Peyre, 1974).

The El Torcal is an ENE-WSW elongated relief formed
by transpressive dextral displacements along strike-slip
faults (Barcos et al., 2015; Sanz de Galdeano & Lopez
Garrido, 2012).

The Upper Miocene deposits in the Izndjar-Cuevas de
San Marcos basin are limited by N320-325°E strike-slip
faults and N60-65°E normal faults that favoured exten-
sion parallel to the major Subbetic reliefs surrounding
the basin (Cano-Medina, 1990). During deposition of the
lower unit in the late Tortonian (Figure 15), widespread
terrigenous sedimentation from the basement prevailed
in the whole area. In addition, synsedimentary defor-
mation structures are ubiquitous in the upper Tortonian
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FIGURE 14 Stratigraphic sections in the Teba area. Teba E-1 (base: 36°58'34.9” N - 4°55'15.4" W; top 36°58'45.6” N — 4°55'14.2"
W). Teba E-2 (base: 36°58'40.7” N - 4°54'58.4" W; top: 36°58'47.9” N — 4°54'58.3” W). Teba-N (base: 37°00'11.7” N — 4°54'21.8"” W; top:
37°00'15.9” N - 4°5402.1” W). Teba-NE (base: 36°59'18.4” N - 4°52/53.7” W; top: 36°59'44.7” N - 4°52/10.1" W).

deposits. Both terrigenous deposition and generalized
deformation are evident sedimentary expressions of tec-
tonic activity of substrate adjacent to the wedge-top de-
pozones (Beaumont, 1981; Chen & He, 2022; DeCelles &
Giles, 1996; Fontana et al., 2015; Hippolyte et al., 1994;
Ori & Friend, 1984; Sinclair, 1997). Clast composition
indicates that the northern margin was mainly fed from
the Olistostromic Unit, while the southeastern border was
fed from Triassic reddish sandstones of the Olistostromic

Unit, as well as from Jurassic limestones and marly lime-
stones of the Subbetic reliefs.

In the Iznajar-Cuevas de San Marcos basin, the
tectonic event leading to the unconformity took place
close to the Tortonian-Messinian boundary or during
the earliest Messinian (Unc-2 in Figure 15). The upper
Tortonian sediments of the lower unit were folded and
uplifted due to the reactivation of the fault systems
limiting the basin. Martinez del Olmo (2019) noted a
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compressional event leading to the deposition of an olis-
tostromic body (Ol-3) in the foredeep depozone of the
Guadalquivir Basin close to the Tortonian-Messinian
boundary (Figure 15).

The continuous compressive regime led to the definitive
emersion of the Antequera basin in the earliest Messinian
(Figure 15). Here, the E-W trending Triassic materials crop-
ping out north of Pinar del Hacho overthrusted the Upper
Miocene sediments in the Cortijo del Castillén (Martin-
Serrano, 1986; Sanz de Galdeano et al., 2008). Between
La Magdalena and Pinar del Hacho, south of this E-W

elongated Triassic outcrop, the Upper Miocene deposits
are folded forming a southward-verging syncline and are
markedly steepened close to the contact with the Triassic
(Martin-Serrano, 1986). By contrast, north of the Triassic
outcrop, between Antequera and Bobadilla-Estacion (e.g.
Finca La Torre, Arroyo de Valsequillo and Cortijo del
Castillon) (Figure 1d), the Upper Miocene deposits dip to
the north-northwest (Martin-Serrano, 1986). This struc-
tural arrangement on the northern and southern sides of
the Triassic outcrop is consistent with a diapiric extrusion
of the plastic Triassic materials (Martin-Serrano, 1986;
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Sanz de Galdeano et al., 2008). In the eastern end of the
Teba area, the vertical Upper Miocene beds at the contact
with the Olistostromic Unit (Figure 2h), also suggest a di-
apiric uprising of the Triassic materials.

In the Bobadilla-Estacion basin, the unconformity
separating the two units is early Messinian (Unc-3 in
Figure 15), since the lower unit ranges from the late
Tortonian to the earliest Messinian and the upper one is
early Messinian (Aguirre et al., 2022). Therefore, this tec-
tonic event could be responsible for the final emersion of
the Antequera basin commented above (Figure 15). An
intra-Messinian unconformity has been also observed
in the foredeep depozone of the Guadalquivir Basin
(Ledesma, 2000; Martinez del Olmo et al., 1984; Martinez
del Olmo & Martin, 2016; Sierro et al., 1996). This uncon-
formity is linked to generalized uplift of the central Betic
Cordillera leading to the emersion of most of the basins,
such as the Granada and the Guadix-Baza basins. Related
to this general uplift, the Guadalhorce Strait was defini-
tively closed (Aguirre et al., 2022; Martin et al., 2001; Pérez-
Asensio et al., 2012, 2013; Reolid et al., 2022) (Figure 15).

A similar Late Miocene sedimentary-tectonic interplay
is inferred in the Rifian foreland basins, Saiss and Gharb
basins (Bargach et al., 2004), in the southern branch of
the Betic-Rifian mountain belt (N Morocco). These ba-
sins form an arcuate outline between the Rif fold-and-
thrust orogenic front to the north and the Atlas to the
south (Bargach et al., 2004; Roldan et al., 2014). As in the
Guadalquivir foreland basin, several wedge-top basins
evolved linked to the tectonically active Rif front during
the late Tortonian-early Messinian interval (Abbassi
et al., 2020; Achalhi et al., 2016; Di Staso et al., 2010;
Roldan et al., 2014; Targhi et al., 2023). All these basins
experienced tectonic shortening due to compression
during the Late Miocene as indicated by the presence of
unconformities and numerous synsedimentary deforma-
tion structures (Bargach et al., 2004; Chalouan et al., 2014;
Roldan et al.,, 2014). The compressive tectonic regime
led to the emersion and closure of the Rifian Corridors
around the Tortonian-Messinian boundary, 7-7.2Ma
(Capella et al., 2018; Tulbure et al., 2017) or during the
early Messinian (Abbassi et al., 2020; Achalhi et al., 2016;
Chalouan et al.,, 2014; Di Staso et al., 2010; Targhi
et al., 2023).

7.2 | Palaeogeographic evolution

During the Middle-Late Miocene, the Atlantic Ocean and
the Mediterranean Sea were connected by several sea-
ways (Martin et al., 2014). During the Serravallian, a wide
passage developed in the southern Iberian palaesomargin
(External Zones) between the Prebetic and Subbetic zones

(Braga et al., 2010; Martin et al., 2009). As the orogen
front advanced, the passage evolved to a narrow strait,
the so-called North-Betic Strait, which closed during the
lowermost early Tortonian (Martin et al., 2009, 2014). The
closure of this strait led to the individualization of the
Guadalquivir Basin as an Atlantic-linked basin, although
temporarily connected with the Mediterranean Sea
through several straits that were closing during the Late
Miocene as the uplift of the Betic Cordillera progressed
(Betzler et al., 2006; Martin et al., 2001, 2009, 2014; Puga-
Bernabéu et al., 2023) (Figure 16a).

As a consequence of the progressive uplift and emersion
of the External Zones, the orogen front acquired a complex
and irregular palaeogeographic configuration with differ-
ent satellite basins among emergent uplands (Figure 16a).
In addition, the emplacement of the Olistostromic Unit
complicated the palaeogeographic evolution of this part of
the central Betic Cordillera (Rodriguez-Fernandez, 1982).
This complex palaeogeographic outline, with different ba-
sins at different positions with respect to the orogen front
and emergent islands in between, contrast with the late
Tortonian-Messinian palaeogeographic models proposed by
Roldan (1995), who established continuous WSW-ENE fa-
cies belts with satellite basins aligned parallel to that trend.

Depicting the detailed palaeogeography during the
early Tortonian-earliest late Tortonian interval in the study
region is difficult due to the scarcity of outcrops, except
in the Montefrio area. Here, facies distribution indicates
that there was a relatively narrow basin that opened to the
west-southwest. Rodriguez-Fernandez (1982) depicted a
similar palaeogeographic configuration. In the Antequera
area, the local presence of basinal marls at the base of the
Magdalena section suggests the occurrence of a deep dep-
ocentre at the thrust front close to the early-late Tortonian
boundary (Aguirre et al., 2022). These marls probably
represent foredeep deposits in a previous stage during the
thrust propagation in the orogenic front located further
southwest of the Montefrio basin front.

The intra-Tortonian tectonic event led to significant pa-
laesogeographic restructuring in the Montefrio area. Gigantic
dunes in the upper unit suggest that a NE-SW trending strait
connecting the Granada and Guadalquivir basins was active
most likely during the earliest late Tortonian (Figure 16a).
Continental sedimentation in the Granada Basin started in
the latest Tortonian (late Turolian) and continued onward
(Galindo-Zaldivar et al., 2019; Garcia-Alix et al., 2008). This
implies that the Montefrio strait was already closed by the
late Tortonian and, therefore, its closure was approximately
coeval with that of the Zagra Strait (Martin et al., 2014; Puga-
Bernabéu et al., 2023) (Figure 16a,b).

During the late Tortonian, tectonics led to drastic
palaeogeographic changes in the whole southern mar-
gin of the foreland basin (Figure 16b). By that time, the
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FIGURE 16 Palaeogeographic evolution of the study region. (a) Palacogeography of the Betic Cordillera during the early Tortonian
showing the straits connecting the Mediterranean and the Atlantic through the Guadalquivir Basin. The blue, dashed line depicts the
present-day coastline. The square marks the area sketches in panels b to d. (b) Palaecogeography during the late Tortonian of the study areas.
(c) Palaeogeographic outline during the lowermost early Messinian. Note that the Guadalhorce Corridor was open at this time.

(d) Palaeogeography during the late Messinian. The Guadalhorce Corridor was closed during the lower Messinian and most of the study
areas were definitively emerged except the Bobadilla Estacién and Izndjar-Cuevas de San Marcos areas. Thick black lines in the four panels
indicate major faults that controlled the palaeogeographic configuration in those satellite basins. Dashed black lines in panels b to d denote
anticlines.

basement emerged as islands among subsiding depocen- Close to the Tortonian-Messinian boundary, uplift
tres in different positions relative to the Betic thrusts. The  of the Iznéjar-Cuevas de San Marcos area produced the
generalized uplift caused widespread shallow conditions  tilting and emersion of the lower unit. Here, marine sed-
in all these satellite basins (Elez et al., 2016). imentation resumed during the late Messinian (Aguirre
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et al., 2022). Further to the southwest, however, earli-
est Messinian marine sedimentation continued in the
Antequera, Bobadilla-Estacion and Teba basins (Aguirre
et al., 2022) (Figure 16c).

At the Tortonian-Messinian or during the lowermost
early Messinian, the Guadalhorce Corridor opened fol-
lowing a palaeogeographic NW-SE trend coinciding with
one of the major normal fault systems of the cordillera
(Figure 16¢). The aperture of this strait nearly coincided
with the palaeogeographic shift leading to the emersion
of the Izndjar-Cuevas de San Marcos area after the lower
unit deposition. The corridor infill is a single deposi-
tional unit, which is laterally equivalent to the sediments
in the Teba area, latest Tortonian-earliest Messinian in
age (Aguirre et al.,, 2022). The palaeogeographic con-
nection between the Teba area and the sediments in the
Guadalhorce Corridor is also evidenced by the presence
of micaschist pebbles in Teba-N section. The only possible
source of these clasts are the metamorphic rocks in the
Internal Zone lining the SW margin of the Guadalhorce
Corridor (Cano-Medina, 1990). Peyre (1974) and Martin-
Serrano (1986) also mentioned the presence of metamor-
phic granules and pebbles from the Internal Zone in the
Cortijo del Castillon (WNW of Antequera) and close to
Laguna de Fuente Piedra, west of Sierra del Humilladero
(Figure 1a).

The intra-early Messinian tectonic event produced the
closure of the Guadalhorce Corridor and the concomitant
emersion of most of the region, except the Cuevas de San
Marcos-Iznéjar and Bobadilla-Estacién areas (Figure 16d),
where upper Messinian deposits are recorded (Aguirre
et al., 2022).

In summary, the inferred palaesogeographic evolution
shows a diachronic emersion of the different basins fol-
lowing an approximate westward component (Figure 15).
An east-west component in the tectonic compression
during the late Miocene is in agrees with geophysical data
in the central and western sectors of the Betic Cordillera
(Gonzalez-Castillo et al., 2015).

8 | CONCLUSIONS

The Late Miocene stratigraphic architecture and sedimen-
tary infilling of several satellite basins of the Guadalquivir
foreland basin located close to the orogen front in the cen-
tral Betic Cordillera have been studied. In addition, the
relationship of the tectonic evolution of the orogen front
and the sedimentary records in these basins has been
analysed. Based on a comprehensive updated biochron-
ostratigraphic framework, the results are integrated in the
context of the Guadalquivir foreland basin system evolu-
tion and the generalized Late Miocene uplift of the central

Betic Cordillera in order to reconstruct the palaeogeog-
raphy of the area during the late Tortonian-Messinian
interval.

This study focuses on five areas: Montefrio, Cuevas de
San Marcos-Izndjar, Antequera, Bobadilla Estacion and
Teba. The main conclusions are as follows:

1. The basins formed in an approximately N-S com-
pression regime that led to the uplift of the main
Betic reliefs, which constituted the basements of
the sub-basins. A rough E-W extension controlled
the formation of the depocentres. The overall N-S
compression also led to the extrusion of the plastic
Triassic materials, producing irregular basin bottoms
and favouring widespread shallow marine deposition.

2. Different stratigraphic units separated by diachronic
unconformities have been recognized in the satellite
basins. An intra-Tortonian unconformity produced an
important shift in the palacoenvironmental conditions
and sedimentary settings both in Montefrio and in
Antequera basins. At the Tortonian-Messinian transi-
tion another unconformity is observed in the Cuevas de
San Marcos-Izndjar area. Finally, an intra-Messinian
unconformity is recorded in the Bobadilla Estacion
area. This diachronicity demonstrates that deposi-
tion of similar facies was also diachronic in the satel-
lite basins, although in similar palaeoenvironmental
contexts.

3. The sedimentary infill of the basins is characterized
by carbonates and mixed terrigenous-carbonate de-
posits formed in a ramp. Foreshore deposits, distrib-
uted along the coastal areas, changed basinward to
shoals formed in the inner ramp. Offshore, the shoals
are laterally related with factory facies, plane-bedded
carbonates or swaley and hummocky cross-stratified
packstones-rudstones formed in storm-dominated
mid-outer ramps. Silts and marls accumulated in the
most distal outer ramp settings. Terrigenous sediments
accumulated in different contexts throughout the study
areas. Breccias were restricted to steep coastal palaeo-
cliffs and conglomerates and coarse sands deposited in
fluvio-deltaic systems. Conglomerates and coarse sands
also deposited in deeper settings due to sediment grav-
ity flows. Particular facies are grainstones-rudstones
with decametric trough-cross bedding formed in a nar-
row, high-energy setting, most likely a corridor, in the
Montefrio area. Greenish marls with white chalky car-
bonates accumulated in a sheltered, oxygen-depleted
lagoon in Bobadilla Estacién.

4. The tectonic activity in the orogen front also controlled
the palaeogeographic changes. Emersion of the basins
are diachronic, being younger westward, suggesting
a tectonic compression that verges in that direction.
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During the early-late Tortonian transition, a strait estab-
lished in the Montefrio area. During the late Tortonian,
the study area is characterized by an irregular out-
line, with wide embayments and emerged islands.
The Guadalhorce Corridor opened at the Tortonian-
Messinian boundary or during the lowermost early
Messinian and closed during the early Messinian.
During the late Messinian, marine sedimentation con-
tinued only in a shallow, oxygen-depleted enclosed
lagoon in Bobadilla Estacién, and in a WNW-ESE elon-
gated embayment in Cuevas de San Marcos-Izn4jar.
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