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Highlights

o Surficial sediments are affected by structural features sugresu. o a tectonic activity still active
until recent times.

e Topographic and oceanographic factors induce an int....*fication of the bottom-hugging currents
with their concomitant erosion capacity.

o Erosional activity results in coarser grain-size fic'zs than expected in an offshore source-to-sink
sedimentary system.

e A new kind of contourite associated v «th jiant depressions has been defined: the pockmarks-
related drift.

ABSTRACT

Studies of the most surficial sed:m.ntary record from passive continental margins provide crucial
knowledge about sedimentary Jvnemics and its changes through recent geological times. These
studies allow understandin in X~cail the influence of both tectonic activity and long-term bottom-
current circulation ov.r we _ate Quaternary sedimentary dynamics. Using a large dataset of
multibeam bathymetry, chirp and multi-channel seismic (MCS) records, ROV seabed direct
observations and a magneto-chemical facies characterisation, we provide a well-dated record of the
tectono-sedimentary processes on an isolated high marginal platform over the Late Quaternary. Our
results display several structural and geomorphological features and tectonic pulses that indicate
intense faulting, folding, and deformation of the most recent sedimentary cover. Furthermore, we
document four main sedimentary systems acting at the study area and controlled by different water
masses (MOW, LSW and NADW): the (hemi)pelagic, bottom current-controlled (hemi)pelagic,
contourite and downslope sedimentary systems; as well as a new typology of contourite associated to
giant depressions, named as pockmarks-related drift. The record also shows erosive features and
extremely low sedimentation rates for the last 172 cal ka BP. Results suggest that the topographic

configuration of the high marginal platform and reorganizations of the water masses associated to



climate changes causes a constriction of the water masses that induce an enhancement of the bottom-
current activity, favouring erosion, winnowing and redistribution of sediments. Therefore, this study
provides new insight into the tectonic control and bottom current activity effect over the Late
Quaternary sedimentary cover from an isolated and elevate offshore morphostructural province,

located at the Galician Continental Margin.

Keywords: Galician Continental Margin, tectono-sedimentary architecture, bottom current

circulation, erosion processes, sedimentary processes, giant depressions
1. Introduction

The recent Late Quaternary sedimentation of passive margins is oasically controlled by tectonic,
geomorphological, climate and oceanographic factors. Their stud:, hri.3s up essential information
about regional geological and environmental evolution such is the ¢, for example, of the Brazilian
Margin (Bezerra et al., 2008; 2020), the West Africa Margin \Sér-nne and Abeigne, 1999; Séranne
and Anka, 2005) or the south-western Adriatic margin (.’2ruicchio et al., 2007; Pellegrini et al.,
2016). Also, the late Quaternary sedimentary record of the \.~zsive continental margin of Galicia (NW
Iberian Continental Margin) provides an interestiny » isight into the complex interactions between
climate and neotectonic controlling the recent se‘ ime..ary infill and geomorphological evolution of

this part of the North Atlantic.

The area has attracted numerous studie., which have enhanced global knowledge on deep-marine
margin environments and their dynami ; e ~ltion over time. Several studies have acquired dataset of
seismic profiles, swath bathymetry, ai.™ acoustic backscatter data (Montadert et al., 1974; Boillot et
al., 1980; Murillas et al., 1990; P-rez-Sussinyé et al., 2003; Reston, 2005; Ercilla et al., 2006; 2008;
2011; Llave et al., 2008; 201&; M Yialdea et al., 2008; VVazquez et al., 2008; Jané et al., 2010; Ranero
and Pérez-Gussinyé, 201, . %aestro et al., 2013; Dean et al., 2015; Somoza et al., 2019) to
characterise the major mu nuiogical, tectonic, sedimentary, and oceanographic features. These works
provide a good approximauon to the dynamic evolution of this margin, particularly on the regional
tectonic processes governed by the poly-phase Mesozoic rifting and the Cenozoic compressional
regime at the North Atlantic region. They also defined the major stratigraphic sequences and large
geomorphological features of the margin. The margin has also been the subject of numerous research
focused on how sedimentary and oceanographic processes driven by glacial/interglacial cycles during
the Late Pleistocene and Holocene have modelled the main geomorphological features that conformed
the present-day submerged landscape of the Galician Continental Margin (Alonso et al., 2008; Rey et
al., 2008; Voelker and de Abreu, 2011; Martins et al., 2013; Salgueiro et al., 2014; Hanebuth et al.,
2015; Mena et al., 2015; 2018; Zhang et al., 2016; Plaza-Morlote et al., 2017; Ldopez Pérez et al.,
2019; Petrovic et al.,, 2019). The sedimentary record is such that permits detailed

palaeoclimatic/palaeoceanographic reconstructions of this part of the North Atlantic of global



significance. One remarkable finding is the intensification and deepening (sinking to ~ 2,000 m) of
the Mediterranean Outflow Water (MOW) during stadials conditions (Voelker et al., 2006; Voelker
and de Abreu, 2011), which according to Ercilla et al., (2011) could be related to different erosive and
depositional bottom-current features at the study area. During cold stadials also took place the
deposition of ice-rafted debris (IRD) caused from the melting of icebergs discharges over North
Atlantic (Heinrich, 1988), resulting in a detrital imprint on the sediments of the margin (Alonso et al.,
2008; Rey et al., 2008; Martins et al., 2013; Plaza-Morlote et al., 2017; Mena et al., 2018; Lopez
Pérez et al., 2019). These works demonstrated that the geographic situation of the Galician
Continental Margin makes it a place of interest to study variations of oceanographic and sedimentary
conditions associated with climatic changes during the Late Pleistocene and Holocene (Plaza-Morlote
et al., 2017). However, the impacts and interactions of the geomoron.>logy and the oceanographic,
climate and tectonic regimes over the most surficial sedimenta ¢ re.ord have been insufficiently

investigated; an aspect that our work dear to investigate from a mult disciplinary perspective.

We have chosen the Transitional Zone morphostructural v ‘ince because it is an offshore marginal
platform characterised by a general elevation of the sea.*nor in comparison with their adjacent
provinces, except at the west where it is limited ‘nr flanked by the Galicia Bank province. This
confinement condition constitutes a barrier fc; water masses that could alter the sedimentary
dynamics in the area. The occurrence of se ‘ere. giant depression structures (Vazquez et al., 2009b;
Ercilla et al., 2011; Druet, 2015; Somoz~ et al., 319) and many minor fluid-escape structures related
to an intense fluid dynamics (Ribeirr, 20.1; Minshull et al., 2020), particularly affecting Late
Pleistocene and Holocene sedime~*ary sequence and subsequently their effect on the local

sedimentary dynamics, are aspect: th.t we explore in detail.

Therefore, this paper provices a multidisciplinary approach to the complex interaction between
sedimentary systems and oceinographic dynamics and recent tectonic in the isolated high of
Transitional Zone morphuJtructural province. Unlike previously published works, we have combined
a large dataset consisting of geophysical and sedimentary records, along with a robust core
geochronology reconstruction and direct observations of the seabed. This multiapproach allows
obtaining a comprehensive view and characterisation of the uppermost tectono-sedimentary processes
and geological and oceanographic evolution of the study area during the past 172 cal ka BP, resolving
gaps in the scientific literature and providing a new integrated vision of the sedimentary dynamics and
the influence of the bottom current and tectonic over the surficial sediments of an offshore high

marginal platform.
2. Regional framework

2.1. Geodynamic and tectonic setting



The West Galician Continental Margin is a non-volcanic passive and hyperextended rifted margin
(Boillot et al., 1979; Tucholke et al., 2007) divided into six morphostructural provinces (Murillas et
al., 1990; Reston, 2005; Vazquez et al., 2008), named from the continental shelf to the west as the
Galicia Interior Basin (GIB), Transitional Zone (TZ), Galician Bank (GB), Northwestern Flank (NF),
Deep Galicia Margin (DGM), and Half-Graben Domain (HGD) (Fig. 1a). This physiography
evidences a complex tectonic evolution which is the result of the Mesozoic rifting stage and the
Cenozoic compressional regimes (Pyrenean orogeny) (Vazquez et al., 2008). The compressional
regime is the responsible of the fault pattern of the margin due to the renewing of the Mesozoic faults,
observing a decoupling between basement tectonics and the upper sedimentary units that suggest the
presence of a viscous layer (Vazquez et al., 2008). Regarding the TZ morphostructural province, it
constitutes an area dominated by a horst-graben system, whose base.ment is compartmentalised in
successive blocks bounded by normal faults (Vazquez et al., 2708). In this province have been
described two main families of faults: one of these corresponds witt the NW-SE to N-S normal faults
and the second one is defined by NE-SW transfers fau.:= which show a normal component
(Thommeret and Boillot, 1988; VVazquez et al., 2008).

2.2. Morphology and sedimentary systems of the TZ ncphostructural province

The study area is the TZ morphostructural pr~v. ce ~f the West Galician Continental Margin, located
between the GIB and GB provinces (Fig. +o b), which correspond to a general elevation of the
marginal platform of the Galician C-ntinental Margin (Vazquez et al.,, 2008). The TZ
morphostructural province is character'sra Zy a dome-like morphology located in the centre, which
creates an irregular-subrounded slooiny seafloor and by a set of several structural highs and scarps
(Ercilla et al., 2011; Somoza et ', 2ul9). The water depths vary from 1,600 to 2,500 m, and this
province shows seafloor gradients .atween < 0.5° and 3° (Ercilla et al., 2011; Somoza et al., 2019). In
this area, three giant pockma'k structures related to the large-scale escape of fluids have been
described; the most exten.ive of them is known as Gran Burato or Burato ERGAP (Vazquez et al.,
2009b; Ercilla et al., 2011, Ribeiro, 2011; Druet, 2015; Somoza et al., 2019; Minshull et al., 2020).
The origin of these structures could be related to viscous layer mobility, the “black shale unit” of
Albian—Cenomanian age, which was identified as the possible responsible agent for the intense
faulting activity in the GB region (Group Galice, 1979; Vazquez et al., 2008; Ercilla et al., 2011).

Ercilla et al., (2011) describes four principal sedimentary processes acting in the TZ morphostructural
province: slope apron, contourites (elongated mounded and separated drifts), (hemi)pelagic and mixed
systems. The slope apron sedimentary system is characterised by the formation of channelized and/or
non-channelized mass movements (mostly mass flows and mass-transport deposits located at the
north of the province). The elongated and separated drifts are located surrounding structural highs and

scarps, and they are characterised by positive reliefs associated with moats at the foot of the structural



highs and scarps. The (hemi)pelagic system is related to the settled of biogenic and terrigenous
components that have fallen through the water column. Interbedded into the sediments, also appear
grain-coarse components associated with IRD deposited during Heinrich Events (Lépez Pérez et al.,
2019). The mixed system is related to (hemi)pelagic settling under the influence of bottom-current

dynamic.
2.3. Stratigraphy sequence

The sedimentary cover of the West Galician Continental Margin displays a very irregular distribution
over the Palaeozoic basement of the margin. The thickness of the margin is relatively thin, varying
from 0 to 7 km (Vazquez et al., 2008). The maximum depocenter of the sedimentary thickness (7 km)
is reached in the Galicia Interior Basin; meanwhile, the rest of the mu ~hostructural provinces show a
thin sedimentary cover, varying from 0 to 4 km thick (Boillot and Malc d, 1988; Murillas et al., 1990;
Pérez-Gussinyé et al., 2003; Vazquez et al., 2008). The scdim.ntary sequence mainly fills the
extensional Mesozoic basins created over the basement stru ture, and they comprise ages from the
Late Jurassic (Oxfordian) to the present (Murillas et al., 199); Ercilla et al., 2008; Véazquez et al.,
2008).

Seven different seismic units (named from 7 to 1 .ron. uldest to youngest) have been identified along
the West Galician Continental Margin defin’ag t'ie seismic stratigraphy of the margin (Murillas et al.,
1990; Ercilla et al., 2008). These seven seismic .'nits have been grouped in three different categories
attending to their relationship with the <trucral evolution of the Galician Continental Margin: pre-
rift, syn-rift and post-rift seismic unit c. te jories. Thereby, the seismic units 7 and 6 (Oxfordian to
Berriasian) comprise the pre-rift sc’smic units; the seismic units 5 and 4 (Valanginian to Aptian)
correspond to the syn-rift seis.nic nits; and the seismic units 3, 2 and 1 (Albian to Quaternary)

constitute the post-rift seismic: uit; (Murillas et al., 1990; Ercilla et al., 2008).
2.4. Oceanographic sedn.s

The area is under the influence of several water masses (Fig. 1a), the most important of which is the
Eastern North Atlantic Central Water (ENACW) that reaches depths of around 650 m, the
Mediterranean Outflow Water (MOW) that extend down to around 1,750 m depth, and the Labrador
Sea Water (LSW) that extends from 1,500 to 2,200 m depth (Fiuza et al., 1998; Hall and McCave,
2000; McCave and Hall, 2002; Varela et al., 2005; Zhang et al., 2016). Seafloor depths of less than
3,000 m in the TZ and the GIB morphostructural provinces constitute a geomorphological barrier for
the deeper water masses of the North Atlantic Deep Water (NADW: 2,150-3,450 m water depth) and
the Lower Deep Water (LDW: > 3,450 m water depth) (Bender et al., 2012). The along-slope
sedimentary processes acting at the TZ morphostructural province (contourites and mixed system), as
well as the erosional features identified, are principally controlled by two water masses: the MOW
and the LWS (Ercilla et al., 2011).



3. Dataset and Methods
3.1. Sediment cores and seafloor observations

A total of 13.50 meters of sedimentary record from five piston cores were collected during the
MARBANGA, Burato 4240 and Gran Burato 2011 cruises. The cores, located between 1,644 and
2,827 m of depth, are named as PC13-3, PCL1-2, PC06, PC01, and GC16 (Fig. 1c, d; Table 1). Deep
ocean-floor observations were obtained using a Seaeye Cougar 1432 ROV from the ACSM company
during the Gran Burato 2011 cruise. A total of forty-five hours of video records have been obtained

from six ROV dives.
3.2. Bathymetric data

Swath bathymetric data were obtained by combining an extend 'd n. iltibeam echosounder dataset
acquired during the MARBANGA cruise using a Kongsberg Si nrac EM120 system onboard the R/V
Hespérides and during the oceanographic cruises known o Burato 4240 and GALINCLIMARCH
using an ATLAS® Hydrosweep DS onboard the R/V Sa-mien o de Gamboa. The Kongsberg Simrad
EM120 system operates at a frequency of 12 kHz wit'. an cperating range from 20 to 11,000 m,
whereas the ATLASR Hydrosweep DS uses a 15.5 | +:z 1,/equency, and its operating range is from 10
to 11,000 m. Multibeam data were procro.™d sing the CARIS™ and Caraibes™ software.
Bathymetry for areas without direct data was ~'2termined using the EMODnet Digital Terrain Model
repository, which for the study area comb..xes the bathymetric data acquired for the Spanish Economic
Exclusive Zone (ZEEE) and the Gener | "s¢ *iymetric Chart of the Oceans (GEBCO) data. The digital
terrain model (DTM) and other deri'/eu ~artographic products were generated using ArcGIS™ and the
Global Mapper™ software.

3.3. Shallow seismic (chirp) da.”

About 2,572 km of chirp ~eisaiic profiles were obtained (Fig. 1b, ¢, d) using a TOPAS (TOpographic
PArametric Sonar) PS 12 system during MARBANGA cruise onboard the R/V Hespérides, and a
parametric sub-bottom profiler atlas Parasound P35 during Burato 4240 cruise onboard the R/V
Sarmiento de Gamboa. Furthermore, the shallow seismic dataset was acquired using a 3.5 kHz
CHIRP system on board of the RV L’Atalante during ERGAP cruises. The penetration of the acoustic
signal using these systems varies between 0 and 160 milliseconds (TWT). Chirp seismic data were
processed (static correction to correct vertical shift, kill trace command, Butterworth filtering and
burst noise removal filters, Stolt F-K migration, F-X deconvolution filtering, and muting were used
for reducing noise and enhanced seismic data) using the Radexpro™ software. The resulting SEG-Y
files were imported into the Kingdom Suite™ software for interpretation. For the echo-character
analyses and the nomenclature used, the methodologies established in the classical works of Damuth,

(1980) and Pratson and Laine, (1989) were taken into account and adapted to the acoustic response of



the study area (Llave et al., 2018; Maestro et al., 2018a). The correlation of the echo-character data
with the detailed bathymetric data obtained from the multibeam echosounder was used for the

interpretation and discussion of the sedimentary and oceanographic processes.
3.4. Multi-channel seismic (MCS) data

The MCS profiles were acquired during the Burato 4240 cruise (Fig. 1c). The seismic source was
composed of an array of 10 airguns shooting every 50 m, and the streamer was 2,243 m in length and
composed of 156 channels. Multi-channel seismic profiles were processed and interpreted using the
Radexpro™ and Kingdom Suite™ software. The penetration of the acoustic signal was about < 2 s
(TWT).

3.5. Geochemical and sedimentary analyses

High-resolution XRF geochemical and magnetic susceptibili'y (. 1S) data, as well as optical and
radiographic images of piston cores, were measured with th: Itrax"™ Core Scanner at the University
of Vigo, operated with a Mo-tube with a voltage of 3" kv and an exposure time of 20 s. Semi-
guantitative high-resolution XRF geochemical raw data 7L mi.: step size) were smoothed using a 10-
points running mean (1 cm) (Rodriguez-Germade * al, 2013). Grey levels (GL) and RGB values

were exported from radiographic and optical i*..2q9e., respectively.

Total inorganic carbon (TIC) content was meas.ved every 2 cm for the first metre and a half of each
core and every 4 c¢m for the remaining core “'sing the elemental macro analyser LECO CNS-2000 of
the University of Vigo. CaCO; percenca 1es were estimated using the equation TIC x 100/12, where
100/12 is the molecular weight ratic of CdCOj; to carbon (Plaza-Morlote et al., 2017).

Grain-size distributions were de.>rmined from discrete samples collected every 2 cm for the first
metre and a half and every + .M 1or the remaining core using a laser diffraction particle size analyser,
the Coulter LS 13 320 (L ~ck...an Coulter Inc., Brea, CA) from the University of Vigo.

Carbon and oxygen stable isotope analyses were performed on two facies of core GC16 at 8.5 and
19.5 cm of depth to characterise the composition and the possible methanogenic origin of the
carbonates. The measurements were carried out on the bulk fraction and the matrix fraction (< 4 pum)
using a GasBench Il system coupled to a DELTA V Advantage isotope ratio mass spectrometer
(IRMS) at the Autonomous University of Madrid.

The mineralogy and the sedimentary textures of the cores were studied by a JEOL JSM-6700f
scanning electron microscope (SEM) operated in backscattering mode (BS), located at the University

of Vigo.

The statistical facies analyses were carried out using the SPSS package v.23 with the methodology

proposed by Ldépez Pérez et al. (2019). In order to get a reliable facies classification of the cores,



different multivariate statistical analyses (Cluster Analysis and Discriminant Analysis) were applied
in a large high-resolution geochemical, magnetic and sedimentological dataset. Furthermore, mean

grain size (MGS) and sorting allowed defined textural parameters for each core.
3.6. Core chronology

The age models are based on seventeen radiocarbon dating (**C) and their correlation to the nearby
cores MD95-2039 and MD95-2040 (de Abreu et al., 2003; Schonfeld et al., 2003). The age models of
these cores are based on *C dates, 80 stratigraphy and SST GISP2 synchronisation. For that, in
order to convert the MD95-2040 ages derived from Greenland Ice Sheet Project 2 (GISP2) to
Greenland Ice Core Chronology 2005 (GICCO05) ages we used the methodology proposed by Strikis
et al. (2018) until 104 ka. All the cores were synchronised by tuning *aeir CaCO3 or XRF-Ca records
(Thomson et al., 1999) (Supplementary data I).

Sixteen monospecific handpicked samples of the planktonic fcram.nifera Globigerina bulloides (two
samples from core PC13-3, two from PCL1-2, three from °CUb, five from PCO1, and four from
GC16) and one pteropod samples (from core PCO1 at 16~ 5 c1 1 depth) were analysed for radiocarbon
dating by accelerator mass spectrometry (AMS). The “C «ges were converted to calendar ages
(Supplementary data I) using the IntCall13 calibratio.” curse (Reimer et al., 2013), including a constant

400 yr reservoir correction (Plaza-Morlote et 7., 20.7).

The age models were developed using a stra..raphy-based Bayesian approach running the OxCal
software v4.3.2 (Supplementary data I1) (r:"msey, 2008; 2017) to produce a statistically robust age

model for each core.

4. Results

4.1. Classification, characten._~tiyn, and distribution of echo-characters

The combination of the (Wi, seismic profiles and bathymetric data allowed us to identify, interpret,
and map ten high-frequer~, echo-character types within the study area (Fig. 2; Table 2). These echo-
characters have been grouped into three main classes: distinct echoes (1A, 1B, 1C, 1D, 1E, 1F, and
1G), wavy echoes (2A), and hyperbolic echoes (3A and 3B) (Fig.2; Table 2).

4.1.1. Echo type 1A

This type is defined as continuous and distinct sharp bottom echoes with absent or extremely weak
sub-bottom reflectors, and it extends about 3,329.46 km? (Fig. 2; Table 2). This echo type extends
partially surrounding the Ordofio and Malaga highs and over the steep-flank located at the northwest
of the study area (Fig. 2). Also, it is distributed over the slopes that connect the TZ and GIB

morphostructural provinces, as well as over the moats identified surrounding structural highs or scarps
(Fig. 2).



4.1.2. Echo type 1B

This type is defined by continuous and distinct sharp bottom echoes, with sharp parallel and stratified
sub-bottom reflectors (Table 2). The 1B echo-character is the most extensive, covering approximately
5,474.94 km? (Fig. 2), and it appears in low-slope surfaces in the entire study area (Figs. 2, 3b).

4.1.3. Echo type 1C

This type shows distinct sharp bottom echoes, and erosional bottom surfaces with undulated,
truncated and parallel sub-bottom reflectors, and it covers about 953.49 km? (Fig. 2; Table 2). The 1C
echo type is located at the maximum surface elevations identified in the study area (Figs. 2, 3a), as
well as at the edge of the east scarps, the top of the Fernando hig.. and partially surrounding the

Fernando, Sancho, Barcelona, and Savoye structural highs (Fig. 2)

4.1.4. Echo type 1D

This type is characterised by distinct sharp bottom echoev wiu) inclined, truncated and stratified sub-
bottom reflectors, and it occupies an area of around 1,887..78 .:m* (Fig. 2; Table 2). This type extends
mainly surrounding the northern and eastern area. ~f “he mentioned maximum surface elevations
(Figs. 2, 3a).

4.1.5. Echo type 1E

This echo-character type is identified |y a.>inct weak and erosive bottom echoes and truncated and
parallel sub-bottom reflectors, whicn cover an area of approximately 530.90 km? (Fig. 2; Table 2).

The 1E echo type appears over th: chainels and troughs systems identified (Fig. 2).
4.1.6. Echo type 1F

This echo type is define.' by continuous and distinct sharp bottom echoes with undulated, parallel,
truncated, discordant, anc Lutcropping sub-bottom reflectors. It characterises a surface area of about
110.86 km? (Fig. 2; Table 2). The 1F echo type covers the maximum surface elevation located at the

southeast of the Gran Burato and Crater 3 depressions (Fig. 2).
4.1.7. Echo type 1G

Echo type 1G characterises weak distinct bottom echoes with high-reflectivity sedimentary layers on
an irregular and not defined base (Table 2). This type occupies an area of about 97.41 km?, and it is
located at the mouth of a drainage channel system associated with the base of the scarps of the GB

morphostructural province, which flow toward the east (Fig. 2).

4.1.8. Echo type 2A



This echo-character comprises wavy irregular bottom echoes with transparent fill over an irregular
base in the first several metres of depth, followed by intermittent transparent layers and parallel,
undulated, and discontinuous sub-bottom reflectors not concordant with the seafloor (Table 2). This
echo type covers an area of about 479.24 km? located on the surface of the GB plateau at the GB

province (Fig. 2).
4.1.9. Echo type 3A

The 3A echo type shows distinct sharp echo bottoms with irregular and overlapping hyperbolas
without sub-bottom reflectors (Table 2). This echo type extends around 2,834.57 km? (Fig. 2). This
echo type is distributed over high-slope surfaces throughout the entire study area (Fig. 3b), coincident

with high-slope channels, gullies, troughs, scarps, and structural highs (~=ig. 2).
4.1.10. Echo type 3B

The 3B echo type is characterised by irregular overlapping ! 'oervolas with truncated, concordant, or
absent sub-bottom reflectors and it has an area of about 498.¢> km? (Fig. 2; Table 2). This echo type

is located over the channels and scarps mapped in the HGD mcvphostructural province (Fig. 2).
4.2. Physiography and geomorphological featur zs

The TZ morphostructural province constituics o'« NW-SE-elongated province that is characterised, in
general terms, by slopes of about 0.5 to 2 5° (Fig. 3a, b) and depths between about 1,500 m and 3,000
m, reaching 5,000 m at the northern beur *ary (Figs. 3a, 4). The extension and the boundaries of this
morphostructural province are delir...*au :n Fig. 4. Geomorphologically, the TZ morphostructural
province constitutes an offshore high marginal platform that could be divided into two well-
differentiated geomorphological . eas: the flat north sector and the elevated south sector (Fig. 3a, c).
The north sector is located uotween the latitudes of 42°50°N and 43°29°N and is characterised by a
maximum width of ~ % C k.. 7 his sector constitutes a relatively flat surface (Fig. 3a, ¢) with depths
increasing toward the nortt approximately from 2,050 m to 3,000 m, except the northeast area that
descends to 5,000 m (Figs. 3a, 4). In contrast, the south sector is located approximately 42°05°N and
42°50°N, and it shows a maximum width of ~ 105 km. Depths in this sector vary approximately
between 1,500 m and 2,750 m (Figs. 3a, 4). The south sector is characterised by showing a general
topographic uplift of the area compared with its surrounding (Fig. 3c). Here, it is possible to identify
three maximum surface elevations, resulting in a dome-like configuration that is the main feature that

allows differentiating the south and north sectors (Fig. 3a, c).

Within the study area, different geomorphological features were identified: faults, fold bulges,
structural highs, scarps, giant depressions, structural undulations, gullies, troughs, channels, drifts,

moats and sediment waves (Figs. 4, 5, 6).
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4.2.1. Faults

Faults have been identified from the bathymetric record and seismic data throughout the study area.
Bathymetrically, faults are associated with bathymetric lows and morphological lineament structures
such as troughs and structural undulations (Figs. 4, 5a, d, f). Faults have also been widely identified in
chirp data, folding and deforming the sedimentary record (Figs. 7, 8, 9). These faults show continuity
and correlate in terms of depth with the identified faults in MCS profiles (Fig. 7g). Furthermore, MCS
data exhibit a large numbering of normal faults affecting the uppermost sediments with an offset of ~
10 ms TWT (Figs. 6, 79, 10), confirming the structural control of the troughs and structural
undulations (Fig. 10).

In general terms, bathymetric lows and morphological lineamer... (e.i., troughs and structural
undulations) associated with faults display main NW-SE orienta.ion «nd a variable surface rupture
length between 1 to <15 km (Fig. 4). These faults exhibit a ve tica to sub-vertical dip in the shallow
sedimentary records (Figs. 7, 8, 9), and they present an offse. at the current seafloor from few several
meters to < ~ 90 m (Fig. 5a, d, f).

4.2.2. Fold bulges

Three different fold bulges have been identifi>4 .* the south sector of the marginal platform from
bathymetry, and chirp and MCS seismic data, "umbering from 1 to 3 from west to east (Figs. 4, 5c¢, h,
10). These positive seafloor flexures = coincident with the three principal maximum surface
elevations of the dome-like structure ("-ir,. ?2). Fold bulges 1 and 2 have mainly N-S to NNE-SSW
orientations; whereas fold bulge 3 rus.'ays an NW-SE orientation (Figs. 4, 5h), showing longitudes
between 7 and 15 km related to thei. morphological expression over the seafloor (Fig. 4). These
positive flexures are located withi, the 1C echo type (Fig. 2; Table 2). Regarding MCS data, Fig. 10a,
b displays anticlines strucwr.s that deform the sedimentary cover, which is strongly affected by
normal faults. These ai.:*cnies cause the fold bulges described (Fig. 10) corresponding to the

maximum elevations with::, the domo-like structure located at the south sector (Fig. 3a, 4, 5c, h).
4.2.3. Structural highs

Six structural highs were identified within the TZ morphostructural province (Figs. 4, 5h). The
Sancho, Savoye, and Barcelona highs, with minimum depths of 1,200 m, 1,370 m, and 1,400 m
respectively, are located in the south sector; meanwhile, the Ordofio, Fernando, and A highs, with
depths of 1,500 m, 2,040 m, and 2,330 m respectively, are in the north sector (for more details about
geological descriptions, see Vanney et al., 1979; Ercilla et al., 2006; 2011; Somoza et al., 2019).
These structural highs are mainly delimited by scarps (except the Barcelona and Ordofio highs) and
widely surrounded by moats (Fig. 4), and they are characterised by the echo type 3A (Fig. 2; Table 2).
Only Fernando high shows the 1C echo type covering the tabular top (Fig. 2; Table 2).
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4.2.4. Scarps

Scarps mainly constitute the boundaries with the adjacent morphostructural provinces (Fig. 4). This is
the case of the east boundary between TZ and GIB morphostructural provinces and the west and north
boundaries with HGD, GB and NF provinces (Fig. 4, 5b). Scarps also are located surrounding
structural highs such as Sancho, Savoye, Malaga, Fernando and A highs (Fig. 4). These scarps display
variable orientations (NW-SE, N-S, NE-SW and W-E) and lengths between ~ 4.5 and ~ 81.3 km (Fig.
4). The reliefs vary between ~ 100 and ~ 2,150 m and the hyperbolic 3A and 3B echo types

characterise these morphological features (Fig. 2; Table 2).
4.2.5. Giant Depressions

Our bathymetric and seismic data confirm the presence of threz Aia.t depressions of kilometre
diameter located at the southern elevated topographic area of tho 7Z morphostructural province,
which they were already previously reported in the scientific 'ivratiure (Vazquez et al., 2009b; Ercilla
et al., 2011; Ribeiro, 2011; Druet, 2015; Somoza et al., 20".C: M.:nshull et al., 2020): the Gran Burato,
Crater 3 and A Orella depressions (Figs. 4, 5h, 6).

The Gran Burato depression is located at the top of h. dme-like morphology, specifically east of the
fold bulge 2 (Figs. 4, 5h, 6). This depression bz~ a circular shape with a fairly flat floor bottom, and it
displays a size of about 9.56 km? (Fig. 6). .\I.0, the maximum and minimum water depths of this
depression are 1,975 and 1,607 m, respectively. The Gran Burato depression has a maximum W-E
and N-S diameters of about 3.4 km . ~ depth of roughly 367.5 m relative to the surrounding
seafloor (Fig. 6). This structure is clia *cerised by a conical morphology and a radially symmetrical
depression (Fig. 6), with the wes* ana .>orthwest flanks more topographically elevated compared with
the east and southeast flanks, as a .~sult of the surface elevation of the NNE-SSW-oriented fold bulge
2 (Figs. 4, 5h, 6). The flan's u’spiay a mean slope of 8.37°, reaching maximums between 20° and 23°
(Fig. 3b). Gran Buratu v nicssion is within the 1C echo type (Fig. 2; Table 2). Regarding seismic
data, MCS profiles exhikt:. truncated reflectors in the flanks of the Gran Burato structure, and the
absence of internal filling sediments inside the depression (Fig. 6). It is also possible observed intense
faulting, caused by normal faults dipping towards the centre of the depression structure (Fig. 6). These
faults have an offset of around 10 ms TWT. In the surrounding Gran Burato area, chirp record exhibit
parallel and undulated reflectors strongly affected by faults and deformations, as well as truncated

reflectors (Tr) over the Gran Burato flanks (Fig. 9) and the surrounding seafloor (Figs. 7a, 9).

The Crater 3 displays irregular shape in plan view and an area of 8 km? (Figs. 4, 5h, 6). The
maximum and minimum water depths of Crater 3 are 1,850 and 1,775 m respectively. This
depression shows a maximum W-E and N-S diameters of about 3.07 and 3.11 km respectively and
relative depth of about 77.98 m (Fig. 6). The structure has no symmetry, and the seafloor of the

depression is flat with a gentle slope to the east (Figs. 3b, 6). It is also possible to differentiate positive
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and negative reliefs at the seafloor with an NW-SE orientation (Figs. 6). The flanks show an average
slope of 2.49° with maximums around 5° and 7° (Fig. 3b), and the structure is also within the 1C echo
type (Fig. 2; Table 2). In the MCS data, the Crater 3 displays stratified and parallel reflectors with
truncated termination over the palaeoflanks and intense normal faulting (offsets about 10 ms TWT)
(Fig. 6). Normal faults also display an inclined distribution towards the centre of the structure.
Internally, the depression shows sedimentary filling with a maximum thickness of 110 ms TWT,
which also display onlap terminations over the palaeoflanks (Fig. 6). Two fill sediment units have
been identified based on the presence of toplap between the lower and upper units (referred as C2 and
C1, respectively), with maximum thicknesses of 60 ms TWT and 50 ms TWT, respectively (Fig. 6).

This structure shows gentle slopes in contrast to the other two giant depressions identified (Fig. 6).

The Orella depression has elliptical shape morphology in plan viewv .na a total area of around 14.39
km? (Figs. 4, 5h, 6). The depression is located between water dezths oi 2,040 and 1,840 m, and it has
maximum W-E, and N-S diameters are 4.78 km and 3.68 <, ~.spectively; the maximum relative
depth is 196.74 m (Fig. 6). The Orella has a W—E mirrore’s s, .ietry, being the west and north flanks
are more elevated compared to the east and south ones (1, 6). Furthermore, three negatives reliefs
have been identified from north to south at the seaf or nf this structure (Fig. 6). These lows delimit
by two positive reliefs and the flanks of the dej.:ession. Southernmost of these two positive reliefs
show a convex and crescent shape; mear vhi's, the northernmost positive relief has a west-east
elliptical shape (Fig. 6). The flanks shov- an averuge slope of about 4.42° with maximum slope values
between 10° and 15° (Fig. 3b), and the JOreisa depression is also characterised by the 1C echo type
(Fig. 2; Table 2). Furthermore, the Ol ~2pression shows in MCS profiles truncated terminations of
the parallel and stratified reflecto’s v *ar the palaeoflanks, as well as normal faults inclined toward to
the centre of the structure (onioets about 10ms TWT) (Fig. 6). This depression has a filling of
sediments of maximum thiznczs of 226 ms TWT (Fig. 6). The fill is characterised by internal
reflectors with onlap *c-mi.>2t*on over the palaeoflanks of the depression. Three different fill units
have been identified based /.n the toplap and downlap terminations over the reflectors that limit these
units (Fig. 6). The lower unit, named as O3, is characterised mainly by inclined reflectors to the south
with toplap, downlap and onlap terminations and local chaotic reflectors, especially in the N-S
profile, and it has a thickness around 112 ms TWT (Fig. 6). The intermediate unit, labelled as 02,
shows mainly parallel and stratified reflectors with some located toplap and downlap terminations
between internal reflectors; the thickness of this unit is about 85 ms TWT (Fig. 6). Finally, the upper
unit, named as O1, exhibits parallel and stratified reflectors, and it has a thickness of about 29 ms
TWT (Fig. 6). Furthermore, truncated reflectors appear in this unit over the seafloor surface

corresponding to the slopes of positive and negative reliefs (Fig. 6).

4.2.6. Structural undulations
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Bathymetric lows associated to structural undulations are found along the whole area, especially at the
west and south of the Gran Burato depression and in the centre and eastern regions of the north sector
(Figs. 4, 5d, h). These structural undulations are mainly oriented NW-SE and they have sinuous
lengths from 1 to 9 km, with around 0.5 to 2.5 km between crests and negative reliefs from several
few meters until < ~ 50 m (Figs. 4, 5d). Structural undulations are mainly within the 1B echo type, but
also are present within the 1C, 1D and 1F echo types (Fig. 2; Table 2). Furthermore, from chirp and
MCS data, it is possible observed that faults govern the structural undulations features (Figs. 7a, b, f,
10b), folding the sedimentary record.

4.2.7. Gullies, troughs and channels

Different erosional features associated with gullies, troughs and chara.~ls have been identified within
this high marginal platform (Figs. 4, 5e, f, g, h). Numerous gullie: are located at the sharp northeast
boundary, extending toward the GIB morphostructural province wi*h a NE-SW trend (Fig. 4, 5e). In
less extend, gullies also appear at the boundary with the F.<D morphostructural province with an
NNE-SSW orientation (Fig. 4). These features display ' '-sha 2 morphology with an around one to
several kilometres width. The lengths are about 2-5 km, and e relief is less of ~ 250 m (generally
about several tens of meters) (Fig. 4, 5e). Furthermc~:, cJllies are characterised by the 3A echo type,
showing hyperbolic facies (Fig. 2; Table 2).

Bathymetric lows, associated with structural tro-ghs, have been identified at the domo-like structure
located at the south sector of the margin~! oi.*form (Figs. 4, 5f, h). These troughs flow to the east and
northwest from the area north of the GGra Furato depression, and they have an NW-SE trend (Fig. 4).
The lows display U-shape morphmi qy, and they have a length less of 15 km and a wide of around
between ~ 1-2 kilometres, with .~lic s < ~ 90 m (Fig. 4, 5f). Furthermore, troughs are characterised by
the 1E and 3A echo types (Fin. 2* “Jable 2). These geomorphological features have a structural control
because normal faults ~overn t'iem as the seismic analysis confirms in chirp and MCS data (Figs. 9,
10b). These normal faults 1lank the structural troughs and deform the surficial and deep sediments
(Figs. 9, 10b). Chirp and MSC data exhibit truncated reflectors over the structural troughs (Figs, 9,
10b; Table 2), as well as hyperbolic facies (Fig. 9; Table 2).

Regarding channels, different systems have been identified within the study area (Figs. 4, 5g, h).
These channels develop seaward from the slope break of the scarps, or they represent the thalweg
incision of structural valleys, following in both cases, the maximum slope gradient (Fig. 4). One of
these systems is located at the base of the scarps of the GB morphostructural province at the west of
the north sector of the TZ morphostructural province (Figs. 4, 5g, h). These channels represent a
drainage system with a mainly SW-NE orientation, and they have lengths of roughly 10-22 km; the
largest is about 36 km in length (Figs. 4, 5g, h). Moreover, a channel system roughly 25-34 km in
length descends with SW-NE/SSW-NNE trend from the Fernando and A structural highs, and it
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connects the TZ morphostructural province with the Biscay Abyssal Plain, reaching its maximum
depth (Fig. 4). Finally, another extensive channel system of about 33 km in length descends southwest
forward from GB and TZ provinces towards the HGD province (Fig. 4). In general terms, channels
display U and V-shape morphologies of < 2 km of wider, with reliefs that vary between few meters to
< ~ 180 m (Figs, 4, 50). These erosional features are coincident with the 1E, 3A and 3B echo types
(Fig. 2; Table 2). Chirp profiles display truncated reflector over the flanks of the channels (Fig. 7d;
Table 2), as well as hyperbolic facies (Table 2)

4.2.8. Drifts and moats

Different elongated mounded and separated drifts have been identified in the study area as positive
reliefs associated parallel with the Barcelona, Sancho, and Savoye hiy"s, as well as with the base of
the scarps of the GB morphostructural province (Figs. 4, 5b). These drifts are separated from the
structural highs and scarps by moats (Figs. 4, 5b). These stru ctur. s are located between 1,500 and
2,000 water depth, and they have reliefs of ~ 10 to <~ 160 1. and a wide between ~ 3 and ~ 6.5 km.
Drifts are located within the 1B echo type (Fig. 2; Tabl: 2). Zhirp data displays stratified reflectors
characterising drift deposits (Fig. 7a).

Regarding moats, these erosional features are ! cawcu surrounded almost all structural highs (the
Savoye, Sancho, Barcelona, GB, Malaga, C.dof 2, Fernando and A highs) and some scarps (Figs. 4,
5b). Moats comprise between 4 and 35 km of 1c1gth and a few kilometres, or less, of wide. Across-
sections have U-shape morphology, and veh s vary between several tens or hundreds of meters (< ~
350 m). Moats are associated with the 1/ e_ho type (Fig. 2; Table 2). Chirp profiles show transparent

facies associated with the moats (Fiy 7a).
4.2.9. Sediment waves

Finally, sediment waves h.ve t 2en identified from chirp seismic analysis at the top of the plateau of
the GB province (Fig. 4) as: dciated with the 2A echo type (Fig. 2; Table 2). These features are located
at ~ 700 and ~ 900 m of water depths and show amplitude < 8 m and a wavelength of several hundred

meters.
4.3. Chirp seismic analysis
4.3.1. Seismic unit analysis

Interpretation of the chirp seismic profiles, acquired mainly in the uplifted south sector of the TZ
morphostructural province (Fig. 1b, c, d), allowed us to identify three different seismic units with a
patchy distribution around this area (Fig. 7). These seismic units are named U3 to U1 from older to
younger. The criteria established to define the seismic units were based into several factors: a) the

appearance of high amplitude and continuity reflectors along the seismic lines (Fig 7), b) the
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recognition of onlap internal reflectors terminations against these high amplitude reflectors identified
(Fig. 7b), and c) the correlation of the high amplitude and continuity reflectors between the different

seismic profiles, maintaining the thicknesses of each seismic unit at each correlation.

Units U3 to U1 exhibit mainly the 1B acoustic facies, and they are characterised by showing parallel
and undulated reflectors with alternation of high and low amplitudes (Fig. 7). These units are
principally distributed at the western and southern areas of the three fold bulges (Fig. 7a, b). In
contrast, at the three maximum surface elevations coincident with the fold bulges described, these
three units are thinner, and chirp profiles show truncated reflectors with the seafloor surface
corresponding to the 1C and 1D acoustic facies, defining erosional surfaces (Figs. 7a, b, 8; Table 2).
These truncated reflectors are also recognizable in MSC profiles \=ig. 10). In these areas, seismic
units also display internal onlap terminations (Fig. 7b). The three yuonger seismic units are strongly
affected by the structural undulations and normal faults that d= >, ¢e units and cause changes in
their thickness (Fig. 7a, b, e, f), varying between maximums .inu ~:nimums around 8 and 2 ms TWT,
26 and 4 ms TWT, and 19 and 6 ms TWT for units U1, UZ, a."1 J3 respectively.

Additionally, at the NE of seismic line L (Fig. 7b) the lcwer r.mit of Unit 1 could be correlated with
core PC13-3 at approximately ~ 3.40 m (~ 4.5 ms ™/T), coincident with an abrupt change in grain

size (Fig. 7¢). From this depth, there is a subs*..*ial Jacrease in the sand content of the core (Fig. 7c).
4.3.2. Seismic structure analysis

Structural deformations and pockmark, . 'ctures have been identified from chirp records affecting
the units described (Figs. 7b, e, f, 8, ).

Fig. 7 displays transparent bodi~s v ithout stratigraphic correlation that intercept the seismic units and
inducing local discontinuities anr] truncated reflectors. These structures correspond to structural
deformations resulting frot » the intense fault activity observed in the chirp seismic profiles (Fig. 7b, e,
f). Structural deformations . re also related in terms of depth with the erosional surfaces define by the
1C and 1D echo types (Fig. 2; Table 2) coincident with the highest topographic surfaces of the south
sector (Fig. 7a, b) and with the structural undulations affecting the stratified surficial deposits (Fig.
71). Filled and partially filled pockmarks have been identified in chirp seismic profiles (Figs. 8, 9).
These pockmarks are characterised by presenting undulated reflectors with VV-morphologies delimited
by faults (Fig. 8), and they are associated with gravitational collapses due to fluid leakages (Llave et
al., 2018). The filled and partially filled pockmarks are chiefly distributed at the uplifted areas
resulting in the fold bulges 2 and 3, especially within the 1F acoustic facies (Figs. 2, 8; Table 2),
although some pockmarks have been identified within 1C acoustic facies surrounding the Gran
Burato depression (Fig. 9). Furthermore, Fig. 8a shows an unfilled pockmark. Finally, filled

pockmarks have also been recognised in MCS profiles (Fig. 10a),
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45. ROV observations

Six ROV dives allowed filming the seafloor of the Gran Burato structure and the troughs system
located at the northeast of this depression (Fig. 11). ROV video visualisations enabled us to identify

the following sedimentary features:

a) Ripples with rectilinear crests, some of them with an accumulation of pteropods into the lows
between crests (Fig. 11a). These features are located mainly at the bottom of the depression and
the southern area of the troughs system (dives 5, 6 and 10).

b) Grooves with or without observed accumulations of pteropods in the inner part of the depression
and in the south area of the troughs system (dives 6 and 10) (Fig. 11b).

c) Comet marks associated with rock fragment trails that are aliy.ing with the direction of the
current behind an obstacle (dives 2, 6, 7, 8 and 10) (Fig. 11c).

d) Dense crusts located principally at the flanks of the depr 'ssio Y and in the southern area of the
troughs (dives 2, 5, 6 and 10) (Fig. 11d). These dense ¢ 'sts display laminated morphology, and
they are partially covered by sands (Fig. 11d).

e) Flat surfaces without ripples, with some dispersec. mounds and, rarely, some holes (mainly
identified in dives 6, 7 and 8) (Fig. 11e). Thu<e fat surfaces could be appearing covered by
pteropods and/or ferruginous tubes, especia./ 1. dive 6 (Fig. 11f).

4.6. Sediment core data
4.6.1. General sediment properties

In general terms, the sediments tex. e of cores PC13-3, PCL1-2, PC06, and GC16 consist of well-
laminated very poorly sorted fi~e - very fine sand, except core PC01, which is dominated by very
poorly sorted medium sand (1< le 3). Mean RGB colour values indicate sienna tones for cores PC13-
3 (231, 209, 170) and PCL1-2 215, 184, 125) and light brown and olive tones for cores PC06 (161,
149, 113), PCO01 (150, 135, 95), and GC16 (161, 144, 110). Only the bottom of core GC16 shows a
pale brown colour (194, 176, 143) different from the rest of the cores.

4.6.2. Facies analysis

Multivariate statistical analyses have been applied to the geochemical (XRF: Fe, Ti, Ca, Mn, and Ba;
XRF: Fe/Ca, Ti/Ca, and Si/Sr detrital ratios), sedimentological (grain-size, grey level, and RGB
colour), and magnetic (MS) data for the facies classification of the five piston cores extracted from the
TZ morphostructural province. The analyses were carried out using the methodology by Lépez Pérez
et al. (2019). Exploratory cluster analysis (CA) was performed on the dataset to define the preliminary
facies classification. These CA results were improved and refined using discriminant analysis (DA) to
obtain a final facies classification that shows the robust statistical agreement of 85.9%, 87.5%, 94.5%,
99.3%, and 100% for cores PC13-3, PCL1-2, PC06, PC01, and GC16 respectively. Furthermore, low
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values of Wilks's lambda (PC13-3 = 0.180, PCL1-2 = 0.260, PC06 = 0.104, PC01 = 0.027, and GC16
= 0.030), together with the high chi-square values (PC13-3 = 6,940.41, PCL1-2 = 4,615.24, PC06 =
7,287.08, PCO1 = 6,153.21, and GC16 = 741.93), ensured the validity of the facies classification
results (p < 0.0001). At the same time, SEM observations provided additional information on the

sedimentary texture and mineralogy of each facies.

A total of seven different textural and magnetochemical facies were defined for all the cores (Figs. 12,
13; Table 4). Statistical analyses of the datasets corresponding to cores PC13-3, PCL1, and PCO06
revealed three different main facies: Ca-rich low-susceptibility/pelagic (Fig. 13a, b), Fe-rich high-
susceptibility/detrital (Fig. 13c), and medium Ca and Fe/hemipelagic facies (Fig. 13d). Core PCO1,
extracted from the bottom of the Gran Burato depression, shows *iree facies from the top to the
bottom of the core: a foraminifera-rich sand facies (Fig. 13e), a p*eicou-rich sand facies (Fig. 13f),
and a detrital facies (Fig. 12). Core GC16, extracted from the tre.zh o, stem located at the northeast of
the Gran Burato structure, exhibits two very different mair faies: a low-density sand facies (Fig.
13g) at the top of the core and a high-density silt facies (9. 13h) at the bottom of the core. The
boundaries of these facies are coincident with changes ir u.» RGB colour and GL profiles (Fig. 12;
Table 4).

4.6.3. Stable isotope analyses

Oxygen and carbon stable isotope analyses w.~e carried out on the bulk carbonate fractions and
matrix carbonate fractions (< 4 um) of *he _aw-den sand and High-den silt facies identified in core
GC16 (Fig. 12). Results from the 3C a1d &0 isotopic compositions for the bulk and cement
carbonate fractions of the low-ders.. facies (8**Cpux = 0.05%0, 8*Ceement = 0.73%0, 8 *Opui = 1.04%o,
and 5" Ocement = 1.09%o0) and the hiy~-density facies (8"°*Cyui = 0.37%0, 8" °*Ceement = 0.91%o, 8'*Opuic =
1.24%o, and 8™ Ogement = 1.94%0, *o’lect marine carbonate isotopic conditions (Joseph et al., 2013).

4.6.4. Sedimentation rate.

In general terms, sedimentation rates of cores PC13-3, PCL1-2, and PC06 showed extremely low
values corresponding to the cold stadials, with average values of 2.73 cm ky’l, 1.34 cm ky’l, and 0.49
cm ky " corresponding to MIS 2, MIS 3, and MIS 4 respectively, with minimums values between 0.02
and 0.34 cm ky * (Fig. 14). MIS 1 showed a mean value of 1.85 cm ky*, and the warm MIS 5 period
had a mean rate of 7.55 cm ky ", with maximums ranging between 16.95 and 13.36 cm ky * (Fig. 14).
MIS 6 displayed a mean value of 5.45 cm ky * with maximums and minimums of 11.26 cm ky * and
0.02 cm ky * respectively. During this stage, the lowest sedimentation rates were calculated between
155 and 140 cal ka BP, defining a hiatus located at ~ 3.40 cm of the core PC13-3; meanwhile, the
higher values were obtained from 172 to 155 cal ka BP (Fig. 14). Furthermore, the general low
sedimentation rates caused a condensed sequence of detrital layers in cores PC13-3, PCL1-2 and
PCO06 (Fig. 12). Note that PC06 show the higher sedimentation rates of the three cores (Fig. 14).

18



Core GC16 displayed very low sedimentation rates for the last 30 cal ka BP (mean of 1.57 cm ky %)
with a hiatus between 17.80 to 10.45 cal ka BP (Fig. 14; Supplementary data I, I1), coincident with the
abrupt colour change mentioned (Fig. 12). Radiocarbon data from core PCO1 showed an inverted
sequence for the whole core (Fig. 12). The pteropod sample from core PCO1 had an age of 19.81 cal
ka BP (Supplementary data ).

5. Discussion

5.1. Tectonic control of the surficial sediments on a high marginal platform
5.1.1. Upper tectono-sedimentary architecture

The identification of numerous structural features (fold bulges, -~ticiines, structural undulations,
troughs, pockmarks, giant depression and faults) affecting to the n.~<t surficial sediment units (Figs.
4,5, 6, 7, 8, 9, 10), suggests the importance of the tecten.~ crntrol over the most recent Late
Quaternary sedimentary architecture in the study area (Fi7. 15, Tectonic control of the sedimentary
record is also reflected and confirmed by the identificat~ of structural deformations in the chirp
seismic profiles (Fig. 7b, e, f). These structural defr..:ations are the result of fault deformation that
introduce changes in the available accommodat.on .uace that combined with the bottom current
activity, control the thickness variations obs.rve . at the different seismic units described (Figs. 7b, e,
f, 15a). Besides, this tectonic deformation, con.~ined with erosional activity, is also the responsible
for the truncate reflectors identified in 1C, 2D or 1F echo types (Figs. 2, 7a, b, e, f, 8, 9, 10, 15a).
Furthermore, the topographically uplivtid surface of the south sector of the TZ morphostructural
province resulted in a dome-like .~orpnology (Fig. 3a, c), as well as the presence of numerous
structural highs, scarps, giant ¢=oi.ssions and troughs governed by faults also indicate a structural
control of the complex physioy~aray and the surficial sedimentary architecture of this high marginal
platform (Figs. 4, 5, 6 K aarr.ing troughs, these bathymetric lows corresponding to the superficial
“cracks” describe by Somcza et al., (2019) within the domo-like structure, also characterised as a

structural feature confirming their tectonic control (Fig. 15a).

The cause of the intense faulting, folding, and deformation of the upper units (Fig. 15a) identified in
this margin is related to the reactivation of the fault Mesozoic system during Cenozoic compression
regimes (Vazquez et al., 2008). At the northern Iberian continental margin, the most important
Cenozoic compressive deformation occurred during the Eocene related to the Pyrenean orogeny,
although this compressive regime has been active until the early Miocene (Burdigalian times)
(Pinheiro et al., 1996; Vazquez et al., 2008). These compressive phases had an N-S stress direction,
and they were a consequence of the northern convergence of the Iberian Plate and the southward
subduction of the Bay of Biscay oceanic crust under the Iberian Margin continental crust (Sibuet et

al., 2004). However, from the late Neogene (Tortonian times) to the present day, the rotation of the
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Africa-lberia and Eurasia convergence caused a compressive regime change from N-S to NW-SE
trend (Maestro et al., 2018b; Somoza et al., 2019). Thus, the recognition in the scientific literature of
neotectonic faults, Quaternary sedimentary instabilities or recent earthquakes activity (Alonso et al.,
2008; Diaz et al., 2008; Vazquez et al., 2008; Somoza et al., 2019; Yenes et al., 2019) suggests that
these neotectonic NW-SE compressional events also have been present until recent times in the study

area.

According to the previous works (Vazquez et al., 2008; 2009b; 2009a; Ercilla et al., 2011; Somoza et
al., 2019) the intense deformation and faulting of the post-rift units (Albian to Quaternary) in this
margin are related to the presence of a viscous layer corresponds with the “black shale unit” of
Albian—Cenomanian age, named as Unit 3 by Murillas et al., (199." and Ercilla et al., (2008). This
layer was the possible responsible agent for the intense plastic arua .*itue deformation of the upper
sediments of the marginal platform (Fig. 15) due to their vertice’ >nu iorizontal mobility triggered by
Cenozoic compression phases (Vazquez et al., 2008). This prace.~ wiso favoured a decoupled between
the cover sedimentary and the basement structures and “ne foimation of neotectonic normal faults
(Véazquez et al., 2008). The Cenozoic compressional activi.,- mentioned also caused the reactivation
of the basement structures, configuring the iso'atrd and elevated marginal platform complex
physiography (Vazquez et al., 2008; 2009b; 20027). 1nus, the domo-like morphology, associated to
fold bulges located over anticlines structur:s (Fig. 10), is related to the horst basement reactivation
during the Cenozoic, a process that fold~d the pust-rift sediments and uplifted the south sector of the
TZ morphostructural province, as dem~.."tra.2ad Vazquez et al., (2008) (Fig. 15b). Attending to the
context of the Pyrenean orogeny, the ~=cc 2 iition of the N-S to NNE-SSW-oriented fold bulges 1 and
2 (Fig. 4) could be related with t"ie \ ~activation of Mesozoic N-S fractures that act as normal faults
during the N-S compressive regi. e «cting from the Paleogene to the Miocene (Maestro et al., 2018b).
On the contrast, the NW- C=-c-ented fold bulge 3 (Fig. 4) could be linked with the NW-SE
convergence from the (~te “le,gene to present time that reactivated previous NW-SE fractures as
normal faults (Maestro et al., 2018b). These successive compression processes could be the
responsible for the uplift surface of the south sector of the marginal platform (Fig. 3a, c) and the

structural deformation of the recent seismic units described (Figs. 7b, e, f, 15a).

Furthermore, our bathymetric data display NW-SE lineaments, such as faults, troughs, structural
undulations or some of the scarps described (Figs. 4, 5, 7, 9) that are parallel to the above mentioned
NW-SE compressional regime active from the late Neogene to the present day (Maestro et al., 2018b;
Somoza et al., 2019). This fact suggests that the tectonic activity has been active until recent times
affecting and controlling the Late Quaternary sedimentary architecture and record of the study area, as
well as the bathymetric expression of the current seabed. Therefore, the compressional regimes during

the Cenozoic and the plastic behaviour and the mobility of the “black shale unit” layer eased the
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development of the different structural and morphological features described in the high marginal

platform.
5.1.2. Tectonic control of the giant depressions

Giant depressions have been identified and reported widely around the world (Gay et al., 2006; Ledn
et al., 2010; Sun et al., 2011; Chen et al., 2015; 2018; Wenau et al., 2017). In the mentioned scientific
literature, the origins of these giant structures are usually attributed to massive fluid escapes in
intensely faulted areas associated with diapiric structures at depth formed by plastic material (salt or
silt). Moreover, these structures can subsequently be reshaped either by erosive action by sea-bottom
currents or by the coalescence of other small pockmarks (e.g., Gay et al., 2006; Sun et al., 2011;
Garcia et al., 2016).

The formation of the three giant depressions identified is relater t. iriense deformation and faulting
during the Cenozoic compressive regime (Vazquez et al., 20n9.\. 7 hese authors suggested that these
depressions are related to collapses to the upper sediments :.'aie to intense normal faults activity due
to diapiric ascends caused by the vertical mobility of the “Liack shale unit” described above. This
configuration created migration paths through far.s for fluid leakage triggering the depression
collapses (Fig. 15b) (Vazquez et al., 2009b; Ercil'a et wi., 2011; Somoza et al., 2019). In our data, the
MCS seismic profiles confirm the tectonir cor.trol of these structures, where faults are arranged
surrounding and inclined toward the centres of . 2 three depressions (Fig. 6). The truncated reflectors
over the flanks of the depression also ~on.**m the erosive features of these structures due to the
possible large fluids escapes hypothesis Figs. 6, 9). Furthermore, the NW-SE lineament trend of the
three giant depressions in the ha.vmetric map (Fig. 4) suggests that these features could be
associated to the mentioned NV.'-St. sonvergence regimes active from the Late Neogene due to fluids
venting activity related to dia.ire, as also suggest Somoza et al., (2019). The MCS seismic fault
analysis developed bv Rireirr, (2011) in the Gran Burato area displays principally NNW-SSE
orientated faults, confirmini, that the late Neogene NW-SE compressional deformation triggered the

formation of the three giant depressions.

Furthermore, chronological and sedimentological data of cores PCO1 and GC16 provide valuable
information about the role of recent tectonic activity in the Gran Burato depression and their
surrounding area. The age-inverted sequence obtained for PCO1 core (Fig. 12; Supplementary data I),
with ages between 19.81 and 22.17 cal ka BP, could reveal a sedimentary instability of the flanks of
the depression due to faults reactivations during the Late Pleistocene. These tectonic pulses would
cause the exposure of sediments through the activity of the faults, which facilitated the erosion and
removal of seafloor material from depression flanks by vigorous bottom currents and their reposition
at the bottom of the Gran Burato structure, forming the foraminifera-rich sand facies and the

pteropod-rich sand facies (Figs. 1d, 12, 13e, f). Besides, the geochronology obtained for core GC16,
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located at the northeast troughs system surrounding Gran Burato depression (Fig. 1d), indicates a
very low sedimentation rate for the last 30 cal ka BP, with a marked hiatus between 17.80 to 10.45 cal
ka BP (Figs. 12, 14: Supplementary data I, I1). Although the main remobilisation of the sediments
took place by bottom current activity, tectonic pulses occurred during Late Pleistocene could facilitate
the remobilisation of recent sediments in the Gran Burato surrounding area and their distribution by
bottom currents. This assumption indicates that the latest activity of the faults associated with the
Gran Burato depression and the troughs system took place during the hiatus period mentioned above,
confirming the neotectonic control of the giant depressions and troughs. Moreover, the truncated
reflectors over the troughs flanks (Figs. 9, 10) suggest that these bathymetric lows act as conduits for

the transport of sediments.

These tectonics pulses and their influence on the sedimentary prr.cecses were also identified in the
neighbouring GB province (Ercilla et al., 2006; Alonso et ! Z2308). Those authors described
predominant turbidite sedimentation during the Late Pleistoc :ne ‘fom 31.2 to 9.1 ka BP) on the SW
flank of the GB associated with tectonic pulses that crusc e reactivation of faults scarps and
earthquake activity. Moreover, Yenes et al. (2019) estimateu 2nd confirmed the role of earthquakes in

the remobilisation of sediments in the GB province, fer.icnstrating neotectonic activity in this margin.
5.1.3. Pockmarks feature and current fluid s ape activity

The small-scale seafloor depressions recngnisab.. in the chirp and MCS seismic profiles, mostly filled
by sediments, are delimited by normal f~ul., suggesting a structural control (Figs. 8, 9, 10a). These
structures with VV-morphology, princinal v .ocated within the 1F echo type, have been interpreted as
filled, partially filled and unfilled nc ~kmarks associated with fluid escapes during the Late Quaternary
(Fig. 8) (Ribeiro, 2011; Llave ¢* ai., 2018). Besides, various authors identified fluid venting features
(e.g. transparent columnar tacier, or acoustic anomalies) in-depth stratigraphic analysis at the
surrounding Gran Bur~to Jepression area (Vazquez et al., 2009b; Ribeiro, 2011; Minshull et al.,
2020). This fact supports t ie hypothesis that these V-morphology depressions could be associated
with gravitational collapses formed by migration of fluids. Furthermore, the presence of filled and
partially filled pockmarks (Figs. 8, 9, 10) suggests that these structures are currently inactive and
undergoing sedimentary deposition. Also, the recognition of pockmarks with various stages of infill
suggests that fluid migration to the seafloor could occur in episodic processes dependent on tectonic

regime pulses, which evidence nowadays a scarce fluid escape activity.

Additionally, the §"°C and §'°0 isotopic composition values obtained from both GC16 facies indicate
marine carbonate isotopic conditions (Joseph et al., 2013). This fact suggests that the cement of the
pale high-density facies of core GC16 is not related to methane-derived authigenic carbonates

associated with recent methane fluids escapes.

5.2. Sedimentary systems acting at the high marginal platform
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5.2.1. (Hemi)pelagic sedimentary system

Pelagic settling of biogenic marine microskeletons and hemipelagic settling of biogenic and
terrigenous components by slow lateral advection are the mechanisms responsible for the
sedimentation of the pelagite and hemipelagite features identified within the 1B echo type (Fig. 2;
Table 2).

Core facies also support this (hemi)pelagic system interpretation. The facies analyses of the PC13-3,
PCL1-2 and PCO06 cores display a succession of pelagites and hemipelagites layers deposited during
the last 172 cal ka BP (Figs. 12, 13a, b, d). Furthermore, some detrital layers appear interbedded into
the two previous facies (Figs. 12, 13c). The detrital facies is associated with Heinrich sediments
deposited during cold stadials due to the melting of massive icebergs . ~leased from ice-sheets, which
caused the input of ice-rafted debris (IRD) and melt-water comganer,'s into the sediments. Similar
IRD facies have also been previously described at the Galici in Continental Margin (Alonso et al.,
2008; Rey et al., 2008; Martins et al., 2013; Plaza-Morlow et al., 2017; Mena et al., 2018). The
general low sedimentation rates calculated for the last 172 :al ka BP in all the cores suggests a
sediment winnowing of the surficial (hemi)pelagic dep sits «cting by bottom-current activity (Fig.
14).

5.2.2. Bottom current-controlled (hemi)pelar «c sf dimentary system

This sedimentary system is originated v the interaction of strong bottom-hugging currents and
(hemi)pelagic system, leading to the forr.ct'on of erosive or non-depositional features. The bottom
current-controlled sedimentary syst..m ‘s uefined by the 1A, 1C, 1D, 1E and 1F echo types (Fig. 2)

that defines erosional surfaces (T~hle o).

The non-penetrative 1A echo :‘oe 1s principally located over the slopes that connect at the east and
the northwest the TZ n.arphstructural province to GIB and NF morphostructural provinces,
respectively (Fig. 2). This «zho could be related to coarse-grained sediments (coarse and silty sands)
under erosion at high-energy environments, as suggested by Llave et al., (2018) at the northern
Galician Continental Margin. The 1C, 1E and 1F echo types, correspond to erosional surfaces (Table
2) principally located at highest geomorphological areas of the dome-like structure, where fold bulges
1, 2, and 3 are located (Fig. 2). Also, the 1C echo type covers the surrounding area of the top of the
east scarps that define the boundary of the TZ morphostructural province, the top of the Fernando
high, and areas partially surrounding the Fernando, Sancho, Barcelona and Savoye highs. Finally, 1D
echo type is located mainly over the slopes of the dome-like structure (Fig. 2). These latter four echo
types correspond to the mixed features defined by Ercilla et al., (2011), associated with an erosional
process acting over the sedimentary cover. Thus, this sedimentary system indicates a topographic

control of the bottom current activity throughout the marginal platform, resulting in intense erosion of
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the recent sediments in these areas. The main water masses responsible for this sedimentary system
are the MOW, LSW and NADW (Fig. 16).

5.2.3. Contourite sedimentary system

This system is responsible for the formation of the different elongated separated drifts and moats that
surround the Barcelona, Sancho, Savoye and Galicia Bank structural highs (Figs. 4, 5b, 7a). These
highs act as an obstacle for the waters masses and induce an acceleration of the bottom current. This
phenomenon resulted in the erosion, reshaping and deposition features of the seabed whose
geomorphological expression are the moats and drifts identified and characterised by the 1A and 1B
echo types, respectively (Fig. 2; Table 2). This system is also responsible for the formation of the
sediments waves identified at the Galicia Bank plateau by the MOW a.~nciated with the 2A echo type
(Figs. 2, 4; Table 2). These features are in concordance witt the previous contourites system

description done by Ercilla et al., (2011) at the Galicia Bank re¢ ion.

According to the present-day depth of each water me..~s Fig. 16), the northwards MOW is
responsible for the moats and drifts located until ~ 1,7=C m of depths (Fig. 4) (e.g., features
surrounding the Barcelona, Sancho and Galicia B7.ir structural highs); meanwhile the southwards
LSW is responsible for the erosional and depositiana: contourite features identified between ~ 1,750
and 2,200 m (Fig. 4) (e.g., moats and drifts surr,unding the Savoye high and moats associated to the
Mélaga and Ordofio highs) (Ercilla et al., 2011,. Below ~ 2,200 m, the NADW is responsible for the
moats identified surrounding the Fernan~a a1 A highs (Figs. 4, 16).

Furthermore, geomorphological fez.u s (positive and negative reliefs) and MCS seismic records
from the sedimentary fills of the Drei.a and Crater 3 depressions (Fig. 6), allowed defining a novel
type of contourite named as pocki. arks-related drift (Fig. 17). This new typology of drift is related to
confinement environments, ai.¥ 1t shows similarities to other contourites drifts as the confined drifts
and channel-related darh. (sww et al., 2002; Rebesco et al., 2014). In the Orella and Crater 3
depressions, these contou.’.es drifts show mounded elongated drifts separated from the flanks of the
depressions by distinct moats (Fig. 17). Their origin is related to the action of the bottom-current over
the sediments that fill these structures. When the water mass meets giant depressions, these confined
structures produce a constrained of the bottom current, increasing the flow velocity that shaping the
seafloor (Stow et al., 2002; Rebesco et al., 2014). As a result, bottom current paths erode the margins
of the depression, forming moats (negative reliefs) and separating mounded drifts (positive reliefs)
from the flanks (Fig. 17). Besides, the Orella depression shows a negative relief over the mound drift

related to an axial surficial flow path that erodes the seafloor (Fig. 17).

5.2.4. Downslope sedimentary system
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This sedimentary system is characterised by the different erosional and depositional features
described caused by downslope processes. At the high marginal platform, these systems act at the
different channels systems identified in the geomorphological map and seismic analysis (Figs 4, 7d),
as well as at gullies favoured by the presence of scarps (Fig. 4). This system corresponds principally
to the 1E, 3A and 3B echo type (Fig. 2; Table 2).

Furthermore, the lower topographic elevation of the TZ north sector facilitates the drainage system of
the channels and troughs that flow, respectively from the GB structural high and from the dome-like
structure of the TZ south sector to the centre of the north sector, favouring the mass-transport deposits
identified in the distal part of this drainage system defined by the 1G echo type (Figs. 2, 4; Table 2).

5.3. Bottom water processes on an isolated high marginal platforr.,

Images from the seafloor have allowed identifying present-day rin.'~<, grooves and comet marks, as
well as the presence of ferruginous tubes, pteropods accumu'auans and dense crusts distributed over
the seafloor (Fig. 11), supporting the interpretation of e:cociocal activity by high-intensity bottom
current processes. Ferruginous tubes could be related to :-<n precipitations into the tube-dwelling
macrozoobenthos during early diagenesis processes. w:.ich were later eroded, remobilised and locally
redistributed over the seabed by bottom currer:s. sunilar distribution occurs with the pteropods
accumulations. The pteropod layers ident’.ied in core PCO1 and the pteropod deposits images
covering the seafloor (Figs. 11, 12, 13f) could .2 related to others similar pteropod layers identified
from the Senegalese to Iberian coasts /Mies:er-Haass and Van der Spoel, 1978; Baas et al., 1997).
Regarding the Galician Continental Mzvo'n, Alonso et al., (2008) also described pteropod layers
associated with debrites on the S\ flank of the GB; meanwhile, Mena et al. (2018) also identified
rich pteropod layers interbedde.' in ~ediments in the vicinity of the GIB province. The ages of these
pteropod layers have been mai. v dated as between ~ 24 and ~ 18 cal ka BP, coeval with the Last
Glacial Maximum. Th~ o1.1in of these pteropods accumulations is still not completely understood.
Baas et al., (1997) interpre 2d the occurrence of these sporadic layers as related to water chemistry
changes that induced a decrease in aragonite dissolution because of deepening of the aragonite
compensation depth and/or climatic and hydrographic changes related to warmer impulses and
decrease in the upwelling system in surface waters (Sarnthein et al., 1982; Alonso et al., 2008). In our
study area, radiocarbon dates of rich-pteropod PCO1 core display an inverted sequence with an
estimated age between 19.8 and 22.2 cal ka BP (Fig. 12; Supplementary data I), coincident within the
previously mentioned age of the pteropod-rich layers in the literature. Thus, the pteropod shells
identified could have previously been deposited in other areas of the margin during intense mass

mortality events, and later were redistributed by deep current activity.

Regarding the dense crusts observed in ROV images (Fig. 11d); these have been associated texturally

to the pale high-density silt facies identified in GC16 core (Figs. 12, 13h). These features could be
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related to diagenetic processes that caused the dense crusts formation and the slight cementation of the
matrix of the high-density silt GC16 facies. The mentioned process took place during the marked
temporal hiatus calculated (Fig. 14; Supplementary data I, Il), which is coincident with an abrupt
change in colouration and density in that core (Fig. 12). This temporal hiatus also demonstrates the
presence of a vigorous bottom current influence that erodes sediments, exposing the dense crusts to

the seafloor.

Texturally, sediments cores comprise very poorly sorted fine or very fine sands (Table 3 and 4). These
mean grain sizes contrast with the fine texture what is expected in deep-sea (hemi)pelagic sediments
in isolated ocean areas (Alonso et al., 2008; Mena et al., 2018). These coarser sediments in an
offshore source-to-sink sedimentary system, along with the low se"mentation rates obtained in all
cores (Fig. 14), suggest a constant erosion of the fine fraction ir u.> high marginal platform. This
erosional process is more marked at core PC13-3, PCL1-2, PCPZ ai.u GC16 extracted from the most
elevated area of the marginal platform, in comparison to PC(6 .~*:, which shows the less content in
sand and the higher sedimentation rates registered (Figs. .c, 1, i4; Table 3). These data suggest that
the erosion capacity is more pronounced at the maximum su. -ace elevation of the domo-like structure
that characterises the south sector of the margine, riatform, in comparison to the east boundary

between the TZ and GIB morphostructural provin:=s, wnere is located PCO6 core (Fig. 1c).

The large numbers of erosive and control-cui.” at features describe, along with the main sedimentary
systems acting in this isolate high oc.an area that favouring seafloor erosion and sediment
winnowing, confirm the influence of *icoicJs bottom currents acting and reshaping sediments. We
proposed that the origins of those bu:*om-hugging currents are related to both topographic and

climatic forcings.

Topographically, the general sc~f'oor elevation of the marginal platform, particularly the domo-like
structure of the south ~ecu>r, 7.nd their confinement configuration surrounding by structural highs,
especially the GB to the w :st, cause constriction of the two principal water masses that act in this
morphostructural province: the MOW that flows northward and the LSW that flows southward (Figs.
1a, 16). This constriction of the MOW and LSW water masses induces a general intensification of the
bottom currents with a velocity increase of the near-bottom water masses. At present-day, this
phenomenon increases the erosive capacity of the seafloor currents that affect the most recent
sedimentary cover, resulted in the erosional surfaces integrated by 1A, 1C, 1D, 1E and 1F echo types,
the low sedimentation rates and the erosion bottom features identified (Figs. 2, 11, 14; Table 2). The
erosive action of the bottom currents is greater on the erosional surfaces located in the most
topographically elevated areas of the south sector (Fig. 3a, c); this fact also prevents the infill of the

Gran Burato depression (Fig. 6). In the case of the erosional surfaces that surround some structural
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highs and scarps (Fig. 2; Table 2), their origin could be related to helicoidal flows resulting from the

interaction of the bottom current with these topographic features that enhanced their erosion capacity.

Climatically, the low sedimentation rates, especially during cold stadials, and the Heinrich Layer
condensed sequences identified (Figs. 12, 14), could be explained by a decrease in palaeoproductivity
in stadials in the study area (Voelker et al., 2009; Salgueiro et al., 2010), reflected by lower deposition
of marine microskeletons in (hemi)pelagic settling. However, this fact alone does not explain the low
sedimentation rates in cold stadials phases (Fig. 14) in contrast with the values obtained close to the
study area (Rey et al., 2008; Martins et al., 2013; Mena et al., 2018). Several authors have
demonstrated deepening and intensification of the MOW during cold phases in the south sector of the
Iberian Continental Margin (Llave et al., 2006; 2015; Voelker et al., ?306), in which the MOW could
reach several metres deeper than present conditions (~ 2,000 m) .ese hydrographic changes and
reconfigurations of the water masses could have affected to @ _.diments of the high marginal
platform, as some authors previously suggested in the GB reyi~. (Ercilla et al., 2011) and in the
southern part of the GIB province (Hanebuth et al., 2015, Zhang et al., 2016; Petrovic et al., 2019).
Also, Petrovic et al., (2019) documented a strengthenine o. the MOW from 17.2 to 9.9 cal ka BP,
concordant in age with the hiatus (17.80 to 10.45 cal .2 BP) calculated in core GC16 (Figs. 12, 14;
Supplementary data I, I1). Furthermore, Singh ¢! al., (2015) reported a significant decrease of the
MOW strength from 175 to 155 cal ka BF in “ne Gulf of Cadiz, following by an enhanced of the
MOW circulation between 140 and 150 ~al ka Br'. These findings match with our sedimentation rates
obtained within MIS 6 (Fig. 14). The biuis calculated in core PC13-3 from 155 to 140 cal ka BP is
coincident with the MOW intensific~**or, *_ported; meanwhile, the highest sedimentation rates match
with the weakened MOW intervl. "urthermore, this hiatus is located at ~ 3.40 depth of the core
PC13-3, coincident with a grairn <size change that was correlated with the lower limit of the seismic
unit 1 (Fig. 7¢). From this 20t 2ne PC13-3 core shows a mostly silt-clay grain size, which suggests
a decrease in the erosi® . ac.i'y of the bottom currents (Fig. 7c). Thus, the readjustment of the water
masses in cold conditions c-.used by the weakness of the Atlantic Meridional Overturning Circulation
(AMOC) produce the vertical downward migration of a denser and intensified MOW during cold
stadials. This phenomenon causes a strengthened of the bottom-hugging currents, already intensified
by topographic factors, enhancing the erosion and redistribution of sediments along the high marginal

platform, explaining the extremely low sedimentation rates obtained.
6. Conclusions

The integration of a large dataset composed of multibeam bathymetry, chirp and MCS seismic
records, and facies analyses carried out based on five piston cores, in conjunction with ROV
observations of the seafloor, helped characterise the Late Quaternary tectono-sedimentary features

and processes along the isolated and elevated Transitional Zone morphostructural province of the
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Galician Continental Margin. The findings obtained from this research point out that the topography
of the study area and the hydrographic reorganisations related to climate changes, combined with the
tectonic activity, are the main factors that control the Late Quaternary sedimentary dynamic at this

isolate and elevated offshore marginal platform.

Topographic and hydrodynamics factors related to climate changes cause a constriction of the water
masses and acceleration of bottom flow, favouring seafloor erosion and sediment winnowing, and the
redistribution of sediments in the high marginal platform. The vigorous erosional activity produces
coarser texturally facies than the typical fine facies of an offshore source-to-sink system. As a novelty,
a new typology of contourite has been defined inside the giant depressions: the pockmarks-related
drift. Beside, tectonic factors related to Cenozoic compression regine control the accommodation
space of the surficial sediments and cause the intense faulting, fol=ung and deformation of the upper

sedimentary record, confirming active neotectonic activity until *2~ai.. ames.

Finally, our data provide a new integrated vision of the n.nortance of applying a multiapproach
perspective to characterise marine environments to undc:stan! with more detail the influence of the
tectonic and deep-water circulation changes over the sedn.entary dynamic. This multiapproach
methodology allowed improving the knowledge ahc . th2 tectono-sedimentary processes acting at an
offshore isolated high marginal platform duri .y the most recent geological past, as is the case of the

Galician Continental Margin.
Supplementary data

Supplementary data I. Age models tio2s 10r each sedimentary piston core used in this study. The age
models have been obtained usin? **C Jates of the five piston cores used in this research, combined
with *C dates and control-points ~btained by the correlation of the five cores with the nearby cores
MD95-2040 and MD95-2(5y, 'ocated about ~ 245 kilometres south of the study area (de Abreu et al.,
2003; Schonfeld et al., 2073).

Supplementary data 1. Age models for the PC13-3, PCL1-2, PC06 and GC16 cores, obtained using
the OxCal software v4.3.2.

Available research data

Lopez Pérez, Angel Enrique (2020), “Sediment data of cores PC13-3, PCL1-2, PC06, PC01 and
GC16 (Galician Continental Margin)”, Mendeley Data, V1, doi: 10.17632/bpj2tvjynh.1

Seismic data is available on request.
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Figure captions

Fig. 1. a) Bathymetric map of the Galician Conunenaal Margin (NW lberian Margin), illustrating the
locations of the six main morphostructi'ral prov.nces defined by Vazquez et al., (2008): the Galicia
Interior Basin (GIB), Transitional Zore | 77), Galicia Bank (GB), Northwestern Flank (NF), Deep
Galicia Margin (DGM), and Half-‘5rab.n Domain (HGD). Location map also includes a schematic
representation of the current supen.zial, intermediate and deep water masses circulation around the
West Iberian Continental MiaiJin (modified from Hernandez-Molina et al., 2011; Llave et al., 2019).
The water masses are; ENACWs, = Eastern North Atlantic Central Water (subpolar); ENACWy; =
Eastern North Atlantic Central Water (subtropical); MOW= Mediterranean Outflow Water; LSW=
Labrador Sea Water; NADW= North Atlantic Deep Water; LDW= Lower Deep Water; b) location
map of the TZ morphostructural province with the transects of the chirp seismic dataset obtained in
the MARBANGA and ERGAP C cruises; c) detail map of the south sector of the TZ morphostructural
province with the multi-channel and chirp seismic grid acquired during the Burato 4240 cruise and the
positions of piston cores; d) detail map of the Gran Burato area with the chirp seismic grid acquired
during the MARBANGA cruise and the locations of piston cores. Black lines labelled with capital

letters in b), c), and d) refer to the locations of the seismic lines illustrated in Figs. 6, 7, 8, 9, 10;
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meanwhile, red dash lines refer to the seismic lines corresponding of each echo type include in Table

2.

Fig. 2. Hillshade map of the TZ morphostructural province with the classification and distribution of
the ten high-frequency echo type characters identified in the study area: distinct echoes (1A, 1B, 1C,
1D, 1E, 1F, and 1G), wavy echoes (2A), and hyperbolic echoes (3A and 3B). For more detail of the
different echo types, see Table 2. Main geomorphological features are illustrated superimposed over

the distribution of the echo type characters.

Fig. 3. a) Bathymetric map of the NW-SE-elongated and elevated mai ginal platform, named as TZ
morphostructural province, obtained from the multibeam ec!ic>ounder data acquired during the
MARBANGA, Gran Burato 4240 and GALINCLIMARCH .-uises, combined with the bathymetric
survey data from the EMODnet Digital Terrain Model re.~<}«ory (emodnet-bathymetry.eu). The red
dashed line separates the north and south geomorpk lr.gi<al sectors. Note that the south sector shows
three maximum surface elevations, configuriry . ge. =ral elevation of this area in comparison with the
north sector; b) slope map of the TZ morp:i. >structural province with the location of the giant
depressions and structural highs. The higi ~st slopes correspond mainly to scarps and structural highs;
c¢) south and north sectors topogravhic nrofiles at 42° 40" N and 43° O'N, respectively. The south
sector profile shows the domn-nie structure that characterises geomorphologically this sector,
coincident with the maxim...” su.race elevations identified in the bathymetric map. The north sector
profile shows a flat sur.>ce. The black dashed lines in 3a and b indicate the location of the

bathymetric profiles.

Fig. 4. Hillshade map of the study area illustrating the main morphological features identified along
the TZ morphostructural province. Green polygon delimits the limits of this morphostructural

province. The white lines indicate the position of the bathymetric lines represented in Fig. 5a-g.

Fig. 5. A set of bathymetric profiles showing the geomorphological features described; a) bathymetric
lows caused by faults; b) scarps, moats and drifts; c) fold bulges; d) structural undulations; e) gullies;

f) troughs; and g) channels. See the location of the bathymetric profiles in Fig. 4 (P5.a-g); h)
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Southeast three-dimensional perspective of the Transitional Zone morphostructural province,
illustrating the main geomorphological features described (e.g. structural highs, giant depressions,
fold bulges, structural undulations, channels and troughs). The representation shows the general
elevation of the south sector that configures the domo-like structure, in comparison with the flat north

sector.

Fig. 6. Bathymetric maps and S-N and W-E multi-channel seismic profiles with a ~5X vertical
exaggeration (VE) of the three giant depressions identified in the south sector of the TZ
morphostructural province: Gran Burato, Crater 3 and A Orella tepressions. The Gran Burato
depression is unfilled of sediments, in contrast to Crater 3 and A Ore.la depressions. In these latter
two depressions, it is possible to identify different seismic ut.its €*iing the depressions, named as C1
and C2 in Crater 3 depression and O1, O2 and O3 in A C+<lla iepression. Black lines in MCS seismic
profiles represent normal faults, indicating an imperi>ac structural control of the depressions. Note

that faults are mainly inclined towards the centre . © the depressions.

Fig. 7. a), b) Chirp seismic profiles illustratn.> the surficial sedimentary configuration at the TZ
morphostructural province. Seismic lin.s Yispiay the distribution of the three seismic units identified
along the study area (seismic unit¢ 1, 2 and 3) and the disposition of the seismic reflectors (S =
stratified, Tr = truncated, ard . = transparent), as well as the onlap internal terminations.
Furthermore, it is also labz:i~a e main geomorphological and sedimentary features, and seismic
structures identified: moa.~ drift deposits, channels, hemi(pelagic) features, structural undulations,
structural deformation and erosional surfaces. Black lines represent normal faults affecting the
sediments, causing changes in their thickness. Faults also are related to structural undulations and
structural deformations; c) correlation of core PC13-3 with the lower limit of seismic unit 1 coincident
with an abrupt change at ~ 3.40 m in the grain size distribution; d), e), and f) details of a channel,
hemi(pelagic) features, structural deformation and structural undulations, respectively in line K; g)
multi-channel seismic profile coincident with the line section f showing the relationship between the

deformation of the surficial sedimentary cover with the faults identified at depth. The vertical

exaggeration (VE) is indicated in each profile.
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Fig. 8. a) Chirp seismic profile showing the presence of filled, partially filled and unfilled pockmarks
located within the 1F echo type area. Note the wavy reflectors with VV-morphologies delimited by
faults associated with gravitational collapses due to fluid escapes; b) enlarged details of the filled
pockmarks and c) the partially filled pockmarks, identified at line R. Figure also illustrate the
disposition and distribution of the seismic reflectors (S= stratified, Tr = truncated, and T =
transparent), as well the identification of the seismic units U3-U1. Black lines represent normal faults,

and the vertical exaggeration (VE) is indicated in each profile.

Fig. 9. Three-dimensional figure with a ~19.5X vertical exaggeratic.. (VE) composed by five chirp
seismic profiles (Lines M, N, O, P and Q) illustrating the disposii..n “.nd distribution of the seismic
reflectors (Tr = truncated and H= Hyperbolic) within tlie >v2a surrounding the Gran Burato
depression and the troughs located at the northwest of thts str icture. Truncated reflectors are located
over the flanks of the depression and troughs, an® ~ver the seafloor, which defines an erosional
surface. Hyperbolic reflectors are related to the :-ougns. Moreover, a partially filled pockmark has

been identified at line O. Black lines represer.. ormal faults.

Fig. 10. Multi-channel seismic profil.s 'ocated at the south sector of the TZ morphostructural
province; a) line T and b) line S di<olay anticlines structures that configure the fold bulges identified
in the geomorphologic map. B'ue ‘ines represent normal faults affecting the uppermost sediments
within the anticlines struc*..~s. ¢ is possible to observe a great structural control over the filled
pockmarks identified at In..~ I, and over the structural undulations and troughs located in line S. Note
the truncated (Tr) reflectors over the seafloor coincident with the fold bulges. Vertical exaggeration

(VE) is indicated in each profile.

Fig. 11. Seafloor ROV observations, accompanied with the location map of the six ROV dives done
around the Gran Burato depression area: a) ripples with rectilinear crests and accumulation of
pteropods into the lows between crest; b) grooves with and without accumulations of pteropods; c)
comet marks; d) dense crusts; e) flat surface with some dispersed mounds; and f) accumulation of

ferruginous tubes in a flat surface.
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Fig. 12. Facies classification of the five studied piston cores extracted from the south sector of the TZ
morphostructural province, followed by the optical and radiographical images of each corer. The red
star symbols indicate the depth of the radiocarbon dating accompanied by the calibrated age obtained.
Note the inverted sequence obtained for PCO1 and the hiatus interval coincident with the change of
facies in GC16. Also, it is possible to identify a condensed sequence of detrital layers at the top of the
cores PC13-3, PCL1-2 and PCO06. For more detail about the sedimentary, geochemical and magnetic

properties of each core and each facies, see Table 3 and 4, respectively.

Fig. 13. SEM micrographs obtained at different depths illustrating e described facies: a) Ca-rich
low-susceptibility/pelagic facies at 400 cm in core PC13-3, ~omposed of foraminifera in a
coccolithophorid matrix; b) Ca-rich low-susceptibility/pelagic 1.~izs at 260 cm in core PC13-3 with
optical magnifying where it is possible to recognise th« cou colithophorid matrix; ¢) Fe-rich high-
susceptibility/detrital facies at 54 cm in core PC1Z 2, composed of foraminifera and terrigenous
components of different sizes in a siliciclastic n. trix; d) medium Ca and Fe/hemipelagic facies at
370 cm in core PC13-3, formed by foraminmi.~r4 and terrigenous components in a siliciclastic matrix
with variable coccolithophorid content: e, foraminifera-rich sand facies at 50 cm in core PCO01,
consisting of foraminifera and a s=all ~coportion of pteropod shells within in a bioclastic and
terrigenous matrix; f) pteropod-r:i=h saad facies at 162 cm in core PC01, composed of foraminifera
and a large accumulation of . tercpods in a bioclastic and terrigenous matrix; g) low-density sand
facies at 8 cm in core 7.~ 1v; h} high-density silt facies at 19 cm in core GC16. These latter two facies
comprises well-preserved ;uraminifera, accompanied by detrital carbonates and siliciclastic fragments

of different sizes, in a well-sorted coccolithophoridae matrix.

Fig. 14. Sedimentation rates obtained for each piston core. Note the general extremely low values,

especially during cold stadials.

Fig. 15. a) Schematic representation of the surficial sedimentary cover from a chirp seismic line
located at the south sector of the TZ morphostructural province. The intense faulting, folding, and
deformation of the upper units indicate strong tectonic control over the most recent sedimentary cover
and the geomorphologic features described (e.g. structural undulations). Fault deformation also causes
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a change in the sedimentary accommodation space as well as truncate reflectors over the erosional
surfaces; b) Schematic cross-section from an MCS seismic line, illustrating the tectono-sedimentary
architecture of the domo-like structure located at the south sector of the TZ morphostructural
province, based on Ribeiro, (2011). Reactivations of the horst basement and Mesozoic faults during
the compressional Cenozoic regimes explain the intense faulting and folding of the post-rift sediments
and the uplifted of the marginal platform (Véazquez et al., 2008). This compressional regime is
responsible for the tectonic control of the structural undulations, faults deformations, fold bulges, or

the giant depressions. The red rectangle indicates the location of the 'rofile section a).

Fig. 16. a) Schematic W-E depth profile and (b) N-S depth prcfile across the Transitional Zone
morphostructural province showing the principal geomorpt oici<al features, water-mass structure
(ENACW = Eastern North Atlantic Central Water (subpe ar); IOW= Mediterranean Outflow Water;
LSW= Labrador Sea Water; NADW= North Atlant’z Deep Water; LDW= Lower Deep Water) and
salinity (orange curve) and temperature (red cu:\e) profiles (taken from https://odv.awi.de/). The
figure shows that the main water masses acu.™ at the TZ morphostructural province are the MOW,

LSW and NADW.

Fig. 17. Schematic representation of u.~ plan view and the N-S sections of the pockmarks-related
drifts identified inside the Crat~r C and A Orella depressions. Plan view schemes also indicate the

inferred bottom-current pat*...

Supplementary data I. Age ) 10dels tables for each sedimentary piston core used in this study. The age
models have been obtained using **C dates of the five piston cores used in this research, combined
with *C dates and control-points obtained by the correlation of the five cores with the nearby cores
MD95-2040 and MD95-2039, located about ~ 245 kilometres south of the study area (de Abreu et al.,

2003; Schonfeld et al., 2003).

Supplementary data 1. Age models for the PC13-3, PCL1-2, PC06 and GC16 cores, obtained using

the OxCal software v4.3.2.
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Table 1. Summary of the piston cores extracted in the study area

Piston core Latitude (N) Longitude (W) Lenght (cm) Depth (m) '\(/Icaa)i';gf Cruise
PC13-3 42° 43’ 04.01” 11° 09’ 19.43” 428 1,688 ~172,719 Burato 4240
PCL1-1 42°3813.20”  11°06’ 49.05” 394 1,644 ~ 141,190 Burato 4240

PCO6 42° 47’ 28.98" 10° 46’ 16.68” 327 2,827 ~110,819 Gran Burato 2011
PCO1 42° 40’ 22.40” 11° 03’ 44.90” 179 1,977 ~ Gran Burato 2011
GC16 42941’ 37.70” 11202’ 31.10” 23 1,734 ~ 30,879 MARBANGA

Table 2. Description of the echo types identified. The location of the seismic profiles is indicated in Fig.1.

Echo Parametric profile example Characteristics I aterpretation Sedimentary processes

type _ N

Distinct echo

1A Distinct continuous sharp bottom echo ] E1. <ior 4l surfaces Erosive bottom currents
with absence or with extremely weak [ Mats processes
sub-bottom reflectors ‘

1B Distinct continuous bottc m « “»~ and (Hemi)pelagic features (Hemi)pelagic system
parallel and stratifie” sun “ottom Mounded and elongated | Countourite system
reflectors drifts

1C Distinct co.iti wc us bottom echo and Erosional surfaces Erosive bottom currents
undulat u, “rucated and parallel sub- processes
bottor.. -efleciors

1D Nisunct continuous bottom echo and Erosional surfaces Erosive bottom currents
in :lined, truncated and stratified sub- processes
vottom reflectors

1E Weak continuous bottom echo and Channels Erosive bottom currents
truncated and parallel sub-bottom Troughs processes
reflectors Erosional surfaces

1F Distinct continuous bottom echo with Pockmarks Fluids escapes

undulated, parallel, truncated,
discordant and outcropping su-bottom
reflectors

Erosional surfaces

Erosive bottom currents
processes
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1G

Weak distinct bottom echo with high
reflectivity sedimentary layer on an
irregular and not defined base

Mass transport deposits

Depositional processes

Wavy irregular bottom echo with
transparent fill over an irregular base,
followed by intermittent transparent
layers and by parallel, undulated and
discontinuous sub-bottom reflectors not
concordant with the seafloor

Sediment waves

Erosive bottom currents
processes

3A Bottom echo with irregular and Chann's Bottom-current/
overlapping hyperbolas without sub- Gu 'lies gravitationally erosive
bottom reflectors | 1 ughs processes
Sce ps Abrupt topographic
structural highs changes
Basement outcrop
3B Irregular overlapping hyperkz'as with Channels Erosive mass-movement
truncated, concordant or at se’.ce >f Scarps processes

sub-bottom reflectors

Erosive bottom currents
processes
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Table 3. General sediments properties for the cores
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Para % % % tin S . . Ti Ba Mn
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Mea Sf 89 26 0 20 55 010000 34 M 0060 g5 M1 1 g g3913
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Table 4. Statistical values from the variables used for the statistical described of the cores
M
. MG Sort
% % % S . . Ti Ba Mn .
Cor . Para . Fe/ Ti/ Si/ Fe Ca S ing
e Facies meter ﬁs St” g}! (,150 Ca Ca Sr (pa) (p).a. (p.a) (p).a (p).a R G B GL n (um
sl) S m_ )
Vean 45 38 15 33 00 00 00 1292 250. 1834 37. 184 g i é 3355 94. 70.1
PC1 . 67 83 50 0 730 015 144 550 75 1882 00 .97 489 30 0
33 Pelagic 7 7 5
op 3L 19 12 22 00 00 00 4022 108 225 12 94 . 1 3 1054 6. 438
D58 79 63 9 304 008 065 .19 60 896 72 39 8 3 1 98 8
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Mean 22 42 1484 01 00 00 1705 325. 1320 40. 227 g g é 3358 75. 56.0
o 93 32 74 2 415 027 190 527 55 87.38 21 .00 919 24 4
Hemipelagic 1 2 7
sp, 33 23 1L 65 00 00 00 5105 169. 3476 16. 13 1 1 3 1311 55 353
D g1 10 12 2 691 018 125 03 33 778 44 22 2 8 1 3 05 3
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High-density 4 6 3
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D g 1 1 30 261 009 038 70 8 222 4 47 7 5 9 9O o5
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Surficial sediments are affected by structural features suggesting a tectonic activity still active
until recent times.

Topographic and oceanographic factors induce an intensification of the bottom-hugging currents
with their concomitant erosion capacity.

Erosional activity results in coarser grain-size facies than expected in an offshore source-to-sink
sedimentary system.

A new kind of contourite associated with giant depressions 'as heen defined: the pockmarks-
related drift.
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