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ABSTRACT 17 
 18 
The presence of contourite drifts in the southern Gulf of Cadiz (GoC) along the 19 
Moroccan margin raises questions about the (re)circulation of Mediterranean Outflow 20 
Water (MOW) in the GoC and the origin of the currents depositing them. Here, we 21 
compare two cores representative of Iberian and Moroccan contourite drifts, covering 22 
the last 22 kyr. Although the whole sequence is contouritic in character, it reflects the 23 
interaction of distinctive silty-contourite facies (high flow velocity periods) imbedded in 24 
muddy-contourite facies (low flow velocity periods). Evidence from benthic 25 
foraminifera d13C, sortable silt grain-size, oceanographic CTD profiles and numerical 26 
simulations, indicate the Mediterranean water mass as the source of the southern 27 
contourite deposits. Our data, therefore, suggests an additional branch of upper-MOW 28 
veering southwards off the Straits of Gibraltar along the Moroccan margin. During 29 
MIS-(Marine Isotope Stage) 2, upper-MOW was a sluggish current while in the 30 
Holocene upper-MOW dominated as a fast, semi-steady flow. Throughout the 31 
deglaciation, silty contourites associated with higher flow speeds were deposited in the 32 
northern and southern GoC during cold events such as Heinrich Stadial 1 (HS1) and the 33 
Younger Dryas, forced by global millennial-scale climate variability. Millennial 34 
variability also appears to drive the deposition of silty-contourites in the Holocene. We 35 
estimated an average duration of 1 ka for the process of depositing a fast contourite unit. 36 
The case of silty-contourite I6 (within HS1) allows us to illustrate with extremely high 37 
resolution a “rapid” sequential change in circulation, with gradual slow-down of dense 38 
Mediterranean water while surface was freshening (HS1), provoking injection of high-39 
salinity intermediate waters (via contour-currents) into the GoC, and hence the North 40 
Atlantic. The subsequent brief collapse of dense water formation in the Mediterranean 41 
Sea triggered a major increase in sea surface temperatures (10ºC/ka) in the GoC, 42 
developing into the next interstadial (Bølling/Allerød). The impact of Mediterranean 43 
intermediate waters is manifested here by triggering a substantial rearrangement of 44 
intermediate and deep circulation in the North Atlantic, which would have further 45 
impacted the Atlantic Meridional Overturning Circulation (AMOC).  46 
 47 
 48 
1. INTRODUCTION  49 

 50 
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The Mediterranean Outflow Water (MOW), a water mass flowing mainly at 51 
intermediate depths in the eastern North Atlantic, plays an important role in the 52 
development of Contourite Depositional Systems west of the Gibraltar gateway. Its 53 
interaction with the adjacent continental margins determines the evolution of local 54 
contourite drifts in the northern side of the Gulf of Cadiz (GoC). While the MOW is 55 
considered a well-established source for the Faro Drift contourites deposited on the 56 
Iberian margin (Faugères et al., 1984; Gonthier et al. 1984; review in Hernández-Molina 57 
et al., 2006; Llave et al., 2001; Nelson et al., 1993; Rogerson et al., 2006; Sierro et al., 58 
1999; Stow, 1985), the nature of the current which is depositing the Moroccan Drift 59 
contourites (Suppl. Fig. S1) is poorly understood. 60 
 61 
We envisage three possible hypotheses for the occurrence of contourites along the 62 
Moroccan margin, at an equivalent depth (550 m) as those found on the Iberian margin 63 
(Fig. 1A). First, the upper-MOW splits off Gibraltar and circulates not only along the 64 
Iberian margin, but also in a southward branch along the Moroccan margin (Fig. 2). 65 
Second,  the northern lower-MOW jet turns southwards at Cape St. Vincent, and re-66 
enters the GoC mixed with North Atlantic Central Water (NACW) and modified-67 
Antarctic Intermediate Water (AAIW), in the form of meddies (Mediterranean eddies) 68 
as infered in Ámbar et al. (2008), Carton et al. (2002), Iorga and Lozier (1999), and 69 
Quentel et al. (2011) (Fig. 2). Or third, modified-AAIW flows directly from the South 70 
Atlantic along the NW African margin to the southern margin of the GoC, before 71 
mixing with MOW (Fig. 2).  72 
The verification of hypothesis 1 would imply an underestimation of the influence of 73 
MOW on the Atlantic Thermohaline Circulation (Rogerson et al., 2006; Voelker et al., 74 
2006). A number of CTD (Conductivity-Temperature-Depth, BODC-British data, Fig. 75 
1B, C) profiles gathered in oceanographic cruises along the Moroccan margin within the 76 
GoC, shows evidence for the presence of modern MOW in the area at a depth of 700-77 
1400 m, as well as further south in the passage between Morocco and the Canary 78 
Islands at 29ºN latitude (Hernández-Guerra et al., 2003; Knoll et al., 2002; Llinás et al., 79 
2002; Machín et al., 2010; 2016), and offshore the Canary Islands (Armi et al., 1989; 80 
Richardson et al., 2000; Verdiere, 1992).  Zahn et al. (1987), focussing on C and O 81 
isotopes, also inferred that the MOW path bathed the NW African margin down to Cape 82 
Blanc (21ºN latitude) in the past 27 kyr, but shoaled to less than 1000 m between 10-14 83 
kyr. Hypothesis 2 would require buoyancy of the lower-MOW and an increased flow 84 
velocity, independently of the water mixing, when the current re-enters the GoC and 85 
approaches the Moroccan margin. This would imply unconvincing hydro-dynamics, 86 
involving meddies converted into strong and/or semi-permanent and confined contour-87 
currents. Concerning hypothesis 3, modified-AAIW has been documented at  mid-88 
latitudes in the North Atlantic (Álvarez et al., 2004), and therefore its presence in the 89 
GoC is not unexpected (Cabeçadas et al., 2002; Louarn and Morin, 2011). Vandorpe et 90 
al. (2014) and Van Rooij et al. (2011) have also suggested the presence of modified-91 
AAIW in palaeo-records. The current could have enough energy, or eventually gain 92 
velocity interacting with the sea floor, to build a contourite drift. This current could 93 
ultimately join the upper-MOW along Faro Drift, under the effect of Coriolis force, 94 
veering its route N in the GoC (Louarn and Morin, 2011). 95 
 96 
Seismic profiles have shown developed contourite drifts on the Moroccan margin at an 97 
equivalent water depth of the upper-MOW along the Iberian margin (Casas et al., 2010; 98 
Vancraeynest, 2015; Van den Berghe, 2015; Vandorpe et al., 2014; Van Rooij et al., 99 
2011; Van Tornhout, 2017) (Suppl. Fig. S1). In the centre of the GoC, off the well-100 
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known MOW northern Iberian path, very thin contourites have been identified at the 101 
latitude of the Gibraltar gateway but deeper (Voelker et al., 2006; core MD99-2339). On 102 
the other hand, cores barren of contourite facies coarser then mud have also been 103 
reported in the GoC (Penaud et al., 2011; MD04-2805 CQ, 34.52º N, 7.02ºW, 859 m). 104 
In these cores, a clear continuous pattern of typical North Atlantic global climatic events 105 
(Heinrich Stadial events, Greenland inter/stadials, Younger Dryas, Bølling/Allerød) is 106 
extracted from the facies. The contouritic character of the whole sequence of a drift is 107 
highly variable in the sedimentological context of the GoC. The robustness of the 108 
reference model of Gonthier et al. (1984) characterized by short-lived currents has been 109 
recently questioned, proposing contour-currents as long-term stable regimes (Rebesco 110 
and Carmengheri, 2008; Rebesco et al., 2014). Quantifying the duration of deposition 111 
events is crucial to propose new paradigms. 112 
 113 
In this paper we assume the current concept of a contourite considered as the "product 114 
of sediments deposited or substantially reworked by the persistent action of bottom 115 
currents near the seafloor" (Stow et al., 2002). It is pointed out in the literature that 116 
contourites may occur interbedded with other sediment types, and that interaction of 117 
processes is the norm rather than the exception (Rebesco et al., 2014). These authors 118 
also state that we are far from having defined a set of universal diagnostic criteria for 119 
contourites and their processes of formation. Our work aims to progress the 120 
understanding of these processes.  121 
 122 
Here, our approach consists of firstly comparing two series of contouritic records 123 
throughout the last 22 kyr in the GoC from two sites at a water depth of 550 m, bathed by 124 
the upper-MOW: GC-01A in the Faro Drift of the Iberian margin and MVSEIS_TG-2 in 125 
the Moroccan Drift of the African margin (Fig. 1). From a multi-proxy detailed analysis 126 
of planktonic and benthic stable isotopes, sortable silt mean speed and climatic conditions 127 
from planktonic foraminifera assemblages, we tracked the different water masses (MOW, 128 
Atlantic entrained MOW, or Southern Ocean-sourced intermediate water) flowing on 129 
either sides of the GoC. Secondly, we compared the climate coherency at times of 130 
intensification of contour-currents depositing contourites in the northern and southern 131 
sites. And finally, the duration of contourite deposition was estimated, supported by a 132 
consistent chronostratigraphy. 133 
 134 
 135 
2. AREA OF STUDY  136 
 137 
2.1. Oceanographic setting  138 
 139 
The GoC (limited west by the 9ºW meridian) plays an important role as a mid-latitude 140 
marginal basin where mesoscale horizontal and vertical mixing characterises the 141 
exchange between Mediterranean and North Eastern Atlantic Ocean water masses 142 
(Arhan and King, 1995; Kinder and Parrilla, 1987; Millot, 1999; Millot, 2009; Rogerson 143 
et al., 2012; Serra et al., 2010).  144 
 145 
The surface is occupied by Eastern North Atlantic Central Water (ENACW) with a clear 146 
seasonal thermocline at the very near-surface (23ºC; 36.5 salinity), reduced down to 550 147 
m, and minimum salinity of 35.5 (Jenkins et al., 2015; Machín et al., 2006). The NACW 148 
re-circulates as a 300 km-wide year-long southward flow in the Moroccan margin (up to 149 
33ºN latitude, cape Beddouza) (Machín et al., 2006).  150 



4 
 

 151 
At intermediate depths, modified Antarctic Intermediate Water (AAIW) enters the GoC 152 
from the south, through the corridor between NW Africa and the Canary Islands at 600-153 
1000 m and reaches 50ºN at the Mid-Atlantic Ridge and 34ºN in the GoC (Álvarez et 154 
al., 2004; Jenkins et al., 2015). Of the AAIW, up to 50% is detected near the Canaries 155 
and 30% in the GoC (Jenkins et al., 2015; Llinás et al., 2002). At 34º20´N, in the south 156 
GoC, Louarn and Morin (2011) identified 90% of AAIW at 800 m and around 40% at 157 
600 m. AAIW is characterised by its high silicate and nutrient content, and salinity and 158 
oxygen minima (Jenkins et al., 2015). 159 
 160 
Between 500 and 1500 m, the northern path of the MOW flows along the Iberian 161 
margin (Ámbar and Howe, 1979; Ámbar, 1983; Borenäs et al., 2002). In its way out 162 
over the Straits of Gibraltar Sill, the upper-MOW appears  below 150 m, sinking to 400-163 
600 m by 7º10´W (Ámbar, 1983). At this critical longitude, salinity decreases to 37, and 164 
the flow splits into three branches at depths of 400, 900 and 1200 m well defined at 165 
7º40´W. Downstream at Cape Santa Maria and Portimão canyon (8ºW), the three 166 
branches converge into the intermediate-MOW and the lower-MOW at 800 and 1200 m, 167 
respectively (Ámbar and Howe, 1979; Iorga and Lozier, 1999, and references therein). 168 
The MOW then veers northwards after the Cape St. Vincent bathing the Portuguese 169 
margin up to western Europe where the salinity signal dilutes at 50º20´N (Alvarez et al., 170 
2004; Arhan and King, 1995; Iorga and Lozier, 1999). Based on temperature and 171 
salinity, Zenk (1975) calculated the upper-MOW as composed of 32% of Mediterranean 172 
Water and 68% of NACW. At 35ºN, MOW influences the establishment and 173 
intensification of the overlying Azores Current (Özgökmen et al, 2001; Rogerson et al., 174 
2004; Volkov and Fu, 2010), and its surface entrainment into the GoC.  175 
In contrast, in the southern half of the GoC, it is well documented in oceanography that 176 
MOW is not channelled, but rather appears as mesoscale dynamic structures interacting 177 
with other water masses, capable of transferring mass, heat and momentum across the 178 
GoC (Carton et al., 2002; 2010; Richardson et al., 2000; Serra et al., 2010). The model 179 
of Serra et al. (2010) shows active meddy circulation at mid-depth, with the particular 180 
MOW dipole interaction with a cyclone spotted at 34-35ºN / 8-9ºW. Carton et al. (2002) 181 
documented meddies at 34.5ºN / 8.5ºW, and Quentel et al. (2011) reported a N-S 182 
(longitude 8º20`W) oceanographic section across the GoC, with in- and out-flows of 183 
salinity 36 in July. On the Moroccan margin, south of the Renard Ridge and Pen Duick 184 
Escarpment, (35º17.60’N; 6º49.56’W) Van Rooij et al. (2011) detected AAIW at mid 185 
depths of 684 m but no signal of salinities typical of the MOW, and Foubert et al. 186 
(2008) suggested a glacial/stadial meddy influence. Further south, however, Pelegrí et 187 
al. (2005a,b) present evidence for the circulation of lower-MOW in the corridor 188 
between the Moroccan margin and the Canary Islands at the latitude of 29ºN (Álvarez et 189 
al., 2005; Jenkins et al., 2015), with a clear seasonal distribution particularly intensified 190 
during winter, in a counter-balance with summer AAIW (Machín et al., 2010).  191 
 192 
At higher depths than 1600 m, below these intermediate water masses, flows the Eastern 193 
North Atlantic Deep Water (ENADW) (Ámbar et al., 1999).  194 
 195 
2.2.  Geological setting   196 
 197 
In contrast to the well-established contourite depositional systems in the N of the GoC 198 
(e.g. Mougenot and Vanney, 1982; Llave et al., 2001; synthesis in Hernández-Molina et 199 
al., 2006), contourite drifts have rarely been addressed in the southern GoC along the 200 
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Moroccan margin (Casas et al., 2010; Vancraeynest, 2015; Van den Berghe, 2015; 201 
Vandorpe et al., 2014; Van Rooij et al., 2011; Van Tornhout, 2017).  202 
 203 
On the Faro Drift, an elongated mound drift of medium size (50 km long, 10–25 km 204 
wide, 300 m thick), three sandy layers have already been reported in the literature, yet 205 
with ambiguous ages around Termination 1a (16.5-14.5 kyr), YD (13.5-12 kyr) and late 206 
Holocene (6.8-2.9 kyr) (Ducassou et al., 2014; Faugères et al., 1985; Llave et al., 2006; 207 
Nelson et al., 1993; Rogerson et al., 2006; Sierro et al., 1999; Vergnaud-Grazzini et al., 208 
1989). Our site GC01 was revisited during IODP-Expedition 339, as site U1386 209 
(36º49.685`N; 7º45.321´W, 560.4 m) (Stow et al., 2013). New studies have therefore 210 
come up documenting the Faro Drift´s longer record of contourites deposited by the 211 
upper-MOW during glacial and interglacial cycles. One of these showed a quite 212 
persistent and coherent pattern of deposition associated with Heinrich Stadials (HS) 213 
back to HS11 (Bahr et al., 2014). Previous work proposed that the Faro Drift was built 214 
with the contribution of stronger upper-MOW during the Holocene and stronger lower-215 
MOW during the Last Glacial (Kaboth et al., 2016; Llave et al., 2006; Rogerson et al., 216 
2006). Other authors referred to Holocene contourites deposited by intermittent stronger 217 
currents by the upper-MOW (Vergnaud-Grazzini et al., 1989) and shoaled lower-MOW 218 
(Schönfeld and Zahn, 2000) between 8-5.7 kyr, reaching their maximum after 4.8 ka.  219 
 220 
On the Moroccan margin, TG2 was retrieved from the elongated contourite Drift 221 
(Suppl. Fig. S1) built south of the Renard Ridge and Pen Duick Escarpment. 222 
Contourites have been recorded in seismic profiles of the area (Vancraeynest, 2015; 223 
Van den Berghe, 2015; Vandorpe et al., 2014; Van Rooij et al., 2011; Van Tornhout, 224 
2017). Not far south of TG2, lies site MD08-3227 (Van Rooij et al., 2011), described as 225 
homogeneous silty clay (de Jonge, 2010; Van Rooij et al., 2011). So far, AAIW has 226 
been invoked by these authors as precursor of the bottom currents responsible for the 227 
Moroccan Drifts build-up. 228 
 229 
 230 
3. MATERIALS  231 
 232 
This study is based on two cores. GC-01A-TC and GC-01A-PC (trigger and gravity 233 
cores respectively; 36º 42,6257`N; 7º 44,7173`W; 566 m; 0.90 m and 5.21 m in length; 234 
site equivalent to IODP site U1386) and MVSEIS08_TG-2 (34º 58,28`N; 6º 50,47`W; 235 
530 m; 2.12 m in length), hereafter referred to as GC01 and TG2 respectively, are 236 
located in the northern and southern borders of the GoC (Fig. 1).  237 
 238 
The two cores were recovered on contourite drifts identified from seismic profiles 239 
acquired onboard the R/V Sarmiento de Gamboa (CONTOURIBER-1 cruise; 240 
Hernández-Molina, 2011) and the R/V Bio-Hesperides (MVSEIS2008 cruise; UTM 241 
Report, 2008). These two cores are characterised by contourite facies. Identification of 242 
muddy- and silty-contourites in both cores was based on a detailed sedimentological 243 
analysis of visual description, digital images and colour parameters, sediment physical 244 
properties, geochemical element composition, sortable silt grain-size, stable isotopic 245 
geochemistry, and planktonic foraminifera assemblages (5.2).   246 
 247 
A transect/series of Sea-Bird CTD cast stations supplied online by the British 248 
Oceanographic Data Centre (Natural Environment Research Council) were selected 249 
across the Moroccan margin to identify the presence of MOW along the southern GoC 250 
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(Fig. 1). This transect from 34º12.2’N-7º36.3’W to 34º35.3’N-7º43.3’W comes from 251 
Cruise CD171, on board the RRS Charles Darwin in 2005.  252 
 253 
All the data used in this study are archived at the PANGAEA data Publisher for Earth & 254 
Environmental Science (http//:www.pangaea.de), and IRPARCUE paleoclimate 255 
database at IGME. 256 
 257 
 258 
4. METHODS  259 
 260 
4.1. AMS dating 261 
 262 
For AMS 14C ages, approximately 10 mg of planktonic foraminifera species 263 
(Globigerina bulloides, Globigerinoides ruber-white, Globorotalia inflata, Globigerina 264 
falconensis, Globorotalia truncatulinoides and Orbulina universa) were picked in the 265 
fraction >150 or >250 micron (Table 1) at the IGME. Seventeen samples were analyzed 266 
at the Leibniz Laboratory for Radiocarbon Dating - Kiel, Germany, according to 267 
internal procedures (Nadeau et al., 1998). AMS radiocarbon ages Before Present (BP) 268 
were calibrated (Table 1) using the Calib program (Stuiver and Reimer, 1993) on-line 269 
version 6.0 (http://calib.qub.ac.uk) and the Marine09 calibration data (Reimer et al., 270 
2009). Between 0-10.5 cal ka BP the Marine09 dataset is based on the Intcal09 tree-ring 271 
data that was converted with an ocean - atmosphere box diffusion model to yield ocean 272 
mixed-layer ages (Hughen et al., 2004). Beyond 10.5 kyr it uses marine coral and varve 273 
data with a mean global reservoir correction of 405 years (Reimer et al., 2009).  274 
 275 
4.2. Sediment geochemistry 276 
 277 
The content of a series of elements, included Zr (30 kV) and Ca, Al, Si, Fe (10 kV) 278 
(Suppl. Fig. S2), were measured by non-destructive, continuous X-ray fluorescence 279 
(XRF) in cts (counts per second per unit area) every 1 cm, using an Avaatech core 280 
scanner at the University of Barcelona. Data were processed through the WinAxiBatch 281 
software attached. For external calibration, the SMAR4 standard supplied by the 282 
Avaatech company (Analytical x-ray Technology, The Netherlands) was employed. The 283 
XRF core-scanner output is given in log-ratios. Ratios of elements are more insensitive 284 
to dilution effects in the interpretation of compositional changes down-core. Log-ratios 285 
have the advantage of surpassing the inherent non-linearity between relative intensities 286 
or counts and element concentrations, due to variable grain-size, geometry and 287 
inhomogeneity of minerals or water content in the sediment (Weltje and Tjallingii, 288 
2008).  289 
 290 
4.3. Sortable Silt 291 
 292 
For sortable-silt 127 samples were analysed in the fraction <63 µm. In these, organic 293 
matter was eliminated with 33% of hydrogen peroxide (H2O2) and carbonates removed 294 
with 0.2N hydrogen chloride (HCl). Then, samples were dispersed with 0.5% Na-295 
hexametaphosphate (Calgon) and ultra-sonicated for 2 minutes. Prior to grain-size 296 
analysis in a Sedigraph Micromeritics III Plus, samples were homogenised by stirring in 297 
a magnetic plate for 30 minutes. The grain-size distribution was acquired in the interval 298 
10-63 µm, assumed to have non-cohesive behaviour during transport and deposition 299 
(McCave et al., 1995), at the IGME. The sortable silt mean of the carbonate-free 10-63 300 
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µm interval is designated as S"S" (McCave et al., 1995). The percentage of sortable silt 301 
(SS%), i.e. %(10-63 µm)/<63µm, is also a key parameter obtained from Sedigraph 302 
analyses. Dry-density required for the grain-size distribution calculation was measured 303 
by using a pycnometer Micromeritics Accupy 1330. 304 
 305 
4.4. Foraminifera counts and sea surface temperatures 306 
 307 
For planktonic foraminifera counts, 9-12 cc of 68 bulk sub-samples were wet-weighed, 308 
freeze-dried, and re-weighed, then ultra-sonicated in a water bath, washed and sieved 309 
with tap and distilled water at the end through two grain-size fractions (63-150 µm and  310 
>150 µm) at the IGME. These fractions were dried on paper filters in the oven at 40ºC 311 
and weighed. Samples in the fraction >150 µm were split into adequate aliquots of at 312 
least 300-400 individuals for planktonic foraminifera census. The identification of 313 
species follows the taxonomy of Loeblich and Tappan (1964). Biogenic groups other 314 
than foraminifera and detrital minerals were counted in the same sample split.  315 
 316 
To trace the temperature of the surface water masses, planktonic foraminifera species 317 
were counted and classified into four assemblages, following the studies in the area (Bé 318 
and Tolderlund, 1971; Hemleben et al., 1989; Kucera, 2007; Reguera, 2001, 2004): 319 
polar (Neogloboquadrina pachyderma), subpolar (Neogloboquadrina incompta, 320 
Neogloboquadrina pachyderma-dutertrei, Neogloboquadrina dutertrei, Globigerina 321 
bulloides, Turborotalita quinqueloba), transitional (Globorotalia uvula, Globorotalia 322 
scitula, Globorotalia glutinata, Globorotalia inflata, Orbulina universa, Globorotalia 323 
truncatulinoides, Globorotalia hirsuta) and subtropical (Globigerinoides ruber-white, 324 
Globigerinoides ruber-pink, Globorotalia crassaformis, Globorotalia aequilateralis, 325 
Globigerina rubescens, Globigerina falconensis, Globigerinoides trilobus, 326 
Globigerinoides sacculifer).  327 
Counts of planktonic foraminifera (>150 µm) were converted into Sea Surface 328 
Temperatures (SST) through a transfer function based on modern analogues; we applied 329 
SIMMAX28 (Modern Analogue Technique using a similarity index; Pflaumann et al., 330 
1996; 2003). The database used is that of North Atlantic added with upwelling cells off 331 
NW Galicia and off NW Africa (Salgueiro et al., 2014). Past SST is estimated using a 332 
no-distance-weighted method (SIMMAX ndw), similar to the MAT technique but more 333 
robust (Telford et al., 2004). The output of Simmax28 gives a similarity of 0.9. 334 
 335 
4.5. Stable isotopes 336 
 337 
For stable O and C isotopes analysis, 25 planktonic and 10 benthic foraminifera of the 338 
species Globigerina bulloides and Cibicides pachyderma were picked primarily in the 339 
fraction >250 µm, and occasionally in the interval 150-250 µm, in 113 samples, at the 340 
IGME. The analyses were performed in a Finnigan MAT 252 mass spectrometer at 341 
Marum (University Bremen, Germany), coupled to an automated Kiel-carbonate 342 
preparation system. The long-term precision is ±0.07‰ for d18O and ±0.05‰ for d13C 343 
based on repeated analyses of internal and external (NBS-19) carbonate standards.	The 344 
stable O and C ratios are expressed as d in permil (‰), relative to Vienna Peedee 345 
Belemnite (VPDB) standard. Nine duplicated samples in TG2 give a standard deviation 346 
between 0.07 and 0.12‰.  347 
 348 
4.6. Numerical simulations of ocean circulation 349 
 350 
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To complement the observational record and test some of our hypotheses, we analyse 351 
the output from a numerical simulation carried out with an ocean general circulation 352 
model of the NEMO framework (Nucleus for European Modelling of the Ocean; 353 
Madec, 2008). The standard eddy-resolving model configuration has been setup within 354 
the DRAKKAR Consortium (e.g. Deshayes et al., 2013; Treguier et al., 2012), but in 355 
this study we consider the eddy-resolving version that was run in its global 356 
configuration (ORCA12) by the Marine Systems Modelling group at the National 357 
Oceanography Centre Southampton (e.g. Blaker et al., 2014; Duchez et al., 2014; 358 
Marzocchi et al., 2015). The model’s horizontal resolution is 1/12°, with 75 vertical 359 
levels. The simulation has been initialised from the World Ocean Atlas (WOA) 2005 360 
climatological fields (Antonov et al., 2006; Locarnini et al., 2006) and the run was 361 
started from rest in 1978, and then carried out for 30 years (1978-2007). A full 362 
description of this ORCA12 simulation is provided in Marzocchi et al. (2015). Thanks 363 
to its horizontal resolution, the model can resolve local mesoscale features such as the 364 
formation of meddies in the GoC (Drillet et al., 2005). In addition, the high horizontal 365 
resolution also provides a more realistic bathymetry in the Straits of Gibraltar, meaning 366 
that Mediterranean-Atlantic exchange does not require any parameterisations. 367 
 368 
We have extracted physical properties such as sea surface temperature and salinity and 369 
current velocities from the model output for the period 2000-2007. The data analysed 370 
here is a climatology of the last eight years of simulation. We consider both seasonal 371 
and annual mean values of the analysed properties for a domain spanning between about 372 
14-4°W and 31-39°N (Suppl. Fig. S3), at a depth of about 630 m (close to where the 373 
sediment cores have been recovered) and 860 m (close to where the MOW plume settles 374 
in the model; see Suppl. Fig. S4). The choice of specific depths is dictated by the 375 
model’s vertical grid, which is refined at the surface (1 m at the first level) and then 376 
contains 22 levels in the first 100 m, smoothly increasing to a maximum layer thickness 377 
of 250 m at the bottom (Marzocchi et al., 2015).  378 
   379 
 380 
5. RESULTS  381 
 382 
5.1. Age model 383 
 384 
On cores GC01 and TG2, a number of oceanographic-climatic events such as HS1, the 385 
YD and the onset of the deglaciation leading into the Holocene were constrained by 14C 386 
AMS ages (Table 1). The stratigraphy covering the last 22 kyr is based primarily on 387 
fifteen AMS 14C ages used as tie-points (Fig. 3A, B; Table 1), and additional correlation 388 
of high-resolution d18O of G. bulloides curves from cores GC01 and TG2 with a 389 
chronostratigraphy from a nearby location in the mid-Northeast Atlantic Iberian margin 390 
(MD01-2444 in Martrat et al., 2007). Given the presence of reversals at 1.27 m and 1.43 391 
m in GC01, these two ages were ignored and the interval was interpolated between 0.93 392 
m and 1.88 m. Yet, the differences between measured and interpolated ages for the 393 
rejected depths were 270±70 yr and 428±30 yr. The trigger core of GC01 does not link 394 
with its piston core, showing a gap between 8-9 kyr (Fig. 3A). Event HS1 was dated 395 
18.6-15.5 kyr (for agreement with other cores in the area see compilation by Rogerson 396 
et al., 2010) and the YD, 13.7-11.9 kyr. Whenever possible, we dated the top and/or 397 
base of silty-contourite units (defined in section 5.2) (Table 2). 398 
 399 
5.2. Facies and contour-currents  400 
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 401 
Cores GC01 and TG2 contain two distinct facies that we classified as muddy- and silty-402 
contourites, following structural, textural and compositional criteria. These facies agree 403 
with the diagnostic criteria of the original facies described by Gonthier et al. (1984), 404 
Stow (1985), Stow et al. (2002), and Stow and Faugères (2008). 405 
The muddy-contourites are uniform, unstructured, highly bioturbated and unsorted 406 
facies. Fine grain size smaller than 63 µm represents more than 90% of the total 407 
sediment (Suppl. Table 1). The sand fraction (>63 µm) consists of a mixture of primary 408 
biogenic and terrigenous particles in a proportion of 98:2 (fraction >150 µm).  409 
The silty-contourites are instead structured, though also unsorted facies. The silty-410 
contourites in our records present basal intensively bioturbated muds, which coarsen 411 
upwards to discontinuous silty mottled lenses in clay, and coarser sandy silt in the 412 
middle of the sequence with no primary laminations (unless destroyed by bioturbation), 413 
then fining upwards in an inverse, mirrored gradational sequence. The whole cycle 414 
contains disperse carbonate shell fragments and lower and upper gradational contacts. 415 
They vary from a few centimetres up to 0.43 m in thickness (Fig. 3C,D; Table 2). The 416 
thinner units, however, do not exhibit the full sequence. In terms of texture, the 417 
percentage of fine fraction <63 µm is similar to the muddy-contourites, and slightly 418 
higher for core TG2 (Suppl. Table 1). Yet, for the silty-contourites dated YD/HS1, the 419 
SS% nearly doubles that of the muddy-contourites (Suppl. Table 1). The proportion of 420 
biogenic grains in the fraction >150 µm, which is mainly foraminifera shells, is 421 
comparable to the muddy-contourites. These values are also similar to both sites in the 422 
N and S of the GoC. Because the sediment bulk composition contains a ratio of 40-50 % 423 
SiO2 : 12-20 % CaO : 10 % Al2O3, we classified these facies as (silici)clastic silty and 424 
muddy-rich contourites (Stow and Faugères, 2008).  425 
 426 
The contourite facies present other distinctive characteristics between silty-contourites 427 
and interspersed muddy-contourites, as illustrated in Suppl. Fig. S2 for the Moroccan 428 
and Iberian margins. The bi-gradational silty-contourite sequence is well defined by 429 
sediment physical properties with increasing Pw-velocity and density, as well as 430 
decreasing reflectance into its middle (Suppl. Fig. S2A-C). The lower and upper limits 431 
of the silty-contourites into the muddy-contourites are in fact marked by decreases in 432 
grain-size and geochemical composition. Sharp changes are shown in sortable silt (S̅S̅) 433 
with a difference of 17 to 10 µm, as well as Zr/Al, Fe/Al, Ca/Fe and Si/Ca ratios, 434 
compared to background values (Supp. Fig. S2D-H).  435 
 436 
In core GC01, S"S" increases clearly from a background value of 10-15 µm S"S" up to 20-30 437 
µm in the silty-contourites, with enhanced flow during HS1 than YD (Fig. 4A). After 6 438 
ka to present, S"S" remains constant and high around 27 µm. The percentage of fraction 439 
10-63 µm (silt) over >63 µm (SS%) is also greater in all silty-contourites, and 440 
particularly at HS1 and YD. In core TG2, S"S" increases to 18.3 µm during the YD and 441 
deglaciation, but is lower during the Holocene (17 µm) (Fig. 4B, Suppl. Table 1). The 442 
SS% follows the tendency seen above, remarkably for the silty-contourites identified 443 
during the YD. Cross-plots of S̅S̅ versus SS% have been proved useful confirmation 444 
when dealing with current-sorted sediments (McCave et al., 2006; Roberts et al., 2017). 445 
In the case of core GC01, all sediments are very poorly sorted (Suppl. Fig. S5A). The 446 
best fit equation shows R2=0.34 for all sediments altogether, but R2=0.18 and R2=0.002 447 
if muddy- and silty-contourites are discriminated. TG2 shows even more unsorted 448 
sediments (Suppl. Fig. S5B). However, if we select only the 50% of maximum values of 449 
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S̅S̅ per each of the four silty contourites, that is their peaks, then TG2 (R2=0.77) presents 450 
better sorting than GC01 (R2=0.0009) (Suppl. Fig. S5C, D).  451 
 452 
The northern site (core GC01) shows four silty-contourites that we named I6, I5, I2 and 453 
I0, where I stands for the Iberian margin, from deglacial to Holocene times through the 454 
composite record of the piston core (PC) and trigger core (I0 in TC) (Table 2). Core 455 
TG2 also contains four silty-contourites named M5, M4, M3 and M1, where M stands 456 
for the Moroccan margin, again ordered from past to present. As the number is 457 
associated with age, equal numbers imply contemporary silty-contourites at both sites 458 
(eg. I5 and M5). We could not use the nomenclature assigned in Faugères et al. (1986) 459 
and Stow et al. (1986) for the Faro Drift because it is in reversed chronological order 460 
(higher number for the youngest event in age), not allowing us to add new geological 461 
events back in time, as necessary for the silty-contourites concurrent with HS1 462 
identified in our core GC01. Yet, Table 2 includes a correlation with the “peak 463 
contourites” set in Faugères et al. (1986) and Stow et al. (1986). 464 
 465 
The record from GC01 reveals then four consecutive silty-contourites (I6, I5, I2, I0) 466 
over the last 22 kyr, with the only uncertainty over the gap-interval 8-9 kyr (Fig. 3B). 467 
Silty-contourite I6 occurs during HS1, I5 during the YD, I2 at the onset of the 468 
Holocene, and I0 during the most recent Holocene, between 3.7-1.5 kyr (Table 2). Core 469 
TG2 has a continuous record starting from 14 ka up to the late-Holocene, where four 470 
silty-contourites (M5, M4, M3, M1) have also been identified (Fig. 3B). M5, M4, and 471 
M3 occur during the YD, and M1 at 7.4-6.3 kyr (Table 2).  472 
The duration of the silty-contourites deposition was calculated based on the age 473 
attributed to the bottom and top of each individual unit, as estimated above (Table 2). At 474 
the Iberian site, sedimentation rate of silty-contourites is almost halved from deglacial 475 
times to the Holocene, and even higher differences were estimated for the Moroccan site 476 
(Table 2). The duration of silty-contourites on both the N or S sides of the GoC varies 477 
between 100 and 2200 years (Table 2). 478 
 479 
5.3. Planktonic foraminifera assemblages and Sea Surface Temperatures  480 
 481 
For the Last Glacial, we found 55% of polar and subpolar assemblages altogether and 482 
10% of subtropical assemblages. In the deglaciation, results from core GC01 show 483 
dominant polar (7%) and subpolar (73%) assemblages during HS1 (Fig. 5A). The YD 484 
instead presents only 62% and 46% subpolar for both the N and S sites, respectively. 485 
Warm intervals like the Bølling/Allerød (B/A) (only GC01) and the Holocene show 16-486 
30% of the subtropical assemblage. The Holocene Climatic Optimum, with 25% 487 
subtropical decreasing to 20% from 6 ky to present, is better identified at the Iberian 488 
than the Moroccan site.  489 
 490 
The SST reconstructions based on the Simmax-transfer function of these planktonic 491 
foraminifera show a persistent difference of 4-5ºC temperatures between winter and 492 
summer (not shown) along the full records (Fig. 5B). In the northern site, the Last 493 
Glacial reflects an average difference of 3ºC compared to the Holocene. Across HS1, 494 
two climate phases are also clearly identified in GC01, where the oldest yields 16.5ºC 495 
(s) and 12ºC (w), and the youngest and colder 10ºC (s) and 6ºC (w). The B/A interval in 496 
GC01 is characterised by a stable temperature around 21ºC for summer (s) and 16ºC for 497 
winter (w), and on average about 1ºC colder. During the YD, a sequential warm-cold 498 
phase pattern is shown, where SSTs decrease first to 12ºC (w), and then down to 8ºC 499 
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(w). Similar temperatures to the B/A interval are found during the Holocene. By 500 
contrast, in core TG2 a general cold phase, 9ºC (w), is shown at the YD, interrupted 501 
with a 14 ºC (w)-warm peak in its middle. The Holocene in TG2 shows similar SSTs of 502 
GC01. The most important discrepancy between SSTs in the northern and southern 503 
records occurs at the onset of the YD (13-14 kyr) with a difference of 7ºC between both 504 
margins (Fig. 5B), marked by coherent percentage of cold-thriving species G. scitula 505 
(Fig. 5C). 506 
 507 
Analysis of d18O of planktonic foraminifera gives insights into the Evaporation-508 
Precipitation (E-P) balance. Heavier d18O isotopes of G. bulloides could indicate either 509 
colder waters or higher E-P (saltier waters). The difference in d18O between the Last 510 
Glacial (1.9 ‰) and the Holocene (0‰) is 1.9‰ in core GC01, while the difference 511 
between the Holocene and the YD is 1.5‰ in GC01 and 0.3-1.3 ‰ in TG2 (Fig. 5D). 512 
Very short periods with lighter d18O values are evident during extreme climatic events, 513 
such as HS1 and the YD (exceedingly enhanced in TG2), indicating fresher-water input, 514 
which is supported by the cold surface temperatures derived from the planktonic 515 
foraminifera species (Fig. 5D).  516 
 517 
5.4. Benthic C and O stable isotopes and contourites signal 518 
  519 
Ocean ventilation is examined by looking at changes in d13C of benthic foraminifera. 520 
For core GC01, the d13C of benthic C. pachyderma averaged 1.0‰ during the Last 521 
Glacial, was as light as 0.6‰ in the HS1 (18.5-15.5 kyr), 0.8‰ in the YD, and 522 
increased to 1.0-1.2‰ during the Optimum- and late-Holocene (Fig. 6A). This curve 523 
follows a common pattern for the upper-MOW along the northern path in the GoC and 524 
along the Portuguese margin (Schönfeld and Zahn, 2000; Vergnaud-Grazzini and 525 
Pierre, 1991). GC01 is also comparable to the lower-MOW in the GoC (Voelker et al., 526 
2006) during the warm periods of B/A and the Holocene, but a positive offset of 0.3‰ 527 
is shown for the Last Glacial and HS1, and of 0.2‰ for the YD. In the southern side of 528 
the GoC, TG2 average values are usually approximately 0.2-0.4‰ lighter, showing 529 
values of 0.4‰ for the YD and up to 0.7-1.0‰ for the Holocene. On top of this general 530 
pattern, Iberian I6, I5, I2 and I0, as well as Moroccan M5, M4, M3 and M1 silty-531 
contourites seem to exhibit relatively slightly heavier values (Fig. 4C).   532 
 533 
The overall curve of d18O of benthic foraminifera C.pachyderma of the upper-MOW 534 
shows values of 3.4‰ during low sea-level glacial period and depleted 2.0-2.2‰ values 535 
over the high-stand Holocene (Fig. 6B), approximately 0.75‰ lighter than the North 536 
Atlantic (Curry and Oppo, 2005) and the lower-MOW in the GoC (Voelker et al., 537 
2006). HS1 values vary to 3‰, YD to 2.7‰ and the B/A to 2.5‰. Compared to GC01, 538 
TG2 is lighter during the YD and slightly heavier for the last 11 ky.  539 
  540 
5.5. Ocean model  541 
 542 
In order to investigate the distribution of MOW N and S of Gibraltar, we have also 543 
analysed the output of a high-resolution global ocean model. Seasonal images of salinity 544 
and current velocity (Autumn: September-October-November average; Winter: 545 
December-January-February average) clearly show both the spreading of MOW into the 546 
North Atlantic and the different circulation patterns during these two seasons at 857 547 
mwd (Fig. 7). The chosen depths are dictated by the model’s vertical levels, and these 548 
would broadly represent circulation features both at the depth at which the sediment 549 
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cores have been recovered (shallower) and where the MOW plume settles in the model 550 
(deeper).  551 
The patterns of temperature and salinity distributions exhibit minimal seasonal 552 
differences (Fig. 7) and are generally well represented by the annual mean values 553 
(Suppl. Fig. S4). 554 
Current velocities in spring and summer (not shown), autumn (Fig. 7A) and annual 555 
mean (Suppl. Fig. S4) highlight the existence of a northward flow of fresher (salinity 556 
below 35.9) waters to the south of the Straits of Gibraltar. However, winter circulation 557 
patterns show the presence of a southward-flowing current along the Moroccan coast, 558 
supposedly of Mediterranean origin (Fig. 7B, Suppl. Fig. S3B). We cannot exclude that 559 
this could simply represent a recirculation feature of North Atlantic origin (as it appears 560 
to be at shallower depths), but below 850 mwd an additional weaker (velocities up to 561 
about 0.05 m/s) branch of outflow appears to flow south from the Straits of Gibraltar 562 
and join the stronger current extending south of 34ºN (Fig. 7B). These simulations 563 
could, therefore, support the physical dynamics of a possible branch of MOW flowing 564 
southward. In addition, a salinity cross section in the GoC (~7°W; Fig. 7C) clearly 565 
shows the presence of a more saline (above 36.2) water mass, descending from 600 to 566 
1000 mwd along the Moroccan margin. These circulation patterns are consistent 567 
throughout the year (not shown), not only during the winter months (as shown in Fig. 568 
7C), and in different years of the simulation. 569 
 570 
   571 
6. DISCUSSION  572 
 573 
6.1. Nature of drift build-up on the north and south margins of the Gulf of Cadiz 574 
 575 
Similarities between paleoceanographic records extracted from contourite drifts and 576 
open ocean records raise concerns about the steadiness of the processes contributing to 577 
the formation of sediment drifts. Previously accepted interpretations and paradigms 578 
(Faugères et al., 1984; Stow and Lovell, 1979) have lately been subject of considerable 579 
debate and re-evaluation (Rebesco and Camerlenghi, 2008; Rebesco et al., 2014). While 580 
the association of bottom currents with paleo-oceanographic processes is well-581 
established, the distinction of facies is not always straightforward. In our records, we 582 
were able to identify unstructured facies that we named muddy-contourites, and 583 
structured individual silty-contourites following Stow and Faugères (2008) and Stow 584 
and Lovell (1979). Most of this 90% clay and silt sediment, is probably supplied by 585 
downslope processes in the continental margin, especially turbidity currents and lutite 586 
nepheloid flows; these inject clouds of sediment into the water column, some of which 587 
is then entrained by the along-slope flows, to be eventually deposited as contourites. 588 
Periodic increases and decreases in the slope currents resuspends and redeposits this 589 
sediment and concentrates it in contourite drifts. Contourites are, in turn, the result of 590 
fine-grained sediments eroded, transported and redeposited by semi-permanent bottom 591 
currents (eg. Stow et al., 1985; Stow and Faugères, 2008; Rebesco et al., 2014).  592 
Periodic increases in S̅S̅ reflect sediment selectively deposited by fast contour-currents 593 
capable of transporting non-carbonate medium to very coarse silt (Fig. 4). The origin of 594 
the higher proportion of finer mud is achieved by selective deposition of resuspended 595 
fine sediment (McCave and Hall, 2006). Estimation from S̅S̅ according to a recent 596 
calibration (McCave et al., 2017) yields peak flow speeds around ~15 cm/s for silty-597 
contourites deposited either during short cold events (HS1, YD) or the Holocene (Suppl. 598 
Table 1). In the Moroccan margin, the pattern for silty-contourites is similar but speed 599 
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decreases to ~7 cm/s. Thus, what we considered muddy-contourites seems to record 600 
slow contour-currents (Suppl. Table 1), although the facies do not record any sort of 601 
flow structures. At the orbital scale, the current is enhanced with S̅S̅ of 25 µm in the 602 
Holocene compared to 12.5 µm during the glacial period at GC01 (Fig. 4A); this would 603 
correspond to an increase in flow speed of 16 cm/s according to the same calibration 604 
(McCave et al., 2017) (Suppl. Table 1). Our results of sortable silt would further not 605 
only corroborate but also quantify the hypothesis of a weaker glacial but stronger 606 
Holocene Mediterranean upper outflow (Hernández-Molina et al., 2013; Kaboth et al., 607 
2016; Llave et al., 2006; Rogerson et al., 2006). 608 
To regard the sediment referred to muddy-contourites as slow-contourites, contrasted 609 
with fast-contourites, we cross-plotted S̅S̅ vs SS% which could indicate a very poorly 610 
sorted signature, or a moderately well sorted signature.  Results revealed very poorly 611 
sorted sediments with R2MC=0.1827 in GC01 (R2SC=5E-06, in TG2) (Suppl. Fig. S5A, 612 
B). More puzzling are the facies interpreted as fast contour-currents (silty-contourites) 613 
by high S̅S̅ and flow speed in the N and S of the GoC, which originate from an unsorting 614 
(MOW) current. Nonetheless, Mediterranean Outflow currents velocities have been 615 
measured and are widely assumed as such in the literature. Remarkably though our 616 
results show better, but no significant, sorted silty-contourite facies in core TG2 617 
(Moroccan Drift) than GC01 (Faro Drift), as well as sometimes (GC01) better sorted 618 
muddy- than silty-contourites (Suppl. Fig. S5). If all the deposition is current-controlled, 619 
as expected from a contourite drift, why are fast- and slow-currents depositing unsorted 620 
facies?  621 

Muddy- and silty-contourites are definitely limited by marked sharp changes evidenced 622 
by sedimentological composition (Suppl. Fig. S2). The concentration of Zr co-varies 623 
with elements, like Fe, Ca and Si (Suppl. Fig. S2). Zr concentrated in heavy minerals is 624 
particularly abundant in the older silty-contourites (Fig. 4), suggesting both better 625 
sorting in relation to aluminosilicates (Suppl. Fig.6A, C), and faster currents (Suppl. 626 
Fig. S6B, D) depositing silty-contourites during the deglaciation than the Holocene 627 
(Fig. 4A, B). In this case, the relationship supports sorting in fast-currents. In addition, 628 
the abundance of Zr could indicate a more direct supply of coarser terrigenous sediment 629 
from the shelf edge at lower sea-level, or higher proportion of allogenic (terrestrial) over 630 
authigenic (carbonate) sediment flux entrained by the plume from the Guadalquivir and 631 
associated rivers (Sierro et al., 1999). At site TG2, it can be noted that is only about 50 632 
km away from the shelf edge and that is likely to put it in range of direct shelf export 633 
from the upper water column, as well as within bottom lutite flows. In this case, the 634 
finer sediments might represent less well sorted supply from the shelf under a slow 635 
along-slope current and the so-called silty-contourites would represent a greater degree 636 
of reworking, producing a coarser size signature.  637 
 638 
In summary then, two types of facies can be distinguished, based on % fines, biogenic 639 
content, S̅S̅, SS% and changes in chemical composition. We interpret the silty-640 
contourite units as deposited during intervals of higher flow velocity, interspersed with 641 
times of deposition at lower velocity, i.e. muddy-contourites. Nonetheless, the whole 642 
sequence is contouritic in character. Drifts were built by continuous, long-term, along-643 
slope, bottom current processes with extremely variable flow velocity. 644 
 645 
The close resemblance of the facies on opposite margins of the GoC (GC01 and TG2), 646 
supports the presence of contour-currents and contourite drifts also along the Moroccan 647 
margin (Suppl. Fig. S1). Fast contouritic currents flow at double speed in the N than S 648 
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margin (Suppl. Table 1); faster currents along the N margin can also be identified in the 649 
ocean model (see Figure 7). 650 
 651 
6.2. Origin of contourites in the Gulf of Cadiz - a southwards branch of 652 
Mediterranean Outflow? 653 
 654 
The view of MOW as a geostrophic current strengthened by Coriolis deflection, 655 
following bathymetry, and veering northwards along the Iberian margin is a well-656 
confirmed hypothesis (Ámbar and Howe, 1979; Ámbar, 1983; Borenäs et al., 2002). 657 
The GoC Contourite Depositional System, and in particular the Faro Drift, have been 658 
extensively characterised both morphologically and seismically and is confirmed 659 
beyond reasonable doubt to be built by MOW-currents (Faugères et al., 1985; 660 
Hernández-Molina et al., 2003, 2006; Llave et al., 2001, 2006; Mougenot and Vanney, 661 
1982). By contrast, fewer seismic records and ground-proofing sediment cores exist in 662 
the southern margin of the GoC. TG2 fills this gap, allowing us to investigate the origin 663 
of the currents responsible for the deposition of the Moroccan drifts. This can be 664 
compared to the system in the northern GoC along the Iberian margin, using cores TG2 665 
and GC01. 666 
 667 
Voelker et al. (2006) interpreted heavier d13C of C. pachyderma in the lower-MOW in 668 
the GoC as a tracer of higher MOW export occurring during cold millennial climate 669 
events, and as an indicator of better ventilation in the Alboran Sea and GoC, resulting 670 
from vigorous glacial deep-convection of WMDW (Western Mediterranean Deep 671 
Water) mainly in the Gulf of Lions (W Mediterranean).  672 
In our results from the upper-MOW (GC01), the d13C of C. pachyderma of the Last 673 
Glacial (1.0‰) is more depleted than glacial in both the deep GoC (MD99-2339) and 674 
the deep western Mediterranean (MD95-2043). But in GC01the Last Glacial is also 675 
slightly more depleted than the Holocene (1.2‰) (Fig. 6A). This pattern of upper-MOW 676 
resembles more that of intermediate waters in the North Atlantic, which have higher 677 
Holocene benthic d13C values relative to the Last Glacial (Curry and Oppo, 2005; 678 
Sarnthein et al., 1994) than the deeper WMDW (Sierro et al., 2005; Voelker et al., 679 
2006). At present, the WMDW contributes only 30% to the MOW (Bethoux, 1979; 680 
Broecker, 1991; García Lafuente et al., 2007; Rogerson et al., 2012). In some years of 681 
mild winters, no WMDW exits the Straits of Gibraltar at all (Millot, 2009). Moreover, 682 
WMDW is essentially a thermally-circulated water mass, whereas two thirds of the 683 
buoyancy loss from the Mediterranean basin arises from evaporation (Bethoux, 1979; 684 
Rogerson et al., 2012). Therefore, our d13C of C. pachyderma record of GC01 may link 685 
the water cycle forcing southeast the Straits of Sicily through its influence on the water 686 
which contributes the majority of MOW, ie. Levantine Intermediate Water (Millot, 687 
2009; Rogerson et al., 2012). According to the three-layer formulation of the exchange 688 
at Gibraltar (Millot, 2009), there is a physical constraint given by the effective 689 
stagnation depth at 800 m to suck Mediterranean water through the Straits of Gibraltar 690 
(Rogerson et al., 2008). Therefore, the Mediterranean Intermediate Water is left as the 691 
highest contributor to MOW driving the record in the GoC (Millot, 1999; Rogerson et 692 
al., 2012), though changing in tandem with WMDW (Rogerson et al., 2008; Toucanne 693 
et al., 2012).  Assuming the direct relationship of more positive d13C with increasing 694 
salinity, the gradient of glacial benthic d13C observed in Fig. 6A (purple shading) 695 
indicates a more substantial export of Mediterranean waters to the GoC through the 696 
lower-, rather than the upper-, MOW during cold periods (Last Glacial, HS1, YD), 697 
when sea level is lower. At the onset of the B/A and the Holocene, both the lower- and 698 
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upper-MOW intensified simultaneously after both HS1 and the YD, persisting then over 699 
the entire warm periods with identical benthic d13C signatures (Fig. 6A). This stronger 700 
MOW during the Holocene, in contrast to the Last Glacial, is also supported by higher 701 
S̅S̅ (Fig. 4A, B) (section 6.1).  702 
In addition, a relatively heavier d13C signal found in the silty-contourites suggests that 703 
these carry an even more positive benthic d13C signal, supported by higher abundance of 704 
Zr, and S̅S̅ and SS% (Fig. 4A, B), as a response to millennial variability. At this scale, our 705 
findings for the upper-MOW validate those reported for the lower-MOW on core MD99-706 
2339 (Voelker et al., 2006), and the Levantine Mediterranean Water (LIW) on MD01-707 
2472 in the Corsica Trough (Toucanne et al., 2012) where larger grain-size correlated 708 
with heavier benthic d13C, identifying MOW as the water mass depositing the contourites. 709 
In our case, high S"S" indicates intense contour-currents not only in the well-established 710 
Iberian drift, but also along the Moroccan margin (Fig. 4A, B). On millennial scales, the 711 
MOW contour-current was enhanced during cold, short, abrupt climatic events, such as 712 
HS1 (record available just for GC01) and YD (synchronous for the northern and southern 713 
margins) in the deglaciation, and slightly more pronounced during the mid-Holocene 714 
(Morocco) and early and late-Holocene (Iberia) (Fig. 4A, B; Suppl. Table 1). The 715 
emplacement of silty-contourites during the Holocene might coincide with oscillations of 716 
around 0.4 ‰ of benthic d13C occurring at 2.8 ka (I0), 5 ka or 9.3 ka (I2) due to the 717 
reorganization of deep-waters in the Atlantic (Oppo et al., 2003). 718 
 719 
A common source can be further hypothesised for the currents depositing silty-720 
contourites along both margins, given the similar trends found in the d13C signal of 721 
benthic C. pachyderma at 550 m at both GC01 and TG2 sites, pointing to the presence 722 
of MOW along the northern margin of the GoC as well as the south (Fig. 6A). The 723 
0.2‰ offset of lighter values in d13C benthic on the Moroccan side (Fig. 6A) reflects 724 
most probably mixing with higher proportion of modified-Atlantic water. The constant 725 
0.2‰ offset is perturbed by an increased gradient in 0.7-0.4‰ between the two margins 726 
during the first half of the YD and a short period around 6 ka, respectively. This is 727 
likely due to the penetration of the nutrient-rich Azores Front eastwards into the GoC 728 
and consequent resupply of light carbon to surface waters (Rogerson et al., 2004). This 729 
pattern is sustained by peaking of cold planktonic foraminifera G.scitula, commonly 730 
associated with the Azores Front (Rogerson et al., 2004) during the two intervals (Fig. 731 
5C), and could explain the thermal gradient of 4ºC temperature that cools the first half 732 
of the YD in the Moroccan margin (Fig. 5B). The strength and position of the Azores 733 
Front is, therefore, expected to affect locally and occasionally the GoC surface water 734 
temperatures. 735 
  736 
Numerical simulations of the present-day ocean suggest that the existence of a counter-737 
current flowing southward is physically possible (Fig. 7B). During the winter months, 738 
the simulated MOW appears to exit the Straits of Gibraltar not only flowing northward 739 
(current velocities above 0.5 m/s), but also southward, even though exhibiting relatively 740 
low current velocities (up to 0.05 m/s) (Fig. 7B). In autumn, another water mass flows 741 
northward from the South Atlantic along the NW African coast, entering the GoC along 742 
the Moroccan margin, with current velocities of about 0.05 m/s (Fig. 7A). This most 743 
likely represents modified-AAIW (Louarn and Morin, 2011; Machín et al., 2010). 744 
Modelled current velocities do not always correspond to the wide range of values 745 
displayed in the literature (e.g. McCave, 2008; Mulder et al., 2003; Stow and Lovell, 746 
1979) and would at times appear too weak to re-suspend material for subsequent 747 
deposition; nonetheless, these represent potential current directions.  748 
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The Atlantic Ocean Atlas shows higher salinities between 25 ºN and 45ºN (e.g. Figure 8 749 
in Van Sebille et al., 2011). Given the dominance of meddies in this area (Carton et al., 750 
2002; 2010; Iorga and Lozier, 1999; Quentel et al., 2011; Richardson et al., 2000; 751 
Rogerson et al., 2011; Serra et al., 2010), substantial horizontal diffusion, stirring and 752 
mixing would likely fill the entire GoC. Therefore, although the dominant branch of 753 
Mediterranean Outflow with highest velocities flows north, this does not mean that 754 
outflow water cannot be found to the south, because it may be transferred through 755 
entrainment with other currents or recirculation features. At the depth where the plume 756 
settles, Coriolis Force does not dominate and MOW expands in the whole GoC (Suppl. 757 
Fig. S7). Today, channeled MOW is detected at 300-450 m and 6º10'W in the central 758 
GoC directly from the Straits of Gibraltar (Hernández-Molina et al., 2014), before any 759 
turn occurs. This branch could potentially veer southwards. Today’s ocean shows clear 760 
presence of saltier water in a transect between 700-1400 m at 34º20’N-7º40’W along 761 
the Moroccan margin (Fig. 1C). Apart from the oceanographic evidence, the existence 762 
of a lower-MOW towards the Moroccan margin has also been previously documented 763 
in paleoceanographic records (Sarnthein et al., 1994; Zahn et al., 1987). The circulation 764 
patterns simulated by the eddy-resolving ocean model during the winter months 765 
(especially below 850 m) appears to validate the physical possibility of a southward 766 
turning MOW (Fig. 7B, Suppl. Fig. S3B, Fig. 2,1)). The present simulations are carried 767 
out with a global ocean model, but provide a good representation of the circulation 768 
patterns in the regions of interest. Further insight could be gained by using regional 769 
models at higher resolution, and sensitivity experiments could be designed to test our 770 
hypotheses in more detail, though this is beyond the scope of this work.  771 
 772 
Based on the above paleoproxies and oceanographic evidence, we reconstruct the MOW 773 
circulation history in the GoC N and S drifts for the last 22 ky. During MIS2 low sea 774 
level, sluggish upper-MOW flowed out of the Gibraltar gateway at a ~12.5 cm/s speed. 775 
In contrast, during the deglaciation fast upper-MOW contour currents deposited silty-776 
contourite I6 (~25 cm/s) at the HS1 northward along the Iberian margin (no record is 777 
available for the southern side), and deposited I5 and M5 (~25 and 18 cm/s) over the 778 
YD towards both the northern and southern margins as well as short-lived M4 and M3 779 
on the Moroccan margin. During the Holocene high sea-level, when maximum 780 
exchange over the Gibraltar Sill is expected (Rohling and Bryden, 1994; Rogerson et 781 
al., 2012), the upper-MOW speeds up to ~25 cm/s to N, and ~18 cm/s to S, with D0.3 782 
cm/s increase for three particular silty-contourites, I2 and I0 along the Iberian margin 783 
and M1 on the Moroccan side (Fig. 4). On the Moroccan margin, however, North 784 
Atlantic waters like modified-AAIW or NACW entrained the MOW.  785 
Of the three hypotheses proposed for the deposition of silty-contourites along the 786 
Moroccan margin (Fig. 2), we provide evidence (d13C of C. pachyderma, S̅S̅, CTD, 787 
ocean model) for a southern branch of the upper-MOW in the GoC, i.e. hypothesis 1, 788 
which has not been reported before. A conclusive validation of this hypothesis would 789 
ultimately require measurements of paleocurrent directions.  790 

 791 
6.3. Millennial–variability: timing, duration and oceanographic context of 792 
contourite deposition by the upper-MOW 793 
 794 
Our results show the deposition of silty-contourites synchronous with well-defined 795 
North Atlantic climatic events, such as HS1 and the YD. Both cold events are connected 796 
with either abrupt discharge of icebergs and/or cold surface circulation in the North 797 
Atlantic Ocean (Bond et al., 1993; Fairbanks, 1989; Stanford et al., 2006). The age of 798 
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the eight silty-contourites found is controlled by 14C AMS dating (Table 1, Table 2). In 799 
the GoC, silty-contourites I6, M5 and I5 occurred at times with abundant polar and 800 
subpolar planktonic foraminifera, due to the cooling of surface waters’ winter 801 
temperatures down to 6-9ºC (Fig. 5B). Silty-contourites M4 and M3 were deposited 802 
towards the end of the YD and the deglaciation, with only 46% of polar and subpolar 803 
foraminiferal assemblages at times of relatively cold surface water temperatures of 804 
14ºC, and more positive d18O values. During the Holocene, subpolar assemblages were 805 
reduced to 36%, replaced by subtropical species, because SST increased to 17ºC± 1, 806 
notwithstanding the relatively variable d18O of G. bulloides (Fig. 5A, B, D). Despite the 807 
stable temperature of the Holocene, three silty-contourites were deposited at 10-9.4 kyr 808 
(I2), 7.4-6.2 kyr (M1) and 3.7-1.5 kyr (I0), possibly coincident with slightly colder and 809 
short episodes in the North Atlantic (Oppo et al., 2003; Wanner et al., 2011). 810 
Our records thus verify the deposition of contourites by the upper-MOW contour-811 
current associated with cold HS1 and YD climatic and paleoceanographic events for the 812 
Iberian margin (Llave et al., 2006; Rogerson et al., 2010; Toucanne et al., 2007). These 813 
silty-contourites deposited by the upper-MOW are also coeval with silty-contourites 814 
deposited by the lower-MOW during MIS-3 Heinrich stadials (MD99-2339, 1170 m; 815 
Voelker et al., 2006). The IODP U1387 site, at a location close to GC01, reports 816 
contourites and enhanced MOW contour circulation controlled by millennial-scale 817 
variability back to 140 kyr (Bahr et al., 2014), validated by the consistent pattern of 818 
upper and lower-MOW contour-currents. At our two sites, silty-contourites are clearly 819 
identified by Zr/Al as in Bahr et al. (2014), where the highest values are associated with 820 
deglacial silty-contourites I6 and M5, I5, M4 and M3, and to a lesser extent Holocene 821 
silty-contourites I2, M1 and I0. In our study, moreover, Zr/Al is coherent with current 822 
sorting (GC01, TG2) and current speed (GC01) (Suppl. Fig. S6A, C, B). 823 
 824 
The duration of deposition of what we identified as fast-contourite events is estimated 825 
between 200 and 2200 years in the Faro Drift, and between 100 and 1000 years in the 826 
Moroccan Drift (Table 2). The duration is irrespective of deglacial or Holocene periods.  827 
Hence, we can infer that silty-contourites deposition takes place over short periods and 828 
occurs during millennial oceanographic/climatic cold events.  829 
 830 
The case of I6 in the Faro Drift illustrated here with high resolution (Fig. 8) is 831 
particularly remarkable, because it is timed at the second phase (Naughton et al., 2009) 832 
of abrupt event HS1. It has been suggested that HS1, as HS2 and HS4 events, had 2 833 
phases in mid-North Atlantic: the first less cold (less IRD) and wet on land and the 834 
second cool (more IRD) and dry, due to a southern (36ºN) or northern (42ºN) migration 835 
of the Intertropical Convergence Zone (ITCZ) (Naughton et al., 2009). The double-836 
phase in Heinrich Stadials appears also in the GoC in the lower-MOW of MD99-2339 837 
(Voelker et al., 2006). Further, the HS1 recorded at GC01 clearly resolves the two 838 
different phases, with the transition between the two marked by a peak of maximum % 839 
N. pachyderma, coinciding with onset of the silty-contourite (increase in S̅S̅) (Fig. 8A-840 
C). This in turn validates the hypothesis of enhanced sedimentary processes 841 
(intensification of contourite currents in this case) during transitions of abrupt climatic 842 
changes (Lebreiro et al., 2009; Lebreiro, 2010; Voelker et al., 2006).  843 
 844 
In order to understand the processes behind the MOW export through the Straits of 845 
Gibraltar during HS1, we compared the evolution of isotopic signals of planktonic and 846 
benthic foraminifera on both sides of Gibraltar considering MD01-2472 from 501 m in 847 
the Corsica Trough (Toucanne et al., 2012) and MD99-2343 from 2400 m in the 848 
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Menorca Drift (Frigola et al., 2008; Sierro et al., 2005), and GC01 from 550 m in the 849 
Faro Drift (Fig. 8). The Mediterranean cores (MD01-2472 and MD99-2343) are 850 
characterised by quite similar O isotopic signal and trend during HS1, compared to a 851 
much ligher GoC (GC01) (Fig. 8 A). However, the timing of maximum surface cooling 852 
(higher % N. pachyderma) is coincidental in Menorca and the GoC (Fig. 8C). The 853 
following sequence of processes is observed in the Mediterranean and/or GoC during 854 
HS1 (Fig. 8): 1) continuous gradual depletion of d18O of G. bulloides, 2) decreasing 855 
trend in d13C of C. pachyderma, heavier for the WMDW, and more similar and lighter 856 
signal for the intermediate water masses but, 3) simultaneous peak of maximum % N. 857 
pachyderma at 17.2 ka, followed by 4) deposition of I6 in the northern GoC ~1 ka later 858 
(peak of S"S" at 16.8 ka) in the GoC, 5) short and abrupt interval of extremely low values 859 
of d13C C. pachyderma detected in WMDW in Menorca at 16-15.7 kyr (Frigola et al., 860 
2008; Sierro et al., 2005), and then 6) abrupt increase in SST in the GoC (Fig. 8A, B, C, 861 
D, E). This extreme event at the end of the second phase of HS1 is not identified neither 862 
in the Mediterranean intermediate waters nor in the Faro Drift (Fig. 8D). Sierro et al. 863 
(2005) suggested that when cold Atlantic surface waters entered the Mediterranean, 864 
WMDW formation slowed-down gradually to extreme d13C values (minimum d13C) 865 
until WMDW production collapsed at the end of the Heinrich stadial. Integration of 866 
their results with ours would imply, instead, that slow-down of Mediterranean dense 867 
waters, initiated in the Gulf of Lions during the LGM was not reflected in the GoC until 868 
the onset of HS1 (Fig. 8B). The presence of cold Atlantic Waters in Menorca (slightly 869 
depleted planktonic d18O and increasing % Nq.pachyderma) since 18.5 ka, sustained the 870 
gradual decrease in Mediterranean deep overturning for 1.5 ka (Fig. 8A, C, B). In the 871 
GoC, MOW remained sluggish (S̅S̅) and unaffected during the LGM and first half of 872 
HS1 (Fig. 8D), although surface temperatures cooled down (Fig. 8E). At 17.2 ka, in the 873 
middle of HS1, SST cooled to its minimum temperature in both the Mediterranean and 874 
the GoG (Fig. 8E, C). In the deep Mediterranean (WMDW), the collapse of overturning 875 
in the basin only appears to be reached later (16-15.7 kyr; Sierro et al., 2005) (Fig. 8B). 876 
In contrast, the MOW in the GoC speeded up during the second half of HS1, just after 877 
the maximum volume of Atlantic Waters entered the Mediterranean (Fig. 8D). While 878 
WMDW slowed down gradually over HS1, LIW ventilation increased moderately 879 
during the first half of HS1 as did MOW during the second half (Fig. 8B) Given the 880 
decoupling between Mediterranean deep and intermediate waters, we would have to 881 
assume that 1) Atlantic Waters affected mainly the MIW rather than WMDW, and 2) 882 
Mediterranean Intermediate and Deep waters are decoupled in the process of forcing 883 
MOW export. The deposition of silty-contourite I6 (maximum S̅S̅ in Fig. 8D), reinforces 884 
the idea of a substantial amount of salt injected from the Mediterranean into the GoC 885 
through the Straits of Gibraltar (Rogerson et al., 2006; Voelker et al., 2006) carried over 886 
by the upper-MOW. Our records (GC01) further corroborate the hypothesis that the co-887 
occurrence of a collapse of WMDW formation (Fig. 8B) and an abrupt increase in SSTs 888 
in the GoC by 10ºC in 1000 years, would have triggered the following interstadial (B/A 889 
in Fig. 8E). Immediately after the abrupt collapse of WMDW, SST reached 16.7ºC (Fig. 890 
8E).  891 
 The occurrence of this series of events demonstrates the link between ocean processes 892 
in the Mediterranean Sea and in the GoC. The Mediterranean response to Atlantic 893 
surface freshening through the Straits of Gibraltar seems to result in the enhancement of 894 
MIW, which in turn forces the MOW into the GoC (Rogerson et al., 2012). 895 
 896 
To summarize, the similarity of benthic C and O isotopic trends at millennial time 897 
scales for intermediate waters (upper-MOW GC01 in the GoC, LIW MD01-2472 in 898 
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Corsica Trough) and deep waters (WMDW MD99-2343 in Menorca), might not be 899 
caused by the direct forcing of deep WMDW formation in the western Mediterranean 900 
during arid and cold stadials (Cacho et al., 2001, 2006; Moreno et al., 2005; Rodrigo-901 
Gámiz et al., 2011; Rogerson et al., 2006; Voelker et al., 2006), but by MIW forcing of 902 
MOW. Deep and intermediate waters might be showing correlation but not causation. 903 
During deglacial times, fast contourites I6 (HS1) and M5, I5, M4, M3 (YD) are 904 
deposited under the influence of the enhanced upper-MOW contour-current at 550 m 905 
towards opposite N and S sides of the GoC. The S̅S̅ confirms the intense upper-MOW 906 
flow at millennial time scales. Notably, our results resolve in greater detail the process 907 
of salt injection by contour-currents at different speeds in the northern and/or southern 908 
margin of the GoC. Interruption of salt injection into the GoC (contour-current) appears 909 
to correlate with the slow-down of WDMW formation and intensification of MIW, 910 
forcing abrupt increase in surface temperatures in the Atlantic (Fig. 8A, D, E). This 911 
would have then promoted resumption of intermediate and deep overturning in the 912 
North Atlantic (Gherardi et al., 2005; McManus et al., 2004; Rogerson et al., 2006; 913 
Voelker et al., 2006) during the onset of the B/A (millennial scale) or the Holocene 914 
(orbital scale). A critical balance is expected in the interplay between freshwater input 915 
from Atlantic waters and salt export from the Mediterranean at intermediate depths. In 916 
sedimentary facies, the product has been the sequence of slow- and fast- contourites 917 
building contouritic drifts depositing muddy- and silty- contourites in the N and S of the 918 
GoC.  919 
 920 
  921 

6. CONCLUSIONS 922 
 923 
Muddy- and silty-contourites in a drift are likely generated by the interaction of 924 
processes with distinct compositional and dynamical conditions. The upper-MOW 925 
export to the GoC is dominant during the Holocene compared to the Last Glacial, 926 
according to S"S" variation on interglacial-glacial scales. However, superimposed on the 927 
orbital variability, the contouritic sedimentation process responds to millennial climate 928 
variability. Stronger contour-currents of 1 ka-duration on average prevail during short-929 
lived abrupt global cold events, mainly HS1 and YD, but exist also as specific episodes 930 
in the Holocene.  931 
Contourites on the northern and southern margins of the GoC do not change 932 
significantly in their benthic d13C isotopic composition to invoke different origins for 933 
the contour-currents. The upper-MOW was therefore not only confined close to the 934 
northern GoC, but it also supplied water to the southern GoC along the Moroccan mid-935 
slope. The proportion of the upper-MOW likely became reduced and mixed with 936 
Atlantic waters along the Moroccan margin, entrained by northern NACW and/or 937 
southern AAIW. Flow-patterns from present-day numerical simulations in the GoC, 938 
together with CTDs in the southern margin, seem to support the hypothesis of the 939 
existence of a southward branch of Mediterranean Outflow, which could have 940 
contributed to the deposition of Moroccan contourite systems (35ºN; 7ºW) since the last 941 
deglaciation. 942 
The enhanced salt injection into the GoC through the MOW- southern and northern 943 
branches (clearly demonstrated by deposition of silty-contourite I6 during HS1), is the 944 
result of Atlantic-Mediterranean exchange by surface freshening, MIW intensification, 945 
sudden collapse of WMDW in the western Mediterranean, ultimately causing SST 946 
(10ºC/1ka) to skyrocket into the next interstadial (B/A).  947 
 948 
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FIGURE CAPTIONS 973 
 974 
Figure 1. Location of contourite drift sites in the N and S of the Gulf of Cadiz: GC-975 
01A-PC (36º 42.6257`N; 7º 44.7173`W; 566 m; cored in preparation for IODP site 976 
U1386) and MVSEIS08_TG-2 (34º 58.28`N; 6º 50.47`W; 530 m), referred in text as 977 
GC01 and TG2, respectively (A). Reference core MD99-2339 (35.88°N, 7.53°W, 1170 978 
m) (Voelker et al., 2006). Note the presence of upper- and lower- MOW in the diagrams 979 
of Temperature/Salinity (B) and Salinity/Depth (C) across the red line transect on the 980 
southern Moroccan margin, from compilation of stations 674299 (550 m), 674287 (995 981 
m), 674275 (1485 m) and 674263 (2295 m), available from the British Oceanographic 982 
Data Centre (BODC) of the Natural Environment Research Council, United Kingdom. 983 
ENACW (Eastern North Atlantic Central Water), AAIW (Antarctic Intermediate 984 
Water), MOW (Mediterranean Outflow Water), and ENADW (Eastern North Atlantic 985 
Deep Water).  986 
 987 
Figure 2. Suggested hypotheses for the occurrence of contourites along the Moroccan 988 
margin. 989 
 990 
Figure 3. Age model for cores GC-01A-TC/PC and MVSEIS08_TG-2, where fast-991 
contourites (orange stripes) are marked by high Zr/Al. Correlation of d18O of planktonic 992 
foraminifera in GC01 (TC for trigger and PC for piston core) (A) and TG2 (B) with 993 
biomarkers-SST from core MD01-2444 (Martrat et al., 2007) on the Portuguese margin. 994 
Age-depth diagrams with probability distributions and sedimentation rates of GC01 and 995 
TG2 (C and D). Ii and Mi stand for Iberia and Morocco silty-contourites (orange stripes; 996 
see text for identification of silty-contourites); YD is Younger Dryas and HSi is 997 
Heinrich Stadial event i (blue stripes). 998 



21 
 

 999 
Figure 4. Relationship between XRF-Zr/Al composition, and sortable silt (contour-1000 
current strength) and SS% (%(10-63 µm)/<63µm) for the Iberian GC01 (A) and 1001 
Moroccan TG2 (B) sites with d13C of benthic foraminifera Cibicides pachyderma. 1002 
Vertical stripes denote fast-contourites (orange) and cold climate events Heinrich 1003 
Stadial 1 (HS1) and Younger Dryas (YD) (blue). Ii and Mi denote Iberian and 1004 
Moroccan silty-contourites, respectively. 1005 
 1006 
Figure 5. Polar, subpolar and subtropical climate assemblages of planktonic 1007 
foraminifera in percentage (see text for assemblages of species) (A). Sea Surface 1008 
Temperatures (SST) (winter) based on Simmax28 for the GoC records (this study) and 1009 
alkenones for MD95-2043 (Cacho et al., 2001) (B). Percentage of G.scitula as indicator 1010 
of cold surface water and the Azores Front (Rogerson et al., 2004) (C). Comparison of 1011 
dO18 of planktonic foraminifera (G.bulloides) between the GoC (this study, GC01 and 1012 
TG2) and the western Mediterranean (Alboran Sea, site MD95-2043; 36º 8.6’N, 2º 1013 
37.3’W, 1841 m; Cacho et al., 2001) (D); note the difference of 0.75-1.0 ‰ PDB shown 1014 
between the 2 records. Symbols: red bold circles for GC01 and purple open circles for 1015 
TG2. In B) triangles with numbers identify fast-contourites (red for GC01 and purple 1016 
for TG2). 1017 
 1018 
Figure 6. Comparison of d13C of benthic foraminifera Cibicides pachyderma between 1019 
upper-MOW in the Moroccan (TG2, purple thick bold line and open circles) and in the 1020 
Iberian (GC01, red thick bold line) sites (this study). Further comparison of these with 1021 
glacial and deglacial lower-MOW (MD99-2339, thin bold line; Voelker et al., 2006) – 1022 
difference shaded in purple - at the GoC and MD95-2043 (dotted line; Cacho et al., 1023 
2006) at the western Mediterranean Sea (A).  1024 
Below, d18O of Cibicides pachyderma of TG2 and GC01 (this study) bathed by the 1025 
upper-MOW, compared to MD99-2339 in the lower-MOW (Voelker et al., 2006) (B). 1026 
 1027 
Figure 7. Salinity (shading) and current velocity (arrows) patterns outside of the Straits 1028 
of Gibraltar from a high-resolution ocean model at 857 m in two different seasons, 1029 
autumn (A) and winter (B). Meridional salinity cross-section in the Gulf of Cadiz at 1030 
~7°W for the winter months (black line located in panel B) (C). All data represents a 1031 
2000-2007 climatology.    1032 
 1033 
Figure 8. Zoom of silty-contourite I6 (Iberian margin) occurring during Heinrich 1034 
Stadial event 1 (HS1). Comparison of oceanographic changes between the GoC (core 1035 
GC01, red bold circles) and the western Mediterranean Sea (Corsica Trough, core 1036 
MD01-2472, Toucanne et al. 2012 in blue bold squares; Menorca Drift, core MD99-1037 
2343, Sierro et al. 2005, in black open diamonds), based on dO18 of planktonic 1038 
foraminifera G. bulloides (A), d13C of benthic foraminifera (Cibicides pachyderma for 1039 
GC01 and Uvigerina spp. for MD01-2472) (B), % of polar planktonic foraminifera N. 1040 
pachyderma (C), S"S"-sortable silt mean (D), and foraminifera-Sea Surface Temperature 1041 
(winter) (E). Blue vertical bar outlines HS1.  1042 
 1043 
Table 1. Dates 14C AMS. 1044 
Table 2. Duration of silty-contourites and millennial events.  1045 
 1046 
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Table 1. AMS 14C ages in cores GC01, TG2 and CADIZ01 in the Gulf of Cadiz.

Sample reference Depth in section (cm)                                
Depth in core (cm)

Laboratory 
Reference* Material Weight (mg) Amount of C 

analysed (mg)
Corrected 

pMC† δ13C(‰)±error
Conventional Age yr 

BP

Reservoir 
corrected  14C 

Age yr BP

68.3% (1σ)            
Age ranges           

(calendar yr BP)

TG2-S1 24-25 KIA46898 bulloides, ruber, inflata, truncatulinoides, 
universa > 250 µm 11,1 1.0 51.94 ± 0.24 0.01 ± 0.28 5265 ± 35 5623 5581-5651

TG2-S1 64-65 KIA46899 bulloides, ruber, inflata, truncatulinoides, 
universa > 250 µm 10,2 0.9 29.50 ± 0.31 1.03 ± 0.11 9810 ± 80 10702 10559-10804

TG2-S2 4-5                                 
74-75 KIA46900 bulloides, ruber, inflata, truncatulinoides  > 

150 µm 7,8 0.7 26.92 ± 0.35  -2.65 ± 0.19 10540+110/-100 11734 11412-11515

TG2-S2 71-74                             
141-144 KIA 44972 bulloides, ruber, inflata, falconensis, 

truncatulinoides, universa  > 150 µm 6,7 0.7 24.84 ± 0.18  -1.67 ± 0.22 11185 ± 55 12665 12599-12712

TG2-S2 140-141                                  
210-211 KIA 49744 inflata, bulloides, ruber, truncatulinoides, 

universa > 150 µm 5,95 0,4 20.57 ± 0.21  -0.39 ± 0.25 12700 ± 80 14265 14018-14262

GC01A-TC 1-2 KIA46901  bulloides, ruber, inflata, truncatulinoides, 
universa > 250 µm 10,4 1.0 85.17 ± 0.30 0.47 ± 0.37 1290 ± 30 836 793-883

GC01A-TC 80-81 KIA 49736 inflata, ruber  > 250 µm 9,3 0.9 44.53 ± 0.23 0.17 ± 0.19 6500 ± 40 7010 6940-7075

GC01A-S1 17-18 KIA 49737 ruber, inflata, truncatulinoides, universa, 
bulloides > 250 µm 9,67 0.6 31.01 ± 0.21 0.77 ± 0.23 9405 ± 55 10253 10181-10312

GC01A-S1 33-34 KIA46902  bulloides, ruber, inflata, truncatulinoides, 
universa > 250 µm 10,4 0.8 28.43 ± 0.33 0.08 ± 0.08 10100 ± 90 11093 10994-10970

GC01A-S1 93-94 KIA 49738 inflata, bulloides, truncatulinoides, 
universa, ruber   > 150 µm 10,18 1.0 21.94 ± 0.18  -0.74 ± 0.31 12180 ± 70 13621 13510-13557

GC01A-S2 26-27                                  
127.2-128.2 KIA 49739 inflata, bulloides, ruber, 

truncatulinoides,universa   > 150 µm 10,5 0.9 19.45 ± 0.17  -0.85 ± 0.34 13150 ± 70 15120 ** 14915-15250

GC01A-S2 42-43                                
143.2-144.2 KIA46903  bulloides, ruber, inflata, truncatulinoides, 

universa  > 150 µm 9,3 0.9 19.52 ± 0.30  -0.88 ± 0.14 13130 +130 -120 15090 ** 14955-15200

GC01A-S2 87-88                              
188.2-189.2 KIA 49740 bulloides, universa  > 250 µm 9,16 0.8 16.32 ± 0.16  -2.03 ± 0.21 14560 ± 80 17218 17040-17408

GC01A-S3 91-92                                 
292.7-293.7 KIA 49741 inflata, universa, ruber, truncatulinoides, 

bulloides    > 150 µm 10,75 0.9 13.56 ± 0.16 0.20 ± 0.21 16050 ± 90 18792 18692-18873

GC01A-S5 99.3-100.3              
511.1-512.1 KIA47835 bulloides, ruber, inflata, truncatulinoides, 

universa > 150 µm 11 1.1 9.58 ± 0.13 2.00 ± 0.30 18840 ± 110 21992 21780-22244

CADIZ-01-TC 71-72 KIA 49742 inflata, ruber, truncatulinoides, bulloides, 
universa   > 150 µm 10,4 1.0 28.78 ± 0.19  -0.23 ± 0.23 10005 ± 55 10988 10907-11116

CADIZ-01-S1 9-10 KIA 49743 inflata, truncatulinoides, bulloides, ruber, 
universa  > 150 µm 10,33 1.0 23.98 ± 0.18 1.83 ± 0.19 11470 ± 60 12957 12878-13090

* Leibniz Labor für Altersbestimmung und Isotopenforschung - Kiel, Germany.
** Not used for age model, but interpolation between adjacent 14C ages gives 14913 yrs (for GC01A-S2-26cm) and 15518 yrs (for GC01A-S2-42cm).



Table 2. Duration and sedimentation rates of contourites in the Iberian (I) and Moroccan margins.

Depth (cm)
Age (cal Kyr 

BP)
Duration 

(kyr)
Sedimentation 

rate cm/kyr Climatic Event

GC01‐TC I0 10 1.539 2.189  12.8  2.8 kyr

38 3.728

GC01‐PC I2 1 9.410 0.630 19.0 deglaciation

13 10.040

I5 57 12.104 1.433 23.7 YD

91 13.537

I6 155 15.971 1.134 26.5 HS1

185 17.105

YD 50 11.986 1.723 26.1

95 13.709

B/A 93 13.734 1.746 28.6

143 15.480

H1 143 15.518 3.078 44.5

280 18.596

TG2 M1 27 6.004 0.761 7.9 6.5 kyr (end HO) ?

33 6.765

M3 68 11.115 0.309 9.7 YD

71 11.424

M4 80 11.817 0.098 71.4 YD

87 11.915

M5 155 12.860 0.997 43.1 YD

198 13.857

YD 68 11.115 2.742 47.4

198 13.857

B/A 198 13.880 0.430 51.0

220 14.311
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