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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco The variability of sedimentation patterns and processes driven by late Quaternary glacial-interglacial paleocli-
matic and paleoceanographic changes are investigated in Ona Basin, southwestern Scotia Sea. The interest of this

Keywords: area lies in the fact that the nearby Antarctic Peninsula has recorded extreme climatic variability, and the Drake

Late Quaternary Passage-Scotia Sea oceanic domain is influenced by two major Southern Ocean water masses, the eastward-

Ilszgllaciation flowing Antarctic Circumpolar Current (ACC) and the westward-flowing Weddell Sea Deep Water (WSDW).

Seismic stratigraphy
Diatom assemblage

These goals are achieved through the examination of a grid of very high-resolution sub-bottom profiles and two
gravity cores collected in Ona Basin. Multi-proxy data derived from the gravity cores include '*C-derived ages,

Scotia Sea descriptions of sedimentary units and diatom assemblages, and continuous logging of physical properties and

Antarctica micro-XRF core scanning.

The sub-surface seismic stratigraphy is composed of four seismic units (U4 to U1) with a dominant sub-parallel
configuration, with local occurrence of wavy facies and intercalations of transparent seismic facies. Additionally,
four sedimentary units were recognized through sediment core analysis from bottom to top: Unit IV is composed
of slightly bioturbated diatom-rich mud and silty mud with sparse ice-rafted debris (IRDs); Unit III is composed of
gravelly silty to sandy mud with large amounts of IRDs; Unit II mostly contains bioturbated diatomaceous mud;
and Unit I is composed of diatom-rich silty to sandy mud. The highest diatom abundances are found in Unit II,
whereas highly variable abundances are found in Unit IV. The most common diatoms are Fragilariopsis kergue-
lensis and Chaetoceros subg. Hyalochaete. Overall, these characteristics document a change in the depositional
style from terrigenous during the Last Glacial Maximum (LGM) to hemipelagic sedimentation during the

deglaciation.

The high-resolution seismic stratigraphy analysis reveals significant fluctuations in the regional bottom-
current patterns during the late Quaternary (i.e., after 0.4 Ma) glacial-interglacial cycles. An overall strength-
ening of the westward-flowing WSDW is postulated in relation to latitudinal displacements of the interphase
between the deeper ACC and the WSDW, together with enhanced interactions between along- and downslope
processes. In addition, sedimentological, geochemical, and micropaleontological analyses revealed two distinc-
tive phases during the late Pleistocene, in terms of paleoenvironments and paleoceanographic conditions. During
the LGM, extensive sea-ice coverage limited biogenic productivity in the ocean. Increased terrigenous input was
largely supplied by the westward-flowing WSDW, under a reduced ACC influence due to the northward location
of fronts. During deglaciation, the sediment record indicates reduced sea-ice cover and increased open-ocean
conditions and surface water productivity, as well as a long-term intensification of the WSDW flow. We postu-
late bottom-current strengthening was driven by an increased Weddell Sea water export and the southward
migration of fronts as a consequence of major retreat of sea ice, enhancing the ACC influence in the southern Ona

Basin, and thus, affecting the sloping interphase between the deeper ACC and the WSDW.
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A. Lopez-Quirés et al.
1. Introduction

Interactions between the Southern Ocean and the Antarctic ice sheet
have been profoundly controlled by glacial-interglacial climate vari-
ability during the late Quaternary (Bae et al., 2003; Kim et al., 2020).
The Drake Passage-Scotia Sea has long been considered a key area to
better understand and constrain these interactions, since diverse studies
have revealed the influence of changing climatic conditions in nearby
continental shelf areas, such as the northern Antarctic Peninsula (e.g.,
Anderson et al., 2002; Leventer et al., 2002; Lucchi et al., 2002; Pudsey,
2000; Shevenell and Kennett, 2002; Gersonde et al., 2003; Vaughan
et al., 2003; O Cofaigh et al., 2005; Heroy and Anderson, 2005; Evans

Marine Geology 439 (2021) 106565

et al., 2005; Bentley et al., 2009), which together with Patagonia have
acted as main regional sediment source areas (Diekmann et al., 2000;
Wu et al., 2019). The periodic waxing and waning of marine-based ice
sheets in the Scotia Sea, located along the iceberg escape route from the
Weddell Sea (Anderson and Andrew, 1999; Diekmann and Kuhn, 1999)
(Fig. 1), could have provided a plausible sediment transport mechanism
through iceberg-rafted debris (IRDs) (Shin et al., 2020). Once in the
marine environment, sediment transport patterns are interpreted to
have been mostly driven by the eastward-flowing Antarctic Circumpolar
Current (ACC) and Weddell Sea Deep Water (WSDW) derived from the
Weddell Gyre or their ancient counterparts. This fact is evidenced by the
occurrence of extensive sediment drifts in several Scotia Sea basins (e.g.,
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Fig. 1. Overview of ocean circulation in the Drake Passage region, showing the small basins in the southern Scotia Sea and the location of Ona Basin (squared area)
in the southwestern Scotia Sea. Modified after Weber et al. (2014) with permission from Springer. PR: Phoenix region; YB: Yaghan Basin; OB: Ona Basin; PB:
Protector Basin; PiB: Pirie Basin; DvB: Dove Basin; SB: Scan Basin; PB: Powell Basin; JB: Jane Basin. The location of sediment cores examined in the present study
(cores TG-01 and TG-03; red dots) and cores analyzed in previous studies (gray dots) are indicated. See Figure 3B for complete information of available sediment
cores in the study region. The red arrows within the reddish shadow region indicate the location of Iceberg Alley from Anderson and Andrew (1999). The Southern
Hemisphere westerlies (SHW) are indicated by white arrows. The white dotted line marks the limit of Patagonian ice sheet during the Last Glacial Maximum (LGM)
(Hein et al., 2010), while the green dashed line indicates the maximum extent of Patagonia at the LGM (Iriondo, 2000). The light orange dotted line indicates the
Polar Front (PF), while the dark orange dotted line is the Southern Boundary of the Antarctic Circumpolar Current (SB-ACC) (e.g., Orsi et al., 1995; Diekmann et al.,
2000). White dotted lines indicate winter and summer sea ice extent (Gersonde et al., 2005). The map in the upper-right corner shows the circum-Antarctic drift of
icebergs calving off the Antarctic ice shelves from 1999 to 2009 (Stuart and Long, 2011). ACC: Antarctic Circumpolar Current; CDW: Circumpolar Deep Water;
WSBW: Weddell Sea Bottom Water; WSDW: Weddell Sea Deep Water; NSR: North Scotia Ridge; SSR: South Scotia Ridge. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Maldonado et al., 2003, 2006, 2014; Martos et al., 2013; Garcia et al.,
2016; Pérez et al., 2014, 2017, 2019; Lopez-Quirds et al., 2020), which
increased in significance since the late Miocene (Pérez et al., 2021) and
which have continued to develop up to the present-day (Pudsey and
Howe, 2002).

Most of these studies are based on multichannel seismic data, which
comprise long temporal scales and do not provide sufficient resolution to
resolve short-term fluctuations of these water masses during the late
Quaternary. However, the changing conditions have been recorded in a
periodic alternation of depositional processes; thus, increased detrital
materials have been deposited preferentially during glacial conditions,
whereas hemipelagic sediments with an abundant biogenic fraction
have accumulated during interglacials, in connection with strength-
ening of contour current flows (Presti et al., 2011; Jimenez-Espejo et al.,
2020; Holder et al., 2020).

In the Drake Passage-Scotia Sea region, limited sediment core data
also reveal that glacial-interglacial variability has modulated the pre-
vailing pattern of terrigenous sediment transport from emerged areas (e.
g., Diekmann et al., 2000; Weber et al., 2012), and the influence of
glacigenic processes and ocean circulation on biological productivity
and marine sedimentation processes (e.g., Yoon et al., 2009; Lee et al.,
2012; Xiao et al., 2016). Specifically, the most recent transition from the
Last Glacial Maximum (LGM) to the Holocene has been accompanied by
significant oceanographic changes involving variations of the intensity
and spatial extent of ACC and WSDW flows (Pudsey and Howe, 2002;
Kim et al., 2020). This transition, triggered by changes in insolation and
ice melting (Clark et al., 2012; Golledge et al., 2014; DeConto and
Pollard, 2016), is a key time interval that provides contrasting boundary
conditions for future projections in global climate (see IPCC, 2019).

Ona Basin, the westernmost of the southern Scotia Sea basins, is an
ideal location to assess paleoenvironmental changes in response to ice
dynamics and paleoceanographic changes driven by glacial/interglacial
alternations. This basin is located close to the northern tip of the Ant-
arctic Peninsula, a region sensitive to climate variations, and thus can
provide important insights into the ice-ocean interactions during the late
Quaternary. In addition, Ona Basin is affected by both ACC and WSDW
flows (e.g., Naveira Garabato et al., 2002a; Morozov et al., 2010)
(Fig. 1), which have fluctuated from the LGM to the Holocene in
response to ice-sheet (Kim et al., 2020) and oceanic front dynamics (Wu
etal., 2019). Specifically, the WSDW, the densest variety of the Antarctic
Bottom Water, extends to the southern Scotia Sea (Fig. 1); this cold and
dense bottom water supplies terrigenous material to the region (Mal-
donado et al., 2003).

The main objective of this study is to characterize the late Quater-
nary paleoceanographic conditions prevailing in the southwestern
Scotia Sea, based on high-resolution seismic data and gravity cores
collected in Ona Basin. Our findings are also compared with results from
the western Drake Passage-Scotia Sea region in order to provide a
comprehensive view of the glacial-interglacial changes in the Drake
Passage-Scotia Sea region during the late Quaternary.

2. Study area
2.1. Geological and stratigraphic setting

The Scotia Sea, located between South America and the Antarctic
Peninsula, comprises at present the Scotia and Sandwich plates, which
are limited by the Shackleton Fracture Zone (SFZ) to the west and by the
tectonic Scotia Arc boundaries on the three remaining sides (Fig. 1). The
South Scotia Ridge (SSR) constitutes the plate boundary between the
Scotia and Antarctic plates. Present-day tectonic activity along the SSR
is characterized by major transcurrent structures with transpressional
regime in the western part and transtensional regime in the central and
eastern parts (Pelayo and Wiens, 1989; Galindo-Zaldivar et al., 1996;
Bohoyo et al., 2007; Bohoyo et al., 2019). The southern Scotia Sea, north
of the SSR, contains a series of small oceanic basins developed during the
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Scotia Arc formation since the Late Eocene, from west to east: Ona,
Protector, Pirie, Dove, and Scan basins (see review by Pérez et al., 2019,
and references therein) (Fig. 1).

Ona Basin, north of the SSR and Elephant Island shelf and south of
the West Scotia Ridge (WSR) extinct spreading center, is the western-
most intra-oceanic basin of the southern Scotia Sea (Figs. 1 and 2A). This
basin is bounded by the SFZ to the west and Terror Bank to the east,
while to the north it opens into the western Scotia Sea abyssal plain and
is separated from the southern Yaghan Basin by the WSR (Fig. 2A). Ona
Basin is subdivided in two sub-basins, western and eastern, by a sub-
marine structural high designated as the ‘Ona High’ (Maldonado et al.,
2014) (Fig. 2).

The Ona Basin acoustic basement is marked by a high-amplitude
seismic horizon tilted to the southwest and fragmented by NNW-SSE
to WNW-ESE structures, interpreted as normal, reverse and trans-
current faults (e.g., Civile et al., 2012; Maldonado et al., 2014) (Fig. 2).
The stratigraphic architecture of Ona Basin includes eight main seismic
units (VIII to I from bottom to top) above the acoustic basement (Martos
et al.,, 2013; Maldonado et al., 2014; Pérez et al., 2019) (Fig. 2B).
Reflector-c is a regional unconformity (recently dated as >8.4 Ma; Pérez
et al., 2021; Fig. 2B) that represents a major shift in the Scotia Sea
stratigraphy related to the inflow of Antarctic Bottom Water from the
Weddell Sea and the northward expansion of the West Antarctic and
Antarctic Peninsula ice sheets (Anderson et al., 2011). In Ona Basin,
reflector-c divides the stratigraphic record into older and younger units
(Fig. 2B). The older units (VIII to IV) are deformed and controlled mainly
by basement structures, while the youngest units (III to I) display only
local deformation (Maldonado et al., 2014; Pérez et al., 2019). These
younger units contain abundant evidences of sediment drift develop-
ment under the combined influence of the ACC and the WSDW (e.g.,
Maldonado et al., 2006; Martos et al., 2013; Maldonado et al., 2014;
Pérez et al., 2014, 2019; Garcia et al., 2016; Lopez-Quirds et al., 2020).
Unit I above reflector-a displays a sheet-like geometry and its tentative
chronology was recently updated as Early Pleistocene (~1.7 Ma) to
Recent (Pérez et al., 2021) (Fig. 2B). Furthermore, a minor internal
discontinuity referred to as reflector-a’ distinguishes a local, uppermost
subunit over the Ona High (Pérez et al., 2019; Fig. 2B), recently dated as
Middle Pleistocene (~0.4 Ma) to Recent (Pérez et al., 2021) (Fig. 2B).

2.2. Oceanographic setting

The Scotia Sea is influenced by water masses derived from the Drake
Passage and the Weddell Sea, via the eastward-flowing ACC and the
northern limb of the Weddell Gyre, respectively (Fig. 1). The boundaries
of different ACC jets are constituted by four deep-reaching hydrographic
fronts (Orsi et al., 1995) that are strongly conditioned by the Scotia Sea
topography (Tarakanov, 2012): (1) the Sub-Antarctic front (SAF), (2)
the Polar front (PF), (3) the Southern ACC front (SACCF) and the
Southern Boundary of the ACC (SB-ACC) (e.g. Fig. 1). The Circumpolar
Deep Water (CDW) propagates from west to east in the field of the ACC
(Naveira Garabato et al., 2002a; Tarakanov, 2010).

The Weddell Sea Deep Water (WSDW) is a subset of the Antarctic
Bottom Water (AABW) (Orsi et al., 1999; Naveira Garabato et al., 2002a)
and one of the deepest water masses flowing in the cyclonic Weddell
Gyre above the Weddell Sea Bottom Water (WSBW) (e.g., Naveira
Garabato et al., 2002a; Gordon et al., 2010). In the Weddell Gyre, many
icebergs merge and eventually escape from Antarctica north into the
Scotia Sea through the so-called ‘Iceberg Alley’ (Anderson and Andrew,
1999) (Fig. 1). A fraction of the WSDW circulates from the Weddell Sea
to the Scotia Sea mainly through Jane Basin, flowing across several deep
gateways of the SSR into the Scotia Sea, as the Orkney Passage (Orsi
et al., 1999; Naveira Garabato et al., 2002a, 2002b; Palmer et al., 2012)
(Fig. 1). A branch of the WSDW flows westwards along the northern
slopes of the SSR, as the northern South Orkney Microcontinent, and
reaches the Pacific-West Antarctica margin (Naveira Garabato et al.,
2002a, 2002b; Heywood et al., 2004; Legg et al., 2009) (Fig. 1).
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Fig. 2. Geomorphological and seismic stratigraphic characterization of Ona Basin. A) Ona Basin is subdivided into eastern and western Ona sub-basins (EOB and
WOB, respectively) by the Ona High. The panel in the upper-right corner displays the A-A' profile, in which the vertical distribution of potential temperature (°C) and
distribution of major water masses (CDW and WSDW) with depth are shown (modified from Morozov et al., 2010). Locations of studied cores TG-01 and TG-03 (red
dots) are indicated. Bathymetry is extracted from the DBM-BATDRAKE compilation (Bohoyo et al., 2019). Tectonic features in the map extracted from Maldonado
et al. (2014), after Civile et al. (2012). SSIB: South Shetland Island Block; EL. Is: Elephant Island; WSR: West Scotia Ridge; SFZ: Shackleton Fracture Zone; SACCF:
Southern ACC front; SB-ACC: Southern Boundary of the ACC. B) Seismic stratigraphic profile across Ona Basin (extracted from Pérez et al., 2019). Profile location is
indicated in Fig. 2A. The enlarged squared area corresponds to a multichannel seismic line segment showing the younger seismic units and stratigraphic discon-
tinuities in Ona Basin. Ages of the main regional discontinuities since reflector-c in Ma are from Maldonado et al. (2006) and Pérez et al. (2017), recently updated by
Pérez et al. (2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In Ona Basin, the upper part of the water column is occupied by the
CDW (Fig. 2A), and flows eastwards into the northern region of the basin
(Naveira Garabato et al., 2002a; Morozov et al., 2010) (Fig. 1). The
different fronts of the ACC mark the southward extension of the CDW,
and are characterized by strong eddy generation (Morozov et al., 2010)
leading to an efficient mixing of the whole water mass (Provost et al.,
2011). These eddies are originated from PF and SACCF meanders
northwest of the physiographic highs that protrude from slopes in the
southern region of the basin, such as Ona High and Terror Bank (Barré
et al., 2011; Provost et al., 2011) (Fig. 2A). Below, the WSDW flows
westwards along the southern part of the basin (Naveira Garabato et al.,

2002a; Morozov et al., 2010) (Figs. 1 and 2A). The upward slope of the
water masses towards the south (e.g., Sudre et al., 2011), determine that
the southern Ona Basin is mostly affected by the westward-flowing
WSDW (Fig. 2A). This flow is affected by northward deflections due to
topographic obstacles (Morozov et al., 2010), and in the western Ona
sub-basin it is constrained by the SFZ (e.g., Sudre et al., 2011) (Fig. 1).

2.3. Recent sedimentary processes

The southern margin of Ona Basin mainly contains a suite of con-
tourite deposits that exhibit different configurations in response to the
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westward propagation of the WSDW, which is able to generate different
contourite erosional (i.e., contourite channels and moats) and deposi-
tional features (i.e., plastered, sheeted, mounded, fault-controlled,
deformed and channel-related drifts, and superimposed sediment
waves). The lateral continuity of these contourite features is interrupted
by mass transport deposits and other gravity-driven features in and from
Ona High. On the abyssal plain, extensive sheeted drifts with super-
imposed morphologies, such as sediment waves and mounded drifts
were reported (Lopez-Quiros et al., 2020). All these deep-water deposits
have been recognized in the uppermost seismic unit above reflector-a’,
and therefore they have been formed during the late Quaternary after
0.4 Ma (Pérez et al., 2021).

3. Materials and methods

This study is based on high-resolution seismic data and multi-proxy
analysis of two sediment cores (TG-01 and TG-03; Fig. 3A). The data
combination has great potential to provide key information for paleo-
environmental reconstructions and for detecting the influence of
regional climate change. For such purposes, a compilation of previous
investigated sediment coring sites in the southern Drake Passage-Scotia
Sea region was also made to place our observations into a wider regional
context (Fig. 3B). The high-resolution seismic dataset was collected on
board the BIO Hespérides during expeditions SCAN 2004, 2008 and
2013 and DRAKE 2018 (Fig. 3A). During SCAN 2013, two gravity cores
were collected in the Ona High slope, central Ona Basin, NE prolonga-
tion of the Antarctic Peninsula (Fig. 3A). Core TG-01 is 400 cm long and
was collected at 2160 m water depth at 60°22'23.9314"S,
53°02'15.2501”W; core TG-03 is 295 cm long and was obtained at 2789
m water depth at 60°11'23.4003”S, 53°10'49.0810”W. Cores TG-01 and
TG-03 were opened and split into two halves (working and archive), that
were subsequently stored at 4 °C at the Geological Survey of Spain
(IGME, Spain) core repository. Non-destructive analyses (i.e., visual core
description, physical properties measurements and X-ray fluorescence
scanning) were performed on the archive halves. Working halves were
sampled for radiocarbon dating, sedimentological and micropaleonto-
logical analyses.
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3.1. High-resolution seismic data

High-resolution seismic data were acquired with a Topographic
Parametric Sonar (TOPAS) PS 18 system, which operated in a chirp
wavelet (high-penetration mode) at primary frequencies of 1.5-5 kHz
and a pulse length of 30 ms, providing a maximum vertical resolution of
0.2 ms. The collected signal was post-processed following standard
processing with the TOPAS™ software (see details in Lopez-Quiros et al.,
2020). The resulting seismic data were converted and imported as SEG-Y
files into IHS Kingdom Suite™ software for interpretation. About 6680
km of sub-bottom transects available for this study (Fig. 3A) provided a
detailed high-resolution seismic stratigraphy of Ona Basin, where the
TOPAS system could penetrate up to 150 m, assuming a seismic velocity
of 1600 m/s for these shallow-water sediments (e.g., Schlesinger et al.,
2012, and references therein). Seismic units defined in this study have
been named from top to bottom, in order to provide a consistent naming
pattern for the uppermost stratigraphic units that can be reproduced in
other studies and to facilitate comparisons of stratigraphic patterns. The
same labeling approach has been adopted by other seismic stratigraphic
studies of different resolutions conducted in the Scotia Sea (e.g., Mal-
donado et al., 2006, 2014; Martos et al., 2013; Pérez et al., 2014, 2017,
2019). In addition, the recently revised seismic stratigraphy of the Scotia
Sea by IODP Expedition 382 also has adhered to the top to bottom
naming convention (Weber et al., 2021). Sedimentary units thickness
descriptions are provided in milliseconds of TWTT (two-way travel
time). Isochore maps of seismic units identified in this work were con-
structed only for the most recent units, since these units were detected in
a higher number of seismic profiles.

3.2. Core chronology

Due to the absence of calcareous microfossils suitable for age dating
in the studied sediment cores, three bulk sediment samples (20 cc in
volume each, at 0.10, 2.30 and 2.60 m depths) from core TG-01 and two
(20 cc in volume each, at 0.15 and 2.10 m depths) from core TG-03 were
selected for Accelerator Mass Spectrometry (AMS) 14C radiocarbon
dating of acid-insoluble organic matter (AIOM). The selected samples
were extracted from undisturbed intervals, avoiding sediment layers
with evidences of sediment remobilization by gravity flows. Radio-
carbon analysis was conducted in the Poznan Radiocarbon Laboratory
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(Poland), where 14¢ concentration was measured with a Compact Car-
bon AMS spectrometer (Goslar et al., 2004). All 4c ages were calibrated
into calendar years Before Present (BP) using CALIB Radiocarbon Cali-
bration Program 8.1.0 (Stuiver et al., 2020) and the MARINE20 cali-
bration curve (Heaton et al., 2020) (Table 1). As proposed for the
Antarctic Peninsula-Scotia Sea region in previous studies (e.g., Domack
et al., 2001; Pugh et al., 2009; Xiao et al., 2016, and references therein),
we have considered a constant reservoir age of 1300 years (AR = 900
years) in all samples. The available age data do not provide high enough
resolution to capture intra-Holocene millennial-scale climatic vari-
ability, but enable the broad distinction between glacial and deglacia-
tion regimes, as reported in diverse settings around Antarctica (e.g.,
Yoon et al., 2009; Lee et al., 2012; Xiao et al., 2016; Kim et al., 2020).

3.3. Sedimentological analysis

Sedimentary units naming convention for this study uses a top-down
unit labeling according to IODP standards in the Scotia Sea (Weber et al.,
2021). Sedimentary units were defined on the basis of visual core de-
scriptions and sediment composition analysis (e.g., Tucker, 2001).
Textural classification of Folk (1954) was applied. Macroscopic visual
core observations were aided by high-resolution digital images obtained
from archive halves using a CoreScan II imaging device coupled to a
GEOTEK Multi-Sensor Core Logger (MSCL 81) at the Spanish Geological
Survey (IGME, Spain). Sediment characterization included lithology,
grain size, sediment texture and structure and bioturbation intensity.
The relative composition of biogenic and terrigenous grains, grain size
and shape were determined microscopically using a binocular micro-
scope and a high-resolution field emission scanning electron microscope
(FESEM). Secondary electron (SE) and back-scattered electron (BSE)
imaging were obtained with a GEMINI (FESEM) CARL ZEISS microscope
at the Scientific Instrumentation Center (CIC, University of Granada,
Spain), equipped with an energy-dispersive X-ray spectroscopy system
(EDX).

3.4. Physical and geochemical properties

Physical properties (magnetic susceptibility, gamma-ray density,
electrical resistivity and P-wave velocity) were determined at 1-cm
resolution on split core surfaces of the archive halves using a GEOTEK
Multi-Sensor Core Logger (MSCL) 81 at the Spanish Geological Survey
(IGME, Spain).

Major element compositions were measured on core surfaces of the
archive halves at 1-cm interval resolution, using a MSCL-X-ray fluores-
cence (XRF) Core Scanner at the Spanish Geological Survey (IGME,
Spain). All core sections were scanned at 10 kV for Al, Si, K, Ca, Ti, Mn, S
and 30 kV for Br, Zr and Rb. XRF spectra were processed with bAxil
software (next generation version of WinAxil) and include spectrum
smoothing and background subtraction, sum peaks and escape peak
correction and deconvolution and integration of peaks. These data are
provided as element intensities in total counts per second (cps), which
are relative to the real chemical concentration of the measured elements

Table 1
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(e.g., Weltje and Tjallingii, 2008, and references therein). For the pre-
sent study, we only report on the following elements and elemental
ratios: Aluminum (Al), Silica (Si), Potassium (K), Titanium (Ti), and
Bromine (Br), and K/Ti and Br/Ti). Elemental counts of Si, K, and Al,
commonly used as detrital proxies (e.g., Rothwell and Croudace, 2015,
and references therein), have been plotted against the lithological logs to
assess variations in the influx of terrigenous materials to the study sites.
K/Ti ratios are sensitive to glacial/interglacial fluctuations (Bertram
et al., 2018), as variations in K/Ti ratios indicate the provenance of
terrigenous materials (e.g., Monien et al., 2012; Bertram et al., 2018)
and are related with the amount of mica and illite phyllosilicates present
(e.g., Diekmann et al., 2008). Furthermore, Br/Ti ratios have been
previously used as indicators of organic matter in sediments and of
paleoproductivity (Agnihotri et al., 2008; Bahr et al., 2014; Salabarnada
et al., 2018; Evangelinos et al., 2020).

3.5. Diatom abundance and assemblages

To study diatom abundance and assemblages, cores TG-01 and TG-03
were sub-sampled at 10-20 cm intervals, with a total of 25 samples
analyzed in each core (see Supplementary Tables 1 and 2 for details).
Quantitative diatom slides were prepared by a random settling method
(Warnock and Scherer, 2014). Permanent glass slides were mounted in
Norland Optical Adhesive 61 and cured under an ultraviolet light. Slides
were examined under Olympus CX31, BX60 and Zeiss Primo Star light
microscopes at Colgate University (USA), using a 100x oil immersion
objective for a total magnification of 1000x. A minimum of 400 diatom
valves (when >50% of the valve is present) were counted along tran-
sects, except when diatom absolute abundance was very low. In those
instances, ten transects were counted, as has been done with other
diatom-poor sediment samples (Rebesco et al., 2014; Holder et al., 2020;
Spaulding et al., 2020). These counts include Chaetoceros, since their
abundance was not overwhelming, as often occurs in sediments from the
western side of the Antarctic Peninsula, where both total counts, as done
here, and ‘Chaetoceros-free’ counts, not done here, necessary. Diatoms
were identified to species level whenever possible (e.g., Armand et al.,
2005; Cefarelli et al., 2010).

3.6. Regional sediment core comparison

Similar lithologies, magnetic susceptibility (MS) and diatom abun-
dance data analyzed in cores TG-01 and TG-03 enabled the comparison
with other Drake Passage-Scotia Sea sediment core records spanning the
late Pleistocene-early Holocene. Although strata correlations over long
distances involve uncertainties, the comparison of sediment cores is
attempted in order to place the observations in a regional context and to
highlight distinctive paleoceanographic and paleoenvironmental pat-
terns. The data presented in this paper from cores TG-01 and TG-03 are
compared with data from ODP Site 1098 from Palmer Deep (Barker
et al,, 1999; Domack et al., 2001; Sjunneskog and Taylor, 2002),
GC98-06 core from Phoenix region (Yoon et al., 2009), GC02-SSO1 core
from Protector Basin (Yoon et al., 2007; Bak et al., 2007), PS67/219-1

Acid insoluble organic matter radiocarbon dates from sediment cores TG-01 and TG-03. The CALIB 8.1.0 software (Stuiver et al., 2020) and the MARINE20 dataset
(Heaton et al., 2020) were used to convert the '“C ages to calendar ages with 26 precision, applying a reservoir correction of 1300 years (AR = 900 years) following

Domack et al. (2001), Pugh et al. (2009) and Xiao et al. (2016).

Core Core depth (cm) Uncorrected age (1*C yr BP) Error (+ yr) Corrected and calibrated age (20) (cal. yr BP)
Lower cal. range Upper cal. range Median probability
TG-01 10 13,120 70 13,349 13,773 13,562
TG-01 230 21,830 140 23,781 24,560 24,148
TG-01 270 22,140 150 24,097 24,972 24,527
TG-03 15 11,600 60 11,607 12,177 11,882
TG-03 210 22,710 160 24,779 25,624 25,202
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core from Pirie Basin (Xiao et al., 2016), and PS67/197-1 core from the
Central Scotia Sea (Xiao et al., 2016) (Fig. 3B).

4. Results
4.1. High-resolution seismic stratigraphy

Four seismic units named U4 to U1 from older to younger have been
identified in Ona Basin (Fig. 4). Seismic facies mostly exhibit parallel to
subparallel or wavy stratified configurations (Fig. 4C), with relatively
high acoustic amplitudes and high lateral continuity along the basin
floor on both sides of Ona High (e.g., Fig. 5). The seismic units have
erosional limits at the margins of the basin floor, often related with
transparent, irregular-to lens-shaped acoustic facies with no internal
reflections (Fig. 4C) that become conformable through the rest of the
basin floor. The most recent sedimentary cover (i.e., units U2 and U1) is
relatively thick above the western side of Ona High and the entire basin
floor in both sub-basins; in contrast, it is thin or absent above the eastern
and northern Ona High, southwestern Terror Bank and the offshore
slopes of Elephant Island (Fig. 5).

Seismic units U4 and U3 have two main depocenters, located on the
proximal western Ona sub-basin and on the distal eastern Ona sub-basin.
Seismic unit U4 shows a maximum thickness of about 40 ms, whereas
the maximum thickness of unit U3 is up to 35 ms (Fig. 4C).

The present-day mounded and sheeted topography of the western
and eastern Ona sub-basins (e.g., see Fig. 7 in Lopez-Quiros et al., 2020),
is generated by seismic units U2 and Ul. These units exhibit major
changes in the distribution pattern, with thickness increasing progres-
sively towards the basin floor in both sub-basins (Fig. 5). Patchy dis-
tributions are found in the proximal slope of the basin and over
structural highs such as Ona High, associated with lens-shaped or
irregular bodies with transparent acoustic facies (Figs. 4C and 5).
Seismic units U2 and U1, which exhibit similar average thickness of
about 20 ms, are separated by a seismic discontinuity that marks an
internal increase in acoustic amplitude, laterally correlated through the
entire basin floor (Fig. 4A-C). Likewise, a minor internal discontinuity
within the most recent unit Ul was depicted based on core-seismic
correlation (Fig. 4B; see discussion below).

4.2. AMS *C dating

The calibrated 14C ages decrease from bottom to top from 24,527 yr
BP at 2.7 m depth, 24,148 yr BP at 2.3 m depth, and 13,562 yr BP at 0.1
m depth in core TG-01, and from 25,202 yr BP at 2.1 m depth, and
11,882 yr BP at 0.15 m depth in core TG-03 (Table 1). Accordingly, *C
results suggest deposition during the LGM and its subsequent deglacia-
tion, with average sedimentation rates of 13 and 14.6 cm/kyr from cores
TG-01 and TG-03, respectively.

4.3. Sedimentary units

Four sedimentary units have been defined from the core bottom
upward: IV, IIL, II, and I (Fig. 6).

4.3.1. Unit IV: diatom-rich mud and silty mud

The lowermost Unit IV is comprised of slightly bioturbated diatom-
rich mud and silty mud with sparse ice-rafted debris (IRDs), mostly
composed of granules and coarse sands (Fig. 6). Coarse-grained intervals
also were observed at the base of small turbidite events (Fig. 7A). In
addition, SEM observations indicate that those coarse-grained intervals
are well sorted (Fig. 8A). Magnetic susceptibility (MS) and density
values are high and fluctuate considerably, while greater variability
characterizes core TG-01 (Fig. 6). These values show an inverse rela-
tionship with diatom abundances (Fig. 6). Terrigenous elements (Si, K,
Al) and K/Ti ratio in TG-01 exhibit a bottom-up increasing trend up to
3.45 m depth, followed by a general decreasing trend towards the top of
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Unit IV (Fig. 6A). Br/Ti ratio fluctuates considerably, with high values at
3.8 m and 3.5-3.7 m depths (Fig. 6A). In TG-03 terrigenous elements
and K/Ti ratio follow a bottom-up increasing trend, while Br/Ti ratio
show no significant variability (Fig. 6B).

4.3.2. Unit III: IRD-rich, gravelly silty/sandy mud

Unit III is composed of gravelly silty to sandy mud with large
amounts of IRDs including dropstones (Figs. 6 and 7B-E). IRD is scat-
tered but also concentrated in patches (Fig. 7D and E). Bioturbated silty
to sandy muds were also observed in core TG-01 (Figs. 6A and 7D). MS
and density values are high and fluctuating in core TG-01 (Fig. 6A),
coincident with large amounts of IRDs and isolated dropstones (Figs. 6A
and 7C). A general bottom-up decrease is observed in core TG-03
(Fig. 6B). Moreover, MS and density values exhibit roughly inverse re-
lationships with diatom abundances (Fig. 6). SEM analyses indicate that
Unit III sediments are moderately to well sorted (Fig. 8B and C). SEM
observations also indicated a clay fraction mostly dominated by illite
(see a detailed view of ragged/compacted illite plates in Fig. 8B). In TG-
01, terrigenous elements and K/Ti ratio display a bottom-up increasing
trend up to 3 m depth, followed by a decreasing trend towards the top of
Unit III (Fig. 6A). Br/Ti ratio in Unit III at TG-03 exhibits minimum
values, with a short peak at 2.2 m depth (Fig. 6A). Terrigenous elements
and K/Ti ratio in TG-03 exhibit bottom-up increased values, character-
ized by an increasing up to 1.85 m depth, followed by a decreasing trend
towards the top of the unit. In contrast, Br/Ti ratio remains invariant
(Fig. 6B).

4.3.3. Unit II: bioturbated diatomaceous mud

Unit II mostly consists of bioturbated diatomaceous mud (Fig. 6)
with intercalations of sparse bands and/or layers composed of increased
amounts of well-preserved diatom assemblages (Fig. 8D-F; also see
peaks in diatom abundance: Fig. 6). The diatomaceous mud is affected
by intense bioturbation, generally as a non-descript burrow mottling
(Fig. 7F). MS and density values are high but fluctuate considerably with
similar bottom-up trends through Unit II, and roughly show inverse
relationships with diatom abundances (Fig. 6). SEM observations indi-
cate that Unit II sediments are poorly sorted, while the sand content is
very low (e.g., Fig. 8F). However, large amounts of coarse material
(mostly fine gravels and coarse sands) are observed in the upper part of
Unit II between 0.3 and 0.8 m depths (Fig. 6B) in core TG-03. IRDs are
sparse bottom-up and less abundant than in upper and lower units
(Fig. 6). SEM observations indicated a clay fraction dominated by illite/
smectite (Fig. 8F). Abundant euhedral to sub-spherical authigenic barite
grains were observed throughout (Fig. 8G and H), as well as some iso-
lated dropstones (Fig. 7G). In TG-01, terrigenous elements and K/Ti
ratio exhibit a bottom-up decreasing trend up to 1.5 m depth, followed
by an increasing trend up to 1 m depth. This is followed by a general
decreasing trend up towards the top of Unit II (Fig. 6A). Br/Ti ratio
displays a decreasing bottom-up trend through Unit II, with their
maximum values recorded at the bottom of the unit (Fig. 6A). No sig-
nificant long-term variations are observed in the terrigenous elements
and K/Ti ratio at TG-03. Br/Ti ratio remains also invariant, although
maximum values are recorded at the bottom of Unit II (Fig. 6B).

4.3.4. Unit I: diatom-rich silty to sandy mud

Unit I is composed of diatom-rich silty to sandy mud (Figs. 6 and 7H).
In core TG-03, Unit I also contains a minor diatomaceous silty mud layer
(see peak in diatom abundance: Fig. 6B). Sand content shows a gradual
bottom-up increase, while SEM observations indicate a shift in the
sorting of the coarse grains from poorly to moderately sorted (Fig. 8I).
Moreover, SEM observations display a dominance of illite/smectite in
the fine-clay fraction (Fig. 8I). MS and density values exhibit a bottom-
up decrease in both cores, with the exception of a peak at 0.02 m in TG-
03 (Fig. 6). IRDs are sparse (Fig. 6), although an IRD-rich interval is
observed in core TG-01 at the lower part of the unit (Fig. 6A). In core TG-
01, terrigenous elements and K/Ti and Br/Ti ratios exhibit a bottom-up
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Fig. 4. High-resolution seismic stratigraphic characterization of the southern Ona Basin region. A) Multichannel seismic line HESANT 92-94 M26 from Ona Basin
displaying the younger low-resolution (LR) seismic units (Units I to III, above reflector-c; Maldonado et al., 2006) and age assessment at a basin scale recently updated
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Fig. 5. Isochore maps of the most recent seismic units Ul (subdivided in Ula and Ulb) and U2, defined in TOPAS profiles. Note that according to core-seismic
correlation (see discussion below), discontinuity within U1l is marking the transition from glacial to postglacial stratigraphy.

increasing trend towards the upper part of the unit (Fig. 6A). A bottom-
up increasing trend in terrigenous elements and K/Ti ratio intensities in
TG-03 is also observed until 0.15 m depth, followed by a decrease to-
wards the upper part of the unit (Fig. 6B). In contrast, Br/Ti ratio shows
an increasing trend up to 0.15 m depth, followed by a decrease until the
upper part of the unit (Fig. 6B).

4.4. Bottom-up diatom assemblages

Diatom absolute abundance ranges from ~0.4 to 18 x 10° valves/g
of sediment in core TG-01, and from ~0.5 to 20 x 10° valves/g in core
TG-03 (Fig. 6). Diatom abundance is quite variable in Unit IV, (~3-14 x
10° valves/g in core TG-01 and ~ 1.5-10 x 10° valves/g in core TG-03)
(Fig. 6). Diatom abundance decreases sharply through Unit III (~2.5 x
10° valves/g), reaching counts of ~0.4 x 10° valves/g in core TG-01 and
1.2 x 10° valves/g in core TG-03 (Fig. 6). Diatom abundance increases
and is generally high through Unit II; at the bottom part of the sedi-
mentary unit, abundance sharply reaches a maximum of ~18 x 10°
valves/g (Fig. 6). Note however, that the upper part of Unit II (between
0.3 and 0.8 m depth) in core TG-03 has extremely low diatom abun-
dance (Fig. 6B). Br/Ti ratios also increase through Unit II, with higher
values recorded coincident with the maximum diatom abundances
(Fig. 6). Likewise, abundant authigenic barite grains were observed at
the base of Unit II in relation with maximum diatom abundance (Fig. 8G
and H). Diatom abundance is almost constant through Unit I (~3 x 10°
valves/g) in core TG-01 (Fig. 6A); it increases from ~7 to 12 x 10°
valves/g in core TG-03 (Fig. 6B).

Fragilariopsis kerguelensis (e.g., Fig. 8J) is the most common species in
both sediment cores, with total mean abundances of 23-32%, ranging
from 3 to 53% (Fig. 9; Supplementary Tables 1 and 2). Chaetoceros subg.
Hyalochaete (referred to as Hyalochaete) is also a common contributor in
both sediment cores, with total mean abundances of 18% (ranging from
4 to 63%) and 23% (ranging from 0.3 to 70.5%), respectively (Fig. 9;
Supplementary Tables 1 and 2). In addition, Hyalochaete vegetative
valves are more abundant than the resting spores throughout cores TG-

01 and TG-03 (Fig. 9). Eucampia antarctica, Thalassiosira lentiginosa and
Actinocyclus actinochilus (e.g., Fig. 8J) are subdominant species
throughout both sediment cores, with mean absolute abundances of 7%
(ranging from 1 to 20%), 5% (ranging from 1 to 8%) and 5% (ranging
from 0.4 to 17%) in core TG-01 and 9% (ranging from 3.3 to 18%), 6%
(ranging from 1 to 18%) and 4% (ranging from 0.7 to 14%) in core TG-
03, respectively (Fig. 9; Supplementary Tables 1 and 2). Less common
diatom species include Thalassiosira antarctica T2, Fragilariopsis curta,
Rhizosolenia spp. and extinct diatoms (Figs. 8J and 9; Supplementary
Tables 1 and 2). A high peak in extinct diatoms, with >40% of reworked
species, was observed at 0.5 m depth in core TG-03; the assemblage is
composed predominantly by Denticulopsis spp., 35%, with most speci-
mens identified as Denticulopsis simonsenii (Fig. 9B; Supplementary Table
2).

4.5. Comparison of different regional sediment cores: sedimentation
patterns

Comparison of cores TG-01 and TG-03 with other Drake Passage-
Scotia Sea records (Fig. 10) shows common sedimentation patterns,
with detrital materials deposited preferentially during glacial condi-
tions, in contrast to hemipelagic sedimentation with an abundant
biogenic fraction accumulated during interglacials. In general, glacial
deposition shows a progressive increase from west (Drake Passage) to
east (Central Scotia Sea), with 1-2 m thick deposits in the study area
(southern Ona Basin). The record of the postglacial period (including the
deglaciation) also seems to be more condensed in the study area (less
than 2 m thick) than in most settings of the Scotia Sea (up to 3 m thick)
(Fig. 10).

5. Discussion
5.1. Considerations about radiocarbon dating

Radiocarbon dates obtained near the core tops (13,562 yr BP and
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Fig. 7. Detailed facies characterization of sedimentary units identified in cores TG-01 and TG-03. A) Core slab example of Unit IV (diatom-rich mud and silty mud;
core TG-03) exhibiting fining-upward small turbidites. B) and C) Core slab examples of Unit III (gravelly silty mud; cores TG-03 and TG-01, respectively) displaying
large sub-rounded dropstones up to 4 cm in diameter, including a granite rock fragment. D) Core slab example of Unit III (gravelly silty/sandy mud; core TG-01)
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ranging in size from 1 to ~3 cm. H) Core slab example of Unit I (diatom-rich silty to sandy mud; core TG-01) showing a sharp, erosional contact between silty and

sandy mud.

11,882 yr BP, respectively) are considerably older than the reservoir age
of 1300 years for the Antarctic Peninsula and Scotia Sea region (e.g.,
Domack et al., 2001; Pugh et al., 2009; Xiao et al., 2016). However,
these age values are in agreement with regional age data. For example,
core GC03-C1 located 50 km away from our study sites (Fig. 3B) shows
similar radiocarbon dates near the core top (12,290 yr BP; Shin et al.,
2020). Additionally, these authors recovered a box core (BC03-C1) with
a core top 1*C age of 4037 yr BP (Shin et al., 2020). After calibration
using BC03-C1, a final core top age of 8790 yr BP was proposed for
GC03-C1, which is also older than the reservoir age used for the study
area (e.g., Xiao et al., 2016). Other surficial ages measured in the region
range between 12,864 + 60 yr BP in the southern Drake Passage (Yoon
et al., 2009) and 6000 yr BP in the Weddell Sea (Pudsey and Evans,
2001).

Old AMS G ages of Antarctic surface sediment cores have been
related to contamination by old carbon (Gordon and Harkness, 1992),
triggered either by the release of carbon dioxide preserved in ice sheets
(e.g., Domack et al., 1989), along with the uptake of dissolved inorganic
carbon by recycled ancient organic matter (e.g., Andrews et al., 1999;
Gibson et al., 1999). Consequently, the near surface ages of the study
area may be related to contamination by reworked old organic matter

11

transported by strong bottom currents and/or by gravitational pro-
cesses. Indeed, the southern Ona Basin is affected by a vigorous
westward-flowing WSDW along the continental slope (Naveira Garabato
et al., 2002a, 2002b; Legg et al., 2009). Also, deep-water downslope
processes are enhanced by the topographic obstacle of the Ona High,
that has undergone a widespread dismantling leading to ubiquitous
mass transport deposits (MTDs) generation (Lopez-Quirds et al., 2020).
Alternatively, the absence of consistently low magnetic susceptibility
values at the core tops (Fig. 6) would support the occurrence of sediment
loss during coring operations, as discussed in other settings of the Scotia
Sea (Xiao et al., 2016). The available data do not permit discrimination
between these two possibilities, and both are likely contributors. Core-
top losses during coring operations is always a possibility, especially
during gravity and piston coring, as opposed to box and multi-coring
activities. Without complementary collection of cores that would have
enabled a more reliable recovery of the sediment-water interface, the
determination of the amount of core top losses is not possible. However,
radiocarbon data do support the interpretation of a post-Last Glacial
Maximum age of the uppermost sediment unit. In addition, the increased
diatom contents, along with the decreased contribution of reworked
diatoms, supports the deglacial to Holocene age of this unit.
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5.2. The record of glacial-interglacial variability

5.2.1. Late Quaternary sedimentary evolution

The four high-resolution (HR) seismic units defined in this work lie
within the most recent low-resolution (LR) seismic Unit I above reflector-
a (Fig. 4A) (Maldonado et al., 2006, 2014; Pérez et al., 2019). Updated
age models from IODP Expedition 382 frame LR Unit I from the Middle
Pleistocene (i.e., 1.7 Ma) to the recent (Pérez et al., 2021; Figs. 2A and
4A). LR Unit I exhibits a relatively thin (maximum thickness of 0.6 s in
the study area) and continuous sheet-like geometry, incised by channels
and moats in many places and with small amplitude sediment waves
towards the top of the unit (Pérez et al., 2019). Within LR Unit I, a minor
internal discontinuity referred to as reflector-a’ (see Fig. 2B) was origi-
nally documented in the nearby Dove and Pirie basins (Pérez et al.,
2017), and later recognized in the western Ona High (Pérez et al., 2019)
(also Fig. 2B). Reflector-a' has been dated at 0.7 and 0.4 Ma (Pérez et al.,
2021), and its genesis has been related to the collapse of the West
Antarctic Ice Sheet (WAIS) with reduced input from East Antarctica (e.
g., Raymo and Mitrovica, 2012; Wilson et al., 2018), when global sea
level was higher that present-day sea level (e.g., Raymo and Mitrovica,
2012).
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HR units with similar facies and thickness distribution have also been
reported in the most recent sedimentary record of Scan Basin (Fig. 1),
where they constitute the upper part of a low-resolution unit of tentative
late Pliocene to Quaternary age (Garcia et al., 2016). Since the HR units
defined in this study are deposited above reflector-a’, a late Quaternary
age is most likely for those units. Previous high-resolution seismic
studies in glacial environments have documented periodic alternations
of depositional environments driven by glacial cycles, for example, the
Chukchi Margin, Arctic Ocean (Kim et al., 2021). These glacial cycles
also have been recorded by a diversity of proxies in the Scotia Sea (Xiao
et al., 2016). In this sense, we deduce that HR unit generation is pri-
marily dictated by the late Quaternary glacial-interglacial cyclicity, as
the timing from reflector-a’ to the present encompasses several glacial-
interglacial cycles.

In nearby Scotia Sea basins (i.e., Pirie and Dove basins; Weber et al.,
2021; Pérez et al., 2021), the fast growth of contourite drifts from the
Mid-Pleistocene to the present has been associated with enhanced
Southeast Pacific Deep Water (SPDW) flow due to enhanced Pacific
Overturning Circulation (Kwiek and Ravelo, 1999). In contrast, the
contributions of sediment transport from the Antarctic continental shelf
are considered to have been low (Pérez et al., 2021). In agreement with
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these considerations, the formation of LR Unit I in Ona Basin is inter-
preted to be connected with the onset of the modern oceanic circulation
pattern in the Scotia Sea (Pérez et al., 2019). The recognition of high-
resolution stratigraphies in contourite deposits in the Scotia Sea are
considered as indicative of bottom flow variations through Pleistocene
glaciations (e.g., Owen et al., 2014). Likewise, the marked increase in
seismic amplitude and erosional character of the depositional style
noticed between the older HR U4 and U3 units and the younger HR U2
and U1 units (Fig. 4C) are interpreted as the effect of major fluctuations
in the regional bottom-current patterns, as documented in the Scan
Basin (Garcia et al., 2016). Furthermore, the spatial arrangement of
contourite deposits in the southern margin of the Ona Basin revealed
significant changes along the westward path of the WSDW bottom cur-
rent (Lopez-Quirods et al., 2020). In the eastern sub-basin, slope-plas-
tered and sheeted drifts (e.g., Fig. 4C, profile B-B’) indicate low-velocity
currents flowing mostly as simple, tabular water masses. Westward,
mounded elongated drifts (e.g., Fig. 4C, profile C-C") indicate higher-
energy environments (e.g., Stow et al., 2008) and suggest a westward
increasing bottom current. Consequently, the seafloor morphology
points to an intensification of the westward WSDW in the southern
basin, as previously reported by Lopez-Quiros et al. (2020).

In addition to bottom current activity, during deposition of each unit
the recognition of transparent bodies would indicate the formation of
MTDs, signaling the interaction between along- and downslope pro-
cesses during successive glacial cycles (Fig. 4C). The co-occurrence of
stratified and chaotic facies has also been documented in other high-
latitude settings, such as the central Arctic Ocean, where phases of
MTD development have been related mainly with glacial erosion pro-
cesses (Pérez et al., 2020) and with their changing influence thorough
successive late Quaternary glacial cycles (Kim et al., 2021). In contrast
to those settings, in the study area the overall along-slope orientation of
morphological features (Lopez-Quiros et al., 2020) indicates that the
sediment load delivered to the southern margin of the basin is mainly
reworked by the action of bottom currents and incorporated in the
contourite drifts (Fig. 4C). Thus, generation of MTDs would probably be
coeval and secondary to contourite deposit formation, as evidenced in
other glacial margins where drift sediments act as a precondition factor
for subsequent development of mass movements (Baeten et al., 2016;
Osti et al., 2019). This pattern contrasts with other Antarctic settings,
where along- and downslope processes alternate temporally (e.g., Presti
et al., 2011). In Ona Basin, the interaction has persisted to the present-
day situation, as reflected in the basin geomorphology (Lopez-Quiros
et al., 2020). Such recent interactions have been documented in specific
sectors of the margins around the Scotia Sea (Pudsey and Howe, 2002;
Owen et al., 2014).

We infer that HR units U4 to U3 possibly were deposited during a
generally high production and outflow of WSDW through the Scotia Sea,
where both WSDW and energetic ACC flows would have been sustained
by a dynamic Atlantic Meridional Overturning Circulation (AMOC)
during Marine Isotope Stage (MIS) 11 at ~0.4 Ma (Doherty and Thibo-
deau, 2018). During the formation of HR U4 and U3 units, the westward
flow of the WSDW would have affected the entire southern margin of the
Ona Basin, being less vigorous and consequently limiting important
erosion and subsequent deposition.

Conversely, younger HR U2 and Ul units likely reflect in-
tensifications in the bottom-current flows, probably due to latitudinal
displacements of the interphase between the deeper part of the ACC (i.e.,
the CDW) and the WSDW that enhanced the erosional capacity of the
westward flow. The spatial variability of the ACC fronts in the southern
Ona Basin could have influenced a southward extension of CDW farther
south, as documented in the nearby Drake Passage (Wu et al., 2019). The
enhanced influence of the CDW and ACC-related fronts in comparison
with eastern Scotia Sea basins has been related to the low confinement of
Ona Basin (Lopez-Quiros et al., 2020).
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5.2.2. Late Pleistocene-early Holocene sedimentary processes

Radiocarbon dates for cores TG-01 and TG-03 indicate that sedi-
mentary units with high magnetic susceptibility and density values, high
occurrence of IRDs, and low diatom absolute abundance and Br/Ti ratios
correspond to the LGM (see below) (Fig. 6), whereas the units consisting
of low magnetic susceptibility and density values, and higher biogenic
content inferred from high diatom absolute abundance and Br/Ti ratios,
correspond to the Last Deglaciation (see below) (Fig. 6). Moreover,
mean sedimentation rates of 13 and 14.6 cm/kyr are comparable to rates
(<13.5 em/kyr) estimated in the continental rise west of the Antarctic
Peninsula (Pudsey, 2000). Consequently, as a first approximation, our
study sites cover the late Pleistocene paleoceanographic history (i.e., the
most recent time during the Last Glacial Period).

5.2.2.1. The Last Glacial Maximum. The LGM was characterized by
extensive sea ice and ice shelf advancement, with seafloor ice grounding
reported in the Weddell Sea and the Antarctic Peninsula Shelf (e.g.,
Pudsey et al., 1988; Anderson et al., 1991; Gersonde et al., 2005; Collins
et al., 2012; Bak et al., 2014; Bentley et al., 2014; Xiao et al., 2016; Kim
et al., 2018, 2020; Shin et al., 2020). Sea ice expansion was allowed by
the northward retreat of the oceanic fronts, which also resulted in a
reduced influence of the ACC in the southern Scotia Sea (Pudsey et al.,
1988; Kim et al., 2020). The grounded ice sheets provided large inputs of
terrigenous sediments to the slopes, where widespread mass movements
prevailed (e.g., Kuhn and Weber, 1993; Pudsey et al., 1988). In the
southern Drake Passage-Scotia Sea, higher percentages of terrigenous
input and lower percentages of biogenic components characterize
depositional environments under extensive se ice and an advanced ice
shelf (e.g., Yoon et al., 2007, 2009; Bak et al., 2014; Xiao et al., 2016;
Kim et al., 2020) (Fig. 10).

In the study area, several proxies indicate that sedimentological
Units IV and III are mainly terrigenous in origin. For example, high
elemental counts of Si, K and Al and K/Ti ratios have been related to
higher supplies of terrigenous material during glacials (e.g., Rothwell
and Croudace, 2015; Bertram et al., 2018). In addition, high K/Ti ratios
indicate an increased influx of illite-rich material (e.g., Diekmann et al.,
2008) largely supplied by physical weathering (e.g., Diekmann et al.,
2000; Marinoni et al., 2008); illite-dominated clay fractions along with
higher MS and density values (Figs. 6 and 8B) suggest a close relation-
ship between grain size and physical properties, which also supports a
terrigenous depositional regime. Large amounts of fine-grained material
likely suggest sediment deposition from the nepheloid layers, where
sediments can be supplied by bottom-current erosion, ice rafting and
pelagic and/or hemipelagic settling (Stow and Holbrook, 1984; Gonth-
ier et al., 1984; Stow and Faugeres, 2008). In contrast, low diatom
abundances and Br/Ti ratios attest to limited primary productivity in
surface waters (Gersonde et al., 2005; Agnihotri et al., 2008; Bahr et al.,
2014). Overall, all these conditions are characteristic of a glacial envi-
ronment (Vanderaveroet et al., 1999), when high terrigenous influx may
have derived from the Antarctic Peninsula's Shelf through ice rafting or
from the Weddell Sea via increased input to the benthic nepheloid layer.

Unit IV sediments, moreover, comprise sporadic biogenic (diatom)-
rich intervals as well as significant gravity-driven deposits (Fig. 6),
including multiple small turbidity events recognized in core TG-03 (e.g.,
Figs. 7A and 8A). The episodic occurrence of diatom-rich intervals in
Unit IV (Fig. 6) indicates mixtures of terrigenous and biogenic-rich
components. In the nearby Protector Basin (Fig. 10), comparable dia-
tomaceous mud layers were interpreted as dense turbid bottom current
deposits triggered by intensified sea-ice formation in coastal polynyas
during the LGM (Yoon et al., 2007). In our study site, a similar inter-
pretation could be invoked, also considering the widespread occurrence
of polynyas in the Weddell Sea during the Last Glacial Period (e.g., Smith
et al., 2010, and references therein). High-salinity shelf water would
form in association with coastal polynyas, while cooling and brine
rejection of saline slope waters would trigger downslope flows of dense
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waters (i.e., dense shelf-water cascading). The production of downslope
flows of dense waters would have reworked sediments previously
deposited on the slope, forming turbidity currents. The generation of
turbidity currents facilitated by dense shelf water cascading processes
has been discussed formerly in the literature (e.g., Huthnance, 1995;
Backhaus et al., 1997). The occasional formation of coastal polynyas on
the Elephant Island shelf/upper slope by katabatic winds, extended to
Ona High (Fig. 11) could have triggered downslope turbidity currents,
reworking fine-grained sediment including diatom blooms common to
polynyas (Harris, 2000) giving rise to diatom-rich intervals. Dense water
cascading on the continental slope north of Elephant Island is also a
present-day process, strongly linked with variations in El Nino-Southern
Oscillation (ENSO) (Meredith et al., 2003). Furthermore, comparable
examples of dense water cascading off the continental shelf have been
reported in the western Mediterranean Sea (e.g., Gaudin et al., 2006;
Palanques et al., 2006, 2008; Canals et al., 2006, 2009) and the Adriatic
Sea (e.g., Bignami et al., 2007; Turchetto et al., 2007; Trincardi et al.,
2007a, 2007b; Canals et al., 2009).

During glacial phases, changes in the formation and velocity of
Weddell Sea-derived bottom-waters are debated (Lee et al., 2012), as
both decreased and increased bottom waters are reported (e.g., Krueger
et al., 2012). For example, contourite deposition in the Antarctic
Peninsula margin during glacials has been associated with an important
southwestward flowing bottom current (e.g., Barker and Camerlenghi,
2002; Lucchi et al., 2002; Lucchi and Rebesco, 2007). Other studies
signaled that bottom-current sediment transport/erosion from the
Weddell Sea increased during early glacials and were reduced during
full glacial conditions (e.g., Krueger et al., 2012). In the Weddell Sea,
Weddell Sea-derived bottom-water production likely weakened owing
to the isolation of the ice margin from intrusions of warm CDW, which
may have resulted in weakly developed-bottom currents along the
Weddell Shelf (Pudsey, 1992). In the study area, moderately to well-
sorted terrigenous sedimentation therefore might have largely sup-
plied by the westward-flowing WSDW, under a reduced ACC influence
related with the northward migration of fronts during the LGM (e.g.,
Pudsey et al., 1988; Kim et al., 2020), whereas drifting icebergs calved
from glaciated fronts contributed large amount of IRDs (Fig. 11).

Biologically, extremely low diatom absolute abundance during the
glacial-aged sediments (Fig. 6) is accompanied by increased relative
proportion of extinct diatom species (e.g., Actinocyclus ingens, Dentic-
ulopsis sp. and Rouxia leventerae), and also increased Rhizosolenia spp.
(Fig. 9 and Supplementary Tables 1 and 2). This association is similar to
that observed in glacial-aged sediments on the Sabrina slope, East
Antarctica (Holder et al., 2020). While dominance in sea ice-related
diatom species commonly is used as a paleoindicator of sea-ice extent
(Gersonde, 1986; Zielinski and Gersonde, 1997) and in the Scotia Sea,
has been proven useful to detect sea-ice expansions during glacial pe-
riods (e.g., Gersonde et al., 2005; Bak et al., 2014; Collins et al., 2012;
Xiao et al., 2016; Kim et al., 2020), this is not observed in the Ona Basin
cores. Species commonly associated with sea ice, such as F. curta, and
A. actinochilus (e.g., Armand et al., 2005), are observed during the
glacial interval (Fig. 9), but not in proportions greater than those
observed in the interglacial interval. This may reflect increased species
reworking during the glacial period and preservational differences
among species, even within a sea-ice dominated environment. In sum,
the abundance and assemblage data suggest extensive sea-ice coverage
and limited primary productivity in the southern Ona Basin during the
LGM as reported in comparable settings (e.g., Gersonde et al., 2005;
Collins et al., 2012; Bak et al., 2014; Xiao et al., 2016; Kim et al., 2020),
combined with increased reworking of older sediments (Fig. 11).

5.2.2.2. The deglaciation. As the LGM terminated, the Weddell Sea
continental margin deglaciated rapidly and the grounding line retreated
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Fig. 11. A) Detailed 3-D bathymetric map of the present-day southern Ona
Basin. Bathymetry is extracted from the DBM-BATDRAKE compilation (Bohoyo
et al., 2019). Dashed surface area corresponds to the model presented in (B).
Location of cores TG-01 and TG-03 and the Southern Boundary of the Antarctic
Circumpolar Current (SB-ACC) is shown. SSR: South Scotia Ridge; SFZ:
Shackleton Fracture Zone. B) Paleoceanographic model of the southern Ona
Basin during the Last Glacial Maximum (LGM) and the subsequent deglaciation.
(b1) Glacial period characterized by the progressive ice shelf/sea ice develop-
ment off the vicinity of Elephant Island. (b2) Deglacial period characterized by
sea ice retreat and subsequent increase in open ocean/productivity conditions.
The long-term bottom-current strengthening is also shown.
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to near its modern position, exposing massive areas of sediment-laden
basal ice (see review by Hillenbrand et al., 2014, and references
therein). In the southern Scotia Sea, the sea ice retreat favored open
ocean conditions, enhancing surface water productivity (Bak et al.,
2014; Xiao et al., 2016; Kim et al., 2020). During the deglaciation, all
oceanic fronts migrated southward, enhancing plankton photosynthesis
and, thus, high levels of nutrients in meltwater-induced, low-salinity
subsurface waters (Kim et al., 2020). In the southern Drake Passage-
Scotia Sea, lower percentages of terrigenous input and higher percent-
ages of biogenic components characterize depositional environments
under open ocean conditions (e.g., Yoon et al., 2007, 2009; Bak et al.,
2014; Xiao et al., 2016; Kim et al., 2020) (Fig. 10).

In the study area, several proxies indicate that sedimentological
Units II and I were also deposited under enhanced productivity water
conditions. Higher diatom abundances and Br/Ti ratios (Fig. 6) indicate
that primary productivity was enhanced in surface waters (Gersonde
etal., 2005; Agnihotri et al., 2008; Bahr et al., 2014). Abundant euhedral
to sub-spherical barite grains observed at the base of the biogenic-rich
Unit II (Fig. 8G and H) likely suggest high levels of primary productiv-
ity in the meltwater-induced and low-salinity surface layer of the water
column, as the occurrence of marine (authigenic) barite in oxic-pelagic
sediments has been related to high-bio productivity regions (Dymond
et al., 1992; Paytan and Griffith, 2007).

High diatom absolute abundance (Fig. 6) accompanied by an in-
crease in F. kerguelensis and T. lentiginosa, both regarded as open-ocean
species (Crosta et al., 2005) (Fig. 9), support reduced sea-ice cover
and increased open-ocean conditions and surface water productivity in
the southern Ona Basin. We postulate that major sea-ice retreat may
have allowed the southward migration of the SB-ACC front, thus
enhancing the influence of the ACC in surface waters of the southern
margin of the basin (Fig. 11). Other relatively common species in the
deglacial assemblage include Chaetoceros subg. Hyalochaete and
T. antarctica T2 (Fig. 9). Both are observed in high abundance in surface
sediments on the eastern side of the Antarctic Peninsula (Spaulding
et al., 2020), and are especially significant members of the coastal
diatom assemblage of the northeastern tip of the Antarctic Peninsula
(Kyrmanidou et al., 2018). Phytoplankton studies across the Drake
Passage document their occurrence as cold water Antarctic species
(Olguin et al., 2006).

In the sedimentary record, bioturbated diatomaceous mud is
commonly interpreted as hemipelagic mud or deep-sea contourites
(Stanley and Maldonado, 1981; Stow and Piper, 1984; Rebesco et al.,
2014; Stow and Smillie, 2020). Firstly, the rate of deposition of hemi-
pelagic sediments is typically low, with bioturbation keeping pace
during deposition and destroying much of the primary sedimentary
fabric. Secondly, pervasive bioturbation has long been related as one of
the diagnostic criteria in deep-sea contourites (e.g., Stow and Lovell,
1979; Chough and Hesse, 1985; Wetzel et al., 2008; Stow et al., 2002;
Rodriguez-Tovar and Hernandez-Molina, 2018). Thus, bioturbated mud
of contour-current origin is hardly distinguished from hemipelagites.
The absence of laminae in our study cores (Figs. 6 and 7), together with
high diatom abundance and Br/Ti ratios, and authigenic barite (Figs. 6
and 8G-H), and low contents of Si, K and Al and K/Ti ratios leads us to
interpret Units II and I as hemipelagic deposits, formed under reduced
terrigenous sedimentation (Rothwell and Croudace, 2015; Monien et al.,
2012; Bertram et al., 2018), with a weakened input of illite-rich material
(Diekmann et al., 2008). Consequently, depositional processes leading
to the formation of Units II and I were mostly driven by the pelagic rain
from primary productivity in surface waters under seasonal sea ice
conditions. The background hemipelagic deposition was episodically
interrupted. For example, large inputs of coarse material (Fig. 6B) and
extinct diatoms (> 40% reworked species; Fig. 9B) with well-preserved
valves (e.g., see Trinacria in Fig. 8J), in the upper part of Unit Il in core
TG-03, are indicative of gravity-flow deposits. This interpretation is
consistent with reported slope instability processes leading to extensive
high-density mass movements in the Ona High flanks (Lopez-Quiros
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et al., 2020).

The connection between changes of current intensity during the
passage from glacial to interglacial conditions around Antarctica is not
well understood. Some studies initially suggested that ACC flows and
lateral sediment transport were stronger during glacial conditions
(Diekmann et al., 2000; Pudsey and Howe, 2002). However, the ma-
jority of more recent studies relate the strengthening of contour current
flows either to the onset of deglaciations (Jimenez-Espejo et al., 2020) or
to the establishment of pure interglacial conditions (Presti et al., 2011).
To add more complexity, in the Drake Passage-Scotia Sea region con-
trasting interpretations regarding the current flows involved have been
proposed, assuming an overall process of current strengthening. An
increased influence of deep-water emanating from the Weddell Sea has
been reported during interglacials, resulting in long-distance sediment
transport patterns (Lee et al., 2012). However, other studies have
recently suggested an increased influence of the ACC flows in the
southern Ona Basin due to the southward migration of oceanic fronts; as
a consequence, ACC has intensified during the Holocene, affecting the
entire water column (Kim et al., 2020).

In the study area, several observations support a long-term bottom-
current strengthening: (a) change in deposition from poorly sorted
bioturbated diatomaceous mud to moderately sorted diatom-rich silty to
sandy mud; and (b) identification of a minor internal discontinuity
within HR unit U1 (Fig. 4). We relate the bottom-current intensification
to the westward-flowing WSDW, in relation to increased Weddell Sea
water export (Lee et al., 2012) and to the southward migration of fronts
(Kim et al., 2020); while iceberg calving in Ona Basin likely occurred
coeval with rapid ice shelf/sheet break during the deglaciation (Fig. 11).
The fact that the studied cores are located at water depths shallower
than 3000 m southward of the southernmost boundary of the ACC would
be in agreement with that interpretation. At increasing water depths (i.
e., higher than 3500 m water depths), ACC influence would be felt at the
seafloor, as recently proposed in Ona Basin (Kim et al., 2020). Thus, over
a relatively short horizontal distance there would be a seaward change,
from WSDW to ACC influence, conditioned by the sloping interphases
exhibited by these two water masses in Ona Basin (Lopez-Quiros et al.,
2020).

6. Conclusions

Paleoceanographic conditions prevailing in the southwestern Scotia
Sea were reconstructed at two different time scales, the late Quaternary
and the latest Pleistocene. The high-resolution seismic stratigraphy
analysis of the southern Ona Basin demonstrates major fluctuations in
the regional bottom-current patterns during the late Quaternary glacial-
interglacial cycles. A marked increase in seismic amplitude and
erosional character of the sedimentary record is related to major in-
tensifications in the westward WSDW flow, probably due to latitudinal
displacements of the interphase between the deeper component of the
ACC and the WSDW. The interphase displacement enhanced the
erosional capacity of the WSDW flow in the southern margin of the Ona
Basin, as the flow was constrained. In addition to bottom current
strengthening, an intensified interaction between along- and downslope
processes was also evidenced.

Sediment cores in the study area provide a link between regional
conditions in the southwestern Scotia Sea and the late Pleistocene
paleoceanographic history, through the identification of glacially
derived and deglacial open-marine depositional patterns. During the
LGM, the multi-proxy approach indicates a terrigenous depositional
regime largely supplied by the westward-flowing WSDW, under a
reduced ACC influence due to the northward migration of fronts. Low
diatom absolute abundance and assemblages suggest extensive sea-ice
coverage and limited primary productivity in the southern margin of
the basin, combined with increased reworking of older sediments.
Drifting icebergs calved from glaciated fronts contributed with large
amount of IRDs. During the deglaciation, a change in the depositional
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style to hemipelagic sedimentation with an abundant biogenic fraction
was evidenced. High diatom abundances accompanied by an increase in
open-ocean species support the establishment of a reduced sea-ice cover
and increased open-ocean conditions and surface water productivity in
the southern basin margin; in addition, iceberg calving likely occurred
coeval with rapid ice shelf/sheet break. Those processes were accom-
panied by a long-term intensification of the westward-flowing WSDW
during the deglaciation. The bottom-current strengthening is related to
increased Weddell Sea water export and the southward migration of
fronts due to major sea-ice retreat, enhancing the influence of the ACC in
surface waters, and thus, affecting the sloping interphase between the
deeper component of the ACC and the WSDW.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.margeo.2021.106565.

Data availability

Complete diatom assemblage information is available in the sup-
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Antarctic Data Centre and Polar Archive: http://hielo.igme.es/index.ph
p/es/. Physical properties and XRF scanner data of sediment cores TG-
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