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ABSTRACT

Interplay of deep-water sedimentary processes is responsible for building a
myriad of features and deposits across mixed turbidite-contourite systems,
from <5 cm beds to >200 km long sedimentary drifts. Investigations of the spa-
tial and temporal variability of their sedimentary facies and facies associations
is crucial to reveal the dynamics between along-slope bottom currents and
down-slope turbidity currents, as well as their impact on drift construction and
channel erosion. This study focuses on extensive modern mixed (turbidite—
contourite) systems, developed across the continental rise of the Pacific margin
of the Antarctic Peninsula. Nine sediment cores were sampled and analysed,
through grain size and geochemical methods, to study the sedimentary facies at
high-resolution (ca 1 to 20 cm). Three main facies associations have been iden-
tified across distinct morphological features (i.e. mounded drifts and trunk
channels), comprising intercalations of hemipelagites, bottom current
reworked sands (which include fine to coarse-grained contourites) and gravita-
tional facies (turbidites and mass-transport deposits). These facies associations
reflect fluctuations of the background sedimentation, oscillations of the
bottom-current velocity and of the frequency of gravity-driven currents. The
sedimentary record features cyclic alternations during the Late Quaternary
(>99 kyr), suggesting that variations between along-slope bottom currents and
down-slope turbidity currents are strongly linked to glacial-interglacial cycles
during Marine Isotope Stages 1 to 6. Sedimentary records affected by bottom
currents on polar margins, such as those of the Antarctic Peninsula, are essen-
tial to decipher the facies and facies sequences of bottom-current deposits, as
the low degree of bioturbation throughout most of the sediments allows us to
observe the original sedimentary structures, which are poorly preserved in sim-
ilar deposits from other continental margins.

Keywords Antarctic Peninsula, contourite, Late Quaternary, mixed and
hybrid systems, sediment cores, turbidite.
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INTRODUCTION

A common challenge in deep-sea research is the
distinction of multiple sedimentary facies
within a complex depositional environment.
The mixing and interplay between several deep-
water sedimentary processes hinders their recog-
nition, particularly in settings dominated by
fine-grained sediments. Along-slope bottom cur-
rents and down-slope turbidity currents are con-
sidered two of the main multi-scale drivers
responsible for the formation of distinct sedi-
mentary facies and stratigraphic stacking pat-
terns across pure (i.e. contourite or turbidite)
and/or mixed turbidite-contourite systems
(Faugeres et al., 1999; Rebesco et al., 2014; Fon-
nesu et al., 2020; Rodrigues et al., 2021). Thus,
deep-marine systems are characterized by
numerous features and deposits built by the
interplay of bottom current entrainment and
winnowing, turbidity current overspill and con-
tinuous hemipelagic settling.

However, the establishment of clear, diagnos-
tic criteria for mixed depositional systems has
been the focus of a debate during the last dec-
ades (Shanmugam, 1997, 2017; Mulder et al,
2008; Stow & Smillie, 2020). Several authors
have identified contourite deposits based on the
presence and abundance of bioturbation (Stow,
1982; Gonthier et al., 1984; Stow & Faugeres,
2008), whereas others have emphasized the
importance of primary sedimentary structures
(Shanmugam et al., 1993; Stanley, 1993; Martin-
Chivelet et al., 2008). Furthermore, past sedi-
mentological studies of turbidite deposits, in
ancient records and in modern environments,
have called into question the previously estab-
lished criteria for turbidites (Shanmugam, 1997,
2016). These studies have proposed new con-
ceptual models (Lowe, 1982; Haughton et al.,
2009; Stow & Smillie, 2020; Zhang et al., 2020)
and highlighted the significance of interaction or
alternation in sedimentary processes (Mutti,
2011; de Castro et al., 2020, 2021). Mulder et al.
(2008) suggested that interactions between tur-
bidity and bottom currents can generate three
distinct types of deposits: (i) alternations of tur-
bidites and contourites (Stow et al.,, 1998;
Michels et al., 2002; Brackenridge et al., 2013);
(i) redistributed or reworked gravity-driven
deposits (Mutti, 1992; Stow et al., 2002; Han-
quiez etal, 2010; Gong etal, 2013); and
(iii) synchronous (mixed or hybrid) deposits
(Sansom, 2018; Fonnesu et al., 2020; Fuhrmann
et al., 2020). However, the full range of their

lateral and vertical associations remains
unknown. In fact, several authors have identi-
fied transitional facies between the previously
described examples and proposed additional
modifications to the currently known models
(Shanmugam, 2016, 2017; de Castro et al., 2020;
Stow & Smillie, 2020; de Weger et al., 2021).

There is a significant interest in the recogni-
tion and distinction of deep-water facies due to
their impact on the formation of hydrocarbon
reservoirs (Viana, 2008; Mutti et al., 2014; San-
som, 2018; Fonnesu et al., 2020), as well as their
usefulness as records of palaeoclimatic or
palaeoceanographic changes (Rebesco et al.,
2014; Thiéblemont et al., 2020), slope stability
and geohazard studies (Laberg & Camerlenghi,
2008; Miramontes et al., 2018; Teixeira et al.,
2019) and for the sustainability of deep-sea
ecosystems (Hebbeln et al., 2016; Lozano et al.,
2020). At present, the study of mixed systems
has focused strongly on the recognition of seis-
mic and morphological elements at a broad
(>10 m) to medium (ca 1 m) scale (Michels et
al., 2002; Gong et al.,, 2013; Mutti et al., 2014;
Creaser et al., 2017; Cauxeiro et al., 2020; Pan-
dolpho et al., 2021; Rodrigues et al, 2021).
However, several authors have underlined a
clear dearth of studies at the sedimentary facies
scale (Stanley, 1987, 1988, 1993; Shanmugam et
al., 1993; Viana et al., 1998; Gong et al., 2016).
A fine-scale analysis of mixed or hybrid systems
is needed to better understand the spatial and
temporal variability of their deposits and to link
their formation to the complex mixing of deep-
water processes.

The Pacific margin of the Antarctic Peninsula
(PMAP) holds extensive mixed depositional sys-
tems (Fig. 1A), characterized by complex sedi-
mentary features and diverse sedimentary facies
(Pudsey & Camerlenghi, 1998; Lucchi et al.,
2002; Lucchi & Rebesco, 2007; Venuti et al.,
2011; Hillenbrand et al., 2021). The PMAP pro-
vides a first-class perspective to better under-
stand the lateral and vertical distribution of
mixed depositional systems as it contains one of
the largest modern examples in existence, offer-
ing new insights into the interaction between
along-slope and down-slope processes. Thus,
the objectives of this work are: (i) to identify
and discriminate key sedimentary facies and
facies associations; (ii) characterize the spatial
and temporal variability of these facies and their
relation to the distinct morphological elements;
and (iii) decipher the controlling factors behind
their formation and their influence in the
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development of mixed systems. The present
results will not only contribute to the establish-
ment and recognition of diagnostic criteria for
sedimentary facies and facies associations devel-
oped in mixed depositional systems, but also
provide a deeper understanding of the PMAP
mixed systems and their development during
the Late Quaternary.

GEOLOGICAL AND OCEANOGRAPHIC
SETTINGS

Geological and morphological framework

The south-west part of the PMAP is a passive con-
tinental margin (Fig. 1). However, the PMAP used
to be an active margin as far back as the Early Cre-
taceous, due to the subduction of the Phoenix
Plate below the Antarctic Plate (Pankhurst, 1990;
Poblete et al., 2011; Nerlich et al., 2013). The
migration of the Antarctic-Phoenix spreading
ridge towards the trench that ran along the PMAP
resulted in ridge-crest trench collisions. As each
ridge segment arrived at the trench, subduction
ended along that section of the margin, and thus
the south-west part of the PMAP became passive
progressively from the middle Eocene to the Plio-
cene. Subsequent thermal decay, sediment depo-
sition and compaction led to a gradual
subsidence until the present day (Larter & Barker,
1989, 1991; Larter et al., 1997).

At present, the PMAP is characterized by dis-
tinct physiographic domains, with different
structural and morphological features (Fig. 1B).
The continental shelf of the PMAP dips land-
ward (0° to 1°) from the shelf break to the coast
and has an average water depth of 500 m (Fig. 1A).
The shelf is characterized by several cross-shelf
bathymetric troughs separated by banks (or
highs; Larter et al., 1997; Livingstone et al.,
2012; O Cofaigh et al., 2014; Lavoie et al., 2015).
The banks are generally associated with under-
lying structural or basement highs (Larter et al.,
1997; Rebesco et al., 1998; Hernandez-Molina et
al., 2017), whereas the troughs usually form
broad U-shaped, WNW-ESE to north-south
elongated depressions (Fig. 1A). These features
terminate at a steep continental slope (10° to
13°), which extends between 500 m and 3000 m
water depth (Fig. 1A) and is incised by numer-
ous north-west/south-east oriented gullies
between 550 m and 1600 m water depth (Van-
neste & Larter, 1995; Dowdeswell et al., 2004;
Heroy & Anderson, 2005; Gales et al., 2013).

Key sedimentary facies in mixed systems 1955

Below the steep slope, the continental rise forms
an extensive domain between 3000 m and
4500 m water depth (Tucholke & Houtz, 1976;
Tucholke, 1977). The continental rise hosts the
mixed turbidite—contourite systems (Fig. 1A),
characterized by distinct depositional and ero-
sional features (Rebesco et al., 1996, 1998, 2002;
Hernédndez-Molina et al., 2017). The mixed sys-
tems comprise 13 large, mounded drifts between
2300 m and 3900 m water depth (Fig. 1A),
which are separated by 12 north-west/south-east
oriented trunk channels (Fig. 1A; Tomlinson et
al., 1992; Rebesco et al., 1996, 1998, 2002; Dow-
deswell et al, 2004; Amblas etal, 2006;
Hernandez-Molina et al., 2017). The mounded
drifts exhibit variable morphology due to the
presence of channels and gullies across their
proximal flanks (Fig. 1B) and also of gravita-
tional scars across the steep south-west flanks,
and more rarely on the gently dipping north-east
flanks (Rebesco et al., 1998, 2002; Volpi et al.,
2011; Larter et al., 2019). A dendritic channel
network at ca 2500 m water depth feeds into the
large trunk channels (Tomlinson et al., 1992;
Rebesco et al., 2002; Amblas et al., 2006), form-
ing north-east/south-west to north-west/south-
east erosional features across the lower slope
and upper continental rise (Fig. 1B). These fea-
tures are often associated with channel overbank
deposits across intra-channel areas (Fig. 1B),
which appear as symmetrical to asymmetrical
‘bar’ shapes, usually parallel to the channel sys-
tem trend (Fig. 1B). Gravitational deposits, such
as mass-transport deposits (MTDs), debrites and
turbidites have also been identified within the
complex channel systems and across the
mounded drifts (Amblas et al., 2006; Diviacco et
al., 2006; Lucchi & Rebesco, 2007; Rebesco &
Camerlenghi, 2008; Volpi et al., 2011).

Modern circulation

The Southern Ocean is characterized by one of
the largest ocean currents, the Antarctic Circum-
polar Current (ACC), which is driven eastward
by strong wind stresses (Fig. 1A). The ACC
reaches an average net baroclinic transport of
173 Sv (1 Sv equals 10°m®s™') as it flows
through the Drake Passage (Donohue et al.,
2016). The ACC also has several bottom-
reaching fronts, which dip preferentially
towards the north (Naveira Garabato et al., 2002,
2003). However, the oceanic circulation of deep
and bottom waters along the PMAP comprises
mainly Circumpolar Deep Water (CDW) and its
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Fig. 1. Location of the modern mixed depositional systems and schematic deep ocean circulation on the Pacific
margin of the Antarctic Peninsula (PMAP). Oceanographic circulation after Orsi ef al. (1995, 1999), Giorgetti ef al.
(2003), Hillenbrand et al. (2008a), Palmer et al. (2012) and Hernandez-Molina et al. (2017). This map is based on
the GEBCO gridded bathymetry (GEBCO, 2019).
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mark the depth ranges of high-resolution core photographs and X-radiographs shown in Figs 3, 6 and 13.
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(Fig. 2), collected during the PNRA (Italian
national program of research in Antarctica)
SEDANO-II Project in 1998 (Fig. 1A). Cores
SED-12 and SED-13 were taken from the north-
east flank of Drift 7, while PC727 was recovered
from its crest (Fig. 1A). SED-11 was collected on
the Alexander Channel, between Drifts 6 and 7,
whereas SED-18 was taken near the channel
mouth (Fig. 1A). Furthermore, core PC728 was
collected from the proximal crest of Drift 6 and
PC736 was retrieved from the proximal crest of
Drift 4 (Fig. 1A). Box core GBC733 was recov-
ered from the Tula Channel between Drifts 5
and 5A (Fig. 1A), and SED-20 was taken from
the Palmer Channel between Drifts 3A and 3
(Fig. 1A). The parameters analysed on each sedi-
ment core are listed in Table 1.

The sediment cores were visually described,
logged and sampled for different analyses
(Table 1) to study the sediment composition,
lithological contacts, sedimentary structures, ich-
nological features, geochemical properties, and
the spatial and temporal variability of each sedi-
mentary facies.

Methodology

High-resolution core photographs and
X-radiographs

High-resolution photographs and X-radiographs
of the archive halves of the sediment cores were
obtained during and after cruises JR298 and
SEDANO-II (Fig. 3). The high-resolution pho-
tographs were taken at the Istituto di Scienze
Marine of the Consiglio Nazionale delle
Ricerche (ISMAR-CNR, Bologna) using a Colour
Line Scan Camera (equipped with a third gener-
ation Avaatech XRF core scanner; Avaatech,
Dodewaard, The Netherlands), which has a cross
coverage up to 150 mm and a resolution of

70 pm. Two-dimensional X-radiographs from the
archive halves of the JR298 cores were prepared
at The Queen’s Veterinary School Hospital,
University of Cambridge (UK), whereas the X-
radiographs of the SEDANO-II cores were
acquired by SGP TESTING S.rl. in Trieste
(Italy). X-ray settings (energy, exposure time,
etc.) were selected to obtain optimum image
quality and adjusted to compensate for varia-
tions in half-core section thickness and lithol-
ogy. For most core sections, three to four
overlapping images were acquired and subse-
quently cropped and sliced. These methods aid
visual core description with the identification of
lithological variations and sedimentary struc-
tures.

X-ray fluorescence scanning

X-ray fluorescence (XRF) scanning was con-
ducted on both the SEDANO-II and the JR298
cores. The JR298 cores were scanned with a third
generation Avaatech XRF core scanner with a
Rhodium-anode at the Department of Earth
Sciences, University of Cambridge. Each section
was measured at three different voltages and cur-
rents: 10 kV and 750 mA, 30 kV and 500 mA,
and at 50 kV and 1000 mA. Results were previ-
ously presented in Channell et al. (2019) and Hil-
lenbrand et al. (2021). The XRF scans on the
SEDANO-II cores were carried out at ISMAR-
CNR, also using an Avaatech XRF core scanner
with a Rhodium-anode. This non-destructive
method yields semi-quantitative elemental data
for major and minor elements in total counts. The
XRF scans were performed at 1 cm resolution,
using voltages of 10 kV, 30 kV and 50 kV and a
current of 0.4 mA. The XRF scanning results were
used to study the geochemical composition of the
sediments. Central log ratios (cIr) were calculated
after Aitchison (1986) and Martin-Puertas et al.

Fig. 3. Detailed core photographs (D to M), X-radiographs (A to F) and thin sections (‘1’ to ‘6’) for the identified
facies. (A) Facies-a and Facies-b with dominant Zoophycos (Zo), Thalassinoides (Th), Planolites (PI) and local
Chondrites (Ch) and U-shaped traces (U-sh), foraminifera (1) and IRD ‘cap’; (B) parallel and cross-laminations in
Facies-d with clay to silty sand lamina, and local occurrences of Phycosiphon (Ph) and vertical traces (vt); (C)
Facies-e with parallel-laminations, local Phycosiphon (Ph) and increase of sand content and bed thickness
towards its base; (D) Facies-c with tilted beds; (E) mud ripples characteristic of Facies-d with scarce Planolites
(PD); (F) parallel-laminations in Facies-e; (G) turbidite deposits with parallel-laminations of Facies-g alternating
with Facies-a (4); (H) reworked turbidite deposit of Facies-g overlain by Facies-e, d and a; (I) reworked turbidite of
Facies-f with cross-laminations; (J) thin-bedded turbidites with flame structures of Facies-g alternating with
Facies-a (5); (K) coarse to fine-grained (2’ and ‘3’) reworked turbidite with normal grading and parallel-
laminations of Facies-f; (L) thin-bedded turbidites with parallel-laminations of Facies-g alternating with Facies-a
(‘6’); and (M) poorly sorted mixture of matrix and pebbles in Facies-c. Depth ranges of core intervals are given in
Fig. 2.
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(2017) as they provide a better estimation of ele-
ment concentration in the sediments:

A
clrA=In (A_g)

Here, cIr A represents the central log ratio, deter-
mined as the measurement of the element (A) by
the geometric mean (Ag) of all the elements
analysed. The central log ratios were subse-
quently used to produce a robust cluster analy-
sis and evaluate the geochemical composition of
the sediments without prior knowledge. Further
information was derived from biplots of the
clustering analyses, which helped to visualize
the loadings (variables) of the principal compo-
nent analyses (PCA) and estimate the best ele-
ment associations to represent the cored
sediments. Element ratios were plotted as log-
normalized ratios [=In(A/B)] after Weltje & Tjal-
lingii (2008).

Element ratios of In (Zr/Rb) were used to dis-
criminate grain-size changes in deep-water sedi-
ments (Wu et al.,, 2020), whereas In (Ca/Ti)
indicates variations in the biogenic (Ca) and
detrital (Ti) input, if the sediments contain cal-
careous microfossils (Vandorpe et al., 2019),
such as the studied cores (Villa et al., 2003; Hil-
lenbrand et al., 2021). In addition, In (Ba/Al)
was used as an established reliable palaeopro-
ductivity proxy for Antarctic continental margin
sediments (e.g. Hillenbrand et al., 2021, and ref-
erences herein), while In (Fe/Ti) and In (Mn/Al)
were used to characterize the redox conditions
in the sediment column and, thus, infer the oxy-
genation of pore and palaeo-bottom waters
(Spofforth et al., 2008; Vandorpe et al., 2019).
The XRF data, cluster analyses and PCA are
openly available in the Mendeley Data Reposi-
tory, at: http://doi.org/10.17632/524cr43x9j.1.

Grain-size analysis

Samples for grain-size analyses were collected
every 10 cm for the whole length of cores
SEDANO 12 and 13, and every 20 cm for cores
SEDANO 11, 18 and 20. The JR298 cores were
sampled at 10 to 20 cm intervals. In total, 317
samples were collected to study the textural
properties of the sediments.

Grain-size analyses were prepared and carried
out in 2019 and 2020 at the University of Bor-
deaux, France. Initially, bulk sediment samples
were dried at 40°C for 24 h to determine their
total dry weight. Dry sieving over 2 mm was

conducted for samples with grains too coarse for
laser particle-size analysis. About 1 to 2 g of
sediment was collected for laser grain-size anal-
ysis and treated by three different procedures to
remove the biogenic components, i.e. calcium
carbonate (CaCOj3), organic matter and biogenic
silica. The samples were initially decalcified in
a hydrochloric acid (HCl) 37% solution, resus-
pended in distilled water, and dried in an oven
at 40°C. After this procedure, the organic matter
was removed by submersion of the sample in a
hydrogen peroxide (H,O,) 35% solution. The
resulting sample was resuspended in distilled
water (H,O) and dried in the oven at 40°C. The
final procedure applied leaching with sodium
carbonate (Na,CO3) 2 M solution in a bain-marie
at 90°C, followed by resuspension in distilled
H,0O and drying at 40°C to remove the biogenic
silica.

Grain-size analyses were performed on the
treated samples using a laser microgranulometer
Malvern Mastersizer hydro2000G with a size
range of 0.020 to 2000 pm (Malvern Panalytical,
Malvern, UK). The grain-size distribution was
analysed using the GRADISTAT software (Blott
& Pye, 2001), which plots the grain-size results
across histograms, logarithmic plots and ternary
diagrams, according to the geometric graphical
methods of Folk & Ward (1957) to assess the
clay, silt and sand content. Sorting, skewness
and kurtosis are described using the scheme
proposed by Folk & Ward (1957) and mean grain
size uses a modified Udden-Wenthworth grade
scale (Blott & Pye, 2001). Sortable silt (10 to
63 ym) mean size (SS) and sortable silt percent-
age (SS%) within the fine fraction (<63 pm)
were calculated following the methods of
McCave etal (1995, 2017) and McCave &
Andrews (2019). Using the Weddell/Scotia Sea
calibration equation from table 2 in McCave
et al. (2017), scalar flow speed (cm s™') was cal-
culated from measured SS to estimate the
palaeocurrent speed of the bottom current:

~ SS-1273
~ 0515

where U is scalar flow (cm s™') and SS represents
the mean sortable silt (McCave et al., 2017).

Thin sections

Samples for thin sections were collected every
20 to 50cm as 2x3cm cubes in the
SEDANO-II  cores, adjacent to grain-size
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samples, or when changes in sedimentary
facies were observed. Sampling also focused
on sand-rich or coarse silt beds. The samples
were cut and ground smooth to 30 ym thick-
ness at the Royal Holloway University of Lon-
don, United Kingdom, following standard soft
sediment impregnation methods (Palmer et al.,
2008; Meer & Menzies, 2011; Menzies & van
der Meer, 2018). In total, 84 normal thin sec-
tions and 76 dyed sections were produced to
examine the microfacies under a polarizing
petrographic microscope.

Ichnological analysis

Ichnological analysis was conducted after digital
enhancement of the high-resolution core pho-
tographs to enhance visibility of the biogenic
structures. Their identification followed the pro-
cedures described in Dorador et al. (2014a,
2014b), Dorador & Rodriguez-Tovar (2018) and
Miguez-Salas et al. (2019). Ichnological features
such as orientation, shape, size, distribution,
infilling material and degree of bioturbation
were recorded, allowing ichnotaxonomical clas-
sification (Knaust, 2017).

Age models

High-resolution age models had been previously
established for several SEDANO cores (including
SED-12 and SED-13) and all of the JR298 piston
cores by applying relative palaeointensity (RPI)
dating (Sagnotti et al., 2001; Macri et al., 2006;
Venuti et al., 2011; Channell et al., 2019). Based
on those age constraints, sedimentation rates
were calculated for cores PC728, PC736, SED-12
and SED-13 (Table 2). For cores without RPI age
models (SED-11, SED-18 and SED-20), previ-
ously published age models were used based on
proxy correlations constrained by biostratigra-
phy, RPI-dating and tephrochronology (Lucchi et
al., 2002; Villa et al., 2003; Hillenbrand et al.,
2008b, 2021; Venuti et al., 2011). Figure S3 and
Table S1 provide the chronostratigraphic con-
straints for the sediment cores.

Nomenclature

This study follows the criteria proposed by Stow
& Tabrez (1998) for the identification and
description of hemipelagic deposits. The classi-
fication of fine to coarse-grained contourites fol-
lows the nomenclature proposed by Faugeres &
Stow (2008) and Rebesco et al. (2014), as well as
the textural classification of Brackenridge et al.
(2018). The description of fine to coarse-grained
turbidites is based on Middleton & Hampton
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(1973), Lowe (1982) and Stow & Piper (1984).
The identification of gradual or transitional
facies is based on the concepts proposed by
Shanmugam et al. (1993), de Castro et al. (2020,
2021) and Fonnesu et al. (2020).

RESULTS

Sedimentary facies

Seven sedimentary facies have been identified
throughout the sediment cores (Figs 3 and S2).
The full lithological description and facies inter-
pretation for each sediment core, along with
X-radiographs for the JR298 cores and core photo-
graphs for the SEDANO cores, are included in Fig.
S2.

Facies-a: structureless clay and silty clay
Facies-a consists of structureless (or very faintly
laminated) clay and diatom-bearing silty clay of
predominantly grey-brown to brown or olive-
brown colour, with gradational tops and bases
(Fig. 3A). Locally, this facies can appear biotur-
bated; certain intervals have a mottled texture,
while others show clear, discrete traces of Tha-
lassinoides and Planolites (Fig. 3A). Its sediment
may contain diatoms, foraminifera and radiolari-
ans (Fig. 3, section ‘1’). The intervals with faint
laminations may be occasionally disrupted by
very small traces of Phycosiphon (Fig. 3C). In
general, the thickness of this facies varies
between 5 cm and up to 3 m (Fig. 2). Facies-a
represents ca 40 to 50% of the total sediment
thickness in most cores (Fig. S2).

Textural analyses indicate that Facies-a com-
prises unimodal fine to coarse silt (with a mode
of ca 8.3 pm; Figs 4, 5 and 6A), that is poorly
sorted (‘trend a and b’ in Fig. 7A and B and fol-
lowing ‘trend a and b’ in Fig. 8), with a symmet-
ric to fine skewed mesokurtic distribution
(between ‘trend a and b’ in Fig. 7D). Facies-a
has a SS of 20 pm (between 14 pm and 33 pm)
and a relatively variable SS% of 34% (between
11% and 62%; Fig. 12). It has high In (Fe/Ti)
and occasionally high In (Mn/Al) and In (Ba/Al;
Fig. 9A), and low In (Ca/Ti) and In (Zr/Rb). Yet,
these ratios are higher at transitions to other
facies (Fig. 9).

Facies-b: bioturbated and ice-rafted debris-
bearing clay and silty clay

Facies-b is defined as intensely bioturbated clay
and silty clay (Fig. 3A) with coarse-grained ice-
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rafted debris (IRD). The bioturbated clay and silty
clay is dark greyish-brown or brown, and the IRD
ranges in colour from black to dark brown. The
IRD clasts are angular and appear to be more con-
centrated towards the top of Facies-b (Fig. 3A).
This facies is characterized by gradual top and
basal contacts (Fig. 6A). Facies-b is also character-
ized by the highest abundance of trace fossils and
ichnodiversity. Discrete trace fossils mainly con-
sisting of Zoophycos, Thalassinoides and Plano-
lites, with occasional Chondrites and U-shaped
structures, are superimposed on a mottled back-
ground texture (Fig. 3A). Cross-cutting relation-
ships between trace fossils are frequent (Fig. 3A).
The matrix of Facies-b contains fragmented or
whole diatoms, planktonic foraminifera and rare
radiolarians (Fig. 3, section ‘1’). In most of the
cores, Facies-b is usually present near the core
tops (Fig. S2).

Facies-b is characterized by unimodal fine to
medium silt (with a mode of ca 6.9 pm; Figs 4 and
5), poorly to very poorly sorted (‘trend a’ in Figs 7
A, 7B and 8), with a symmetrical to fine skewed
mesokurtic to platykurtic trend (‘trend o’ in Fig. 7
A to D). The sortable silt data of Facies-b are simi-
lar to those of Facies-a, with SS being on average
20 pm (between 16 pm and 24 pm) and SS% being
34% (22 to 43%; Fig. 12). The bioturbated clay
and silty clay beds show high In (Fe/Ti) and In
(Ba/Al) and low In (Ca/Ti) and In (Zr/Rb). The top
of Facies-b, which is enriched in IRD, is character-
ized by low In (Ba/Al) and In (Fe/Ti), and high In
(Zr/Rb).

Facies-c: deformed sediments

Facies-c is defined as contorted, tilted or
deformed alternating clay to silty sand beds
(Fig. 4), representing complex folding and
slumping of previously deposited sediments
(from Facies-a to Facies-g), with steeply dipping
layers (Fig. 3D). The clays and silty clays are
dark brown or dark grey-brown, while the
interbedded clayey silts and muddy sands are
light to dark yellow (Fig. 3D). Angular IRD and
fragmented, soft-sediment clasts are dispersed
throughout the sediments. Trace fossils are
absent. Base and top contacts are usually erosive
or sharp (Fig. 3M). Facies-c exhibits deformed
parallel-laminations and occasional flame
structures across the top and basal contacts.
This facies appears abundantly along the steep
south-west drift flanks and submarine channels
(Fig. 5) and occurs more rarely on the gently
dipping north-east flanks and drift crests (Fig.
S2).

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 1953—1991



1966 S. Rodrigues et al.

Grain-size distribution

Samples sorted
by location:

o Drift crest

o NE drift flank
e Channel

Clayey | Muddy
Sand Sand

Silty
Sand

Sandy Clay Sandy Mud Sandy Silp

12 sjlt:Clay Ratio *

e Proximal drift crest

o Channel mouth

Samples sorted
by facies:
© Facies a
© Facies b
Facies c
© Facies d
o Facies e
o Facies f
o Facies g

Clayey | Muddy
Sand Sand

[
reworked o
turbidites

Sandy Clay

Sandy Mud Sandy Silo

2 o
@@@E@MWDE@S/

3% 0
2 10 D
10% turbidites N
Clay Mud 0eQ « D S <
‘fm%ﬁ%@_ ° \silt

12 gjlt:Clay Ratio >*
hemipelagites

Fig. 5. Ternary plots for the percentages (%) of clay, silt and sand content. Drift facies (Facies-d and e) have high
silt and sandy silt contents, while channel facies (Facies-g) trend from silt (silt : clay ratio >2 : 1) to sand (>90%).

Depths of discrete grain-size samples are marked in Fig. S2.

Grain-size parameters for Facies-c show uni-
modal or bimodal medium silt (with a mode of
ca 35.1 pm; Figs 4 and 5), which is poorly to
very poorly sorted (between ‘trend a and b’ in
Fig. 7A and ‘trend a and b’ in Fig. 8) and has a
symmetrical to coarse skewed (‘trend @’ in Fig. 7B),
platykurtic to leptokurtic population (‘trend b’
in Fig. 7D). Element ratios are usually low but
can show spikes in the interbedded muddy sand
beds (Fig. 10).

Facies-d: cross to parallel-laminated fine to
coarse silt

Facies-d consists of repetitive sequences of cross
to parallel-laminated fine to coarse silt laminae
between 1 cm and 5 cm thick, grading upward
into silty clay and clay (Fig. 3B). The silt lami-
nae appear darkish yellow or olive to grey-
brown; the silty clay and clay are dark brown or
dark greyish brown. The base and top contacts
correspond to gradational or slightly erosive
contacts. Internal structures include transitions
between cross-lamination, ripples, starving rip-
ples and irregular wavy laminations (Fig. 3E).
Rare IRD pebbles occur dispersed throughout
Facies-d. The silt laminae have an argillaceous
matrix with abundant quartz, feldspars and
lithic clasts (of igneous or sedimentary origin),
and more rarely fragmented bioclasts, biotite
and exsolved iron-oxide particles (Figs 3 and 4).

Bioturbation is scarce, with very small traces of
Phycosiphon and the occasional record of verti-
cal traces (Fig. 3B). A mottled bioturbated tex-
ture appears at the transition towards Facies-a
or Facies-b. Facies-d is more abundant within
the proximal drift crests and towards the gently
dipping north-east flanks (Figs 5 and S2).

Textural analyses define Facies-d as unimodal
to bimodal fine to very coarse silt (with a mode
of ca 50.3 pm; Figs 4 and 6B), which is poorly
to very poorly sorted (‘trend @’ in Figs 7A and 8)
and has a symmetrical to fine skewed, platykur-
tic trend (‘trend o’ in Fig. 7D). Facies-d has an
average SS of 25 pm (between 19 pm and 28 pm)
and average SS% of 42% (between 19% and
52%) (Fig. 12). This facies presents highly vari-
able values for all element ratios (Fig. 9A).

Facies-e: parallel-laminated clay to silty sand

Facies-e is defined by repetitive sequences of
parallel-laminated clay to silty sand beds, which
grade upward into silty clay and clay (Fig. 3F).
The silt and silty sand are darkish yellow or
olive to greyish brown, while the clay appears
dark brown or dark grey-brown. Occasionally,
grain size and bed thickness show a general
increase with depth from 1 to 10 cm thick beds
with gradational contacts (Fig. 3C). The thickest
sand beds (ca 10 cm) are massive (Fig. 6A). The
base and top contacts are gradational or, less
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ranges of core intervals are given in Fig. 2.

frequently, sharp (Fig. 6A). Bioturbation is rare,
with the occasional record of very small traces
of Phycosiphon within fine-grained horizons
(Fig. 3C). The matrix of the silt to sand beds is
characterized by rare argillaceous material with
sub-angular to round quartz, feldspars and vol-
caniclastics, and rare fragmented bioclasts, bio-
tite and exsolved iron-oxides (Fig. 3, sections ‘2’
and ‘3’). Facies-e is more abundant at the proxi-
mal drift crests (Figs 5 and S2).

Grain-size parameters indicate that Facies-e
corresponds to unimodal to bimodal very fine
silt to very fine sand (with a mode of ca
86.2 ym; Figs 4 and 5), poorly to very poorly
sorted (‘trend a’ in Figs 7A, 7B and 8), with a

symmetrical to fine skew and platykurtic trend
(‘trend @’ in Fig. 7C and D). It has relatively high
average SS of 24 pm (17 to 36 um) and average
SS% is 43% (23 to 73%; Fig. 12). Facies-e is
characterized by high In (Zr/Rb) while the other
elemental ratios are low (Fig. 9A).

Facies-f: cross-laminated fine to very coarse
sand

Facies-f is characterized by coarse beds of very
fine or medium sand to coarse or very coarse
sand and gravel (Fig. 3I and K). The fine to med-
ium sands are very dark brown or yellowish
brown at the base and coarsen upward into very
coarse dark brown sand before fining upward
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towards greyish brown or light beige medium to
fine sand (Fig. 4). Their thickness ranges
between 10 cm and 30 cm. Base and top con-
tacts with other facies are gradational or ero-
sional (Fig. 31 and K). The sand intervals are
characterized by sub-angular to round quartz,
feldspars, altered volcaniclastics and rare bio-
clast fragments, biotite, and exsolved iron-
oxides (Fig. 3, sections ‘2’ and ‘3’). This facies is
characterized by the presence of cross-
laminations and parallel-laminations (Fig. 31
and K). Granules are tightly concentrated and
oriented along the lamination trend of the coars-
est sand beds (Fig. 3I) with pebbles observed
across erosional bases (Fig. 31 and K). Coarse
sand infilled traces were not observed across the
coarse sand intervals of Facies-f nor in the
underlying facies (Fig. 3I). Facies-f commonly
occurs on the distal parts of the mounded drifts,
near or within the trunk channels (Figs 5 and
S2).

According to grain-size measurements, Facies-f
comprises unimodal fine to very coarse sand (with
a mode of ca 177.1 pm; Figs 4, 6C and 6D) that is

well to moderately sorted (‘trend ¢’ and secondar-
ily ‘b’ in Fig. 7B and along ‘trend ¢’ in Fig. 8),
with a symmetrical to very fine skewed trend and
a very leptokurtic distribution (along ‘trend b’ and
distributed towards ‘trend o’ in Fig. 7D). It has
high values for SS and SS%, on average 36 pm
(between 26 pm and 49 pm) and 72% (between
49 pm and 94 pm) (Fig. 12). Facies-f is character-
ized by increasing In (Zr/Rb) values from the base
to the centre of the facies, where it inverts and
decreases towards the top (Fig. 9A). Ln (Mn/Al),
In (Ba/Al) and In (Fe/Ti) ratios show the opposite
trend, with higher values near the base that
decrease towards the centre and increase towards
the top (Fig. 9A). Spikes in In (Zr/Rb) mark the
coarser-grained beds (Fig. 9A).

Facies-g: thin silt and silty sand lenses

Facies-g consists of yellowish and on average 1
to 3 cm thick (up to 5 cm thick) interbedded silt
or silty sand lenses or laminae (Fig. 3] and L).
Internal grain-size variations are rare, with
either reverse or normal grading between silty
clay and silty sand (Fig. 3G). The base and top
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contacts are erosive with frequent flame struc-
tures (Fig. 3, section ‘5’), or rip-up clasts at the
base. The silt to silty sand laminae are interbed-
ded by argillaceous brown to dark brown matrix
(Fig. 3, section ‘4’), while the sand-grains consist
mainly of quartz, feldspars, rare lithic or bioclast
fragments, and exsolved iron-oxides (Fig. 3, sec-
tion ‘6’). Facies-g exhibits parallel-laminations
or rare concave or contorted beds, which follow
the same orientation as the flame structures. It is
also characterized by normal or reverse micro-
faults (Fig. S2.2). Facies-g is more abundant
within channels and along the edges of the drift
flanks near the channels (Figs 5 and S2).

Textural analyses characterize Facies-g as uni-
modal fine silt to fine sand (with a mode of ca
60.2 pm; Figs 5, 6E and 6F), which is poorly
sorted (Figs 7B and 8) and has a coarse to fine
skewed grain population (‘trend @’ mainly,
‘trends b and ¢’ secondarily in Fig. 7B) with a
platykurtic to leptokurtic trend (‘trend o’ mainly
and dispersed towards ‘trend b’ on Fig. 7D).
This facies is characterized by generally high
values for all element ratios, except for In (Fe/
Ti; Fig. 9B).

DISCUSSION

Reconstruction of depositional processes and
paleoenvironmental conditions

Hemipelagic deposits/very fine-grained
contourites (Facies-a and b)

The structureless clay to silty clay of Facies-a
and the bioturbated, IRD-bearing clay and silty
clay of Facies-b are interpreted as hemipelagites
or very fine-grained contourites (Fig. 4). The
high clay and silt content along with high In
(Fe/Ti) suggests subtle fluctuations in sediment
supply or in the hydrodynamic regime (Figs 5
and 6A). Trace fossil assemblages, if present,
consist mainly of Zoophycos, Thalassinoides
and Planolites (Fig. 3A) and can be assigned to
the Zoophycos ichnofacies, usually related to
fine-grained pelagic and hemipelagic sediments
(e.g. Rodriguez-Tovar et al., 2015a, 2015b, 2020).
The bioturbation and cross-cutting relationships
between Zoophycos, Thalassinoides and Plano-
lites over a mottled background texture of
Facies-b (Fig. 3A) reveal a well-developed multi-
tiered tracemaker community, associated with
favourable  palaeoenvironmental conditions,
such as oxygenation and food availability
(Hodell et al.,, 2017; Rodriguez-Tovar et al.,

Key sedimentary facies in mixed systems 1971

2019, 2020). Ichnological data, along with peaks
in In (Mn/Al) and In (Ca/Ti), suggest relatively
high biological productivity (Fig. 9). The sedi-
mentation rates calculated from the age models
are generally low to moderate (2.76 to 7.88 cm
kyr' for Facies-a and b in Table 2), offering
enough time for biota to burrow the sediments
(Lucchi et al., 2002; Lucchi & Rebesco, 2007;
Rodriguez-Tovar & Hernandez-Molina, 2018).
These facies present a platykurtic to mesokurtic
distribution (Figs 6A and 7) and unimodal shape
with a mode ca 7.5 pm (Fig. 4) that is character-
istic of hemipelagic deposits (Brackenridge
et al.,, 2018; de Castro et al., 2020, 2021). The
relatively high input of IRD content in Facies-b
(Fig. 3A) reflects free drift of icebergs across the
continental margin, which can be associated
with increased iceberg calving and/or reduced
sea-ice cover. Therefore, the intervals of Facies-b
and Facies-a with moderate to intense bioturba-
tion, IRD, foraminifera and diatoms (Fig. 4) mark
the establishment of interglacial conditions, as
proposed in previous studies (Pudsey & Camer-
lenghi, 1998; Pudsey, 2000, 2002; O Cofaigh et
al., 2001; Lucchi et al., 2002; Villa et al., 2003;
Lucchi & Rebesco, 2007). For intervals without
bioturbation, IRD or foraminifera, the structure-
less to faintly laminated clay and silty clay was
probably deposited during glacial periods
(Fig. 11). Both SS and SS% are relatively low
(Fig. 12), suggesting minor changes in bottom
current speed (on average 8.7 cm s~ ', with a full
range of 1 to 25 cm s~" in Fig. 13) with a domi-
nance of hemipelagic settling, which is in agree-
ment with other studies on Late Quaternary
sediments and recent bottom-current measure-
ments (6.2 + 3.4 cm s~; Camerlenghi et al.,
1997; Pudsey & Camerlenghi, 1998; Moerz &
Wolf-Welling, 2001; Giorgetti et al., 2003; Hil-
lenbrand et al., 2021). Various supply mecha-
nisms could provide the fine-grained particles,
such as suspension fallout from low-density tur-
bidity currents and sediment-laden meltwater
plumes, or pelagic settling of planktonic organ-
isms (Barker et al., 1999). As such, these mecha-
nisms would form hemipelagic deposits or very
fine-grained contourites (Fig. 3) if under the
influence of a weak bottom current (Fig. 13).

Mud-rich contourites (Facies-d)

The cross-laminated to rippled clay and silt lam-
inae of Facies-d may represent very fine-grained
contourite deposits (Fig. 14), formed under the
influence of persistent bottom currents (Stow
et al., 2009; Baas et al., 2016). The mud ripple
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sequences (Fig. 3E) along with highly variable
element ratios (Fig. 9A) reflect subtle, fluctuating
current velocities. SS and SS% support this con-
clusion (Fig. 12), as they suggest bottom current
speeds equal to or slightly higher than the mod-
ern average current velocities (on average
16.9 cm s~ ', with a full range of 5 to 24 cm s™*
in Fig. 13; McCave et al., 2017). The platykurtic,
symmetrical to fine skewed distribution (Figs 6B

and 7), bimodal shape and mode of 50.3 pm
(Fig. 4) suggest reworking and winnowing as the
dominant processes involved in the deposition
of these sediments (Brackenridge et al., 2018),
which were probably sourced by suspension
fallout of low-density turbidity flows (Postma,
1986; Stanley, 1987, 1988, 1993; de Castro et al.,
2020, 2021). The scarce traces of Phycosiphon
and the occasional record of vertical traces
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across a few muddy beds (Fig. 3B) imply moder-
ate to high sedimentation rates (9.69 to
29.59 cm kyr_l in PC736; Table 2) and a rela-
tively unfavourable environment for benthic
organisms, with short periods of improved con-
ditions (for example, higher food availability;
Rodriguez-Tovar et al., 2014). The occurrence of
vertical traces could be diagnostic of episodic
high sedimentation rates (Rodriguez-Tovar et al.,
2014). The presence of this facies along the gen-
tle north-east drift flanks and towards the proxi-
mal crests (Fig. 5), with a highly variable In (Zr/
Rb; Fig. 9A), suggest that Facies-d may result
from winnowing during or after the settling of
fine-grained particles sourced by turbidity cur-
rents or meltwater plumes. This is consistent
with previous sedimentological studies, which
suggested that down-slope processes had deliv-
ered sediments to the deeper environments and
filled a persistent nepheloid layer that was later
redistributed by a steady bottom current
(Rebesco et al., 1996; Pudsey & Camerlenghi,
1998; O Cofaigh et al., 2001; Lucchi et al., 2002;
Lucchi & Rebesco, 2007).

Sand-rich contourites (Facies-e)

The gradational contacts and fining upward of
the parallel-laminated, silty sand facies (Figs 3C
and 6A) are interpreted as a gradual transition
in depositional conditions, supporting the for-
mation of fine-grained sand-rich contourites

instead of episodic turbidity currents, which
would have erosional or sharp basal contacts
(Gonthier et al., 1984; Mutti, 1992; Faugeres &
Stow, 2008; de Castro et al., 2020; Hiineke et al.,
2020). The upward decrease of bed thickness
(Fig. 3C), sand content (Fig. 6A) and variable
element ratios (Fig. 9A) represent fluctuating
sediment supply or a variable hydrodynamic
regime. The parallel-laminations along with a
platykurtic, symmetrical to fine skewed distribu-
tion (Fig. 7) imply contouritic deposition, where
the carrying capacity of the current is the limit-
ing factor (Brackenridge et al., 2018). Further-
more, the bimodal grain-size distribution (Figs 4
and 6A) is not a typical feature of turbidites, as
these usually display a unimodal grain-size
curve (Gong et al., 2016). The dominance of
lamination and the scarce presence of bioturba-
tion, with small Phycosiphon (Fig. 3C), differ
from typical contourite deposits (Gonthier et al.,
1984). The lithological variations of this facies
(Figs 5 to 8), i.e. the parallel-laminated sandy
beds, rare bioturbation and relatively scarce
occurrence of IRD suggest that its deposition
occurred during a glacial stage under high sedi-
mentation rates (up to 30.78 cm kyr™' in PC728;
Table 2). The local presence of Phycosiphon
could be associated with episodic pulses of
abundant food supply (Rodriguez-Tovar et al.,
2014). The SS versus SS% trend (Fig. 12) sug-
gests bottom current speeds occasionally higher
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than the modern maximum (on
16.5 cm s~ ', with a full range of 3 to >30 cm s~
in Fig. 13). Above flow speeds of ca 15 cm s,
winnowing of fine-grained particles can occur,
and above ca 20 cm s~ erosion can set in (e.g.
McCave & Hall, 2006; McCave, 2008). Therefore,
the highest SS values reveal that the bottom cur-
rents must have been very high and capable of
winnowing fine-grained particles.

Other studies have identified similar facies as
plumites on the Svalbard—Barents Sea in the
Northern Hemisphere (Lucchi et al., 2013). The
alternating silt/sand and clay with a progressive
upward decrease of grain size were interpreted
as a progressive retreat of the ice front across
the adjacent shelf, due to ice sheet melting and
decay. However, in our case, parallel-
laminations and condensation across Facies-e
suggest that these deposits were not plumites
(Figs 6A and 14), as these traits are more often
associated with bottom-current facies and cur-
rent reworking (Hiineke et al., 2020). The pres-
ence of fine-grained sediments and rare
bioturbation (Fig. 3F) indicates that this facies
probably derived from low density turbidites,
which were redistributed by weak to moderate
bottom currents and formed distinct laminations
(Fig. 3F) and grain-size variations (Fig. 6A).
These processes formed silty to sandy contourite

average
1

layers through alternations of suspension and
reworking/winnowing processes (Shanmugam
et al., 1993; Stow et al.,, 2009; Hiineke et al.,
2020; de Castro et al., 2021).

Reworked turbidites (Facies-f)

The fine to very coarse sandy beds with grain-
size variations and erosional bases (Figs 3H and
6F) reflect mixed deposits, probably turbiditic in
origin. The erosional basal boundaries (Fig. 31
and K) were probably formed by high energy
turbidity currents or under the influence of a
strong bottom current. Their proximity to the
main submarine channels (Fig. 14) and the coar-
ser grain sizes supports the former (Fig. 5), with
a turbidity current eroding the seafloor through
tractive processes and depositing coarse sedi-
ments (Stanley, 1987, 1988, 1993; Shanmugam
et al., 1993). However, the formation of wavy
and parallel-laminations towards the centre of
these beds (Figs 3I and 6D) points to superim-
posed, active winnowing or reworking by bot-
tom currents. Furthermore, most intervals show
coarsening-upward or fining-upward sequences
(Fig. 14), typical of contourite deposits (Gonthier
et al., 1984; Martin-Chivelet et al., 2008; de Cas-
tro et al., 2020, 2021; Hiineke et al., 2020). The
relatively clean, moderately sorted, leptokurtic,
coarse grain sizes (Fig. 6C and D) and mode of
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1996, 1998, 2002; Lucchi et al., 2002; Lucchi & Rebesco, 2007). Depth ranges of core intervals are given in Fig. 2.

ca 177.1 pm (Fig. 4) imply that saltation and
traction contributed to the redistribution of the
coarse-grained  particles, while winnowing
removed the fine-grained fraction (Brackenridge
et al., 2018; Hiineke et al., 2020). The absence of
sand infilled traces in the sandy intervals of
Facies-f (Fig. 31 and K) implies high sedimenta-
tion rates and unfavourable environmental con-
ditions for benthos due to active re-deposition
by strong currents. Furthermore, rapid deposi-
tion of Facies-f is also supported by the absence
of sand infilled traces into the underlying depos-
its (Fig. 3I).

The coarse-grained intervals with wavy lami-
nations, high In (Zr/Rb) and grain-size variations
are characterized by high SS and SS% values

(Fig. 12), suggesting a hydrodynamic regime
with higher velocities than the modern bottom
current speeds (Camerlenghi et al., 1997; Gior-
getti et al., 2003), mostly >19.5 cm s™' and up to
>>30 cm s~' (Fig. 13; McCave, 2008; Stow et al.,
2009; McCave et al., 2017). Previous studies
have interpreted similar facies as reworked tur-
bidites (de Castro et al.,, 2020; Fonnesu et al.,
2020). The turbidity currents were initially
sourced by high terrigenous supply from the
continental shelf and slope, and the turbidites
were reworked after their initial deposition on
the continental rise by an along-slope bottom
current. The current formed sand-rich deposits
during intervals of higher current speed, when
the fine-grained particles were winnowed
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(Pudsey, 2000; Lucchi et al, 2002; Lucchi &
Rebesco, 2007).

Gravitational deposits (turbidites and mass-
transport deposits; Facies-c and g)

The interbedded fine to coarse-grained deposits
with erosional bases (Fig. 5) are frequently
deformed or tilted (Fig. 3D), suggesting that they
originated from turbidity currents and mass-
transport processes (Fig. 14). The combination of
erosive contacts with flame structures and rip-up
clasts (Figs 3 and 4) indicates repetitive erosive
episodes (Stanley, 1988; Shanmugam et al., 1993;
Martin-Chivelet et al., 2008). The preservation of
delicate flame structures has been associated with
hydraulic jumps and supercritical flows (Postma
et al., 2009; Postma & Kleverlaan, 2018). These
episodes denote small-scale interruptions in sedi-
mentation, probably caused by active turbidity
currents that swept along the channel and past
the lateral flanks of the mounded drifts (Fig. 14).
Absence of bioturbation could be related to rapid
sedimentation during turbiditic episodes or harsh
environmental conditions, which hampered ben-
thos activity. The subsequent deposition of fine-
grained sediments resulted from suspension fall-
out from decelerating turbidity currents (Stanley,
1987, 1988, 1993; Ito, 2002). The intercalations of
thin-bedded turbidites and muddy hemipelagic
deposits (Fig. 3G) suggest intermittent but fre-
quent sediment-laden down-slope currents with
deposition of fine-grained suspended particles.
The deformed beds of Facies-c (Fig. 3D) indicate
transitions between non-cohesive and cohesive
behaviours or superimposed mass-transport pro-
cesses (Haughton et al., 2009; Mulder & Hiineke,
2014; Shanmugam, 2016). Mass-transport depos-
its can evolve sequentially from slides into debris
flows and subsequently into turbidity currents
(Facies-g; Fig. 4), due to ambient water entrain-
ment or when they encounter hydraulic jumps
along the margin (Wright & Anderson, 1982; Lar-
ter & Cunningham, 1993; Shanmugam, 2016).
This interaction focuses the flow downward,
leading to seafloor erosion, sediment bypass and
distal deposition of coarse to fine-grained depos-
its (Fig. 15; Mutti, 1992; Barker et al., 1999; Fon-
nesu et al., 2020). The overlying bottom current is
considerably weaker than the turbidity current, as
it preferentially strips the fine-grained particles
from the turbidity currents and transports them
towards the south-west (Fig. 15), forming fine-
grained contourites or reworked deposits
(Fig. 14).

Key sedimentary facies in mixed systems 1977

Facies associations and depositional elements

The PMAP mixed systems host three main facies
associations, linked to their distinct morphologi-
cal elements (for example, mounded drifts and/
or submarine channels) and the main deposi-
tional processes acting in the area (Fig. 15): (i)
hemipelagic facies association; (ii) gravitational
facies association; and (iii) bottom current and
reworked facies association.

Hemipelagic facies association

The hemipelagic facies association (Facies-a and
Facies-b) was deposited along the entire conti-
nental margin (Figs 15 and 16). Most of the
other sedimentary facies either transition into or
alternate with the hemipelagic Facies-a and b
(Fig. 3). Along the main trunk channels,
channel-systems, or at the distal terminations of
the drifts, hemipelagic deposits are frequently
interrupted by turbidites or MTDs (Fig. 3G),
which embody the gravitational facies associa-
tion (Fig. 15).

Gravitational facies association

This facies association includes Facies-c and g
(Fig. 3). In the PMAP mixed systems, the coarse-
grained sandy gravitational deposits appear along
the channel systems and at the mouth of the main
submarine channels (Fig. 9A). The finer-grained
deposits are absent, probably because a large
amount of the fine-grained particles was captured
from the suspension cloud by the bottom current
and redistributed south-westward towards the
adjacent mounded drifts (e.g. Rebesco et al., 1996;
Figs 3] and 14). This is supported by grain-size
data (Figs 5 and 6), which show that the sandy
sediments within the trunk channels have very
low clay and silt contents, although these frac-
tions are common in the adjacent drifts.

Turbidity currents typically carry coarse-
grained particles at the base and head of the
flow while the fine-grained particles are carried
in a turbulent suspension cloud (Bouma, 1962;
Mutti, 1992, 2011). A single turbidity current
can deposit a sequence comprising up to five
distinct internal divisions, Ta to Te, according
to the Bouma sequence model (Bouma, 1962).
The five divisions of the Bouma model com-
prise, from base to top, a massive, normally
graded gravelly to sandy unit with an erosional
base (= Ta) overlain by a sandy unit with paral-
lel laminae (= Tb) and a sandy to silty unit with
current ripples (= Tc), followed by a silty unit
with upper parallel laminae (= Td) and
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terminating in structureless or laminated mud
(= Te) (Bouma, 1962; Mutti, 2011). The tur-
bidites of Facies-g share certain traits with these
divisions (Fig. 4), such as the erosional bases
and parallel-laminations (Fig. 3G). However, the
massive sands of Ta were not identified in the
study area, and the same can be said for the
gradual transition to Td and Te deposits (Fig. 3
]). Facies-g often has erosional top and base con-
tacts with flame structures (Fig. 3G), which indi-
cate erosion, hydraulic jumps or sediment
bypass (Postma et al., 2009; Postma & Klever-
laan, 2018). Moreover, this facies is usually win-
nowed by bottom currents (Fig. 16), which
might explain the lack of fine-grained units Td
and Te (Fig. 3]). It should be noted that similar
interpretations have been mentioned for the
Bouma sequence in the past, since each division
could result from alternative sedimentation pro-
cesses (Lowe, 1982; Shanmugam, 1997, 2016).
For example, the pelagic sediments of Td and
Te could result from bottom current reworking
or hemipelagic settling during pauses or breaks
of the down-slope turbiditic processes (Shan-
mugam, 1997, 2016; Mutti, 2011). This is corrob-
orated by the occurrence of Facies-a in the
submarine channels (Figs 3L and 14E), which
originates mainly from hemipelagic settling.

The deformed beds of Facies-c (Fig. 3) also
indicate the occurrence of other sediment
gravity-driven processes (i.e. in addition to tur-
bidity currents) across the margin, namely mass-
transport processes (Fig. 15) such as slides,
slumps and debris flows.

Bottom current and reworked facies
association

This facies association includes Facies-d, e and
f and represents, along with Facies-a and b, a
bigradational sequence (Facies-d, e and f in
Figs 3 and 6). This sequence comprises gradual
transitions between facies, from a/b to d, e, f,
and then back to e and d, before ending again in
a/b facies (Fig. 14). In parallel, changes in the
grain size and sedimentary structures also occur,
from structureless clay to parallel-laminated silt
and very fine sand (Fig. 14A), which transitions
into wavy or cross-laminated fine to coarse sand
(Fig. 14D) and then back into parallel-laminated
silt and very fine sand, followed by structureless
clay (Fig. 14B and C). These sequences are simi-
lar to those defined by Faugeres et al. (1984) and
Gonthier et al. (1984) for fine-grained con-
tourites. The contourite model encompasses
three main facies (homogeneous mud, mottled

silt and mud, and sand and silt) arranged in a
cyclic bigradational sequence that first coarsens
upward and then fines upward (Gonthier et al.,
1984; Martin-Chivelet et al., 2008; McCave,
2008; Rebesco et al., 2014). These upward tran-
sitions have been interpreted as an increase and
subsequent decrease of bottom current velocity
(Stow et al., 2002; Hiineke & Stow, 2008). The
influence of bottom currents is similarly
observed in our bigradational sequence (Fig. 15):
the gradual transitions from clay to coarse sand,
and the change from structureless to parallel-
laminated and cross-laminated beds (Fig. 14),
clearly indicates an increase in bottom current
activity. Furthermore, these changes suggest that
winnowing had an important role during the
deposition of the initial (and final) fine-grained
sediments (Facies-a, b, d and e), while saltation
and traction played a more active role in the
reworking of the coarser particles (Facies-f) and
formed the cross-laminated sands at the centre
of the sequence (Fig. 15). However, the bigrada-
tional contourite model lacks primary structures
(Faugeres et al., 1984; Gonthier et al., 1984).
Intense bioturbation is probably responsible for
their destruction, since oxygenated bottom cur-
rents provided environmental conditions suit-
able for benthic biota, which have bioturbated
the sediments (Lucchi et al., 2002; Lucchi &
Rebesco, 2007; Rodriguez-Tovar & Hernandez-
Molina, 2018). In contrast, the bigradational
sequence described here presents intense biotur-
bation and trace fossils only in muddy facies
(Facies-a and b in Figs 3A and 14) and along the
transitions between these facies and others
(Facies-d and e in Fig. 3). This suggests a lower
sedimentation rate and environmental condi-
tions more favourable for benthic organisms dur-
ing hemipelagic deposition. Conversely, the lack
of bioturbation across the other sedimentary
facies (Facies-d, e and f in Fig. 3) could be
related to unfavourable conditions, such as lack
of nutrients, or an increase in current energy
and/or in the rate of sedimentation, which has
prevented bioturbation. In fact, the lack of bio-
turbation for the other sedimentary facies is
what probably allowed the preservation of their
original sedimentary structures (Fig. 3). On gla-
cially influenced margins, the presence, absence
and/or degree of bioturbation is closely related
to the environmental conditions and sedimenta-
tion rates (such as low and continuous sedimen-
tation instead of high, rapid deposition) rather
than bottom current activity (Lucchi & Rebesco,
2007; Hillenbrand et al., 2021). Furthermore, the
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presence of distinct sedimentary structures and
changes in grain size (Fig. 6) across the con-
tourites and reworked deposits (Fig. 14), show
that the sedimentary record was affected by
changes in sediment supply and bottom current
activity, and was not affected or significantly
reworked by benthic fauna.

The sediment source for most of these facies
corresponds to flow-stripping of fine-grained
suspended particles by the south-westward flow-
ing bottom current from gravity-driven currents.
The gravitational facies association is consistent
with this process (Fig. 3G and H). The pirated
clay to very fine sand fractions are redistributed
across the north-east drift flanks (Fig. 14), where
they form contourites and reworked deposits
(Fig. 15). These deposits have lateral and verti-
cal variations that derive from the mixture
between sediment-laden gravity currents and
bottom current reworking processes (Stanley,
1988; Shanmugam ef al., 1993; Viana et al,
1998; Ito, 2002; Mutti et al., 2014; de Castro et
al., 2020, 2021; Fonnesu et al., 2020). In reality,
these processes are highly dynamic and fluctu-
ate over time, implying that more frequent grav-
ity flows or stronger bottom current activity led
to interruptions or partial cut-out sequences
across the sedimentary record (Fig. 6D) as a
result of current erosion, winnowing and/or
reworking (Fig. 16). Partially reworked deposits
with well-preserved sedimentary structures are
typical of mixed systems (Shanmugam et al.,
1993; Viana et al., 1998; Ito, 2002). Recent stud-
ies on mixed systems have proposed other facies
models across distinct sedimentary settings
(Mutti et al., 2014; Gong et al., 2016; de Castro
et al., 2020; Fonnesu et al., 2020). The model
presented here differs slightly from other models
due to its location on the continental rise of a
glacial margin (Fig. 1A) and due to the develop-
ment of more complex and extensive morpho-
logical elements (Fig. 1B), which might be
responsible for the preservation of these facies
and their lateral or vertical variations (Fig. 15).

Sedimentary model for mixed/hybrid
depositional systems

The distribution of three distinct facies associa-
tions across the PMAP mixed systems (Fig. 15)
suggests that mixed/hybrid systems are built by
recurrent interactions between hemipelagic, grav-
itational and bottom current processes (Fig. 16).
Furthermore, frequent transitions, or alternations,

Key sedimentary facies in mixed systems 1981

between the different facies and facies associa-
tions (Fig. 14) reveal that mixed systems can com-
prise numerous deposits from different sources
(such as hemipelagites, mud to sand-rich con-
tourites, turbidites, reworked deposits or MTDs).
As a result, the down-slope elongated, mounded
drifts may comprise facies coarser than the typical
contourite, while channels and channel-complex
systems may hold deposits finer than the classic
turbidite (Fig. 14). Their spatial and temporal
variability allowed us to propose a sedimentary
model for mixed/hybrid systems (Fig. 15).

For most mixed depositional systems, down-
slope gravity-driven currents are the main sedi-
ment supplier (Gong et al., 2013, 2016; Fonnesu
et al., 2020; Fuhrmann et al., 2020). This is also
the case for the PMAP mixed systems (Fig. 16).
When grounded ice sheets advanced across the
continental shelf during past glacial periods,
they carried glaciogenic debris before depositing
it at the mouths of palaeo-ice streams at or near
the shelf break (Larter & Cunningham, 1993;
Pudsey & Camerlenghi, 1998; Barker et al., 1999,
2002; Pudsey, 2000; Amblas efal, 2006;
Hernandez-Molina et al., 2017). This material
was then transported down-slope by gravita-
tional mass-transport processes (Diviacco et al.,
2006; Rebesco & Camerlenghi, 2008). Further-
more, turbidity currents are frequently initiated
at the base of the steep continental slope (Larter
et al., 1997; Dowdeswell et al., 2004), and there-
fore turbidites and/or MTDs (Facies-c and g in
Fig. 4) are deposited along the channel-complex
systems, trunk channels and occasionally over
the proximal flanks of the mounded drifts
(Fig. 14). Gravitational processes may also have
been triggered across the mounded drifts, espe-
cially along the steep flanks (Fig. 16), due to
their high relief, moderate to high sedimentation
rates (Table 2), and erosion from nearby chan-
nels. Previous studies support this interpreta-
tion, as MTDs, turbidites and slide scars were
identified across the mounded drifts (Rebesco et
al., 1998, 2002; Lucchi et al., 2002; Amblas et
al., 2006; Lucchi & Rebesco, 2007; Larter et al.,
2016).

The down-slope gravity-driven currents even-
tually meet the south-westward flowing bottom
current, which entrains and redistributes the
fine-grained particles carried in suspension by
the gravity flows (Fig. 16; Rebesco et al., 1996;
Pudsey, 2000). Modern current meter measure-
ments indicate that a generally south-westward
directed bottom current contours the mounded
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drifts from the seafloor up to 60 m above (Fig. 1A;
Camerlenghi et al., 1997; Giorgetti et al., 2003;
Hillenbrand et al., 2008a). This bottom current
has a low average current speed at present,
around ca 6cms™ " (and up to 20 cm s '),
according to Camerlenghi et al. (1997) and
Giorgetti et al. (2003). However, it would have
reached speeds >30 cm s~ in the past (Fig. 13),
as shown by the wide range of SS and SS% val-
ues in our data (Fig. 12). Hydrodynamic fluctu-
ations of the bottom current probably generated
gradual transitions between mud-rich and sand-
rich contourites across the mounded drifts
(Fig. 15), with cross to ripple-laminated pri-
mary structures (Facies-d and e in Fig. 3). Fur-
thermore, the coarser deposits (Facies-f in
Fig. 31 and K) would require higher bottom-
current velocities [>>30cm s™' in Fig. 13,
according to McCave (2008), Stow et al. (2009)
and McCave et al. (2017)] to winnow the med-
ium to coarse-grained turbidites accumulated
along the trunk channels and over their mar-
gins (Fig. 14). A coarse lag may remain at the
base from the original turbidite deposit (such as
the granules at the base of Facies-f in Fig. 31
and K) while the bottom current strips the fine-
grained particles and creates mud to sand-rich
deposits with parallel and cross-laminations.
(Facies-f in Figs 31 and 14D).

Periodic switches or breaks in the sediment
supply (for example, of the gravitational pro-
cesses) would allow interactions between hemi-
pelagic settling, meltwater plumes and weak
bottom current activity to form extensive hemi-
pelagic deposits and/or mud-rich contourites
(Facies-a, b and d in Fig. 3) across the mixed
systems (Pudsey & Camerlenghi, 1998; Hillen-
brand & Ehrmann, 2001; Lucchi et al., 2002;
Amblas et al., 2006; Cowan et al., 2008; Vau-
travers et al., 2013). These deposits cover the
previously accumulated sediments (Fig. 14) and
allow for the preservation of their primary struc-
tures.

At the time of deposition, the suspended par-
ticles are affected by the most dominant process;
however, the persistence of bottom-currents ulti-
mately leads to redistribution and reworking of
most deposits, and especially of fine-grained
sediments carried in suspension (Fig. 16). The
distinct sedimentary facies identified in this
study (Fig. 14) reflect the fluctuations of the dif-
ferent sedimentary processes (Fig. 16), in terms
of their velocity, frequency, direction, range of
effect and persistence over time.

Controlling factors

Alternations throughout the sedimentary record
(Figs 11 and S2) indicate cyclic variations
involving gravitational deposits (turbidites of
Facies-g and MTDs of Facies-c in Fig. 3),
reworked deposits (Facies-f in Fig. 3), con-
tourites (Facies-d and e in Fig. 3) and hemipela-
gites (Facies-a and b in Fig. 3). The presence of
biogenic material and IRD across certain inter-
vals of Facies-a and b (Fig. 3A and section ‘1’)
indicates hemipelagic deposition with little tur-
biditic input during interglacials (O Cofaigh
et al., 2001; Lucchi etal, 2002; Lucchi &
Rebesco, 2007; Cowan et al., 2008; Vautravers et
al., 2013), while intervals with faint laminations
and without bioturbation or biogenic material
indicate glacial periods (Figs 11 and S2). The
same can be said for Facies-d and e, which have
abundant primary structures and rare bioturba-
tion (Fig. 3) and therefore support bottom cur-
rent redeposition and reworking of sediments
during glacial periods (Lucchi et al., 2002; Luc-
chi & Rebesco, 2007). Facies-f is characterized
by normal or inverse grading of parallel to cross-
laminated coarse sands without bioturbation or
biogenic material (Fig. 6C), and its deposition
probably resulted from an active and strong bot-
tom current, which was able to remobilize
coarse-grained particles. The sediment intervals
with the three major Facies-f horizons identified
in this study (Figs 3, 6 and 9A) have been
assigned to glacial Marine Isotope Stages (MIS)
2 to 4 and MIS-6 (Fig. 11; cf. Lucchi et al,
2002). Therefore, recurring sedimentary facies
(such as Facies-a, d, e and f in Fig. 14) record
repetitive episodes of pelagic settling processes,
along-slope current activity and down-slope
gravitational processes (Fig. 16), driven by
glacial-interglacial changes (Fig. 11). Previous
seismic studies by Rebesco etal (2002),
Uenzelmann-Neben (2006) and Hernandez-
Molina et al. (2017) agree with this interpreta-
tion, deeming glacial to interglacial changes fun-
damental for the shift between dormant and
active down-slope and along-slope processes. In
the sedimentological studies by Pudsey &
Camerlenghi (1998), Pudsey (2000, 2002), Hil-
lenbrand & Ehrmann (2001), O Cofaigh et al.
(2001), Lucchi et al. (2002), Lucchi & Rebesco
(2007) and Hillenbrand et al. (2021), cyclic varia-
tions of grain size, sedimentary structures, bio-
genic content, clay mineral provenance and IRD
supply have been associated with changes in sea-
ice cover and grounded ice-sheet advance/retreat
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across the adjacent continental shelf, implying
that glaciations and deglaciations are responsible
for variations in the supply of both terrigenous
and biogenic particles. Other high-latitude mixed
systems have presented similar results, where
changes in sedimentary facies and morphological
features are associated with fluctuations in turbid-
ity currents or along-slope bottom current activity
(Clausen, 1998; Escutia et al., 2000; Michels et al.,
2001; Rasmussen et al., 2003; Forwick et al.,
2015; Garcia et al., 2016; Salabarnada et al.,
2018). Climatic and sea-level oscillations have
also been tied to significant changes in turbidity
current flows (Hubbard et al., 2014) and to the
hydrodynamic fluctuations of the bottom current
(de Castro et al., 2021). Across mid-latitude mixed
systems, interactions between along-slope and
down-slope processes are frequent (Ito, 2002;
Donda et al., 2008; Brackenridge et al.,, 2013;
Gong et al., 2013, 2016; Palamenghi et al., 2015;
Miramontes et al., 2019; Fuhrmann et al., 2020),
but few studies have investigated the influence of
glacial-interglacial changes in their stratigraphic
stacking patterns and sedimentary records
(Marches et al., 2010; Calves et al., 2013; Mena et
al., 2018; Tallobre et al.,, 2019). These studies
have reached similar conclusions, supporting an
interplay of deep-water processes, driven by cli-
matic and sea-level oscillations (Marches et al.,
2010; Calves et al., 2013; Mena et al., 2018; Tallo-
bre et al., 2019).

CONCLUSIONS

Research into mixed or hybrid sedimentary
facies has faced difficulties in the past due to
the challenge of identifying clear, diagnostic cri-
teria and differentiating the deep-water pro-
cesses behind their formation.

The dominant facies and facies associations
identified along the Pacific margin of the Antarc-
tic Peninsula (PMAP) mixed systems reflect fluc-
tuations between three key deep-water processes:
along-slope bottom currents, down-slope gravity-
driven currents and hemipelagic settling. A clear
link between the distinct sedimentary facies and
the different morphological features (i.e.
mounded drifts, channels and channel systems)
results from the fluctuating interactions between
along-slope and down-slope processes, across
time and space. Mounded drifts comprise hemi-
pelagites, contourites and  bottom-current
reworked deposits, while channels and channel-
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systems hold thin-bedded turbidites and other
gravitational deposits, such as slumps.

Lateral and temporal variations of along-slope
and down-slope processes were responsible for a
cyclic depositional pattern, which has been linked
to glacial-interglacial environmental changes dur-
ing the Late Quaternary. The frequency of gravita-
tional processes and the higher velocity of bottom
currents have been tied to glacial periods (MIS 2 to
4 and 6), as the accumulation of glaciogenic debris
at the mouths of palaeo-ice streams provided
greater down-slope sediment supply when the
grounded ice streams had advanced towards the
continental shelf break.

The sedimentary record on polar margins is key
to better understand the effects of bottom currents
in the deposition of fine to coarse-grained sedi-
ments, as the scarcity of bioturbation allows us to
observe the original sedimentary structures,
which are poorly preserved in similar deposits
across non-polar continental margins. Diagnostic
criteria such as grain-size variations, bigrada-
tional sequences, parallel to cross-laminations,
contact surfaces, sedimentary condensation, ich-
nological features and degree of bioturbation are
key evidence for the detection of bottom current
processes (i.e. entrainment, winnowing, rework-
ing and fluctuating hydrodynamic conditions), as
well as its differentiation from other deep-water
processes in the sedimentary record. Further sed-
imentological, ichnological and geochemical
analyses should be conducted in other mixed/
hybrid depositional systems to provide a better
understanding of the spatial and temporal vari-
ability of their deposits and the interplay of deep-
water processes.
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Supporting Information

Additional information may be found in the online
version of this article:

Fig S1. (A) Map of the Pacific margin of the Antarc-
tic Peninsula (PMAP) with schematic deep-water cir-
culation after Orsi et al. (1995, 1999), Giorgetti et al.
(2003), Hillenbrand et al. (2008a), Holland et al.
(2010), Palmer et al. (2012) and Hernandez-Molina
et al. (2017). (B) Temperature—salinity plot for the
water masses on the PMAP.

Fig S2a. Detailed lithological logs and facies inter-
pretations of the sediment cores examined in this
study.

Fig S2b. (continuation).

Fig S3. Chronological constraints provided by previ-
ously published relative palaeointensity (RPI) studies
for the JR298 cores (Channell et al., 2019) and the
SEDANO cores (Venuti et al., 2011).

Table S1. Marine Isotope Stage (MIS) boundaries
for all the studied cores. MIS of the SEDANO cores
after Lucchi et al. (2002) and Lucchi and Rebesco
(2007) and of the JR298 cores after Channell et al
(2019) and Hillenbrand et al. (2021). PC: piston core;
GBC: giant box core.

Supinfo S1. Marine Isotope Stage (MIS) boundaries
for all the studied cores.
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