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Abstract

X-ray fluorescence, grain-size and oxygen and carbon stable isotope measurements of
a 33m long piston core, recovered from the Pen Duick drift located at the foot of the
prominent Pen Duick Escarpment (Atlantic Moroccan margin), are combined to de-
cipher past oceanographic conditions. The data indicate that, similar to the northern
Gulf of Cadiz, the Azores Front exerts a major control on the palaeoclimatology of the
region. Contrasting the northern Gulf of Cadiz, where Mediterranean Outflow Water
is the main water mass at similar water depths, the palaeoceanography of the studied
area is mostly influenced by the amount of Antarctic Intermediate Water advected
from the south. The density contrast between the Antarctic Intermediate Water and
the overlying North Atlantic Central Water determined the strength of the prevailing
internal tides and corresponding high current speeds, which drastically impacted the
sedimentary record. The most notable impact is the presence of a 7.8 kyr condensed
section (30.5-22.7ka BP). The formation of the Pen Duick sediment drift was not just
controlled by the strength of the bottom currents and the intensity of the internal
tides, but also by the amount of (aeolian) sediment supplied to the region. Although
variable, drift-growth phases seem to mainly occur during colder periods of the last
glacial, that is Heinrich and Dansgaard-Oeschger events during Marine Isotope Stage
3 and late Marine Isotope Stage 2. These periods, characterised by increased aeolian
dust supply and higher bottom currents, coincide with a phase of prolific cold-water
coral growth and enhanced coral mound formation as recorded in numerous cores
obtained from the southern Gulf of C4diz. This implies that both records (on and off
mound cores) are pivotal to provide the complete picture of the palaeoclimatic and

palaeoceanographic conditions in the region.
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1 | INTRODUCTION

Contourites are widespread over the world's ocean floor
and are defined as sediments deposited and/or substan-
tially reworked by the action of bottom currents (Heezen
et al., 1966; Rebesco et al., 2014). They form sediment bod-
ies of various morphologies and dimensions and are asso-
ciated with erosive features, such as moats and furrows
(Faugéres & Stow, 2008; Faugeres et al., 1999; Rebesco
etal., 2014; Stow et al., 2002). The northern part of the Gulf
of Cadiz is considered a natural laboratory for contourite
research given the presence of an extensive contourite
depositional system created due to the interaction of the
Mediterranean Outflow Water (MOW) with the seafloor
(palaeo)-topography (Brackenridge et al., 2018; Gonthier
et al., 1984; Hernandez-Molina et al., 2002, 2006, 2011;
Llave et al., 2011, 2007b; Stow et al., 2013). The MOW con-
tourite depositional system has been and continues to be
studied intensively, along with the discovery and charac-
terisation of numerous other small-scale contourite drifts
(Chen et al., 2014; Hanebuth et al., 2015; Miramontes
et al., 2016; Tallobre et al., 2016). Primarily, these drift de-
posits are controlled by enhanced bottom currents along
pre-existing topographic obstacles. They are thought to
hold crucial information on the climate-related variabil-
ity of the local and regional circulation patterns (Chen
et al., 2016; Hanebuth et al., 2015; Liu et al., 2019; Zhang
et al., 2016).

In the southern Gulf of Cadiz, such small-scale drifts,
covering areas in the range of several tens of square ki-
lometres and all located along topographic obstacles,
have been documented in the El Arraiche mud volcano
province (EAMVP; Figure 1B; Vandorpe et al., 2014,
2016). Topographic obstacles, such as tectonic ridges or
mud volcanoes (Vandorpe et al., 2016), enhance the am-
bient bottom-current flow (average velocities around
9cm/s) reaching maximum velocities of 30cm/s (Mienis
et al., 2012); leading to the formation of contourite drifts.
The combined interaction with internal tides is hypoth-
esised to play a crucial role in establishing these ele-
vated bottom currents (Vandorpe et al., 2016; Vitorino
et al., 2010).

The water mass responsible for the formation of the
EAMVP sediment drifts is still being debated. Several au-
thors demonstrated the presence of Antarctic Intermediate
Water (AAIW) at depths of 700-1,500m (Louarn &
Morin, 2011; Mienis et al., 2012; Vitorino et al., 2010) and
assumed that this water mass was responsible for the for-
mation of the contourite features (Vandorpe et al., 2016).
Some studies even confirmed the presence of AAIW
within the region during glacial times (Dubois-Dauphin
et al., 2016; Eberwein & Mackensen, 2008). Recently, how-
ever, Lebreiro et al. (2018) studied a 5 m long sediment

core (MVSEIS-TG2, hereafter called TG2; Figure 1A),
located 30 km south of the study area and ascribed the
presence of contouritic deposits within that core to the
presence of a southward branch of the (upper) MOW
during colder periods.

Both AATW and MOW have a major influence on the
global climate-ocean interhemispheric asynchronicity
model (bipolar seesaw). The production of AAIW is higher
during glacial periods due to increased ventilation of deep
southern hemisphere water masses, providing a strong
feedback to northern hemisphere coolings (Anderson
et al., 2009; Jung et al., 2011; Skinner et al., 2010; Wainer
et al., 2012). The MOW), on the other hand, provides a salt
source to the intermediate depth layers of the Atlantic
during glacial stages (Voelker et al., 2006). The injection
of salt and heat facilitated the switch of the thermo-
haline circulation into an interstadial mode, bringing
back warmer conditions (Rogerson et al., 2006, 2012).
Both water masses may thus have a positive feedback on
(northern hemisphere) cooling phases.

Even though the (millennial-scale) MOW variability has
received a lot of attention during the last decades (Cacho
et al., 2000; Lebreiro et al., 2018; Llave et al., 2006, 2007a;
Lofi et al., 2016; Voelker et al., 2006), as opposed to the
variability of the AAIW in the north Atlantic, there is an
increasing need for the characterisation of intermediate
ocean water mass dynamics, since they are an important
feature of the Atlantic Meridional Circulation and global
ocean circulation (Bohm et al., 2015; Freeman et al., 2015;
Lynch-Stieglitz et al., 2007; Martrat et al., 2007). Only a
limited number of studies have focussed on the variabil-
ity of the AATW within the western sub-tropical Atlantic
(Freeman et al., 2015; Huang et al., 2014; Thornalley
et al., 2011), but even fewer have focussed on the AAIW
within the eastern sub-tropical Atlantic. Moreover, these
studies mainly relied on neodymium isotope analysis from
cold-water corals (CWCs; Dubois-Dauphin et al., 2016;
Montero-Serrano et al., 2011), which often results in dis-
continuous chronostratigraphic records due to highly vari-
able (intermittent) CWC reef growth (Frank et al., 2011;
Wienberg et al., 2009, 2010; Wienberg & Titschack, 2017).
To obtain a stratigraphic record at a regional scale, a com-
bination of complementary sediment cores recovered
from CWC mounds (aggrading mainly during more en-
ergetic conditions) and sediment drifts (deposited during
less energetic conditions) seems to be a promising ap-
proach (Hebbeln et al., 2016; Van Rooij et al., 2011).

In the EAMVP, both CWC mounds (Hebbeln
et al., 2019a; Vandorpe et al., 2017) and small-scale con-
tourite drifts (Vandorpe et al.,, 2016) are present. The
CWC mounds in the region have been studied extensively
(Foubert et al., 2008; Hebbeln et al., 2019a; Vandorpe
etal.,2017; Wehrmann et al., 2011), displaying intermittent
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FIGURE 1 (A) Overview bathymetric map of the Gulf of Cadiz with indication of cores GC01 (Lebreiro et al., 2018), MD99-2339
(Voelker et al., 2006), GeoB 9064 (Wienberg et al., 2010), TG2 (Lebreiro et al., 2018) and MD04-2805CQ (Penaud et al., 2011) and the

studied core MDO08-3227. The bathymetric data are a collection of GEBCO, SWIM (Zitellini et al., 2009) and multibeam data acquired during
surveys on board RV Belgica and RV Maria S. Merian (Hebbeln et al., 2015; Van Rooij et al., 2005). The Atlantic Moroccan Coral Province
(Vandorpe et al., 2017) is indicated by a thin red square. (B) Bathymetric map of the surroundings of core MD08-3227 with indication of the
El Arraiche Mud Volcano Province (EAMVP; Vandorpe et al., 2014). The blue arrow indicates the direction of the deflected bottom currents
in the region, while the dashed blue double arrow indicates the direction of the internal tidal currents (Vandorpe et al., 2016). The red line
indicates the location of the seismic profile. (C) Seismic profile, depth in milliseconds two-way travel time, across the Pen Duick Escarpment
(PDE) and Pen Duick drift, with the location and subsurface depth of core MD08-3227 indicated. NACW, North Atlantic Central Water;
AAIW, Antarctic Intermediate Water; MOW, Mediterranean Outflow Water; NADW, North Atlantic Deep Water; AMCP, Atlantic Moroccan
Coral Province; RR, Renard Ridge; GMV, Gemini Mud Volcano; VR, Vernadsky Ridge.

growth phases, mainly during glacial periods (Frank temporal bottom-current variability as well as climate evo-
et al., 2011; Wienberg et al., 2009, 2010). The small-scale lution of this key area. This core is ideally located to catch
contourite drifts in the area have received far less atten- the presence of (glacial) intermediate water masses within
tion (Vandorpe et al., 2014, 2016). Core MD08-3227 poten- the southern Gulf of Cadiz, given its current position at
tially contains the optimal characteristics to decipher the the interface between NACW (North Atlantic Central
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Water) and AAIW, which is associated with internal tide
activity (Martins & Vitorino, 2012). Moreover, this paper
aims to advance the knowledge of the evolving climate of
the southern Gulf of Cadiz since the late Marine Isotope
Stage (MIS) 3 by constraining the (millennial-scale) sedi-
mentation pattern of the Pen Duick drift.

2 | REGIONAL SETTING

The EAMVP (ca 35.25°N to 35°N and 6.5°E to 7°E) lies
in the northern part of the Atlantic Moroccan Coral
Province (Hebbeln et al., 2019a; Vandorpe et al., 2017), an
area containing multiple topographic obstacles, includ-
ing tectonic ridges, mud volcanoes and CWC mounds
(Figure 1B). Two tectonic ridges, Renard Ridge and
Vernadsky Ridge, oriented roughly NW-SE, are present
within the EAMVP (Figure 1B) and are the result of a
local compressive regime in an overall extensional setting
(Flinch, 1993; Maldonado et al., 1999; Van Rensbergen
et al., 2005). The local compressive setting also induced
the dissolution of salt, originating from the allochtonous
unit of the Gulf of Cadiz (Maldonado et al., 1999), in the
subsurface, causing salt-tectonic forces and continued
uplift of the ridges throughout the Quaternary (Perez-
Garcia et al., 2011). These dissolved salts also fuelled the
nine mud volcanoes of the EAMVP, some of which rise
over 100m above the surrounding seafloor. In addition,
over 3,440 CWC mounds with heights ranging between
a few metres and >50m (median of about 20m) dot the
seafloor of the Atlantic Moroccan Coral Province seafloor
(Figure 1B,C; Foubert et al., 2008; Hebbeln et al., 2019a).
Today, these exposed mounds are covered by fossil CWCs.
Also in the subsurface, numerous buried CWC mounds
of the same dimensions have been discovered, indicating
multiple periods of coral proliferation and mound initita-
tion (Vandorpe et al., 2017). Radiometric dating revealed
that CWC growth was most pronounced during glacial pe-
riods, with most of the coral communities declining since
the onset of the Holocene (Frank et al., 2011; Wienberg
et al., 2010).

Four distinct small-scale contourite drifts surround the
Renard and Vernadsky ridges, while some of the mud vol-
canoes are also accompanied by drift deposits (Vandorpe
et al., 2016). The Pen Duick drift developed at the foot of
the Pen Duick Escarpment and the southern flank of the
Gemini mud volcano, at depths of about 650 m, is the larg-
est of the four drifts, covering about 30km?” (Figure 1B).
Seismic stratigraphy indicated a Quaternary development
with mainly interglacial depositional phases. The seismic
stratigraphy of the Pen Duick drift differs from the northern
Gulf of Cadiz drift deposits with mounded deposits only
occurring in the Pen Duick drift from the Mid-Pleistocene

Transition onwards (versus base Quaternary in the north)
and main boundaries at MIS 9 and 15 (versus MIS 12 in
the north) (Vandorpe et al., 2014).

The Atlantic Moroccan margin is influenced by five
water masses (Louarn & Morin, 2011; Machin et al., 2006;
Mienis et al., 2012): the North Atlantic Surface Waters
(0 to ca 100m), the NACW (100-600m), the AAIW
(600-1500m), the MOW (Ambar et al., 2008; Cabecadas
et al., 2002; Richardson et al., 2000) and the North Atlantic
Deep Water (NADW, below 1500m). The NACW is char-
acterised by a decreasing vertical salinity and temperature
gradient from about 36.4-35.6 and ca 18-12°C, respec-
tively. The AAIW in the study area is characterised by
low salinity (ca 35.6) and temperatures (ca 11°C), but by
high nutrient values (Machin & Pelegri, 2009; Vandorpe
et al., 2016). In the vicinity of the EAMVP, the MOW
forms a saline (36.1) and relatively warm (11.5°C) water
mass occasionally present as meddies between 800 and
1,200 m water depth (Ambar et al., 2008; Carracedo Segade
et al., 2015). Below 1,200 m, salinity and temperature fur-
ther decrease to minimum values of around 35.5 and 8°C,
respectively. These values are characteristic of the NADW
(Louarn & Morin, 2011).

The modern sea-surface circulation pattern (surface
mixed layer and NACW) in the southern Gulf of Cadiz
is dominated by different branches originating from the
Azores current (Eberwein & Mackensen, 2006; Machin
et al., 2006). The northern branch flows northwards
along the Iberian Peninsula and forms the Iberian
poleward current (Carracedo Segade et al., 2015). The
central branch enters the Gulf of Cadiz and experi-
ences an anticyclonic recirculation towards the south
(Machin et al., 2006). Part of this branch enters the
Mediterranean Sea (Millot et al., 2006). The southern
branch of the Azores current (Canary current) forms
the present-day Azores front (Alves et al., 2002) and
flows along the North West African Atlantic margin to-
wards the south.

The AAIW is formed at sub-Antarctic latitudes and
flows northwards, centred at around 800 m depths
(Machin & Pelegri, 2009). When encountering the MOW
in the Gulf of Cadiz, the AAIW partly mixes with MOW
and deflects to the west, losing its expression on the way
(Figure 1A; Louarn & Morin, 2011). The MOW enters the
Gulf of Cadiz through the Gibraltar Strait with very high
velocities (>200cm/s) and divides into different branches
as a result of the Coriolis force and seafloor topogra-
phies (Figure 1A; Hernandez-Molina et al., 2016; Iorga &
Lozier, 1999). Due to eddy-generation, the MOW is able
to reach the southern Gulf of Cadiz, mainly at depths be-
tween 800 and 1500 m (Ambar et al., 2008). Some authors
also reported on a southern branch of the MOW, which
may spread as far south as the Canary Islands, albeit
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exhibiting seasonal variation (Lebreiro et al., 2018; Machin
& Pelegri, 2009). Finally, the NADW flows from south to
north in the Gulf of Cadiz (Louarn & Morin, 2011).

The Pen Duick drift is under the influence of the AATW
and the NACW, both flowing from south to north in the
EAMVP (Mienis et al., 2012; Vandorpe et al., 2016). For
the NACW, this current direction contrasts with the gener-
ally accepted (southward) circulation pattern (Figure 1A).
The ambient bottom current strength is on the order of
8-10cm/s, although strong semidiurnal tidal currents
occur as well. These originate at the interface between the
NACW and the AAIW at about 600 m water depth, with
peak velocities exceeding 30cm/s (Mienis et al., 2012).
Although seasonal upwelling is documented towards the
north and south of the study area, upwelling processes
are not specifically observed in the EAMVP (Mienis
et al., 2012; Pelegri et al., 2005). Seasonal changes of the
equatorward alongshore wind regime, i.e. stronger during
spring and summer, may result in stronger upwelling tak-
ing place during spring/summer, while weaker upwelling
is noticed during autumn/winter (Cropper et al., 2014).
As with the colder winter periods, during longer colder
periods (glacials) these winds may have been less strong,
diminishing the overall effect of upwelling in the region
(Peliz et al., 2005).

3 | MATERIALS AND METHODS

The 3,320 cm long CALYPSO piston core MD08-3227
(35°16.28'N; 6°47.89'W, 642m water depth, Figure 1)
was collected during the R/V Marion Dufresne MD169
‘MiCROSYSTEMS’ cruise in July 2008. This study fo-
cusses on the top 1,800 cm because the stratigraphy could
not be sufficiently resolved below this core depth. The
core mainly consists of homogeneous grey to dark grey
and brownish silty clays and clayey silts without clear
macroscopic stratification (Van Rooij et al., 2008). No
sharp contacts between facies are observed over the en-
tire section studied (Van Rooij et al., 2008), except for the
interval between 539 and 589 cm, which displays a rather
sharp upper boundary (Figure 2). This interval contains
pockets and lenses of poorly sorted coarse sand and coarse
shell fragments (Van Rooij et al., 2008; Figure 2).

3.1 | Isotope analysis

The fraction >150pm was used for oxygen (planktonic
880 values) and carbon (planktonic §'3C values) sta-
ble isotope measurements on mono-specific samples of
the planktonic foraminifer Globigerina bulloides at the
Laboratoire des Sciences du Climat et de I'Environnement

(LSCE) at Gif-Sur-Yvette (France). The samples were
taken at an average spacing of ca 10cm within the top
1,800cm of the core. Between 15 and 30 specimens (size
fraction 250-315 pm) were hand-picked and cleaned in an
ultrasonic bath of reagent-grade methanol (3 s) to remove
impurities. A first series of measurements was performed
in 2010 using a Delta+ Isotope Ratio Mass Spectrometer
(IRMS). The second series was performed in 2014 using
the IsoPrime IRMS. The spectrometers were equipped
with an automated line for the CO, preparation before
analysis and were intercalibrated and standardised to the
Vienna Pee Dee Belemnite (VPDB) using international
carbonate standards NBS 19 and NBS 18 (Coplen, 1996).
For NBS 19, the assigned values are 880 VPDB = —2.20 %o
and 8"C VPDB = 1.95 %o, while for NBS 18, desig-
nated values are 80 VPDB = -23.01+0.10 %o and 8"°C
VPDB = —5.01+0.03 %o. All reported values are expressed
relative to VPDB in the classical delta (8) notation in per
mil. Several levels within the core were measured with
both methods to check for consistent results. During each
run, 10 laboratory standards (Carrara marble) were run,
and the uncertainties are based on their external repro-
ducibility, being 1 standard deviation of 0.05 %o for 5'*0
VPDB and 1 standard deviation of 0.03 %o for §'*C VPDB.

Stable benthoni §'%0 and &'*C values of the benthonic
foraminifer Cibicidoides pachyderma were measured at an
average core depth resolution of ca 10cm. The analyses
were only conducted over the top 1,600 cm. The measure-
ments were also performed at the LSCE, using IsoPrime
IRMS. The analyses were carried out on 2-4 specimens
selected from the 250-315pum fraction. When C. pachy-
derma was absent within this fraction, measurements
were performed using specimens >315um in size.

3.2 | Sediment geochemistry and
grain size

To obtain the elemental composition of the sediments
at 1 cm resolution, the core was analysed using the
AVAATECH XRF core scanner at the Royal NIOZ (Texel,
The Netherlands). The XRF core scanner uses energy-
dispersive fluorescence radiation to measure the chemi-
cal composition of the sediment as element intensities in
total counts or counts per second (Tjallingii et al., 2010).
The measured element intensities depend on the element
concentration in the sediment but also on matrix effects,
physical properties, the sample geometry and hardware
settings of the scanner (Rohl & Abrams, 2000; Tjallingii
et al., 2007, 2010). After cleaning and preparation of the
archived half of the core surface which was then covered
with SPEXCerti Ultralene® foil, the core was measured at
both 10 and 30kV. Log-ratios of two elements measured
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FIGURE 2 Overview of the condensed section (dashed black lines) within core MD08-3227. Upper panel: core picture between 500
and 600 cm core depth modified in terms of saturation, contrast and temperature to optimise the condensed section visualisation. The

sedimentation rate (Figure 3) and error on the age model are superimposed. Lower panel: gridded bulk grain-size data (Malvern Mastersizer;

grid display) along with the XRF log(Fe/Ca) ratio (white dots). No grain-size data were obtained between 526 and 527 cm. Grain-size axis is

logarithmic, the boundary between sand and silt is indicated. The upper X-axis indicates the age, while the lower one displays core depth.

by XRF core scanning can be interpreted as the relative
concentrations of two elements and minimises the effects
of down-core changes in sample geometry and physical
properties (Weltje & Tjallingii, 2008). Each measurement
was performed over an area of 1.2x1cm using 30s inte-
gration time.

The core was sub-sampled at irregular intervals based
on the XRF data obtaining an average sample spacing of
about 5cm. The samples were sieved using mesh sizes
of 63 and 150pm. Grain-size analyses were carried out
at the University of Ghent on the upper 1,250cm of the
core, using the sediment fraction below 63 pm. The anal-
yses (N = 245) were performed using a Micromeritics
Sedigraph III, providing information on the relative grain-
size distribution between 2 and 63 pm. Before analysis, the
removal of the biogenic carbonate fraction was performed
using a twofold 1mol/l acetic acid wash, each time fol-
lowed by a distilled water wash. The biogenic silica (dis-
solving within the upper 1,000m of the water column)
and organic fractions (relatively remote from any source
of organic matter) were considered negligible. Samples
were then stirred using a rotating wheel in a 0.2% sodium
hexametaphosphate solution for at least 24 h before mea-
surement. From these measurements, the sortable-silt
fraction (average within the 10-63 um interval) was calcu-
lated. All 61 grain-size classes identified by the Sedigraph
measurements, belonging to the silt fraction, have been
used in an endmember modelling, an analysis performing

a deconvolution on subpopulations of the grain-size
spectrum (Weltje, 1997). To obtain the endmembers, the
‘Emmageo v0.9.7’ scripts of Dietze and Dietze (2019) have
been used in R (version 4.2.1).

The interval between 520 and 580 cm core depth was
further analysed for bulk grain-size distribution using a
Malvern Mastersizer 3000 at the Department of Geology
(Ghent University). Bulk grain size was measured at a
resolution of 1cm from samples ranging from 3 to 6 mg.
Samples were boiled in a hydrogen peroxide solution to
remove traces of organic matter, and to assist in disper-
sion of the particles. Boiling was continued until the
reaction could no longer be visually detected, usually
about 15 minutes. One millilitre of 0.2% sodium hexam-
etaphosphate solution was added to each sample prior to
measurement to limit the formation of particle aggregates
(McCave & Hall, 2006). Samples were introduced into the
Malvern using a Hydro MV module with a stirrer speed
of 2,500rpm. A continuous ultrasonic bath was set at 2%
to avoid breaking the foraminiferal material. Each sample
was run three times, each time using a 12s integration in-
terval, with the results averaged.

In order to verify the co-variance of several sets of prox-
ies, correlation coefficients have been calculated using the
statistical program ‘SPSS Statistics 27’ and its ‘dimension
reduction’ option. These coefficients are mentioned in the
discussion.
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FIGURE 3 Age-depth (ka BP) model for core MD08-3227. The red triangles indicate AMS'C-ages (Waelbroeck et al., 2019; this study),
all other triangles are tie-points described in Waelbroeck et al. (2019) with the base of the triangles indicating their uncertainty. Black

dots above the red triangles indicate AMS'*C-ages obtained within the framework of this study. The orange triangle is a tie-point based on
extrapolation of sedimentation rates, the dark blue triangle is based on the alignment of 'O values from Globigerina bulloides to NGRIP
data and the two light blue triangles are tie-points based on the alignment of §'%0 values from G. bulloides to core MD99-2339. The six
yellow lines are tie-points beyond 40 ka BP and are established within this study based on the alignment of §'30 values from G. bulloides to
core MD99-2339. The solid black line is the resulting age model, while the dashed lines indicate the 26 uncertainty margins of the model.
The calculated sedimentation rates are displayed in green at the bottom of the figure.

3.3 | Age model

An age model of core MD08-3227 covering the past 40 kyr
was first presented by Waelbroeck et al. (2019) and is
based on eight accelerator mass spectrometry (AMS) radi-
ocarbon (**C) ages and four tie-points (Figure 3, Table 1).
The dating was performed at the Poznan Radiocarbon
Laboratory (Poland) using samples of mono-specific
planktonic foraminifera Globigerinoides ruber white or G.
bulloides and at ETH Zurich (Switzerland) using mixed
samples of G. ruber white and G. bulloides. The AMS *C
ages were calibrated (ka BP) using the Bayesian calibra-
tion program MatCal (Lougheed & Obrochta, 2016) and
the IntCal13 calibration curve (Reimer et al., 2013), a res-
ervoir age correction of R = 530+ 100years was applied
(calibration method described in detail in Waelbroeck
et al., 2019). Two of the four tie-points are alignments of
8'%0 values from G. bulloides to core MD99-2339, a well-
dated core taken 95km north-west of core MD08-3227
(Figure 1; Voelker et al., 2006). One tie-point results from
aligning 5'®0 values from G. bulloides to NGRIP data,
while the last tie-point is based on extrapolation of gla-
cial sedimentation rates of ca 154cm/kyr. To extend the
age model beyond 40ka BP, for this study, a correlation
between planktonic §'®0 values of G. bulloides of cores
MDO08-3227 and MD99-2339 was established. Six addi-
tional tie-points were used and linear interpolation be-
tween them applied to extend the age model back to 47ka
BP (Figure 3).

3.4 | Power spectrum

In order to detect statistically relevant temporal varia-
tions within the dataset, a time series analysis has been
performed (Alonso et al., 2021; Hoogakker et al., 2011;
Pardo-Iguzquiza & Rodriguez-Tovar, 2011). A multivari-
ate Lomb-Scargle periodogram (Scargle, 1982) has been
applied on the MDO08-3227 core data. The Lomb-Scargle
periodogram (Lomb, 1976; Scargle, 1982) is a well-known
algorithm for detecting and characterising periodicity in
unevenly sampled time-series (VanderPlas, 2018). An
important factor in the Lomb-Scargle periodogram is the
amount of data; more data will yield statistically more rel-
evant periodograms, which will be reflected in the statis-
tical confidence level (VanderPlas, 2018). The statistical
confidence levels are inversely related to the probability
of a ‘false alarm’ of the spectral peaks. Spectral peaks with
confidence levels below 95% are not considered.

The periodograms (Figure 4) for planktonic 880
values (indicator of palaeoclimate cycles) and sortable
silt (indicator for bottom current cycles) have been con-
structed using Matlab-scripts. Both proxies contain in-
sufficient data points (101 for sortable silt and 56 for
planktonic 5'®0 values) in the post-condensed section
period to calculate meaningful periodograms for this in-
terval (their peaks do not surpass the 50% statistical con-
fidence level). Therefore, only the pre-condensed section
periodograms (MIS3) are considered. In these, peaks
not followed by minima below 90% confidence level are
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TABLE 1 AMS "C ages and tie-points of core MD08-3227 (calibration method) described in detail in Waelbroeck et al. (2019).

Lab code
POZ-75177
POZ-75178
ETH-84711
ETH-84712
ETH-84713
ETH-84714
Poz-68942
Poz-68943

Species

Globigerina ruber (white)

G. ruber (white)

G. bulloides + G. ruber
G. bulloides + G. ruber
G. bulloides

G. bulloides

G. bulloides

G. bulloides

Tie points

Core depth
(cm)
5

135
210
250
380
439
500
525
571"
623°
1080°
1225°
1280*
1380*
1473
1517*
1659*
1816

140 age

(years)

1280

7040
10473
11113
12697
13239
15250
16750

Calibrated

Error (1c) median age

(years) (years BP)

70 706

50 7364

44 11374

54 12403

66 13913

72 14850

110 17642

150 19280
34873
35448
38170
39850
40600
41882
42808
43432
45669
46940

Error
(10) Calibrated age range
(years) (1o) (years BP)
90 794 to 633
90 7458 to 7268
220 11589 to 11 562
170 12573 to 12361
130 14046 to 13768
300 15147 to 14648
200 17841 to 17473
220 19497 to 19048
1200
660
730
750

Note: 1—Based on extrapolation of glacial sedimentation rates of ca 154.4 cm/kyr; 2—alignment of 5'%0 values from Globigerina bulloides to NGRIP data;
3—alignments of §'%0 values from G. bulloides to core MD99-2339; 4—based on a correlation between planktonic 80 values of G. bulloides of cores MD08-
3227 and MD99-2339.

99.99% A: SS pre-cond. section
E 99% 0
%l 47 59
iv 90%
E 50% 5
\‘
0.5 1 15 2 20 ’

Frequency (cyles/ky)

Lomb-Scargle power

16

12

B: ®0,, pre-cond. section

99.99%

99%
95%
90%

50%

1.5 2

Frequency (cycles/ky)

FIGURE 4 Time series analysis based on the Lomb-Scargle periodograms for mean sortable silt (SS) and planktonic 8'*0 values for the
pre-condensed section period of core MD08-3227. Confidence levels are indicated in each plot in colour, and peaks not surpassing the 95%
barrier are not considered. The vertical black dashed lines indicate the maximal frequency which allows a minimum of four cycles within

the considered time period. Frequencies exceeding this maximum, although surpassing the 95% confidence level, are presented as red dots.

Solid black lines connect peaks not separated by minima below 90% confidence level.

considered as the same peak and the highest peak of the
group is considered the dominant cycle. Such groups of
peaks are connected by a solid black line in Figure 4.
Additionally, peaks which appear less than four times
in the time frame of the dataset (6.5kyr for sortable silt

and 11.5kyr for planktonic §'®0 values) are considered

statistically insufficient. This threshold can be calcu-

lated by dividing the time frame by four (the minimum
number of required occurrences) and is indicated by a

vertical dashed line in Figure 4.
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4 | RESULTS

4.1 | Agemodel and sedimentation rates
The age model of core MD08-3227 (focussing on the upper
1,800cm of the core) indicates ages ranging between 47
and 0.8 ka BP, thus covering a large part of MIS 3 to the Late
Holocene (Figure 3). The age model indicates a large, con-
densed section, which encompasses the period between ca
33 and 19 ka BP. In this condensed section, sedimentation
rates are very low, on average 5 cm/kyr, leading to the low
resolution of XRF, grain size and isotopic data due to the
scarcity of data points (Figure 5).

The sedimentation rates (Figures 2 and 5I), obtained
by matching the duration (obtained from the age model)
and the sediment thickness, range from 25 to 180 cm/kyr
during most of MIS 3 and are maximal during Dansgaard-
Oeschger (DO)10 and between Heinrich Event (HE)4 and
DO?7. At the end of MIS 3 and during the first half of MIS
2, sedimentation rates decrease drastically to below 5cm/
kyr. During the second half of MIS2, rates rise again to
19cm/kyr and reach a maximum of 90 cm/kyr during the
Bolling-Allerad (B-A) interstadial and the onset of the
Younger Dryas (YD). During the Holocene, the sedimen-
tation rates are stable at 19 cm/kyr.

4.2 | Isotopic values

The stable isotope data obtained for core MDO08-3227
are described and discussed in comparison to data ob-
tained from the nearby located (95 km, Figure 1A) and
well-studied core MD99-2339 (Voelker et al., 2006;
Waelbroeck et al., 2019). This core, retrieved from 1,170
m water depth, unravelled the regional temporal evolu-
tion of the MOW and NACW. For both cores, the same
foraminifera species (planktonic: G. bulloides, benthonic:
C. pachyderma) were used for isotopic measurements
(Voelker et al., 2006). This allowed the similarities and
differences between core MD99-2339, located in a veri-
fied MOW setting, and core MDO08-3227 (Figure 1) to be
compared and contrasted.

For the entire considered period, the planktonic §'*0
values of both records are in approximate agreement
(Figure 5A). From 40 to 35ka BP, the values closely match,
as do those for the period between 16 and 14.2 ka BP. From
47 to 40 ka BP, 35 to 33.5 ka BP and 18 to 16 ka BP, the §'°0
values are about 0.5-0.75%. lower, except for a peak value
at 42 ka BP (similar values). A large offset is noticed at the
onset of the Holocene (11ka BP), but this is probably due
to the limited data in this interval for core MD99-2339.
Holocene §'°0 values in core MD08-3227 are usually
about 0.25%. lower compared to the reference core. The

highest §'%0 values (exceeding 1.5%) are noticed during
HE1, but also during DO7, HE4, DO10 and during HES5.

The benthonic §'®0 values (Figure 5C) mostly have
an offset of about —1%. compared to core MD99-2339,
except for the period between 46 and 40ka BP, when the
difference gradually diminishes from about —1.5%. to
—1%o. From the Holocene onwards, values decrease con-
stantly, kick-started by a sharp decrease at the end of the
YD (Figure 5C). Two intervals of high values (+3%o) stand
out: at the onset of HE4 and a longer period lasting from
the condensed section to the start of HE1. Also during the
YD, the values were higher compared to the surrounding
values. Only the low values at the end of HE4 are also seen
in core MD99-2339.

The planktonic 8'°C values of core MD08-3227 range
between —2.5%0 and 0%. (Figure 5D). Six peaks are pres-
ent within the record, all having values above —0.6%o. The
peaks occur during the three recorded HE's, as well as
during DO10, DO7 and the YD (Figure 5D). The lowest
values (below —2%o) are observed between HE4 and DO7,
during the B-A interstadial and immediately after the YD.

The benthonic 8'°C values of MD08-3227 and MD99-
2339 mostly display the same trend (Figure 5E), except for
the periods between 46 and 41ka BP and between 36 and
33ka BP, when they are in antiphase. From 41 to 36ka BP,
they covary with an offset ranging between —0.5%0 and
0%o, while from 19ka BP to the end of the YD, the values
are in phase with an offset of about 0.35%. (Figure 5E).
During the Holocene, both curves show a slight increasing
trend, with values gradually converging, then merging at
5ka BP.

4.3 | XRF AND GRAIN-SIZE DISTRIBUTION
The XRF log(Fe/Ca) curve (Figure 5F) displays several
prominent peaks (high Fe) corresponding to HE5, DO10,
HE4, 36-30ka BP and to the onset of the B-A. Together
with the interval between 23 and 17ka BP, partially co-
inciding with the last glacial maximum, the log ratio
exceeds 0.45 during these periods. The log(Fe/Ca) ratio
during MIS 3 is quite different compared to MIS 2. During
MIS 3, rapid changes (sometimes exceeding 0.2/100 years)
are indicated by small and high peaks, while during MIS 2
and the Holocene, changes are less pronounced and more
gradual. At the end of the Holocene, ratios again rise rela-
tively fast (of about 0.15 in 2kyr).

The mean sortable-silt fraction varies between 15 and
23pum (Figure 5G). In general, MIS 3 and 2 are charac-
terised by relatively high sortable-silt values (on aver-
age 19pm), although troughs are present in the curve.
Prominent peaks are present during DO7 and DO6 and
at the end of HE1 (all exceeding 20.5um). During the
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FIGURE 5 Multi-proxy record of core MD08-3227 versus age (considering the last 47 kyr). For comparison, the stable isotope records of
the core MD99-2339 (Voelker et al., 2006) is displayed (for core location see Figure 1). Rapid climate events are indicated (Younger Dryas:
YD; Bolling-Alleread interstadial: BA; Heinrich events (HE1-HES, blue vertical bars); Dansgaard-Oeschger cooling phases: DO5-11, displayed
as bold numbers above light blue vertical bars). The grey rectangle indicates the period of the condensed section (Figure 2), while the dashed
grey areas indicate the periods, before and after the condensed section, when sedimentation rates were very low (<5cm/kyr). Dashed red
lines indicate thresholds for the different proxies, while small black arrows indicate peak values as discussed in the main text. (A) Planktonic
580 values (%, VPDB) for cores MD08-3227 (bold black line) and MD99-2339 (thin grey line). The green and red horizontal bars on top of
the curves indicate periods of similar and discrepant values, respectively, between cores MD08-3227 and MD99-2339. (B) Reconstruction of
the latitudinal position (°N) of the palaco-Azores Front (AF) for the last 47 kyr according to Bonfardeci et al. (2018). Orange filling indicates
position of AF north of 36°N. (C) Benthonic §'30 values (%, VPDB) for cores MD08-3227 (bold black line) and MD99-2339 (thin grey line).
(D) Planktonic 8'*C values (%, VPDB) indicating surface productivity. (E) Benthonic §"*C values (%o VPDB) for cores MD08-3227 (bold black
line) and MD99-2339 (thin grey line), indicative of the amount of organic matter at the seabed. (F) XRF log(Fe/Ca) record. (G) Mean sortable
silt (SS) values (pm). From 40 to 34 ka bp, a five-point average is displayed due to the dense amount of data in this interval. (H) Endmember-
analysis based on the sedigraph data (silt fraction). Both the aeolian (percentage of EM1+EM2, black line; yellow filling indicates high dust

supply) and wind strength proxies (EM1/EM2-ratio, dashed black line) are displayed. (I) Calculated sedimentation rates (SR).

Holocene, an overall decreasing trend is observed (to-
wards 17 pm) with 13 peaks and troughs (between 21 and
16 pm). They occur roughly every 1,000 years.

From the endmember model, three endmembers
are retained to ensure comparability with the results of
Wienberg et al. (2010). The squared correlation coeffi-
cients of the explained variance (+*) (Prins et al., 1999)
with these three endmembers is 0.66. Two endmembers
are unimodal (EM3, 2.7 pm and EM2, 8.5 pm), while EM1
reaches a plateau between 15 and 30 pm (supplementary
information). Since mean modal grain sizes of present-day
aeolian dust, collected along the North West African coast
between 33°N and 12°S, vary between 8 and 42 pm (Stuut
et al., 2005), EM1 and EM2 are considered of aeolian ori-
gin, while EM3 is considered as fluvial material (Wienberg
et al., 2010), resulting from hemipelagic transport (Prins
et al., 2000). According to Wienberg et al. (2010), EM1/
EM2 may be considered to be a measure of relative wind
intensity, while aeolian input can be derived from the per-
centage of EM1+EM2.

Aeolian input is higher between DO6 and DOS5, at the
beginning of the B-A and during the YD (Figure 5H). A
less high, yet distinctive, peak in aeolian input occurs be-
tween 8 and 6ka BP. Periods characterised by sustained
high wind strengths occur during DO7, the beginning of
the B-A and the YD. Additional smaller increases are no-
ticed in the period between HE4 and DO7 (Figure 5H).

The bulk grain-size analyses over the condensed sec-
tion are presented in Figure 2. Above 538 cm and below
562cm, unimodal data (mode of about 10-20pm) are
obtained, while between 562 and 538cm, bimodal data
are present. The modes of the latter are at approximately
20 and 300 pum, with varying proportions of each mode
within the section. Higher abundances of the sand frac-
tion (between 540 and 550cm) are accompanied by the
lowest log(Fe/Ca) ratios.

4.4 | Power spectrum

The sortable silt record suggests one cycle meeting the
95% significance level of 1.47kyr, while planktonic §'%0
values contain three cycles surpassing the 95% confidence
level: 9.62, 5.04 and 3.20kyr. The first two cycles do not
meet the threshold of at least four possible cycles within
the timeframe of the dataset, yielding only a 3.20kyr cycle
for planktonic 8180 values (Figure 4).

5 | DISCUSSION

51 | A 7.8kyr condensed section

Based on the sedimentation rates (Figure 5I), a condensed
section lasting for 14 kyr (with sedimentation rates as low
as 5cm/kyr) has been identified over the period between
33.5ka and 19ka BP, corresponding to a core depth inter-
val of 570 to 527 cm (Figure 3). Contrastingly, the bulk
grain size analysis and core image reveal a different story
(Figure 2). Sandy sediments, revealed by the bimodal
bulk grain size data, are only dominant between 562 and
538cm. Also, a clear colour boundary in the core image
occurs at 538cm. Both indicate that the end of the con-
densed section should be set at 538 cm, rather than 527 cm,
corresponding to 22.7 ka BP (Figure 2). Similarly, the onset
of the condensed section is set at 562cm, corresponding
to 30.5ka BP, when bimodal grain size assemblages start
(Figure 2). Consequently, the condensed section is in-
ferred to last only from 30.5ka to 22.7ka BP (Figures 2,
3 and 5). The discrepancy between the extent of the con-
densed section might be explained by the rather high 2¢
error of the age model within the interval 33 to 20ka BP
(up to 5kyr; Figure 2), resulting in an overestimation of
the duration based on sedimentation rates only.
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Theinferred 7.8 kyr condensed section is represented by
a 24 cm thick interval of foraminifer-rich fine sand (visual
core description onboard the RV Marion Dufresne; Van
Rooij et al., 2008), comparable to a ‘poorly sorted biogenic
sandy contouritic sequence’ in the classification of Stow
and Faugeres (2008). The presence of the foraminifer-rich
sand layer contrasts with the described overall silty-mud
contouritic deposits of this core (Van Rooij et al., 2008).
In a silty-muddy environment, the theoretical threshold
bottom current velocities should reach to have an ero-
sional effect, at least periodically, is ca 50cm/s (Kuijpers
& Nielsen, 2016; Stow et al., 2009). Since visible erosional
features, for example sharp boundaries accompanied by
large grain-size variations or incisions into underlying
sediment, are not associated with the condensed section
(Figure 2), bottom current velocities during these 7.8 kyr
must have reached speeds close to the boundary erosion/
non-deposition, but not exceeded them.

At present, such velocities are reached periodically;
tidally modulated bottom current velocities within the
NACW/AAIW domain reach maximum speeds of about
45cm/s (Mienis et al., 2012). Also during the period, the
condensed section was created, such strong bottom cur-
rents may have persisted. Indeed, Pahnke and Zahn (2005)
and Jung et al. (2011) reported increased AAIW pro-
duction/advection and reduced ocean-atmosphere heat
fluxes through heat storage at intermediate (AAIW) water
depths during the late MIS 3 (roughly from 35ka BP to-
wards the Last Glacial Maximum). Moreover, within the
southern Gulf of Cadiz, Dubois-Dauphin et al. (2016)
documented increased AAIW advection, respectively at
19, ca 23.5 and ca 27ka BP, the latter two coinciding with
the time frame of the condensed section. The increased
advection of AAIW may have resulted in stronger bottom
currents for prolonged periods of time within the research
area, explaining the near-erosive conditions in the studied
drift and allowing the formation of the condensed section.

Besides the long-lasting bottom currents, the occurrence
of internal tides at the interface of AAIW and NACW, cur-
rently coincident with the core position (642m water depth),
may also have played a crucial role. Nowadays, internal tides
are present at this interface (Martins & Vitorino, 2012; Mienis
et al., 2012) and it has been inferred that they contribute to
the sediment drift build-up within the region (Vandorpe
et al., 2016). During DO stadials and HE's, the diminution
of sea-surface heat and salinity fluxes towards the north
Atlantic (reduced Atlantic meridional circulation) is thought
to have caused the accumulation of salt within the mid-
depth sub-tropical gyre (Chapman & Maslin, 1999; Voelker
et al., 2006). This suggests the existence of a more saline
NACW, whereas AAIW is typically characterised by salinity
minima (Louarn & Morin, 2011; Machin & Pelegri, 2009). A
more saline NACW and enhanced advection of low-salinity

AAIW might have led to a more prominent density gradient,
potentially affecting the regional internal tide regime towards
more energetic conditions during stadials and consequently
led to the formation of the condensed section.

Additionally, the 7.8kyr condensed section fully co-
incides with a phase of pronounced CWC growth and
mound formation (with aggradation rates of up to 110cm/
kyr) within the Atlantic Moroccan coral province, which
lasted roughly from 36 until 19ka BP (Figure 6; Frank
et al., 2011; Hemsing, 2017; Wienberg et al., 2009, 2010).
The CWCs are known to exhibit a strong affinity for en-
ergetic hydrodynamic conditions, ensuring a substantial
food supply (Davies & Guinotte, 2011; Davies et al., 2008;
De Clippele et al., 2018; Hebbeln et al., 2016; Thiem
et al., 2006). Consequently, the sustained CWC growth
during this period further hints towards higher bottom
currents.

Within the condensed section, higher percentages of
coarse-grained particles are accompanied by much lower
ratios of log(Fe/Ca) (Figures 2 and 5F). Assuming the car-
bonate content mainly consists of biogenic material, this
ratio primarily represents the terrigenous versus biogenic
fraction (Weltje & Tjallingii, 2008). Given the rather small
grain sizes (between 8 and 42 pm) of terrigenous material
in the region (Stuut et al., 2005) and the strong bottom
currents, only coarser, Ca-rich material remains within
the condensed section and consequently decreases the
log(Fe/Ca) ratio.

5.2 | Climate variability

5.2.1 | Pre-condensed section: MIS3
High planktonic 8'°0 values (exceeding 1.5%0) were ob-
tained during four episodes of MIS3, all of them cold in-
tervals (Figure 5A). These are HES (although constrained
by just one value), DO10, HE4 and DO7. Except for HES5,
these periods agree, both in timing and §'*0 values, with
the record from the northern Gulf of Cadiz (MD99-2339;
Figure 5A; Toucanne et al., 2007; Voelker et al., 2006).
Combining the planktonic &0 values with the
Bonfardeci et al. (2018) reconstruction of the position of
the palaeo-Azores Front (palaeo-AF; Figure 5B) indicates
that during periods when the AF moved far enough north
(roughly north of 36°N), similar planktonic §'*0 values in
the northern and southern Gulf of Cadiz are obtained and
vice versa for southern positions of the front (Figure 5A,B).
When the AF is in a southern position, the front has the
possibility of entering the Gulf of Cadiz, as is the pres-
ent situation (Rogerson et al., 2004). This can introduce
a sea surface gradient between the northern and south-
ern Gulf of Cadiz, resulting in the discrepant planktonic
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FIGURE 6 (A)Number of dated cold-water corals (pale rose vertical bars, given as 1000-years-bins) obtained from various coral

mounds of the southern Gulf of Cadiz (data source: Frank et al., 2011; Hemsing, 2017; Wienberg et al., 2009). The temporal distribution of

dated corals during the last 47 kyr is overlain by average coral mound aggradation rates (AR) of >30cm/kyr (boxes of different pink colours;

numbers in or on top the boxes indicate the ARs), which were calculated for individual coral mounds. (B) Sedimentation rate (SR) of core

MDO08-3227 recovered from the Pen Duick drift. The highest number of dated corals and highest mound ARs correlate well with very low
SRs (<5cm/kyr; dashed grey bar) and the condensed section (grey bar) identified for the drift core.

880 values (Penaud et al., 2011). The results of this study
confirm the inferred causal link between the position of
the AF and planktonic 80 values (Figure 5A,B). Only
for the period 35 to 30ka BP and during DO10, deviating
values, not matching with the position of the AF are ob-
tained. This may be due to the lower resolution of both
the planktonic 580 values (35 to 30ka BP) and the record
from Bonfardeci et al. (2018) or due to a local tempera-
ture gradient, lowering the planktonic §'*0 values in the
southern Gulf of C4diz. Similar conclusions regarding the
position of the AF in the region have been obtained by
former studies (Lebreiro et al., 2018; Voelker et al., 2006).

The planktonic §'®0 values of MIS3 show a 3.2kyr cy-
clicity (Figure 4), which is the average spacing of DO and
HE events (Figure 5). Dansgaard-Oeschger stadial cycles
of 3 and 4.5kyr, besides the well-known 1.5kyr cycles,
have been reported (Alley et al., 2001; Rahmstorf, 2006),
indicating that the planktonic 80 values are mainly in-
fluenced by northern hemisphere glaciations.

Marine Isotope Stage 3 is characterised by a pronounced
cyclicity in the log(Fe/Ca) ratio, matching the §'*0 values
with high log(Fe/Ca) during cold periods (HE5, D010, HE4
and DO7; Figure 5A,F). Besides the high log(Fe/Ca) ratio,
HE4 and DO7 are also characterised by relatively high wind
speeds and more aeolian input (based on the endmember
analysis, Figure 5H), which could indicate that colder peri-
ods during MIS3 are characterised by stronger wind erosion,
supplying more terrigenous (aeolian) material to the study

area, resulting in the higher log(Fe/Ca) ratios. Moreover,
these cold periods are characterised by higher values of
planktonic 8"°C and lower benthonic 8"*C (Figure 5D,E).
The planktonic §"°C values indicate increased productivity
through intense wind-driven upwelling regimes, made pos-
sible due to enhanced north-eastern trade winds (Eberwein
& Mackensen, 2008; Penaud et al, 2010; Wienberg
et al., 2010). The low benthonic §"°C values, which record
12C enrichment, display an inverse trend to the planktonic
signal and are interpreted as enhanced particulate organic
matter fluxes, in accordance with enhanced sea surface pri-
mary productivity (Eberwein & Mackensen, 2006). These
findings are, to a large extent, in accordance with regional
productivity patterns recorded off the Portuguese margin
and in the Gulf of Cadiz (Eynaud et al., 2009; Incarbona
et al., 2010). Additionally, Tjallingii et al. (2008) linked the
increased primary productivity off Mauritania during each
cold period to a shift of the intertropical convergence zone,
resulting in increased north-west African aridity and a
stronger wind regime. If the intertropical convergence zone
moves north, the Azores high and Azores Front will too.
The similar planktonic 8'®0 values of cores MD08-3227 and
MD99-2339 (Figure 5A) provide additional evidence for this
northward move.

Since colder periods are characterised by higher input of
terrigenous (of aeolian origin) material, but also by increased
primary productivity (Figure 5D), the high log(Fe/Ca) ratio
(Figure 5F) indicates that the increased terrigenous supply
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outmatches the increased input of Ca through enhanced
productivity. During warmer periods, less terrigenous mate-
rial is supplied, but also upwelling and productivity decrease
(Figure 5D). The net result is an increase of the ratio of bio-
genic material and a decreasing log(Fe/Ca) ratio.

5.2.2 | Post-condensed section: MIS 2 and

MIS 1

The condensed section ends at 22.7ka BP, roughly at the
end of HE2. Between HE2 and HE1, the AF is mostly situ-
ated north of 36°N, resulting in similar planktonic 8'%0
values (22.5 to 19ka BP), while during most of HEI, the
AF is situated even south of 30°N (Bonfardeci et al., 2018),
yielding the possibility of a Gulf-of-Cadiz-entering branch.
This matches with the discrepant planktonic §'*0 values
between cores MD08-3227 and MD99-2339 during most of
HEI1 (Figure 5A) and is confirmed by Rogerson et al. (2004)
who reported an eastward branch of the AF penetrating
the Gulf of Cadiz prior to 16ka BP. At the end of HE1 and
shortly after it, the eastward branch is absent (Rogerson
et al., 2004), explaining the once again similar values.

During the B-A, the position of the AF shifts rapidly
northwards (Bonfardeci et al., 2018; Figure 5B), indicating
the absence of an eastward branch of the AF. However, the
planktonic 8'®0 values show a significant offset between
cores MD08-3227 and MD99-2339 (Figure 5A), implying a
different oceanographic regime in the northern and south-
ern Gulf of Cadiz. Several factors may cause this discrep-
ancy. In the first place, this may have been caused by an
eastward branch of the AF, not picked up in the Bonfardeci
et al. (2018) data or a temperature gradient of different origin
that existed during that period. A second possibility is the
incorporation of reworked material containing lower plank-
tonic 5'®0 values into the sedimentary sequence, delivered
by the bottom currents. Similar transport mechanisms are
reported in several studies for the northern Gulf of Cadiz
(Alonso et al., 2016; Takashimizu et al., 2016). Despite the
lower bottom currents (indicated by the mean sortable silt
values) during this period, they may still be able to transport
reworked material to the sediment drift. The percentage
of EM3 (opposite of the aeolian component, Figure 5H) is
markedly higher during the B-A and supports the possibil-
ity of fluvial sediment incorporation by the (weaker) bottom
currents during this period.

At the start of the YD, the planktonic 8'80 values are
similar for cores MD08-3227 and MD99-2339 for about 1 kyr
(Figure 5A), while for the remainder of the YD and the start
of the Holocene they differ by about 0.5 - 1%0 (Figure 5A).
Although Bonfardeci et al. (2018) do indicate a small south-
ward shift of the AF at the start of the YD (Figure 5B), this
shift is not sufficient to yield the possibility of an eastward

branch of the AF and to explain the dissimilar values for both
cores in the Gulf of Cadiz. Unlike Bonfardeci et al. (2018),
Rogerson et al. (2004) do report an eastward branch of the
AF during this period. The data presented here support the
findings of Rogerson et al. (2004) and may imply that a more
southward shift than Bonfardeci et al. (2018) indicated took
place and lasted longer, from the second half of the YD to
the onset of the Holocene.

The largest part of the Holocene is characterised by sim-
ilar values for cores MD08-3227, MD99-2339 (Figure 5A),
MDO04-2805CQ (Penaud et al., 2011) and TG2 (Lebreiro
et al., 2018), indicating a large displacement of the front,
yielding similar conditions (and consequently plank-
tonic 6'%0 values) for all four cores. Indeed, Bonfardeci
et al. (2018) indicated an extreme northward position
(north of 40°N) for most of the Holocene (Figure 5B),
rendering an eastward branch entering the Gulf of Cadiz
impossible and explaining the similar values for all cores.

The log(Fe/Ca) ratio displays an overall decreasing
trend from the end of the Last Glacial Maximum until the
end of the Holocene (3ka BP), after which an increase is
noticed again (Figure 5F). One marked increase in log(Fe/
Ca) is present during the B-A, coeval with a large decrease
in both aeolian input and wind speed (Figure 5H). Given
the large decrease in aeolian input (and input of Fe), a
relatively larger decrease in biogenic Ca rather than an
increase of terrigenous material is inferred for the higher
log(Fe/Ca) ratios. This is confirmed by the planktonic §"*C
values, which drop during the B-A (Figure 5D), inferring
lower primary productivity and consequently lower rates
of biogenic Ca. During the last 19kyr, the planktonic §"*C
values show two distinct intervals of high values (HE1
and YD; Figure 5D). Similar to MIS3, benthonic §"C
values during HE1 and the YD display an inverse trend
to the planktonic signal (Figure 5D,E), hinting towards
enhanced particulate organic matter fluxes during peri-
ods of enhanced primary productivity. Similar findings
for the Iberian margin have been described by Penaud
et al. (2011).

5.3 | Drift build-up: water masses and
controls
5.3.1 | Water masses

For sediment drifts in the southern Gulf of Cadiz, two
water masses are considered to be of prime importance.
While MOW is held responsible for the drift depos-
its recovered within core TG2 by Lebreiro et al. (2018),
Vandorpe et al. (2016) linked the sediment drifts in the
EAMVP to AAIW. Lebreiro et al. (2018) related high val-
ues of benthonic §'°C at site TG2 to higher portions of a
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southward-flowing upper MOW. Four of these short-lived
episodes are recorded in core TG2 and can be linked to
periods with deposition of silty contourites. For most of
the last 19ka BP, the benthonic §"°C values of core MD99-
2339 (within the MOW pathway) and MD08-3227 (this
study) are in phase (Figure 5E; correlation coefficient of
0.532) and the values for cores TG2 and MDO08-3227 are
very similar (average difference below 0.2%o), indicating
that this southern branch of MOW may have played a role
in shaping the Pen Duick drift during this period.

However, the Pen Duick drift is currently influenced
by the AATW/NACW interface, and several authors have
suggested that the AAIW was also the predominant influ-
ence during the Last Glacial Maximum (Dubois-Dauphin
etal., 2016; Mienis et al., 2012; Vandorpe et al., 2014, 2016).
Pahnke et al. (2008) recorded periods of increased AATW
influence during the last 20kyr within the western sub-
tropical Atlantic and Penaud et al. (2010) attested the pres-
ence of a hydrological structure during HE2, HE1 and the
YD, separating the southern and northern Gulf of Cadiz
water masses. This renders the influence of MOW on the
Pen Duick drift difficult during these periods and sup-
ports AAIW as the most influential water mass. Moreover,
benthonic 8'%0 values during HE1 decrease gradually
by about 0.75%. for core MD08-3227 (Figure 5C), which
are values associated with global sea-level rises (Voelker
et al., 2006; Waelbroeck et al., 2019), while for core MD99-
2339, values decrease drastically (Figure 5C), indicative of
an invigorated MOW (Voelker et al., 2006). If MOW played
a role in shaping the Pen Duick drift, one would have ex-
pected a decrease of the same magnitude as in the north-
ern Gulf of Cadiz. These contrasting differences indicate
that MOW probably played a very limited role in shaping
the Pen Duick drift during HE1, the YD and most likely
during the entire post-condensed section period. Since
core TG2 is located about 50 km south of core MD08-3227,
MOW-influence at that location cannot be excluded based
on this papers findings.

During MIS3, the correlation coefficient of benthonic
8'°C values of cores MD08-3227 and MD99-2339 (MOW-
shaped location) is —0.182, indicating that MOW most
likely also played no defining role in shaping the EAMVP
sediment drifts before the condensed section. Within the
sub-tropical Atlantic, AAIW productivity increases during
DO stadials and is coeval with periods of reduced Atlantic
meridional circulation (Anderson et al.,, 2009; Henry
et al., 2016; Jung et al., 2011; Skinner et al., 2010). The
increased productivity during DO stadials (Figure 5D)
results in enhanced advection of AAIW, which provides
a suitable mechanism to explain the bottom current
variability prior to 30.5ka Bp, which is markedly higher
during DO6, DO7 and HE4 (higher mean sortable silt

values, Figure 5G). In addition, the sortable silt data con-
tain a 1.47kyr cyclicity during MIS 3 (Figure 4), which is
the spacing of DO events (Alley et al., 2001). This is char-
acteristic for the north-east Atlantic, where millennial-
scale DO stadial/interstadial cycles span from 33 to 50 ka
BP (Hodell et al., 2013; Martrat et al., 2007; Shackleton
et al., 2000; Voelker et al., 2006). The matching cyclicity
and higher bottom currents during DO events both hint
towards AAIW influence during MIS3 in the studied area.

5.3.2 Bottom current variability and
sediment supply

Sediment drifts are typically associated with increased
sedimentation rates (Rebesco et al., 2014) and are ubig-
uitous in the area (Vandorpe et al., 2016). They result
from enhanced bottom currents, for which sortable silt
is known to be a good indicator (McCave, 2008; McCave
& Hall, 2006; McCave et al., 1995, 2017). The variations
in sortable silt of core MDO08-3227 (Figure 5G) may in-
deed result from winnowing of the fine terrigenous
fraction within sediment drifts due to enhanced bot-
tom currents (Alonso et al., 2016; Gonthier et al., 1984;
McCave et al., 1995; Nelson et al., 1993; Stow et al., 2002).
However, the increases in (sortable) silt in the area
have previously often been interpreted as increased
aeolian dust input associated with north-west African
aridification periods (Holz et al., 2007; Rodrigo-Gamiz
etal., 2014).

Differentiating between both explanations is not
straightforward. For example, Vandorpe et al. (2014) in-
dicated variations in drift growth on larger time scale
within the Pen Duick drift (100 kyr periods), related to
changing bottom current velocities, while Wienberg
et al. (2010) considered the main coarse sediment
source (i.e. >6 pum), and hence (sortable) silt variations,
to be predominantly of aeolian dust origin. The latter
interpretation agrees with enhanced aeolian dust input
during DO stadials off Mauritania (Tjallingii et al., 2008)
and may additionally provide a suitable driving mech-
anism to explain the productivity pattern, reflected in
the planktonic 8'°C values (Figure 5D). Such findings
are also reported by Penaud et al. (2010) and Wienberg
et al. (2010). However, they do not exclude the possible
(additional) influence of bottom currents. Comparing
the sedimentation rates of cores MDO08-3227 and
GeoB9064 (Wienberg et al., 2010), situated only 25km
north of MD08-3227, shows that rates up to ca 25cm/
kyr are reported for GeoB9064, while rates exceeding
50cm/kyr are regularly observed for core MD08-3227,
with peaks even exceeding 100cm/kyr. If the entire
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region is affected solely by changes in aeolian dust
input, equal sedimentation rates would be expected for
sites so close to each other. Given the much higher rates
for core MDO08-3227, the influence of bottom currents
is likely, which can affect the sortable silt variations of
core MD08-3227 as well.

Finding out which factor (aeolian input or bottom
currents) is the most important at each stage is dif-
ficult, although the dataset does give some indica-
tions. From HE4 to DO7, overall high values of mean
sortable silt (around 20 pm) are noticed, matched by
the highest sedimentation rates obtained for the last
47kyr (up to 200cm/kyr; Figure 5G,I). During this
period, aeolian input is variable, but not synchro-
nous with the sedimentation rates (correlation co-
efficient of —0.190; Figure 5H). This indicates that
the high sedimentation rates are most likely related
to drift development and higher bottom currents and
to a lesser extent to variations in aeolian input. Also
during DO6, a peak in sortable silt is matched by a
minimum in aeolian input and slightly higher sedi-
mentation rates (compared to the surrounding values,
Figure 5G,H,I). The higher sortable silt values during
DO6 might again be due to drift build-up and elevated
bottom currents.

During the last 23kyr, the picture is different.
Sedimentation rates exceeding 50cm/kyr are only ob-
served during the B-A and the YD (Figure 5I), periods
matched by two distinct peaks in aeolian input, together
covering a substantial part of this period (Figure 5H).
Consequently, one could conclude that the higher sed-
imentation rates (and consequently drift build-up) are
most likely related to increased aeolian input. However,
since the nearby site GeoB9064 displays much lower sedi-
mentation rates during this period (ca 25 cm/kyr), bottom
currents are believed to play a role as well and can explain
these much higher sedimentation rates. Consequently,
drift build-up during the post-condensed section is coeval
with enhanced aeolian input, but bottom currents have an
amplifying effect on the sedimentation rates. Considering
the last 47kyr, the build-up of the Pen Duick drift seems
to be mainly controlled by elevated bottom currents, but
after the condensed section, aeolian input also plays an
important role.

6 | CONCLUSIONS

The study of the 47 kyr long sedimentary record of the Pen
Duick drift along the Moroccan Atlantic margin provides
detailed insights on the palaeoceanography of the region,
but also sheds insights into the regional palaeoclimatol-
ogy. The main findings are summarised below.

1. A 7.8kyr condensed section is present within the sed-
imentary record of the Pen Duick drift, characterised
by low sedimentation rates and low log(Fe/Ca) ratios.
The condensed section is the result of enhanced long-
lasting bottom currents and increased internal tidal
energy due to higher density differences between two
overlying water masses, in this case (glacial) NACW
and AATW.

2. The formation of the condensed section occurred con-

temporaneous to a prolific cold-water coral growth
phase in the southern Gulf of Cadiz. During this pe-
riod, enhanced bottom currents are inferred, prevent-
ing the deposition of sediment within the sediment
drift. Consequently, sediments remained longer in sus-
pension, allowing them to be baffled by the corals and
depositing them in their framework. This showcases
the need for studying both on-mound and off-mound
cores (Hebbeln et al., 2019b) when investigating the
formation of a cold-water coral mound province across
climate cycles.

3. The presence of the AAIW-shaped Pen Duick drift ren-
ders it the most distal sedimentary expression of AAIW
within the entire North-East Atlantic. This highlights
once more how sedimentation patterns can still be af-
fected by a water mass, even though they are located
so far from the source region of the responsible water
mass.

4. The sedimentation rates within the Pen Duick drift

are not only influenced by the action of the bottom
currents, but also by the input of (aeolian) sediment.
Increased aeolian input during mainly colder periods,
provided more input for the Pen Duick drift, allowing
it to reach sedimentation rates exceeding 80 cm/kyr at
times.

5. Palaeoclimate conditions in the southern Gulf of Cadiz
seem to be mainly controlled by the position of the
Azores Front (AF). When the AF shifted far enough
north (north of 36°N), similar climate conditions are
inferred for the northern and southern Gulf of Cadiz,
while southward shifts induced a Gulf of Cadiz-
penetrating branch of the AF, resulting in different
conditions north and south of this branch.

6. Although MOW is inferred to be present 50 km south
of the Pen Duick Escarpment (Lebreiro et al., 2018),
the Pen Duick drift is mainly built up under the ac-
tion of the (glacial) AAIW and the overlying NACW.
Consequently, this study confirms the AAIW as the
main drift-building water mass within the southern
Gulf of Cadiz. However, questions are being raised
regarding the temporal and spatial variability of both
MOW and AAIW within the southern Gulf of Cadiz.
How far north does the AATW reach? What is the tem-
poral and spatial impact of both water masses on the
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sedimentation patterns in the southern Gulf of Cadiz?
How, where and when did these water masses inter-
act? These questions can only be solved by strategically
sampling additional (drift) systems in the southern
Gulf of Cadiz and investigating the palaeoceanographic
and palaeoclimate evolution of these cores.
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