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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco Despite major advances in our understanding of the interactions between bottom currents and sedimentary
deposits over the last forty years, few studies have focused on the nature of fine particles in contourite depo-
sitional systems (CDS). XRD analyses of marine sediments can be used to improve our understanding of fine-
grained sediment sources and settling processes. This work presents a detailed sedimentological study of sedi-
ment cores collected over the middle slope of the Gulf of Cadiz as part of Integrated Ocean Drilling Program
Expedition 339 and the 2001 CADISAR cruise. We performed high-resolution clay mineral analyses to recon-
struct the pathways of fine-grained particles from their sources to their deposition along the contourite depo-
sitional system of the Gulf of Cadiz (source-to-sink approach). The clay mineral associations reflect the major
contribution of the Guadalquivir River and North African rivers/dusts to fine particles settling over the middle
slope. Our results suggest that size segregation deposition processes along the path of the Mediterranean Outflow
Water (MOW) are responsible for the distinct clay mineral associations between sites located under the upper
MOW and the lower MOW. We observed changes of sedimentation rates over the contourite depositional system
throughout the last 25 kyrs. We propose that these changes are due to temporal variations in the vertical dis-
tribution of the upper and the lower MOW whose concentrations in suspended particulate matter are drastically
different. Sea-level and large scale atmospheric changes (e.g., ITCZ migration) over this period induced major
variations in the distance of river mouths to the Gulf of Cadiz CDS, and in the amount of Northwest African dust
delivered to this depositional system, respectively. Climate changes therefore modified fine particle sources and
pathways, which considerably influenced clay minerals settling in the middle slope of the Gulf of Cadiz since the
Last Glacial Maximum.
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1. Introduction

The 350 km-long margin of the Gulf of Cadiz, extending from the
entrance of Atlantic water through the Strait of Gibraltar to Cape St.
Vincent, has a curved shape due to tectonic features (Baldy et al., 1977;
Maldonado et al., 1999; Nelson and Maldonado, 1999). The shelf break,
located at 120-140 m water depth, marks the boundary between the
continental shelf and the slope (10-30 km; Lopez-Galindo et al., 1999;
Hernandez-Molina et al., 2006). Between 130 and 4000 m water depth,
the continental slope dips gently between 0.5° and 4° (Hernandez-
Molina et al., 2006; and references therein). The special feature of this
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margin is the extensive middle slope Contourite Depositional System
(CDS) which is strongly influenced by the Mediterranean Outflow Water
(MOW) (e.g., Hernandez-Molina et al., 2006). This CDS consists of
numerous large contourite accumulations, named drifts (McCave and
Tucholke, 1986), along with erosional features such as moat and con-
tourite channels.

For several decades, great efforts have been devoted to the study of
the depositional model of the Gulf of Cadiz CDS. This body of work
demonstrated both the importance of recent tectonic activity, which
influenced the morphology of the middle slope (Llave et al., 2001, 2007;
Garcia et al., 2009, 2016, 2020; Medialdea et al., 2009; Hernandez-
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Molina et al., 2016), and the pivotal role of alongslope processes,
induced by the MOW (e.g., Kenyon and Belderson, 1973; Faugeres et al.,
1984; Gonthier et al., 1984; Stow et al., 1986; Stow et al., 2013a;
Habgood et al., 2003; Hernandez-Molina et al., 2003, 2006; Hanquiez
et al., 2007; Marches et al., 2007; Garcia et al., 2009; Roque et al., 2012).
Furthermore, downslope processes interact with alongslope processes
(e.g., Mulder et al., 2013; De Castro et al., 2020, 2021) but they are less
noticeable and less continuous over the CDS than the contourite deposits
(Hernandez-Molina et al., 2006).

The MOW splits into two main cores when it enters the Gulf of Cadiz:
the shallow upper MOW (300-800 m) which circulates along the base of
the upper slope and the lower MOW which flows along the base of the
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middle slope (Fig. 1A, Sanchez-Leal et al., 2017). Marine geological
studies based on sediment cores and IODP sites collected over different
contourite drifts have highlighted fluctuations of MOW velocities and
vertical oscillations of its core depth during the late Pleistocene. It is
considered that MOW flows at shallower depths during interglacial
warm conditions than during glacial cold periods (Schonfeld and Zahn,
2000; Rogerson et al., 2005; Llave et al., 2006). Strengthening of the
MOW occurs during colder conditions such as the Younger Dryas, and
Heinrich stadials and stadials of interglacials including Dansgaard-
Oeschger cold events (Sierro et al., 1999; Cacho et al., 2000; Mulder
et al., 2002; Llave et al., 2006; Voelker et al., 2006; Toucanne et al.,
2007; Bahr et al., 2014). Furthermore, the enhanced run-off into the
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Fig. 1. A) General currents and water masses in the Gulf of Cadiz (Garcia-Lafuente et al., 2006; Voelker et al., 2010; Carracedo et al., 2016; Hernandez-Molina et al.,
2016), Alboran Sea (Ercilla et al., 2016) and southwestern Portuguese margin (Teixeira et al., 2019; Rodrigues et al., 2020), clay mineralogy of the main south-
western Iberian and Moroccan rivers and location of ODP Site 976 (Lima, 1971; Mélieres, 1973; Fernandez-Caliani et al., 1997; Lopez-Galindo et al., 1999; Elmouden
et al., 2005; Gutiérrez-Mas et al., 2006; Machado et al., 2007; Achab et al., 2008). B) Main morpho-sedimentary features of the Gulf of Cadiz CDS (Hernandez-Molina
et al., 2006), locations of IODP Sites and CADISAR cores used this study and pathways of the upper branch (MOWy) and lower branch (MOWy) of Mediterranean

Outflow Water (MOW). FD: Faro Drift; HD: Huelva Drift; HC: Huelva Channel; GR:

Guadalquivir Ridge; GB: Guadalquivir Bank.
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Eastern Mediterranean Sea during periods of maximum summer inso-
lation prevented Eastern Mediterranean deep water formation (Roger-
son et al., 2012; Rohling et al., 2015), inducing sapropel deposition in
the Mediterranean and a weak activity of the MOW (Rogerson et al.,
2012; Bahr et al., 2015; Kaboth et al., 2016). Therefore, the nature,
dynamics and feedback mechanisms between past variations in intensity
and depth of MOW and climatic conditions are still debated.

As sand and silt content is a key indicator of bottom current velocity,
mostsedimentological work concerning the Gulf of Cadiz CDS has
focused on coarse-grained sediment deposition, in particular through
the extensive study of sandy-contourites (e.g., Stow et al., 2013b;
Brackenridge et al., 2018; De Castro et al., 2021); whereas few studies
have focussed on muddy intervals (Nishida, 2016). Some authors have
investigated the mineralogy of clays from the middle slope of the Gulf of
Cadiz (Grousset et al., 1988; Stumpf et al., 2011; Alonso et al., 2016),
often with a low temporal resolution, but little attention has been paid to
the spatial distribution of clay minerals among muddy-contourites of the
CDS. By contrast, the pattern of clay mineral distribution on the shelf of
the Gulf of Cadiz has been the subject of many studies and it is very well
constrained (Fernandez-Caliani et al., 1997; Gutiérrez-Mas et al., 1997;
Gutiérrez-Mas et al., 2003; Gutiérrez-Mas et al., 2006; Lopez-Galindo
et al., 1999; Machado, 2005; Machado et al., 2007; Achab et al., 2008;
Achab, 2011). The present study investigates clay mineralogy of sedi-
ments from three IODP sites and thirteen sediment cores collected across
various sedimentary features of the Gulf of Cadiz in order to reconstruct
the source-to-sink pathway of clay minerals from their sources (river/
wind) to their deposition in the CDS of the Gulf of Cadiz. The substantial
clay mineral dataset produced in this study contributes to: 1) identifying
the fluvial and eolian sources of clay minerals of the middle slope in the
Gulf of Cadiz and quantifying their respective contributions to sedi-
mentation; 2) highlighting the strong role of surface currents and of the
MOW with specific emphases on its upper and lower components in the
distribution of clay minerals along the CDS; 3) pointing out changes in
both clay mineral sources and transport patterns in the CDS over the last
25 kyrs.

2. Regional setting
2.1. Morphobathymetric setting

The northern continental shelf of the Gulf of Cadiz is located between
the Iberian Peninsula and Morocco, west of the Strait of Gibraltar
(Fig. 1A). This 350-km long continental margin extends from the Strait
of Gibraltar to the Cape St Vincent, and is characterized by a unique
continental slope (Fig. 1A). The interaction between Mediterranean
Outflow Water (MOW) and the seafloor across the slope generates one of
the most studied Contourite Depositional Systems (CDS) in the world
(Hernandez-Molina et al., 2003). The Gulf of Cadiz CDS, located over the
middle slope (400-1200 m) encompasses five morphobathymetric sec-
tors, identified according to distinct sedimentary features (Hernandez-
Molina et al., 2006). In the souteast area, the proximal scour and sand-
ribbon sector is dominated by erosive features (e.g., Kenyon and Bel-
derson, 1973; Hernandez-Molina et al., 2003, 2006; Garcia et al., 2009;
Stow et al., 2013a). The adjacent overflow-sedimentary lobe sector
(Fig. 1B) displays a large sand and mud sedimentary lobe impacted by
both depositional and erosive processes (Kenyon and Belderson, 1973;
Habgood et al., 2003; Hernandez-Molina et al., 2003; Mulder et al.,
2003; Hanquiez et al., 2010). Located in the central area of the middle
slope between Cadiz and Faro, the channel and ridge sector (Fig. 1B) is
characterized by five main contourite channels (Cadiz, Guadaquivir,
Huelva, Diego Cao and Gusano) dominated by erosive processes (Nelson
etal., 1993; Garcia, 2002; Garcia et al., 2009). These different contourite
channels cross a depositional sector composed of active (Huelva Drift
and Guadalquivir Drift) and buried drifts (Mulder et al., 2002; Hanquiez
et al., 2007; Llave et al., 2007; Garcia et al., 2009). In addition, erosive
channels circumvent marked structural reliefs of diapiric ridges and
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banks (e.g., Guadalquivir Ridge and Bank; Hernandez-Molina et al.,
2003, 2006; Hanquiez et al., 2007; Garcia et al., 2009). In the active
contourite deposition sector, which is located in the northwest of the
area (Fig. 1B), depositional features represented by contourite drifts (e.
g., Faro Drift) dominate the sedimentation regime (e.g., Gonthier et al.,
1984; Faugeres et al., 1984; Stow et al., 1986; Mulder et al., 2002;
Hernandez-Molina et al., 2003; Llave et al., 2006; Roque et al., 2012). A
series of canyons, namely Portimao, Lagos, Sagres and San Vicente
Canyons, are located in the western sector (the canyon sector) of the
study area (Fig. 1B) (e.g., Hernandez-Molina et al., 2003; Mulder et al.,
2006; Llave et al., 2007; Marches et al., 2007).

The present study especially focuses on the Faro elongated and
separated mounded Drift, the Huelva mounded Drift and the large
sheeted drift located southeast of the Guadalquivir Bank (Fig. 1B). These
drift drilled by the Integrated Ocean Drilling Program (IODP) Expedition
339 (Hernandez-Molina et al., 2013; Stow et al., 2013b). A further
thirteen piston cores from the CADISAR cruise collected over the
channel/ridge and overflow-sedimentary lobe sectors complemented
this work.

2.2. Oceanographic circulation

The oceanographic circulation in the Gulf of Cadiz is driven by the
inflow-outflow circulation across the Strait of Gibraltar, with Atlantic
water entering in the Mediterranean Sea at the surface and Mediterra-
nean intermediate and deep waters outflowing westward below 150 m
water depth (Ambar and Howe, 1979; Bryden and Stommel, 1984;
Ochoa and Bray, 1991; Bryden et al., 1994; Baringer and Price, 1999;
Millot, 1999; Pinardi et al., 2019). At the exit of the Strait of Gibraltar
(Fig. 1A), MOW is principally composed of Levantine Intermediate
Water (LIW) with a small contribution of Western Mediterranean Deep
Water (WMDW) (Ambar and Howe, 1979; Bryden and Stommel, 1984;
Millot, 2014). In the Gulf of Cadiz, the dense cascading MOW splits into
two main cores (Fig. 1B): (1) the Mediterranean upper water (MOWy)
which flows along the base of the upper slope between 300 and 800 m,
and mixes with the overlaying warmer upper water of the Eastern North
Atlantic Central Water (ENACW; Ambar et al., 2002; Bellanco and
Sanchez-Leal, 2016; Sanchez-Leal et al., 2017); and (2) the Mediterra-
nean lower water (MOWp,) which flows at deeper depth (800-1200 m),
overlies Labrador Sea Water (LSW) and northeast Atlantic deep water
(NEADW), and is underlaid by northward flowing Antarctic Intermedi-
ate Water (AAIW) in the south area of the Gulf of Cadiz (Fig. 1A; Voelker,
2015; Carracedo et al., 2016; Roque et al., 2019). MOW velocity grad-
ually decreases northwestward from ca. 300 cm s~ in the Strait of
Gibraltar to 15-20 cm s~ ! near Cape St. Vincent (Ambar and Howe,
1979; Gasser et al., 2017; Sanchez-Leal et al., 2017).

The surficial circulation in the Gulf of Cadiz in the upper ~150 m is
mainly driven by the eastern branch of the Azores Current (AC) and the
Portugal Current (PC; Fig. 1.A) advecting subtropical salty water and
less salty, cooler water, respectively (Peliz et al., 2005; Garcia-Lafuente
et al., 2006). Closer to the shore, two shallow cyclonic cells borderthe
open ocean: one located to the south of Cape St. Maria, namely the eddy
of Cape St. Maria, the other forming between Cape St. Monica and the
Guadalquivir River mouth in the eastern sector of the shelf (Fig. 1A). The
latter occurs as the westward flowing Cadiz Coastal Counter Current
meets the Gulf of Cadiz Current (GCC) flowing toward the Strait of
Gibraltar (Relvas and Barton, 2002; Garcia-Lafuente et al., 2006).The
Atlantic inflow into the western Mediterranean Sea contains water from
both AC and GCC (Peliz et al., 2009).

2.3. Clay mineral sources

Recent sedimentation in the Gulf of Cadiz is largely dominated by
terrigenous material from the vicinity of the Iberian margin and North
African continent (Milliman and Syvitski, 1992; Gutiérrez-Mas et al.,
1997, 2003, 2006; Achab et al., 2008; Achab, 2011). In this context,
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fine-grained detrital particles are supplied to the ocean by either (1)
rivers (Grousset et al., 1988; Morales, 1997; Lopez-Galindo et al., 1999)
or (2) eolian transport (Moreno et al., 2002; Stuut et al., 2009; Bout-
Roumazeilles et al., 2013; Stumpf et al., 2011), before being further
advected or redistributed as suspended particulate matter (SPM) by (3)
ocean currents and sedimentary processes (Pierce and Stanley, 1975;
Grousset et al., 1988; Morales, 1997; Baringer and Price, 1999).

The Guadalquivir River (5.9%10° t yr’l), the Guadiana River
(2.9%10° t yr 1) and the Tinto-Odiel Rivers system (0.65*10° t yr') are
the main fluvial contributors (Fig. 1A) to clay sedimentation in the Gulf
of Cadiz (Van Geen et al., 1997; Elbaz-Poulichet et al., 2001; Lobo et al.,
2001; Machado et al., 2007). However, additional contributions from
the Guadelete and Sanctipetri rivers (unknown annual sediment
discharge but low daily mean flow of 16.2 m® s™1; Solari et al., 2017),
from the western Portuguese Tagus and Sado Rivers (up to ~1*10° t
yr™1) or the Moroccan Sebou and Loukkos rivers (Vale and Sundby,
1987; Jouanneau et al., 1998; Freitas et al., 1998; Oliveira et al., 2002;
Palma et al., 2012; Fernandez-Novoa et al., 2017) cannot be ruled out
(Fig. 1A).

Eolian supply is estimated to be as important to the Gulf of Cadiz as it
is to the Western Mediterranean Sea (3.9*1 0%t yr’l). Wind transport of
fine material take place essentially via the northern branch of the
Saharan Air Layer (Guerzoni et al., 1997; Goudie and Middleton, 2001;
Bout-Roumazeilles et al., 2007), with some regional supply from the
Iberian Peninsula (Moulin et al., 1997; Moreno et al., 2002).

Redistribution of terrigenous fine-grained particles is a dominant
process in the Gulf of Cadiz with a main east-southeastward pathway via
surface currents and along-slope transport by the Atlantic Inflow
(Gutiérrez-Mas et al., 1997, 2006). In addition, a westward advection of
SPM from the Alboran Sea occurs at deeper depth via the Mediterranean
Outflow Water (Pierce and Stanley, 1975; Grousset et al., 1988; Baringer
and Price, 1999). Some across-slope transfers of detrital particles
resulting from gravity processes likely contribute to sedimentation in the
Gulf of Cadiz (Alonso et al., 2016; De Castro et al., 2021).

The nature and composition of the clay mineral assemblage largely
reflect the main geological characteristics of rocks and soils outcropping
in the deflation basin for eolian dust or in the drainage basin for river-
borne particles modified by regional environmental conditions
(erosion versus physical weathering, hydrolysis; e.g., Chamley, 1989).
From west to east, the Guadiana River and the Tinto-Odiel rivers mainly
drain the Iberian massif (Sierra Morena), the Guadalquivir River drains
both metamorphic and sedimentary rocks of the Betic Range and post-
orogenic sedimentary rocks, while the Guadalete River and the Sancti-
petri River run across the external domains of the Betic Cordilleras. The
clay mineral assemblages in sediments from the Gulf of Cadiz have been
extensively studied over the last decades (Mélieres, 1973; Auffret et al.,
1974; Pierce and Stanley, 1975; Grousset et al., 1988; Fernandez-Caliani
et al., 1997; Gutiérrez-Mas et al., 1997, 2003, 2006; Elbaz-Poulichet
et al., 2001; Lobo et al., 2001; Machado, 2005; Achab et al., 2008). On
average, recent sub-surface sediments are dominated by abundant illite
(60%) associated with 20% smectite and expandable mixed layers.
Chlorite and kaolinite represent together around 20% of the clay min-
eral assemblage while palygorskite occurs as trace amounts (<5%).

2.3.1. Illite and chlorite

As close analogues of mica, illite and chlorite are generally consid-
ered to be detrital, directly resulting from physical erosion of crustal and
metamorphic rocks (Chamley, 1989). In the Gulf of Cadiz, abundant
inherited illite reflects the regional geological settings and composition
of the main river watershed areas (Fig. 1A; Gutiérrez-Mas et al., 1997;
Machado et al., 2007). The Guadiana (64-72% illite and 9-12% chlo-
rite) and Tinto-Odiel rivers (up to 80% illite), which drain Paleozoic and
metamorphic cratonic block, are responsible for the dominant illite and
chlorite supply to the Gulf of Cadiz (Fernandez-Caliani et al., 1997;
Gonzalez et al., 2004; Machado, 2005; Machado et al., 2007; Morales
et al., 2006).
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The Guadalquivir River is the second most important supplier of illite
(40%) to deep-sea sedimentation. Local enrichment of illite versus
smectite on the nearby continental shelf (up to 60%) is interpreted as the
result of both additional supply by the Guadiana and Tinto-Odiel rivers
and of differential settling processes (Lopez-Galindo et al., 1999;
Gutiérrez-Mas et al., 2003, 2006; Achab et al., 2008). Indeed, differen-
tial sedimentation may modify the distribution of some clay minerals
(smectite and kaolinite versus illite; Mélieres, 1973; Fernandez-Caliani
et al., 1997; Gutiérrez-Mas et al., 2006). The Guadalete River transports
up to 40% of low-crystalline illite derived from the Betic Cordilleras
contrasting with the high-crystalline illite transported by the Gua-
dalquivir River—and ~ 10% of chlorite (Lopez-Galindo et al., 1999;
Gutiérrez-Mas et al., 2006; Achab et al., 2008).

Though remote, the Tagus and Sado Rivers and the NW Spanish and
West Portuguese margins must be considered as potential sources of
illite to the Gulf of Cadiz via surface currents (Freitas et al., 1998; Oli-
veira et al., 2002). Similarly, the Sebou River off the Moroccan margin is
a potential source of illite (40-70%) and chlorite (13-27%) to the Gulf of
Cadiz (Snoussi, 1986; Grousset et al., 1988; Elmouden et al., 2005;
Palma et al., 2012). Illite can also be supplied via eolian processes since
illite is a major component of dust originating from the Moroccan Atlas
(66%) and Central Sahara (52-60%) (Guerzoni et al., 1997; Avila et al.,
1998).

2.3.2. Smectite

The Guadalquivir River is considered as a main source of smectite
and associated expandable minerals (Mélieres, 1973; Auffret et al.,
1974; Lopez-Galindo et al., 1999; Machado, 2005; Alonso et al., 2016).
The Guadalquivir Quaternary alluvial plain and present-day Bailen plain
are enriched in smectite (up to 60 and 50%, respectively) resulting from
the erosion of metamorphic and sedimentary rocks of the Betic range
and of post-orogenic sedimentary formations (Mélieres, 1973; Gutiérrez-
Mas et al., 2006; Alonso et al., 2016). This high smectite content con-
trasts with the lower values observed in the nearby prodelta (Fernandez-
Caliani et al., 1997; Lopez-Galindo et al., 1999; Gonzalez et al., 2004;
Machado, 2005). Few studies evidence gravity-driven transfers of
smectite perpendicularly to the isobaths. Smectite may locally be a
significant component of sedimentation, representing up to 40% of the
clay-fraction south of the Cadiz Bay, at the mouth of the Guadalete and
Sanctipetri rivers which drain Miocene units of the Betic Cordilleras
(Lopez-Galindo et al., 1999; Machado, 2005; Achab et al., 2008). Some
studies indicate that this smectite is deposited rapidly and is not further
transported (Mélieres, 1973; Palanques et al., 1995; Nelson and Mal-
donado, 1999).

By contrast, smectite is scarce in the Guadiana and the Tinto-Odiel
rivers SPM (0-10%) and estuaries (Fernandez-Caliani et al., 1997;
Machado, 2005; Machado et al., 2007), reflecting the composition of
pre-orogenic outcrops from the Iberian Massif (Gutiérrez-Mas et al.,
2006; Alonso et al., 2016). Central Sahara dust, Western Mediterranean
dust, and Moroccan dust are relatively depleted in smectite and are not
considered as main sources of this clay mineral in the Gulf of Cadiz
(Avila et al., 1997, 1998; Guerzoni et al., 1997). The Alboran Sea is
mentioned as a potential source of smectite in the Gulf of Cadiz via the
MOW (Pierce and Stanley, 1975; Grousset et al., 1988; Alonso et al.,
2016). Hence, as a result of enhanced buoyancy which favors its long-
range transport as suspended particles, smectite is particularly abun-
dant in SPM of the Gulf of Cadiz (64%) and the Alboran Sea (67%)
compared with their underlying sediments (5-25%) (Pierce and Stanley,
1975; Auffret et al., 1974; Grousset et al., 1988; Gutiérrez-Mas et al.,
2003, 2006). The excess of smectite (up to 79% of the clay mineral
fraction) in the SPM is especially observed in a near-bottom turbid layer
in the Alboran Sea and in the Gulf of Cadiz, and coincides with the path
of the MOW (Pierce and Stanley, 1975; Grousset et al., 1988).

2.3.3. Kaolinite
Kaolinite is a final product of hydrolysis processes and characterizes
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highly-weathered environments (Chamley, 1989; Caquineau et al.,
2002; Bout-Roumazeilles et al., 2013). As a result, kaolinite is particu-
larly abundant in the Ebro River (30%) which drains kaolinite-rich
continental deposits (Alonso and Maldonado, 1990) and in the Louk-
kos River (80%) (Palma et al., 2012). The Tinto-Odiel rivers and
Guadiana River transport kaolinite (5-35%) toward the Gulf of Cadiz
together with illite (Fernandez-Caliani et al., 1997; Machado, 2005).
Moroccan soils (38%) and the Algerian shelf (25%) are also potential
contributors of kaolinite in the Gulf of Cadiz and Alboran Sea (Mélieres,
1973; Elmouden et al., 2005).

The Guadalquivir, Guadalete and Sanctipetri rivers are not consid-
ered as major contributors of Kaolinite to the Gulf of Cadiz (Mélieres,
1973; Gutiérrez-Mas et al., 2003, 2006; Achab et al., 2008). Kaolinite is
not a major component of Alboran Sea sediments (15%) (Auffret et al.,
1974; Grousset et al., 1988; Bout-Roumazeilles et al., 2007) whereas
SPM from both the Alboran Sea and the Gulf of Cadiz may contain
abundant kaolinite (Pierce and Stanley, 1975).

2.3.4. Illite/kaolinite ratio

The long-range conservative illite/kaolinite (I/K) ratio has been
widely used to highlight differential settling processes (Machado, 2005)
and to discriminate Saharian versus Sahelian sources in North African
dust (Avila et al., 1997; Caquineau et al., 2002; Bout-Roumazeilles et al.,
2007, 2013; Formenti et al., 2008; Kandler et al., 2009). This ratio
efficiently distinguishes NW Saharan sources (I/K up to 11) from south
and central Sahara (I/K = 0.4) and NE African and Sahelian sources (I/K
= 0.1-0.2). Also, the I/K ratio which characterizes river-derived fine
sediment displays an extensive range of values according to the river
source: from O to 1 for Loukkos River (Palma et al., 2012), to 1-4 for the
Guadalquivir River (Gutiérrez-Mas et al., 2003, 2006; Achab et al.,
2008), 3—4 for the Tinto-Odiel and Guadiana rivers (Fernandez-Caliani
et al., 1997; Machado et al., 2007), and up to 6-8 in the Sanctipetri and
Guadalete rivers (Gutiérrez-Mas et al., 2006; Achab et al., 2008).

3. Material and methods
3.1. Material

The study material was retrieved during Integrated Ocean Drilling
Program (IODP) Expedition 339 (Stow et al., 2013a) in November 2011
to January 2012 and during the CADISAR cruise on RV Le Suroit in
August 2001. IODP sites U1386, U1389 and U1390 were drilled on the
Faro Drift (560 mbsl), the Huelva Drift (644 mbsl) and a large sheeted
drift located southeast of the Guadalquivir Bank (992 mbsl), respectively
(Fig. 1; Table 1). The continuous sedimentary records of these IODP
sites, ranging from 6 m composite depth (mcd) to 22 mecd, allow to
reconstruct clay mineral variations in three distinct drifts over the last
25 kyrs.

In addition, thirteen piston cores from the CADISAR cruise (Table 1;
Fig. 1B) were used to achieve a complete record of clay deposition.
These cores, principally located under the influence of MOW], are
sampled in a range of sedimentary bodies over channel/ridge and
overflow sedimentary lobe sectors encompassing the Guadalquivir
Channel (738-757 mbsl), Guadalquivir Bank (737-786 mbsl), a giant
contouritic levee (814 mbsl) and the sector below the Guadalquivir
Ridge (813-1001 mbsl). Two of the piston cores from the CADISAR
cruise, CADKS24 (1316 mbsl) and CADKS25, were collected in the lower
slope, at the limit of MOWy, influence (Fig. 1A).

3.2. Age models

3.2.1. IODRP sites

The stratigraphy of IODP Site U1386 for the last 25 kyrs cal. BP is
constrained by five AMS!*C ages and by one correlation point to LRO4
(Kaboth et al., 2016). Chronology of IODP Site U1389 is based on a
combination of AMS!*C dating and visual correlations of planktonic
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Table 1
Details of IODP sites and piston cores used in this study.

Cores/sites/ Latitude  Longitude  Depositional setting Water masses on
depth (m) the seafloor (at
the present time)
U1386 .
(560) 36.83 -7.76 Faro Drift MOWy
U1389 . .
(644) 36.43 -7.28 Huelva Drift MOW proximal
CADKS11
757 36.40 —7.48
CADKS12
(746) 36.41 —7:48 Guadalquivir
CADKS13 Channel
750 36.42 —7.49
CADKS14
.42 —7.52
738) 36.4 7.5
CADKS22 36.42 -7.95
(786) Guadalquivir Bank
CADKS23 36.44 -7.92 ¢
(737) : :
CADKS04 Giant contouritic MOWy,
(814) 35.88 -6.93 levee
CADKS16
(813) 36.33 -7.39
CADKS17 South Guadalquivir
(852) 36.33 —7.38 ridge
CADKS18
(1001) 36.30 -7.41
Large sheeted drift
Ul(zz(z)) 36.32 -7.72 southeast of the
Guadalquivir Bank
Cl?]l)(l)(g:)l 36.21 -7.76 Guadalquivir Drift
CADKS24 36.08 —7.94 Lower slope Limit of
(1316) influence of
CADKS25 .
(1256) 36.15 —8.00 Lolita mud volcano MOW,,

580 records with North Greenland Ice Core Project (NGRIP) and the
Iberian margin core MD01-2444 (Bahr et al., 2015). The age model of
IODP Site U1390 combines AMS!C dates and tie points based on visual
correlation between planktonic 5'80 records and NGRIP (van Dijk et al.,
2018). The sedimentation rates obtained in this study at IODP sites
U1386, U1389 and U1390 range between 0.16 m kyrs ™! (Site U1386)
and 3.46 m kyrs’1 (Site U1390) for the last 25 kyrs.

3.2.2. CADISAR cores

The chronostratigraphy of the thirteen CADISAR cores used in this
study is constrained by a biostratigraphic framework based on plank-
tonic foraminiferal abundances, as proposed by Ducassou et al. (2018).
Faunal analyses of Hassan (2014) and Ducassou et al. (2018) allow the
identification of several bio-events, including Heinrich Stadial 2 (HS2),
Heinrich Stadial 1 (HS1) and Globorotalia truncatulinoides sinistral events
(TE2). In this study, the interval between HS2 (23,800-24,500 years cal.
BP) and HS1 (15,350-17,950 years cal. BP) bio-events, which are both
characterized by a peak in the relative contribution of Neogloboquadrina
pachyderma (>10%) to the bulk planktonic foraminiferal assemblages
(Ducassou et al., 2018), is used to constrain the Last Glacial Maximum.
The second most recent peak abundance of G. truncatulinoides sinistral,
named TE2 which occurs between 3250 and 4250 years cal. BP
(Ducassou et al., 2018), allows us to pinpoint the Late Holocene
deposition.

3.3. Methods

3.3.1. Clay mineralogy

Following a protocol adapted from Bout-Roumazeilles et al. (1999)
the carbonate-free fraction, obtained using 0.1 N hydrochloric acid, is
deflocculated by repeated washes with distilled water. The clay-size



P. Moal-Darrigade et al.

fraction (<2 pm) is isolated by settling following the approximation of
Stoke’Law, and concentrated by centrifugation (40 min at 3500 rpm),
before orienting the aliquot on glass slides. Three X-ray diffraction
(XRD) runs—air-dried sample, ethylene-glycol saturation for 24 h in
high vacuum, and heated sample (490 °C for 2 h)—are performed using
a Bruker D4 Endeavour (Cu ka, Ni filter) coupled with a Lynxeye rapid
detector between 2.5°20 and 32.5°26.

Semi-quantitative estimation of the main clay minerals is based on
their reticular (basal + interlayer) distance on the XRD spectra, ac-
cording to their main respective crystallographic structures (Brown,
1980). Smectite (S) is characterized by a main peak between 14 and 15 A
on the air-dried test that expands at 17 A after ethylene-glycol saturation
and retracts down at 10 A after heating. Illite (I) is represented by basal
peaks at 10 10\, 5 A and 3.33 A on the three tests. Chlorite (C) is identified
by peaks at 14.2 A, 7.1 A, 4.75 A and 3.54 A on the three tests. Kaolinite
(K) is determined by peaks at 7.2 A and 3.58 A that disappear or are
strongly reduced after heating.

Semi-quantitative estimation of the clay mineral fraction is based on
peak areas - 17 A for smectite, 10 A for illite and 7.1-7.2 A for chlor-
ite+kaolinite- as measured on the ethylene glycol saturation spectra
summed at 100% using the Macdiff 4.2.5 software (Petschick, 2000)
Distinction between kaolinite and chlorite is based on a pseudo-voigt
deconvolution for the K-C doublet (3.58 A-3.54 A) (Petschick, 2002).

In order to prevent any bias or misinterpretation due to the com-
parison of our dataset with previously published data—some of which
are obtained using different analytical protocols or routines (using
weighted correction factors) —we compare clay-mineral ratios (I/K, S/K
and C/K) rather than percentages (Bout-Roumazeilles et al., 2013).
Moreover, illite-smectite mixed-layers reported in some previously
published or unpublished dataset are included in the smectite percent-
ages for further comparison with our own dataset.

3.3.2. Grain-size analyses

Grain-size analyses are performed on the bulk sediment of IODP Sites
U1386 and U1390 using a Malvern MASTERSIZER S (University of
Bordeaux, UMR 5805 EPOC). Coaser intervals are sampled at a 4-5 cm
resolution, while homogeneous muddy layers are analised every 24-32
cm. The mean size of sortable silt is used as index of bottom flow speed
(McCave et al., 1995), and the percentage of particles <10 pm is used to
represent clay particle amount in sediment. The difference between the
percentage of bulk particles <10 pm and carbonate-free particles <10
pm generally does not exceed 10% except in the coarsest facies of con-
tourite sequences where it reaches 18%. This weak discrepancy is also
observed during the Holocene when coccolith abundance was especially
high in sediments of the upper slope and the lower slope of the Gulf of
Cadiz (Sierro et al., 1999; Colmenero-Hidalgo et al., 2004). We therefore
infer that coccolith abundances have little influence on the percentage of
particles <10 pm which can be thus used as indicator of clay particle
amount.

4. Results
4.1. Sub-actual spatial distribution of clay minerals in the Gulf of Cadiz

The clay mineral fraction displays important variations depending of
the location of the cores and their environmental settings (Table 2;
Fig. 1). The percentages of smectite range between 19% and 54%
showing large variations in sub-surface sediments of the middle slope of
the Gulf of Cadiz (Table 2). The relative abundance of smectite is
generally high in sediments of the Faro Drift (45%) and the south
Guadalquivir Ridge (38-54%; Fig. 2; Table 2). Smectite is also a major
component of clay mineral assemblages in the surface sediments of the
Huelva (34%) and Guadalquivir Drifts (36%; Fig. 2; Table 2). In contrast,
sediments in the large sheeted Drift southeast of theGuadalquivir Bank
(19%) and the giant contouritic levee (26%) are characterized by
smectite values two to three times lower than those in sediment bodies
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Table 2
Clay mineral relative abundances in sub-surface samples from IODP sites (+5%)
and CADISAR cores.

Cores/sites/ Sample % %l % % Depositional setting
depth (mbsl) depth S C K
(cm)
U1386 (560) 8 45 34 16 5 Faro Drift
U1389 (644) 6 34 34 12 20 Huelva Drift
CADKS11
757 4 51 24 15 10
CADKS12 4 32 33 19 16
(746) .
CADKS13 Guadalquivir Channel
2 2 1 1
750) 43 7 4 6
CADKS14
738) 4 30 35 16 18
C;‘?;)::‘)ZZ 2 32 33 17 18
CADKS23 Guadalquivir Bank
737 3 31 33 13 23
CADKSO04 4 26 34 18 23  Giant contouritic levee
(814)
CADKS16
2 11 2
(813) 4 45 4 0
CADKS17 Below Guadalquivir
(852) 6 54 22 10 14 Ridge
CADKS18
1001) 3 38 27 15 20
Southeast of the
U1390 (992) 18 19 44 14 24 Guadalquivir Bank a
large sheeted drift
CADKS21 .. .
(1008) 2 36 29 13 22  Guadalquivir Drift
CADKS24
(1316) 2 29 33 15 23 Lower slope
CADKS25 .
(1256) 4 34 32 13 21 Lolita mud volcano

S: smectite; I: illite; C: chlorite; K: kaolinite.

mentioned above (Fig. 2; Table 2). CADISAR cores located on the lower
slope contain surface sediments with intermediate smectite values
(29-34%; Fig. 2; Table 2). The Guadalquivir Channel, dominated by
erosive features, shows an important variability of smectite abundances
(30-51%; Fig. 2; Table 2).

Illite varies between 22% and 44% but most sub-surface samples
range between 32% and 35% (Table 2). Indeed, the illite content in
surface sendiments of the Faro Drift, Huelva Drift, Guadalquivir Bank
and Giant contouritic levee ranges between 33 and 34% (Fig. 2; Table 2),
which reflects a homogenous distribution of this clay mineral into the
sediment bodies of the upper part of Cadiz CDS (<~800 mbsl) except for
the Guadalquivir Channel which displays a wide range of illite content
(24-35%; Fig. 2; Table 2). The distribution of illite along the lower part
of the CDS (> ~ 800 mbsl) is much more heterogenous. Illite content
predominates (44%) in the large sheeted drift drilled by IODP Expedi-
tion 339 (Site U1390) whereas this clay mineral is less abundant in the
south Guadalquivir Ridge (22-27%; Fig. 2; Table 2) and Guadalquivir
Drift (29%; Table 2). Surface samples collected from the lower slope, on
the edge of the CDS, are characterized by intermediate percentages of
illite (32-33%, Fig. 2; Table 2).

Kaolinite and chlorite are less abundant than illite and smectite in
the surface sediments of the middle slope of the Gulf of Cadiz. Kaolinite
represents 5-24% of the total clay mineral fraction (Table 2). Surface
sediments in the large sheeted drift southeast of the Guadalquivir Bank
(24%), the Guadalquivir Drift (22%), located on the deep part of the
middle slope (< ~1000 mbsl), and the lower slope (21-23%) display
high kaolinite contents in (Fig. 2; Table 2). Kaolinite is also relatively
abundant in surface samples from the Giant contouritic levee (23%), the
Guadalquivir Bank (18-23%) and the Huelva Drift (20%), located in the
upper part of the middle slope (> ~ 800 m; Fig. 2; Table 2). Surface
sediments from the Guadalquivir Channel and from below Guadalquivir
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Fig. 2. Clay mineral composition of SPM in the
Guadiana and Guadalquivir estuaries and in sed-
iments from the Tinto-Odiel and Guadalete rivers
mouths (Mélieres, 1973; Fernandez-Caliani et al.,
1997; Lopez-Galindo et al., 1999; Gutiérrez-Mas
et al., 2006; Machado et al., 2007; Achab et al.,
2008). Sub-surface clay mineral abundances in
the middle slope of the Gulf of Cadiz (this study).
SPM: Suspended Particulate Matter; FD: Faro
Drift; HD: Huelva Drift; HC: Huelva Channel; GB:
Guadalquivir Bank; GCL: Giant contouritic levee;
GR: Guadalquivir Ridge; GT: Giant terrace; ISB:
intraslope basin.

Clay mineralogy
Il Chiorite
[ llite

I Kaolinite
Il Smectite

Il Illite-smectite
-6,5° mixed layers [

Ridge have variable kaolinite content (10-20%; Fig. 2; Table 2).
Kaolinite contents in surface sediments from the Faro Drift (5%) are two
to five times lower than values from the other surface samples from the
CDS (Fig. 2; Table 2). Chlorite shows the lowest variability (10-19%) of
all the clay minerals in the surface sediments of the middle slope of the
Gulf of Cadiz (Fig. 2; Table 2). Surface sediments from the lower slope,
Guadalquivir Drift and sheeted drift located southeast of the Gua-
dalquivir Bank (the deepest part of the CDS) are characterized by
chlorite contents centered around 14% (Fig. 2; Table 2). Surface sedi-
ments from the Guadalquivir Channel, the area below Guadalquivir
Ridge and Bank, the Huelva Drift and the Faro Drift show a kaolinite
contents rangig 10-19% (Fig. 2; Table 2).

4.2. Temporal variations of clay mineral over the last 25 kyrs in the Gulf
of Cadiz

In order to reconstruct variations in clay mineral assemblages over
the last 25 kyrs, we focuse on the high resolution IODP records. In
addition, the sedimentary records from the CADISAR cruise are used to
get a more global view of clay mineral deposition in the Gulf of Cadiz
during specific time intervals of the LGM (18-25 kyrs cal. BP) and Late
Holocene (last 5 kyrs cal. BP). However, due to the low sampling reso-
lution, varying sedimentation rates and accuracy of the biostratigraphic
age models (Hassan, 2014; Ducassou et al., 2018), it was not possible to
determine the clay mineral association for the above-mentioned time
intervals in all CADISAR cores.

The high resolution measurements at IODP sites enables us to analyse
the significant variations of clay assemblages in the Faro drift, the
Huelva drift and the large sheeted drift southwest of the Guadalquivir
bank during the last 25 kyrs. During this time interval, the clay mineral
association of Site U1386 comprises on average, in decreasing abun-
dances, smectite (46%), illite (32%), chlorite (17%) and kaolinite (5%;
Fig. 3), showing few differences with Site U1389 which is composed of
smectite (44%), illite (29%), kaolinite (14%) and chlorite (12%; Fig. 4).
Clay mineral assemblages at Site U1390 for the last 25 kyrs consist of
illite (37%), smectite (29%), kaolinite (17%) and chlorite (17%; Fig. 5).

U1386
Depth (560 mbsl) __Sortable silt Clay mineral Age
epd B g (um) abundances (%)  (kyrs cal. BP)
(med) 5% 315 20 25 30 35 400 60 20 40 60
1L | 1 )l 1 J L L 1 1 1 1 J] —0
F5
s1F
£10
YD
\ - 15
*\, |——Smectite HS1:
£ [—ite 20
> |—Chlorite F
— TKaoﬂg‘E T | ) ) =25
0 20 40 60 80 il
%of fine cohesive cerersy
mud  sity-clay

particles (<10 ym)

Fig. 3. Lithology, fine cohesive particle abundance (<10 pm), sortable silt
(dashed line) and clay mineral variations in sediments from the Faro Drift
(IODP Site U1386) for the last 25 kyrs. MIS: Marine Isotope Stage; HS1:
Heinrich Stadial 1; YD: Younger Dryas; S1: Sapropel 1.

The LGM is characterized by high average percentages of smectite at
sites U1386 (50%), U1389 (47%) and U1390 (31%; Table 3). During this
period, smectite contents at the IODP sites display a sequence of
consecutive brief increases and decreases, with maximum smectite
abundance during HS1 (Figs. 3 to 5). Smectite contents then drop
significantly during the end of HS1 from 56% down to 37% for IODP Site
U1386, from 59% down to 17% for IODP Site U1389, and from 38%
down to 20% for IODP Site U1390 (Figs. 3 to 5). The Younger Dryas is
characterized by a peak of smectite percentages at IODP sites U1389
(55%) and U1390 (36%; Figs. 4 and 5). From the Younger Dryas to the
Late Holocene, sediments from IODP Site U1390 shift gradually between
high and low smectite contents (Fig. 5). IODP Site U1389 shows an
increasing trend of smectite content despite relatively large oscillations,
while IODP Site U1386 displays rapid changes in smectite content with
high values during the period of Sapropel 1 deposition (54%; Fig. 3).

Illite contents at IODP sites U1386 (27-36%) and U1389 (22-38%)
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Fig. 4. Clay mineral variations in the Huelva Drift (IODP Site U1389) for the
last 25 kyrs. The black arrows correspond to AMS'*C ages from Bahr et al.
(2015). MIS: Marine Isotope Stage; HS1: Heinrich Stadial 1; YD: Younger Dryas;
S1: Sapropel 1.

vary over the last 25 kyrs (Figs. 3 and 4). Sediments from the Faro drift
do not display any specific trend in illite abundances during this period
(Fig. 3), but illite content in the Huelva drift shows two significant in-
creases toward the end of HS1 and during the Late Holocene (Fig. 4). The
abundance of illite, the dominat clay mineral at IODP Site U1390 over
the last 25 kyrs (31-44%), shows many relatively quick changes with
maximum values toward the end of the Late Holocene (Fig. 5).

Kaolinite and chlorite are less abundant at IODP Sites U1386
(5-22%), U1389 (6-24%), and U1390 (11-27%; Figs. 3-5). The Faro
drift is distinguished by its low smectite content (<5%) and by a gradual
increase of approximately 8% in the chlorite content from HS1 to the
beginning of YD (Fig. 3). Kaolinite and chlorite percentages at the
Huelva drift and large sheeted drift southwest Guadalquivir bank are
relatively similar until the period of Sapropel 1 deposition (Figs. 4 and
5). IODP Site 1389 is characterized by three increases of kaolinite and
chlorite content during the end of (1) HS1 (>12%), (2) duringYounger
Dryas (>11%), and (3) during Late Holocene (>8%; Fig. 4). IODP Site
1389 also shows a rise of more than 8% in kaolinite and chlorite
abundances during the end of HS1 (Fig. 5). Kaolinite content increases
from 16% to 27% during the period of Sapropel 1 deposition, whereas
the illite content remains constant (Fig. 5).

CADISAR cores CADKS23 and CADKS04, as well as IODP sites U1386
and U1390, are characterized by a slightly higher average smectite
content (4-5% greater) during the LGM than during the Late Holocene
(Table 3). The smectite contents in cores CADKS24 and CADKS25, as
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U1390
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Fig. 5. Lithology, fine cohesive particle abundance (<10 pm), sortable silt
(dashed line and clay mineral variations in sediments from the large sheeted
drift southeast of the Guadalquivir Bank (IODP Site U1390) for the last 22 kyrs.
The black arrows correspond to AMS'*C ages from van Dijk et al. (2018). MIS:
Marine Isotope Stage; HS1: Heinrich Stadial 1; YD: Younger Dryas; S1: Sapro-
pel 1.

Table 3

Comparison of average clay mineral contents in cores CADKS04, CADKS23,
CADKS24 and CADKS25 and IODP sites U1386, U1389 and U1390, during the
Late Holocene (<5 kyrs cal. BP) and during the Last Glacial Maximum (18-25
kyrs cal. BP).

Cores (depth Core samples % % % % Depositional setting
mbsl) (cm) S I C K
CADKS04 4-40 25 34 18 24 Giant contouritic
(814) 160-240 29 35 20 16 levee
CADKS23 3 31 33 13 23 .
737 69-80 36 32 15 17 Guadalquivir Bank
CADKS24 2 29 33 15 23 Lower slope
(1316) 535-795 30 33 20 17
CADKS25 4 34 32 13 21 Lolita mud volcano
(1256) 334-689 32 33 19 17 (lower slope)
IODP U1386 8-68 45 32 18 5 Faro drift
(560) 408-574 50 32 14 4
I0DP U1389 9-176 48 26 10 16 Huelva drift
(664) 896-1561 47 30 11 12
IODP U1390 18-232 27 37 15 22 .
(992) 14322125 31 37 17 15 Sheeteddrift

well as at IODP Site U1389 remain relatively stable, or increase slightly
during both these periods (Table 3). Illite contents in the CADISAR cores
and at IODP sites does not vary significantly between the LGM and the
Late Holocene, except at IODP Site U1390 where illite percentages de-
creases from 30 to 26% (Table 3). Almost all CADISAR cores and IODP
sites mentioned above are characterized by lower average chlorite
contents during the Late Holocene than during LGM with a more marked
drop (5-6% greater) for the cores located on the lower slope (CADSKS24
and CADKS25; Table 3). In contrast, sediments from the Giant
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contouritic levee, Guadalquivir bank, Faro drift, Huelva drift, large
sheeted drift southeast of the Guadalquivir bank and the lower slope
contain higher kaolinite values during Late Holocene than during the
LGM (4-7% greater; Table 3).

The percentage of fine cohesive particles (<10 pm) varies between
15% and 79% over the last 25 kyrs at sites U1386 and U1390 (Figs. 3 and
5). The proportion of clay particles is negatively correlated with sortable
silt values which is commonly used as an indicator of MOW velocity in
the Gulf of Cadiz (Toucanne et al., 2007). This clearly reveals the
dominant role of the MOW on fine-grained particle deposition/win-
nowing in these drifts. This is illustrated by the low contents in cohesive
particles which are associated with coarse layers at IODP Sites U1386
and U1390 during HS1 and YD (Figs. 3 and 5). These intervals are
described as contourite peaks I and II (Faugeres et al., 1986) and indicate
strengthening of the speed of the MOW (e.g., Faugeres et al., 1984;
Gonthier et al., 1984; Stow et al., 1986). A similar decrease in fine
cohesive particles is observed at Site U1386 during the contourite peak
111, which characterizes the end of the Holocene (Faugeres et al., 1986).
Furthermore, the <10 pm fraction maximum during Sapropel 1 depo-
sition confirms furthermore the major influence of MOW velocity on fine
cohesive particle deposition (Fig. 5).

5. Discussion

5.1. Clay transport: from river discharge and eolian input to deposition in
the middle slope of the Gulf of Cadiz

The potential sources of clay minerals in the middle slope of the Gulf
of Cadiz can be clustered into the following three endmembers, the
possibility of diagenetic clays having been discarded as samples are from
very shallow sub-surface:

(I) the northwest African endmember, mainly composed of western
Mediterranean eolian dust (Guerzoni et al., 1997), Northwestern
African dust and soils (Grousset et al., 1992; Elmouden et al.,
2005) and Morroccan river assemblages (Snoussi, 1986), and
characterized by high kaolinite + chlorite and low smectite
contents (Fig. 6).

(II) the eastern endmember of Gulf of Cadiz comprises assemblages
from the Guadalquivir and Guadalete Rivers, both particularly
enriched in smectite (Mélieres, 1973; Gutiérrez-Mas et al., 2006)
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(II1) the illite-rich north pole of Gulf of Cadiz endmember including
assemblages from the Guadiana and Tinto-Odiel rivers as well as
the more distant Tagus River (Lima, 1971; Fernandez-Caliani
et al., 1997; Machado et al., 2007).

Most samples analysed in this study plot between two African pole (I)
and the Gulf of Cadiz east pole (II) (Fig. 6), evidencing that clay particles
deposited in the CDS of the Gulf of Cadiz mostly result from a mix be-
tween these two clusters. The clay mineral composition of the “Gulf of
Cadiz north pole” sources differs strongly from assemblages of IODP
Sites and CADISAR cores (Fig. 6), suggesting that this pole has a limited
contribution to sedimentation in the CDS. For example, the nearby
smectite-rich Faro Drift sediments contrast significantly with the illite-
rich and smectite-depleted clay mineral composition of Guadiana Estu-
ary (Fig. 6; Machado et al., 2007). The Guadiana River is nevertheless
considered as one of the main sediment supplier to the adjacent margins
with an estimated sediment supply of 2.9%10° t yr™! (Machado et al.,
2007). The weak contribution of detrital discharge from northern rivers
to clay particle sedimentation on the slope is primarily related to the
preferential deposition of clay minerals from the Guadiana and Tinto-
Odiel rivers on the shelf. These proximally deposited clays form the
Guadiana Mud Patch (Gonzalez et al., 2004; Rosa et al., 2011). The
surface and deep circulation patterns may also play an important role on
both redistribution and settling of terrigenous particles. Cyclonic eddies
located on the northern continental shelf of the Gulf of Cadiz probably
act as a sediment trap, preventing export of fine particles to the middle
slope (Fig. 1). Moreover, the MOWy, which circulates along the conti-
nental slope, forms an effective barrier against offshore clay particle
export between the Guadiana and Tinto-Odiel Estuaries and the Faro
Drift. Alonso et al. (2016) demonstrated that the Faro Drift was occa-
sionally supplied by illite-rich (>73%) gravity-flows carrying fine par-
ticles from Guadiana and Tinto-Odiel Rivers.

The significant proportion of smectite in fine sediments from the Gulf
of Cadiz (Fig. 6) suggests that rivers located east of the Gulf of Cadiz and
particularly the Guadalquivir River, with its important discharge
(5.9%10° t yr™1), are an important source of clay particles in the CDS as
proposed by Grousset et al. (1988) and Alonso et al. (2016). Indeed, the
Guadalquivir River mouth SPM is characterized by particularly high
smectite content (~57%)(Fig. 2; Mélieres, 1974). The southeastern
continental margin of the Gulf of Cadiz is nevertheless depleted in
smectite which is far less abundant than illite in surface sediments
(Lopez-Galindo et al., 1999; Machado, 2005; Gutiérrez-Mas et al., 2006;
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@ Tagus River # Site 1386 Faro drift mow, ternary plot for samples covering the last 5 kyrs from
(Limga 1971) %lllite & Site 1389 Huelva drift MOW this study and the Alboran Sea (Bout-Roumazeilles
. prox
© Guadiana River # Site 1390  Sheeted drift south GB (/) et al., 2007). Endmembers are derived from previous
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Achab et al.,, 2008). This observation suggests specific differential
transport or winnowing of smectite-rich river-borne particles by surface
currents. Indeed smectite-rich particles from the Guadalquivir River are
thought to be transported through the Strait of Gibraltar by the Atlantic
Inflow, thereby allowing a west-to-east enrichment in smectite in the
Alboran Sea (Auffret et al., 1974; Pierce and Stanley, 1975; Grousset
et al., 1988; Vergnaud-Grazzini et al., 1989; Lopez-Galindo et al., 1999).
Thereafter, suspended fine particles are partly redirected westward by
the MOW at intermediate depths and feed the middle slope of the Gulf of
Cadiz (Grousset et al., 1988; Vergnaud-Grazzini et al., 1989; Lopez-
Galindo et al., 1999), explaining the unexpected smectite content in the
CDS compared with the smectite-depleted sedimentation observed on
the Gulf of Cadiz southeastern continental margin. Moreover, some
authors used the smectite content as an efficient MOW tracer beyond the
Gulf of Cadiz in the Western Portuguese margins (Grousset et al., 1988;
Vergnaud-Grazzini et al., 1989; Schonfeld, 1997; Stumpf et al., 2011).

The high chlorite + kaolinite and low smectite content observed in
some samples from IODP sites and CADISAR cores implies the contri-
bution of another source of clay particles together with the previously
identified Gulf of Cadiz smectite-rich eastern endmember (II; Fig. 6). The
similarity between clay mineral assemblages in rivers, soils and dusts
from northwestern Africa (Snoussi, 1986; Grousset et al., 1992; Guer-
zoni et al., 1997; Elmouden et al., 2005), sediments from the Alboran
Sea (Bout-Roumazeilles et al., 2007) and some of our CDS sediments
suggests that the northwest African pole as a significant source. Grousset
etal. (1988) and Stumpf et al. (2011) have both underlined the existence
of this “African” Endmember, based on isotope analyses. However,
Grousset et al. (1988) also proposed that kaolinite might be supplied via
the Guadalquivir River, since smectite and kaolinite display rather
similar distributions. As we do not observe any similar pattern between
smectite and kaolinite deposition in the studied samples (Figs. 3, 4 and
5), we propose that kaolinite has a primary Northwestern African origin,
in line with Stumpf et al. (2011).

The C/K ratio was used in order to pinpoint the influence of
kaolinite-rich supply from the Northwest African pole into the Gulf of
Cadiz and Alboran Sea (Fig. 7). Comparable C/K ratios at IODP Sites
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Fig. 7. Chlorite/Kaolinite ratio over the last 25 kyrs at IODP sites influenced by
(A) the upper core of the MOW (MOWy), (B) the proximal MOW (MOWpgrox),
(C) the lower core of the MOW (MOW;) and (D) ODP Site in the Alboran Sea
(Bout-Roumazeilles et al., 2007). MIS: Marine Isotope Stage; AHP: African
Humid Period.
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U1389 and U1390 reflect similar terrigenous sources, despite the fact
that these IODP sites are located under the respective influence of the
proximal MOW (MOWpgox) and the lower MOW (MOW]). Moreover,
the close correspondence between the C/K ratios of IODP sites 1389 and
U1390 the ODP Site 976 in the Alboran Sea, strongly suggests that
northwest African Material is initially deposited in the Alboran Sea
before being redistributed by the MOW toward the CDS of the Gulf of
Cadiz (Fig. 7). The strong discrepancy between C/K ratios at IODP Site
U1386, and IODP Sites U1389 and U1390 reflect different terrigenous
fine-grained sourcing over the CDS of Gulf of Cadiz (Fig. 7).

5.2. MOW pathway and fine particle deposition in drifts of the Gulf of
Cadiz

In order to understand and to focus on the depositional pattern of
clay particles transported by the MOW and thus to limit the influence of
downslope processes, forthcoming interpretations are only based on
data from sedimentary drifts. Sediment deposition on large drifts in the
Gulf of Cadiz is widely dominated by along-slope processes (Faugeres
et al., 1984; Stow et al., 1986; Mulder et al., 2002; Habgood et al., 2003;
Hernandez-Molina et al., 2003, 2006; Hanquiez et al., 2007; Llave et al.,
2007; Garcia et al., 2009; Roque et al., 2012; Bankole et al., 2020)
allowing the accumulation of principally fine-grained sediments
(Faugeres et al., 1984; Gonthier et al., 1984; Stow et al., 1986; Lofi et al.,
2016; De Castro et al.,, 2020, 2021). Recent studies indicate that
downslope processes have sporadically influenced the Huelva Drift
during its formation(Bankole et al., 2020; De Castro et al., 2020, 2021)-.
However, recent studies which investigated the sedimentary records of
IODP Sites U1386, U1389 and U1390 over the last 25 kyrs cal. BP, have
not observed any evidences of turbidity current effects on sedimentation
at these IODP sites (Bahr et al., 2015; Kaboth et al., 2017; van Dijk et al.,
2018).

Bottom waters, by combining advection and resuspension, are often
characterized by nepheloid layers with a high SPM content (Biscaye and
Eittreim, 1977; McCave, 1986). Several studies have documented the
high SPM concentrations of the MOW in the Gulf of Cadiz with values
between 0.03 and 0.94 mg/1 (Pierce and Stanley, 1975; Ambar et al.,
2002; Freitas and Abrantes, 2002) without any significant difference
between MOWy and MOWy, in terms of concentration and composition
of SPM (Freitas and Abrantes, 2002). The Faro Drift (U1386) and the
large-sheeted drift south of the Guadalquivir Bank of the CDS (U1390)
exhibit similar percentages of fine-grained sediments (<10 pm) that
culminate during the Sapropel 1 deposition (72-78%) while reaching
minimum values (15-18%) during the Younger Dryas (Fig. 8). However,
IODP Site U1390 located under the path of the MOW], is characterized
by sedimentation rates between two and ten times higher than MOWy
influenced IODP Site U1386 (Fig. 8; van Dijk et al., 2018), Huelva Drift
sedimentation rates (IODP Site U1389; MOWprox) are similar to those
observed at Faro Drift during MIS1 (0.23-0.69 m kyrs™!) with a sig-
nificant increase (>1 m kyrs’l) during the MIS2 (Bahr et al., 2015;
Fig. 8). Various factors may explain strong discrepancies in sedimenta-
tion rates between these drifts despite a rather homogenous percentage
of fine cohesive particles. Topographic irregularities control MOW
pathways in the middle slope of the Gulf of Cadiz and therefore play a
critical role in CDS sedimentation (e.g., Madelain, 1970; Hernandez-
Molina et al., 2006). The distance of these different IODP sites from the
main cores of MOWy and MOW|, may also play a crucial role in sediment
deposition on drifts, and may explain the difference in sedimentation
rates between them. Sedimentation rate changes, such as the synchro-
nous increase at IODP sites U1389 and U1390 during MIS2 (Fig. 8), may
reflect vertical shifts in the cores of the MOW, thus increasing the
deposition of sediment. It has also been suggested that the current
similar overall concentrations and compositions of SPM in MOWy and
MOW], (Freitas and Abrantes, 2002) may not hold for the last 25 kyrs. In
particular, varying SPM concentrations in MOWy and MOW], at the
beginning of Holocene and during MIS2, may explain contrasted
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Younger Dryas.

sedimentation rates (respectively four and ten times higher) observed in
the sheeted drift southeast of the Guadalquivir Bank (U1390) compared
with the Faro Drift (U1386; Fig. 8).

5.3. Clay mineral deposition mechanisms along the path of the MOW

The clay mineral compositions of four drift deposits (U1386, U1389,
U1390 and CADKS21), located at different depths along the middle
slope of the Gulf of Cadiz, displays a general trend, in particular
regarding kaolinite and smectite deposition. Kaolinite relative abun-
dance appears to be two to five times higher in IODP sites U1389 and
U1390 (Huelva Drift and southeast of the Guadalquivir Bank sheeted
drift, respectively) and CADKS21 core (Guadalquivir Drift) located
under the path of proximal and lower MOW (10-27%) than at IODP Site
U1386 (Faro Drift) located under the path of MOWy (3-6%) which
appears largely depleted in kaolinite (Fig. 9). By contrast, smectite
abundances range from 37 to 56% in the Faro Drift under the MOWy,
while ranging between 17% and 41% at the drifts (U1390 and
CADKS21) influenced by MOW,, (Fig. 9). IODP Site U1389, which is
influenced by both MOW[, and MOWy,, displays a wide range of smectite
concentrations (17-63%; Fig. 9). Four main mechanisms can be invoked
to explain lateral differential distribution of clay minerals: differential
settlling, particle aggregation, authigenisis, and clay mineral sorting (e.
g., Chamley, 1989).

The relationship between differential settling of clays and fine par-
ticle flocculation depends on various parameter changes such as water
density, temperature, salinity, as evidenced in laboratory experiments
(e.g., Whitehouse et al., 1960; Chamley, 1989) and as supported by
studies on clays in natural estuaries (Shiozowa, 1970; Edzwald and
O’Melia, 1975). However, the differential settling in estuarine envi-
ronments does not rely solely on chemical changes of the water column,
but alsos on the nature, size, density and buoyancy of clay particles (e.g.,
Meélieres, 1973; Chamley, 1989). These phenomenons have been studied
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Fig. 9. Binary kaolinite vs. smectite plot fro the clay mineralogy in the Faro
Drift (IODP Site U1386), Huelva Drift (IODP Site U1389), large sheeted drift
south of the Guadalquivir Bank (IODP Site U1390), Guadalquivir Drift (core
CADKS21) and Alboran Sea (ODP Site 976; Bout-Roumazeilles et al., 2007) over
the last 25 kyrs cal. BP. These drifts are influenced by MOWy, MOW,, and both
MOWopgoyx. Large rhombs represent sub-surface samples.

in the Guadalquivir River where Mélieres (1973) evidenced the prefer-
ential settling of illite compared with smectite in the estuary. However,
the influence of differential settling of clays on the Cadiz CDS appears to
be neglegible. Indeed, selective flocculation processes occur mainly at
the freshwater—/ea. water transition where rapid changes affect the
salinity gradient (e.g., Chamley, 1989) and are not observed in the open
ocean where hydrological properties between water masses are reduced
as is the case for the MOW[, and MOWy (Sanchez-Leal et al., 2017),

Some authors highlighted that the enrichment of some clay minerals
in continental slope or abyssal plain sediments is likely the result of
rapid aggregation and vertical transfer of clay particles due to their
interaction with amorphous organic matter (Honjo, 1982; Honjo et al.,
1982). Such a phenomenon can hardly exert a main control on clay
mineral sedimentation patterns over the Gulf of Cadiz CDS since
planktonic productivity in the area is not particular strong. Moreover,
the contribution of this rapid vertical sinking to deep sea sedimentation
is often less important quantitatively compared with advection through
surface and bottom currents (Chamley, 1989).

The addition of smectite derived from volcanic rock and hydro-
thermal alteration is considered unlikely, given the distance between the
slope of the Gulf of Cadiz and the closest source of hydrothermally-
derived clay minerals, i.e., the North Atlantic ridge. Similarly, any
contribution of nearby Gulf of Cadiz mud volcanoes is unlikely, since
they are mostly enriched in illite and kaolinite (Martin-Puertas et al.,
2007). In addition, even when hydrothermal sources are close, high
terrigenous influxes from the coast have more influence on clay asso-
ciation than fine particles from hydrothermal origin (e.g., Chamley,
1989).

The formation of authigenic smectite due to the oxidation of biogenic
silica by Fe-oxydroxides in the cold water column (Cole and Shaw, 1983;
and references therein) is not considered a major source of smectite in
the Gulf of Cadiz.

Several studies on the size distribution of the clay minerals carried to
the ocean describe smectite as the smallest (~0.4 pm) clay mineral while
kaolinite is larger (~2 pm; Gibbs, 1967; Johnson and Kelley, 1984). In
addition, the shape, buoyancy and electrochemical characteristics of
these clay minerals entail that even small-sized kaolinite settles more
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rapidly than smectite (Chamley, 1989). Indeed, smectite particles are
characterized by a low density and high buoyancy resulting in particu-
larly slow settling rates (10 times slower than kaolinite or illite) in the
open ocean (Chamley, 1989). We propose that the difference of clay
mineral composition observed between the drifts of the Gulf of Cadiz
probably results from the differential deposition of clay minerals ac-
cording to their size during their transport by currents, as initially pro-
posed by Gibbs (1977) for sediments delivered by the Amazon River.
The relatively rapid sinking of kaolinite minerals in the water column
may lead to higher kaolinite concentrations in the lower branch of the
MOW, ultimately leading to higher kaolinite content in drifts located in
the path of MOW/, (Fig. 10). Inversely, small smectite particles sink more
slowly and are therefore more abundant in the shallower sections of the
MOW.This seggregation may explain the high abundance of smectite on
the Huelva Drift (644 mbsl), located under the shallowest section of the
MOWo,prox (Sdnchez-Leal et al., 2017), and on the Faro Drift (560 mbsl),
under the MOWy (Fig. 9). Consequently, smectites are exported by the
MOW considerably further than kaolinite, notably along Portuguese
margins where the alongslope sedimentation is seemingly controlled by
clay minerals transported by the MOW (Grousset et al., 1988; Schonfeld,
1997; Stumpf et al., 2011; Fig. 10).

5.4. Evolution of clay mineral deposition over the last glacial-interglacial
cycle in the CDS of the Gulf of Cadiz

In line with previous work on clay minerals in the Gulf of Cadiz
(Grousset et al., 1988; Lopez-Galindo et al., 1999; Stumpf et al., 2011),
we find that clay mineral composition in the middle slope is a mixture
between African and south Iberian sources, allowing us to identify a
Northwest African an eastern Cadiz pole as specific endmembers
(Fig. 6). Our records from IODP sites U1386, U1389 and U1390 display
significant variations in clay mineral assemblages over the last 25 kyrs,
which are likely related to the influence of respective sources and
transport patterns. Considering the short time interval studied (25 kyrs),
we do not consider the long-term, climate controlled formation of clays
in soils as a significant contributing factor to changes in clay mineral
assemblages at our study sites (Thiry, 2000).

Between 25 and 18 kyrs cal. BP, clay mineral assemblages in our
records are almost constant (Figs. 3-5) and theyplot between the two
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Fig. 10. Schematic source-to-sink pathways of clay minerals in the Gulf of
Cadiz from river discharge and eolian inputs to their deposition on drifts in the
Gulf of Cadiz. The size of the brown arrows is proportional to the contribution
of the rivers to clay sedimentation in the Gulf of Cadiz. The schematic map
contains only clay mineral abundances >10%. The size of the letters repre-
senting the clay minerals is proportional to their abundance. MOW: Mediter-
ranean Outflow Water; SPM: Suspended Particulate Matter. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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end-members previously identified (Figs. 6 and 11). Consequently, we
suggest that the influence of both Northwest African and south Iberian
sources were relatively stable during this cold period. Together with the
homogenous clay mineral assemblages, strong similarities between the
Alboran ODP Site 976, IODP Site U1390 and CADISAR cores located
along the path of MOWY, (Fig. 11), as well as discrepancies between IODP
sites located under the proximal and the upper MOW, reflect the
dominant control of MOW on clay mineral sedimentation. This cold
period is characterized by high and stable smectite-to-kaolinite ratio (S/
K) for each IODP site (Fig. 12). The highest of S/K ratios are observed at
IODP Site U1386 (S/K = 11). IODP Site U1389 displays lower S/K ratios
(S/K = 6), while IODP Site U1390 is characterized by the lowest S/K
ratio (S/K = 2) throughout this cold period. This strongly supports our
hypothesis of physical sorting of clay minerals by size between the
distinct MOW branches. Indeed, the S/K range of values contrast with
those of the Guadiana River (S/K = 0), Guadalquivir River (S/K = 4) and
even of the Northwest African pole (S/K = 1), which are considered as
the main fine-grained particle suppliers in the Gulf of Cadiz.

S/K and I/K ratios show an average decrease from MIS2 to present
day except at IODP Site U1389 (Fig. 12), due to a decrease of smectite
content in IODP Site U1386 and an increase of kaolinite abundance at
IODP Site U1390 as revealed by XRD patterns. Stumpf et al. (2011)
found a similar behaviour for smectite, illite and kaolinite content over
the last 22 kyrs near the study area. Together with these results, our
records of enriched smectite during MIS2 suggest a stronger (lower)
influence of Guadalquivir River (the North African pole) discharge
during the MIS2 than during the Holocene. Several studies demonstrate
that south Iberian temperatures and precipitations were unexpectedly
close to present-day conditions during Dansgaard-Oeschger in-
terstadials, including the 21-17.5 kyrs cal. BP period (Sanchez-Goni
et al., 2002; Turon et al., 2003; Nebout et al., 2009), ruling out any
modification of river discharge due to modified hydrological conditions
on their main drainage area. During the MIS2, the mouths of south
Iberian rivers were located further offshore closerr to the Cadiz CDS due
to the lowe relative sea-level (—105/—123 m below present day sea
level; Waelbroeck et al., 2002). This may have modified the influence of
the Guadalquivir River by reducing the distance travelled by clay min-
erals before their deposition. Furthermore, previous studies have evi-
denced a mean shallower depth of the MOW during the present
interglacial than during the last glacial cold period (Schonfeld and Zahn,
2000; Rogerson et al., 2005, 2012; Llave et al., 2006). This observation,
together with our clay mineral segregation findings (smectite-rich
MOWy vs. kaolinite-rich MOW]), may explain the enhanced contribu-
tion of kaolinite (smectite) during MIS1 (MIS2) to the CDS via the
general shallower distribution of both branches of the MOW (MOWy and
MOW]) during interglacials than during glacial periods.

The overall decrease of illite-to kaolinite ratio (I/K) over the last 25
kyrs in the Gulf of Cadiz (Fig. 12), can be interpreted in the context of the
latitudinal migration of Saharan dust sources with the intertropical
convergence zone (ITCZ) and insolation-driven continental climatic
variations (Caquineau et al., 1998; Skonieczny et al., 2011, 2013;
Stumpf et al., 2011). Previous studies in the Mediterranean Sea evi-
denced an abrupt transition from Saharan-sourced dust during MIS2 to
Sahelian-sourced dust during MIS1 (Bout-Roumazeilles et al., 2007,
2013). The higher I/K ratios characterizing MIS2 in the Gulf of Cadiz
(Fig. 12) thus likely reflect the dominant influence of Saharan v. Sahe-
lian sources in the Western Mediterranean during cold climatic periods,
while the overall decrease in I/K ratios reflects the progressive south-
ward migration of the ITCZ during the late Holocene (Stumpf et al.,
2011; Bout-Roumazeilles et al., 2013). I/K ratios remain relatively stable
toward the end of the African Humid Period (Fig. 12), which is char-
acterized by the deposition of Sapropel 1 in the Western Mediterranean
(10-6 kyrs cal. BP), and is generally associated with a weak MOW
(Voelker et al., 2006; Toucanne et al., 2007; Rogerson et al., 2012;
Kaboth et al., 2016). During this period of reduced MOW, we observe
that the mineralogical composition from the Faro Drift, along with those
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Fig. 12. Smectite/Kaolinite (S/K) and Illite/Kaolinite (I/K) ratios on IODP sites
influenced by the upper core of Mediterranean Outflow Water (MOWy), lower
core of the Mediterranean Outflow Water (MOW;) and both (MOWpgox), over
the last 25 kyrs. The grey square and pentagon represent the S/K values of clay
assemblages from Suspended Particulate Matter in the Guadanlquivir River and
Guadiana River, respectively (Mélieres, 1973; Machado et al., 2007). The S/K
value of the Northern African pole is marked by a grey star (Snoussi, 1986;
Guerzoni et al., 1997; Elmouden et al., 2005). MIS: Marine Isotope Stage; AHP:
African Humid Period.

from other drifts, remains distinctly different from that of the Guadiana
river (Fig. 12), the nearest with a significant sediment discharge.
Consequently, we suggest that both branches of the MOW, despite their
lower activity, continue to redistribute fine-grained particles and influ-
ence clay mineral distribution in the middle slope of the Gulf of Cadiz.
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that the lateral variations in clay mineralogy in the middle slope are the
result of size segregation deposition processes during the transport of
clay minerals by the MOW. Consequently, clay associations in marine
sediments are pertinent proxies for the mapping of the pathways of the
upper and lower MOW in the Gulf of Cadiz, while also tracing the
Mediterranean water masses along the Portuguese margins.

The contribution of both northwest African dusts and south Iberian
rivers to the composition of fine-grained particles in the middle slope of
the Gulf of Cadiz has varied over the last 25 kyrs. The relatively low sea-
level which characterized the Last Glacial Maximum brought the South
Iberian river mouths closer to the CDS, enhancing the influence of
Guadalquivir River particle-derived sedimentation across the middle
slope during this cold period. Vertical variation of the MOW from MIS2
to MIS1, induced a shallowing of the upper and lower cores of the MOW,
which may explain the difference in clay mineral association between
these time intervals. Furthermore, the progressive southward migration
of the intertropical convergence zone during the Holocene induced the
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latitudinal migration of Saharan dust sources and influenced sedimen-
tation in the Gulf of Cadiz.

The present study offers a high-resolution rcord of source-to-sink
pathways of clay minerals, from the Northwest African and South Ibe-
rian sources to their settling in the Gulf of Cadiz CDS via surface and
bottom currents. This re-construction of clay mineral pathways aims to
provide a strong basis for future investigations on fine particles settling
over the CDS at larger time scales.Indeed, the study of clay minerals may
lead to a better understanding of sedimentary drift evolution by iden-
tifying the influence of various sources, modes of transport and sedi-
mentation processes of fine particles. Moreover, the contrasted clay
mineral associations observed between the paths of the MOWy and the
MOW]|, may serve as a tracer of vertical shifts in both branches of the
MOW as far back as onset of contourite deposition in the Gulf of Cadiz
during the lower Pliocene.
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