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Younger Sand layers (YSLs) have been identified in drill cores of a Late Glacial to Early Holocene muddy
contourite succession from the Gulf of Cadiz. In this study, we evaluate the grain size characteristics of the YSL,
which display bi-gradational grading, with inverse grading (from silt to fine- or medium-grained sand) followed
by normal grading (from fine- or medium-grained sand to silt). Radiocarbon dating shows that the YSL formed at
three distinct times: 1) the Bolling-Allerad (sites U1387 and U1386); 2) the Younger Dryas (site U1390), and;
3) the beginning of the Boreal (site U1389). Ichnological analyses and radiocarbon dating of cores from drill
site U1389C indicate that the YSLs consist of reworked materials deposited at a high sedimentation rate. The re-
sults of sedimentological analyses, ichnological treatment, spatial distributions, and radiocarbon dating of the
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Contourite YSLs suggest that the possibility of an origin of the YSLs is tsunami-related but later reworked by bottom current.
Grain size However, the source areas of the sandy sediments remain unclear, although our results show them to be variable
Radiocarbon age and area dependent. Some sandy deposits are transported by the Mediterranean Outflow Water (MOW) from the
Ichnology proximal sector of the Gulf of Cadiz Contourite Depositional System (CDS), which is close to the Strait of Gibraltar.

Mediterranean outflow water However, in other cases it is more probable that local gravity flows, which are the result of instability on adjacent

Tsunami deposits

margins, provide the sandy material.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Contourites are sediments deposited by or significantly affected by
bottom current action (e.g., Stow et al., 2002, 2008; Rebesco et al.,
2008, 2014). Various contourite facies models have been proposed
based on both modern and ancient deposits (e.g., Stow and Lovell,
1979; Faugeres et al., 1984; Gonthier et al., 1984; Faugeres et al., 1984;
Stow and Piper, 1984; Hiineke and Stow, 2008; Stow and Faugeéres,
2008; Shanmugam, 2012). Recently, Stow and Faugéres (2008) pro-
posed an integrated model that recognizes 11 different facies on the
basis of their grain size and composition: 1) muddy contourites,
2) silty contourites, 3) sandy contourites, 4) gravel-rich and gravel-
bearing contourites, 5) shale-clast or shale-chip layers, 6) volcaniclastic
contourites, 7) calcareous muddy and silty contourites, 8) calcareous
sandy contourites, 9) calcareous gravel-lag contourites, 10) siliceous
bioclastic contourites, and 11) chemogenic contourites. In addition,
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Stow and Faugeéres (2008) re-interpreted the Gonthier et al. (1984)
original model for contourites, describing five generic contourite se-
quences based on bioturbated divisions (C1-C5), which include a
mud-silt sand sequence characterized by bi-gradational grading. In
general, the formation of bi-gradational sequences is thought to be
controlled by long-period variations in the mean velocity of the bottom
current and by the rate of sediment supply. Rebesco et al. (2014) com-
prehensively reviewed the study history of contourite facies model
from Shanmugam et al. (1993); Martin-Chivelet et al. (2008);
Shanmugam (2006a, 2008, 2012), and Stow and Faugéres (2008), and
introduced examples of the principal sedimentary facies for the
contourites recovered during IODP Expedition 339 (Hernandez-
Molina et al,, 2013). Using high-resolution biostratigraphy, oxygen iso-
tope ratios, and radiocarbon data, Stow and Faugeres (2008) highlight
2-5 ky cycles of deposition. In contrast, Hiineke and Stow (2008) dis-
cuss 2-20 ky cycles, which are possibly Milankovitch in origin. With re-
gard to late Pleistocene Gulf of Cadiz Contourite Depositional System
(CDS), Llave et al. (2006) use seismic stratigraphy, long cores, and radio-
carbon data to suggest that the formation was linked to Heinrich events
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and the Younger Dryas. Although similar observations are made by
Voelker et al. (2006); Toucanne et al. (2007), and Bahr et al. (2014),
the detailed origin of facies-scale sedimentation through time in this re-
gion, and the role of bottom currents remains debated.

Between November 2011 and January 2012, the Integrated Ocean
Drilling Program (IODP) Expedition 339 drilled five sites in the Gulf of
Cadiz, along with two additional sites off the western Iberian margin.
They recovered 5.5 km of sediment cores with an average recovery of
86.4%. The Gulf of Cadiz was targeted because it represents a key loca-
tion for investigating the Mediterranean Outflow Water (MOW),
which travels through the Gibraltar Strait and impacts on global circula-
tion and climate (Expedition 339 Scientists, 2012; Hernandez-Molina
et al., 2013, 2014a, 2014b; Stow et al., 2013b).

In this study, we use grain size analysis, ichnological treatment and ac-
celerator mass spectrometry (AMS) carbon-14 (14C) radiocarbon dating
to evaluate younger sand layers (YSLs) found within the Gulf of Cadiz
CDS. These units are located below the present-day seafloor sand (PSS),
and are intercalated in the Holocene sedimentary successions.

Understanding an origin and features of bi-gradational graded se-
quence contributes to development of contourite science in the future.
YSLs are one of well preserved contourite layer with bi-gradational se-
quence. For this reason, the main targets of this study are YSLs through
Gulf of Cadiz collected by IODP expedition 339. We present a detailed
sedimentary stratigraphy that includes a description of bottom current-
related sandy deposits. The results of this study will facilitate the more
accurate identification of similar deposits in ancient contourites.

2. Regional setting

The southwestern Iberian margin is located near the Azores-
Gibraltar Fracture Zone, which is a section of the convergent plate
boundary between Eurasia (the Iberian sub-plate) and Africa (the Nubi-
an sub-plate). Plate convergence currently occurs at a rate of ~4-5 mm/
y in a WNW-ESE direction. Counter-clockwise rotation along the margin
is accommodated by a series of thrust and dextral strike-slip faults
(Zitellini et al., 2009; Duarte et al., 2011), active since at least 1.8 Ma.
The area is characterized by low-moderate magnitude seismicity
(Udias et al., 1976; Grimson and Chen, 1986; Buforn et al., 1995, 2004;
Stich et al., 2003, 2005). A number of earthquake-induced tsunami
events of historical or pre-historical age are recorded in the sediments
of offshore Portugal or in the coastal lowlands of the Gulf of Cadiz
(e.g., Gracia et al., 2010; Lario et al., 2011; Rodriguez-Vidal et al., 2011).

I0DP Expedition 339 revealed that the sedimentary evolution of the
Gulf of Cadiz, located off the western coast of Portugal, records a de-
tailed history of MOW evolution, extending back to the opening of the
Strait of Gibraltar at 5.33 Ma (Herndndez-Molina et al.,, 2014a, 2014b).
At present, the MOW results from the mixing of Mediterranean Levan-
tine Intermediate Water and Western Mediterranean Deep Water with-
in the Strait. Upon exiting the Strait, the MOW cascades downslope as a
warm saline water overflow (0.67 + 0.28 Sv; Rogerson et al., 2012) be-
fore flowing northwestwards and settling as an intermediate bottom
current along the middle slope. Along the middle slope, at water depths
of 400-1400 m, two differentiated cores are observed: the Upper Core
(MU) and the Lower Core (ML).

The interaction between the MOW and the middle slope of the Gulf
of Cadiz generated an extensive CDS, which is divided into five
morphosedimentary sectors (Hernandez-Molina et al., 2003, 2006;
Llave et al,, 2006): 1) the proximal scour and ribbons sector, 2) the over-
flow sedimentary lobe sector, 3) the channels and ridge sector, 4) the
contourite depositional sector, and 5) the submarine canyons sector.
The development of each of these five sectors relates to the systematic
deceleration of the MOW, caused by its interaction with margin ba-
thymetry, as well as the effects of the Coriolis force. In general, the drifts
consist mainly of muddy, silty, and sandy sediments with a mixed ter-
rigenous (dominant component) and biogenic composition (Gonthier
et al., 1984; Stow et al., 1986, 2002). In contrast, sand and gravel are

found in the large contourite channels (Nelson et al., 1993, Nelson
etal., 1999; Stow et al., 2013a), along with numerous erosional features
(Hernandez-Molina et al., 2006; Garcia et al., 2009).

In this study, we use samples from sites U1388, U1389, U1390,
U1387, and U1386 (Fig. 1) to document the detailed sedimentological
characteristics of the late Pleistocene to Holocene Gulf of Cadiz CDS.
Sites U1388, U1387, and U1386 are located under the MU, and sites
U1389 and U1390 are distributed within the pathways of the ML. Site
U1388 is located ~50 km southwest of the Spanish city of Cadiz in wa-
ters with a depth of 663 m. The site lies within the extensive Cadiz
sandy sheeted drift and is the closest site to the Strait of Gibraltar.
Sites U1389 and U1390 are located within the middle sector of the
CDS. Site U1389 is located ~90 km west of Cadiz in waters with a
depth of 644 m. It sits on a relative topographic high, which is currently
elevated 50-250 m above the flanking contourite channels, ~4 km
northwest of the Guadalquivir diapiric ridge. Site U1390 is located
~130 km west of Cadiz in waters with a depth of 992 m. It sits near to
the western end of a sheeted drift, which is adjacent to the Guadalquivir
Bank and the Guadalquivir contourite channel. It is located 300 m above
the channel floor and a little less than 20 km northwest of the of the
Guadalquivir diapiric ridge. Site U1387 is located on an elongated
mound and is separated from the Faro-Albufeira Drift (hereafter re-
ferred to as Faro Drift). It is positioned ~29 km south-southeast of the
Portuguese city of Faro in waters with a depth of 559 m. Site U1386 is
located at the eastern end of the Faro Drift, less than 25 km south-south-
east of Faro, in waters with a depth of 561 m. This site, which lies just
4 km northwest of Site U1387, is the most distal from the Strait of Gi-
braltar, and represents the most depositional sector within the Gulf of
Cadiz CDS.

3. Methodology
3.1. Core descriptions

Sedimentary logs for each drill hole were compiled using a visual
core description and high resolution photographs made by scientists
on board the Joint Oceanographic Institutions for Deep Earth Sampling
(JOIDES) Resolution vessel (Expedition 339 Scientists, 2012; Stow
et al., 2013b). Core descriptions are based on sediment textures, compo-
sition, type of bed contact, grain size, facies changes, fossil assemblages,
and degree of bioturbation.
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Fig. 1. Index map of the study area. White circles denote drilling sites.
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Stratigraphic correlation and age constraints were established on-
board using: 1) lithostratigraphy, II) biostratigraphy, III) paleomagnetic
data, IV) sediment core description, V) geochemical analysis and VI)
downhole measurements (Stow et al., 2013b; Hernandez-Molina
et al., 2014b).

3.2. Sampling

Grain size analyses were completed on 266 samples from 10 drill
holes across 5 sites (Tables 1 and 2): at site U1388, 14 samples were an-
alyzed from drill hole A; at site U1389, 30, 23, 24, and 36 samples were
analyzed from drill holes A, B, C, and D, respectively; at site U1390, 21
samples were analyzed from drill hole C; at site U1387, 21 and 31 sam-
ples were analyzed from drill holes A and B, respectively; at site U1386,
20 and 46 samples were analyzed from drill holes A and B, respectively.
Samples were extracted from the cores at 50 cm intervals downward
from the seafloor. However, with the exception of site U1386B, samples
within the YSL (positioned between the upper and lower muddy layers)
were taken at ~2.5 cm intervals. At site U1386B, samples were extracted
at ~1 cm intervals in order to obtain more detailed vertical profile of
variations in grain size.

3.3. Grain size

Grain size analyses were conducted using a Mastersizer 3000
laser diffraction particle size analyzer (Malvern Instruments Ltd.)
equipped with a Hydro LV unit at Niigata University. The measure-
ment range for grain size analysis was 0.01-2100 pm. Particles
were separated using an ultrasonic dispersion treatment in which
samples were placed in a water solution containing 0.2 wt.% sodium
hexametaphosphate for 3 min. The refractive index was set to 1.572
and the absorption index was set to 1.330. Measurement time was
5 s per sample for both the red and blue lasers and measurements
were repeated 5 times. The optimal obscuration for the measure-
ments ranged between 8 and 20%.

Five grain size parameters (D1q: 10th percentile grain size; GM: geo-
metric mean grain size; Md: median grain size; Mo: mode grain size;
Dgo: 90th percentile grain size) and one sorting parameter (GSD: geo-
metric standard deviation) were calculated using the Malvern

Mastersizer software (version 3.1). GM and GSD are calculated using
the moment method, as follows:

100

GSD = expWZ (In(py))” - di—( 1n<GM>>2} 2)

where p; is the proportion of the result in bin i. Average particle size
is in pm.

3.4. AMS radiocarbon dating

Eleven planktonic foraminifera samples were dated using the
AMS facility of the Geo Science Laboratory Co. Ltd. (Nagoya, Japan)
and Laboratoire de Mesure du Carbone 14 (Saclay, Paris, France).
Six samples were sourced from site U1389C, two samples from site
U1390B, one sample from U1390C, one sample from site U1387A,
and one sample from site U1386A. Radiocarbon ages were converted
to calibrated years before present (cal. y BP) using calibration data
(Talma and Vogel, 1993). MARINE13 calibration curves (Reimer
et al,, 2013) were used for planktonic foraminifera samples using
the CALIB radiocarbon calibration software (version 7.0.1; Stuiver
and Reimer, 1993).

3.5. Ichnological treatment

General information about the degree of bioturbation (sparse,
slight) has been included in the lithological description of all the
studied holes. For drill holes A-D of site U1389, trace fossil analyses
were conducted for both the YSL and for the under and overlying
mud layers. Analyses were carried out at intervals of 5.15-
5.65 m below the seafloor (mbsf) at drill hole A; 3.35-4.15 mbsf at
drill hole B; 4.65-5.36 mbsf at drill hole C, and; 4.65-5.32 mbsf at
drill hole D.

Ichnological analyses were conducted following digital image treat-
ment (Dorador and Rodriguez-Tovar, 2014; Dorador et al., 2014a,
2014b; Rodriguez-Tovar and Dorador, 2014, in press). Several digital

Table 1
Summary of site details.
Site name U1388 U1389 U1390
Hole name A A B C D B
Latitude 36°16.1378 N 36°25.5183 N 36°25.5199 N 36°25.5199 N 36°25.5092 N 36°19.1460 N
Longitude 006°47.6602 W 007°16.6907 W 007°16.6772 W 007°16.6772 W 007°16.6772 W 007°43.0815 W
Water depth (m) 663.6 644.7 643.9 642.9 644.0 990.7
Number of samples 14 30 23 24 36 0
Depth (mbsf)
Studied interval 0.000-7.000 0.000-7.000 0.000-5.000 0.000-8.000 0.000-8.000 0.000-8.500
Present seafloor sand (PSS) 0.000-7.000 0.000-1.700 N/A N/A N/A N/A
Younger sand layer (YSL) N/A 5.225-5.595 3.448-3.998 4.720-5.300 4.700-5.330 6.630-6.750
Second sand layer (SSL) N/A N/A N/A 7.090-7.280 6.640-6.870 N/A
Site name u1387 U1386
Hole name C A B A B
Latitude 36°19.1466 N 36°48.3246 N 36°48.3246 N 36°49.6885 N 36°49.6880 N
Longitude 007°43,674 W 007°43.1408 W 007°43.1278 W 007°45.3309 W 007°45.3168 W
Water depth (m) 992.4 559.1 558.2 560.4 561.9
Number of samples 21 21 31 20 46
Depth (mbsf)
Studied interval 0.000-8.000 0.000-5.000 0.000-5.000 0.000-5.000 0.000-5.000
Present seafloor sand (PSS) N/A N/A N/A N/A N/A
Younger sand layer (YSL) 6.625-6.800 2.000-2.375 1.970-2.290 2.645-2.920 2.370-2.710
Second sand layer (SSL) N/A N/A N/A N/A N/A
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Table 2
Samples extracted from cores.
Sample name Depth Sample name Depth Sample name Depth Sample name Depth
(mbsf) (mbsf) (mbsf) (mbsf)

U1388ATH1WO0-2 0.000 U1389C1H4W23-25 4.720 U1390C1H3W50-52 3.500 U1386A1H1W50-52 0.500
U1388ATH1W50-52 0.500 U1389C1H4W25-27 4.750 U1390C1H3W100-102 4.000 U1386A1H1W100-102 1.000
U1388A1H1W100-102 1.000 U1389C1H4W27.5-29.5 4.775 U1390C2H2W10-12 6.000 U1386A1H2WO0-2 1.500
U1388A1H1W134-136 1.340 U1389C1H4W30-32 4.800 U1390C2H2W60-62 6.500 U1386A1H2W50-52 2.000
U1388A1H1W136-138 1.360 U1389C1H4W32.5-34.5 4.825 U1390C2H2W70.5-72.5 6.605 U1386A1H2W100-102 2.500
U1388A1H1W138.5-140.5 1.385 U1389C1H4W35-37 4.850 U1390C2H2W72.5-74.5 6.625 U1386A1H2W114.5-116.5 2.645
U1388A1H1W141-143 1410 U1389C1H4W37.5-39.5 4.875 U1390C2H2W75-77 6.650 U1386A1H2W116.5-118.5 2.665
U1388A1H1W143.5-145.5 1.435 U1389C1H4W40-42 4.900 U1390C2H2W77.5-79.5 6.675 U1386A1H2W119-121 2.690
U1388ATH1W146-148 1.460 U1389C1H4W42.5-44.5 4.925 U1390C2H2W80-82 6.700 U1386A1H2W121.5-123.5 2.715
U1388A1H2WO0-2 1.500 U1389C1H4W45-47 4.950 U1390C2H2W82.5-84.5 6.725 U1386A1H2W124-126 2.740
U1388A1H2W50-52 2.000 U1389C1H4W47.5-49.5 4.975 U1390C2H2W85-87 6.750 U1386A1H2W126.5-128.5 2.765
U1388A1H2W100-102 2.500 U1389C1H4W50-52 5.000 U1390C2H2W87.5-89.5 6.775 U1386A1H2W129-131 2.790
U1388A1H3W19-21 3.000 U1389C1H4W52.5-54.5 5.025 U1390C2H2W90.0-92.0 6.800 U1386A1H2W131.5-133.5 2.815
U1388A1H4W8-10 3.500 U1389C1H4W55-57 5.050 U1390C2H2W110-112 7.000 U1386A1H2W134-136 2.840
U1389ATH1WO0-2 0.000 U1389C1H4W57.5-59.5 5.075 U1387ATH1WO0-2 0.000 U1386A1H2W136.5-138.5 2.865
U1389ATH1W50-52 0.500 U1389C1H4W60-62 5.100 U1387A1H1W50-52 0.500 U1386A1H2W139.5-141.5 2.895
U1389A1H1W100-102 1.000 U1389C1H4W62.5-64.5 5125 U1387A1H1W100-102 1.000 U1386A1H2W142-144 2.920
U1389A1H2WO-2 1.500 U1389C1H4W65-67 5.150 U1387A1H2WO0-2 1.500 U1386A1H3WO0-2 3.000
U1389ATH2W50-52 2.000 U1389C1H4W67.5-69.5 5.175 U1387A1H2W50-52 2.000 U1386A1H3W50-52 3.500
U1389A1H2W100-102 2.500 U1389C1H4W70-72 5.200 U1387A1H2W53-55 2.030 U1386B1HIWO0-2 0.000
U1389A1H3WO0-2 3.000 U1389C1H4W72.5-74.5 5.225 U1387A1H2W55-57 2.050 U1386B1H1W50-52 0.500
U1389ATH3W50-52 3.500 U1389C1H4W75-76 5.250 U1387A1H2W57.5-59.5 2.075 U1386B1H1W100-102 1.000
U1389A1TH3W100-102 4.000 U1389C1H4W77.5-79.5 5.275 U1387A1H2W60-62 2.100 U1386B1H2WO0-2 1.500
U1389A2H1W20-22 4.500 U1389C1H4W80-82 5.300 U1387A1H2W62.5-64.5 2.125 U1386B1H2W50-52 2.000
U1389A2H1W70-72 5.000 1389D1H1WO-2 0.000 U1387A1H2W65-67 2.150 U1386B1H2A93.5-95.5 2435
U1389A2H1W92.5-94.5 5.225 1389D1H1W50-52 0.500 U1387A1H2W67.5-69.5 2.175 U1386B1H2A95.5-96.5 2.455
U1389A2H1W94.5-96.5 5.245 1389D1H1W100-102 1.000 U1387A1H2W70-2 2.200 U1386B1H2A96.5-97.5 2.465
U1389A2H1W97-98 5.270 1389D1H2WO0-2 1.500 U1387A1H2W72.5-74.5 2225 U1386B1H2A97.5-98.5 2475
U1389A2H1W99.5-101.5 5.295 1389D1H2W50-52 2.000 U1387A1H2W75-77 2.250 U1386B1H2A98.5-99.5 2.485
U1389A2H1W102-104 5.320 1389D1H2W100-102 2.500 U1387A1H2W77.5-79.5 2.275 U1386B1H2A99.5-100.5 2.495
U1389A2H1W104.5-106.5 5.345 1389D1H3WO0-2 3.000 U1387A1H2W80-82 2.300 U1386B1H2A100.5-101.5 2.505
U1389A2H1W107-109 5.370 1389D1H3W50-52 3.500 U1387A1H2W82.5-84.5 2.325 U1386B1H2A101.5-102.5 2.515
U1389A2H1W109.5-111.5 5.395 1389D1H3W100-102 4.000 U1387A1H2W85-87 2.350 U1386B1H2W102-104 2.525
U1389A2H1W112-114 5.420 U1389D1H4WO0-2 4.500 U1387A1H2W87.5-89.5 2375 U1386B1H2A102.5-103.5 2.530
U1389A2H1W114.5-116.5 5.445 U1389D1H4W20.5-22.5 4.700 U1387A1H2W100-102 2.500 U1386B1H2A103.5-104.5 2.535
U1389A2H1W117-119 5.470 U1389D1H4W22.5-24.5 4.725 U1387B1H1WO0-2 0.000 U1386B1H2A104.5-105.5 2.545
U1389A2H1W119.5-121.5 5.495 U1389D1H4W25-26 4.750 U1387B1H1W50-52 0.500 U1386B1H2A105.5-106.5 2.555
U1389A2H1W122-124 5.520 U1389D1H4W27.5-29.5 4.775 U1387B1H1W100-102 1.000 U1386B1H2A106.5-107.5 2.565
U1389A2H1W124.5-126.5 5.545 U1389D1H4W30-32 4.800 U1387B1H2WO0-2 1.500 U1386B1H2A107.5-108.5 2.575
U1389A2H1W127-129 5.570 U1389D1H4W32.5-34.5 4.825 U1387B1H2W47-49 1.970 U1386B1H2A108.5-109.5 2.585
U1389A2H1W129.5-131.5 5.595 U1389D1H4W35-37 4.850 U1387B1H2A49-51 1.990 U1386B1H2W109.5-110.5 2.595
U1389A2H2W20-22 6.000 U1389D1H4W37.5-39.5 4.875 U1387B1H2A51.5-53.5 2.015 U1386B1H2A110.5-111.5 2.605
U1389A2H2W70-72 6.500 U1389D1H4W40-42 4.900 U1387B1H2A54-56 2.040 U1386B1H2A111.5-112.5 2,615
U1389A2H2W123-125 7.030 U1389D1H4W42.5-44.5 4.925 U1387B1H2A56.5-58.5 2.065 U1386B1H2A112.5-113.5 2.625
U1389B1H3W45.5-47.5 3455 U1389D1H4W45-46 4.950 U1387B1H2A59-61 2.090 U1386B1H2W113-114 2.630
U1389B1H3W47.5-49.5 3.475 U1389D1H4W47.5-49.5 4.975 U1387B1H2A61.5-63.5 2.115 U1386B1H2A113.5-114.5 2.635
U1389B1H3W50-52 3.500 U1389D1H4W50-52 5.000 U1387B1H2A64-66 2.140 U1386B1H2A114.5-115.5 2.645
U1389B1H3W52.5-54.5 3.525 U1389D1H4W52.5-54.5 5.025 U1387B1H2A66.5-68.5 2.165 U1386B1H2A115.5-116.5 2.655
U1389B1H3W55-57 3.550 U1389D1H4W55-57 5.050 U1387B1H2A69-71 2.190 U1386B1H2A116.5-117.5 2.665
U1389B1H3W57.5-59.5 3.575 U1389D1H4W57.5-59.5 5.075 U1387B1H2A71.5-73.5 2215 U1386B1H2W117-118 2.670
U1389B1H3W60-62 3.600 U1389D1H4W60-62 5.100 U1387B1H2A74-76 2.240 U1386B1H2A117.5-118.5 2.675
U1389B1H3W62.5-64.5 3.625 U1389D1H4W62.5-64.5 5.125 U1387B1H2A76.5-78.5 2.265 U1386B1H2A118.5-119.5 2.685
U1389B1H3W65-67 3.650 U1389D1H4W65-67 5.150 U1387B1H2W79-81 2.290 U1386B1H2A119.5-120.5 2.695
U1389B1H3W67.5-69.5 3.675 U1389D1H4W67.5-69.5 5175 U1387B1H2W100-102 2.500 U1386B1H2A120.5-121.5 2.705
U1389B1H3W71-73 3.710 U1389D1H4W70-72 5.200 U1387B1H3WO0-2 3.000 U1386B1H2A121.5-122.5 2.715
U1389B1H3W73.5-75.5 3.735 U1389D1H4W?72.5-74.5 5.225 U1387B1H3W50-52 3.500 U1386B1H2A122.5-124.5 2.725
U1389B1H3W79-81 3.790 U1389D1H4W?75-77 5.250 U1387B1H3W100-1.02 4.000 U1386B1H3WO0-2 3.000
U1389B1H3W81.5-83.5 3.815 U1389D1H4W77.5-79.5 5.275 U1387B1H4W0-2 4.500 U1386B1H3W50-52 3.500
U1389B1H3W84-86 3.840 U1389D1H4W80-82 5.300 U1387B1H4W50-52 5.000 U1386B1H3W100-102 4.000
U1389B1H3W86.5-88.5 3.865 U1389DT1HCCW15-17 5.330 U1387B1H4W100-102 5.500 U1386B1H4W0-0 4.500
U1389B1H3W89-91 3.890 U1390CTH1WO-2 0.000 U1387B1H5WO0-2 6.000 U1386B1H4W50-52 5.000
U1389B1H3W91.5-93.5 3915 U1390C1H1W50-52 0.500 U1387B1H5W50-52 6.500 U1386B1H4W100-102 5.500
U1389B1H3W94-96 3.940 U1390CTH1W100-102 1.000 U1387B1H5W100102 7.000 U1386B1H5WO0-2 6.000
U1389B1H3W96.5-98.5 3.965 U1390C1H2WO0-2 1.500 U1387B1H6WO0-2 7.500 U1386B1H5W50-52 6.500
U1389B1H3W99-101 3.990 U1390C1H2W50-52 2.000 U1387B1H6W50-52 8.000 U1386B1H5W100-102 7.000
U1389B1H3W101.5-103.5 4.015 U1390C1H2W100-102 2.500 U1387B1H6W100-102 8.500

U1389B1H3W104-106 4.040 U1390CTH3WO-2 3.000 U1386A1H1WO0-2 0.000

image analysis techniques were applied to improve the visibility of =~ These methods are based on the modification of high-resolution digital
bioturbational sedimentary structures (e.g., biodeformational struc- images (e.g., brightness and vibrance), together with the characteriza-
tures and trace fossils), as well as to evaluate degrees of bioturbation. tion of pixel values.
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Fig. 3. Vertical variations in grain size distribution for each of the studied cores.
4. Results With regard to vertical variations in grain size characteristics (Fig. 4),

4.1. Lithological and grain size features

Most of the sediments in this study consist of mud and silt materials.
However, one or two sand layers are intercalated between the mud and
silt-rich sediments. The sandy layers are characterized by: 1) well sorted
material; 2) low amounts of bioturbation (although this is also common
in the overlying and underlying deposits); 3) bi-gradational grading,
and; 4) “soupy sand”, which has a high water content.

4.1.1. Drill hole U1388A (seafloor-3.5 mbsf)

The sediments of the U1388A core mainly consist of fine sands with
biogenic carbonate (Figs. 2 and 3). The top and base contacts are sharp
and shell fragments and bioturbation are sparse. The YSL consists of a
calcareous medium sand layer with common shell fragments intercalat-
ed at 1.360-1.500 mbsf, and calcareous fine sand layers with common
shell fragments and rare bioturbation intercalated at 2.61-2.66 mbsf,
2.81-2.94 mbsf, and 3.01-3.11 mbsf. A complete gastropod is preserved
between 3.27 and 3.29 mbsf.

the GM of the calcareous medium sand layer with common shell frag-
ments (1.360-1.500 mbsf) displays inverse grading from fine-
medium sand (1.435-1.500 mbsf), and then normal grading from
medium-fine sand (1.360-1.435 mbsf). The other grain size character-
istics (D10, Md, and Mo) indicate a similar trend in vertical variations.
Dgo shows large vertical variation with inverse grading from fine-very
coarse sand (1.435-1.500 mbsf), and then normal grading from very
coarse-medium sand (1.360-1.435 mbsf). GSD shows increasingly
poor sorting upward from 1.435 to 1.500 mbsf, and then a strong up-
ward sorting trend from 1.360 to 1.435 mbsf.

4.1.2. Drill hole U1389A (seafloor-7.0 mbsf)

The sediments of the U1389A core mainly consist of calcareous mud
(Figs. 2 and 3). Bioturbation is slight-moderate and shell fragments are
present locally. The upper core (0.00-1.70 mbsf) comprises calcareous
silty sand with an irregular basal contact. This layer contains scattered
gastropods and shell fragments, and displays slight bioturbation
(Figs. 2 and 3). The YSL, which is intercalated at 5.225-5.595 mbsf, is
characterized by a calcareous silty sand layer, slight bioturbation, and
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rare shell fragments (Figs. 2 and 3). The YSL has gradational and biotur-
bated contacts at the top and base, respectively.

With regard to vertical variations in grain size characteristics (Fig. 4),
the GM of the calcareous silty sand layer (5.225-5.595 mbsf) displays
inverse grading from medium-coarse silt (5.495-5. 595 mbsf), and
then normal grading from coarse-medium silt (5.320-5.225 mbsf).
The other grain size characteristics (Do, Md, Mo, and Do) indicate a
similar trend in vertical variations. However, the GSD of the calcareous
silty sand layer shows an opposite trend in average grain size, with an
increasingly well sorted trend upward from 5.420 to 5.595 mbsf, and
then a poor upward sorting trend from 5.225 to 5.420 mbsf.

4.1.3. Drill hole U1389B (seafloor-5.0 mbsf)

The sediments of the U1389B core mainly consist of calcareous mud
and calcareous silty mud (Figs. 2 and 3). Bioturbation is sparse-slight
and shell fragments are present locally. The upper core (0.00-
0.90 mbsf) comprises calcareous silty sand with a bioturbated basal
contact (Figs. 2 and 3). The calcareous silty sand layer is intercalated
by the YSL, located at 3.448-3.998 mbsf, and showing slight bioturba-
tion and rare shell fragments (Figs. 2 and 3). This YSL shows gradational
contacts at the top and base.

With regard to vertical variations in grain size characteristics (Fig. 4),
the GM of the calcareous silty sand layer (3.448-3.998 mbsf) displays
inverse grading from medium-coarse silt (3.815-3.998 mbsf), and
then normal grading from coarse-very fine silt (3.448-3.550 mbsf).
The other grain size characteristics (Do, Md, Mo, and Dgg) indicate a
similar trend in vertical variations. However, the GSD of the calcareous
silty sand layer shows an opposite trend in average grain size, with an
increasingly well sorted trend upward from 3.998 to 3.865 mbsf, and
then a poor upward sorting trend from 3.550 to 3.448 mbsf.

4.1.4. Drill hole U1389C (seafloor —8.0 mbsf)

The sediments of the U1389C core mainly consist of silty mud with
biogenic carbonate, calcareous mud, and calcareous silty mud (Figs. 2
and 3). Bioturbation is slight and a few shell fragments are present lo-
cally. The upper core (0.00-0.51 mbsf) comprises calcareous silty sand
with a gradational basal contact (Figs. 2 and 3). Two calcareous silty
sand layers, the YSL and second sand layer (SSL), are intercalated at
4.720-5.300 mbsf and 7.09-7.28, respectively. Both sand layers show
slight bioturbation, few shell fragments (Figs. 2 and 3), and gradational
contacts at the top and base.

With regard to vertical variations in grain size characteristics (Fig. 4),
the GM of the calcareous silty sand layer (4.720-5.300 mbsf) displays
inverse grading from medium-coarse silt (5.125-5.300 mbsf), and
then normal grading from very fine sand-medium silt (4.720-4.800
mbsf). The other grain size characteristics (D19, Md, Mo, and Dgg) indi-
cate a similar trend in vertical variations. However, the GSD of the cal-
careous silty sand layer shows an opposite trend in average grain size,
with an increasingly well sorted trend upward from 5.125 to
5.300 mbsf, and then a poor upward sorting trend from 4.720 to
4.800 mbsf.

4.1.5. Drill hole U1389D (seafloor-8.0 mbsf)

The sediments of the U1389D core mainly consist of calcareous silty
mud and calcareous mud (Figs. 2 and 3). Bioturbation is sparse-slight
and rare scaphopod fragments and few/rare shell fragments are present
locally. The upper core (0.00-1.95 mbsf) comprises calcareous silty sand
with a gradational basal contact (Figs. 2 and 3). Two calcareous silty
sand layers (YSL and SSL) are intercalated at 4.700-5.330 mbsf and
6.640-6.870 mbsf, respectively. These two layers show bioturbated con-
tacts at the top and base (Figs. 2 and 3). Bioturbation is absent in the
upper sand bed and sparse in the lower sand bed. Shell fragments are
rare in the basal part of the upper sand bed and few in the lower
sandbed.

With regard to vertical variations in grain size characteristics (Fig. 4),
the GM of the calcareous silty sand layer (4.700-5.330 mbsf) displays

inverse grading from medium-coarse silt (5.125-5.330 mbsf), and
then normal grading from coarse-fine silt (4.700-4.900 mbsf). The
other grain size characteristics (D10, Md, Mo, and Dg() indicate a similar
trend in vertical variations. However, the GSD of the calcareous silty
sand layer shows an opposite trend in average grain size, with an in-
creasingly well sorted trend upward from 5.125 to 5.330 mbsf, and
then a poor upward sorting trend from 4.700 to 4.900 mbsf.

4.1.6. Drill hole U1390B (seafloor-8.5 mbsf)

The sediments of the U1390B core mainly consist of calcareous mud
(Figs. 2 and 3). Bioturbation is sparse-slight and shell fragments are
few-rare. The YSL, which is intercalated at 6.63-6.75 mbsf, is character-
ized by sandy mud with biogenic carbonate layers, slight bioturbation,
and few shell fragments (Figs. 2 and 3). This sand layer shows a biotur-
bated contact at the top and an erosional contact at the base.

4.1.7. Drill hole U1390C (seafloor-8.0 mbsf)

The sediments of the U1390C core mainly consist of mud with bio-
genic carbonates, calcareous mud, and silty mud with biogenic carbon-
ates (Figs. 2 and 3). Bioturbation is slight and shell fragments are absent.
The YSL, which is intercalated at 6.625-6.800 mbsf, is characterized by
silty sand with biogenic carbonate layers, slight bioturbation, and few
shell fragments (Figs. 2 and 3). The YSL shows a gradational contact at
the top and base.

With regard to vertical variations in grain size characteristics
(Fig. 4), the GM of the silty sand with biogenic carbonate layers
(6.625-6.800 mbsf) displays inverse grading from very fine silt-very
fine sand (6.675-6.800 mbsf), and then normal grading from very fine
sand-very fine silt (6.625-6.665 mbsf). The other grain size characteris-
tics (D1, Md, Mo, and Dgg) indicate a similar trend in vertical variations.
However, the GSD of the silty sand with biogenic carbonate layers
shows an opposite trend in average grain size, with poor upward
sorting in the basal zone, from 6.750-6.800 mbsf. The GSD of the
6.650-6.750 mbsf interval shows increasingly well sorted material up-
wards, and then a poor upward sorting trend from 6.605 to 6.650 mbsf.

4.1.8. Drill hole U1387A (seafloor-5.0 mbsf)

The sediments of the U1387A core mainly consist of silty mud with
biogenic carbonates (Figs. 2 and 3). Few-common shell fragments are
present locally and bioturbation is sparse-slight. The upper core
(0.00-0.20 mbsf) consists mainly of sandy silt with biogenic carbonates
with a bioturbated basal contact (Figs. 2 and 3). The YSL, which is inter-
calated at 2.000-2.375 mbsf, is characterized by silty sand with biogenic
carbonate layers (Figs. 2 and 3), sparse bioturbation, and common shell
fragments. This YSL has a bioturbated contact at the top and base.

With regard to vertical variations in grain size characteristics (Fig. 4),
the GM of the silty sand with biogenic carbonate layers (2.000-
2.375 mbsf) displays inverse grading from fine-medium silt (2.220-
2.375 mbsf), and then normal grading from medium-fine silt (2.000-
2.220 mbsf). The other grain size characteristics (D19, Md, Mo, and
Dgp) indicate a similar trend in vertical variations. However, the GSD
of the silty sand with biogenic carbonate layers shows an opposite
trend in average grain size, with an increasingly well sorted trend up-
ward from 2.375 to 2.200 mbsf, and then a poor upward sorting trend
from 2.000 to 2.200 mbsf.

4.1.9. Drill hole U1387B (seafloor-5.0 mbsf)

The sediments of the U1387B core mainly consist of silty mud, silty
mud with biogenic carbonates, and nannofossil mud (Figs. 2 and 3).
Few-rare shell fragments are present and bioturbation is sparse-
slight. The upper core (0.00-0.52 mbsf) mainly consists of sandy silt
with biogenic carbonates and has a bioturbated basal contact (Figs. 2
and 3). The YSL, which is intercalated at 1.970-2.290 mbsf, is character-
ized by silty sand with a biogenic carbonate layer (Figs. 2 and 3), slight
bioturbation, and rare shell fragments. The YSL has a bioturbated con-
tact at the top and base.
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Accelerator mass spectrometry (AMS) radiocarbon dating.
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Laboratory Sample Name Top Conventional Local reservoir  Dating material Median probability 2 Sigma range Calibration
code (mbsf)  radiocarbon correction (Calender year BP)  (Calender year BP)  dataset
age (BP) (vears) Start End

Beta-340,176  U1389C1H4-23_25 4.730 11420 +£40 400 Planktonic foraminifers (bulk) 12874 12727 13018 Marine13

Beta-371,500 U1389C1H4-27.5_30 4,775 12950450 400 Planktonic foraminifers (bulk) 14857 14470 15126 Marine13

Beta-340,177 U1389C1H4-50_52.5 5.000 11900 £40 400 Planktonic foraminifers (bulk) 13358 13256 13464 Marine13

Beta-369,963 U1389C1H4-72.5_75 5.225 14550460 400 Planktonic foraminifers (bulk) 17220 17001 17454 Marine13

Beta-369,964 U1389C1H4-77.5_80 5275 14110+ 50 400 Planktonic foraminifers (bulk) 16538 16310 16796 Marine13

Beta-340,178 U1389C1H4-80_82 5.300 9590 440 400 Planktonic foraminifers (bulk) 10469 10317 10584 Marine13

SacA33894 U1390B1H4-146_148  5.960 9220435 400 Planktonic foraminifers (bulk 10040 9902 10154 Marine13
except deep-dwelling species)

SacA33896 U1390B1H6-26_28 7.760 10360445 400 Planktonic foraminifers (bulk 11393 11218 11677 Marine13
except deep-dwelling species)

SacA33886 U1390C2H3-10_12 7.500 12425440 400 Planktonic foraminifers (bulk 13905 13772 14043 Marine13
except deep-dwelling species)

Beta-399,611 U1387A1H2-87.5_89.5 2.375 12650440 400 Planktonic foraminifers (bulk) 14143 13983 14315 Marine13

Beta-399,610 U1386A1H2-142_144 2.920 12150440 400 Planktonic foraminifers (bulk) 13596 13128 13744 Marine13

With regard to vertical variations in grain size characteristics
(Fig. 4), the GM of the silty sand with biogenic carbonate layers
(1.970-2.290 mbsf) displays inverse grading from fine-coarse silt
(2.155-2.290 mbsf), and then normal grading from coarse-medium
silt (1.970-2.115 mbsf). The other grain size characteristics (D1, Md,
Mo and Dgg) indicate a similar trend in vertical variations. However,
the GSD of the silty sand with biogenic carbonate layers shows an oppo-
site trend in average grain size, with an increasingly well sorted trend
upward from 2.115 to 2.290 mbsf, and then a poor upward sorting
trend from 1.970-2.115 mbsf.

4.1.10. Drill hole U1386A (seafloor-5.0 mbsf)

The sediments of the U1386A core mainly consist of calcareous ooze
and nannofossil ooze with mud (Figs. 2 and 3). Bioturbation is sparse and
shell fragments are rare. The upper core (0.00-0.15 mbsf) mainly con-
sists of silty sand with calcareous ooze and a bioturbated basal contact
(Figs. 2 and 3). The YSL, which is intercalated at 2.645-2.920 mbsf, is
characterized by silty sand with a biogenic carbonate layer (Figs. 2 and
3), sparse bioturbation, and rare shell fragments. The YSL has a bioturbat-
ed contact at the top and an irregular contact at the base.

With regard to vertical variations in grain size characteristics
(Fig. 4), the GM of the silty sand with biogenic carbonate layers
(2.645-2.920 mbsf) displays inverse grading from fine-coarse silt
(2.815-2.920 mbsf), and then normal grading from coarse-medium
silt (2.645-2.715 mbsf). The other grain size characteristics (D1, Md,
Mo and Dgg) indicate a similar trend in vertical variations. However,
the GSD of the silty sand with biogenic carbonate layers shows an oppo-
site trend in average grain size, with an increasingly well sorted trend
upward from 2.815-2.920 mbsf, and then a poor upward sorting
trend from 2.715-2.645 mbsf.

4.1.11. Drill hole U1386B (seafloor-5.0 mbsf)

The sediments of the U1386B core mainly consist of calcareous silty
mud and nannofossil mud (Figs. 2 and 3). Bioturbation is sparse and
shell fragments are rare. The upper core (0.00-0.70 mbsf) mainly con-
sists of silty sand with calcareous ooze and a bioturbated basal contact
(Figs. 2 and 3). The YSL, which is intercalated at 2.37-2.71 mbsf, is char-
acterized by silty sand with a biogenic carbonate layer (Figs. 2 and 3),
absent bioturbation, and rare shell fragments. The YSL has a bioturbated
contact at the top and an irregular contact at the base.

With regard to vertical variations in grain size characteristics
(Fig. 4), the GM of the silty sand with biogenic carbonate layers
(2.475-2.725 mbsf) displays inverse grading from fine-medium silt
(2.615-2.725 mbsf), and then normal grading from medium-fine silt
(2.475-2.515 mbsf). The other grain size characteristics (D10, Md, Mo
and Dgg) indicate a similar trend in vertical variations. However, the

GSD of the silty sand with biogenic carbonate layers shows an opposite
trend in average grain size, with an increasingly well sorted trend up-
ward from 2.630-2.725 mbsf, and then a poor upward sorting trend
from 2.475-2.535 mbsf.

4.2. Radiocarbon dating

For drill hole U1389C (4.720-5.300 mbsf), radiocarbon ages were
taken for six intervals within the calcareous silty sand layer. The results
indicate a succession of random age values from the base to top of the
layer (Fig. 2; Table 3). After applying the local reservoir correction (400
years), the ages are 12,874 cal. yr. BP (4.730 mbsf), 14,857 cal. yr. BP
(4.775 mbsf), 13,358 cal. yr. BP (5.000 mbsf), 17,220 cal. yr. (5.225
mbsf), 16,538 cal. yr. (5.275 mbsf), and 10,469 cal. yr. (5.300 mbsf).
The youngest calibrated age, 10,469 cal. yr. BP, was for the basal part
(5.300 mbsf).

For drill hole U1390B (0.100-7.760 mbsf) radiocarbon ages were
taken at two intervals of the core (Fig. 2; Table 3). After applying the
local reservoir correction, the ages obtained ages are 10,040 cal. yr. BP
(5.960 mbsf) and 11,393 cal. yr. BP (7.760 mbsf).

After applying the local reservoir correction, the radiocarbon ages for
the 7.500 mbsf interval of drill hole U1390C, 2.375 mbsf interval of drill
hole U1387A, and 2.920 mbsf interval of drill hole U1386A are
13,905 cal. yr. BP, 14,143 cal. yr. BP, and 13,596 cal. yr. BP, respectively.

4.3. Ichnological analysis

In general, discrete trace fossils with well-defined outlines are scarce
and difficult to observe. Only Thalassinoides-like and Ophiomorpha-like
structures (circular-subcircular sections, 6-12 mm wide and 3-13 mm
high, along with approximately cylindrical structures 16-40 mm in
length) are differentiated. However, ichnological analysis reveals a local-
ized mottled background reflecting three intervals of biodeformational
structures (but with no distinct outlines) in the sediments from the
four cores of site U1389 (Fig. 5).

4.3.1. Interval A

Interval A is the thickest interval in any of the studied cores
(41.5-51.5 cm). The sediments are homogeneous sands and neither dis-
crete trace fossils nor mottled background is observed. Interval A is well
developed in drill holes B, C, and D (Fig. 5). In drill hole A, this interval
less homogenous and exhibits characteristics of both intervals A and B.

4.3.2. Interval B
Interval B corresponds to the units above and below interval A. It has
a variable thickness of 7.5-30.5 cm, and consists of a well-developed
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Fig. 5. Ichnological facies for each core taken at site U1389.

mottled background in which sediment mixing is evident. In some
cases, discrete traces (Thalassinoides-like or Ophiomorpha-like) are rec-
ognized (Fig. 5). Using the Ichnological Digital Analysis Image Package
(Dorador et al., 2014a), the percentage of trace fossils in the mottled
background is variable, but is usually ~11% to 23%.

4.3.3. Interval C

Interval C is located above the upper boundary of Interval B. This
near-homogenous interval ranges in thickness from 6.5 to 23 cm and
neither traces nor a well-developed mottled background is observed.
Interval C is similar to interval A, but with a higher mud component.

5. Discussion
5.1. Depositional models of bi-gradational graded contourite sequences

The standard contourite facies model (Faugéres et al., 1984;
Gonthier et al., 1984) was derived from the Faro Drift, located within
the middle slope of the Gulf of Cadiz. The model recognizes a cyclic
trend composed of three main facies: 1) homogeneous mud; 2) mottled
silt and mud, and; 3) sand and silt. These facies are typically arranged in

a coarsening-up to fining-up cycle that defines standard bi-gradational
contourite sequences. Stow et al. (2002) presented a modified standard
sequence that includes five principal divisions (C1-C5), while Stow and
Faugeéres (2008) proposed a model for partial sequences, which are
equally or more common than full bi-gradational sequences. From the
bottom to top of a sequence, the five divisions of the modified standard
sequence are mud (C1), mottled silt and mud (C2), sandy silt (C3), mot-
tled silt and mud (C4), and mud (C5). This model represents an increase
from weak to strong bottom current flow (the negatively graded sedi-
ments), and then back to weak current flow (the positively graded
sediments).

The YSL identified in the cores from drill holes U1389A-D, U1390C,
U1387A and B, and U1386A and B have similar grain size variations to
those described in the bi-gradational contourite facies of Gonthier
et al. (1984); Faugeres et al. (1984), and Stow and Faugéres (2008). In
addition, vertical variation in the sorting of these sequences (Fig. 4)
shows two distinct parts: a lower upward-well-sorted part and upper
upward-poorly-sorted part. At the base of the bi-gradational sequence,
the coarse fraction gradually increases with the acceleration of the bot-
tom current. Our results show that grain size and degree of sorting are
correlated (Fig. 6). At the maximum current velocity sediments are
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well sorted (Fig. 4) and the grain size distribution shows a sharp peakin
the coarser fraction (Fig. 3). In contrast, grain size sorting above the bi-
gradational sequence shifts from well to poorly sorted with a weaken-
ing bottom current (Figs. 3 and 4).

Prior to the radiocarbon dating performed in this study, three differ-
ent age models to describe the formation of the bi-gradational
contourite sequence had been proposed (Fig. 7): Models 1 and 2 assume
that the base and top intervals of the sequences show different ages

young<——> old

(AT # 0), suggesting continuous accumulation over a relatively long du-
ration. In model 1, a smooth radiocarbon dating curve results from the
continuous accumulation of marine snow (pelagic/hemipelagic de-
posits) consisting of dead or dying plankton and inorganic wind dust.
In model 2, an irregular radiocarbon dating curve results from sand
layers consisting of reworked older material and not just pelagic de-
posits. Model 3 assumes that both the top and basal horizons are of sim-
ilar age (AT = 0). This model is based on rapid deposition from a gravity

—— Radiocarbon Age Curve

young «——>old young «—> old

Bigradational sequence

)

At

Mud
Sand

Fig. 7. Schematic radiocarbon age models for bi-gradational grading.
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flow (in the form of a turbidity current), benthic storm, or other cata-
strophic event. We use the high-resolution radiocarbon dates from
drill hole U1389C to test these models of bi-gradational contourite se-
quence formation.

For the YSL of drill hole U1389C, the radiocarbon ages show an irreg-
ular curve between the top and basal horizons. This indicates that the
sandy part of the bi-gradational grading consists of reworked materials
on bottom current pathways and models 1 does not apply to this se-
quence. The radiocarbon age of the basal interval is ~10 cal. yr. BP
(Table 3). On the other hand, the top of the sequence is no younger
(Fig. 2 and Table 3) and, therefore, using radiocarbon dating alone it is
difficult to determine whether model 2 or 3 is more appropriate. How-
ever, ichnological data can also provide information regarding the dura-
tion of deposition (Fig. 5).

For drill hole U1390C, the YSL sequence includes three intervals. At
the base, Interval A is characterized by a relatively sharp lower bound-
ary and an absence of bioturbational features, suggesting rapid deposi-
tion with no time for tracemaker activity. Most likely, this interval
reflects the rapid deposition of coarse sediments during a single high
sedimentation rate event. Nevertheless, it is also possible that environ-
mental conditions may cause the absence of bioturbational structures;
for example, low rates of oxygenation or stressful conditions such as
high current velocities. Interval B is characterized by a well-developed
mottled background and discrete trace fossils. It likely reflects a diminu-
tion of the sedimentation rate, which facilitates bioturbation by
tracemakers. The interval also contains a variable percentage of trace
fossil bioturbation that likely reflects differences in the rate of sedimen-
tation. The mottled background reflects the burrowing activity of
tracemakers on the sea-floor or just below, suggesting a soupy or soft-
ground sediment mixture. Finally, Interval C reveals a return to high
sedimentation rates and lower levels of bioturbation. In this case, the in-
crease in sedimentation is likely due to mud deposition. If these in-
creased sedimentation rates account for the absence of bioturbational
features, then model 3 provides the best fit to the bi-gradational se-
quence of the YSL. However, while the ichnological results are useful
for determining the onset of the sandy interval, future studies that in-
clude further radiocarbon data and the integration of other analyses
and proxies are required to fully characterize this system.

5.2. Spatial variations in the Gulf of Cddiz CDS

The YSLs identified in this study correlate the holes in the sites and
are characterized by bi-gradational sequence of facies (Fig. 2). The YSL
of U1389A-D, U1387A and B, and U1386 A and B are coeval. On the
basis of radiocarbon dating, we identified YSL layers from three main
periods: (1) the Boreal chronozone, (2) the Younger Dryas, and
(3) the Belling-Allerad.

The Boreal chronozone occurred between ~10,770-10,700 and
8900 cal. yr. BP (Mangerud et al., 1974; Sirvio and Kajander, 2003; Bos
et al., 2007). The YSL identified in drill holes U1389A-D are slightly
younger than 10,469 cal. yr. BP and do not correlate with other sand
layers in other sites (U1390, U1387, and U1386).

The Younger Dryas occurred between ~13,000 and 11,500 years BP
(Mangerud et al., 1974; Alley et al., 1993; Meese et al., 1997; Bard,
1998; Alley, 2000; Kennett et al., 2009). The ages of the YSL in site
U1390 are between 13,905 and 11,393 cal. yr. BP. The top contact of
the YSL in U1390B is intercalated 20 cm below the 11,393 cal. yr. BP ho-
rizon, and 204 cm below the 10,040 cal. yr. BP horizon. The base contact
of the YSL in U1390C is 75 cm above the 13,905 cal. yr. BP interval. For
drill holes U1389C and U1389D, SSL are intercalated at 1.54 m and
1.84 m below the YSL, respectively. Although accurate radiocarbon
ages for the SSL were not measured in this study, their horizons were
correlated to the YSL of U1390C, which was emplaced during the Youn-
ger Dryas or before (Fig. 2). Both the SSL of U1389 and YSL of U1390 are
~1.54-2.04 m below the ~10,469 cal. yr. BP horizon. On this basis, we
tentatively conclude that these layers are coeval (Fig. 2).

The Bolling-Allered occurred 14,500-12,800 years BP (Mangerud
et al.,, 1974; Liu et al., 2009). The ages of the YSL in U1387 and U1386
are slightly less than 14,143 cal. yr. BP and 13,596 cal. yr. BP, respective-
ly, and it is likely that they correlate with each other.

The regional distribution of YSL and SSL indicates that sand layer de-
position in the Gulf of Cadiz CDS was not uniform. The bi-gradational YSL
sequences from the beginning of the Boreal chronozone are observed in
the central CDS (site U1389). The YSL in drill hole U1389C indicates a
random age order within the sequence (Fig. 2; Table 3). The youngest
age (10,469 cal. yr. BP) is recorded in the basal interval (5.300 mbsf).
Nevertheless, the sandy parts of the YSL (above 5.300 mbsf) are older,
with ages of 16,538, 17,220, 13,358, 14,857, and 12,874 cal. yr. BP from
the bottom to the top of the YSL. This observation is explained by the ero-
sion of sandy materials from a comparatively upstream area. Our obser-
vations suggest that deposition was associated with the ML, but not with
the MU. Sedimentological and ichnological analyses show that the sandy
deposits mainly consist of reworked materials that show older radiocar-
bon ages and rapid deposition. These results indicate that the deposition
and reworking of the sand occurred locally. The sediment source area
was probably proximal (near the site U1388 or the Gibraltar Strait) and
may have been a sandy sheeted drift identified close to Strait of Gibraltar
(Hernandez-Molina et al., 2014a).

The bi-gradational sequence of facies intercalated in the sediments
of the Younger Dryas is also identified only in the central CDS (sites
U1389 and U1390). These sites are also influenced by ML and the source
area of the sands could also be proximal (near to site U1388 or to the Gi-
braltar Strait).

The bi-gradational graded contourite developed at the Belling-
Allergd occurs in sites U1387 and U1386 of the Faro Drift, an area con-
trolled by the MU. There are no coeval sand layers in U1389 and
U1390, which indicates that the sandy materials in sites U1387 and
U1386 were not transported from an area proximal to the Gulf of
Cadiz CDS. Possible causes of the bi-gradational sequences in U1387
and U1386 include sudden gravity-controlled geological events such
as turbidity currents triggered by earthquake-induced tsunami, subma-
rine landslides, or meteorite impact. There is no geological and topo-
graphical evidence for large scale submarine landslides such as
Storegga Slide with >2000 km? in offshore Norway induced by large
earthquake had occurred large tsunami at ca. 7.9 cal. Ky BP (Dawson
et al,, 1988; Smith et al.,, 2004), or meteorite impacts in this area during
the period of interest. However, the southern Iberian margin is seismi-
cally active due to the convergent plate boundary between Eurasia (Ibe-
rian sub-plate) and Africa (Nubian sub-plate; Zitellini et al., 2009). A
number of earthquake-induced tsunami events of historical or pre-
historical age are recorded in the sediments of offshore Portugal or in
the coastal lowland area of the Gulf of Cadiz (e.g., Lario et al., 2011;
Rodriguez-Vidal et al., 2011). It is possible that the trigger of the bi-
gradational graded sequences of the muddy contourite succession
may be related to an earthquake or its related tsunami.

5.3. Trigger events processes of formation in the CDS

In general, tsunamis consist of a wave or series of waves with long
wavelengths and periods, caused by an abrupt vertical displacement
of the ocean bottom, usually due to earthquakes, landslides, or other ex-
ternal agents, for example volcanic eruptions or meteorite impacts
(Shanmugam, 2006b, 2012). Tsunami waves carry energy through the
water but do not displace the water horizontally, nor do they transport
sediment. However, during the transformation stage tsunami waves
erode and incorporate sediment into the incoming wave. Tsunami-
related traction currents can thus transport large concentrations of sed-
iment in suspension (Shanmugam, 2006b, 2012; Abrantes et al., 2008).
Tsunamis are also important mechanisms for triggering sediment fail-
ures, as the advancing tsunami wave front can generate large hydrody-
namic pressures on the seafloor, thereby overwhelming the slope
stability factors (Wright and Rathje, 2003). A case study on the 2011
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Tohoku-oki tsunami recognized possible submarine tsunami deposits
on the outer shelf of Sendai Bay, Japan and indicated that large tsunamis
can generate turbidity currents (Ikehara et al., 2014). Re-suspended
muddy shelf sediments generated by the high frictional velocities that
occur when tsunami waves propagate into shallow shelf waters
(Sugawara and Goto, 2012) create a water column with a high concen-
tration of suspended sediment. Re-suspension of diatomaceous surface
sediments also occurs by strong ground shaking associated with earth-
quakes and the agitation by subsequent tsunami waves. The collapse of
the water column generates repeated turbidity currents on the outer
shelf. Other study conducted by Niitani et al. (2013) also showed that
tsunami-induced gravity currents generated in an experimental flume.
In their study, a sediment-gravity flow which occurred at the lower
foreshore to the upper shoreface by tsunamigenic oscillatory flows in
the experimental flume was obviously reconstructed. However, ques-
tions about the generation, growth, and transport mechanisms of sub-
marine tsunami-related sediments remain debated.

The most famous historic earthquake-induced tsunami of the south-
ern Iberian margin is the 1755 Lisbon tsunami (Baptista et al., 2003),
which appears in the geological record from Portugal to the Gibraltar
Strait (e.g., Dawson et al., 1991, 1988; Hindson et al., 1996; Dabrio
et al., 1998, 2000; Hindson and Andrade, 1999; Luque et al., 1999,
2001, 2004; Luque, 2002; Whelan and Kelletat, 2005; Gracia et al.,
2006; Viana-Baptista et al., 2006; Cuven et al., 2013). Gracia et al.
(2010) also recognized 6 Holocene turbidite events as seismically trig-
gered and estimated ~1800 years as a recurrence period for large earth-
quakes (Mw 8.0). Morales et al. (2008) identified five tsunami
deposits of 1600 years or younger in the laterally continuous shelly
layers of low-energy environments from the Huelva Estuary. The Ho-
locene paleo-tsunami catalogue of southwestern Iberia (Lario et al.,
2011) includes at least five tsunami events generated by strong
earthquakes during the last 7000 years and estimates a recurrence
interval of 1500-2000 years for large tsunami events. Koster and
Reicherter (2014) also reported an ~4000 year-old tsunami deposit
preserved in Holocene coastal cliffs of Barbate and Zahara de los
Atunes, southern Spain.

Although there is evidence for Holocene tsunami events in the Gulf
of Cadiz and its coastal lowlands, our cores show no evidence for such
events after the beginning of the Boreal (Fig. 2). This suggests that:
1) after the beginning of the Boreal, seismic- or tsunami-generated
coarse sediment transportation from coastal areas of the Gulf of Cadiz
to the offshore and deeper seafloor did not affected the grain size of bot-
tom sediments, or; 2) an intense bottom current (MU) may have
merged with turbidity currents to widely rework coarse materials.
Llave et al. (2006) also found out that the coarser contourite deposits
on the central area of the middle slope of the Gulf of Cadiz are mostly as-
sociated with the Last Glacial Maximum, the Younger Dryas, and
Heinrich events. Using grain size as a proxy for the MOW, they advocate
that an enhancement of the ML (the lower MOW branch) during climat-
ic cooling and stronger MU (upper MOW branch) circulation occurred
during warm intervals. The spatial distribution of sandy contourites
was controlled by variations in bathymetric position and current
strength of the MOW (Llave et al., 2006).

The results of this study indicate three bi-gradational sequences in
the Gulf of Cadiz CDS. These were deposited at the Bglling-Allerad (~-
13-14 cal. Ky BP), the Younger Dryas (~12-13 cal. Ky BP), and the be-
ginning of Boreal (~10 cal. Ky BP). The recurrence interval of these
events is ~1-2 Ky, the same range as for historic and pre-historic tsuna-
mi records (e.g., Morales et al., 2008; Gracia et al., 2010; Lario et al.,
2011; Koster and Reicherter, 2014). This implies that the three YSLs
are probably related with large tsunami events occurred around the
Cadiz CDS. Our results also suggest that during the Bolling-Allered, the
Younger Dryas, and the early Boreal, an enhanced bottom current
(ML) occurred in the deep waters of the Gulf of Cadiz. In contrast, the
MU became weaker along the shallower seafloor in the Gulf of Cadiz.
As a result of this situation, downslope processes on the seafloor were

controlled by the ML. The development of bi-gradational graded
contourite on the middle slope (sites U1387 and U1386) during the
Bolling-Allered may indicate a transitional condition between enhanced
ML (during cool climate) and a stronger MU (warm condition). This
model of bi-gradational graded contourite formation in the Gulf of
Cadiz explains why no similar bi-gradational sequences are found
above the beginning of the Boreal horizon.

In this discussion, we could not exhibit direct evidences of “tsunami”
from the sand layers but only we obtained circumstantial evidences.
Nevertheless, we consider that our ideas were still important for the fu-
ture research on contourite. Because studies of contourite which almost
composed of reworked materials need various approaches to under-
stand origins, natures, and transport processes. We hope that our spec-
ulations will be validated by other approaches and scientists.

6. Conclusions

Younger Sand Layers (YSLs) are intercalated within a Late Pleisto-
cene to Early Holocene muddy contourite succession in the Gulf of
Cadiz. In this study, we characterized the YSL using sedimentological
and ichnological observations, as well as AMS '“C dating. On the basis
of our results, the main conclusions of this study are: 1) YSLs are charac-
terized by bi-gradational sequences, which exhibit vertical changes
both in grain size and in sorting; 2) The YSL formed during three differ-
ent ages intervals including the Bglling-Allered (sites U1387 and
U1386), the Younger Dryas (site U1390), and the beginning of the Bore-
al (site U1389); 3) The genesis of YSL varies. The sequences in the begin-
ning of Boreal (U1389C) likely represent a bottom current reworked
deposit with high sedimentation rate; 4) The results of sedimentological
analyses, ichnological treatment, spatial distributions, and radiocarbon
dating of the YSLs in this study suggest that the YSLs are formed from
tsunami-related bottom current and consist of reworked materials.
However the source area of sandy sediments is unclear, although our re-
sults show it to be variable and area dependent. Some sandy deposits
are transported from proximal sectors of the CDS (close to the Strait of
Gibraltar) by the MOW; however, in other cases local gravity flows
resulting from instability on the adjacent margin could provide the
sandy material.
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