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1 | INTRODUCTION

The accurate reconstruction of the palaecogeography and
palaeoecology of sedimentary basins interconnected
through straits and seaways relies on the understanding of
the specific sedimentary dynamics and evolution of these
particular depositional systems (Gattolin et al., 2013;
Capella et al., 2018; Gardner & Dorsey, 2021; Beelen
et al., 2022; Rossi et al., 2023a).

Water circulation and currents in straits can be driven
by different processes (Dalrymple, 2023): (1) tides (tidal
currents); (2) winds and/or atmospheric-pressure differ-
ences (meteorologically generated currents); (3) density
differences between interconnected water masses (estua-
rine and inverse estuarine circulation) and (4) global wind
or ocean circulation (oceanic currents). Convergence and
constriction of marine waters in straits result in current
amplification and acceleration followed by expansion and
deceleration at the exits controlling the distribution of
sediments (Longhitano, 2013; Dalrymple, 2023). In tidal-
dominated straits and regardless of the tidal regime, the
periodic movement of water promoted by tidal cycles at
different time scales leads to tidal current asymmetry (i.e.
currents with opposite directions and variable velocities;
Reynaud & Dalrymple, 2012), which generally results in
a variety of seabed features common in tide-dominated
shelves but with a marked bidirectional transport path-
way at regional scale (Longhitano & Chiarella, 2020).
Tide-influenced strait deposits form thick (10s to few 100s
m) stratigraphic successions that show large-scale cross
stratification, erosional discontinuities and tide-related
sedimentary features such as tidal bundles (with a gen-
eral lack of muddy intervals) and herringbone cross strata
indicating bidirectional current patterns (Longhitano
et al., 2012), which occur in relatively predictive facies
tracts aligned along the strait axis (Longhitano, 2013).

The geomorphic constriction needed for strait forma-
tion is the result of the geological evolution of the region in
which the straitislocated (Dalrymple, 2023). Most modern
and ancient examples of straits in the Mediterranean Sea
are formed by rifting separating emergent land masses in
back-arc settings (Cavazza & Longhitano, 2022). The sedi-
mentary features and evolution of Neogene to Quaternary
straits connecting subbasins in the western Mediterranean
(Cavazza & Longhitano, 2022) show that even within a mi-
crotidal sea, such as the Mediterranean, flow constriction
in straits might generate tidal-current amplification and
clastic dune-bedded deposits (Longhitano, 2013, 2018a,
2018b).

The Neogene Beticstraitsconnecting the Mediterranean
Sea with the Atlantic Ocean are among the best-known
examples of ancient emergent straits (Martin et al., 2001,
2009, 2014; Betzler et al., 2006; Braga et al.,, 2010;

Puga-Bernabéu et al., 2022). Instead of developing in
rifting settings, they evolved and eventually closed as the
Betic Cordillera uplifted in a compressional context caused
by the convergence of the African and Eurasian plates
(Dewey et al., 1989; Sanz de Galdeano, 1990; Rosenbaum
et al., 2002). In this regime, the straits follow elongated
grabens produced by local extension related to NW-SE
normal faults resulting from the NW-SE directed com-
pression (Galindo-Zaldivar et al., 2019). These straits con-
nected Mediterranean-linked intermontane basins with
the Atlantic-linked Guadalquivir Basin, the foreland basin
of the cordillera, but they were ways of water interchange
between the major water masses of the Mediterranean
Sea and the Atlantic Ocean prior to the temporal discon-
nection that caused the Messinian salinity crisis (MSC;
Martin et al., 2014).

In contrast, the Pliocene strait deposits described here
accumulated after the MSC (Dabrio, 1987; Aguirre, 1998)
in a connection of the intermontane Almeria-Nijar Basin
with the Mediterranean Sea, the Rio Alias Strait (Figure 1).
In other words, the strait connected the Mediterranean
Sea with one of its marginal basins (Dabrio et al., 1981;
Montenat, 1990; Braga et al., 2003). This was a small, nar-
row strait, 13km long and with a maximum width of 2km
according to the present-day extension of its deposits. In
the north-eastern Almeria-Nijar Basin, the sedimentary
evolution was conditioned by a left-lateral fault system, the
Carboneras Fault Zone (CFZ) (Figure 1). This fault system
and the uplift of the Sierra Cabrera, a basement relief de-
limited by faults (Figure 1), which bounds the basin to the
north (Harvey & Mather, 2015; Giaconia et al., 2012), in-
fluenced the formation and closure of the Rio Alias Strait.

The geotectonic context in which the ancient straits
evolved implied a substantially different evolution of the
strait infill. Whereas rift-related dune-bedded succes-
sions show a deepening-upward general trend (Reynaud
et al., 2013; Longhitano et al., 2014; Longhitano &
Chiarella, 2020), the infill of straits evolving in compres-
sional contexts ends with coarse-grained deposits (Martin
et al., 2014; Cavazza & Longhitano, 2022).

The purpose of this paper is to describe the depos-
its filling the Rio Alias Strait, detailing their sedimen-
tological characteristics and their spatial and temporal
distribution. A depositional model is proposed within
the framework of the existing models for similar mod-
ern and ancient straits. Finally, the implications of the
Rio Alias Strait sedimentary record are documented in
order to understand the timing and patterns of the uplift
and palaeogeographical evolution of the Almeria-Nijar
Basin and its surrounding basement reliefs. The subject
of this study, the deposits of the Rio Alias Strait, were
partly analysed by Dabrio (1987). In his pioneer work on
ancient strait sedimentology, the author only focussed
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FIGURE 1 Location of the study area at the north-eastern end of the Neogene Almeria-Nijar Basin in the eastern Betic Cordillera in the
South-East Iberian Peninsula. Modified after Harvey and Mather (2015). The green polygon shows mapped area in Figure 2. The location of

the Rio Alias Strait is marked in orange. Red lines correspond to highways (thick lines) and national and regional roads (thin lines).

on the western sector (see below) of the total outcrop-
ping area and, after a detailed analysis of the sedimen-
tary structures, concluded that dune migration was
controlled by storm-generated currents. Observations of
outcrops exposing strait-related deposits and interpre-
tation of facies and structures considering information
on strait dynamics generated in the last decades led to a
re-interpretation of these deposits as tidally influenced.
This new field-based reference case study can be useful
for the reconstruction of other straits in the fossil record.

2 | MATERIALS AND METHODS

The strait deposits were logged in seven sections at
well-exposed outcrops grouped in four sectors forming
an ENE-WSW transect: eastern sector (Carboneras N
and Loma de la Cafiada sections), central-eastern sec-
tor (El Llano de Don Antonio and Barranco del Malo
sections), central-western sector (La Arboleja section)
and western sector (Molino de Arriba and Los Santeros
sections). Field-based observations were complemented
by petrographic and micropalaeontological analyses of
36 thin sections cut from representative samples. Drone

photogrammetry was used to improve the analysis of
depositional architecture and sedimentary structures
on vertical cliffs in key study outcrops. The definition of
mixed siliciclastic-carbonate sediments (each antithetic
component is >10% of the sediment) follows Chiarella
and Longhitano (2012). Component proportions were
semi-quantitatively estimated and described following
an ACFOR scale (abundant >30%, common 20-29%,
frequent 10-19%, occasional 5-9% and rare <5%). The
main lithologies comprising the Rio Alias Strait deposits
were mapped at a 1:10,000 scale, together with the un-
derlying Miocene rocks.

Aerial photographs of the study outcrops were collected
using two ready-to-fly drones helped by a GPS Geomax
Series Zenith25 PRO for the acquisition of ground con-
trol points: an octocopter Atyges FV8 Topodron carrying a
Sony Nex Alpha 7 CMOS 24-megapixel camera and a DJI
Phantom 4 Pro, equipped with a DJI CMOS 20-megapixel
camera. Three flight paths were conducted at near-parallel
viewing angles to capture the three-dimensional (3D)
nature of the outcrops. In the first flight, the drone flew
along a horizontal axis, with the camera tilted about 30° in
the second flight and >80° in the third flight. Total flight
time (without including battery changes) ranged from 20
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FIGURE 2 Geological map of the study area with access roads (grey lines) and main villages. BM, Barranco del Malo section; CFZ,
Carboneras fault zone; CN, Carboneras N section; LA, La Arboleja section; LC, Loma de la Cafiada section; LD, Llano de Don Antonio
section; LGb, La Galera beach; LS, Los Santeros section; MA, Molino de Arriba section.

to 35min at each site. Photographs were taken every 3s
and/or radio-controlled with the drone stationary for spe-
cific details allowing for >75% overlap between images.
Agisoft Metashape v. 1.8.4 software was used to build
the 3D photogrammetric outcrop models. More than 600
photographs with a resolution of 6.29 cm/pixel were pro-
cessed to generate a dense point cloud (up to 75 million
points) and then a triangulated digital surface mesh and
overlaying the combined outcrop photomosaic as a sur-
face texture (up to 7.7 million faces). The generated vir-
tual outcrop models were exported in .obj format to the
software Virtual Reality Geological Studio v. 3.1 Build 35
(Hodgetts et al., 2007) for geological analysis (geometry,
dimensions of the sedimentary bodies and their 3D spatial
relationships, measurement of cross-strata orientation,
etc.). Bounding surfaces were traced and bedset and fore-
set thicknesses were measured in the cross-stratified bod-
ies. Grapher 21 software was used to plot rose diagrams
and histograms.

The cross-set thickness and size of the bedforms were
classified as thin/small (<40cm), medium (40-200cm)
and thick/large (>200 cm). This classification was adapted
from Ashley (1990) given the importance in tidal set-
tings of submarine dunes >2m in height for determining
the relative predominance of the flood vs ebb currents
(Longhitano et al., 2014). The internal organisation of
the cross-stratified sets is described according to Anastas

et al. (1997) as simple (cross-sets with conformable strata
or laminae) and compound (cross-sets with an internal
discontinuity surface).

3 | GEOLOGICAL SETTING

The Rio Alias Strait was located at the north-eastern end
of the Almeria-Nijar Basin (Figure 1), which is one of the
Neogene intermontane basins that evolved during the
structuring and uplift of the Betic Cordillera in southern
Spain (Sanz de Galdeano, 1990; Braga et al., 2003; Pedrera
et al., 2006; Galindo-Zaldivar et al., 2019). This basin is
filled by several sedimentary units separated by uncon-
formities, which accumulated from the middle Miocene
onwards (Serrano, 1990; Sola et al., 2017; Galindo-Zaldivar
et al., 2019). Miocene units include shallow-water marine
carbonates changing laterally to deeper fine-grained de-
posits, gypsum evaporites and post-evaporitic continen-
tal and marine sediments (Dabrio et al., 1981; Fortuin
& Krijgsman, 2003; Aguirre & Sanchez-Almazo, 2004).
Lower Pliocene marine deposits, including those in the
Rio Aljas Strait, unconformably overlie Tortonian and
Messinian units and are overlain by Upper Pliocene and
Pleistocene sediments that are extensively exposed. These
sediments generally consist of prograding shallow marine
and continental materials, whose precise age is poorly
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FIGURE 3 Simplified Miocene to
Lower Pliocene stratigraphy at the north-
eastern end of the Almeria-Nijar Basin.

Carboneras fault zone

B Betic basement
Il Cabo de Gata volcanics

[ Messinian marlstones

constrained (Bardaji et al., 1997; Aguirre, 1998). The
Almeria-Nijar Basin is fringed by the Mediterranean Sea
at its southern side; is bounded to the north and west by
uplifts of the Betic basement; and is delimited to the east-
southeast by the outcrops of the Cabo de Gata Neogene
volcanic province. The volcanic rocks are partially covered
by Neogene sediments accumulated in satellite basins
that were connected to the Almeria-Nijar Basin at certain
phases of their evolution. The boundary between the Cabo
de Gata volcanic terrain to the south-east and the Betic
basement to the north-west is the CFZ (Figure 1), which
runs along the eastern-southeastern half of the Almeria-
Nijar Basin (Pedrera et al., 2010). The CFZ is a sinistral
strike-slip fault system affecting the whole crust (Pedrera
et al., 2010). It is one of the shear zones that accommodate
the convergence between the African and Iberian plates
in the south-eastern Iberian Peninsula since the Late
Miocene (Borque et al., 2019). This compressional regime
in the Betic Cordillera with a north-west to south-east
convergence started in the Tortonian and continued to the
Present (Serpelloni et al., 2007; Koulali et al., 2011). The
CFZ consists of a series of subvertical fractures that de-
limit an up to 2km wide shear zone, which is divided into
depressions and topographic highs. In most of its length,
the CFZ has an N50E orientation and slightly bends to
an N60-65E orientation at its north-eastern extreme. The
Rio Alias Strait deposits crop out near and in the CFZ
(Figures 2 and 3), overlying an erosion surface carved in
pre-evaporitic Messinian marls, Messinian gypsum, Cabo
de Gata volcanics and Betic basement. The strait deposits
change laterally to shallow-water sediments (silty sand-
stones and packtones to rudstones) of the Almeria-Nijar
Basin. On the other hand, the northern margin of the
basin is delimited by the lateral-oblique Polopos fault zone
(Giaconia et al., 2012), a dextral fault system that runs

[[III] barnacle rudstone

sandstones and rudstones
- with cross-bedding

[Z=] lateral conglomerates

strait deposits
Early Pliocene

B8 closing conglomerates

north of the Rio Alias Strait deposits, bounding Sierra de
Cabrera, an anticlinal uplift of Betic basement (Figure 1).
These two transpressive fault systems influenced the loca-
tion and evolution of the strait and afterwards affected its
infilling deposits. The evolution and final closure of the
strait was also controlled by the uplift of Sierra Cabrera.

4 | RESULTS

4.1 | Facies

Lithology, the nature of biogenic components in the case
of carbonates and grain size were used to distinguish
10 major facies (F). Stratal geometries and sedimentary
structures allow subfacies to be separated within five of
them (Figures 4 through 8).

4.1.1 | F1. Cross-bedded barnacle rudstone

This is a rudstone of granule to pebble-sized, rarely
cobble-sized up to 8cm long, barnacle fragments with
rare bivalve bioclasts and occasional to abundant peb-
ble to cobble-sized, up to 20 cm, terrigenous clasts from
Messinian marlstone and sandstone, scarce carbon-
ates of the Alpujarride basement, and rare volcanics
(Figure 4B). Barnacle clasts are angular to subangular
while terrigenous clasts are rounded, some of them bio-
eroded. Locally clusters of several barnacle individuals
can be observed. These deposits exhibit roughly defined
trough cross-bedding (Figure 4A,B) with troughs sev-
eral metres high and a few tens of metres in length, and
foresets pointing mainly to the west. The terrigenous
clasts are more abundant at the base of the section.
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FIGURE 4 (A-C)Cross-bedded barnacle rudstone facies F1. (A) Roughly defined trough cross-bedding. Person is 185cm tall.

(B) Clasts of Messinian marlstones (red arrows) occur dispersed among barnacle fragments, which are the only bioclasts. Note the rough
cross-bedding. Base of El Llano de Don Antonio section. Coin diameter is 23 mm. (C) Neptunian dyke cutting the barnacle rudstone. Two
phases of dyke filling can be observed. The first one, mainly consisting of sandstone (arrow) is cut by a second one composed of barnacle
rudstone. Base of El Llano de Don Antonio section. Compass case is 8 cm wide. (D) Cross-bedded barnacle/bryozoan/bivalve rudstone facies
F2. Fragments of barnacles (yellow arrows), nodular bryozoans (red arrows) and bivalves (blue arrows) are mixed with varying proportions

of terrigenous clasts (green arrow). El Llano de Don Antonio section. Maximum finger width is 20 mm.

Centimetre to decimetre-wide neptunian (depositional)
dykes cut the cross-beds and are filled by barnacle rud-
stone, usually finer in size than the rudstone at the dyke
walls (Figure 4C), or sandstone rich in bioclasts, mostly
planktonic and small benthonic foraminifers and echi-
noid fragments. The dykes are sealed at their top by
overlying cross-bedded rudstone.

Facies interpretation

Trough cross-bedding suggests accumulation in subma-
rine 3D dunes migrating in a dominant eastward direc-
tion. The facies only occur in a narrow belt bounded by
Messianian marlstones and volcanic rocks, from which
the lithoclasts are derived. Their high degree of round-
ness, however, indicates reworking by currents, also evi-
denced by the high degree of fragmentation of balanid
skeletons. Barnacles were virtually the only organisms
feeding bioclasts. They probably grew attached to the
steep strait walls and fell after death to be incorporated
into submarine dunes on the strait floor. Balanids obtain

their food by filtering seawater; consequently, areas with
strong currents are favourable for their development.
The neptunian dykes point to early lithification of the
rudstone at the strait floor and the opening of fractures
in a locally extensive context. The dykes were filled by
sand trapped in them and barnacle bioclasts. This facies
is comparable to the coarse-grained gravel pavements
that commonly mark the zone of maximum current
acceleration in tidal-dominated straits (Longhitano &
Chiarella, 2020).

4.1.2 | F2.Cross-bedded barnacle/bryozoan/
bivalve rudstone

The barnacle rudstone (F1) gradually changes upwards
to a finer-grained rudstone of barnacle fragments with in-
creasing proportions of clasts of bryozoans and bivalves
of calcitic shells (oysters and pectinids) and up to 30-35%
of terrigenous sand-sized grains and granules to pebbles
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of rounded quartz and Messinian marlstone (Figure 4D).
Bioclasts are angular to rounded. This rudstone shows
poorly defined, large-scale trough cross-bedding pointing
to the east and west.

Facies interpretation

Sedimentary structures suggest an environment of for-
mation similar to that of the barnacle rudstone (F1) al-
though submarine dunes forming this facies were also
fed with bioclasts from adjacent shallow-water areas
and not exclusively from the barnacles growing on the
strait walls. The finer grain size suggests longer trans-
port by dune migration and/or a relative decrease in
current energy.

4.1.3 | F3. Cross-bedded bryozoan/bivalve
packstone to rudstone

This is the most common carbonate lithofacies in the
Rio Alias Strait deposits. Fragments of bryozoans and
calcitic bivalves (oysters and pectinids) are the main
components. Echinoid and serpulid clasts are rare to
frequent. Coralline algae also rarely occur as fragments
and locally as nodules (rhodoliths) concentrated in
centimetre-scale layers. Barnacles and small benthonic
foraminifers are also rare components. Terrigenous
components are always present in varying proportions
(frequent to abundant) and transitions from this facies
to sandstones (F6) or pebble conglomerates (F9) with bi-
oclasts are common. Two subfacies can be distinguished
based on the structures.

F3.1 Large-scale cross-bedded. The deposits exhibit
trough and minor planar bidirectional (east-west) cross-
bedding up to 11 m in height and tens to a few hundreds
of metres in length (Figure 5A). Although bidirectional
at facies level, east-oriented and west-oriented cross-
beds do not alternate in the study sections but are con-
centrated in particular intervals. Reactivation surfaces
are observed in these large structures and toesets are tan-
gential and occasionally angular. Small-scale planar and
trough cross-beds and ripples are superimposed on some
larger structures (Figure 5B,C). Foresets in these smaller
structures commonly indicate a palaeocurrent direction
opposite to their parent structure (Figure 5B,C). Toesets
changing from tangential to angular are observed
(Figure 5C). Intervals of several decimetres thick plane-
bedded sets of this facies occur locally separating large
cross-stratified bodies. Scolicia bioturbation is wide-
spread. Laminae and beds are defined by different pro-
portions of terrigenous and bioclastic components and
grain size (heterolithic rhythms), generally well-sorted
and segregated within individual laminae and lacking

mud (Figure 5B,C,D). Bundles of bioclastic and silici-
clastic laminae regularly alternate. Alternating thicken-
ing and thinning-upward laminasets are also observed,
in some cases truncated by major changes in foreset
composition (Figure 5B,D).

F3.2 Small to medium-scale cross-bedded. This sub-
facies show trough cross-bedding decimetres to a few
metres thick and metres to few tens of metres wide.
Tangential foresets dominate over local planar foresets.
Palaeocurrent direction points to east and west, either al-
ternating or showing a preferential orientation within the
logged sections. Beds and laminae are defined by changes
in bioclast size and terrigenous proportions, which are
well segregated. The latter can reach nearly 50% in some
beds and merge to sandstones and granule conglomerates
within the same bed. Scolicia traces are common. This fa-
cies commonly alternates in vertical succession with small
to medium-scale trough cross-bedded sandstones rich in
bioclasts (F6.3).

Facies interpretation

F3.1 This facies reflects the movement of large-scale sub-
aqueous bedforms under the influence of high-energy bi-
directional currents, although with a strong dominance of
one transport direction. Its tidal origin is also interpreted
by the presence of bundle (heterolithic) cross-lamination,
reactivation surfaces and superimposed smaller cross-
beds with opposite foreset orientation.

F3.2 These deposits accumulated in subtidal dune
fields moved by marine currents. As they alternate in ver-
tical succession with sandstones rich in bioclasts (F6.3),
the F3.2 deposits probably formed in periods of more re-
duced terrigenous input than in those of F6.3.

4.1.4 | F4. Flat-bedded packstone to rudstone
Planktonic and benthonic (larger and small) benthonic
foraminifers, echinoids, bryozoans and calcitic bivalve
fragments are the main components. Rare coralline algae
and barnacles also occur. Marlstone and sandstone frag-
ments and quartz and mica grains are common. A muddy
matrix is abundant. This facies occurs as decimetre-scale
(15-50cm) beds with flat or slightly erosive, channelised
base, massive to roughly laminated, locally with normal
grading and commonly alternating with silty facies F5 and
massive to flat-laminated sandstones (F6.1).

Facies interpretation

The alternation with siltstones and the laminar to massive
structure suggests that these materials accumulated as low
to high-density turbidite deposits in settings not affected
by high-energy currents. The abundance of planktonic
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FIGURE 5 Cross-bedded bryozoan/bivalve packstone to rudstone facies F3.1. El Llano de Don Antonio section. (A) Large-scale cross-
bedding. Blue lines are major surfaces separating cross-stratified large-scale bodies (see Figure 8 for location). Note sharp truncation at foreset
tops. Palaeocurrent (flood) direction to the SW. (B) The internal structure of large trough cross-beds includes small-scale cross-stratified
bodies migrating mainly in opposing direction (ebb) to the main flow (flood). Foresets are defined by changes in grain size, thickness and
composition. Note the bundled foreset stratification of alternating beds rich in bioclastic (white) and siliciclastic (dark) components.

(C) Close-up view of a small-scale cross-stratified body showing changes in toeset morphology from tangential to angular. (D) Close-up view
of heterolithic rhythms consisting of bioclastic (b) and siliciclastic (s) laminae and interpreted as tidal bundles (sensu Longhitano et al., 2010;
Longhitano, 2011). Thickening-to thinning-upward bundle laminasets that could correspond to spring/neap (S/N) tidal cycles (Longhitano

et al., 2012). Also note variations in the thickness of bioclastic and siliciclastic laminae within both bioclastic and siliciclastic-rich beds.
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foraminifers indicates a deep-water source for the sedi-
ment flows and/or high entrainment of the foraminiferal
tests during the passage of gravity flows and erosion of the
fine-grained substrate.

4.1.5 | Fs5. Siltstones and sandy siltstones
Planktonic and small benthonic foraminifers are common
in addition to fine-grained terrigenous particles. This fa-
cies occurs as two subfacies.

F5.1 Massive siltstones and sandy silts with blocks The
groundmass of fine-grained sediment is structureless ex-
cept for mottled bioturbation. Highly heterometric angu-
lar clasts (up to 80cm in size) from Messinian marlstone
and packstone, which constitute the immediately under-
lying basement, are either dispersed in the silts or concen-
trated in channelised bodies decimetres to a few metres in
thickness and several metres wide (Figure 6A).

F5.2 Laminated siltstones and sandy siltstones interca-
lating packstone to rudstone layers of F4. Bed thickness
ranges between 5cm and 80cm. Lamination is parallel to
bedding and defined by changes in grain size and the pro-
portion of bioclasts (Figure 6A). Bioturbation is common.
Some layers are packstone to rudstone mainly composed
of planktonic foraminifers. Benthonic foraminifers, echi-
noid, bivalve and bryozoan fragments are secondary bio-
clastic components. Bioclastic layers often exhibit erosive
bases. Marlstone fragments, quartz and micas appear in
varying proportions (up to 30-40%).

Facies interpretation
These deposits accumulated in relatively deep-water set-
tings unaffected by high-energy currents. In F5.1 clasts

from the adjacent basement fell into the setting either
isolated and dispersed or in confined flows generated by
mass-transport processes. The laminated F5.2 deposits
probably formed as low-density sediment gravity flows.
Massive F5.1 deposits probably represent the same type
of deposits as F5.2 but the original lamination could be
obliterated by bioturbation.

4.1.6 | F6.Medium to coarse sandstone

These deposits are mainly composed of rounded to sub-
rounded grains of quartz and quartzite, with secondary
mica, feldspar, carbonate and opaque minerals. They con-
tain varying bioclastic proportions and transitions from
sandstone rich in bioclasts to packstone and rudstone rich
in terrigenous grains (facies F3 and F4) are common at
the centimetre to decimetre-scale. Bedding and lamina-
tion are marked by changes in grain size, nature of ter-
rigenous grains and bioclastic proportion. Four subfacies
can be distinguished according to the type and scale of the
structures.

F6.1 Massive to flat-laminated. Lamination is defined
by changes in the proportion of bioclasts and grain size.
Mottled and escape bioturbation is common (Figure 4F).
Laminated beds are up to 40cm thick and no bedding is
observed in massive intervals of this facies, which can be
up to 12m thick. Small ripples (<4 cm thick) locally occur.
This facies commonly alternates with laminated beds
of F4.

F6.2 Large-scale trough cross-bedded. These sand-
stones exhibit large-scale trough cross-bedding up to 5min
thickness and up to 40 m in length (Figure 7A,B). Toesets
are mainly tangential and locally angular (Figure 7A) and

FIGURE 6 (A)The base of La Arboleja section consists of massive siltstones and sandy siltstones with blocks (F5.1). The marlstone
blocks from the Messinian basement occur either dispersed in the siltstone (red arrow) or concentrated in channelised bodies (blue
arrow). Massive siltstones change upward to laminated siltstones (F5.2) (black arrow). Person is 190 cm tall. (B) Escape bioturbation in flat
laminated medium sandstones (F6.1). La Arboleja section. Maximum finger width is 22 mm.
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FIGURE 7 (A, B) Large-scale trough cross-bedded sandstones F6.2. Molino de Arriba section. (A) Large-scale cross-stratified body
exhibiting tangential to angular toesets. Palaeocurrent direction is to the West. (B) Bioclasts occur in varying proportions and concentrate

at the base of troughs (black arrows) and in burrows (red arrows). (C) Close-up view of medium-scale cross-bedded sandstone F6.3 showing
bundle heterolithic stratification formed by alternating bioclastic (b) and siliciclastic (s) laminae. Thickening to thinning-upward laminasets
suggest spring/neap (S/N) tidal cycles (Longhitano, 2011; Longhitano et al., 2012). Molino de Arriba section. Coin is 2.3 cm in diameter.

(D) Small-scale cross-bedded sandstone F6.3 exhibiting bidirectional foreset migration. Packstone to rudstone laminae can be locally
abundant forming heterolithic bioclastic-siliciclastic (b-s) lamination that can be interpreted as tidal bundles (Longhitano, 2011; Lomghitano
et al., 2012). Loma de la Cafiada section. Keys are 8 cm in length. (E) Hummocky cross-bedded sandstones F6.4. Zoomed inset shows rough
lamination. Molino de Arriba section. Hammer is 33cm long.

their migration direction is bidirectional towards the east ~ cross-bedding (locally planar) is pervasive (Figure 7C).
and west. Foresets in these structures have tangential and angu-

F6.3 Small to medium-scale trough cross- lar toesets, sometimes with changes between them in
bedded. Metre-scale bidirectional (east-west) trough the same cross-bedded body. Laminae are frequently
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FIGURE 8 (A)Medium-scale trough cross-bedded granule conglomerates F7.2 underlying clino-bedded pebbly conglomerates F9.2 that
prograde southward. Barranco del Malo section. Person is 185cm tall. (B) Matrix-supported pebbly conglomerate F8 rich in bioclasts. Note
rough cross-bedding in the upper half of the picture. Base of Barranco del Malo section. Hammer is 33 cm long.

defined by different and well-segregated proportions of
bioclastic and terrigenous components forming a reg-
ular bundle (heterolithic) lamination (Figure 7C,D).
Alternating thicker and thinner foreset laminae are also
observed (Figure 7C). Laminae and beds of rudstone,
with concentrations of bivalve and bryozoan bioclasts
are occasional to common. Rudstone beds usually show
irregular bases and normal grading. Bioclasts can also
be concentrated in bioturbation traces. Packages, sev-
eral metres in thickness, dominated by either medium
or coarse sand alternate throughout the succession. This
facies also alternates with F3.2.

F6.4 Hummocky cross-bedded. Coarse sandstones
with granules, small pebbles and large bioclasts with
an erosional base and exhibiting simple, isotropic hum-
mocky cross-bedding (Figure 7E). Individual beds are
10-25cm thick and are roughly laminated (Figure 7E),
with dipping angles of <15°. This facies occurs only
locally intercalated within trough cross-bedded sand-
stones (F6.2).

Facies interpretation

F6.1 The occurrence of this laminated facies alternating
with F4 suggests a similar origin as turbidity flows accu-
mulated in areas not significantly affected by currents.
The relative proportions of bioclasts in the flow source
marked the transition from F6.1 to F4. Massive intervals
of this facies are interpreted as turbidite flows of higher
density than those of laminated deposits.

F6.2 Sedimentary structures are similar to those in
F3.1 packstones and rudstones and suggest a similar or-
igin, that is, large dunes moved by high-energy currents,
although in a relatively more siliciclastic setting. A tidal
origin is interpreted based on the palaeocurrent migration
reversal and heterolithic bundles.

F6.3 This subfacies formed in subtidal dune fields fed
by mixtures of terrigenous particles from the surrounding
highs and varying amounts of bioclasts produced on the
dune fields or in adjacent shallow-water areas being hy-
draulically mixed.

F6.4 Hummocky cross stratification is indicative of
short-term periods of storm waves temporarily influenc-
ing or reworking the top of the dune fields, thus indicat-
ing a relative depth close to the storm wave base level.
Concentration of larger lithoclasts and bioclasts on an ero-
sive basal surface is also characteristic of storm deposits.

4.1.7 | F7.Granule conglomerate

This is a clast-supported conglomerate of granules of
quartz and quarzite within a sand matrix. Two subfacies
can be separated according to the scale of the structures.

F7.1 comprises granule conglomerates with large-scale
cross-bedding pointing to the west. Rounded fragments of
bryozoans, coralline algae, echinoids, bivalves and marl-
stone are rare to common.

F7.2 consists of granule conglomerates with bidirec-
tional (east-dominated) small to medium-scale cross-
bedding (Figure 8A). Rare to common bioclasts of bivalves
(oysters and pectinids) and balanids occur among the
terrigenous clasts. They also appear concentrated in thin
beds (a few decimetres thick) with erosional bases and
normal grading.

Facies interpretation

F7.1 Large-scale dunes transported coarse-grained sedi-
ment under the action of high-energy currents. Their
occurrence intercalated between carbonate-dominated fa-
cies F3 (see Section 4.2) points to a higher sediment input
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to the strait axis or reduced carbonate production in local
factories.

F7.2 The clasts fed from the basement highs by fan
deltas were reworked and incorporated in submarine
dunes together with varying proportions of bioclasts.
Beds of shell concentrations could result either from
high-density currents entering the shallow-water strait
or from storm events (Schmidt & Seyfried, 1991; Bressan
et al., 2013).

4.1.8 | F8. Matrix-supported pebbly
conglomerate rich in bioclasts

This facies consists of poorly sorted granules to pebbles
(and rare cobbles up to 10cm in size) in a matrix that var-
ies from packstone to sandstone with a muddy matrix even
at the thin section scale, depending on the relative propor-
tion of bioclasts and terrigenous grains, which are poorly
segregated (Figure 8B). The clasts can be dispersed in the
matrix or concentrated in poorly defined lenses several
centimetres thick and some decimetres wide. Bioclasts is
derived mainly from bivalves, barnacles, echinoids and
planktonic and benthonic (larger and small) foraminifers.
These deposits show a rough small to medium-scale cross-
bedding marked by clast lenses (Figure 8B).

Facies interpretation

This facies is interpreted to be the result of fluvial sheet
flows or hyperconcentrated flows entering a shallow-
marine area in a fan delta setting at the toe of the ante-
cedent relief of Sierra Cabrera. The clasts provided by the
initial phases of the fan delta mixed with bioclasts during
their emplacement and were later reworked in a subtidal
setting. Poorly developed cross-bedding and coarse-
grained matrix content suggest a position at the strait
margin where the tidal current strength was dissipated by
friction.

4.1.9 | F9. Pebbly conglomerate

This facies comprises a clast to matrix-supported con-
glomerate of rounded to subrounded granules to pebbles
in a sandstone matrix. Minor cobbles up to 10cm and
coarse sandstone intervals can locally occur. Most terrig-
enous clasts are quartzite with secondary dolostones and
schists from the Betic basement in Sierra Cabrera. Pebble
to cobble-sized bioclasts are rare to common, locally
concentrated in thin (<10cm) lenses. They are mainly
fragments of bivalves, bryozoans, barnacles, echinoids,
coralline algae and benthonic foraminifers. The matrix is
similar to the coarse sandstone lithofacies F6.

Two subfacies can be distinguished:

F9.1 Small to medium-scale trough cross-bedded. The
matrix can locally be a rudstone similar to facies F3. Shell
concentrations occur as decimetre-scale lenses with irreg-
ular bases and rough normal grading.

F9.2 Clino bedded. They occur in foresets that dip 10-15°
generally southwards (Figure 8A), becoming nearly horizon-
tal (topset) upslope. Beds are generally thin, centimetres to
a few decimetres thick, with planar or slightly erosive bases
and parallel lamination in the finer-grained lithologies.
Ripples migrating to the west can locally be observed. Some
intervals show decimetre-thick, amalgamated channelised
beds, which include the coarsest and heterometric clasts up
to cobble size. Bioclasts occur dispersed among the terrige-
nous clasts or concentrated in beds with erosional bases, a
few decimetres thick and few metres in lateral extent.

Facies interpretation

These conglomerates were deposited in small coarse-
grained deltas at different locations at the toe of the ante-
cedent relief of Sierra Cabrera to the north.

F9.1 The trough cross-bedding indicates reworking
of the pebbly conglomerates incorporated in submarine
dunes. Terrigenous grains mixed with abundant biogenic
particles produced by invertebrates and coralline algae in
the delta front and adjacent shallow areas.

F9.2 The clinobeds represent the delta foresets rel-
atively unaffected by marine currents. They reflect ei-
ther a marginal strait location (lateral conglomerates in
Figures 2 and 3), lower current strength able to mobilise
coarse-grained sediments and/or strait closure (closing
conglomerates in Figures 2 and 3).

In both subfacies, shell beds probably accumulated
during storm or sheet-flood events.

4.1.10 | F10. Breccia of volcanic pebbles to
boulders in a sandy matrix

This is a poorly sorted clast-supported breccia of angular
clasts from the immediately underlying volcanic base-
ment. This facies forms wedge-shaped deposits up to 3m
thick that pinch out against the substrate. The matrix
among the clasts is a sandstone with abraded bioclasts of
bivalves, bryozoans and minor coralline algae.

Facies interpretation

The angularity of the clasts, their clast-supported tex-
ture and their lithological affinity with the underlying
basement rocks and the wedge shape suggest accumu-
lation at a rocky shore of clasts fallen from the emer-
gent underlying basement (Semeniuk & Johnson, 1985;
Gupta & Allen 1999; Sola et al., 2022), as the shoreline
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retreated with a relative sea-level rise reflected by the
onlapping of Pliocene sediments on the Cabo de Gata
volcanics at the southern margin of the Rio Alias Strait.
Accumulation in subtidal settings is evidenced by in-
vertebrate and coralline algal bioclasts mixed with the
volcanic clasts.

4.2 | Outcrop localities

4.2.1 | Eastern sector

In this sector, the Lower Pliocene deposits related to the
Rio Alias Strait unconformably overlie Messinian marl-
stones and breccias at the north-western side of the out-
crop and onlap volcanic rocks to the south (Figure 3).
The fine-grained deposits cropping out close to the
shoreline (La Galera beach; Figure 2) contain plank-
tonic foraminifers indicative of an Early Pliocene age
(Aguirre, 1998).

Loma de la Cafiada section

The base of the section is located at the southern slope of
the Alias river valley at 600 m from the La Galera beach
(Figure 2). The lower 10.5m strait deposits at this sec-
tion consist of thick bedsets of simple, east-west oriented
trough cross-bedded conglomerates (F9.1) with common
pebble-sized bioclasts including pectinids, oysters, bryo-
zoans and rhodoliths (Figure 9A). The clasts are made
of quartzites and secondary dolostones evidencing their
provenance from the antecedent upland of Sierra Cabrera
to the north. The matrix is coarse sandstone to rudstone
due to varying proportions of terrigenous grains/bioclasts.
The overlying 105m comprise alternating bed packages
of pebbly conglomerates (F9.1), granule conglomerates
(F7.2) and medium to coarse sandstone (F6.2), all of
them with varying proportions of bioclasts, usually con-
centrated in laminae and beds. These deposits exhibit
decimetre to metre-scale simple, mainly east-oriented
trough cross-bedding except for the medium sandstones,
probably due to their poor exposure. Grains are mainly
of quartzite from the Betic basement in Sierra Cabrera.
The upper 25m include cross-bedded rudstones (F3.2)
with common to abundant quartzite pebbles and simple
cross-bedded medium packstones (F3.2). Bioclasts in F3.2
are mainly pectinid and oyster fragments, with secondary
bryozoans and coralline algae.

Carboneras N section. The base of the section is located
at the northern edge of Carboneras by the road to Mojacar
(Figure 2). The base of the Pliocene deposits is a breccia
of volcanic pebbles to boulders in a siliciclastic sandy
matrix with bioclasts (F10) (Figure 9B). The breccia varies
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from decimetres to a few metres in thickness filling an
irregular surface on top of the volcanic basement, which
locally includes a different breccia, the “bréeche rouge
of Carboneras” (Montenat et al., 2000; Krautworst &
Brachert, 2003). Similar breccias overlying the Cabo de
Gata volcanics range in age from Late Miocene to Early
Pliocene in localities in which their age can be constrained
either by radiometric ages of underlying volcanics or by
biostratigraphic ages of overlying fine-grained sediments
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(Serrano, 1992; Brachert et al., 2002; Martin et al., 2003).
At the Carboneras section, the breccia at the base (F10)
is overlain by medium sandstones (F6.3) that change
laterally (eastward) to finer-grained silts (F5.1) dated as
Early Pliocene by planktonic foraminifers (Aguirre, 1998).
These medium sandstones are arranged in a 19m thick
stratal package and show a varying bioclastic content, close
to 40% in some beds. Bioclasts range from sand grade to
pebbleinsize and canlocally be concentrated in thin lenses.
Beds are centimetres to decimetres thick and exhibit small
to medium-scale (planar) trough cross-bedding pointing
mainly towards the east. Scolicia traces are common on
bed surfaces. The sandstones pass gradually upwards to a
15m thick rudstone interval (F3.2) with rare to common
sand-sized terrigenous grains. Bioclasts are mostly
bivalve fragments (pectinids and oysters) and secondary
bryozoans and barnacles. The rudstones show a poorly
defined, small to medium-scale, bidirectional (east-west)
simple trough cross-bedding. They find up to a 18 m thick
packstone strata (F3.2) with small to medium-scale simple
trough cross-bedding in the lower part pointing towards
the south-west, although no structures can be observed in
the top 15m due to vegetation cover.

Architecture and palaeocurrents. The cross-stratified
strait deposits in the eastern sector form a coarse-grained
siliciclastic and mixed siliciclastic-carbonate succession
between 55m and 145m thick that resulted from the
vertical accretion of small to medium-scale, simple, mostly
3D dunes with tangential foresets. Sediments in the Loma
de la Cafiada section were fed by a small fan delta sourced
from Sierra Cabrera. Palaeocurrents obtained from cross-
bedded foresets and trough axes indicate an asymmetrical
(east-dominated) bidirectional migration of submarine
dunes. These features are consistent with the accumulation
of the Lower Pliocene deposits at the eastern sector in a
dune-bedded strait zone sensu Longhitano (2013).

4.2.2 | Central-east sector

El Llano de Don Antonio section

The section is located west of the El Llano de Don Antonio
village, on the northern side of the Alias river valley
(Figure 2). The basal Pliocene deposits unconformably
overlie Messinian marlstone with intercalated diatomitic
marlstone and turbiditic packstone beds. The Pliocene
succession here is up to 135m thick. The logged strati-
graphic column, about 90m in thickness, begins with a
10m thick, trough cross-bedded barnacle rudstone (F1)
(Figure 10A). Pebble to cobble clasts from the basement
are concentrated in the lowest metres. The bioclast size
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FIGURE 10 Stratigraphic columns of sections in the central-
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rd-g, rudstone-granule conglomerate; pcg, pebbly conglomerate.

decreases in the following 4.5m composed of barnacle-
bryozoan-bivalve rudstone (F2). After a 12m thick inter-
val of granule conglomerate with frequent bioclasts (F7.1),
the succession is dominated by rudstone (F3.1) with vary-
ing proportions (rare to abundant) of terrigenous grains,
mainly quartz and quartzite. Thinner bodies, up to 3m
thick, of pebbly conglomerates intercalate in the rudstone
(F9.1). All these deposits exhibit large-scale cross-bedding
indicating an east-dominated palaeocurrent direction.
Overlying an erosion surface, the topmost 18 m of the suc-
cession comprise pebbly conglomerates arranged in clin-
obeds (F9.2) dipping 10-15° southward.

Barranco del Malo section

The base of this section is located about 400m north-
northwest from the El Llano de Don Antonio Section
(Figure 2). The ca 70m thick Lower Pliocene deposits
unconformably overlie Messinian marlstones intercalat-
ing turbiditic packstones (Figure 10B). The base of the
Pliocene succession consists of a matrix-supported pebbly
conglomerate rich in bioclasts (F8), up to 14.5m in thick-
ness. Terrigenous clasts are mostly of Messinian marlstone,
volcanics and dolostone, limestone and quartzite from the
Betic basement. Carbonate clasts are bioeroded by Entobia
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(sponge borings). These deposits are overlain by pebbly
conglomerates (F9.2) with clasts mostly of quartzite and
secondary dolostones, and micaschists. Lenses of bioclast
concentrations are dispersed at different levels. The con-
glomerates change upwards into a 12m thick interval of
granule conglomerates (F7.2) intercalating coarse to very
coarse sandstones (F6.2), both showing small to medium-
scale, east-oriented trough cross-bedding and beds of shell
concentrations. Clusters of the oyster Neopycnodonte
occur as lenses in the sandstones. The upper part of the
section comprises up to 25m of pebbly conglomerates ar-
ranged in clinobeds (F9.2) with slightly erosive bases pro-
grading southwards. As in the underlying units, grains
in these conglomerates are mainly of quartzite from the
Betic basement in Sierra Cabrera.

Architecture and palaeocurrents

The very well-exposed succession of carbonates and
lesser siliciclastics in the Llano de Don Antonio is organ-
ised in trough (locally planar) cross-stratified bodies up
to 14.5m thick (Figure 11). The internal architecture of
these bodies includes simple (2-10.5m thick) and com-
pound (3.3-14.5m thick) cross-bedded foresets dipping
10-25° (commonly between 15° and 20°). The basal sur-
face of dune migration extends a few hundreds of me-
tres over a slightly concave-up discontinuity (Figure 11)

that sharply erodes the underlying foresets (Figures 5A
and 11A). The orientation of the surfaces bounding
cross-stratified bodies can be different from the overly-
ing foresets. Compound dunes comprise 2-3 bedsets and
the height of the foresets between reactivation surfaces is
between 50cm and 11.2m. The reactivation surfaces are
plane to slightly concave and are oriented at 20-50° with
respect to the orientation of foresets. In some cases, major
reactivation surfaces between dune bedsets are overlain
by plane-bedded deposits <1m thick locally changing
laterally to small to medium-scale dunes (Figure 12B).
The smaller bedforms in compound dunes migrate in
the same direction as their larger parent structures. The
dominant migration of both simple and compound dunes
ranges between east-southeast and north-northwest with
a radial distribution either along the downcurrent direc-
tion or the full outcrop locality (Figure 11A). Slightly op-
posite palaeocurrents to the north north-northeast are
subordinated and those with a clear east component in
the large cross-bedded bodies are located at the base of
the section (facies F1 and F2; Figure 10A). Only small
dunes (<40cm thick cross-beds) superimposed onto
larger structures exhibit a clear bidirectional orientation
pattern (Figures 5B,C and 12C).

Although it may change laterally in the migration
direction, large F1-F2 cross-stratified bodies change

2-14.5rri g e L
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2

Compound dunes
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number of large cross-stratified body up-section

4 8 12 16
foreset thickness (m)

___ Bedding
Reactivation surfaces
—— Dune set boundaries

FIGURE 11 Northward-oriented virtual outcrop model of El Llano de Don Antonio section in the central-eastern sector showing large
cross-stratified bodies (set bounding surfaces in blue) that include simple and compound dune foresets (reactivation surfaces in orange).
Histogram shows the foreset height variation of the large bedforms up-section. Palaeocurrent diagrams along an E-W transect (roughly the
orientation of the Rio Alias Strait) (over the 3D model) and for the full section (in blue in the interpreted model). Note the radial distribution
of the palaeocurrents with a dominant westward direction and minor opposite direction. Here, the Rio Alias Strait formed a lobate body or
constriction-related delta (sensu Dalrymple, 2023) accumulated in a dune-bedded zone (see Section 5 for details).
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FIGURE 12 Outcrop view of strait deposits in the El Llano de Don Antonio section (see location in Figure 11; line colour code as in
Figure 11). (A) Large simple dunes migrating westward. Note the sharp erosive contact between the cross-bedded bodies (bounding surfaces
in blue). (B) Close-up outcrop view of large dune sets separated by a plane-bedded interval including small-scale cross-beds. (C) Close-up
outcrop view of a medium-scale compound dune (between dune bounding surfaces in blue) on top of a larger one showing small-scale

bidirectional (herringbone) stratification.

vertically to large-scale simple dunes that are replaced by
smaller compound dunes (Figure 12). These dunes seem
to increase in size up-section, although the poorer lateral
preservation of bounding surfaces in the upper part of the
outcrop prevents confirmation of such size variation.

The S-dipping, coarse-grained, dominantly clino-
bedded conglomerates at the Barranco del Malo section
prograde over terrigenous-dominated, smaller-scale
cross-stratified bodies (up to 2.5m) than in the Llano
de Don Antonio section. Palaeocurrents obtained from
cross-bedded foresets in these smaller structures indi-
cate that the dominant migration of the bedforms is to
the east.

The accumulation of cross-bedded deposits several
tens of metres thick in the Llano de Don Antonio points to
a highly depositional zone consistent with a dune-bedded
strait zone (sensu Longhitano, 2013). The oblique sedi-
ment supply from a coarse-grained delta is indicative of a
strait-margin zone (Rossi et al., 2017; Chiarella et al., 2020;
Longhitano & Chiarella, 2020).

4.2.3 | Central-west sector

La Arboleja section

This section is located at a dogleg of the Alias River, 700m
north-west of the remains of La Arboleja (Figure 2), an old
country house. Pliocene sediments unconformably overlie
Messinian marlstones intercalating turbiditic packstone
beds. The lowest Pliocene deposits consist of siltstones
(F5.1), 9m thick, including debris (up to boulders in size)
from the Messinian basement, either dispersed or concen-
trated in channels (Figure 13). The grain size in the over-
lying succession, 30m in thickness, increases upwards
from flat-laminated siltstones to siltstones (F5.2) interca-
lating thin flat-bedded packstones to rudstones (F4) over-
lain by medium sandstones (F6.1), which in the upper
15m, also intercalate flat-bedded packstones to rudstones
(F4). Sandstones locally show small ripples. These depos-
its are overlain by flat-bedded rudstones (F4; 14 m) locally
with slightly erosive bases, followed by cross-bedded me-
dium sandstones (F6.3; 3m). The upper part of the section
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FIGURE 13 Stratigraphic column of section in the central
sector. Grain-size scale: cs, coarse sand; Ma, marl; pcg, pebbly
conglomerate; rd-g, rudstone-granule conglomerate; slt, silt.

comprises small to medium-scale cross-bedded rudstones
(F3.2), 13.5m in thickness, with a westward-dominated
palaeocurrent direction, and pebbly conglomerates (15m)
arranged in clinoforms (F9.2) dipping southwards.

Architecture and palaeocurrents

The first ca 75m of the mixed siliciclastic-carbonate strait
succession in the central-west sector records an upward
coarsening and carbonate increase capped by very coarse-
grained deltaic deposits. Mass-transport deposits and thin-
bedded turbiditic deposits are replaced by bedsets of simple
cross-stratified bodies that exhibit bidirectional (westward-
dominated) foreset migration. This internal architecture is
indicative of a gradual change in current energy accompa-
nied by enhanced sediment supply from the east and along-
axis sediment reworking. Persistent southward dipping of
deltaic facies is consistent with the general pattern of delta
progradation towards the strait axis observed in other sectors.
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FIGURE 14 Stratigraphic columns of the Molino de Arriba
(A) and Los Santeros (B) sections in the western sector. Grain-size
scale: cs, coarse sand; Ma, marl; pcg, pebbly conglomerate; rd-g,
rudstone-granule conglomerate; slt, silt. Arrow length corresponds
to the size of the cross-bedding (large or small-medium scale).

4.2.4 | Western sector

Molino de Arriba section

The base of this section crops out on the righthand slope
of the Alias river valley near the remains of the Molino de
Arriba mill (Figure 2) and corresponds to the lower part
of the section described by Dabrio (1987). The Pliocene
rocks overlie Messinian marlstones at the north-western
end of the outcrop. The lower part of the section consists
of a 19m thick package of coarse sandstones (F6.1) rich
in bioclasts (Figure 14A), concentrated in some beds and
lenses at the base of trough cross-beds forming rudstones.
Bioclasts also concentrate in burrows. Coralline algal
fragments are frequent in the lower 6.5m together with
calcitic bivalves, bryozoans and echinoids, which are the
main bioclasts in the rest of the interval. These deposits
show medium to large-scale trough cross-bedding (up
to 5m high and tens of metres wide) and medium-scale
planar cross-stratification (F6.1). The prevailing foreset
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migration points to the east in the lower 10m whereas
foresets indicate dune migration both to the east and west
in the upper part of the package. The carbonate content
increases to the north-west, where the laterally equiva-
lent deposits can be described as packstones/rudstones
(F3.1) (calcarenites in Dabrio, 1987). After a lens-shaped
body of large cross-bedded rudstones (F3.1), up to 7m in
thickness, the succession continues with 60m of alter-
nating packages, several metres thick, of medium and
coarse sandstones (F6.2), with varying (rare to abundant)
bioclastic content and lenses of granule to pebble con-
glomerates. Lenses of shell concentrations with irregular
bases also occur dispersed in the sandstones. Bidirectional
(east-west) simple small to medium-scale trough/planar
cross-bedding and ripples can be observed. At 50m from
the base of the section, an interval of coarse sandstone
with granules and pebbles, rich in bioclasts, 1.5m thick,
shows an erosive base and hummocky cross-stratification
at its top (F6.4).

Los Santeros section

This section is in the Los Santeros ravine some 300m
south-east of the top of the Molino de Arriba section
(Figure 2) and is laterally equivalent to the upper part
of the latter section. It consists of alternating packages,
several metres thick, of medium and coarse sandstones
with rare to abundant bioclasts and lenses of granule con-
glomerates (F6.2) (Figure 14B). The sandstones interca-
late packstone and rudstone bedsets, 1.5-6m in thickness
(F3.2). All lithologies show simple small to medium-scale
trough cross-bedding pointing eastwards and westwards,
except for two rudstone intervals (F3.1) at 10m from the
base and in the upper part, which show large-scale trough
cross-bedding pointing westward. The top of the succes-
sion is a pebbly conglomerate with quartzite clasts from
the Betic basement at the northern margin of the basin
(F9.2).

Architecture and palaeocurrents

The internal architecture of the about 90m thick strait
succession in the western sector is dominated by silici-
clastic sandy simple cross-stratified bodies, with inter-
calated carbonate-rich intervals in the upper part. Large
cross-bedding with tangential foresets, locally changing to
planar, dominate the lower and upper part of the succes-
sion (Figure 15A). Foreset inclination is between 15° and
28° and records dune migration over tens of metres. The
rest of the section is pervasively dominated by smaller bi-
directional simple dunes that exhibit a nearly symmetrical
size and abundance distribution, slightly skewed towards
west-oriented. Their tangential foresets are similar to the
larger compound dunes although slightly gentler dipping
(10-25°; Figure 15B). The bedset surfaces are planar and

dip 2-5°. The general palaecocurrent orientation of the
cross-stratified bodies indicates a vertical change in their
migration direction from east-dominated to asymmetri-
cally/symmetrically bidirectional east-west, which is ac-
companied by a change in the size and type of the bedforms
(occurrence of both trough and planar cross-bedding), and
then to west-dominated migration of larger structures.
The thick vertical accretion of these cross-stratified bodies
within a narrow facies belt showing evidence of tidal sig-
nature (e.g. bidirectional foreset migration) is indicative of
a dune-bedded zone (Longhitano, 2013) similar to those
proposed for the eastern and central-east sectors.

5 | DEPOSITIONAL MODEL

Facies analyses, their spatiotemporal distribution in
the study outcrops and palaeocurrent data indicate
that the Lower Pliocene deposits at the north-eastern
end of the Almeria-Nijar Basin accumulated in the
roughly ESE-WNW oriented Rio Alias Strait (Figures 2
and 16). The internal architecture of the strait deposits
in the study sectors, composed mostly of thick stacked
cross-strata, provides evidence for a tidal-dominated
strait setting, which includes bidirectional migration
of simple and compound bedforms (see Section 4.2 for
details). The presence of cross-stratified coarse-grained
deposits (sand and gravel) with bimodal flow patterns
(e.g. herringbone cross-stratification) has traditionally
been considered diagnostic of tidal processes and set-
tings (Dalrymple et al., 1992; Davis Jr., 2012) and used
as an indicator of tidal action in ancient straits (Martin
et al., 2009; Longhitano et al., 2012; Longhitano, 2018b;
Telesca et al., 2020; Gardner & Dorsey, 2021). These
diagnostic features also include larger-scale unidirec-
tional foresets migrating in the direction of the main
tidal current and superimposed smaller-scale cross-
stratified bodies migrating in opposite directions under
residual current (Figure 5B,C). Other sedimentary fea-
tures indicative of a tidal signature in ancient straits
(see Longhitano & Chiarella, 2020 for a review) found
in the Rio Alfas Strait deposits are (1) cyclic and regu-
lar rhythms of lamina-scale and bed-scale segregation
of siliciclastic and bioclastic components (heterolithic
lamination/stratification) (Figures 5B,D and 7C,D),
which are interpreted to represent the transition from
the dominant tidal current to the ensuing slack water
stage (Longhitano, 2011; Longhitano et al., 2012). In
small and medium-scale crossed-beds, these hetero-
lithic rhythms are relatively regular in size (Figure 7C);
(2) cyclic changes represented by thickening-thinning
laminasets in small to large-scale foresets (Figures 5B,D
and 7C,D), which could correspond to spring/neap-like
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- tangential toesets’

FIGURE 15 (A) Outcrop view of the lower part of the Molino de Arriba section showing large-scale cross-bedding pointing eastward

(black arrowheads) and overlying bedsets of smaller scale dunes migrating both eastwards (orange arrowheads) and westwards (yellow

arrowheads). Person is 185 cm tall. (B) Close-up outcrop view of bedsets of small and medium (orange arrowheads) east-dominated dunes.

Planar surfaces (yellow dotted lines) separating cross-beds also dip towards the east. Reactivation surfaces (black lines) and changes in the

toeset morphology are also marked in a medium-scale dune. Hammer is 33 cm long.

tidal cycles as suggested in other ancient tidal set-
tings with mixed siliciclastic-carbonate sedimentation
(Longhitano et al., 2010; Longhitano, 2011; Longhitano
et al., 2012); and (3) changes in foreset geometry from
tangential to angular toesets (Figures 5C, 7A and 15B),
which have been related to the accretion velocity result-
ing from accelerating and decelerating tidal currents,
respectively (Chiarella, 2016).

Dalrymple (2023) has recently brought attention to
the fact that meteorologically generated currents (at-
mospheric or wind-driven) may lead to sedimentary
dynamics in straits similar to those referable to tidal

currents. Water level differences between the two ends
of a strait pushed by these meteorological processes can
potentially lead to reverse flows, especially in relatively
short straits. As a consequence, the sedimentary record
of these intermittent currents might generate sedimen-
tary features similar to tide-generated ones, such as
bidirectional foreset migration, reactivation surfaces
and rhythmic bundles. However, although the mete-
orologically generated currents are observed and/or
modelled in many modern straits (e.g. Asinelli, Bering,
Lombok, Mackinac, Skagerrak, see Dalrymple, 2023
and references therein), their proven impact on the
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FIGURE 16 (A) Sketch illustrating the reconstruction of the Rio Alias Strait during the Early Pliocene based on preserved outcrops (see
Section 5 for details). The pathway of the strait was probably controlled by tectonics as it roughly has the same orientation as the sinistral
N45E Carboneras and the dextral E-W to ENE-WSW Polopos/South Cabrera strike-slip fault systems. A dune-bedded strait zone is the
best represented in the strait. The widening of the strait towards the central sector and eastern and western exits promoted flow expansion
of tidal flood currents and the formation of constriction-related deltas (CRD). MTD, mass-transport deposits; SGF, sediment gravity flow
deposits; TC, turbidity currents. (B) Conceptual cross-section (see location in A marked by the green dashed line from 1 to 1’) showing the
location of the medium- and large-scale dunes in the different strait sectors. Note the absence of bedforms both on the depression between
the central-west and central-east sectors (enlargement of cross-sectional strait area) and the strait-centre zone between the central and
eastern sectors (narrowing of cross-sectional strait area). BM, Barranco del Malo section; CN, Carboneras Norte section; LA, La Arbolea
section; LC, Loma de la Cafiada section; LD, Llanos de Don Antonio section; LS, Los Santeros section; MA, Molino Arriba section. (C)
Conceptual cross-section showing how the progressive fill-up of the central-west depression led to the decrease in the cross-sectional area
and progradation of dunes towards the west. In the western strait exit, large-scale dunes were moved by the flood (westward) current likely

forming a CRD.

ancient record remains uncertain and there are no clear
diagnostic sedimentological criteria to separate their
effects from those of tidal currents. In the case of the
Rio Alias Strait, if the modern climate conditions at
the Carboneras coast (Figure 1; Molina et al., 2019) are
considered as an analogue (e.g. about 24 stormy days

per year of 1-4days duration, of which only two events
are of moderate or higher energy) it would be expected
that the relatively short duration and the number of
storm events and related reversal wind-driven currents
would have generated more irregular cycles (e.g. heter-
olithic bundles) than those observed in the strait record
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(Figures 5B,D and 7C,D). In addition, the fair-weather
periods between storms would have led to bioturbation
of the dune foresets, in particular cross-bedded surfaces,
which is not observed either. By comparison with mod-
ern examples, the occurrence of wind-driven generated
currents in the Rio Alias Strait cannot be discounted,
but their imprints in the preserved record are uncer-
tain. Therefore, even within a microtidal setting such as
the Mediterranean Sea (Chiarella & Longhitano, 2012;
Longhitano et al., 2012), tidal currents played a major
role in the distribution and accumulation of mixed car-
bonate-terrigenous deposits in the Rio Alias Strait.

This interpretation is overall in line (see further discus-
sion in Section 6.1) with the subdivision of the strait into
discrete sedimentary zones following Longhitano (2013)
model, which is based on the distinctive hydrodynamics
across straits and is partitioned into four adjacent depo-
sitional zones: (1) the strait-centre zone that acts mainly
as a by-pass zone; it corresponds to the strait zone with
the most reduced cross-sectional area and thus the
strongest current amplification and acceleration, which
merge into (2) the dune-bedded strait zone (or CRDs of
Dalrymple, 2023) where a bedform continuum develops
as a function of the current strength and represents the
main depocentre; (3) the strait-end zone (or deep ba-
sins between constrictions of Dalrymple, 2023), which
commonly represents the downstream continuation of
the dune-bedded zone and hosts the finest-grained sed-
iments; and (4) the strait-margin zone, which includes
point-source sediment supply to the strait; depending
on the margin gradient it comprises a variety of sub-
environments (e.g. fan deltas, river deltas, canyons and
turbidite channels). The vertically stacked (75-150m
thick), coarse-grained (sand and conglomerate) carbonate
and mixed carbonate-terrigenous successions exhibiting
large-scale cross-stratification in the eastern, central-east
and western sectors are indicative of the existence of a
dune-bedded zone (see Section 4.2 for details), which is
best represented in the Rio Alias Strait. The cross-bedded
facies belt shows an elongated distribution along the main
transport pathways deduced from palaeocurrent analysis.
Coarse-grained terrigenous inputs through fluvial sources
at the northern margin, mass-transport deposits and sed-
iment gravity flow deposits, especially in the eastern and
central sectors are indicative of strait-margin facies. The
finest-grained sediments in the Rio Alias Strait occur in
the central-west sector, which can be assigned to a relative
deep-water depression separating the dune-bedded zones
in the central-eastern and western sectors.

The tidal-driven depositional model developed for the
Rio Alias Strait corresponds to an elongated strait, with
punctual narrows in map view, with multi thresholds along
an ESE-WNW longitudinal profile and a simple channel

with axial-dominated deposition and local lateral supply
in transverse section (Figure 16). Westward-directed flood
tidal currents from the Mediterranean Sea were amplified
and accelerated owing to topographic constraints (both
in width and depth) and the decrease of the strait cross-
section in the easternmost part of the central-east sector
and in transition to the eastern sector, which represents
the strait-centre zone (Figure 16). The very coarse-grained
barnacle rudstones (F1) with large-scale cross-bedding
in the central-east sector (Llano de Don Antonio section;
Figures 2, 4A,B and 10A) suggest peak current velocities of
at least 130cm/s through this narrow area (Ashley, 1990).
Current velocity might have been even higher at the area
of maximum constriction leading to a dune-bare sea-
floor with patchy gravelly deposits as it occurs in modern
tide-dominated straits such as the Cook Strait, Messina
Strait and Minas Passage (Proctor & Carter, 1989; Shaw
et al., 2012; Longhitano, 2018a). Downstream (westward)
from the strait-centre zone, flood tidal currents decelerated
because of flow expansion due to unconfinement and led
to the development in the central-east sector of the dune-
bedded zone with the largest bedforms (Figures 5A, 11 and
10A). Palaeocurrent data in this sector show a radial pat-
tern (Figure 11) that suggests a topographically-controlled
flow expansion to the west leading to the deposition of a
lobate body (e.g. tidal-flood delta in Reynaud et al., 2006) or
CRD (sensu Dalrymple, 2023) formed by the vertical stack-
ing of mostly 3D simple and compound dunes. Although a
progressive down-scaling of the ebb-moved dunes would
be expected towards the west, field data suggest a rather
abrupt change to fine-grained facies accumulated in the
central-west sector (Figure 16). This change could result
from an increase in cross-sectional area due to strait wid-
ening and/or most likely due to the existence of a deeper-
water depression, as in the case of the Tortonian Zagra
Strait in the Betic Cordillera (Puga-Bernabéu et al., 2022;
Figure 16). The strike-slip fault-controlled course of the
strait (Figure 2) very likely conditioned its partitioning in
horst and grabens that exerted a major control on tidal cur-
rent hydrodynamics. Such thresholds also occur in mod-
ern straits located in transform margins such as the Queen
Charlotte Sound-Johnstone Strait (Dosser et al., 2021)
or the Turkish Straits System (Dardanelles Strait, Sea
of Marmara and Bosphorus Strait; Gokasan et al., 2008;
Ferrarin et al., 2018). The deep-water depression hosted
mass-transport deposits sourced from the northern margin
and sediment gravity flows sourced from the large-scale
dunes in CRD to the west and incorporated in the depres-
sion, both lacking evidence of tidal current (Figures 13 and
16). The turbiditic flows are interpreted to have originated
from the collapse of dune foresets during current-reduced
activity or due to flow expansion as a consequence of in-
creased accommodation space at the end of the CRD.
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The relative narrowing of the strait at the western sector
caused the same effect of tidal current amplification on the
ebb current as in the eastern entrance, generating the dom-
inant eastward-migrating large-scale dunes and forming a
likely CRD in the transition to the depression of the central-
west sector, with subordinated west-migrating large bed-
forms (Figures 14, 15A and 16). Decelerated flood currents
in the depression of the central-west sector accelerated again
when reaching the western-sector funnel, leading to the
nearly symmetrical bidirectional (east-west) pattern in the
migration of small and medium-scale bedforms. Towards
the eastern strait exit and after flowing through the strait-
centre narrowing, tidal ebb currents decelerated and moved
simple small to medium-scale dunes forming another CRD
(Figure 16). In contrast to the CRD west of the constriction,
the elongated morphology of the eastern CRD likely re-
sulted from the gradual increase in accommodation space.
In this CRD, eastward-migrating dunes are concentrated in
its central part facing the eastward constriction exit, while
oppositely migrating dunes located preferentially at the
strait margins (Figures 9 and 16). The resulting bidirectional
palaeocurrent pattern suggests that the eastern sector was
located in the transition to the strait-end zone (Longhitano
& Chiarella, 2020), which in this part of the strait would be
located further east. High terrigenous content in the dune
sediments from the eastern sector suggests the presence of
a point-source sediment supply likely similar (fan delta or
delta) to that in the central-east sector (Barranco del Malo
section; Figures 9, 10B and 16).

Upward facies changes in the La Arboleja section
(Figure 13) record a shallowing upward succession and the
increased influence of eastward-directed currents. These
deposits are interpreted as the progressive infilling of the
central depocentre by sediment sourced from downcurrent
extension and progradation of the large CRD to the east
(Figure 16C). As a consequence of the decreasing accommo-
dation over the depression, flow expansion at the western
constriction waned and the formation of the CRD was hin-
dered. Large-scale westward-migrating (flood-dominated)
dunes could indicate intermittent reactivation of the CRD.

6 | DISCUSSION

6.1 | Sedimentary dynamics and
comparison with existing case studies

Straits are sedimentary systems with a wide range of di-
mensions and morphologies characterised by distinctive
sedimentary dynamics where current energy changes, re-
sulting from variations in the hydraulic cross-sectional area,
exert the main control on the sediment distribution pattern
along the strait axis. The fourfold general facies model of

Longhitano (2013), which was initially proposed for as-
sessing tectonically confined tidal straits, can be generally
applied to modern and ancient tide-dominated, meteorolog-
ically or current-dominated straits (see Rossi et al., 2023a,
2023b), although some modern examples deviate from this
model (Dalrymple, 2023). Within the ancient sedimentary
record, the classic model has been expanded by the better
characterisation of strait-margin environments (Longhitano
& Steel, 2016; Rossi et al., 2017; Telesca et al., 2020; Gardner
& Dorsey, 2021; Longhitano et al., 2021; Dalrymple, 2023).
A variation in the along-axis facies tracts was described
by Puga-Bernabéu et al. (2022) in the Zagra Strait (early
Tortonian, Betic Cordillera). Here, a deeper-water depres-
sion occupied the relative position of the strait-centre zone
within the strait system while the dune-bedded zone occu-
pied therelative sills. Such deeper-water depression favoured
current expansion and deceleration due to enlargement of
the strait cross-sectional area and, as in the case of the sill-
located strait-centre zone sensu Longhitano (2013), it was
an area of reduced sediment deposition, but not due to ero-
sional and bypass processes. The Rio Alias Strait holds both
the sill of the classic model (Longhitano, 2013) and the de-
pression of the Zagra Strait (Figure 13), very likely due to its
tectonically controlled configuration. As in the Zagra Strait,
field data suggest the existence of a relatively deep-water
depression (intra-strait depression; Dalrymple, 2023) in the
Rio Alias Strait separating the western and the central-east
sectors (Figure 16), which led to dissipation of tidal current
energy. However, the increase of the cross-sectional area in
the Rio Alias Strait was most likely due only to an increase
in water depth (Figure 16) and not to a combination of water
depth and strait width as in the Zagra Strait (Puga-Bernabéu
et al., 2022). In both considered straits, there is a sharp tran-
sition from the dune-bedded strait zone to the depression,
which suggests the trough was fault-bounded (Figure 2).
In the Rio Alias Strait, outward from the sill between the
central-east and eastern sectors, sediment transport de-
parts towards opposite directions (roughly east-west), but
with an asymmetry in the development of the CRD in both
areas of flow expansion. The largest dunes formed due to
the Mediterranean tidal flood at the western side of the con-
striction (Figures 5A, 11, 12A and 16) while to the east bed-
forms were smaller. The identification in the fossil record of
the precise location of the maximum current amplification
and acceleration within the strait-margin zone is not an easy
task, as erosion due to bottom stress maxima dominates this
zone and it can be quickly buried by thick sequences of cross-
stratified deposits and other sediments (Longhitano, 2018b;
Longhitano & Chiarella, 2020). The location of the Rio Alias
Strait throat is supported by field evidence and it probably
corresponds to the shallowest and narrowest strait area
(Figure 16). The threshold of erosion of submarine bedrock
by tidal currents suggests they may abrade the seafloor but
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it is unlikely that they erode it (Mitchell et al., 2013). In
the Rio Alias Strait, however, erosion could have been fa-
voured by the soft nature of the bedrock (Messinian marls;
Figures 3 and 10) and the existence of a scour depression
(hollow) along the eastern sill as in the modern Golden Gate
Inlet, Hayasui Strait, Northumberland Strait and Minas
Passage (Kranck, 1972; Ikehara & Kinoshita, 1994; Barnard
et al., 2006, 2013; Shaw et al., 2012; Dalrymple, 2023) cannot
be excluded.

6.2 | Water depth estimations in the Rio
Alias Strait

Water depth is an important parameter that influences
the sedimentary dynamics and facies distribution in
straits (e.g. location of constrictions and enhanced flows
and long-term dune size changes) and can be largely
variable along their lengths (Dalrymple, 2023). The scal-
ing of subaqueous dune foreset height (H) with depth is
still the best approach to make first-order estimates of
palaecowater depth (D) in the ancient record (see Bradley
& Venditti, 2017). Widely used H versus D relationships
are those of Yalin (1964) (H=0.167D) or Allen (1982)
(H=0.086D**") (Bradley & Venditti, 2017). Based on
Allen's (1982) scaling relationships (H =0.086D'1"), the
average foreset heights (3m in the western sector and
6m in the central-east sector) of the large-scale dunes
in the Rio Alias Strait yield strait palaeowater depths
of ca 30-50m in the dune-bedded zone. Bradley and
Venditti's (2017) approach (D=6.7H and their uncer-
tainty range) suggests palaeowater depths of 20-40m for
the Rio Alfas Strait within an uncertainty range boundary
of 50% (scaling factor of 4.4-10.1) of 13-60m. The largest
simple dunes (ca 10m in height) would yield maximum
palaeowater depths of 67 m in the dune-bedded zone. It is
worth highlighting that these estimates might be biased
(up to 40%; Longhitano et al., 2014), as the foreset height
must be considered the minimum preserved dune height.
Within the ancient record, the Rio Alias Strait was likely
deeper than the late Miocene Midway strait (ca 25m;
Gardner & Dorsey, 2021) in the south-western USA and
slightly shallower than the Mediterranean Tortonian-
Messinian Logudoro seaway, which might have reached
ca 150m at the end of its transgressive infilling (Telesca
et al., 2020). Water depth estimates in the Rio Alias Strait
are on the order of other microtidal Mediterranean straits,
such as the lower Pleistocene Mediterranean Catanzaro
(30-80m; Longhitano et al., 2014) and Messina (35-75m;
Longhitano, 2018b) straits. Note that in these straits,
the authors took into account an increment between 30
and 40% of the foreset height measured in the outcrops
to obtain a reliable estimate of the primary tidal dune. In

a closer realm within the Betic Cordillera, marine straits
connecting the Mediterranean Sea and the Atlantic during
the Miocene host larger dunes (foreset height commonly
between 10m and 30m; Martin et al., 2001, 2009, 2014;
Betzler et al., 2006; Puga-Bernabéu et al., 2022) and, there-
fore, they were deeper (i.e. average palacowater depths of
ca 70-200 m). Compared with modern straits, water depth
approximations for the Rio Alias Strait are similar to the
Golden Gate Inlet where large-scale dunes up to 10m high
move coarse sand to small pebbles along a marine corri-
dor ca 5km long and 1.5-3.5km wide at water depths of
30-106 m (Barnard et al., 2006, 2013, 2013). In addition,
the CRD at the western exit of the scoured strait throat
where the largest dunes developed is akin to the Rio Alias
Strait analogue.

Water depth is critical in shallow-water (<100 m water
depth) straits as high-amplitude sea-level fluctuations (e.g.
during the Late Pleistocene; see Rossi et al., 2023a, 2023b
and Dalrymple, 2023 for a review in modern straits) lead to
strait emersion and exposure to subaerial processes during
relative sea-level falls (Emmel & Curray, 1982), and fluvio-
estuarine to estuarine sedimentation during the later
transgression (Kranck, 1972; Roberts et al., 2011). During
the Early Pliocene, high-frequency sea-level fluctuations
were in the range of 20-30m (Miller et al., 2005; Rohling
et al., 2014). Diagnostic features of subaerial exposure
(such as soil intervals and/or karstification surfaces) are
not observed in the study area. Therefore, sea-level varia-
tions did not produce clear signs of exposure or they were
not high enough to expose the seafloor of the Rio Alias
Strait in subaerial conditions. However, sea-level drops
of such magnitude might have impacted the sedimen-
tary dynamics along the strait by changing the optimal
depth for the generation of large-scale bedforms (Anastas
et al., 2006). The sharply erosional reactivation surfaces
that separate sets of large-scale dunes in the central CRD
(Figures 5A, 11 and 12) might have formed during peri-
ods of relative sea-level falls. High-energy currents result-
ing from the decreased cross-sectional area could have
eroded and bypassed sediment of underlying dunes and
locally generated upper-stage plane beds (Figures 5A and
12B). These plane beds represent the transition to large-
scale tidal bedforms in higher accommodation conditions
such as in the ancient Messina Strait (Longhitano, 2018b).
Lowstand conditions could have also favoured the forma-
tion of sediment gravity flows filling the depression.

6.3 | Grain composition and provenance
in the Rio Alias Strait

Compared with wide straits and seaways, narrow
straits (<35km, Rossi et al., 2023b) are less prone to
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be enriched in carbonate sediments due to the shorter
distance from the terrigenous sources at their mar-
gins (Dalrymple, 2023), especially if they are in tec-
tonically active margins bounded by faults. However,
the Rio Alias Strait deposits comprise a suite of sedi-
mentary facies that indicate biogenic carbonate and
terrigenous sources, which are mixed into various pro-
portions along and across the strait seafloor. A mixed
carbonate-terrigenous (siliciclastic) sediment compo-
sition is a widespread feature found in the majority of
the ancient (Miocene and Pleistocene) strait deposits
in the Mediterranean region (among others, the North
Betic, Dehesas de Guadix and Zagra straits in the
Betic Cordillera; the Bonifacio Strait between Corsica
and Sardinia; the Logudoro seaway in Sardinia, the
Catanzaro, Messina and Siderno straits in the Calabrian
arc); (Martin et al., 2001, 2009, 2014; Betzler et al., 2006;
Braga et al., 2010; Chiarella et al., 2012; Longhitano
et al, 2012, 2014; Longhitano, 2018b; Reynaud
et al., 2013; Rossi et al., 2017; Telesca et al., 2020; Puga-
Bernabéu et al., 2022) and the palaeo-Gulf of California
(Gardner & Dorsey, 2021; O'Connell et al., 2021), as well
as in other older straits, such as those in the Ager Basin
(central Pyrenees) during the early Eocene (Olariu
et al., 2012) or in the Cortina-Tofane area (Dolomites)
during the Late Triassic (Gattolin et al., 2013). The na-
ture of terrigenous sediments in the Rio Alias Strait de-
posits indicates that they were mainly sourced from the
hinterland basement rocks at the northern margin (see
Section 6.3) and were introduced into the strait via flu-
vial and alluvial inputs (Figure 16). Minor terrigenous
supply came from erosion of the basement on the strait
bottom, especially in the central-east sector. Promoted
by the short distance between the strait margins, terrig-
enous sediments were soon reworked by tidal currents,
being hydraulically and compositionally mixed (sensu
Chiarella et al., 2017) with skeletal carbonate particles
and incorporated into the bedforms moving along the
strait.

The biogenic carbonate fraction is variable along
the Rio Alias Strait, being more abundant in the central
and eastern sectors (Figures 9, 10, 13 and 14). Whereas
the abundance of carbonate in the central sector con-
trasts with its distribution in some modern straits with
mixed carbonate-terrigenous sedimentation such as the
Malacca and Singapore straits, where carbonate content
increases towards the strait exits (Keller & Richards, 1967;
Dalrymple, 2023). The biogenic composition dominated
by bivalves, bryozoans and locally by balanids (facies F1,
F2 and F3) points to a dominant heterozoan skeletal car-
bonate production of suspension-feeding organisms. Tidal
currents likely promoted these benthonic communities by
favouring the supply and mixing of nutrients. Although

fragmented and abraded, abundant coarse-grained balanid
remains in facies F1 and F2 point to a parautochthonous
carbonate factory attached to the strait walls close to or at
the maximum constriction area (Figure 16), very likely at
<50m depth (Coletti et al., 2018). This is consistent with
depth estimates from dune foresets heights (see above). A
more ubiquitous bryozoan/bivalve-dominated carbonate
factory could have developed either on the dune surfaces
(Reynaud et al., 2006; James et al., 2014) or on narrow
ramps (e.g. ramp-type wedges in the Pleistocene Messina
Strait; Longhitano, 2018b) at the strait margins distant
from siliciclastic inputs. High-energy currents along the
Rio Alias Strait also promoted the proliferation of burrow-
ing echinoids (Scolicia) on the highly mobile sandy and
gravelly dune sediments as in other Mediterranean straits
(e.g. Catanzaro and Siderno straits; Longhitano et al. 2014;
Rossi et al., 2017).

Most terrigenous clasts in the Rio Alias Strait deposits
are sourced from the antecedent relief of Sierra Cabrera
at the northern strait side, whereas clast provenance
from the Cabo de Gata volcanic reliefs is negligible.
Sierra Cabrera is the youngest upland of the Betic base-
ment in South-East Spain (Braga et al., 2003). Although
the submarine uplift of its antecedent relief conditioned
the distribution of deep-water sediments in the southern
part of the Vera Basin during the latest Tortonian (Braga
et al., 2001), the Sierra Cabrera first emerged in the late
Messinian (Braga et al. 2003). The nature of clasts in the
Barranco del Malo section reflects the continued uplift
of the Sierra Cabrera during the Early Pliocene and re-
veals the sequence of exhumation of the stack of com-
plexes comprising the Betic basement and the incision
of the drainage system in successively deeper tectonic
units. Showing an inverted stratigraphy, the lower 14.5m
of the delta deposits in the section contain clasts from
the Messinian infill of the Almeria-Nijar Basin and from
the Maldguide and Alpujarride complexes, the two upper
complexes in the Betic-basement pile in Sierra Cabrera
(Rondeel, 1965; Weijermars, 1991). In contrast, from that
level upward in the section, most clasts are quartzites
sourced in the Nevado-Filabride Complex which is the
lower complex of the Betic pile and builds the nucleus
of Sierra Cabrera (Rondeel, 1965). Quartzites and minor
micaschists and metabasites from the Nevado-Fildbride
Complex are the main terrigenous components in the
delta of the Loma de la Cafiada section and in the delta
deposits on top of the strait infill in all sectors, which
eventually caused its closure. The regressive strait-fill
succession of the Rio Alias Strait is coherent with the
closure pattern observed in the straits that connected the
Atlantic Ocean and the Mediterranean Sea through the
Betic Cordillera during the Miocene (Martin et al., 2001,
2009, 2014; Betzler et al., 2006; Braga et al., 2010,
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Puga-Bernabéu et al., 2022) as a result of the progressive
tectonic uplift of the cordillera.

6.4 | Palaeogeographical evolution
leading to the strait configuration

The northward, left-lateral movement of the Cabo de
Gata terrain along the CFZ (Keller et al., 1995; Scotney
et al., 2000; Rutter et al., 2012, 2014) approached the
emergent uplands of the Cabo de Gata volcanics to the
antecedent relief of Sierra Cabrera, narrowing the sea-
way connecting the Almeria-Nijar Basin with the main
Mediterranean during the Late Miocene. Although
movement continues today at low rates (Moreno
et al., 2015; Echeverria et al., 2015; Masana et al., 2018),
the main CFZ movements began 11-12Ma and ended
about 6 Ma, that is, at the end of the early Messinian,
according to evidence provided by the stratigraphy of
volcanic rocks related to the fault (Rutter et al., 2014).
The Sierra Cabrera anticlinal high of Betic metamor-
phic basement was itself uplifting and drifting eastward
along the dextral-oblique Polopos fault zone (Giaconia
et al., 2012, 2014). The convergence of both blocks nar-
rowed the connection of the Almeria-Nijar Basin with
the open Mediterranean Sea in a period of complex pal-
aeoceanographic evolution of this area. Although there
is evidence of submarine highs and potentially emer-
gent antecedent uplands of the Sierra Cabrera (Braga
et al., 2001), the lower Messinian marls crop out around
the Sierra de Cabrera basement with no laterally equiva-
lent shallow-water deposits, indicating that deep-water
marine conditions prevailed in the area. The emersion of
the upland took place later, in the late Messinian (Braga
et al., 2003) and continental to shallow marine deposits
with clasts derived from the north fringe of the south-
western slope of Sierra Cabrera were produced (Fortuin
& Krijgsman, 2003; Aguirre & Sanchez-Almazo, 2004;
Omodeo Salé et al., 2012). In contrast, there is evidence
of emergent volcanic highs at the southern margin of
the seaway in the early Messinian (Martin et al., 1996,
2003, 2004). Between marl deposition in the early
Messinian and the accumulation of strait deposits in
the Early Pliocene, the Mediterranean Basin underwent
a major stage of sea-level fall related to the MSC (Hsii
et al., 1977; Rouchy & Caruso, 2006). In the Rio Alias
area, the erosion surface underlying the strait deposits
is related to the basin emersion during the Messinian
crisis, and the succession indicates that the marine
reflooding took place when a linear depression was
already configured. This depression probably was a flu-
vial valley laterally connected to the Almanzora-Alias-
Garrucha canyon, which cuts the slope and continental

shelf off the Alias river mouth and was already incised
in the late Messinian (Ercilla et al., 2022).

The Rio Alias strait deposits overlie Messinian sedi-
mentary rocks and Cabo de Gata volcanics at both sides
of the CFZ system and are delimited by NE-SW faults of
this system and E-W faults. This indicates that the lin-
ear depression was also conditioned by the E-W to ENE-
WSW fault systems bounding the Almeria-Nijar Basin
to the north (Polopos fault zone/South Cabrera fault;
Figure 2; Harvey & Mather, 2015; Giaconia et al. 2012),
which accommodated the eastward movement of the
Sierra Cabrera block. The present-day distribution of
rocks outcropping along the CFZ indicates that it is
structured in a series of subsiding areas and topographic
highs (Boorsma, 1992; Bell et al., 1997). This pattern
probably caused the lateral occurrence along the strait
area of narrow highs in which confined currents accel-
erated and deeper depocentres in which flows expanded
and decelerated, driving the spatial distribution of facies
observed.

7 | CONCLUSIONS

During the Early Pliocene, the Rio Alias Strait was a ca
13km long and 0.5-2km wide, WNW to ESE oriented
marine corridor that connected the microtidal open
Mediterranean Sea and the north-eastern margin of the
Almeria-Nijar Basin in the eastern Betic Cordillera (South-
East Spain). This strait was structurally shaped by the
transpressive sinistral N45E Carboneras fault and the dex-
tral E-W to ENE-WSW Polopos/South Cabrera strike-slip
fault systems. The northward displacement of the Cabo de
Gata volcanic terrain along the fault and the emergence of
the fault-bounded antecedent relief of Sierra Cabrera nar-
rowed the north-eastern end of the Almeria-Nijar Basin.
A linear depression following faults of these systems cut
the Messinian rocks of the Almeria-Nijar Basin and Cabo
de Gata volcanics. This linear depression probably was a
fluvial valley during the MSC and was reflooded in the
Early Pliocene creating a strait with subsiding depressions
and topographic highs. The stratigraphic succession of the
strait deposits records the effect of tidal current amplifica-
tion owing to the narrowing of the cross-sectional area.
The following are the major conclusive remarks achieved
with the present study.

1. The strait succession is composed of 10 facies types
and 12 subtypes, which reflect the compositional
mixing of biogenic carbonates and terrigenous sedi-
ments under the effect of tidal currents. Terrigenous
sediments were mainly sourced from the antecedent
relief of Sierra Cabrera at the northern strait side
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and accumulated principally in fan deltas and river
deltas. The biogenic carbonate fraction includes a het-
erozoan association of suspension-feeders (balanids,
calcitic bivalves and bryozoans) that benefited from
the high-energy hydrodynamic conditions in the strait
and formed carbonate factories at the strait walls,
narrow ramp-type wedges, or developed on bedform
surfaces.

2. The highest current acceleration is recorded by erosion
of the underlying marly basement and conspicuous,
nearly monomyctic, pebble-size, cross-bedded barna-
cle rudstone facies. Depositional neptunian dykes ob-
served in this facies point to early lithification of the
rudstone at the strait floor under the high-energy cur-
rent regime and opening of fractures in a locally exten-
sive context.

3. The main facies correspond to large-scale cross-
stratified bodies up to 15m thick, which form simple
and compound, mostly 3D tidal dunes. The thick (up to
150m) vertical accretion of these cross-stratified bod-
ies is indicative of dune-bedded zones developed in
different sectors along the strait, where cross-bedding
records the migration of dunes in opposite east-west
directions. Only larger-scale dunes exhibit a certain
degree of asymmetry in palaeocurrent directions while
palaeocurrents in medium-scale dunes are mostly
symmetrical.

4. The Rio Alias Strait shows that small straits can develop
complex and pronounced lateral and vertical facies
changes over extremely short distances. The multi-
threshold strait includes two relative sills separated
by a deeper-water depression (>65m deep based on
estimates from the dune foreset height) located in the
central part. The narrowest topographic constraint was
in the central-east sector. Large-scale dune migration
was hindered because of the presence of a depression
and the main constriction in the strait. On the contrary,
dune fields expanded at the two opposite strait enlarge-
ments, forming CRDs. The depression was initially fed
by local lateral supply via mass-transport movements
and sediment gravity flows from the east until the fill-
ing of the depocentre created favourable conditions for
tidal sediment reworking on the seafloor.

5. At the main strait narrowing, westward-directed flood
tidal currents from the Mediterranean Sea were first
amplified and then decelerated downcurrent forming
a lobated body (or CRD) due to unconfinement and
flow expansion. A bedform scaling to smaller east-
dominated dunes occurred upstream towards the east-
ern strait sector, where they formed an elongated CRD
due to a progressive decrease in accommodation. Ebb-
current amplification at the relatively western narrow-
ing and subsequent flow expansion in the transition

to the central depression also generated an elongated
CRD.

6. The sedimentary evolution of the Rio Alias Strait exem-
plifies that narrow, small straits are relatively ephem-
eral geological features and highly conditioned by
the local tectonic context. The nature of the clasts se-
quentially accumulated in deltaic environments at the
northern side of the Rio Alias Strait reflects the contin-
ued uplift of Sierra Cabrera during the Early Pliocene
and reveals the sequence of exhumation of the stack
of complexes comprising the Betic basement. This pro-
gressive uplift favoured delta southward progradation
over the strait axis in all sectors, eventually leading to
strait closure.
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