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Carbonate contourite drifts are poorly documented in the onshore record because of the difficulty of imple-
menting diagnostic criteria for their recognition. Accordingly, little is known about the relative position of car-
bonate drifts with respect to ancient carbonate platforms, seaways and shallow passages within the context of
palaeoceanography. This study presents a fossil example of mixed carbonate-siliciclastic drift cropping out in a
quarry in Osuna (Sevilla province, southern Spain) at the northern end of the Guadalhorce Corridor, a Miocene
strait connecting the Mediterranean Sea and the Atlantic Ocean in the Betic Cordillera. Based on the facies and
sedimentary structures, the studied succession is divided into three units: 1) the lower unit, Unit 1, is a 33-m
thick succession of large carbonate bodies withmega cross-stratification pointing to the southeast and secondar-
ily to the northwest interpreted as a contourite drift; 2) the intermediate Unit 2 is a 0.5–2-m thick terrigenous
conglomerate body eroding the top of Unit 1; and 3) the uppermost Unit 3 consists of a 6-m thick siliciclastic-
dominated succession with herringbone cross-stratification and a dominant direction of the structures to the
northwest interpreted as tidal deposits. The large-scale sediment bodies with mega cross-beds, the presence of
reactivation surfaces with grain-size changes, and the unidirectionality of the structures were diagnostic for
the recognition of Unit 1 as drift deposits. The dominant sedimentary structures pointing to the southeast in
the drift were generated by Atlantic inflow into the Mediterranean. This challenges the classical “siphon”
model for the Atlantic-Mediterranean water-mass circulation pattern for this age. The conglomerates of Unit 2
evidence regional uplift of the southernmargin of the Guadalquivir Basin that promoted a change in the deposi-
tional mode from a bottom-current dominated (Unit 1) to a tide-dominated environment (Unit 3) after the clo-
sure of the Guadalhorce Corridor in the Messinian.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The action of ocean bottom currents induces selective deposition, as
well as sedimentwinnowingand redistribution. Extensive sediment drifts
may form in areas affected by the persistent action of bottom currents.
The external morphology and internal architecture of these deposits
have been widely studied leading to a synoptic classification based pre-
dominately on siliciclastic drifts (Hernández-Molina et al., 2008;
Rebesco et al., 2014; Shanmugam, 2017). Siliciclastic drifts have been re-
ported to record palaeoclimatic and palaeoceanographic conditions at a
higher resolution than pelagic background sedimentation (Rebesco,
2005; Rebesco et al., 2014; Shanmugam, 2017; Stow and Smillie, 2020).

Inmost cases, the identification of a sedimentary succession as a sed-
iment drift relies on the interpretation of reflection seismic data sets
.V. This is an open access article und
where the large-scale geometry is imaged (Anselmetti et al., 2000;
Ercilla et al., 2002; Bergman, 2004; Hernandez-Molina et al., 2006;
Hernández-Molina et al., 2011, 2013, 2014; Betzler et al., 2014;
Chabaud et al., 2016; Lüdmann et al., 2016; Eberli and Betzler, 2019;
Paulat et al., 2019). In some cases, the seismic information can be imple-
mented with sediment information from cores and well-logs
(Hernández-Molina et al., 2013, 2014; Betzler et al., 2016, 2018;
Lüdmann et al., 2018; Eberli and Betzler, 2019; Reolid et al., 2019; de
Castro et al., 2021). However, very few studies deal with the problem
of recognizing contourite drifts in outcrops, where the characteristic
seismic-scale drift geometries are not identifiable (Stow et al., 1998,
2002; Capella et al., 2018; Eberli and Betzler, 2019; Reolid and Betzler,
2019; Reolid et al., 2021; Hüneke et al., 2020; de Weger et al., 2021).
Contourite drift outcrops are, in fact, only scarcely recognised. This gen-
erally resulted in the lack of distinct diagnostic drift features and the un-
derrepresentation of contourite drifts in outcrops (Huneke and Stow,
2008; Rebesco et al., 2014; Shanmugam, 2017; Hüneke et al., 2020).
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The main diagnostic criterion for the identification of contourite drift
sediments in outcrops is the occurrence of bigradational sequences
(Gonthier et al., 1984; Stow and Faugères, 2008). However, this feature
is not observable in muddy or sandy contourites where the homogeneity
of the sediment does not allow identifying changes in grain size
(Shanmugam, 2017; Stow and Smillie, 2020). A high degree of bioturba-
tion is also characteristic of contourite drift deposits, and contributes to
the homogenization of the sediment (Wetzel et al., 2008; Rodríguez-
Tovar and Hernández-Molina, 2018; Reolid and Betzler, 2019; Reolid
et al., 2021; Bialik et al., 2022). In fossil examples cropping out onshore,
carbonate drifts show traction sedimentary structures from lenticular
andflaser bedding tomega cross-bedding,which are considered indicative
of deposition under the action of bottom currents (Stow et al., 1998, 2002;
Shanmugam, 2000; Martín-Chivelet et al., 2008; Hüneke et al., 2020;
Reolid et al., 2021). However, further examples are still needed to have a
good understanding of onshore drift deposits from different settings.

Fossil carbonate drifts are restricted to three main settings: 1) at the
flanks of carbonate banks as periplatform drifts (Mullins and Neumann,
1979; Mullins et al., 1980; Betzler et al., 2014; Chabaud et al., 2016);
2) in seaways separating carbonate banks as detached drifts (Anselmetti
et al., 2000; Bergman, 2004; Lüdmann et al., 2016; Paulat et al., 2019);
and 3) at the down-current end of shallow passages dissecting carbonate
banks as delta drifts (Lüdmann et al., 2018; Eberli et al., 2019; Reolid et al.,
2019). However, little is known about the relative position of outcropping
fossil drifts with respect to ancient carbonate platforms, seaways and
shallow passages (Eberli and Betzler, 2019). The aim of this study is to
present for the first time an onshore example of a mixed carbonate-
siliciclastic drift located at the entrance of a Miocene Betic strait
connecting the Atlantic Ocean and the Mediterranean Sea and to recon-
struct the palaeoceanographic conditions that led to its formation.

The nearly complete separation of the Mediterranean from the At-
lantic Ocean during the late Miocene (Martín et al., 2001, 2009, 2010;
Betzler et al., 2006; Flecker et al., 2015; Tulbure et al., 2017; Capella
et al., 2018; Ng et al., 2021) had a global impact on the thermohaline
ocean circulation and, consequently, on the climate and organic matter
fluxes (Pérez-Asensio et al., 2012, 2013, 2014; Jiménez-Moreno et al.,
2013). In the Betic Cordillera, several straits connected the Mediterra-
nean and the Atlantic throughout the Guadalquivir Basin (Martín
et al., 2001, 2009, 2014; Betzler et al., 2006; Puga-Bernabéu et al.,
2022). The sedimentary infilling of these marine seaways is
characterised by coarse-grained deposits displaying gigantic cross-
stratifications (decametres to hectometres in length), generated by
the intensification of currents in narrow straits. The study area is located
at the northern end of one of these straits at the southernmargin of the
Guadalquivir Basin, in the central Betic Cordillera.

The results of this research will contribute to expand and improve
the existing outcrop criteria for the recognition of contourite drift de-
posits. The sedimentological and palaeontological information shed
light on the bottom current regime and circulation patterns of the an-
cient water masses in the Atlantic/Mediterranean straits during the
Messinian, a period of major palaeocenographic changes in thewestern
Mediterranean leading up to the Messinian Salinity Crisis.

2. Location and geological setting

The study area is located at the southernmargin of the Guadalquivir
Basin, the foreland basin of the Betic Cordillera (Fig. 1; Braga et al., 2002;
García-Castellanos et al., 2002, Larrasoaña Gorosquieta et al., 2019). The
Guadalquivir Basin, with a WSW-ENE elongated triangular outline,
formed by flexural subsidence related to the stacking of thrust units of
the Betic Cordillera caused by the north to northwest convergence of
African and Eurasian plates (Martín et al., 2009, 2014; Larrasoaña
Gorosquieta et al., 2019). The Neogene sedimentary infilling of the
basin was mostly the result of the southeasternwards advancement of
shallow- and deep-water deposits along the axis of the basin
(González-Delgado et al., 2004; Martínez del Olmo and Martín, 2016;
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Reolid et al., 2016a; Martínez del Olmo, 2019). In addition, the stacking
of sediments in the Betic front produced instabilities and collapse of
large amounts of reworked materials, mostly from the Triassic, that
were redeposited in the basin (Martínez del Olmo and Martín, 2016;
Martínez del Olmo, 2019). These olistostromic deposits, the Guadalqui-
vir Olistostromic Unit (GOU), crop out extensively at the southern mar-
gin of the basin and extend up to its axis below the surface (Divar and
Cruz-Sanjulián, 1986). Osuna is a village located at the northern limit
of the outcropping GOU, which there consists of Middle Miocene
whitish-grey diatomitic marls, regionally known as “moronitas” or
“albarizas” (Cruz-Sanjulián, 1975; Divar and Cruz-Sanjulián, 1986).

The abandoned Osuna Quarry is approximately 30 km to the north-
west of the northernmost outcrop of the Guadalhorce Corridor (Figs. 1,
2A), and the section is coeval with the deposits filling this gateway. The
Guadalhorce Corridor was the last active Atlantic-Mediterranean Betic
connection (Martín et al., 2001, 2014). It was a northwest to southeast
trending narrow and shallow strait with an estimated maximum
width of 5 km and a maximumwater depth of about 120 m, developed
in a tectonic linear depression produced by northwest to southeast
faults (López-Garrido and Sanz de Galdeano, 1999; Martín et al.,
2001). All the large-scale sedimentary structures within the
Guadalhorce Corridor, including tabular and trough cross-bedding of
up to 30m in set thickness, are indicative of unidirectional traction cur-
rents flowing towards the Atlantic with a northwest direction (Martín
et al., 2001). The closure of the Guadalhorce Corridor took place in the
Messinian (Martín et al., 2001; Pérez-Asensio et al., 2012).

The studied UpperMiocene deposits of the Osuna Quarrymostly con-
sist of mixed siliciclastics and bioclastic carbonates containing abundant
nodular and branching bryozoans and small benthic foraminifer remains,
with smaller amounts of echinoid, calcareous red algal, and bivalve frag-
ments (Verdenius, 1970). Rhodoliths are also locally present. Two thin
silt beds, 10–15-cm thick, intercalate with the carbonates (Fig. 2B).
These carbonates constitute the Cantera Member of Verdenius (1970),
who emphasised that the absence of planktonic foraminifera prevented
dating the Osuna carbonates. He tentatively correlated the Osuna carbon-
ates with the carbonates extensively cropping out in Carmona (Guadaira
Formation) 55 km west of Osuna. The carbonates at Carmona have been
dated as Messinian (Berggren and Haq, 1976; Aguirre et al., 2015).

2.1. Oceanography and palaeoceanography of the Atlantic-Mediterranean
connection

At present, the Mediterranean Sea connects with the Atlantic Ocean
through the Strait of Gibraltar, where the water mass exchange is
characterised by an anti-estuarine circulation pattern (Wüst, 1961). This
means that lower salinity waters from the North Atlantic (the Atlantic In-
flow Water; AIW) flow superficially eastwards into the Mediterranean,
while dense, saline intermediate and deep Mediterranean waters (the
so-called Mediterranean OutflowWater; MOW) flow westward through
the straits. The present-day interface between both water masses in the
Strait of Gibraltar is located between 180- and 200-m water depth
(Soto-Navarro et al., 2010). However, once the inflow crosses the strait
the interface between the two water masses rapidly reaches depths be-
tween 200 and 300 m (Millot, 2014). The westward currents associated
with the MOW originate a large contourite drift system in the Gulf of
Cadiz, which is >160 km long at water depths below 600 m
(Hernandez-Molina et al., 2006; Hernández-Molina et al., 2011, 2013,
2014). However, there are also contourite drifts developed in theMediter-
ranean part of the Gibraltar Strait related to the inflow of surface water as
is the case of theCeutaDrift (Ercilla et al., 2002). ThisQuaternarydrift has a
minimumwater depth of 200 m, which is consistent with the maximum
depth of the AIW once it exits the Strait of Gibraltar (Soto-Navarro et al.,
2010; Millot, 2014).

During theMiocene, however, the circulation of the twowatermasses,
theMOWand the AIW,was not concentrated through the Strait of Gibral-
tar but distributed in complex system of corridors in the southern part of



Fig. 1.Geological setting. A) Location of the study area in South Spain. Red frame indicates the position of panel B aswell as the location of the Guadalhorce Corridor and the Osuna Quarry
section (white dot). B) Close up of the different geological units cropping out in the surroundings of Osuna (37° 14′ N, 5° 06′ W).

J. Reolid, J. Aguirre, J.N. Pérez-Asensio et al. Sedimentary Geology 439 (2022) 106233
the Iberian Peninsula, the Betic corridors, and in the northern part of
Morocco, the Rifian corridors (Martín et al., 2001, 2009, 2014; Flecker
et al., 2015; Capella et al., 2018; Krijgsman et al., 2018; Ng et al., 2021).
The water exchange between the Mediterranean and the Atlantic during
the early Messinian was characterised by AIW inflow through the Rifian
corridors and MOW outflow through the Guadalhorce Corridor (Benson
et al., 1991; Pérez-Asensio et al., 2012; Flecker et al., 2015; Krijgsman
et al., 2018). This circulation pattern for the Atlantic-Mediterranean
water exchange during the Miocene was named by Benson et al. (1991)
“the siphon model”, and that has been the paradigm up to date.

3. Methodology

In the study area, the mixed carbonate-siliciclastic deposits are ex-
posed in the vertical walls of the quarry front. This allows for three-
dimensional (3-D) observations in the field and on photogrammetric
3

models, but precludes detailed logging of stratigraphic sections. Drone
images were used to obtain a complete view of the whole outcrop, as
well as to observe stratigraphic sections and correlate them (Fig. 2A).
Images were integrated into a 3-D photogrammetric model that was
later studied using CloudCompare V2 (CloudCompare, 2021) and Vir-
tual Reality Geological Studio (VRGeoscience Limited version 2.66.0.0)
in order to estimate dip angle and direction, and thickness of the sedi-
mentary bodies. The Osuna Quarry was also lithologically described
and sampled in the accessible areas.

Foraminiferal assemblages from the size fraction >125 μm were
studied in two silt beds, OSU-1 and OSU-M2 (Fig. 2B; Table 1). Plank-
tonic foraminifera were studied to ascertain the age of the deposits,
and benthic assemblages were used to infer the palaeoenvironmental
conditions. The diversity andmicrohabitat preferences of the benthic fo-
raminiferal assemblages were analysed. The relative abundance of ele-
vated epibenthic species, which are suspension feeders, was calculated



Fig. 2. Osuna Quarry. A) Top view of the photogrammetric model. Red frames indicate the position of the areas shown in Figs. 5, 6 and 7. Yellow dots indicate the position of the samples for
sedimentological analysis. White dots indicate the position of the samples for micropalaeontological analysis. B) Stratigraphic profile of the Osuna Quarry section with the location of the
micropalaeontology samples. C) Cross-section of the Osuna Quarry showing the geometry of the different units and the orientation of the sedimentary structures. Solid thick lines represent
surfaces separating large sediment bodies traced on the photogrammetric model. Dashed lines are the likely continuation of those surfaces. Thinner lines represent the internal structures inside
the sediment bodies. White dots indicate the position of micropalaeontology samples.

Table 1
Benthic foraminiferal assemblages of the studied samples showing the relative abundance (%)
of each species (numbers in brackets). The assemblagewater-depth range (AWDR), estimated
water depth (EWD) (95% confidence intervals in brackets), the planktonic/benthic ratio (P/B),
percentage of transported shelf taxa, number of taxa (S), Shannon-Wiener index (H), domi-
nance (D), and the percentage of infauna, epifauna and elevated epibenthic species are also
indicated.

OSU-1 OSU-M2

Planulina ariminensis (11.2) Cibicidoides wuellerstorfi (18.8)
Cibicidoides wuellerstorfi (10.8) Cibicidoides mundulus (16.2)
Melonis pompilioides (9.2) Cibicides refulgens (11.6)
Globocassidulina subglobosa (7.6) Planulina ariminensis (7.9)
Siphonina reticulata (7.2) Globocassidulina subglobosa (7.9)
Cibicidoides mundulus (5.6) Cibicides sp. (7.9)
Cibicides refulgens (5.2) Cibicidoides sp. (6.1)
Cibicides sp. (4.4) Melonis pompilioides (4.3)
Cibicidoides sp. (4.4) Nodosaria sp. (3.2)
Pullenia bulloides (3.2) Lobatula lobatula (3.2)
Siphonodosaria lepidula (3.2)

AWDR (m): 200–1000 AWDR (m): 200–1000
EWD (m): 427 (307–547) EWD (m): 306 (218–394)
P/B ratio (%): 38.1 P/B ratio (%): 35.9
Transported shelf taxa (%): 18.2 Transported shelf taxa (%): 12.1
S: 31 S: 27
H: 3.0 H: 2.6
D: 11.2 D: 18.8
Infauna (%): 29.1 Infauna (%): 14.1
Epifauna (%): 70.9 Epifauna (%): 85.9
Elevated epibenthic species (%): 41.0 Elevated epibenthic species (%): 41.5
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as a proxy for bottom currents (Lutze and Thiel, 1989; Schönfeld, 1997,
2002a, 2002b; García-Gallardo et al., 2017). The assemblage water-
depth range (AWDR) was established by overlapping the water-depth
ranges of all species from the benthic foraminiferal assemblages. The es-
timated water depth (EWD) is based on a quantitative palaeobathyme-
try calculation using the approach of Pérez-Asensio (2021), which
consists of removing abundant infaunal benthic foraminifera prior to
applying a transfer equation based on benthic foraminiferal water-
depth ranges and presence/absence of species. Furthermore, the per-
centage of transported shelf taxa and the planktonic/benthic ratio (P/B
ratio hereafter) were calculated to infer downslope transport and
palaeo-water depth, respectively (van der Zwaan et al., 1990; Murray,
1991, 2006). Additionally, twenty rock samples were taken for
microfacies analysis on thin sections.

4. Results

4.1. Sedimentary succession

The studied section at the Osuna Quarry comprises a 40-m thick
mixed carbonate-siliciclastic succession (Fig. 2B) that can be subdivided
into three units according to the facies (Fig. 3) as well as the type and
orientation of the sedimentary structures (Figs. 2C, 4, 5).

4.1.1. Unit 1
The exposed part of this unit is 33-m thick from the base of the

quarry to the base of the conglomerate body of Unit 2 (Fig. 2B). The



Fig. 3.Microfacies of the Osuna Quarry. A) Bryozoan nodule surrounded by siliciclastic grains from a Unit 1 rudstone interval. B) Bryozoan (black arrow) and bivalve (yellow arrow) frag-
ments in a mixed carbonate-siliciclastic matrix from a Unit 1 rudstone interval. C) Echinoid spine (green arrow), oyster fragment (orange arrow) and swimming bivalve shell (yellow
arrow) in a dominantly siliciclastic matrix from a Unit 1 packstone interval. D) Bryozoan nodule (black arrow) and oyster remain (orange arrow) from a Unit 1 packstone interval.
E) Red algae nodules (red arrow) in a siliciclastic sand from Unit 3. F) Bryozoan (black arrow) and red algal (red arrow) fragments and abundant siliciclastic grains in a fine carbonate
matrix from a Unit 3 packstone.
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unit consists of a succession of 9 to 10 large sediment bodies, from 5 to
10m in thickness and fewhundredmetres of lateral extension (Fig. 2C).
The facies composition is very uniform, consisting mostly of bryozoan
nodules, echinoid and mollusc fragments (Fig. 3A–C). Siliciclastics,
mostly quartz, are common and range between a 15 % and a 60 %
(Fig. 3C). All the bioclasts present evidence of mechanical abrasion,
such as rounding and smoothing of surface features. Coralline red
algal and oyster fragments can be locally up to 50 % of components
(Fig. 3). Intraclasts are present in some intervals. Carbonate lithofacies
ranges between rudstone (Fig. 3A, B) and packstone (Fig. 3C, D).
Packstone beds are usually lighter in colour than rudstone ones
(Fig. 4A). The contacts between packstone and rudstone are usually
sharp (Fig. 4A). The rudstone beds are poorly sorted and contain silicic-
lastic grains up to 3 cm in size (Fig. 4B), and large bivalve fragments and
rhodoliths both up to 4 cm in diameter. Bryozoan nodules in these beds
can be up to 3 cm in size, but most bioclasts are usually around 1 cm.
Packstone beds have better sorting (Fig. 4C) and exhibit better-
5

developed cross-bedding (Fig. 4D). In any case, cross-bedding is com-
mon in both facies (Fig. 6). At around 22 m and 27 m from the base of
the section there are two 10-cm thick fine-grained beds consisting of
silt with a few dispersed, small bioclasts (Fig. 4E, F). These are the
beds sampled for the analyses of planktonic foraminiferal biostratigra-
phy and benthic foraminiferal assemblages (Table 1).

Since the facies are very homogenous, sediment bodies within the
unit are distinguished based on the displayed structures. Most bodies
consist of planar cross-beds ranging in thickness from 20 to 100 cm
and dipping between 5 and 10° to the S, mostly to the SE and less com-
monly to the SW (Fig. 5). Most of these strata display internal cross-
bedding and cross-lamination also dominantly oriented to the SE
(Fig. 4D)withminor structures apparently dipping towest to northwest
(Fig. 6). There are two bodies, one at the bottom and another in the
upper part of the unit (Fig. 2B, C),with different geometry and sedimen-
tary structures, which are oriented to the west to northwest (Fig. 2C).
The 6-m thick basal body is well stratified with concave-up foresets



Fig. 4. Facies of theOsunaQuarry. A)Reactivation surface (white dashed line) separatingwell-sorted packstone and overlying coarser-grained rudstone inUnit 1. East to the right. Hammer
is 33-cm long. B) Close-up of rudstone facieswith abundant siliciclastic clasts from Unit 1. C) Close-up of packstone facies from Unit 1. Note the homogeneity of this facies in contrast with
rudstone. D) Outcrop photograph of centimetre-scale cross-bedding in packstone from Unit 1. Thewhite dashed line represents a reactivation surfacemarking a change in grain size. East
to the left. E) Outcropphotographof afine-grainedbed (white bracket) intercalated inpackstone facies of Unit 1. F) Detail of thefine-grainedbed (white bracket) intercalated inpackstone
facies of Unit 1 where sample OSU-1 was taken.
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around 40-cm thick, which laterally pinch out to the north (Fig. 7). The
foresets have a minimum of 5° and a maximum inclination of ~15°.
These foresets are erosively cut off at their top by the lowest sediment
body dipping to the SE (Fig. 7). The 4-m thick body at the top of the
unit with sedimentary structures oriented to the N (Fig. 2B,
C) displays planar cross-bedding between 15 and 30 cm in thickness
(Fig. 8). The top of this body is erosively cut by the uppermost south-
dipping body and both are cut by the base of the overlying unit (Fig. 8).

4.1.2. Unit 2
This unit is made up of a 0.5 to 2-m thick conglomerate body that

spreads laterally fornearly 200mand thinsoutnorthwards (Fig. 2B, C). Lo-
cally, it exhibits a poorly developed internal bedding with beds around
0.5-m thick. In its northern part, the conglomerate dips around 5° to the
S (203° SE) and becomes subhorizontal to the southern end of the outcrop
following the morphology of the top of Unit 1 (Fig. 2). The erosive base of
the conglomerate is irregular (Fig. 9A, B). This facies consists of terrigenous
clasts ranging in size from 2 to 5 cm, floating in a coarse-grained mixed
6

siliciclastic-bioclastic sand. The clasts are mostly reddish sandstones and
quartzites and are relatively well-rounded. Some clasts are encrusted by
bryozoans and/or show Gastrochaenolites sp. borings (Fig. 9C).

4.1.3. Unit 3
The uppermost unit is around 6-m thick and extends laterally for

>200m (Fig. 2B, C). Individual beds range between 0.5 and 1m in thick-
ness (Fig. 10). These beds are almost subhorizontal (Fig. 10). This unit
consists of a well-sorted, predominantly siliciclastic (~60 %) fine sand
made upmainly of quartz and feldspar grainswith some bioclastic com-
ponents, mainly bryozoan and echinoid remains (Fig. 3E, F). Where the
carbonate fraction is higher, coralline red-algal nodules and bivalve
fragments are common. Larger benthic foraminifera such as
Nummulitidae and Amphistegina, are also present.

This unit is characterised by the occurrence of herringbone struc-
tures (Fig. 10). The beds show internal cross-stratification dipping be-
tween 4° and 17°, mainly oriented towards 325° NE (Fig. 5). There is a
subordinate cross-bedding component dipping towards 184° S (Fig. 5).



Fig. 5. Orientation of sedimentary structures (67 measurements).
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4.2. Planktonic foraminiferal assemblages

Benthic foraminifera dominate the two samples collected in the
Osuna Quarry, while planktonic ones are scarce and taphonomically
distorted, thus precluding quantitative analysis of their relative
abundance. Planktonic foraminiferal assemblages are characterised
by Neogloboquadrina acostaensis, N. humerosa, Globorotalia scitula,
G. miotumida group, Turborotalita quinqueloba, Globigerinoides extremus,
G. bulloideus,G. cf. conglobatus, and Sphaeroidinellopsis sp. Among keeled
globorotaliids, we found only a few specimens of G. miotumida
Fig. 6. Small-scale structures ofUnit 1. Oscillation ripples of diverse orientation inA) rudstone an
change in grain size. North is located to the left in both pictures.
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(Globorotalia dallii). Globigerinoides bulloideus ranges from the base of
the Messinian to the top of the Zanclean (early Pliocene) (Kennett and
Srinivasan, 1983; BouDagher-Fadel, 2015), suggesting that the Osuna
deposits can likely be assigned to the Messinian.

4.3. Benthic foraminiferal assemblages

The benthic foraminiferal assemblage from sample OSU-1 (Fig. 2B) is
dominated by Planulina ariminensis (Table 1). The most abundant
additional taxa are Cibicidoides wuellerstorfi, Melonis pompilioides,
d B) packstone intervals. Thewhite dashed line represents a reactivation surfacemarking a



Fig. 7. Bottom part of Unit 1. A) Three-dimensional photogrammetric model and B) interpretation of the sediment bodies and their internal structure.
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Globocassidulina subglobosa, Siphonina reticulata, Cibicidoides mundulus
and Cibicides refulgens (Table 1). The assemblage water-depth
range (AWDR) extends from 200 to 1000 m. The estimated water
depth (EWD) gives a more precise palaeo-water depth of around
450 m with an uncertainty from 300 to 550 m (Table 1). The P/B
ratio (38.1 %) and percentage of transported shelf taxa (18.2 %) are
low. Diversity is high according to high S and H and low D values
(Table 1). Infaunal taxa are less abundant (29.1 %) than epifaunal
ones (70.9 %). Among the latter, elevated epibenthic species
represent 41 % of the assemblage.

In the sample OSU-M2 (Fig. 2B), the benthic foraminiferal assem-
blage is dominated by Cibicidoides wuellerstorfi, with Cibicidoides
mundulus, Cibicides refulgens, Planulina ariminensis, Globocassidulina
subglobosa, Cibicides sp. and Cibicidoides sp. as most abundant sec-
ondary taxa (Table 1). The AWDR extends from 200 to 1000 m, sim-
ilarly to sample OSU-1. However, the EWD is lower than in sample
OSU-1, with a value of around 300 m and uncertainty from 200 to
400 m (Table 1). The P/B ratio and percentage of transported shelf
taxa show low values of 35.9 and 12.1 %, respectively. Diversity is
high, but slightly lower than in sample OSU-1 as suggested by
lower S and H, and higher D. The assemblage is dominated by
epifauna, showing less infaunal taxa than sample OSU-1. Elevated
epibenthic species relative abundance (41.5 %) is very similar to
that of sample OSU-1 (Table 1).
8

5. Discussion

5.1. Depositional environment

The three units described herein are the result of different
sedimentary processes. Persistent bottom currents, fluvial
discharge and tides are the main processes shaping the Osuna
Quarry section.

5.1.1. Large sedimentary structures and bottom currents
The first sedimentary body at the base of Unit 1 displaysmetre-scale

concave-up foresets that can be interpreted as the internal structure of
migrating dunes (Fig. 7). The sediment grain size and height of the
foresets suggest that themigrating dunes that formed this bodywas de-
posited by a current flowing towards the northwest at a speed ranging
from 40 to 200 cm/s using the bedform classification of Rebesco et al.
(2014). The truncation of the foreset tops of this body is distinctive of
contourite drift deposits in which changes in the intensity or flow direc-
tion of the bottom current result in such reactivation surfaces
(Shanmugam, 2008, 2017; Rebesco et al., 2014). The truncation of the
lowermost body of Unit 1 is related to the change of flow direction to
the SE (Figs. 2, 7). Similar large-scale sedimentary structures were re-
ported in siliciclastic drifts from the coeval Rifian Corridor in Morocco
(Capella et al., 2018).



Fig. 8. Topmost part of Unit 1, Unit 2, and Unit 3. A) Three-dimensional photogrammetric model and B) interpretation of the sediment bodies and their internal structure.
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Currents flowing to the Swere dominant during deposition of Unit 1
(Fig. 4). Besides the dominant large-scale structures, there are small-
scale bedformswithdiverse orientations (Fig. 6), that can be interpreted
as oscillation ripples formed on the surface of larger dunes migrating to
the south Similar structures were reported from outcrops related to
equivalent settings in Pleistocene straits (Longhitano et al., 2014).
Within this stratigraphic interval with southeast to southwest-
oriented structures (Figs. 7, 8), there are facies changes that can be
interpreted as changes in bottom current speed (Fig. 4A). The sharp
contacts between well-sorted packstone and overlying poorly sorted
rudstone beds (Fig. 4A) can be interpreted as reactivation surfaces rep-
resenting an acceleration of currents, which necessarily exceeded the
speed of 200 cm/s in order to transport sediment larger than 2 mm
(Shanmugam et al., 1993a, 1993b; Stow et al., 2009). Beds with abun-
dant rhodoliths and larger siliciclastic grains (up to 3 cm) were the re-
sult of the fastest currents in the section. In contrast, the two silt beds
record the slowest bottom currents in Unit 1, with an approximate
speed between 10 and 40 cm/s (Stow et al., 2009). This current speed
range is consistent with the percentage of elevated epibenthic species
found in both silt beds, which indicates a near-bottom current speed
of around 35 cm/s using the equation of Schönfeld (2002a), which is
an exponential relationship between the relative abundance of elevated
epibenthic foraminifera and current velocity. The flow direction of the
bottom currents changed to north to northwest during a time interval
in the upper part of Unit 1, returning again to a S direction before its
end (Fig. 8).
9

A persistent bottom current at the northern entrance of the
Guadalhorce Corridor is considered responsible for the formation of the
Osuna Quarry sequence of Unit 1, dominantly dipping to the S (Fig. 2).
The occurrence of large-scale traction structures, the presence of sharp
contacts among facies interpreted as reactivation surfaces and the domi-
nance of the main flow direction deduced from the sedimentary struc-
tures are diagnostic criteria for classifying the Unit 1 of the Osuna
Quarry as a contourite drift (Shanmugam et al., 1993a, 1993b). The bot-
tom currents were persistent in time according to the dominance of uni-
directional structures, eitherflowing to the north at the bottomand top of
the sequence or flowing to the S in the rest of the succession.

5.1.2. Composition and texture of the sediment
The degree of fragmentation and abrasion of the allochems is consis-

tent with the action of strong bottom currents (Martín-Chivelet et al.,
2003, 2008; Longhitano et al., 2014; Rebesco et al., 2014; Lüdmann
et al., 2018; Eberli and Betzler, 2019; Reolid et al., 2019; Longhitano
and Chiarella, 2020). The bioclastic fraction of the facies with abundant
bryozoans, echinoids, molluscs, and red algae is a typical Miocene
bryomol assemblage (Nelson, 1988). Estimated water depths based on
benthic foraminiferal assemblages from the two silt beds within Unit
1 suggest a deep environment with palaeo-water depths ranging from
around 220 to 550 m (Table 1). The abundance of the deep-water spe-
cies C. wuellerstorfi and C. mundulus supports this water depth range
(van Morkhoven et al., 1986; Holbourn et al., 2013; Pérez-Asensio
et al., 2017). Preferential destruction of less-resistant planktonic



Fig. 9. Unit 2. A) Conglomerate body of Unit 2 overlying the packstone facies of the top of
Unit1. The white dashed line represents the erosional base of the conglomerate. B) Close-
up of the conglomerate body of Unit 2 and overlying packstone of Unit 3 (darker sedi-
ment). Hammer is 33-cm long. C) Close-up view of the borings (preserved as a counter
mould in the image) present in some clasts of the conglomerate.
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foraminiferal shells by the action of energetic bottom currentsmight ex-
plain the anomalously low P/B ratio values (Table 1), which are much
lower than values recorded in deep settings (van der Zwaan et al.,
1990; Murray, 1991, 2006). Speeds of 25–30 cm/s are theminimum re-
quired for moving rhodoliths (Marrack, 1999), but higher speeds of at
least 80 cm/s are needed to initiate the movement of rhodoliths around
5 cm in size (Harris et al., 1996). These current-speed values are consis-
tentwith the values inferred from the epibenthic percentage in the ben-
thic foraminifera assemblage (Table 1). The grain size of some of the
bioclasts of the Osuna Drift, especially rhodoliths and some bryozoan
nodules (up to 3–4 cm), suggests that the source area should not be
10
far from the place of final deposition, since it is difficult for bottom cur-
rents alone, without the combined action of turbidity currents, to trans-
port such coarse grains for long distances (Lima et al., 2007; Coletti et al.,
2015; Bassi et al., 2017).

With respect to the siliciclastics, their composition with abundant
quartz and feldspar as well as sandstone lithoclasts indicates that the
most likely source area was to the south, where Triassic materials crop
out (Verdenius, 1970; Cruz-Sanjulián, 1975; Divar and Cruz-Sanjulián,
1986). The Guadalquivir Olistotrome Units formed the main emergent
areas at the time of deposition of Unit 1 (Fig. 1). The Triassic rocks in-
volved in the large blocks of the GOU are sandstone, clay, and gypsum
typical of the Keuper facies (Divar and Cruz-Sanjulián, 1986). The ero-
sion of these rocks provided terrigenous material that reached the
coast by alluvial discharge and was later redistributed in the basin by
bottom currents. The conglomerate body of Unit 2 represents an event
of intense alluvial input in a relatively nearshore shallow environment,
likely related to uplift of the southern margin of the Guadalquivir Basin.
This is consistent with the size of clasts and the presence of
Gastrochaenolites. The uplift hypothesis fits with the regional tectonic
regime of the Betic Cordillera during the late Miocene (López-Garrido
and Sanz de Galdeano, 1999; Galindo-Zaldívar et al., 2019) and explains
the abrupt change from a relatively deep palaeoenvironment controlled
by bottom currents, Unit 1, to a shallow one, Unit 2 and Unit 3.

5.1.3. Tide controlled sedimentation
Unit 3 displays two sets of cross-bedding with different directions, a

dominant dipping to the northwest and a subordinate to the S (Figs. 5,
10). Despite the dominant northward stratification (Fig. 10), the alter-
nation of cross-beddingwith two orientations results in a characteristic
herringbone structure typical of environments dominated by tides
(Davis, 2012). The contacts separating successive beds with internal
structures migrating to the northwest are interpreted as reactivation
surfaces, also indicative of tidal influence (Klein, 1970; Davis, 2012).
These reactivation surfaces separate bedsets with different orientation
of the sediment structures and the same facies, in contrast with the re-
activation surfaces in the drift unit (Unit 1, Fig. 4A)where grain size sig-
nificantly changes at the surface. The grain-size variation at the
reactivation surfaces in Unit 1 resulted from intensification of the bot-
tom currents in contrast with the tidal origin of the reactivation surfaces
in Unit 3. The latter surfaces were generated because the subordinate
current, the oneflowing to the southeast, was not always strong enough
to reverse the direction ofmigrating foresets, but it eroded the sediment
of the upper part of the previous bed producing an erosional surface
(Davis, 2012). The prevalent action of currents flowing to the northwest
resulted in the stacking of 0.5–1-m thick beds with cross-stratification
pointing in that direction (Fig. 10). Only during periods of enhanced
tidal currents flowing towards the S, cross-bedding pointing towards
the southeast developed.

5.2. Palaeogeography and palaeoceanography

Carbonate drifts with fossil assemblages and grain sizes similar to
those of the Osuna Drift are relatively rare (Viana, 2001; Lüdmann
et al., 2018; Eberli et al., 2019; Reolid et al., 2019; Reolid and
Betzler, 2019), in comparison with their fine-grained counterparts
(Stow et al., 1998, 2002; Huneke and Stow, 2008; Betzler et al.,
2014; Rebesco et al., 2014; Bunzel et al., 2017; Reolid and Betzler,
2019; Reolid et al., 2021; Stow and Smillie, 2020; Hüneke et al.,
2020). Contourite drift deposits with coarse-grained concentrations
develop in response to high-velocity bottom-current activity in shal-
low straits, narrow contourite moats, and passageways (Rebesco
et al., 2014; Longhitano et al., 2014; Lüdmann et al., 2018; Eberli
and Betzler, 2019; Eberli et al., 2019; Reolid et al., 2019). We propose
that the Osuna Drift formed at the northern entrance of the
Guadalhorce Corridor that connected the Atlantic Ocean and the



Fig. 10.Detail of the sedimentary structures of Unit 3. A) Three-dimensional photogrammetric model and B) interpretation of the sediment bodies and their internal structure. Thick lines
in Unit 3 represent reactivation surfaces separating beds containing sedimentary structures with the same orientation.
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Mediterranean Sea during the Late Miocene (Martín et al., 2001,
2014). The location of the Osuna Quarry, approximately 30 km to
the northwest of the northernmost outcrop of the Guadalhorce Cor-
ridor (Figs. 1, 11A), and the age of the studied section are consistent
with this interpretation.

The northwest sedimentary structures recorded in the Guadalhorce
Corridor are unidirectionally directed towards the northwest (Martín
et al., 2001). This flow direction of the bottom currents is consistent
11
with the siphon model of Benson et al. (1991), suggesting that the
water exchange between the Mediterranean and the Atlantic during
the earlyMessinianwas characterised by Atlantic inflow (AIW) through
the Rifian Corridors andMediterraneanOutflowWater (MOW) through
the Guadalhorce Corridor (Benson et al., 1991; Pérez-Asensio et al.,
2012). However, the dominance of structures oriented towards the
southeast in the Osuna Drift seems to contradict the siphon model of
Benson et al. (1991). The occurrence of AIW through the Rifian



Fig. 11. Palaeogeography and palaeoceanography at the time of deposition of the Osuna Drift (latest Tortonian-earliest Messinian). A) Palaeogeographic reconstruction after Martín et al.
(2009), including the main flow direction of the Atlantic and Mediterranean currents. GC: Guadalhorce Corridor; RCs: Rifian corridors. B) Close-up of the Guadalhorce Corridor and the
Osuna area with the location of themain outcrops within the Guadalhorce Corridor (afterMartín et al., 2001). The arrow thickness represents the proposed (see text) bottom current pat-
tern during relativehighstandswith a dominance of theMOWthat produced sedimentary structures directed towards the northwest in theOsunaDrift. RB: RondaBasin. C)During relative
sea-level lowstands, the AIW was dominant and sedimentary structures pointing to the southeast developed. D) Likely because of intense uplift, there was a widespread occurrence of
alluvial fans inside the Guadalhorce Corridor (Martín et al., 2001). The general reconfiguration of the area resulted in a change in the style of deposition marked by the conglomerate
body of Unit 2 in the Osuna Quarry. E) The tidal deposits of Unit 3 represent the sedimentation in the Osuna area after the closure of the Guadalhorce Corridor (white dashed line).
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Corridors during the Miocene has been repeatedly reported (Fig. 11A;
Flecker et al., 2015; Capella et al., 2018; Ng et al., 2021), but the Osuna
Drift is the first evidence of Atlantic inflow through a Betic corridor dur-
ing the Messinian.

At present, lower salinity waters from Atlantic (AIW) flow superfi-
cially eastward into the Mediterranean, and dense, saline intermediate
and deep Mediterranean waters flow westward (MOW) promoting
the occurrence of two drift systems related to both opposite bottom cur-
rents, inflow and outflow, in the area of the Strait of Gibraltar at differ-
ent water depths (Hernandez-Molina et al., 2006; Hernández-Molina
12
et al., 2011, 2013, 2014; Ercilla et al., 2002). This can be an analogue
for the opposite directions observed in theOsunaDrift and its coeval de-
posits in the Guadalhorce Corridor.

Hernández-Molina et al. (2014) already stated that relative sea-
level fluctuations related to glaciations or regional tectonics during
the Quaternary might result in variations in the intensity of the
MOW and its expression in the sedimentary record. It was proposed
that the MOW is weaker during lowstands (Nelson et al., 1999;
Hernández-Molina et al., 2014). Relative sea-level changes, which
were common and of significant amplitude during the Messinian
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(Reolid et al., 2016b), together with the deepening of the interface
between two water masses at the exit of a strait (Millot, 2014), can
explain the different bottom current directions recorded in the
Osuna Drift. During relative sea-level highstands, dense saline bot-
tom waters flowed from the Messinian through the Guadalhorce
Corridor and then descended until reaching the deeper environment
at the exit of the strait, where bottom currents generated the north-
west migrating dunes found at the bottom of the Osuna Quarry
(Figs. 2, 7, 11B). When the sea level was relatively lower, at water
depths from around 220 to 550 m of water depth (Table 1), the
AIW currents were enhanced in the Osuna area resulting in sediment
bodiesmigrating towards the southeast (Fig. 11C). This situationwas
later reverted during deposition of the upper body in Unit 1 with
structures oriented again to the northwest.

The deposition of the conglomerate body of Unit 2marks a change in
the style of sedimentation. Unit 2 was likely linked to tectonic uplift of
the southern margin of the Guadalquivir Basin. It is possible that this
tectonic arrangement finally caused the closure of the Guadalhorce Cor-
ridor (Fig. 11D) (Martín et al., 2001). After that, the Osuna area was af-
fected only by the Atlantic tidal currents reaching the Guadalquivir
Basin (Fig. 11E). The morphology of this area, inherited from the previ-
ous Guadalhorce Corridor probably limited the flow direction of the
tides resulting in the dominant northwest orientation of the sedimen-
tary structures of Unit 3 (Fig. 10E).
6. Conclusions

This work presents a mixed carbonate-siliciclastic contourite drift
developed at the northern entrance of the Guadalhorce Corridor, a
Messinian seaway connecting the Mediterranean Sea and the Atlantic
Ocean through the Guadalquivir Basin in the Betic Cordillera (S Spain).
Based on the facies and sedimentary structures, the studied Osuna
Quarry sectionwas divided in three units: 1) the lower Unit 1 comprises
a 33-m thick succession of large bodies with large-scale cross-
stratification pointing to the southeast and secondarily to the north-
west; 2) Unit 2 consists of a 2 to 0.5-m thick conglomerate body eroding
the top of Unit 1; and 3) Unit 3, is a 6-m thick body with herringbone
cross-stratification and a dominant direction of the structures to the
northwest.

Unit 1 can be interpreted as a contourite drift deposit due to the oc-
currence of: 1) up to 10-m thick sediment bodieswith planar or through
mega cross-bedding; 2) two dominant directions of the sedimentary
structures; and 3) reactivation surfaces usually marked by changes in
the grain size of the sediment. The two flow directions recorded by
the sedimentary structures are related to the position of the contourite
drift at the northern end of the coeval Guadalhorce Corridor. The dom-
inance of sedimentary structures pointing to the southeast is the result
of the Atlantic inflow into the Mediterranean, while the structures ori-
ented to the northwest record the Mediterranean outflow through the
corridor. The dominance of either inflow or outflow waters through
the strait was likely modulated by relative sea-level fluctuations. The
conglomerate of Unit 2 suggests regional uplift of the southern margin
of the Guadalquivir Basin that promoted a turnover in the depositional
mode from a bottom-current dominated (Unit 1) to a tide-dominated
environment (Unit 3). This tectonic pulse recorded by the increase in
the amount and grain size of siliciclastics was likely related to the clo-
sure of the Guadalhorce Corridor.

The Osuna Drift indicates for the first time the occurrence of bot-
tom currents related to the Atlantic inflow through the Betic Cordil-
lera during the Messinian which so far were only reported to occur
through the Rifian Corridors. This also contradicts the classical “Si-
phon”model for the Atlantic-Mediterranean bottom-current circula-
tion pattern during the Messinian and sheds light on the complex
palaeoceanography during the Late Miocene that predates the
Messinian salinity crisis.
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