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A B S T R A C T   

Several water masses are involved in the circulation of oceans, their bottom layers impacting on sedimentation 
through contourites. The majority of palaeoceanographic studies on regional contourites are performed for one 
water mass despite that their joint study would offer relevant clues to understand past ocean and climate inter-
action. This works presents for the first time a an analysis about the impact of the Light Intermediate Mediterranean 
(LMW) and Dense Deep Mediterranean (DMW) bottom currents on the sedimentation in the Alboran Sea (SW 
Mediterranean) and its paleoceanographic significance in response to climatic oscillations from the last glacial 
period to the Holocene. To do this, an integration of chronostratigraphical, sedimentological, and compositional 
data is carried out from contourites formed by those water masses. That integration enable us to define three 
distinct contourite stratigraphic models. (I) The contourite terrace model, characterized by coarse-grained con-
tourites, which is an archive of the interplay between the high-energy Atlantic Water-LMW interface and gla-
cioeustasy from the Younger Dryas (YD) to the Holocene. (II) The contourite drift models, which are archives of 
rapid ocean-climate coupled fluctuations since 29.5 kyr. They comprise coarse-grained contourites formed by a 
relatively fast LMW and fine-grained contourites formed by a relatively weak DMW, except for the Heinrich Stadials 
HS3 to HS1 and YD when coarse-grained contourites were deposited. (III) The contourite/turbidite mixed model 
represents another archive of DMW and glacioeustasy interplay from the end of the late Pleistocene to Holocene. 

That contourite stratigraphy allows us to infer for the first time the relative variability of the LMW versus 
DMW flow regimes, which records differences and similarities. The similarities indicate that the LMW and DMW 
fluctuations occur in parallel at millennial and centennial time scales. The differences refer to the overall higher 
velocity of LMW versus DMW; the magnitude changes in velocities that are lower for LMW and higher for DMW; 
the recognition of three short ventilation events (a, b, c) during HS1 and HS2 for only DMW; and the distinct 
LMW and DMW responses to the onset of glacial conditions and return to interglacial conditions during the HSs, 
YD and Holocene cold periods. 

The proposed contourite stratigraphic models can be applied for other areas in the Mediterranean margins to 
identify and correlate the LMW and DMW palaeoceanographic events throughout this sea. The findings suggest 
that the different water masses that make up the water column must be seriously considered to fully understand 
palaeoceanographic and palaeoclimatic studies based on contourites. This is because their distinct impact on 
sedimentation may provide new insights into their different palaeoceanographic responses to rapid climatic 
oscillations and their triggering mechanisms.  
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1. Introduction 

Ocean bottom currents play a key role in continental margin sedi-
mentation as transport, deposition and erosion processes at large scales, 
forming sedimentary systems that consist of depositional and erosive 
morphosedimentary features (e.g., drift, terrace, moat) (Rebesco and 
Carmelenghi, 2008). For small-scale facies, Stow and Faugères (2008) 
developed an ideal contourite sequence, which is composed of five di-
visions, named C1 to C5, which display coarsening and fining-upward 
sedimentary sequences. They may also be incomplete, with not all di-
visions represented. They can be interpreted in terms of an increase and 
then a decrease in bottom current velocity. The main factors governing 
contourite sequences are the interplay of oceanographic processes, 
which are closely related to short- and long-term climate variations, 
basin geometry, sediment supply, seafloor topography, and proximity to 
ocean gateways (Alonso et al., 2016; Ercilla et al., 2022; Faugères and 
Stow, 1993; Martorelli et al., 2021; Rebesco et al., 2014). Therefore, 
contourite sequences are relevant recorders of bottom-water activity 
and ocean-climate coupling. 

The Alboran Sea (SW Mediterranean, Fig. 1A) is a regional sea with 
high palaeoenvironmental and palaeoceanographic variability (i.e., 
Cacho et al., 2001; Pérez-Folgado et al., 2003; Rogerson et al., 2012) due 
to its connection with the Atlantic Ocean through the Strait of Gibraltar. 
In this sea, a multiple contourite depositional system (i.e., contourites 
formed by different water masses) characterizes deep sedimentation (i. 
e., environments beyond the continental shelf edge) during the Plio- 
Quaternary (Ercilla et al., 2016; Juan et al., 2016, 2020). This multi- 
system developed under the interaction of the entering Atlantic Water 
(AW) and the outgoing Mediterranean Water (MW) masses, the latter 
involving the Light Intermediate MW (LMW) and the Dense Deep MW 
(DMW) (Fig. 1A; Ercilla et al., 2016). The Quaternary depositional ar-
chitecture of contourites reflects the complexity of MW (palaeo)circu-
lation interacting with tectonics and the progressive variations in the 
Alboran basin configuration, local seafloor topography, sea level 
changes and climatic variability. The recent palaeoceanography of 
DMW has received major attention in recent years based on geochem-
ical, palaeontological and sedimentological analyses (e.g., Alonso et al., 
2021; Ausín et al., 2015; Bazzicalupo et al., 2020; Cacho et al., 2000, 
2001; Català et al., 2019; Jimenez-Espejo et al., 2007; Martrat et al., 
2004; Moreno et al., 2005; Nebout et al., 2009; Nieto-Moreno et al., 
2011; Rodrigo-Gámiz et al., 2018; Sierro et al., 2005). These studies 
have demonstrated that millennial- and centennial-scale climate cycles 
and related sea surface temperature variations induced rapid changes in 
DMW oceanographic conditions via oscillations in thermohaline circu-
lation. In contrast, LMW palaeoceanography has received little attention 
in the Alboran Sea (Jimenez-Espejo et al., 2008; López-González et al., 
2019; Pérez-Asensio et al., 2020). Therefore, there is a need to fill this 
gap to understand the LMW and DMW coupling in relation to ocean- 
climate variability. This is relevant because palaeoceanographic 
models suggest that the Mediterranean Outflow Water (MOW) plays a 
critical role in the N Atlantic climate (Bigg and Wadley, 2001; Rogerson 
et al., 2005). Its relevance is explained because the MOW involves the 
outflow of LMW and DMW, with LMW being the major contributor (90% 
of MOW) (Kinder and Parrilla, 1987; Millot, 2013). 

This study mainly focuses on chronostratigraphic, sedimentological 
and compositional analyses of sediment cores retrieved from different 
contourite features (terrace and drifts) in the NW Alboran Sea combined 
with an ad hoc support of current meter records. The main aim is to 
decipher the LMW and DMW palaeoceanography during the last glacial- 
Holocene. To this end, the characterization of the contourite strati-
graphic models that comprise the sedimentary architecture are funda-
mental to gaining new insights into the magnitude of the millennial- and 
centennial-scale fluctuations in bottom currents and their palae-
oclimatic significance. The analysis of the similarities and differences in 
the drift facies and stratigraphic models will help to address whether 
climate changes had a differentiated impact on LMW and DMW bottom 

current dynamics. 

2. Regional setting 

2.1. Oceanographic and palaeoceanographic settings 

The oceanographic setting of the Alboran Sea is defined by the 
eastwards-flowing AW that enters from the Atlantic Ocean via the Strait 
of Gibraltar moving at up to 100 cm/s and flowing in two anticyclonic 
gyres down to 150–250 mwd (metres water depth; Fig. 1A; Millot, 1999; 
Parrilla et al., 1986). Below, four Mediterranean Water Masses (MWs) 
moving towards the Strait of Gibraltar are characterized; from top to 
bottom they are Western Intermediate Mediterranean Water-WIW, 
Levantine Intermediate Water-LIW, Tyrrhenian Deep Water-TDW, and 
Western Mediterranean Deep Water-WMDW (Fig. 1A; Millot, 2014; 
Millot and Monaco, 1984). These are grouped into two main water 
masses, light and dense (Fig. 2A; Ercilla et al., 2016). The Light Medi-
terranean Water (LMW) comprises the WIW and LIW and extend down 
to 600 mwd, and its nearly bottom layer flows mainly along the Spanish 
continental slope up to 14 cm/s (Ercilla et al., 2016). The Dense Medi-
terranean Water (DMW) is composed of the TDW and WMDW, and it is 
mostly concentrated along the African margin and deep basins and 
advance at pulses of 22 cm/s (Fig. 1A; Ercilla et al., 2016; Fabres et al., 
2002; Gascard and Richez, 1985). 

During the last glacial period, the Alboran Sea underwent rapid os-
cillations in hydrographic conditions owing to abrupt climatic changes 
recorded in the Northern Hemisphere, known as Heinrich stadials (HSs), 
which were described as cold temperature intervals during Heinrich 
events (Barker et al., 2009), and Dansgaard–Oeschger (D-O) Stadials 
(cold) and Interstadials (warm) (Dansgaard et al., 1993; Heinrich, 
1988). These findings indicate a strong link between the Mediterranean 
and N Atlantic climate (Cacho et al., 2001; Martrat et al., 2004; Moreno 
et al., 2002; Sierro et al., 2005). HS and D-O cycles in marine records of 
the western Mediterranean Sea have been associated with synchronous 
oscillations of sea surface temperatures and changes in Mediterranean 
deepwater convection (Cacho et al., 2000; Sierro et al., 2005; Skliris, 
2014). This rapid connection between both regions has been interpreted 
to result from the entrance of cold surface waters into the Mediterranean 
Sea through the Strait of Gibraltar but also from the intensification of 
atmospheric circulation (Cacho et al., 2000). 

2.2. Geological setting 

The Alboran Sea developed in a convergent tectonic setting between 
the Eurasian and African plates (Carminati et al., 2012; Comas et al., 
1992; Vázquez et al., 2021). It is a semienclosed sea bordered by the 
Iberian margin to the north and the African margin to the south 
(Fig. 1A). The present-day physiography of the Iberian margin is defined 
by four physiography domains. A continental shelf extends down to 
95–115 mwd; an irregular continental slope extends down to 575–945 
mwd; a local base of slope extends down to 600–945 mwd; and a deep 
basin is located at 900–1510 mwd (Fig. 1B and C; Ercilla et al., 2016). 
Sedimentation is mostly siliciclastic, which is mainly derived from river 
discharge capable of carrying material directly to the coast or aeolian 
dust pulses from the African margin (Fabres et al., 2002; Jimenez-Espejo 
et al., 2008; López-González et al., 2019; Moreno et al., 2002; Rodrigo- 
Gámiz et al., 2014). Bioclasts (foraminifers, diatoms, etc.) from oceanic 
primary palaeoproductivity is mainly controlled by upwelling and trade 
winds related to climatic cyclicity during the Upper Quaternary (Cacho 
et al., 2000; Moreno et al., 2004). Furthermore, glaucony grains have 
been documented on sediments of the outer shelf and upper continental 
slope (50 to 225 mwd) in NW Alboran Sea (Domínguez et al., 1998; 
Ercilla et al., 1994). 

Plio-Quaternary seismic stratigraphy reveals the ubiquity of con-
tourite deposits (Ercilla et al., 2016, 2019; Juan et al., 2016), revealing 
the important impact of bottom current action on sedimentation in the 
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Fig. 1. Location of the study area in the NW Alboran Sea and datasets used in this work. (A) Regional hydrography of the Alboran Sea (modified from Ercilla et al., 
2016) showing the present-day circulation model of the Atlantic Water (AW), the Light Intermediate Mediterranean Water (LMW) and the Dense Deep Mediterranean 
Water (DMW). (B) Bathymetric map with the near-bottom water mass distribution illustrating the location of the fourteen sediment cores and the two current metrers 
that are analysed in this study. Likewise, (B) shows three seismic profiles (a, b, and c) that display the contourite terrace and drifts that have been studied; ii) three 
topographic profiles (1, 2, and 3) that show the vertical positions of AW, LMW and DMW and core locations. (C) Cartography of contourite features (terrace T1 and 
drifts), turbidite fans and physiographic provinces based on Ercilla et al. (2016) and Yenes et al. (2021). Legend: F Fuengirola; T Torrenueva; B Baños; G Guadiaro; L 
La Linea. 
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Fig. 2. Characteristics of the Atlantic Water (AW), Light Intermediate Mediterranean Water (LMW), and Dense Deep Mediterranean Water (DMW) together with 
current meter measures. (A) Seismic-hydrographic profile indicating the temperature of AW, LMW and DMW; the black vertical lines within the water column 
indicate the water depth reached by the CTDs used for the water mass characterization (modified from Ercilla et al., 2016). (B and C) Time series of the near-bottom 
hydrodynamics showing hydrological parameters (oriented velocity of the current, N-0◦, S-180◦), current speed (module of the velocity), temperature and salinity 
from two current meters (Chullera and Marbella in B and C respectively). 
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Alboran Sea. The contourites consist of depositional (plastered, sheeted, 
and separated drifts) and erosive (terraces, moats, and channels) de-
posits. In the NW sector of the Alboran Sea, contourites coexist and 
interact with turbidite fans (Fig. 1C; Alonso and Ercilla, 2003; Ercilla 
et al., 2019). The study area is located in that sector, being limited by the 
Guadiaro and Baños canyons to the north and by the basin of the Africa 
margin to the south (Fig. 1B). That region was characterized previously 
by geophysical works (Ercilla et al., 2016; Juan et al., 2020) where one 
contourite terrace named T1 and four contourite drifts named D1 to D4 
(Fig. 1B and C) were recognized (Ercilla et al., 2016; Yenes et al., 2021). 
Terrace T1 is formed in the upper slope by the turbulence-related pro-
cesses associated with the interface between AW and LMW (the highest 
density contrast between waters masses in the Alboran Sea) and their 
shifts due to Quaternary sea-level changes (Ercilla et al., 2016). The 
alongslope plastered drift D1formed in the lower slope by LMW bottom 
current action; the plastered drift D2 along the base of slope and the 
basinal sheeted drift D3 by the DMW bottom current action; and the 
basinal drift D4 corresponds to an elongated, separated drift that was 
also formed by the DMW (Fig. 1B and C; Ercilla et al., 2016). 

3. Materials and methods 

3.1. Current meter dataset 

Two different current meter datasets recorded by the IEO (Spanish 
Institute of Oceanography) were downloaded from the SeaDataNet 
portal (https://www.seadatanet.org/) (Fig. 1B). These moorings 
measured the temperature, salinity, speed of the current and its angle 
along contourite terrace T1. The Chullera current meter (Lat: 36.28 N/ 
Lon: 5.175 W; at 200 mwd) consisted of two devices (AANDERAA 
RCM4) installed at 20 and 100 m above the seafloor they were actively 
recording data for almost two months (from 07-05-1980 to 02-07-1980). 
The Marbella current meter (also AANDERAA RCM4) (Lat: 36.42 N/Lon: 
4.83333 W; at 200 mwd) consisted of two devices installed at 9 and 70 m 
above the seafloor; they were actively recording data for over one month 
(from 22-02-1979 to 26-03-1979). These datasets were recorded in 
different years and different oceanographic contexts: in February–March 
(Marbella record) when winter conditions prevail and from May to July 

(Chullera record) when the Alboran Sea switches to summer conditions 
(Macias et al., 2016). 

3.2. Sampling dataset 

Thirteen gravity cores (1, 2, 4, 5, 7, 8, 10, 11, 12, 19, 20, 23, and 24) 
and one piston core (C8) were studied (Fig. 1B). Gravity cores were 
recovered in the framework of the FAUCES and GC-90-1 projects and the 
piston core was recovered in the framework of the CONTOURITE project 
(http://gma.icm.csic.es/sites/default/files/geowebs/OLsurveys/sa 
mples.htm). Core data are detailed in Table 1. Sediment core sampling 
was performed at 6 to 10 cm intervals except for cores 7 and C8, which 
were sampled at 2–3 cm interval to establish the age model. Core C8 was 
previously analysed by Ausín et al. (2015) and Alonso et al. (2021), and 
cores 19, 20, 23 and 24 were analysed by Ercilla (1992) and Ercilla et al. 
(1994). 

3.3. Chronostratigraphic analysis 

The age-depth model for core 7 is based on four radiocarbon (14C) 
dates from well-preserved monospecific samples of planktonic forami-
nifera (Neogloboquadrina incompta or Globorotalia inflata) measured by 
accelerator mass spectrometry (AMS) at the Poznan Radiocarbon Lab-
oratory (Table 2). The age-depth model of core C8 is based on fifteen 
AMS-14C dates from monospecific samples of N. incompta and G. inflata 
published elsewhere (Ausín et al., 2015; Table 2). For both age-depth 
models, conventional 14C dates were converted into calendar years 
(cal. yr BP) using the online calibration package Oxcal v 4.4.4. (Ramsey, 
2008, 2009) and calibrated with the Marine20 curve (Heaton et al., 
2020). A regional surface reservoir updated to a Marine20 (ΔR20) of 11 
± 170 14C years was applied and obtained by averaging the 3 closest 
data points to our locations and extracted from the online database http: 
//calib.org/marine/ (Reimer and Reimer, 2001). Oxygen isotope 
(δ18O) measurements in core 7 were obtained on monospecific samples 
of planktonic foraminifera Globigerina bulloides. The measurements were 
carried out by isotope-ratio mass spectrometry (IRMS) at the Scientific 
and Technological Centres of the University of Barcelona (CCiT-UB). For 
the chronostratigraphy for the rest of the cores multiple data sets have 

Table 1 
Location of studied cores in the NW Alboran Sea.  

Core name 
this study 

Core 
name 

Sediment 
core type 

Water 
depth (m) 

Core 
lenght 
(cm) 

Longitude 
(◦W) 

Latitude 
(◦N) 

Name project Physiographic 
location 

Present water 
masses 

Contourite 
feature 

1 GC1 Gravity core 841 300 − 4.981688 36.12852 FAUCES Base of slope DMW Sheeted drift 
D3 

2 GC2 Gravity core 731 250 − 5.121826 36.14074 FAUCES Base of slope DMW Overbank GF 
4 GC4 Gravity core 736 300 − 5.066714 36.16528 FAUCES Base of slope DMW Plastered drift 

D2 
5 GC5 Gravity core 756 300 − 5.049448 36.17068 FAUCES Base of slope DMW Plastered drift 

D2 
7 GC7 Gravity core 478 290 − 5.096937 36.22752 FAUCES Lower slope LMW Plastered drift 

D1 
8 GC8 Gravity core 336 50 − 5.121023 36.25385 FAUCES Upper slope LMW Terrace T1 
10 GC10 Gravity core 319 70 − 5.066899 36.31763 FAUCES Upper slope LMW Terrace T1 
11 GC11 Gravity core 346 130 − 5.055147 36.30327 FAUCES Upper slope LMW Terrace T1 
12 GC12 Gravity core 563 290 − 5.022041 36.24528 FAUCES Lower slope DMW Plastered drift 

D1 
19 TG19 Gravity core 331 19 − 5.068000 36.2804 GC-90-1 Upper slope Interface AW 

& LMW 
Terrace T1 

20 TG20 Gravity core 175 22 − 5.133600 36.3172 GC-90-1 Upper slope Interface AW 
& LMW 

Terrace T1 

23 TG23 Gravity core 145 9 − 5.166900 36.2844 GC-90-1 Upper slope Interface AW 
& LMW 

Terrace T1 

24 TG24 Gravity core 303 64 − 5.150200 36.2350 GC-90-1 Upper slope Interface AW 
& LMW 

Terrace T1 

C8 PC8 Piston core 914 638 − 4.871660 36.02022 CONTOURIBER Basin DMW Sep. Elong. 
drift D4 

Legend: Sep Separated; Elong Elongated; GF Guadiaro Fan. 
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been integrated and correlated. This integration includes four additional 
radiocarbon dates (14C) (Table 2), facies, carbonate content (%), Ca- 
XFR record, and age model. 

3.4. Sedimentological analysis 

Grain-size analysis and distribution were performed using a Coulter 
LS 100 laser particle size analyser on both the bulk fraction (223 sam-
ples) and noncarbonate fraction (465 samples). Grain-size statistical 
parameters were calculated using GRADISTAT software (Blott and Pye, 
2001) and based on the geometric graphical method (Folk and Ward, 
1957). The D50 (μm), the sand content, and the UP10 percentage of the 
noncarbonated fraction (i.e., particles coarser than 10 μm) are used as 
proxies of palaeobottom current intensity (e.g., Frigola et al., 2007; 
Martorelli et al., 2021; McCave and Hall, 2006). 

3.5. Compositional analysis 

The compositional analysis includes different tests, the total car-
bonate content, sand fraction, Zr/Rb ratio, and chemical microanalysis. 
The total carbonate content (%) was determined using a Bernard 
calcimeter (Alonso et al., 1996). The sand fraction (> 63 μm) compo-
sition was analysed by a binocular microscope. Geochemical analysis 
was performed along core 7 with an Avaatech X-ray fluorescence (XRF) 
core scanner operated at both 10 kV and 30 kV and with a 1 cm sampling 
interval at Barcelona University. The Zr/Rb ratio is used as a palae-
obottom current intensity proxy because Zr is mainly hosted in heavy 
minerals of coarse-grained siliciclastic sediments and Rb in fine-grained 
siliciclastic sediments (Rothwell and Croudace, 2015). SEM morpho-
logical observations and semiquantitative chemical microanalysis using 
SEM Hitachi S-3500 N and SEM-Bruker XFlax 6/30, respectively, were 
performed on a few glaucony grains collected from distinct sediment 
layers of cores 8 and 10. Quantax analysis software was used for semi-
quantitative chemical analysis. The term glaucony used here refers to 
greenish grains that belong to the glauconite mineral family (Odin and 
Matter, 1981). 

3.6. Seismic profiles 

Three seismic profiles (a, b, and c in Fig. 1B) were selected from the 
database from the Instituto de Ciencias del Mar, ICM-CSIC, http://www. 
icm.csic.es/geo/gma/SurveyMaps. They have been used to image the 
different contourite features (terrace T1 and drifts D1 to D4) previously 
defined in the literature and which have been studied here with sedi-
ment cores. For more details about the previous morphoseismic char-
acterization of those contourites features, see Ercilla et al. (2016) and 
Yenes et al. (2021). 

4. Results 

4.1. Modern hydrography 

The Chullera record, located close to the Strait of Gibraltar, detects a 
strong current (often surpassing 30 cm/s and reaching up to 47 cm/s) 
heading southwards towards the Strait (Fig. 2B). This current is opposed 
at the surface by a current heading northward reaching up to 30 cm/s 
(Fig. S1). The ranges of temperature and salinity point to MW masses 
flowing southwards towards the Strait of Gibraltar and to partially 
mixed AW that originates from the Strait of Gibraltar and heads north-
wards (Fig. S1). This record shows evidence of semidiurnal variations in 
speed, temperature and salinity, compatible with the tidal influence that 
the Alboran Sea experiences on its western side, affected by being in the 
vicinity of the Strait of Gibraltar. On the other hand, the Marbella record 
shows much weaker currents on average, mostly below 30 cm/s and 
rarely surpassing this threshold (Fig. 2C). The current often experiences 
variations in its direction, mostly heading northwards and southwards 
(Figs. 2C and S2). This record also shows clear evidence of internal tides 
in the data recorded during February with the instrument switching 
from a middle-depth water temperature and salinity to surface tem-
perature and salinity signals (Fig. 2C). 

Although the Chullera record shows faster velocities than the Mar-
bella record (Fig. 2B and C), both show velocities within the range above 
which contourite deposits typically occur (above 15 cm/s) (Stow et al., 
2009). Although these records are between 70 and 100 m above the 
seafloor they allow us to infer that (1) the velocities above the seabed are 
faster close to the Strait of Gibraltar; (2) these velocities possibly remain 

Table 2 
AMS 14C radiocarbon dated levels for cores 5, 7, 8, 10, 11 and C8. The AMS 14C dates were converted into calendar years (cal. yr BP) using the Oxcal and MARINE20 
calibration datasets.  

Core number Sample (cm) Species Laboratory Code Conventional 14C age (14C yr BP) ± 1σ Calendar age (yr cal. BP) ± 2σ (rounded) 

5 280 N. incompta Poz-137318a 10,770 ± 60 12,130 ± 150 
7 30 G. inflata Poz-137319a 3875 ± 30 3670 ± 90 
7 150 N. incompta Poz-137320a 8670 ± 40 9140 ± 90 
7 200 N. incompta Poz-137322a 11,320 ± 60 12,670 ± 80 
7 290 N. incompta Poz-137323a 24,690 ± 190 28,030 ± 230 
8 30 G. inflata Poz-137324a 4015 ± 35 3850 ± 90 
10 20 G. inflata Poz-137326a 2625 ± 30 2150 ± 90 
11 124 N. incompta Poz-149477a 10,620 ± 60 11,760 ± 130 
C8 22 G. inflata Poz-56516a 5870 ± 40 6110 ± 85 
C8 46 N. pachyderma Poz-56517a 7940 ± 40 8220 ± 80 
C8 82 N. pachyderma Poz-56518a 9190 ± 50 9735 ± 110 
C8 122 N. pachyderma 9977b 9900 ± 30 10,760 ± 110 
C8 156 G. bulloides 9552b 11,410 ± 30 12,750 ± 65 
C8 174 N. pachyderma 10602b 12,240 ± 70 13,560 ± 105 
C8 281.5 N. pachyderma 9979b 14,270 ± 40 16,420 ± 115 
C8 323.5 N. pachyderma 9980b 14,920 ± 40 17,235 ± 115 
C8 406 N. pachyderma 9981b 16,910 ± 40 19,510 ± 125 
C8 452 N. pachyderma 9982b 18,110 ± 50 20,920 ± 115 
C8 474 N. pachyderma 9983b 18,360 ± 50 21,300 ± 140 
C8 541.5 N. pachyderma 9984b 20,170 ± 50 23,240 ± 125 
C8 579.5 G. bulloides 10603b 20,480 ± 60 23,730 ± 105 
C8 603.5 G. bulloides 10604b 21,100 ± 60 24,390 ± 105 
C8 615.5 N. pachyderma 10605b 21,540 ± 60 24,830 ± 145 

Legend: a refers to those 14C AMS age measures at Poznan Radiocarbon Laboratory (Poz), and b refers to those measures at the Center for Applied Studied of University 
of Georgia. Legend: N. Neogloboquadrina; G. Globorotalia. 
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above 15 cm/s, flowing in solidarity with the flow at 70–100 m in the 
water column; and (3) the internal waves can influence continental 
slope terrace T1. 

4.2. Age model and stratigraphy 

The age model of core 7 spans the last 29.5 kyr (Fig. 3A). This age 
model is consistent with the δ18O curve from the nearby core C8 (Fig. 3B; 
Ausín et al., 2015), displaying a good resemblance between δ18O re-
cords. The δ18O values of cores 7 and C8 reveal high-quality and 
continuous records documenting the existence of high-amplitude and 
high-frequency variability over the last glaciation and Holocene inter-
glacial, allowing us to recognize six climatic periods: Heinrich Stadial 3 
(HS3), Heinrich Stadial 2 (HS2), Last Glacial Maximum (LGM), Heinrich 
Stadial 1 (HS1), Younger Dryas (YD) and Holocene (Fig. 3). According to 
the generated age model, the linear sedimentation rate of core 7 ranges 
from 7 to 22.8 cm/kyr (Fig. 3C) with an average of 16 cm/kyr, and the 
sampling resolution is centennial (156 years) for the applied sampling 
between 2 and 3 cm intervals. The linear sedimentation rate of core C8 
varies from 11 to 80 cm/kyr (Fig. 3D) with an average of 36.9 cm/kyr, 
and the sampling resolution is 68 years. 

The chronology of the other cores enables recognition of the 
following climate periods (Fig. 4): HS1 (in core 2), YD (in cores 1, 2, 5 
and 12) and Holocene (in all cores). The ages obtained by AMS 14C 
analysis in the upper part of cores 8 and 10 vary from 3.8 and 2.1 kyr, 
leading to low sedimentation rates of 7.9 and 9.5 cm/kyr, respectively 
(Fig. 4). The bottoms of cores 5 and 11 have ages of 12.1 and 11.7 kyr, 
respectively, resulting in sedimentation rates of 23 and 10.5 cm/kyr, 
respectively (Fig. 4). We note that the position of YD of core 12 is based 

on the similar Ca curve of near core 7 whose age model is supported by 
the oxygen-isotope curve. 

4.3. Sedimentary facies and sequences 

4.3.1. Descriptive and interpretative facies 
Eight facies named F1 to F8 are identified based on texture, median 

grain size (D50), sorting, sand fraction composition, carbonate content 
and sedimentary structures (Figs. 5, 6 and 7). Detailed sedimentological 
characteristics of facies are illustrated in Table 3. Each facies is briefly 
described as follows. Facies F1 consists of mixed (terrigenous-biogenous 
components) homogeneous muds and represents the finest-grained 
sediments; facies F2 consists of mixed mottled silty sediments with 
frequent bioturbation; facies F3 consists of bioturbated sandy silt; and 
facies F4 corresponds to mixed bioturbated silty sand and sand sediments 
representing the coarsest sediment (Fig. 6A and B). The mixed compo-
nents of facies F1, F2, F3 and F4 are mostly formed by benthonic and 
planktonic foraminifera as biogenic components and quartz as a 
terrigenous component (Fig. 7A), with the exception of the shallow cores 
on terrace T1, which also contain abundant glaucony grains and frag-
ments of gastropods and bivalves (Fig. 7B); facies F5, F6 and F7 comprise 
terrigenous silty sand (F5), sandy silt (F6) and silty sediments (F7), 
respectively, with abundant angular and subangular quartz (Fig. 7C); 
and facies F8 consists of mixed silty sediments with subangular and 
rounded quartz, rock fragments, benthonic and planktonic foraminifera, 
as well as fragments of bivalves and gastropods (Fig. 7D). 

The glaucony grains are mainly infilled moulds of foraminifera tests. 
They are characterized by ovaloid, lobulated and rounded green, dark 
green to black grains (Fig. 7E, F and G) with variable proportions of 

Fig. 3. Chronologic framework for cores 7 and C8. (A and B) Planktonic oxygen isotopic records of cores 7 and C8, respectively. (C and D) Linear sedimentation rate 
(LSR) of sediment cores 7 and C8, respectively. The grey bars indicate cold stadials (HS3 Heinrich Stadial 3, HS2 Heinrich Stadial 2, HS1 Heinrich Stadial 1, and YD 
Younger Dryas). LGM Last Glacial Maximum. EH Early Holocene., MH Middle Holocene. LH Late Holocene. ND No data. 
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cracks (Fig. 7H and I). Some grains have shiny surfaces under a binoc-
ular microscope (Fig. 7F) and lamellar and “rosette” microstructures 
under SEM (Fig. 7J and K). Chemically, the glaucony grains are char-
acterized by high contents of SiO2, FeO and K2O, with black grains 
enriched in FeO and K2O (Fig. 7L). 

Facies F1 to F4 are interpreted as contourite sediments based on the 
main sedimentological diagnostic criteria described by Faugères et al. 
(1984), Stow and Faugères (2008), Stow et al. (1986), and Alonso et al. 
(2021) that involve coarsening-fining upward sequences, bioturbation 
(Fig. 6A and B) and mixed composition (Fig. 7A). Thus, facies F1 to F4 
belong to the classical C1 to C5 divisions. The homogenous mud facies 
(F1) belong to C1/C5; the mottled silty facies (F2) equates to C2/C4; and 
the sandy silt facies (F3) and silty sand and sand facies (F4) correspond 
to the C3. F3 and F4 represent the silt/sand-rich part of the succession 
and they show variations in texture. These variations allow us to sub-
divide C3 into C3a, C3b, and C3c, which correspond to facies F3, F4 and 
F3, respectively (Fig. 6A). C3a and C3c contain up to 64% silt and 28% 
sand and comprise coarse to very coarse silt in cores 7, 8, 11, 12, and C8 
(Figs. 5 and 9; Table 3). C3b contains up to 52% sand and 42% silt in 
cores 2, 7, 8, 10, 11, and up to 80% sand in core C8 (Figs. 5 and 11B). 
The dominant texture is very coarse silt to fine sand (Table 3). Theses 
oscillations in grain size within C division have been also recognized 
recently by Stow et al. (2023). 

The terrigenous facies F5, F6 and F7 are interpreted as turbidites 

based on the main sedimentological diagnostic criteria described by 
Bouma (1962). Facies F5, F6 and F7 are equivalent to the Tb, Tc and Td 
divisions of Bouma’s (1962) sequence, respectively (Fig. 6C). The 
following characteristics are common to turbidites, and they allow their 
distinction from contourites (Figs. 6C and 7C): (i) terrigenous compo-
sition with abundant angular and subangular quartz grains and with 
layers rich in organic matter; (iii) sharp bases and gradational tops; (iv) 
fining-upwards sequence (Tb-Tc-Td and Tc-Td); and (iv) parallel (Tb) 
and cross lamination (Tc). 

Facies F8 beds show erosional bottom surface, attenuated lamina-
tion, bioturbation, sharp upper contact (Fig. 6D), and mixed sand frac-
tion composition. F8 is interpreted as contourite/turbidite mixed 
sediments (Fig. 7D) in agreement with Mulder et al. (2008). 

4.3.2. Sequences of facies 
The stratigraphic arrangement of the above facies allows us to define 

ten sequences, which are named S1 to S10 (Fig. 8). The sequences S1 to 
S7 correspond to contourites that are grouped into four types according 
to the classification of Stow and Faugères (2008) (Fig. 8A): (i) partial 
bigradational, (ii) coarsening-upwards, (iii) fining-upwards, and (iv) 
homogenous. The partial bigradational contourite sequence (i) shows 
coarsening-upwards to fining-upwards grain-size distribution and com-
prises sequences S1 (C2-C3a-C2), S2 (C1-C2-C1) and S3 (C2-C3a-C3b- 
C3c-C4). The coarsening-upwards sequence (ii) includes S4 (C1–C2-C3a- 

Fig. 4. Stratigraphy of the sediment cores based on facies, carbonate content, Ca (count-XRF), AMS 14C data and age model of cores 7 and C8. The grey bars indicate 
cold stadials (HS3 Heinrich Stadial 3, HS2 Heinrich Stadial 2, HS1 Heinrich Stadial 1, and YD Younger Dryas). Legend: LGM Last Glacial Maximum; Hol Holocene; GF 
Guadiaro Fan; SR Sedimentation rate; mwd metres water depth. 
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C3b), which represents the topcut-out contourite sequence. The fining- 
upwards sequence (iii) is formed by S5 (C3b-C3c-C4) and S6 (C3c-C4- 
C5), which represent the basecut-out sequence. The homogenous 

sequence (iv) is formed by S7 (C3b). It is important to note that S5 may 
correspond to an incomplete sequence because the presence of coarse 
grain sizes at the bottom of cores 8, 9 and 10 could inhibit the 

Fig. 5. Sedimentary facies (descriptive and interpretative) characterizing contourite terrace T1, contourite drifts D1 to D4, and the overbank of the Guadiaro Fan 
(GF). The sedimentological characteristics defining their facies are illustrated along three transects (1 to 3); from left to right: texture (%), sorting (So μm), median 
grain size (D50 μm), and log facies. Notice the different scale of D50 for the cores of terrace T1 and the different vertical scale of core C8. Legend: mwd metres water 
depth; B-T Biogenous-Terrigenous; Comp Composition. 

Fig. 6. Visual features and grain-size distribution of facies. From left to right: core photo, facies (F1 to F8), interpretative facies (contourite, turbidite and contourite/ 
turbidite mixed), and vertical distribution of grain size distribution for selected intervals of cores 1, 2 and 7. Legend: Inter Interpretation; OM Organic matter. 
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penetration of the sampling device gear. The spatial distribution of these 
contourite sequences is described as follows (Figs. 9 and 10): (i) on 
contourite terrace T1, the fining-upwards sequence S5 and the homo-
geneous sequence S7 are dominant; (ii) on drift D1, the bigradational 
sequences S1 and S3 prevail; and (iii) on drifts D2 to D4, the bigrada-
tional sequence S2 is dominant with minor occurrence of sequences S4, 
S6 and S7. 

S8 and S9 represent turbidite sequences that make up the fining- 
upwards sequence and comprise the Tb-Tc-Td (S8) and Tc-Td (S9) di-
visions (Fig. 8B). The contourite/turbidite mixed facies forms sequence 

S10 (Fig. 8C). These three sequences (S8, S9, and S10) are on the 
overbank area of the Guadiaro Fan (core 2 in Fig. 9C). 

4.4. Physical and chemical proxies for bottom current strength 

Physical (e.g., sand content, D50, and UP10 percentage of the non-
carbonated fraction) and chemical proxies (Zr/Rb ratio) of palae-
obottom current intensity were examined in cores 7 and C8 (Figs. 11 and 
12) for the last 29.5 kyr. The physical proxies display similar temporal 
patterns in both cores, showing overall high peaks at HS3, HS2, HS1 and 

Fig. 7. Sand fraction composition of facies and characteristics (morphology, colour and chemical composition) of glaucony grains. (A-G) Binocular microscope 
photos of the sand fraction showing: (A) Mixed composition with foraminifera (entire and fragments) and quartz of contourites from drifts D1 to D4; (B) Mixed 
composition with glaucony grains of contourites from terrace T1; (C) Terrigenous composition with quartz and rock fragments of turbidites from the overbank of 
Guadiaro Fan. (D) Mixed composition with gastropods and bivalve fragments, rounded rock fragments of contourites/turbidite mixed sediments from the overbank of 
Guadiaro Fan. (E-G) Detail of glaucony grains showing green and darker green colours with crack (E) and polished (F) surface. (H-K) SEM microphotograph of 
glaucony grains displaying the external shape in H and I with cracks and internal nanostructures (i.e., “rosette” and lamellar structures in J and K). (L) Chemical 
microanalysis measured on green and darker green glaucony grains. Legend: Q quartz; Pf planktonic foraminifera; Bf benthonic foraminifera; G glaucony; Gf gas-
tropoda fragments; Rf rock fragments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Summary of the main sedimentological characteristics of facies (F1 to F8). Facies F1 to F4 are contourites equivalent to the C1 to C5 divisions, facies F5, F6 and F7 
correspond to the Tb, Tc and Td turbidite divisions, and facies F8 is a contourite/turbidite mixed facies.  

Facies Interp Texture D50 (micres) Sorting Composition Visual observation 

Dominantly Carbonate (%) Contacts Structures 

F1 C1/C5 Mud with 
<10% sand 

Very fine to fine 
silt 

Well to poorly 
sorted 

B-T: Forams, shelf fragments, 
quartz 

Moderate to high 
(up to 30) 

Gradual BS & 
US 

Moderate biot 

F2 C2/C4 Silt (up to 86%) Fine to coarse silt Well to very 
poorly sorted 

B-T: Forams, shelf fragments, 
quartz 

Moderate to high 
(up to 30) 

Gradual BS & 
US 

Moderate biot 

F3 C3a/ 
C3c 

Sandy silt with 
<30% clay 

Coarse to very 
coarse silt 

Very poorly 
sorted 

B-T: Forams, shelf fragments, 
quartz 

Moderate to high 
(up to 30) 

Gradual BS & 
US 

High biot 

F4 C3b Silty sand with 
<15 clay 

Very coarse silt to 
fine sand 

Poorly to very 
poorly sorted 

B-T: Forams, shelf fragments, 
quartz 

High (up to 35) Gradual BS & 
US 

High biot 

F5 Tb Silty sand with 
<24% clay 

Medium silt to 
very fine sand 

Poorly to very 
poorly sorted 

T: Angular & subangular quartz Moderate (<20) Sharp BS, 
Gradual US 

Parallel lamin 

F6 Tc Sandy silt wiht 
<33% clay 

Fine to to 
medium silt 

Very poorly 
sorted 

T: Angular & subangular quartz Moderate (<23) Gradual BS & 
US 

Cross lamin, 
Organic matter 

F7 Td Silt (up to 70% 
silt) 

Fine to to 
medium silt 

Very poorly 
sorted 

T: Angular & subangular quartz Moderate (〈23) Gradual BS, 
Sharp US 

Parallel lamin 

F8 CT- 
mixed 

Sandy silt with 
<32% clay 

Fine to to 
medium silt 

Very poorly 
sorted 

B-T: bivalves & gastropods frag, 
forams, quartz, rock frag 

Moderate (< 28) Erosional US & 
BS 

High biot 
Attenuated lamin 

Legend: B Biogenous; T Terrigenous; frag fragments; BS Basal surface; US Upper surface; biot Bioturbation; Lamin Lamination; Interp Interpretation. 
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YD (Fig. 11). These peaks match the maximum peaks of the Zr/Rb ratio 
(Fig. 11). The UP10 record of core 7 displays 30 peaks (named A1s-A41s; 
A = Alboran, s = slope), and core C8 shows 30 peaks (named A5b-A38b; 
b = basin) that are ordered from younger to older and represent fast 
current events (FCE in Fig. 12B and C). The number indicates age, so 
equal numbers imply contemporary FCE at both cores (e.g., A19s and 
A19b at YD; Fig. 12B and C), most of which coincide with relatively high 
values in δ18O (Fig. 12A). The highest distinct FCE in both cores is found 
for the YD (Fig. 12). The cyclicity of the FCE on drift D1 (core 7 in 
Fig. 12B) ranges from 1.3 kyr to 0.6 kyr, and that on drift D4 (core C8 in 
Fig. 12C) ranges from 0.8 to 0.5 kyr. 

5. Discussion 

5.1. Contourite stratigraphic models: Sedimentary signals of 
palaeocurrent strength and palaeoclimate significance 

Two contourite stratigraphic models, terrace and drift, are estab-
lished in the Alboran Sea based on the stratigraphy of sequences that 
form the modern terrace T1 and drifts D1 to D4 across the upper slope to 
the basin (Figs. 9, 13 and 14). The sedimentological data of contourite 
sequence types (S1 to S7) are well grouped in the binary diagram sorting 
versus D50 (Fig. 10), allowing the identification of these models as well 
as the differentiation of the bottom water masses (Fig. 13). 

5.1.1. Contourite terrace model: An archive of the bottom current and 
glacioeustasy interplay 

This model is defined by the coarse-grained sediments rich in glau-
cony that involve a homogenous sequence S7 (C3b) in the shallow 
domain (± 145 to 303 mwd) and a fining-upwards sequence S5 (C3c- 
C3b-C4) in the deeper domain (± up to 346 mwd) (Figs. 9A, 13 and 14). 
On both domains, the top sediments of sequences form an alongslope 

regional sheet of relatively coarser sediments that become finer down 
terrace, from sandier to siltier (Fig. 9A). Previous studies based on 
seismic records suggested that the erosive character of contourite 
terrace T1 (a truncating high reflectivity surface) is related to turbulent 
oceanographic processes (internal waves) associated with shifts in the 
AW-LMW interface during the Quaternary glacioeustasy (Fig. 14; Ercilla 
et al., 2016; Juan et al., 2020). Although the time span of most 
geological processes does not match most oceanographic physical pro-
cesses (Rebesco et al., 2008), the studied current meters also confirm the 
occurrence of internal waves on terrace T1 (Fig. 2C). Their turbulent 
oceanographic action impinging on the seafloor would have favoured 
sediment resuspension and lateral transport (Juan et al., 2020). The new 
sedimentological results also confirm the emplacement of coarse- 
grained sequences S5 and S7 in an energetic environment (Fig. 14). 
Bottom current velocities >23 cm/s could be tentatively attributed to 
the deposition of sequence S5, and up to 36 cm/s for sequence S7, based 
on estimated palaeo-velocities of similar contourite sequences by Alonso 
et al. (2021) in the Alboran Sea. The presence of silt and sand requires 
velocities of over 30 cm/s (McCave, 2008; Van Rooij et al., 2007). 
Furthermore, the studied current meters registered velocities up to 50 
cm/s (Chullera record) and 45 cm/s (Marbella record) (Fig. 2B and C). 
One consequence of these high velocities on sediment transport is the 
lateral winnowing of clay particles, a process considered to be the pri-
mary mechanism for explaining the lack of muddy sediments (C1) in 
sequences S5 (C3b-C3c-C4) and S7 (C3b) (Fig. 13). The sedimentological 
characteristics distinguishing the contourite terrace model are in overall 
agreement with sedimentary results on other contourite terraces, such as 
on the Demerara Plateau (Tallobre et al., 2016), the La Plata terrace 
(Preu et al., 2013), and the Piedra Buena terrace (Isola et al., 2021). 

It has been widely proposed that the seaward and landward shifts of 
the coastline by Quaternary glacioeustatic sea-level changes have 
conditioned the spatial and temporal distribution and composition of 

Fig. 8. Representation of the facies sequences (S1 to S10). (A) Contourite sequences (S1 to S7) that show variations on the standard contourite model of Stow and 
Faugères (2008); the proposed subdivisions C3a, C3b, C3c within the C division are also shown. (B) Turbidite sequences S8 interpreted as Tb, Tc and Td divisions and 
S9 formed by Tc and Td divisions of Bouma sequence (Bouma, 1962). (C) Contourite/turbidite mixed sequence (CT-M; S10) formed by facies 8. Legend: Vel velocity 
of bottom current; Comp Composition; Homog Homogenous. 
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sediments on continental slopes due to inland sediment supply varia-
tions (e.g., Chiocci et al., 1997; Ercilla et al., 2022; Lobo et al., 2014). 
However, the above interpretation for the terrace model suggests that its 
sequence stratigraphy could also reflect the interplay of sediment supply 
variations with the shallowing of the AW-LMW interface. That shal-
lowing would occur during the Versilian postglacial transgression (onset 
of the YD to onset of the middle Holocene) (Fig. 14). This sea-level 
variation would have provoked vertical and lateral displacements of 
the AW-LMW interface and the associated energetic oceanographic 
processes (e.g., internal waves). Several lines of evidence support this 
interpretation. (i) The age of the top silts of sequence S5 is 2.1 kyr (core 
10 in Fig. 9A) and that of the nearby bottom silty sands is 11.7 kyr (end 
of YD; core 11 in Fig. 9A); then, sequences S5 and S7 formed at least 
during the Latest Pleistocene (YD) and mostly during the Holocene 
(Fig. 14). (ii) The presence of fragments of bivalves and gastropods in 
the sand fraction of sequences S5 and S7 indicates that they were 
sourced from the adjacent outer continental shelf by shelf-spill-over 
processes due to shelf currents and/or storms during the Versilian 

transgression (Ercilla et al., 1994; Stanley et al., 1972). The transport of 
fragments would have been affected by the circulation being deposited 
with a dominant alongslope component (Ercilla et al., 2016; Preu et al., 
2013; Viana, 2007). (iii) The fining upwards trend of sequence S5 (C3b- 
C3c-C4; from sandier to siltier sediments; Figs. 13 and 14) would be also 
related to the shallowing of the interface during the transgression, which 
also led to its horizontal-landward migration. This fact would have 
provoked a decrease in the action of turbulent oceanographic processes 
in the deeper terrace with time, favouring the vertical change from 
sandier to siltier deposits (Fig. 9A). Likewise, the interface shallowing 
would explain the deposition of the massive sands comprising sequence 
S7 in the proximal terrace domain (Fig. 9A) since the AW-LMW interface 
settled there during the highstand position of sea level (Fig. 14). This 
landward migration of the interface would also explain the fining 
seaward trend of the surface contourite terrace sediments from sandier 
to siltier (Fig. 9A). 

Regarding the glaucony grains, large amounts of these particles 
characterize the sand fraction of sediments (Fig. 7B), making up 

Fig. 9. Contourite stratigraphic models: (A) Contourite terrace model; (B) Contourite drift models (coarser and finer-grained); and (C) Contourite/turbidite mixed 
model. Named facies in Fig. 5. Legend: HS3 Heinrich Stadial 3; HS2 Heinrich Stadial 2; LGM Last Glacial Maximum; HS1 Heinrich Stadial 1; YD Younger Dryas; Hol 
Holocene; CT-M Contourite/turbidite mixed; mwd metres water depth. 
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sequences S5 and S7 of the contourite terrace model (Figs. 13 and 14). A 
common problem encountered in the sedimentary record is truly dis-
tinguishing the allochthonous or authochthonous (authigenic) genesis of 
glaucony (Amorosi, 1996). A review of the contourite terrace literature 
suggests scenarios with both origins but also mixed origins (Cunning-
ham et al., 2002; Giresse et al., 2021; Tallobre et al., 2016, 2019). A 
mixed origin has been reported on the Falkland Plateau (eastern 
Argentina), where glaucony may be produced partly by contempora-
neous authigenic formation and partly by erosion of outcropping 
Cretaceous and Tertiary glauconite-rich strata due to the action of strong 
bottom currents (Cunningham et al., 2002). The glauconitization pro-
cess on terrace T1 commonly occurs in filled moulds of foraminifera tests 
(Fig. 7E, F and G), which provide microreducing environments favour-
able for this diagenetic process (Giresse, 2008). The results of the 

chemical composition of glaucony grains reveal different rates of 
enrichment in K (from 4 to 7% in K2O; Fig. 7L) and Fe (from 27 to 29% in 
FeO; Fig. 7L), indicating chemical evidence of the maturation processes 
(Banerjee et al., 2016; Giresse, 2008; Odin and Fullagar, 1988). Similar 
values have been reported for glaucony grains found on contourite se-
quences (i.e., Tallobre et al., 2019). The laminallae and “rosette” mi-
crostructures (Fig. 7J and K), the abundance of grains with dark green 
colour (Fig. 7B), the presence of cracks (Fig. 7H and I) and polished 
surface (Fig. 7F) are additional indicators of their maturity (Odin and 
Letolle, 1980; Odin and Matter, 1981). All these evidences allow us to 
propose that most of the glaucony grains on terrace T1 can be classified 
as “slightly evolved” and “evolved” types in the evolutionary process of 
glauconitization, i.e., glauconites in the 2nd and 3rd stages of the four 
evolutionary stages of the process (Fig. 7L; Amorosi, 1996; Odin and 

Fig. 10. Binary textural plots of sorting versus D50 of contourite, turbidite and contourite/turbidite mixed sequences. (A) Contourite sequences S5 and S7 of terrace 
T1. (B) Contourite sequences S1 and S3 of drift D1. (C) Contourite sequences S2, S4, S6 and S7 of drifts D2, D3 and D4, turbidite sequences S8 and S9 and contourite/ 
turbidite mixed S10 (CT-M), and contourite S2 of the overbank Guadiaro Fan (GF). The bold name of the sequence refers to the dominant sequence. Legend: V Very; 
HS Heinrich stadial sediments; YD Younger Dryas sediments. 

Fig. 11. The 4th-order, millennial and centennial palaeointensity of the light intermediate Mediterranean water (LMW) and Dense Deep Mediterranean water 
(DMW) for the last 29.5 kyr. The palaeointensity fluctuations are evidenced by the temporal distribution of D50, sand percentage, UP10 percentage of noncarbonate 
fraction and Zr/Rb ratio in cores 7 (A) and C8 (B). The grey bars indicate cold stadials: Heinrich Stadials (HS3, HS2, HS1) and YD Younger Dryas. 
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Fig. 12. Correlation between events of enhanced LMW (Light Intermediate Mediterranean water) and DMW (Dense Deep Mediterranean water) intensity at cores 7 
and C8 during the last 29.5 kyr. (A) isotope oxygen record of core 7. (B and C) temporal distribution of UP10 of cores 7 and C8 showing fast current events (FCE), 
cyclicity (cyclic) of these events and facies log. FCE named are from younger to older; A1s to A41s for core 7 and from A5b to 38b for core C8. The grey bars indicate 
cold stadials: Heinrich Stadials (HS3, HS2, HS1) and YD Younger Dryas; a, b and c phases for HSs. Legend of facies in Fig. 5. Thick lines pattern refers to 4th-order 
fluctuation of bottom currents. 

Fig. 13. Summary of the main facies, sequences (S1 to S10) and stratigraphy of sequences defining three sedimentary models for the Alboran Sea: 1 contourite 
terrace model, 2 contourite drift models (coarse-2c and fine-grained-2f) and 3 contourite/turbidite mixed model. Colours differentiating the stratigraphic log models 
refer to different water masses and match those in the binary textural plot D50 versus sorting (for more details, see Fig. 10). Legend of facies in Fig. 5. 
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Matter, 1981). 
In agreement with other marine sequences (Banerjee et al., 2016; 

Eder et al., 2007; Giresse, 2008), the environmental conditions require 
low sedimentation rates for the glauconitization process, and in the 
study case, they are closely associated with energetic bottom currents 
that favour winnowing. The turbulent processes associated with the AW- 
LMW interface create energetic hydrodynamic (bottom currents up to 
50 cm/s) and sedimentary conditions (low sedimentation rate <10 cm/ 
kyr). These conditions would have favoured the neoformation of glau-
cony at terrace T1 during the last postglacial transgression. Further-
more, their maturity allows us to consider their prolonged exposure at 
the water-sediment interface mainly during the end of the transgression 
and highstand because mineral evolution requires cation exchange over 
long periods (Giresse, 2008). The presence of glaucony grains through 
sequences S5 and S7 confirms the persistent occurrence of those con-
ditions during the latest Pleistocene-Holocene on terrace T1 (Fig. 14). 

5.1.2. Contourite drift models: Archives of rapid ocean-climate coupled 
fluctuations 

The contourite drift models comprise two stratigraphies of se-
quences: i) one coarser (Figs.13 and 14) for the shallower drift D1 
(478–563 mwd) and ii) another finer (Figs.13 and 14) for the deeper 
drifts D2, D3 and D4 (731–914 mwd; Fig. 9B). 

(i) The coarse-grained drift model involves the bigradational sequences 
S1 (C2-C3a-C2) and S3 (C2-C3a-C3b-C3c-C4) formed on drift D1 
(Figs. 9B, 13 and 14). 

Previous seismic and oceanographic studies (Ercilla et al., 2016; 
Juan et al., 2016, 2020) indicated that drift D1 was developed by the 
action of the near-bottom layers of the LMW in its route towards the 
Strait of Gibraltar (Fig. 14). Following the palaeo-estimation of flow 
regimes for the Alboran contourites by Alonso et al. (2021), we tenta-
tively propose palaeo-flow velocities <23 cm/s for S1 and approxi-
mately 23–36 cm/s for S3. Coarse-grained sediments of both sequences 
(siltier to sandier deposits) are similar to other contourite drifts in 
shallow straits, narrow moats, and passageways (Eberli and Betzler, 
2019; Rebesco et al., 2014); in contrast, drift D1 is not located in those 
particular settings but in an open continental slope. Oceanographic 
(Béranger et al., 2005), morpho-seismic and sedimentological (Ercilla 
et al., 2019) studies have suggested that LMW accelerates near the Strait 
of Gibraltar, specifically in the margin of the study area, where it is 
morphologically confined by the narrowing of the Alboran Sea. This 
acceleration would explain the overall dominance of coarser sediment in 
this drift and the lack of the muddy C1 division, suggesting an important 
winnowing of the fine particles. 

The percentage of coarser grains in contourites depends on current 
intensity (Stow and Faugères, 2008) and sediment availability (Gonthier 

Fig. 14. Three cartoons showing the relationship between the alongslope bottom currents, the contourite terrace T1 and drifts (D1 to D4) (based on Juan et al., 
2020), and their dominant sediments and sequences formed during the different stages of the sea level curve variation (highstand, transgressive, and lowstand). 
Legend: HS1, HS2, HS3 Heinrich Stadials; YD Younger Dryas. 
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et al., 1984; Rebesco et al., 2014). A relatively major presence of coarser 
sediment in D1 drift due to its major proximity to the coast with respect 
to D2 to D4 drifts (Figs. 2C and 9B) cannot be discarded, although the 
resulting stratigraphy of sequences seems not to reflect variations in 
terrigenous input by glacioeustasy but of bottom current velocity. The 
age model shows that its sediments are 29.5 kyr old, which means that 
S1 and S3 were deposited during the last lowstand (HS3 to offset of 
HS1), Versilian transgression and highstand (middle-late Holocene) 
stages (Fig. 14). Nevertheless, the stratigraphy of sequences (bigrada-
tional S1 and S3; Fig. 13) does not reflect the sediment supply variations 
related to the landward migration of the coastal sources (i.e., fining 
upwards). A great method for the bigratadional sedimentary record of 
contourites is to define the factor controlling the current variability 
because it may embrace seasonal to glacial/interglacial variations. The 
physical/chemical bottom current proxies (D50, sand content and UP10 
and Zr/Rb ratio) and age model indicate that the bigratadional pattern 
of the coarse-grained drift model is related to cold periods of millennial- 
(HS3, HS1 and YD) and centennial-scales during the last glacial period 
(LGM) and Holocene, when the LMW bottom current velocity increases 
(Fig. 11A). It is further significant that thicker levels with coarser grains 
are closer to the Strait of Gibraltar (core 7), attesting to the LMW ac-
celeration towards it (Figs. 1 and 12B). 

(ii) The fine-grained drift model is defined by the vertical stacking of 
bigradational sequences S2 (C1-C2-C1), topcut-out S4 (C1-C2-C3a, 
C3b), basecut-out S6 (C3c-C4-C5) and homogenous S7 (C3b) sequences 
being the most common S2 formed on drifts D2, D3, and D4 for the last 
25.5 kyr (Figs. 9B, 13 and 14). Previous oceanographic and morpho-
seismic studies point out that drifts D2 to D4 have been formed by the 
action of the DMW (Fig. 14; Ercilla et al., 2016; Juan et al., 2016, 2020). 
The predominant muddy sediments of the C1 division and the high 
sedimentation rates (23 to 36.9 cm/kyr) indicate that they were 
deposited from suspension loads under relatively weak bottom currents 
during the last 25.5 kyr (Fig. 9B). This weak hydrological regime could 
be associated with velocities, from 4 to 11 cm/s, which have been pre-
viously established for sequence S2 in the Alboran Sea (Alonso et al., 
2021) and the Gulf of Cadiz (Lebreiro et al., 2018). They agree with an 
average value of 2–5 cm/s in the western Alboran Sea close to drift D4 
and with the velocities defined by Faugères and Mulder (2011) at the 
fine-grained part of contourite sequences (from 5 to 10 cm/s) and Fabres 
et al. (2002) from modern oceanographic data (moored array 
measurements). 

The deposition of sequences S2, S4, S6 and S7 represents millennial- 
and centennial-scale interruptions of silty and sandier thin beds (up to 
30 silty-sandy-fast current events -FCEs-in Fig. 12C) in the muddier 
sedimentation during the last 25.5 kyr that are due to an abrupt increase 
in DMW velocity during rapid cold periods. Sequence S4 occurred dur-
ing the YD; S6 and S7 during HS2; and S2 during the LGM (from the 
offset of HS2 to the YD and with centennial-scale fluctuations) as well as 
the Holocene with centennial-scale fluctuations (Figs. 9B and 12). This 
fact has also been observed in other areas of Alboran Sea (Alonso et al., 
2021) and the western Mediterranean (Frigola et al., 2008; Le Houedec 
et al., 2021; Toucanne et al., 2007). 

Interestingly, our observed increase in DMW velocity during the YD 
(Figs. 11 and 12) does not coincide with the weak circulation of this 
water mass suggested from its link with the last deglacial organic rich 
layer (ORL) formation (14 to 7 kyr) in the Alboran Sea (Pérez-Asensio 
et al., 2020). These authors indicate that during the late phase of the 
ORL (YD to early Holocene periods), there was an enhancement or 
deepening of the intermediate circulation and a weakening of the deep 
circulation. Their analysed sediment core (HER-CG-UB6 in Pérez-Asen-
sio et al., 2020) is located at 946 m in a seafloor area dotted by sea-
mounts and affected today by DMW, which is topographically steered by 
seamounts that act as obstacles to water masses (Ercilla et al., 2016; 
Juan et al., 2020; Palomino et al., 2011). Therefore, the record of this 
core could reflect the acceleration of DMW that leads to local reworking 
and high sedimentation rates near the eroded zones. The mapping of 

elongated separated drifts at the foot of seamounts and of plastered 
drifts (Ercilla et al., 2016) on their lee sides attest to this local acceler-
ation. Nevertheless, we could tentatively consider the drowning of the 
LMW-DMW interface at least down to 946 m, which would provoke an 
extension of deeper areas swept by the LMW, and therefore, drifts D2, 
D3 and D4 would be affected by the LMW during the YD. However, our 
sedimentological results do not support that hypothesis. The UP10 for 
cores 7 and C8 indicates that both the magnitude fluctuations and trend 
of the shortest (centennial) and longer (millennial) events of LMW and 
DMW flows are unequal during the YD and ORL (Fig. 12). This fact 
would be contrary to what might be expected if the same water mass 
affected sedimentation. Furthermore, morphoseismic studies (Ercilla 
et al., 2016; Juan et al., 2020) do not support this hypothesis. Bearing in 
mind the different resolutions of seismic profiles and sediment cores, the 
high-resolution morphoseismic records of the drifts do not show 
regional stratigraphic features (e.g., relocations in the depositional ar-
chitecture, erosive unconformity) that point to the occurrence of that 
interface shift in the past. All these mismatches indicate that a better 
understanding and integration of deep-water proxies as well as new and 
more sediment core analyses in the contourite drifts of the Alboran Sea 
are needed to determine the climatic impact on LMW and DMW bottom 
currents. 

5.2. Contourite/turbidite mixed model: another archive of the bottom 
current and glacioeustasy interplay 

This model is defined by a stratigraphy that shows a vertical trend 
from turbidite (S8 and S9) to contourite/turbidite mixed (S10) to con-
tourite (S2) sequences (Figs. 9C and 13). It occurs at the overbank of the 
Guadiaro Fan where turbidites and contourites alternate, as revealed by 
its morphoseismic images that show overbank turbidites laterally coa-
lescing with contourites of the D3 drift (Fig. 6 in Ercilla et al., 2019). 
Turbidite sequences S8 and S9 show similarities with those described 
previously in the Alboran fans (Bozzano et al., 2009; Lebreiro and 
Alonso, 2000; Ercilla et al., 2019). These sequences provide good vali-
dation of the standard facies for turbidites (Bouma, 1962) togheter the 
presence of layers rich in organic matter and of angular/subangular 
quartz grains and terrigenous in the sand fraction that point out to a 
continental source. Based on chronostratigraphy, the turbidites were 
deposited during the latest Pleistocene, the mixed deposits during the 
YD, and the contourites during the Holocene, i.e., the turbidites and 
mixed sequences were deposited during the early stages of the last 
Versilian transgression, and the contourites were mostly deposited 
during the last stages of transgression and sea level highstand (Fig. 9C). 
This temporal distribution of sequences suggests that there is an inter-
play between downslope and alongslope transport balanced by gla-
cioeustasy and related sediment supply. This glacioeustasy scenario 
indicates that the overbank area is characterized by the predominance of 
turbidity overflows when the Guadiaro River was close to the Guadiaro 
canyon head and fed it with high-density gravity flows (Alonso and 
Ercilla, 2003; Ercilla et al., 2019). This would explain the high per-
centage of angular and subangular quartz grains in the terrigenous sand 
fraction in sequences S8 and S9 (Figs. 7C and 9). These flows involve 
sandy silt and silty flows with heights >15 m that overflow channel 
margins deposited on the overbank area (Ercilla et al., 2019). During the 
transgression, there was a decrease in the overflow processes and a 
noticeable effect of the steady DMW bottom layers in the sediment 
transport that contributed to forming the contourite/turbidite mixed 
sequence S10 (Fig. 9C). Their mixed sand fraction composition (Fig. 7D) 
suggests that during the landward transgression, the sediment making 
up the gravity flows also contained fragments of molluscs and sub-
rounded quartz grains and rock fragments similar to the relict shelf 
sediments (Ercilla et al., 1994). Their entrainment in the sediment 
gravity flows would be favoured by shelf-spillover processes on the 
canyon head area during the last transgression. The attenuated lami-
nation and bioturbation (Fig. 6D) displayed by the blending sequence 
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could indicate slow-moving turbidity flows affected by the sluggish 
winnowing of bottom currents. The effect of DMW dominance during 
the Holocene led to contourite sequence deposition (Fig. 9C). This 
stratigraphy of sequences refined the contourite/turbidite mixed system 
defined based on seismic profiles analysis (Ercilla et al., 2019) because 
in addition to interbedded turbidites and contourites reflecting the 
interaction of both processes alternatively, the mixed sequence also 
points to their simultaneous activity. 

5.3. LMW versus DMW flow regimes during the last 29.5 kyr 

The stratigraphy of sequences of the contourite drifts here charac-
terized (Fig. 9) has palaeoceanographic implications allowing us to infer 
for the first time the relative variability of the LMW versus DMW flow 
regimes in the Alboran Sea. Their flow regime trough times reveal 
similarities and differences (Figs. 11 and 12). This discussion is based 
mainly on the UP10 and age model results from cores 7 and C8 (Fig. 12). 

5.3.1. Similarities 
The similarities indicate that the LMW and DMW variations occur in 

parallel and reflect fluctuations at three different temporal scales, 4th 
order (i.e., glacial/Holocene interglacial), millennial and centennial 
scales (Fig. 12). The 4th-order fluctuation is demonstrated by the largest 
scale trend of UP10. This finding indicates a stronger intensity of LMW 
and DMW for the glacial period characterized by higher values of UP10 
(up to 76 and 97% for cores 7 and C8, respectively; Fig. 12) and weaker 
values for the interglacial Holocene period inferred by lower values of 
UP10 (up to 66 and 52% for cores 7 and C8, respectively; Fig. 12). 
Regarding the millennial-scale fluctuations of LMW and DMW repre-
senting FCEs, these occur in parallel, as confirmed by the overall syn-
chronous peaks in UP10 (Fig. 12). Examples of the major FCE that 
represent abrupt palaeooceanographic changes include the HSs and YD 
associated with cold events of the last glacial and deglacial periods. The 
most important abrupt oceanographic change found for the YD was an 
abrupt return to near-glacial temperatures in the Mediterranean region 
(Camuera et al., 2021) and in the high-latitude North Atlantic (Clement 
and Peterson, 2008). This oceanographic change for LMW and DMW is 
shown by the drastic increase in UP10, D50, sand content, and 
geochemical signature (Zr/Rb ratio; Fig. 11). These synchronous 
palaeoceanographic fluctuations in LMW and DMW have also been 
observed in other sediment cores from the Alboran Sea and NW Medi-
terranean (Alonso et al., 2021; Frigola et al., 2007; Toucanne et al., 
2012), and they are consistent with the recently estimated enhanced 
contribution of eastern Mediterranean source waters flowing into the 
western Mediterranean during the YD (Trias-Navarro et al., 2023). 

Furthermore, the FCE (maximum peaks of UP10; Fig. 12) displayed 
overall synchronous centennial LMW and DMW variations, although 
they had different magnitude changes (see 5.3.2). The overall good 
parallelism between the planktonic δ18O content and percentage of 
UP10 with high/low values of UP10 and heavy/light isotope values 
confirms the climate control at millennial and centennial time scales 
since the last glacial period (Fig. 12). Climate control has also been 
recognized in sediments from marine records of the Mediterranean Sea, 
such as the Ligurian Sea (Toucanne et al., 2012), Tyrrhenian Sea (Goñi 
et al., 2002; Sbaffi et al., 2001), and Aegean Sea (Geraga et al., 2005), 
and in terrestrial sedimentary records (Camuera et al., 2021). The 
cyclicity of these FCEs from 0.5 kyr to 1.3 kyr agrees with the short-term 
flow speed variability record on several drifts of the N Atlantic region (i. 
e., Bianchi and McCave, 1999; Hoogakker et al., 2011). This observation 
may indicate the influence of N Atlantic thermohaline circulation. In 
particular, the cycle of 1.3 kyr may be equivalent to the cycle of 1.5 kyr 
described by Bond et al. (2001), which has been described previously in 
Alboran by several authors (Moreno et al., 2005; Rodrigo-Gámiz et al., 
2014), and the cycles of 0.5 and 0.8 kyr are in agreement with the cycle 
of approximately 0.730 years calculated by Cacho et al. (2001) and 
could be equivalent to the cycle of 0.550 kyr observed by Chapman and 

Shackleton (2000) in the N Atlantic. 

5.3.2. Differences 
The main difference refers to the major overall velocity of LMW 

versus DMW, as inferred by the high (46–76% in core 7)/low (14–68% 
in core C8) values of UP10, except during HS2 when DMW also shows 
the highest UP10 value, reaching up to 97% (Fig. 12). Another differ-
ence comes from the comparison of the magnitude changes in velocities 
being lower for LMW and higher for DMW, and this occurs for both the 
shortest and longest FCE fluctuations (Fig. 12). This would have influ-
enced their differences in the sedimentation rates at millennial scales, 
which were relatively low (< 20 cm/kyr)/high (up to 80 cm/kyr) for 
LMW/DMW (Fig. 3C and D). This finding agrees with Moal-Darrigade 
et al. (2022), whose results indicate lower sedimentation rates (average 
16 cm/kyr) under the LMW (Fig. 3C). Likewise, the increase in sedi-
mentation rate during short time periods (i.e., centennial and millen-
nial) and the values associated with DMW have also been observed in the 
Gardar Drift in the N Atlantic (Bianchi and McCave, 1999), where the 
bottom current velocity is low-moderate (11–22 cm/s; McCave et al., 
2017). The magnitude differences between the LMW and DMW high-
light the high sensitivity of the fine-grained sediment (core C8) to 
oceanographic changes and to the influence of the core water mass 
location (Fig. 12). The latter may exert a crucial role in sediment grain- 
size transport and deposition because bottom current action is 
commonly more notable where the core water mass is located (Ercilla 
et al., 2016, 2019; Hernández-Molina et al., 2014). Thus, today, the 
flowing LMW core along the Spanish continental slope is found at 
approximately 400 mwd (Dubois-Dauphin et al., 2017; Ercilla et al., 
2016; Millot, 2009), close to the situation of core 7 (478 mwd); in 
contrast, the flowing DMW core along the Africa margin is far from 
sediment core C8 (914 mwd; Fig. 1A and B). Both mentioned differences, 
the relative velocity and magnitude changes in velocity of LMW versus 
DMW, would have led to minor/higher formation of contourite se-
quences by the action of LMW/DMW, respectively, observed on the 
contourite models (Fig. 13). 

Another difference is that the DMW shows ventilation events (a, b, c) 
during HS1 and HS2 reported in the Gulf of Cadiz (Voelker et al., 2009) 
and NW Mediterranean (Frigola et al., 2008), which have not been 
identified for the LMW (Fig. 12B and C). Events a and c are characterized 
by a high ventilation (i.e., increase in DMW velocity) that occurs during 
their early and late stages, and event b is characterized by low ventila-
tion (i.e., decrease in DMW velocity), which occurred during their 
middle stages. In particular, the centennial FCEs for events a, b and c for 
the HS1 (Fig. 12C) would be linked with the arid climate phases iden-
tified recently on a high-resolution terrestrial record in the southern 
Iberian Peninsula (Camuera et al., 2021), which supports climate con-
trol. Some causes for the nonrecognition of those ventilation events for 
the LMW could tentatively include the more active formation of DMW (i. 
e., WMDW) in the Gulf of Lion during the HSs (Moal-Darrigade et al., 
2022 and references therein), and/or the fine sediment is more sensitive 
to sediment entrainment variability by bottom current fluctuations. 
Nevertheless, a different sampling resolution of both cores (68 years for 
core C8 and 156 years for core 7) cannot be discarded. More detailed 
sedimentological studies and integration with other biological and 
chemical proxies are required to understand this discoincidence. 

Another difference is that the LMW and DMW have distinct responses 
to the way in which the onset of glacial conditions and return to inter-
glacial conditions occurred during the HSs, YD and Holocene cold pe-
riods. This is manifested by the different stratigraphy of sequences of the 
drifts (Figs. 9 and 12), whose vertical trend of facies has been explained 
by variations in the velocity of the transporting current over time rather 
than inland sediment supply. The LMW formed bigradational sequences 
(S1 and S3) (i.e., a bottom current of steadily increasing and then 
decreasing velocity), and the DMW impact is represented by bigrata-
tional (S2), topcut-out (S4) (i.e., a gradual increase, a maximum and 
then a sharp decrease in velocity), basecut-out (S6) (i.e., a rapid and 

B. Alonso et al.                                                                                                                                                                                                                                  



Marine Geology 465 (2023) 107147

18

sudden increase and then a gradual decrease in velocity) and homoge-
neous (S7) sequences (i.e., rapid and sudden increase and decrease in 
velocity) (Figs. 9 and 12). Palaeoclimate studies in the Alboran Sea 
(Cacho et al., 1999) indicate that the magnitude in the temperature 
changes in the surface water show differences between the YD and HS 
events; in fact, the drop in temperature was more intense during the YD 
than those related to HS. The distinct impact of LMW and DMW on 
sedimentation suggests a scenario with a complex oceanographic 
response to rapid climatic changes and where the causes or triggering 
mechanisms of those changes would impact LMW and DMW differently. 
Tentatively, this result would occur because as the circulation of these 
water masses is driven by deep-water formation in the eastern and 
western Mediterranean subbasins (Skliris, 2014), the propagation of the 
climate signatures in the thermohaline circulation would be distinct. A 
major research focus for sedimentologists should be the detailed analysis 
of the stratigraphy of sequences in other margins of the Mediterranean 
Sea. This will provide new insights not only into the oceanographic 
response to the rapid climatic oscillations by different water masses (i.e., 
their ocean-climate coupling) but also to decode their triggering 
mechanisms. 

6. Conclusions 

The main aim of this work is to jointly decipher for the first time the 
bottom current flow regime variations in LMW versus DMW and its 
paleoceanographic significance in response to climatic oscillations from 
the last glacial period to the Holocene. An integration of chronostrati-
graphical, sedimentological, and compositional data from contourites 
formed by those water masses with ad hoc support of current meter 
records have been carried out in fourteen sediment cores from the NW 
Alboran Sea. The main conclusions of this work are described as follows: 

• Eight facies, F1 to F8, are characterized. Facies F1 to F4 are inter-
preted as contourite sediments and belong to the C1 to C5 divisions; 
facies F5 to F7 are interpreted as turbidites and correspond to the Tb, 
Tc and Td divisions of Bouma’s sequence, respectively; and facies F8 
is interpreted as mixed contourite/turbidite sediments. These facies 
are arranged into ten sequences (S1 to S10), which define two con-
tourite stratigraphic models (terrace and drift) and a contourite/ 
turbidite mixed model for the Alboran Sea. These models allow 
decoding of the sedimentary signals of palaeocurrent strength fluc-
tuations and their palaeoclimatic significance.  

• The contourite terrace model (i) is characterized by coarse-grained 
sediments rich in glaucony and involves homogeneous and fining- 
upwards sequences. They contain a palaeoenvironmental archive 
of the interplay of the AW-LMW interface with glacioeustasy from 
the YD to the Holocene. The contourite drift model (ii) comprises two 
stratigraphic sequences: one coarser for the lower slope drift (D1) 
and another finer for the deeper drifts D2, D3 and D4 (base of slope to 
basin). The coarse-grained drift model involves the bigradational se-
quences deposited by LMW with overall fast velocities accelerating 
towards Strait of Gibraltar during the LGM (since 29.5 kyr) and 
Holocene during cold periods, at millennial (HS3, HS1, and YD) and 
centennial scales. The fine-grained drift model involves the vertical 
stacking of bigradational, topcut-out, basecut-out and homogenous 
sequences. Their deposition also represents millennial (HS2, YD)- 
and centennial-scale interruptions of silty and sandier thin beds in 
the muddier sedimentation due to an abrupt reinforcement of DMW 
bottom current velocity during rapid cold periods since the last 25.5 
kyr.  

• The contourite/turbidite mixed model is another archive of the bottom 
current and glacioeustasy interplay. This model reflects the interac-
tion of turbidity flows and DMW bottom currents both alternatively 
and simultaneously. Turbidites occurred during the latest Pleisto-
cene, contourite/turbidite mixed deposits occurred in the YD, and 
contourites occurred in the Holocene.  

• The stratigraphy of sequences of the contourite drifts allows us to 
infer for the first time the relative variability in the LMW versus 
DMW flow regimes in the Alboran Sea, indicating similarities and 
differences. The similarities indicate that the LMW and DMW flow 
regime variations occur in parallel and reflect fluctuations at three 
different temporal scales, 4th order (i.e., gacial/Holocene intergla-
cial), millennial and centennial scales. The main difference refers to 
the major overall velocity of LMW versus DMW, except during HS2 
when DMW also increased the bottom current velocity. Another 
difference comes from the comparison of the magnitude changes in 
velocities being lower for LMW and higher for DMW. Furthermore, 
LMW and DMW have distinct responses to the way in which the onset 
of glacial conditions and return to interglacial conditions took place 
during the HSs, YD and Holocene cold periods.  

• The contourite stratigraphic models here defined could be a useful 
predictive tool for other areas in the Mediterranean in order to 
identify the major palaeoceanographic events and correlate them 
throughout the continental margins of this sea. Likewise, this work 
evidences that the joint analysis of the LMW and DMW impact on 
sedimentation throughout the Mediterranean may provide new in-
sights into their different regional palaeoceanographic responses to 
rapid climatic oscillations (i.e., their ocean-climate coupling) and 
their triggering mechanisms. In addition, our results will improve 
regional understanding of the dynamics at the millennial level of 
LMW and DMW in the formation of MOW, which influences the 
Atlantic Meridional overturning circulation over time. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.margeo.2023.107147. 
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Mediterranean shelves. Geol. Soc. Lond. Mem. 41, 147–170. https://doi.org/ 
10.1144/M41.11. 
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Pérez-Asensio, J.N., Frigola, J., Pena, L.D., Sierro, F.J., Reguera, M.I., Rodríguez- 
Tovar, F.J., Dorador, J., Asioli, A., Kuhlmann, J., Huhn, K., Cacho, I., 2020. Changes 
in western Mediterranean thermohaline circulation in association with a deglacial 
Organic Rich Layer formation in the Alboran Sea. Quat. Sci. Rev. 228, 106075. 
https://doi.org/10.1016/j.quascirev.2019.106075. 
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