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Holocene from the Gulf of Cadiz. A detailed correlation between the cores has been made possible by a large radiocarbon
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and isotopic data set and a high degree of similarity of frequency changes within several species by coiling
direction changes of Globorotalia truncatulinoides and Globorotalia hirsuta and by occurrences of the polar species
Neogloboquadrina pachyderma and Limacina retroversa. Occurrences of these polar species are clearly related to
paleoclimatic oscillations and reflect rapidly changing surface water conditions in the Gulf of Cadiz during the
latest Pleistocene that have been observed regardless of sedimentation rates and sedimentary environments
(contouritic drifts vs slope without bottom current influence).

1. Introduction

Contourite depositional systems (CDS) are very common along
many continental margins and in deep basins worldwide. Similar to
large turbidite systems, they can reach huge lateral and vertical di-
mensions (e.g., Heezen et al., 1966; Marani et al., 1993; Laberg et al.,
1999; Stow et al., 2002; Rebesco and Camerlenghi, 2008) and have a
high stratigraphic, sedimentological, paleoceanographic and paleocli-
matological significance (e.g., Llave et al., 2006; Voelker et al., 2006;
Toucanne et al., 2007; Knutz, 2008; Bahr et al., 2015; Kaboth et al.,
2015). Study of the sedimentary and stratigraphic characteristics of
contourite deposits on continental margins offers the possibility of
tracing the paleocirculation patterns of bottom currents and their
evolution through time. Bottom currents are the result of both ther-
mohaline and wind-driven circulation of the ocean (e.g., Rebesco and
Camerlenghi, 2008), they are highly sensitive to climate changes and a
reliable, highly resolved stratigraphic framework is required to con-
strain their impact on continental margins. However, in such a dynamic
depositional environment, carbonate tests of planktonic and benthic
fauna classically used for accurate stratigraphical analyses (e.g., §*%0,
14C) can be missing or concentrated, resulting in potentially dis-
continuous and unreliable records.

Biostratigraphic events can be an interesting tool in such

environments as their evaluation requires relatively few specimens
(= 300) compared to, for example, radiocarbon datings. In the North
Atlantic, the percentages of Neogloboquadrina pachyderma, previously
known as N. pachyderma sinistral (Darling et al., 2006), a polar species
of planktonic foraminifera, are often given to characterize brief cold
climatic phases such as the Heinrich Stadials (Heinrich, 1988; Darling
et al., 2006; Eynaud et al., 2009; Voelker and de Abreu, 2011) in spite
of their low abundance (a few percent) at mid and low latitudes. In this
paper, we want to show that other species offer the same kind of pre-
cision during periods described as relatively homogeneous in faunal
assemblages, such as the Holocene. Those bio-events allow rapid cor-
relations between nearby sedimentary cores. Because the Gulf of Cadiz
is a reference area for the study of the impact of bottom currents on
local sedimentation, it would be worth questioning if the use of stra-
tigraphical methods based on microfauna, potentially displaced or re-
worked by those bottom currents, is reliable. Bottom currents are semi-
permanent features of deep ocean circulation and they are character-
ized by strong spatiotemporal variations in their velocity. In the CDS of
the Gulf of Cadiz, the Mediterranean Outflow Water (MOW) mean ve-
locities commonly reach ~80 cm/s implying transport of sand and se-
vere winnowing (Hernandez-Molina et al., 2011).

This study aims (1) to describe the main bio-events recognized
during the last 50 kyr in the Gulf of C4ddiz and to discuss their age based
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Fig. 1. Map of the Gulf of Cadiz showing the general circulation pattern of the water masses (grey and black arrows) and the main morphosedimentary sectors of the Contourite
Depositional System (Hernandez-Molina et al., 2006). Black and red dots are the locations of cores used in this study. AIW: Atlantic Inflow Water; NADW: North Atlantic Deep Water;
MOW: Mediterranean Outflow Water; MUW: Mediterranean Upper Water; MLW: Mediterranean Lower Water; IB: Intermediate MLW Branch; PB: Principal MLW Branch; SB: Southern
MLW Branch; AD: Albufeira Drift; BDD: Bartolome Dias Drift; FD: Faro Drift; FCD: Faro-Cadiz Drift; GD: Guadalquivir Drift; HD: Huelva Drift; PD: Portimao Drift; PH: Portimao High; LD:
Lagos Drift; SD: Sagres Drift; CR: Cadiz Ridge; GB: Guadalquivir Bank; GR: Guadalquivir Ridge; ACM: Alvarez Cabral Moat; CC: Cadiz Channel; DCC: Diego Cao Channel; GC: Guadalquivir
Channel; GEC: Gil Eanes Channel; HC: Huelva Channel (modified from Hanquiez, 2006 and Hernandez-Molina et al., 2003, 2006). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

on oxygen and radiocarbon isotope data, and (2) to evaluate the re-
liability of the identified regional bio-events based on twenty-one cores
collected in different areas under and out of the influence of the high-
velocity bottom currents in the Gulf of Cadiz.

2. Regional setting

The Gulf of Cadiz is located southwest of the Iberian Peninsula, west
of the Strait of Gibraltar (Fig. 1). It is the primary site of water mass
exchange between the Atlantic Ocean and the Mediterranean Sea
through the Strait of Gibraltar. Whereas the fresher and colder Atlantic
Inflow Water (AIW) enters the Mediterranean at the surface, the rela-
tively dense, warm and saline waters from Mediterranean (Levantine
Intermediate Water, LIW and Western Mediterranean Deep Water,
WMDW) flow westward to form the Mediterranean Outflow Water
(MOW; Bryden and Stommel, 1982; Jungclaus and Mellor, 2000). Two
separate flow cores are recognized from 300 to 600 m (Mediterranean
Upper Water, MUW; Ambar and Howe, 1979; Ambar et al., 1999;
O'Neil-Baringer and Price, 1999) and from 600 to 1500 m (Mediterra-
nean Lower Water, MLW; Madelain, 1970; Zenk and Armi, 1990;
Rogerson et al., 2005, Stow et al., 2013; Fig. 1). At approximately 7°W,
the MLW is subdivided into three branches named the Intermediate
Branch (IB), Principal Branch (PB) and Southern Branch (SB) from
North to South (Madelain, 1970; Kenyon and Belderson, 1973; Nelson
et al., 1993; Fig. 1). Below water depths of 1200 m and 1500 m in the
eastern and western parts of the Gulf, respectively, the MOW is dis-
connected from the seafloor and underlain by the North Atlantic Deep
Water (NADW) (O'Neil-Baringer and Price, 1999; Hernandez-Molina
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et al., 2003, 2011).

In the present day, MOW velocities range from 2.5 m/s in the Strait
of Gibraltar to 20-10 cm/s in the MUW and MLW at Cape St. Vincent.
These velocities are typically 80 to 40 cm/s in MUW and 50 to 30 cm/s
in the three MLW branches from SE to NW in the Gulf of Cadiz (Boyum,
1967; Habgood et al., 2003; Hanquiez et al., 2007). Those bottom
currents are semi-permanent and have a net alon- slope flow motion but
can be extremely variable in direction and velocities (Stow and
Faugeres, 2008; Stow et al., 2013). Such energetic flows are able to
erode, transport and deposit sediments on the sea floor, and the inter-
action of MOW with the slope generates a large contourite depositional
system (Herndndez-Molina et al., 2006; Fig. 1).

The northwestern part of the Gulf of Cadiz is largely dominated by
contouritic drifts such as separated mounded drifts (Faro-Albufeira
drifts; Fig. 1) and sheeted drifts (Bartolome Dias, Huelva, Guadalquivir,
Portimao, Lagos and Sagres drifts; Faugeres et al., 1984, 1994; Gonthier
et al., 1984; Stow et al., 1986; Marches et al., 2007; Fig. 1).

Contouritic channels are also important features in the Gulf of Cadiz
as they result from both erosive action of bottom currents and neo-
tectonic activity (e.g., deformation and diapiric intrusion). Stow et al.
(2013) show that bedforms observed in contourite channels are related
to high-energy flows, such as channelized MOW branches but can also
be related to amplification of tidal or meteorological-induced bottom
currents (internal tides and internal waves). The Cadiz, Guadalquivir,
Huelva and Diego Cao channels are the four largest contouritic channels
of the area (Fig. 1).
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Table 1
Details of cores used during this study.

Core Latitude Longitude Depth (m) Length (m) Cruise
CADKS04 35.882 —6.9262 814 6.2 CADISAR
CADKS07 36.0271 —7.3111 1006 4.71 CADISAR
CADKS09 36.2183 —7.2432 814 3.53 CADISAR
CADKS17 36.3252 —7.3845 852 8.75 CADISAR
CADKS23 36.4396 —7.9212 737 2.22 CADISAR
CADKS24 36.0824 —7.9421 1316 8.65 CADISAR
CADKS25 36.1508 —8.0015 1259 7.52 CADISAR
CADI2KS01 36.5 — 8.0000 820 5.65 CADISAR 2
CADI2KS05 36.2083 —8.6533 1949 7.62 CADISAR 2
CADI2KS07 36.6477 —8.1417 786 4.87 CADISAR 2
CADI2KS08 36.6815 —8.104 789 5.4 CADISAR 2
CADI2KS10 36.6788 —8.4016 703 2.85 CADISAR 2
CADI2KS11 36.7538 —8.5272 938 2.82 CADISAR 2
CADI2KS13 36.78 —8.5633 672 2.88 CADISAR 2
CADI2KS14 36.7133 —8.7117 752 4.71 CADISAR 2
CADI2KS17 35.7808 —7.585 1446 1.76 CADISAR 2
CADI2KS20 36.4117 —8.2358 1103 3.25 CADISAR 2
CADI2KS22 36.3566 —8.5536 2555 3.66 CADISAR 2
CADI2KS23 36.2833 —8.61 2254 7.3 CADISAR 2
CADI2KS24 36.27 —8.6367 2129 6.75 CADISAR 2
MD99-2337 36.867 -7.717 598 19.88 IMAGES V
MD99-2341 36.3892 —7.0657 582 19.42 IMAGES V

3. Material

This study is based on twenty-two cores collected in the Gulf of
Cédiz during three cruises (Table 1). Among them, eight cores that
provide seemingly continuous records from a wide range of deposi-
tional environments have been chosen as reference cores.

Two long piston cores, MD99-2337 and MD99-2341, were collected
by the r/v Marion Dufresne II (IPEV) during the IMAGES V/GINNA
cruise (1999; Fig. 1; Table 1). They are located in the Faro (MD99-
2337) and the Faro-Cadiz (MD99-2341) drifts. These locations are
presently under the influence of the MUW and the MLW, respectively
(Hernandez-Molina et al., 2006; Llave et al., 2006).

Two Kiillenberg cores were recovered by the r/v Le Suroit
(IFREMER) during the CADISAR 1 cruise (2001; Fig. 1; Table 1). Core
CADKS24, located on a small plateau, and core CADKS25, collected in
the Lolita mud volcano (Somoza et al., 2003) are both at the limit of the
influence of the SB.

Four Kiillenberg cores were recovered by the r/v Le Suroit
(IFREMER) during the CADISAR 2 cruise (2004; Fig. 1; Table 1): (i)
CADI2KSO01 in the Bartolome Dias Drift under the influence of the PB,
(ii) CADI2KS20 in the Portimao High, under the influence of the SB, (iii)
CADI2KSO08 in the Albufeira Drift under the influence of the IB, and (iv)
CADI2KS05 westward of the Albufeira High and out of the influence of
the MOW.

4. Methods

The cores MD99-2337, CADI2KS01, CADI2KS08, and CADI2KS20
were sampled every 10 cm for analyses of oxygen isotopes and bios-
tratigraphy. The longest core MD99-2341 was sampled every 5 cm for
the same purposes, to gain a greater resolution. The cores CADI2KS05,
CADKS24 and CADKS25 and all the other cores of this study were
sampled every 10 cm for biostratigraphic analyses. Visual description
and X-ray images have been used during sampling to avoid the largest
bioturbations. The samples were washed and sieved to remove material
finer than 63 um, using demineralised water for the last rinse. The re-
sidues were dried and weighed and the > 150-um fraction was sepa-
rated for foraminiferal counts.

4.1. Isotope and radiometric analyses

Stable oxygen measurements were carried out on 10 to 15 visually
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clean specimens of the planktonic foraminifera Globigerinoides ruber
alba, Globigerina bulloides, Neogloboquadrina incompta (previously
known as N. pachyderma dextral; Darling et al., 2006), depending on
their presence from all reference cores, ~3 specimens of the benthic
foraminifera Uvigerina peregrina and Uvigerina mediterranea for core
MD992337. Specimens have been handpicked in the > 250 um size
fraction for planktonic foraminifera and > 150 ym for benthic for-
aminifera. Measurements were made at Bordeaux University, UMR
5805 EPOC, using an Optima Micromass mass spectrometer. External
reproducibility for standards on this mass-spectrometer is = 0.048%o.
For core MD99-2341, isotopic analyses were carried out in the isotope
laboratory at Bremen University with a CARBO KIEL automated car-
bonate preparation device linked on-line to a FINNIGAN MAT 252 mass
spectrometer, with a long-term reproducibility of 0.08%o (Mulder et al.,
2002; Toucanne et al., 2007).

Radiocarbon datings have been performed on 112 samples, corre-
sponding to > 10 mg of visually clean handpicked planktonic for-
aminifera from the > 150-um fraction (Tables 2a and 2b). For mea-
surements made on ‘bulk’ samples, different species of planktonic
foraminifera were handpicked. Samples were treated in 2 mL of 0.01 M
nitric acid for 15 min to remove organic coatings. Afterwards, samples
were dried under vacuum and then digested in phosphoric acid at 60 °C
until 1 mg of carbon was produced as CO,. The CO, was reduced with
H, in the presence of iron at 600 °C to graphite and pressed directly
onto a target. The activity of **C in the graphite targets was measured
on an accelerator mass spectrometer (AMS) and standardized using an
in-house CO, standard HOxI that was normalized to a §'3C value of
— 25%o. The *C activity was corrected for fractionation in the mass
spectrometer based on the §'C measurement. Radiocarbon ages were
determined at the Laboratoire de Mesure du Carbone 14-Saclay (Paris)
thanks to the French Artemis programme, and at the Leibniz-Labor
Radiometric Dating and Isotope Research (Kiel University) for core
MD99-2341 (Tables 2a and 2b).

Radiocarbon ages were calibrated to calendar years by using the
web-based Calib Rev. 7.0.2 program/Marinel3 data set (Stuiver and
Reimer, 1993; Reimer et al., 2009). Ages indicated correspond to the
median probability of the probability distribution (Telford et al., 2004).

4.2. Faunal analyses

The > 150-um fraction was split into aliquots of at least 250 spe-
cimens of planktonic foraminifera for identification, according to the
taxonomy of Hemleben et al. (1983), Kennett and Srinivasan (1983),
Bolli et al. (1989), Darling et al. (2006), Spezzaferri et al. (2015).
Special focus has been given to the species Neogloboquadrina pachy-
derma, Globorotalia truncatulinoides, Globorotalia hirsuta, Globigerinoides
ruber rosea, Globigerinoides conglobatus, Globorotalia crassaformis and
Trilobatus sacculifer.

N. pachyderma is a polar species, which is typically used in tempe-
rate latitudes to identify the presence of subpolar to polar surface wa-
ters and cold climatic episodes such as the Heinrich Stadials (Schiebel
et al., 2001; Darling et al., 2006; Eynaud et al., 2009; Voelker et al.,
2009; Voelker and de Abreu, 2011). The data of N. pachyderma are
given as percentages of the total planktonic foraminiferal number.

Gs. ruber rosea, Gs. conglobatus, Gr. crassaformis and T. sacculifer are
tropical and subtropical species and are typically present in warm
periods such as the Holocene and the Bglling-Allergd (B-A). Their semi-
quantitative abundance is used to indicate the boundaries of the
Holocene and the B-A (VA = 30%; Abundant = 15-30%;
Common = 5-15%; Few = 1-5%; Barren = none observed; Sierro
et al., 1999; De Abreu et al., 2003; Rogerson et al., 2005).

Gr. hirsuta is a subtropical species which has been previously used as
a stratigraphical marker, rather than a paleoclimatic marker. Despite
the scarcity of this species in sediments, the change in its coiling di-
rection has been already used to identify the Pleistocene-Holocene
boundary along the Iberian margins (e.g., Pujol, 1975; Duprat, 1983;
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Table 2a
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Radiocarbon ages of cores of this study. LLRDIR: Leibniz-Labor Radiometric Dating and Isotope Research. Bulk: surface-dwelling planktonic foraminifera.

Core Depth (cm) Lab code Species Conventional AMS '*C  Standard 95,4% (2 sigma) cal yr  Cal yr BP age Remarks
age (**C yr BP) error BP age ranges median
probability
CADI2KS01 1 SacA 21252 Bulk 930 + 30 486-608 530
31 SacA 21253 Bulk 1870 + 30 1332-1509 1416
71 SacA 11184  Gs. ruber alba 3395 + 30 3169-3352 3266
91 SacA 6458  Gr.inflata 5435 + 35 5715-5898 5810
101 SacA 6459  Gr.inflata 5780 + 80 5986-6360 6194
121 SacA 21255 Bulk 7830 + 30 8202-8368 8304
bis SacA 21254 Bulk 8190 + 30 8570-8811 8677
135 SacA 17191 Gr.inflata 9705 + 50 10,477-10,747 10.606
151 SacA 10613  Gs. ruber alba 9480 + 35 10,219-10,444 10.321
201 SacA 10614 Gr.inflata 12.950 * 45 14,504-15,123 14.863
215 SacA 21256 Bulk 14.065 + 45 16,254-16,698 16.465
261 SacA 17192 Gr.inflata 14.650 + 60 17,126-17,547 17.349
316 SacA 21257 Bulk 19.000 * 70 22,320-22,634 22.460
371 SacA 10615 Gr.inflata 20.350 + 90 23,727-24,266 24.001
421 SacA 10616  G.bulloides 22.060 + 80 25,764-26,077 25.919
455 SacA 10617  G.bulloides 24.290 + 100 27,700-28,182 27.916
471 SacA 10618  G.bulloides 25.450 + 120 28,762-29,432 29.080
521 SacA 10619 Gr.inflata 30.810 + 200 34,006-34,766 34.390
CADI2KS05 1 SacA 17193  Gs.ruber alba 1055 + 30 551-672 627
11 SacA 19761 Bulk 985 + 30 517-634 576
91 SacA 19762 Bulk 4085 + 30 4002-4234 4127
211 SacA 17194  Gs.ruber alba 8475 + 40 8987-9228 9088
251 SacA19763  Bulk 10.045 + 35 10,898-11,168 11.056
271 SacA19764 Bulk 12.255 + 50 13,537-13,871 13.717
301 SacA19765  Bulk 12.230 + 60 13,497-13,853 13.687
341 SacA19766  Bulk 14.160 + 45 16,380-16,871 16.619
381 SacA19767  Bulk 15.150 + 50 17,761-18,112 17.943
CADI2KS07 1 SacA 21258 Bulk 835 + 30 417-517 472
13 SacA 22375 Bulk 1150 + 30 645-761 696
61 SacA 21259  Gs.ruber 3955 + 30 3847-4060 3945
+ Gr.inflata
101 SacA 6460  Gr.inflata 5480 + 35 5742-5935 5862
181 SacA 21260 bulk 8285 + 35 8691-8974 8843
241 SacA 21261 bulk 10.170 + 40 11,074-11,255 11.170
281 SacA 6461 Gr.inflata 12.640 + 40 13,948-14,341 14.133
CADI2KS08 51 SacA 10620 Gr.inflata 3085 + 30 2762-2943 2851
91 SacA 10621 Gr.inflata 7835 + 35 8200-8375 8307 Discarded: reworked
sediment
101 SacA 6462  Gr.inflata 4765 + 30 4882-5142 5013
121 SacA 10622 Gr.inflata 5620 * 30 5914-6123 6013
212 SacA 10623 Gr.inflata 7985 + 30 8371-8523 8438
271 SacA 10624 Gr.inflata 9365 + 40 10,120-10,294 10.201
307 SacA 10625 Gr.inflata 10.160 * 40 11,063-11,247 11.163
326 SacA 10626 Gr.inflata 11.030 + 40 12,493-12,675 12.584
351 SacA 10629 Gr.inflata 12.820 + 70 14,154-14,934 14.515
355 SacA 17196 Gr.inflata 12.900 + 50 14,313-15,051 14.720
366 SacA 10627 Gr.inflata 12.815 + 40 14,181-14,804 14.487 On the basis of planktonic
880 record assumed to be too
young
435 SacA 10628 Gr.inflata 14.890 * 50 17,479-17,867 17.656
503 SacA 17197 Gr.inflata 16.960 + 80 19,696-20,209 19.973
CADI2KS10 6 SacA 10713 Gr.inflata 4645 + 30 4804-4954 4862
21 SacA 6466  Gr.inflata 19.580 + 220 22,544-23,621 23.103
70 SacA 6467  Gr.inflata 40.760 + 630 42,908-45,035 43.943 Discarded: likely reworked
sediment
131 SaA 17187  Gr.inflata 54.000 + 2500 Discarded: likely reworked
sediment
261 SaA 17188  Gr.inflata 52.000 + 1900 Discarded: likely reworked
sediment
286 SacA 6468  Gr.inflata 14.740 + 60 17,231-17,662 17.470 Discarded: likely
contaminated sample
CADI2KS11 82 SacA 17190 Gr.inflata 8610 + 40 9131-9395 9276
249 SacA 11187  Gs. ruber alba 10.195 * 40 11,096-11,276 11.188

Sierro et al., 1999).

Gr. truncatulinoides is also a subtropical species but can be found in a
broad suite of environments, except for the polar provinces and areas
with extreme salinity (Ericson and Wollin, 1968; Bé and Tolderlund,
1971; Bé, 1977; Hemleben et al., 1983). It is considered as a deep-
dwelling species (Bé, 1960; Hemleben et al., 1985; Lohmann and
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Schweitzer, 1990) that lives preferentially in phosphate- and nutrient-
rich waters and is therefore a good indicator of thermocline location
(Mulitza et al., 1999; Cléroux et al., 2009). Sinistral forms seem to live
in a deeper thermocline than dextral specimens (Lohmann and
Schweitzer, 1990; Ujiié et al., 2010). The data of Gr. truncatulinoides are
given as percentages of coiling ratio, using the following formula:
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Table 2b
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Radiocarbon ages of cores of this study. LLRDIR: Leibniz-Labor Radiometric Dating and Isotope Research. Bulk: surface-dwelling planktonic foraminifera.* corresponds to G. bulloides or

Gr. ruber alba or pteropod Clio sp. or Cavolinia sp. (Llave et al., 2006).

Core Depth (cm) Lab code Species Conventional AMS Standard 95,4% (2 sigma) cal yr  Cal yr BP age Remarks
4G age (**Cyr BP) error BP age ranges median
probability
CADI2KS13 254 SacA 17189  G.bulloides 1535 + 30 991-1176 1094
CADI2KS14 11 SacA 10711 Gr.inflata 4165 + 30 4136-4369 4244
29 SacA 6469 Gr.inflata 12.310 + 50 13,615-13,941 13.781
CADI2KS17 7 SacA 17178  Gs.ruber alba 1710 + 35 1182-1332 1267
40 SacA 17185  Gr.inflata 1540 + 35 983-1191 1099
90 SacA 17179 G.bulloides 6000 + 45 6296-6525 6412
CADI2KS19 131 SacA 17183  N. incompta 30.340 + 210 33,668-34,427 34.019
221 SacA 17184  G.bulloides 33.230 + 290 36,136-37,915 36.869
CADI2KS20 21 SacA 10629  Gs. ruber alba 5640 + 30 5939-6154 6041
41 SacA 10630 Gs. ruber alba 7960 + 30 8351-8503 8414
106 SacA 10631 Gs. ruber alba  12.230 + 40 13,526-13,830 13.690
131 SacA 10632  Gr.inflata 12.755 + 45 14,116-14,688 14.349
142 SacA 10633 G.bulloides 14.760 + 50 17,288-17,674 17.498 On the basis of planktonic §'%0
record assumed to be too old
171 SacA 10634  G.bulloides 14.520 + 50 16,972-17,407 17.176
211 SacA 10635  Gr.inflata 16.460 + 50 19,203-19,559 19.383
282 SacA 10636 Gr.inflata 18.350 + 60 21,524-21,938 21.745
296 SacA 17186  Gr.inflata 19.020 + 90 22,301-22,713 22.479
CADI2KS22 160 SacA 17176  Gr.inflata 7745 + 45 8102-8331 8220
CADI2KS23 211 SacA 17177 bulk 8440 + 40 8955-9195 9048
CADI2KS24 11 SacA 22365  Gs.ruber alba 620 + 30 140-331 269
281 SacA 22366  Gr.inflata 8510 + 30 9019-9247 9134
321 SacA 22367  Gr.inflata 10.070 + 30 10,950-11,183 11.085
361 SacA 22368 Gr.inflata 10.810 + 35 12,082-12,488 12.301
381 SacA 22369  Gr.inflata 11.625 + 35 12,977-13,243 13.122
401 SacA 22370  Gr.inflata 12.070 + 40 13,384-13,658 13.509
451 SacA 22371 Gr.inflata 12.945 + 40 14,516-15,114 14.857
471 SacA 22372 Gr.inflata 13.300 + 40 15,216-15,604 15.391
501 SacA 22373 bulk 14.190 + 50 16,423-16,925 16.671
531 SacA 22374 bulk 15.165 + 45 17,795-18,125 17.959
CADKS04 83 SacA 17204  Gr.inflata 10.385 + 45 11,241-11,719 11.450
162 SacA 002293  G.bulloides 14.720 + 80 17,158-17,670 17.440
254 SacA 002294  Gr.inflata 9590 + 60 10,268-10,617 10.463 On the basis of biostratigraphic
framework assumed to be too
young
405 SacA 10715  Gr.inflata 30.040 + 170 33,504-34,103 33.802
463 SacA 002295  Gs.ruber alba 18.500 + 110 21,612-22,268 21.934 On the basis of biostratigraphic
framework assumed to be too
young
CADKSO07 63 SacA 17206 Gr.inflata 11.37 + 50 12,685-12,964 12.826
CADKS09 125 SacA 17207  Gs. ruber alba 8660 + 40 9221-9440 9337
CADKS17 36 SacA 17205  Gs. ruber alba 2110 + 30 1593-1796 1691
141 SacA 001828 Gr.inflata 6270 + 50 6603-6865 6723
528 SacA 17198  Gs. ruber alba  10.585 + 45 11,625-12,078 11.881
CADKS23 176 SacA 17199  Gr.inflata 30.740 + 210 33,948-34,728 34.337
CADKS24 215 SacA 001831  Gs. ruber alba  10.490 * 70 11,323-11,968 11.657
378 SacA17200 Gr.inflata 12.930 + 60 14,356-15,110 14.796
527 SacA 17201  N. incompta 15.430 + 70 18,021-18,462 18.256
CADKS25 6 SacA 17202  Gr.inflata 1295 + 30 758-915 841
101 SacA 17203 Gs. ruber alba 9590 + 50 10,285-10,596 10.466
MD 99-2341 5 KIA14636 * 1585 + 25 1062-1228 1151
65 KIA14637 * 5845 + 35 6180-6344 6263
255 KIA14638 * 9120 + 50 9679-10,097 9868
370 KIA14639 * 11.130 + 50 12,555-12,741 12.643
485 KIA14640 * 14.210 + 80 16,391-16,992 16.701
565 KIA14641 Pteropod shell 15.010 + 110 17,500-18,043 17.78
580 KIA14642 * 15.720 + 100 18,351-18,789 18.585
755 KIA14643 * 20.940 + 130 24,335-25,161 24.731
805 KIA14644 * 21.530 + 190 25,018-25,856 25.46
1005 KIA14645 * 26.290 + 240 29,491-30,717 30.112
1285 KIA14646 * 32.040 + 560 34,419-36,721 35.541
1435 KIA14647 * 33.250 + 570 35,681-38,455 37.008

%GTS = GTS % 100 / (GTS + GTD) where GTS is the number of spe-
cimens of Gr. truncatulinoides sinistral and GTD the number of speci-
mens of Gr. truncatulinoides dextral. This coiling ratio has been calcu-
lated only when the number of Gr. truncatulinoides represented at least
2% of the total assemblage.

The pteropod species Limacina retroversa is an epiplanktonic
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subarctic species that lives in a temperature range of 2-19 °C (optimum
7-12°C, Bé and Gilmer, 1977; Janssen, 2006). This species, as well as
the other pteropods, are well preserved without evidence of dissolution
in the studied samples. All specimens have been counted in each sample
and they are indicated in the following results as the number of spe-
cimens per gram of sediment. Pteropod fragments have been counted
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only when more than half of the specimen was observed.
4.3. Sedimentological analyses

The sedimentological study is based on visual description, X-ray
images, and measurements of carbonate content. Grain-size analyses
have been performed with a laser microgranulometer Malvern
MASTERSIZER S (University of Bordeaux, UMR 5805 EPOC) using the
median grain size (D50). This parameter has been chosen because it
shows very similar variations to the 10-63-um fraction and is referred
to as the current-speed indicator (McCave et al., 1995). However, it
represents the whole grain-size fraction. Carbonate content was mea-
sured using a Bernard calcimeter. It is indicated in the synthetic core
logs by white (> 30%) and grey colours (< 30%).

5. Results: chronological and biostratigraphical framework of the
Gulf of Cadiz over the last 50 kyr

Planktonic and benthic foraminiferal §'80 curves, radiocarbon
datings and biostratigraphical data for cores CADI2KS05, CADKS24,
CADKS25, MD99-2341, MD99-2337, CADI2KS08, CADI2KS01, and
CADI2KS20 are shown in Figs. 2 to 5 and Tables 2a and 2b. Correlations
have been made between these records on the basis of a series of ten
events recognized in planktonic foraminiferal and pteropod assem-
blages and in 8'%0 data.

5.1. Isotopic data

The chronostratigraphy of the eight reference cores is primarily
based on AMS radiocarbon datings and §'80 records. The stable oxygen
isotopic composition of calcareous tests was determined for G. bulloides,
Gs. ruber and N. incompta (planktonic); and U. peregrina and U. medi-
terranea (benthic). In our record, the range of planktonic 8180 values is

CADI2KS05 (1949 m) CADKS24 (1316 m)

Biostratigraphy
—% Gr. hirsuta (s) ratio

Biostratigraphy
—% Gr. hirsuta (s) ratio
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—1.10 to 2.68%o versus PDB and of benthic §'0 values is 0.9 to 4.5%o
(Figs. 3 to 5). These values are in agreement with the nearby core
MD99-2339 (Voelker et al., 2006, 2009). Planktonic and benthic §'0
data show the same trends with relatively similar and high values
during Heinrich events and lower values during warmer intervals
(MIS3, Last Glacial Maximum - LGM, B-A, and Holocene). The greatest
880 values are recorded at the beginning of the H1 and H2 events
(Figs. 3 to 5). The planktonic §'%0 curves show greater amplitude as a
local signal is superimposed on the global oxygen isotope trend ob-
served through the benthic §'%0 data (Fig. 4). Toucanne et al. (2007)
correlated the 880 signal of core MD99-2341 with the GISP2 ice core
record, and showed the millennial-scale variability (Daansgard-
Oeschger Interstadial/Stadial cycles; Fig. 3). This core goes as far back
as 50 kyr, and its excellent correlation to the Greenland ice core record
is interesting for the comparison of the timing of our regional archives
to more global ones.

The age models of these cores for the last 50 kyr are presented in
Fig. 6 (tie-points from Tables 2a, 2b and 3). As known from previous
works, sedimentation rates are not steady, ranging from ~8 to
~110 cm/kyr. For cores under the influence of the MOW, sedimenta-
tion rates globally increase during H1 (> 20 cm/kyr) but decrease
during the Younger Dryas and the Holocene (Figs. 3 to 6). For the
shallowest core, which is also the closest to the Iberian coast (MD99-
2337; Fig. 4; Table 3), sedimentation rates are higher during the LGM
(=110 cm/kyr).

5.2. Biostratigraphical results

5.2.1. Holocene and Bplling-Allerod assemblages

G. rosea, Gs. conglobatus, Gr. crassaformis, and T. sacculifer are ty-
pically present during interglacial periods and more precisely the
Holocene period in this study area. The first co-occurrence of these four
species over the last 50 kyr is observed at 11,657 cal yr BP in core
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Fig. 2. Stratigraphical synthesis of the cores CADI2KSO05, out of MOW influence, CADKS24 and CADKS25, located at the limit of influence of the Southern Branch (MLW). From left to
right: core log (grey: < 30% CaCOs3; white: > 30% CaCO3), grain-size data, biostratigraphical curves of planktonic foraminifera and pteropods, and radiocarbon datings. TE1 to TE3: Gr.
truncatulinoides (s) events, YD: Younger Dryas, BA: Bolling-Allergd, H1 to H2: Heinrich Stadials; LGM: Last Glacial Maximum.
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Fig. 3. Stratigraphical synthesis of the core MD99-2341, located under the MLW influence. From left to right: core log (grey: < 30% CaCOs), grain-size data, §'%0 planktonic curve,
biostratigraphical curves of planktonic foraminifera and pteropods, and radiocarbon datings. TE3 to TE5: Gr. truncatulinoides (s) events, YD: Younger Dryas, BA: Bglling-Allergd, H1 to H4:
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CADKS24 (Fig. 2) and with very similar ages in other cores (Figs. 2 to
5).

The Bglling-Allergd (B-A) period can also be characterized by the
presence of these species, but they rarely occur all together or are
scarce. T. sacculifer is most commonly observed during the B-A.

5.2.2. Coiling direction of the species Globorotalia hirsuta

Monitoring of the coiling direction of the subtropical species Gr.
hirsuta has been previously used to evidence the Holocene-Pleistocene
stratigraphical boundary off the Moroccan and Portuguese coasts, and
in the Bay of Biscay (e.g., Thiede, 1971; Pujol, 1975; Sierro et al., 1999;
Duprat and Cortijo, 2004). These authors and our results (Figs. 2 to 5)
globally show that Gr. hirsuta is sinistrally coiled (90 to 100%) during
the very end of the Pleistocene and gradually passes to preferentially

dextral forms during the Holocene. This species becomes preferentially
dextral (> 50%) between the two peaks of Gr. truncatulinoides TE3 and
TE2 described in the following paragraph, similar to the date of 5 kyr
proposed by Duprat (1983) (Fig. 2). Nevertheless, our results, such as
the previous ones, note the weakness of this biostratigraphical tool as
Gr. hirsuta is very rare in sediments, especially at the Pleistocene-Ho-
locene boundary. It can be quite difficult to obtain enough specimens to
monitor coiling, in some cases finding a complete disappearance of the
species (Figs. 3 and 5). Duprat and Cortijo (2004) proposed 9 kyr for the
age of the coiling change from 90 to 100% of sinistrally coiled forms to
the coexistence of both dextral and sinistral forms in the Bay of Biscay.
From cores presented in Fig. 2, we could propose ~10 kyr for this
coiling change but the fragmentary records (Figs. 3 to 5) could also
suggest diachronism between core locations in the Cadiz region and in



E. Ducassou et al.

10

14

16

18 m

MD99-2337 (598 m)

Marine Geology 395 (2018) 285-300

3180 (%o) % N. pachyderma Biostratigraphy
i " N | A -
Lithology Grain size = Gs: aber = g ; T:D(Sub)tropical species
) (D50, um) — U. peregrina % Gr. hirsuta (s) ratio
Fine sand ' —— U. mediterranea —— % Gr. truncatulinoides (s) ratio mmm Nb L. retroversa /g
o 1 10 5 4 3 2 1 0 -1 2 40 6 8 10 05
H
<; O TE2
L
=] o
c|
E
N/ TE3
|E]
3 YD
(’ BA
(l Is1 o
— -.? I r
g H1
)
< —
{ LGM
4 >
Is2 ¢
L — |12
H3

Fig. 4. Stratigraphical synthesis of the core MD99-2337, located under the MUW influence. From left to right: core log (grey: < 30% CaCOg; white: > 30% CaCOs), grain-size data, §'%0
planktonic and benthic curves, biostratigraphical curves of planktonic foraminifera and pteropods, and radiocarbon datings. TE2 to TES5: Gr. truncatulinoides (s) events, YD: Younger
Dryas, BA: Bolling-Allerpd, H1 to H3: Heinrich Stadials; LGM: Last Glacial Maximum. Is1 and Is2: Interstadials 1 and 2. I, II, III: contourite peaks from Faugéres et al. (1986).

CADI2KS08 (789 m)
Lithology  Grain size 5180 (%)
(D50, pm)
Fine sand
Sit
Clay M
0

— G. bulloides
— N. incompta
5 2 15 105 0 4

CADI2KS01 (820 m)
Biostratigraphy Lithology Grain size 5180 (%)
— % Gr. truncatulinoides (s) ratio (D50, ym)
—— % Gr. hirsuta (s) rzllo*‘cr_:'
0 40 60 80 1

14C dates
(yrs cal BP)

(Subjtropical species

= o
| = Clhulodes
aal w 32 1o

| 7 7 7 7 Hipated'sgtigieat / f [ [ f

CADI2KS20 (1103 m)
Biostratigraphy 14C dates Lithology Grain size 5180 (%)
(yrs cal BP) 0, pym)

% Gr. truncatulinoides (s) ratio

—— % Gr. hirsuta

420 40 60

— Gs. rubor
Fine sand

e

(s) ratio Ej(Sub)tropmal species

8 1 0 100 2 1 o
530 230 0 =

o)
\ TE1
\. #-2851130 50|
S TE2
/1 N 7 k830735
501330 1
#6013 30

mzmoorox

2
#—8438 230
TE3

2
#-10,201 240

11,163 10
P [ 250450
1451570 350 | |
13720150
*14,487 s40

H1 4

17,656 250

LGM 19,973 150 500!

° 20 40

TE1 #1416 230

TE2 3266 130
L5810 135
6194160 1
£-8304 130

7 330
tRbE

#-10,321 135 150

MZmMOO-Ox

TE

o

#-14,863 245 209
#-16,465 245

|
W {
1734900 Y

a0
LoME—22.460 570 oy

Biostratigraphy
— % Gr. truncatulinoides (s) ratio (yrs cal BP)
p— = + -
. butoides —— % Gr. hirsuta (s) ratio 5
-1 20 40 60 80100
EARL L™

4C dates
(Sub)tropical species

«—6041 230
8414430

YD'e-13,690 240
BA 14349 145

f—17498 150
H1==17.,176 250

19,383 50

LGM

«21,745 160
«—22,479190

[] 2
—-—
pachyderma
#-24,001 190
H2

#—-25,919 180
N 27,916 £100
#-29,080 120
TE4 #-34,390 2200

05
s % N. pachyderma e Nb L. retroversa /g

]
s % N. pachyde

40 025 05
ma wem Nb L. retroversa /g

]
—b L. rotroversa fg

Fig. 5. Stratigraphical synthesis of the cores CADI2KS08, located under the Intermediate Branch (MLW) influence, CADI2KS01, located under the Principal Branch (MLW) influence and
CADI2KS20, located under the Southern Branch (MLW) influence. From left to right: core log (grey: < 30% CaCOs; white: > 30% CaCOs), grain-size data, 8'®0 composite planktonic
curve, biostratigraphical curves of planktonic foraminifera and pteropods, and radiocarbon datings. TE1 to TE3: Gr. truncatulinoides (s) events, YD: Younger Dryas, BA: Bglling-Allergd,
H1: Heinrich Stadial 1; LGM: Last Glacial Maximum. I, II: contourite peaks from Faugéres et al. (1986).

292



E. Ducassou et al.

Ages (kyrs cal BP)

0 10 20 30 40 50
0 Outside MOW influence
200 —aCADI2KS05
400 CADKS24
CADKS25
600 -
E 800 —a— CADI2KSO01
o
= 1000 —+—CADI2KS08
a —e—CADI2KS20
g ™ ——MD99-2341
1400 R
1600 e MD99-2337

1800
2000

Fig. 6. Age models for reference cores over the past 50 kyr. The age model is based on
14C-AMS datings (black or grey symbols) and correlation with the §'%0 planktonic record
of core MD99-2339 (Voelker et al., 2006; tie-points are indicated with red symbols). Tie-
points for the core MD99-2337 are indicated in Table 3 and for the core MD99-2341 they
are presented in Toucanne et al. (2007). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 3

List of the tie-points used to construct the MD99-2337 age model
thanks to a stratigraphical correlation between the planktonic §'%0
records of cores MD99-2337 and MD99-2339 (Gulf of Cédiz;
Voelker et al., 2006).

Depth (cm) Age (calendar kyr BP)
110 6263

365 12,643

540 16,701

790 18,585

1330 23,405

1470 27,832

1540 29,011

1610 30,112

the Bay of Biscay. Because of the scarcity of continuous records of this
species in our study and the large uncertainty of coiling change iden-
tification due to the abundances of specimens being too low, we will not
discuss the age of this bio-event hereafter.

5.2.3. Coiling direction of the species Globorotalia truncatulinoides

Coiling direction changes in Gr. truncatulinoides have previously
been shown to be of value for the correlation between late Pleistocene
cores (Ericson and Wollin, 1968). Peaks formed by increases in the
percentage of sinistral forms correlate rather closely between cores and
support correlations based on frequency distributions. Differences in
the shapes of peaks are mainly due to changes in sedimentation rates
between cores (plateau-like shape with sedimentation rates = 10 cm/
ka).

The first high percentages of the sinistral ratio of Gr. truncatulinoides
observed in the sedimentary sequences of the Gulf of Cadiz, named TE1
in Figs. 2 and 5, range between 60 and 80% and occur between 700 and
1400 cal yr BP (Fig. 7; Table 4). This is observed in all cores at which
Late Holocene sediments have been recovered, attesting to its regional
significance.

The second peak of the Gr. truncatulinoides sinistral ratio, named
TE2 in Figs. 2, 4 and 5, ranges from 60 to 75% and occurs between 3250
and 4250 cal yr BP (Fig. 7; Table 4). It is at the boundary between mid
and late Holocene. This peak is also observed in all cores at which mid-
Holocene sediments have been recovered.

The third peak is the most conspicuous one of the Holocene period.
Named TE3, its Gr. truncatulinoides sinistral ratio exceeds 80% of and
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ranges from 8200 to 10,600 cal yr BP (Fig. 7; Table 4). It is observed in
all cores of this study and allows easy identification of the Early Ho-
locene.

Fine-grained sediments are observed in the different cores during
those Holocene peaks of the Gr. truncatulinoides sinistral ratio.

The fourth peak of the Gr. truncatulinoides sinistral ratio, named TE4
in Figs. 3 and 5, exceeds 90% and ranges from 33,800 and 35,600 cal yr
BP (Marine Isotopic Stage 3, MIS3, Interstadial 7; Fig. 7; Table 4). It is
observed in all cores reaching those ages. It is characterized by fine-
grained sediment in core CADI2KS01 (Bartolome Dias Drift/PB; Fig. 5)
and in core MD99-2341 (Faro-Cadiz Drift/MUW; Fig. 3).

The fifth peak of the Gr. truncatulinoides sinistral ratio, named TE5
in Fig. 3, exceeds 80% and is older than ~ 43,000 cal yr BP and younger
than 46,000 cal yr BP (MIS3, Interstadials 10 and 11). Fine-grained
sediments are observed during this bio-event in core MD99-2341 (Faro-
Cédiz Drift/MUW; Fig. 3).

5.2.4. N. pachyderma distribution

At least five occurrences of this polar species have been observed in
the cores of the Gulf of Cadiz over the last 50 kyr.

The first occurrence of N. pachyderma from the tops of cores ranges
from 2 to 5%, between 11,070 and 13,800 cal yr BP (Fig. 8; Table 4).
This event has been previously correlated with the Younger Dryas by
Rogerson et al. (2005), Llave et al. (2006), Voelker et al. (2006),
Eynaud et al. (2009) and Chabaud et al. (2014). It is coeval with the
most significant coarse-grained contouritic bed of the past 50 kyr in the
Gulf of Cadiz, widespread in the contouritic environments: at the limit
of influence of the Southern MLW Branch (Fig. 2), in the Faro-Cadiz
Drift/MUW (Fig. 3), in the Faro Drift/MUW (Fig. 4) and in the Albufeira
Drift/IB (Fig. 5) centred at ~12,600 cal yr BP. It is missing in the core
CADI2KS05 which is the deepest core of this study and located out of
the MOW influence even during the deepening of the MOW (Fig. 2).

The second occurrence of N. pachyderma ranges from 10 to 15% and
is dated between 15,400 and 17,950 cal yr BP (Fig. 8; Table 4). It is
correlated to Heinrich Stadial 1 (Turon et al., 2003; Llave et al., 2006;
Voelker et al., 2006; Eynaud et al., 2009; Sanchez-Gofi and Harrison,
2010). This period is characterized by a coarser contouritic bed in all
drifts and at the limit of the MOW influence at ~16,800 cal yr BP
(Figs. 2 to 5) and fine-grained sediments out of the MOW influence
(Fig. 2).

The third occurrence of N. pachyderma ranges from 10 to 12% and is
dated between 23,800 and 25,500 cal yr BP (Fig. 8; Table 4). It is
correlated with Heinrich Stadial 2 (Turon et al., 2003; Llave et al.,
2006; Voelker et al., 2006; Sanchez-Goni and Harrison, 2010). This bed
is not really evidenced in grain-size data except for a coarser contouritic
bed in core MD99-2341 at ~ 25,000 cal yr BP (Faro-Cadiz Drift/MUW;
Fig. 3).

The fourth occurrence of N. pachyderma ranges from 3 to 14% and is
dated between 28,000 and 30,300 cal yr BP (Fig. 8; Table 4). It is
correlated with Heinrich Stadial 3 (Llave et al., 2006). This bed is not
really evidenced in grain-size data.

The fifth occurrence of N. pachyderma ranges from 10 to 25% and is
dated between 36,500 and 37,500 cal yr BP (Fig. 8; Table 4). It is
correlated with Heinrich Stadial 4 (Llave et al., 2006; Eynaud et al.,
2009; Sanchez-Goni and Harrison, 2010). This event is only observed in
core MD99-2341 (Faro-Cadiz Drift/MUW; Fig. 3) and corresponds to a
slightly coarser-grained contouritic bed at ~37,500 cal yr BP.

5.2.5. Pteropod distribution

The general distribution of pteropods, and especially the subpolar
species Limacina retroversa, is also of value in intercore correlation even
if they are not common. Their large size (usually > 500 um) makes
them notable and easy to observe in samples.

L. retroversa is observed during or sometimes slightly preceding N.
pachyderma peaks except for Heinrich Stadials 3 and 4, where L. ret-
roversa was not observed in the Gulf of Cadiz.
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During the Younger Dryas, their abundances range from 0.25 to 1 L.
retroversa/g of sediment in almost all contouritic environments under
the MOW influence or at its limit (Figs. 2 to 5). Only at the cores under
the influence of the PB and SB of the MOW is L. retroversa absent
(Bartolome Dias Drift and Portimao High, respectively; Fig. 5). At the
core outside of MOW influence, L. retroversa occurs with 0.05 speci-
mens/g (Fig. 2).

During Heinrich Stadial 1, L. retroversa abundances are almost the
same in environments under and out of the MOW influence, ranging
from 0.15 to 7 L. retroversa/g of sediment (Figs. 2 to 5).

During Heinrich Stadial 2, abundances of this species decrease to
~0.5 L. retroversa/g of sediment in contouritic drift environments
(Figs. 3 to 5), and it is not observed in cores at the limit and out of MOW
influence (Fig. 2).

6. Discussion: detailed biostratigraphy in the Gulf of Cadiz during
the late Quaternary

6.1. Age of bio-events

The ages of known bio-events such as N. pachyderma occurrences
during the Younger Dryas and Heinrich Stadials from local studies have
been added to our radiocarbon date dataset for comparison (Fig. 8). The
ages for Heinrich Stadials 1 to 3 are in the same range as those from the
literature.

Radiocarbon dates from this study and those based on N. pachy-
derma records indicate that the Younger Dryas period is longer than
expected. Specifically, the top of the event is up to ~800 years younger
and the base ~ 700 years older than dates from local and global studies
(Table 4). However, N. pachyderma, which are observed beyond the
8'80 depletions tracking this climatic event, exhibit low percentages
near the noise level. Bioturbations could easily alter the signal in this
sandy contourite deposit associated with this cold climatic event
(Lowemark and Werner, 2001; Lowemark et al., 2004; Fig. 5) but it
would also disturb the 8'80 signal which is not always the case (Fig. 4).
The main problem in using stratigraphical tools based on continuous
records such as biostratigraphy and oxygen isotope curves in this par-
ticular period is the highly reduced sediment accumulation. The
Younger Dryas interval is reported as a sand-rich layer and a condensed

60 to 80% Gr. truncatulinoides (s) ratio
Age range: 700-1400 yrs cal. BP
Late Holocene
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Fig. 7. Age distribution (with standard error) of
proposed new biostratigraphical events (TE1 to
TE4) based on radiocarbon dates from this study
(Tables 2a and 2b).

60 to 75% Gr. truncatulinoides (s) ratio
Age range: 3250-4250 yrs cal. BP
Late/Middle Holocene boundary

>80% Gr. truncatulinoides (s) ratio
Age range: 8200-10,600 yrs cal. BP
Before Middle/Early Holocene boundary

> 90% Gr. truncatulinoides (s) ratio
Age range: 33,800-35,600 yrs cal. BP
MIS 3 (Interstadial 7)

section throughout the Gulf of Cadiz (Sierro et al., 1999; Mulder et al.,
2002; Voelker et al., 2006). Our results are consistent with these ob-
servations, and sedimentation rates in the data set presented in this
study are two to three times lower than in the preceding and following
intervals. Tailing low abundances of N. pachyderma would therefore not
provide a reliable identification of strictly this event, which could in-
troduce an average age error of + 500 yrs. However, in cores with a
sufficient sediment accumulation, 8'80 records show the typical de-
pletion, allowing the identification of the Younger Dryas interval,
without reworking evidence despite some samples that were collected
in the sand-rich contourite bed related to this climatic event (Figs. 3 and
4.

For Heinrich Stadial 4, the record is more difficult to interpret as the
age error can be larger in old sediments and calibration could have
changed at the H4 age range (updated calibration data sets; see Calib
web site). In addition, only two radiocarbon dates are available in this
study (Fig. 8; Tables 4 and 5). At least 2000 years' difference with the
date usually published in the literature is observed for this same event
(Sanchez-Goni et al., 2000; Schonfeld et al., 2003; Llave et al., 2006;
Voelker et al., 2006; Sanchez-Goni and Harrison, 2010). This age offset
can be related to some extent to bioturbation; infauna could transport
younger sediments to a location deeper in the core, but again, as ex-
plained for the Younger Dryas interval, the associated §'®0 record
seems to be consistent with other records that have been less affected by
bioturbation than the contourite beds (Fig. 3; Voelker et al., 2006;
Toucanne et al., 2007). The biostratigraphical record of N. pachyderma
also seems consistent with the 880 curve (Fig. 3). In such a case, the
age discrepancy would be preferentially related to radiocarbon age
calibration. However, the only two '*C datings available are not enough
to prove this proposition. In a general way, in cores under the influence
of an MOW branch, N. pachyderma abundances extend beyond the
limits of the contourite beds, especially at the beginning of cold events.
N. pachyderma occurrence and grain-size increase are almost synchro-
nous except for the maxima of grain size and N. pachyderma abun-
dances. The highest distributions of N. pachyderma, which translate the
surface conditions, generally predate the coarsest layers related to
bottom current winnowing by ~300-400 years. Bioturbation could be
responsible for such an offset despite N. pachyderma being present in
the sand fraction, but this pattern is almost always the same in the
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twenty-two cores of this study and is also observed in cores where
bioturbation is not well developed (Fig. 2). This time lag could be re-
lated to internal mechanisms between the Mediterranean and the North
Atlantic climatic systems (Sierro et al., 2005; Voelker et al., 2006).

For the Gr. truncatulinoides sinistral ratio peaks, there is no reference
at this time other than the five radiocarbon dates which constrain TE1
between 700 and 1400 cal yr BP (Fig. 8; Tables 4 and 5). This bio-event
would last ~700 years and is a good marker to easily identify the Late
Holocene and more particularly the European Mediaeval Warm Period
(Grove and Switsur, 1994; Bianchi and McCave, 1999; Abrantes et al.,
2005; Lebreiro et al., 2006). TE1 is coeval with abundant G. hirsuta and
preferentially dextrally coiled forms (90-100%).

TE2 is only constrained by four radiocarbon dates between 3250
and 4250 cal yr BP (Fig. 7; Tables 4 and 5). This ~1000 years bio-event
can be used to mark the mid Holocene and the boundary between mid
and Late Holocene where isotopic data does not show great changes. G.
hirsuta associated with this bio-event are both dextrally and sinistrally
coiled (~40-50%).

TE3 is dated based on fifteen radiocarbon dates between 8200 and
10,600 cal yr BP (Fig. 7; Tables 4 and 5). It is the most obvious bio-
event in the area, as this species is abundant and the peak has a plateau-
like shape. When sedimentation rates are high enough, we can observe
a typical two-peak shape (Figs. 2 and 5). This conspicuous bio-event
lasted ~2400 years and is a good marker of the Early Holocene just
under the boundary between the mid and Early Holocene. It is also
coeval with the largest part of the sapropel 1 identified in Mediterra-
nean basins (~10,500-6000 cal yr BP; e.g., De Lange et al., 2008;
Weldeab et al., 2014; Rohling et al., 2015). G. hirsuta are scarce, and the
sinistrally coiled form dominates (~60%).

TE4 is only constrained by five radiocarbon dates, but they seem
consistent with the stratigraphic frame. This bio-event, ranging from
~ 33,800 to 35,600 cal yr BP, lasted ~1800 years (Fig. 7; Tables 4 and
5). It is a significant marker of late MIS3 (Interstadial 7) as it is the last
time that Gr. truncatulinoides sinitral is observed in this area before
Termination I.

TES is at the limit of radiocarbon dating but seems to occur between
~44,000 and 46,000 yr BP from isotopic data, during Daansgard-
Oeschger Interstadials 10 and 11 (Fig. 3). As it precedes Heinrich Sta-
dial 4, TE5 can be a good marker associated with TE4 to identify
Heinrich Stadial 4 and to place ages in MIS3, which is not always easy
to constrain with only isotopic data when sedimentation rates are low.

H4

H3 TE4

H2

H1
15,391 +
40> !
16,671 +
50:14 2
17,959 +
45'(1, 3

11,085 =

30" 1
13,122 *=

35D 2
13,509 =+

YD
12,301 =+
35" 2
40h, 3

TE3
8220 +
45> 1
9048
40™ 2
9134 +
30b. 2

6.2. Regional validity

The large dataset of cores used in this study was dedicated to dis-
criminate a potential effect of reworking of microfauna and especially
planktonic foraminifers and pteropods in environments under the in-
fluence of a high-velocity bottom current compared to quieter en-
vironments.

Data shown in this study do not evidence any obvious reworking or
displacement of planktonic foraminifers and pteropods as the fre-
quencies, percentages and ages of the bio-events are all coherent. We
particularly do not observe any old planktonic specimens or incon-
sistent isotopic records in contouritic drifts where bottom currents
could have reworked or displaced older microfossils (Table 3). Re-
working of planktonic tests would be very reduced and microfossils
would settle in a time period that is included in the different errors
induced by sampling and sedimentation rates, bioturbations, species
used for AMS radiocarbon measurements and standard errors. Com-
parisons of dates measured on different planktonic species do not show
discrepancies, even between surficial species and bulk, including deep-
dwelling taxa.

The G. hirsuta coiling change and L. retroversa records are subject to
caution as the specimen number in samples is often too low to build a
consistent pattern alone. Except for these two species with low abun-
dances, we do not observe any local effect or diachronism in the

TE1 TE2

Core
CADI2K-
S22
CADI2K-
S23
CADI2K-
S24

Enviro-

nment

2 Bulk.

b G. inflata.

¢ G. ruber alba.
4 G. bulloides.
¢ N. incompta.
! Top.

2 Middle.

3 Base.

MOW: Mediterranean Outflow Water.
MUW: Mediterranean Upper Water.
MLW: Mediterranean Lower Water.

Table 4 (continued)
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Fig. 8. Age distribution (with standard error
when known) of known biostratigraphical events
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described bio-events: all bio-events presented in this study have a very
coherent signal in all of the Gulf of Cadiz. That is encouraging for de-
tailed comparison between cores from different drifts and environments
to determine, for example, which branch of the MOW was the most
active during certain periods or to evaluate in detail the sedimentation
rates in environments where radiocarbon dates are not always attain-
able because of their high terrigenous content of sediment and low
presence of microfossils.

Table 5

It is interesting to note that N. pachyderma percentages are generally
higher during Heinrich Stadials 1 and 4 than during Heinrich Stadials 2
and 3 in the Gulf of Cadiz, except in the northernmost drifts (e.g., core
CADI2KSO1 in Fig. 5). The results of Mulder et al. (2002) and
Colmenero-Hidalgo et al. (2004) show decreases in §*0 during Hein-
rich Stadials 1 and 4 but not during Heinrich Stadials 2 and 3 in the Gulf
of Cadiz. This observation can be correlated with the conclusions of
Cacho et al. (1999) and Sierro et al. (2005), who described prominent

Age ranges of proposed and known biostratigraphical events and characterization. GTS: ration of Gr. truncatulinoides sinistral.

Bio-event Character Age range (years cal. BP) Identification

TE1 60— > 80% GTS 700-1400 Late Holocene/Medieval Warm Period
TE2 60-75% GTS 3250-4250 Limit Late/Mid Holocene
TE3 > 80% GTS 8200-10,600 Early Holocene

YD 2-5% N. pachyderma 11,500-13,800 Younger Dryas

H1 10-15% N. pachyderma 15,350-17,950 Heinrich Stadial 1

H2 10-12% N. pachyderma 23,800-24,500 Heinrich Stadial 2

H3 3-14% N. pachyderma 28,000- > 30,200 Heinrich Stadial 3

TE4 > 90% GTS 33,800-35,600 MIS3/Interstadial 7

H4 10-25% N. pachyderma 36,500- > 37,500 Heinrich Stadial 4

TES > 80% GTS > 44,164 MIS3/Interstadials 10-11
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180 depletions during all Heinrich Stadials in the Alboran Sea (Medi-
terranean side of the strait of Gibraltar) and the Menorca area (north-
western Mediterranean). These authors propose to explain this con-
tradiction by a northern route followed by the icebergs or iceberg-
derived freshwater in the Gulf of Cadiz during Heinrich Stadials 2 and
3. This proposition is confirmed with our results, at least for Heinrich
Stadial 2.

Gr. hirsuta and Gr. truncatulinoides coiling changes have been pre-
viously described in the C4diz region and in the Bay of Biscay (e.g.,
Pujol, 1975; Duprat, 1983; Sierro et al., 1999). We already explained
that the low abundances of Gr. hirsuta close to the Pleistocene-Holocene
boundary cause difficulties in the use of this species as a robust strati-
graphic marker. Moreover, the age of coiling change could be dia-
chronous between the Bay of Biscay (9 kyr BP proposed by Duprat and
Cortijo, 2004) and the Gulf of Cadiz (~ 10 kyr cal BP). The conspicuous
TE3 bio-event is well identified in cores from the Bay of Biscay, the
Iberian margin and the Rockall Trough with ages (6-10 kyr cal BP)
consistent with those presented in this study (Pujol, 1975; Duprat,
1983; Rossignol et al., 2016), demonstrating that the interest in this
bio-event is larger than regional. However, such bio-events related to
Gr. truncatulinoides have not been observed in the western part of the
North Atlantic (e.g., Ericson and Wollin, 1968; Chabaud, 2016) or in the
Mediterranean basins (e.g., Duprat, 1983; Ducassou et al., 2007; Angue
Minto'o, 2014).

6.3. Meaning of high percentages of Gr. truncatulinoides sinistral

This species, whatever the coiling direction, is present over the last
50 ka except during the coldest periods or phases. Gr. truncatulinoides
dextral is accustomed to living between 250 and 400 m water depth,
below the mixed layer (Wilke et al., 2009; Mulitza et al., 1997; Ganssen
and Kroon, 2000) and the winter thermocline (Wilke et al., 2009), and
it is associated with the Eastern North Atlantic Central Water (ENACW;
Voelker et al., 2009). The high percentages of the sinistral form of Gr.
truncatulinoides would suggest a deepening of living depth of this spe-
cies as the sinistral forms were formerly observed in deeper water
masses than the dextral forms in previous studies (Lohmann and
Schweitzer, 1990; Ujiié et al., 2010).

We have no data of living Gr. truncatulinoides sinistral in the Gulf of
Cédiz and no indication of their optimal living water depth, but we can
assume that if the dextral form lives in ENACW (presently ~100 to
300-600 m, depending on location), the sinistral form could live at the
transition between ENACW and MOW (presently 300 to 600 m, de-
pending on the MOW branch and location).

Such living depths and water mass transitions are coherent with
those observed in other locations in the Atlantic Ocean (Ujiié et al.,
2010) and correspond to periods when MOW is in a shallow position as
MOW tends to deepen during cold periods and phases such as YD or
Heinrich events (Schonfeld and Zahn, 2000; Mulder et al., 2002;
Rogerson et al., 2005; Voelker et al., 2006; Toucanne et al., 2007). High
percentages of the sinistral ratio of Gr. truncatulinoides are effectively
interbedded between coarser beds related to increased and deepened
MOW. The fine-grained sediments that characterize these periods of G.
truncatulinoides sinistral abundance can be related to weak MOW in-
tensity or MOW core migration. As the different cores presented in this
study are spatially widely separated under the different MOW branches
and at various depths, it is more likely that MOW intensity was reduced
(less winnowing) during these TE periods. During the Early Holocene,
TE3 is coeval with the sapropel 1 deposition in the Mediterranean ba-
sins (6-10 kyr cal BP), characterized with a greatly reduced outflow of
Mediterranean water (Rogerson et al., 2005). This period is strongly
implied by the complete absence of sandy contourite from the Gulf of
Cadiz slope, between peak contourites II and III (Figs. 3 to 5; Faugeres
et al., 1984, 1986; Nelson et al., 1993). Those TE could then be referred
to the migration of MOW in its upper location with the most con-
spicuous TE3 related to the sapropel 1 deposition in the Mediterranean.
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Rohling et al. (1995) described in their foraminiferal record from
the Alboran Sea a deepening of the pycnocline position at ~8000 yr BP.
These authors propose this deeper pycnocline to be related to sea level
rise since the last glacial maximum. This could be coherent again with
the end of TE3 in the Gulf of Cadiz at ~8200 cal yr BP and relative high
sea-levels are conditions required for shallower MOW locations.

Higher sea levels during MIS 3 relative to LGM may underlie the
repeated observations. Interstadials 10 and 11 are characterized by the
highest sea levels during MIS 3 until 50 kyr (— 60 to — 40 m depending
on authors; e.g, Siddall et al., 2008), and this could again have fa-
voured conditions required for shallower MOW locations.

Gr. truncatulinoides sinistrally coiled events are described along the
MOW pathway: in the Gulf of C4diz (this study), along the western
Iberian margins, in the Bay of Biscay and to the Rockall Trough (Pujol,
1975; Duprat, 1983; Rossignol et al., 2016), but they have not been
observed in the Mediterranean (i.e., Alboran Sea; Duprat, 1983) or in
the northwestern Atlantic (e.g., Ericson and Wollin, 1968; Chabaud,
2016). More comparisons with the frequencies of both forms of this
species from other regions of North Atlantic and isotope analyses of
tests are required, but the presented data suggest that their presence is
closely related to northeastern Atlantic water mass structure and dy-
namics. The most conspicuous event TE3, probably related to sapropel
1 deposition, is observed in all the cores of the Gulf of Cadiz but also
along the Portuguese margins and in the Bay of Biscay. The cores of the
Gulf of Cadiz presented in this study are all located under the MOW
plume but we can observe higher ratios of sinistrally coiled Gr. trun-
catulinoides (80 to 100%) in cores located directly under the MOW main
pathway (Figs. 1 and 3 to 5) than in cores located in the central part of
the Gulf of Cadiz (60 to 80%; Figs. 1 and 2). This ratio also ranges from
60 to 80% for TE3 along the Portuguese margins and in the Bay of
Biscay (Rossignol et al., 2016), which could mimic proximal/outlying
and proximal/distal distributions.

7. Conclusions

The two objectives of this paper were (1) to propose a biostrati-
graphic framework of the last 50 ka in the Gulf of Cadiz with a robust
age control based on a large radiocarbon and oxygen isotope data set,
and (2) to test the reliability of faunal-based analyses in a bottom
current-dominated environment characterized by high-velocity cur-
rents.

Biostratigraphical events of the Holocene and Late Pleistocene ages
from the Gulf of Cadiz and based on planktonic foraminifera and
pteropods show a high degree of similarity regardless of sedimentation
rates and sedimentary environments. A detailed correlation between
cores of contouritic drifts and slope environments without high-velocity
bottom current influence is achieved through coiling direction changes
within Globorotalia truncatulinoides and Globorotalia hirsuta, and by oc-
currences of the polar species Neogloboquadrina pachyderma and
Limacina retroversa. The latter two species are related to paleoclimatic
oscillations and illustrate the last six rapid changing water-mass con-
ditions at the surface of the Gulf of Cadiz over the past 50 ka (Heinrich
Stadials and Younger Dryas). The Globorotalia hirsuta coiling change
could be a good indicator for locating the Pleistocene-Holocene
boundary in the region but the very low abundances of this species at
this boundary make it difficult to apply. Globorotalia truncatulinoides
sinistral events may reflect MOW migration and especially with five
periods with its shallowest vertical location over the last 50 ka
(Holocene and MIS3). These surface-to-subsurface biostratigraphical
markers are fully suitable to regional comparisons between areas under
and outside of high-velocity bottom currents. They could be especially
suited to compare the spatial behaviour of the different branches of the
MOW with a high resolution.
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