
Contents lists available at ScienceDirect

Global and Planetary Change

journal homepage: www.elsevier.com/locate/gloplacha

Research Article

Late Oligocene-Miocene proto-Antarctic Circumpolar Current dynamics off
the Wilkes Land margin, East Antarctica
Dimitris Evangelinosa,⁎, Carlota Escutiaa, Johan Etourneaua,b,c, Frida Hoemd, Peter Bijld,
Wilrieke Boterblomd, Tina van de Flierdte, Luis Valerof, José-Abel Floresg,
Francisco J. Rodriguez-Tovarh, Francisco J. Jimenez-Espejoa, Ariadna Salabarnadaa,
Adrián López-Quirósa
a Instituto Andaluz de Ciencias de la Tierra, CSIC-Univ. de Granada, Av. de las Palmeras, 4, 18100 Armilla, Spain
b EPHE, PSL University, Paris, France
cUMR 5805 EPOC CNRS, University of Bordeaux, Bordeaux, France
d Palaeoecology, Institute of Environmental Biology, Faculty of Science, Laboratory of Palaeobotany and Palynology, Utrecht University, Budapestlann, 4, 3584, CD,
Utrecht, the Netherlands
e Department of Earth Sciences and Engineering, South Kensington Campus, London SW7 2AZ, United Kingdom
fDépartement des Sciences de la Terre, Université de Genève, Rue des Maraîchers 13, 1205 Geneva, Switzerland
g Department of Geology, University of Salamanca, 37008 Salamanca, Spain
hDepartamento de Estratigrafía y Paleontología, Facultad de Ciencias, Universidad de Granada, 18002 Granada, Spain

A R T I C L E I N F O

Keywords:
ACC
CDW
Wilkes Land
DSDP 269
Late Oligocene-Miocene

A B S T R A C T

At present, the Southern Ocean plays an important role in the global climate system and in modern Antarctic ice
sheet dynamics. Past Southern Ocean configurations are however poorly understood. This information is yet
important as it may provide important insights into the climate system and past ice-sheet behavior under warmer
than present day climates. Here we study Southern Ocean dynamics during the Oligocene and Miocene when
reconstructed atmospheric CO2 concentrations were similar to those expected during this century. We re-
construct snapshots of late Oligocene to earliest Miocene (~24.2–23 Ma) paleoceanographic conditions in the
East Antarctic Wilkes Land abyssal plain. For this, we combine marine sedimentological, geochemical (X-ray
fluorescence, TEX86,), palynological and isotopic (εNd) records from ocean sediments recovered at Deep Sea
Drilling Project (DSDP) Site 269. Overall, we find that sediments, delivered to the site by gravity flows and
hemipelagic settling during glacial-interglacial cycles, were persistently reworked by a proto-Circumpolar Deep
Water (CDW) with varying strengths that result from climatically controlled frontal system migrations. Just prior
to 24 Ma, terrigenous input of predominantly fine-grained sediments deposited under weak proto-CDW in-
tensities and poorly ventilated bottom conditions dominates. In comparison, 24 Ma marks the start of episodic
events of enhanced proto-CDW current velocities, associated with coarse-grained deposits and better-ventilated
bottom conditions. In particular, the dominance of P-cyst and low Calcium (Ca) in the sediments
between ~ 24.2 Ma and 23.6 Ma indicate the presence of an active open ocean upwelling associated with high
nutrient conditions. This is supported by TEX86-derived sea surface temperature (SST) data pointing to cool
ocean conditions. From ~ 23.6 to 23.2 Ma, our records reveal an enrichment of Ca in the sediments related to
increased calcareous microfossil preservation, high amounts of G-cysts and increasing TEX86-SSTs. This implies
warmer water masses reaching the Antarctic margin as the polar front migrated southward. Together with the
radiogenic Nd isotope data indicating modern-like CDW values, our records suggest a prominent poleward ex-
pansion of proto-CDW over our study site and reduced AABW formation during the latest Oligocene (i.e.
~23.2 Ma ago). Our findings support the notion of a fundamentally different Southern Ocean, with a weaker
proto-ACC than present during the late Oligocene and the earliest Miocene.
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1. Introduction

The Antarctic Circumpolar Current (ACC) is the Earth's strongest
ocean current (137–162 sverdrup (Sv)) flowing eastward along a
20,000 km pathway around Antarctica (Rintoul et al., 2001; Sokolov
and Rintoul, 2009). Owing to the absence of land barriers, the ACC is
the only ocean current connecting the Pacific, the Atlantic and the In-
dian oceans, and consequently influences the entire global ocean cir-
culation (Rintoul, 2018). The ACC pathway is constrained by ocean
gateways (i.e. Drake Passage) and the bathymetry of the Southern
Ocean. Its strength is mainly controlled by the seafloor topography
(Olbers et al., 2004), and the position and intensity of the Southern
Westerly Winds (SWW) (Thompson and Solomon, 2002; Aoki et al.,
2005; Toggweiler and Russell, 2008; Rignot et al., 2019). At present,
the vigorous zonal flow of the ACC prevents the intrusion of warm
waters from lower latitudes to penetrate the Antarctic margin and, to-
gether with sea-ice presence, contributes to maintain the cold and arid
glacial state of Antarctica (e.g., Olbers et al., 2004; Ferrari et al., 2014).
The deep layers of the ACC are occupied by a relatively warm and saline
water mass, the Circumpolar Deep Water (CDW) (Orsi et al., 1995).
Recently, an increasing incursion of CDW into the continental margins
has been shown to favor melting and thinning of the Antarctic ice
shelves through basal melting (Pritchard et al., 2012; Liu et al., 2015;
Nakayama et al., 2018; Rignot et al., 2019). Despite its importance for
the Antarctic and the global climate, little is known about the onset and
past dynamics of the ACC, as well as its linkages with the Antarctic Ice
sheet (AIS) dynamics. This knowledge is especially relevant from past
times when climatic conditions were close to the modern and future
ones in terms of warmth and atmospheric CO2 concentration.
One of these times was the late Oligocene (i.e., ~24.5 Ma), when

the reconstructed atmospheric CO2 concentrations dropped below
600 ppm (600–400 ppm) (Zhang et al., 2013). These values are similar
to the modern and projected atmospheric CO2 concentrations within
this century (IPCC, 2013; Meredith et al., 2019). Foster and Rohling
(2013) argued that the global ice volume is supposedly less sensitive to
CO2 fluctuations between 600 and 400 ppm. In contrast, benthic for-
aminiferal oxygen isotope records (e.g., Liebrand et al., 2017) suggest
highly fluctuating ice volumes at this time. The drop in CO2 con-
centration in the late Oligocene (~24.5 Ma) likely led to climate
cooling and ice sheet advance across the Antarctic continental shelves,
connecting large areas of marine-based ice with the ocean (Pekar and
Christie-Blick, 2008; Levy et al., 2019). Ice-proximal geological records
(Barrett, 1975; Naish et al., 2008; Kulhanek et al., 2019; Levy et al.,
2019) and seismic data (Anderson and Bartek, 1992; Sorlien et al.,
2007) provide direct evidence for a major expansion of marine ice
sheets across the Ross Sea continental shelf between 24.5 and 24 Ma.
However, the oceanographic and climatic conditions leading to the
maximum growth of the ice sheet remain poorly known.
The global deep-sea benthic δ18Ο records maximum expansion of

the AIS between 23.2 and 23 Ma (Zachos et al., 2001; Beddow et al.,
2016; Liebrand et al., 2017). However, deep-sea benthic δ18Ο records
reflect a combination of ice-volume and bottom water temperature and
their location (low to mid-latitude versus Antarctic proximal records)
determines the different water masses influencing the record and thus
masking information from the Antarctic glaciation (e.g., Pekar et al.,
2006). Thus, most of the ice volume estimates based on deep-sea
benthic δ18Ο records should be taken with caution. Variations in the
Southern Ocean circulation and ocean heat transport across the Ant-
arctic continental margin driven by obliquity forcing have been sug-
gested to play a significant role on ice sheet sensitivity during the late
Oligocene and Miocene (Salabarnada et al., 2018; Sangiorgi et al.,
2018; Levy et al., 2019). This is especially true in times when ice sheets
extended into the marine environments (e.g., Jovane et al., 2019; Levy
et al., 2019). Sedimentary archives strategically located along latitu-
dinal transects across the main ACC pathway and at the vicinity of the
Antarctic ice sheet are however needed to provide direct links between

changes in the ocean circulation and ice sheet dynamics (Escutia et al.,
2019).
Sedimentary records across the Tasman Gateway (Pfuhl and

McCave, 2005) and from the South Pacific (Lyle et al., 2007) document
a shift to higher velocity bottom currents between 25 and 23 Ma. This
shift has been interpreted to result from the onset of a strong, deep-
reaching ACC during the late Oligocene. However, recent comparisons
between the dinocysts preserved in sediments from the Integrated
Ocean Drilling Program (IODP) Site U1356 off the East Antarctic Wilkes
Land margin and strata from Tasmania and south of New Zealand in-
dicate a weaker than present day ACC, at least until the middle Miocene
(Bijl et al., 2018b). Oligocene and Miocene paleoceanographic re-
constructions off the Wilkes Land margin based on sedimentological
data (Salabarnada et al., 2018), dinoflagellate biogeography (Bijl et al.,
2018a, 2018b; Sangiorgi et al., 2018) and temperature reconstructions
(Hartman et al., 2018) suggest a different oceanographic configuration
from that of today in this part of the Southern Ocean. These authors
report from multiple lines of evidence warm-temperate sea surface
temperatures (SST), limited sea ice expansion and reduced formation of
Antarctic bottom waters, linked to a weaker oceanic frontal system,
which allowed the intrusion of warmer waters from low latitudes to-
wards the Antarctic margin. These data are consistent with Oligocene
numerical simulations, which show weaker global overturning and gyre
circulation because of weaker SWW (Herold et al., 2012). In addition,
modeling results indicate a limited throughflow of the ACC due to the
Australasian paleogeography during the Oligocene (Hill et al., 2013).
To decipher the characteristics and dynamics of the ACC and CDW

that can then be related to East Antarctic Ice Sheet (EAIS) behavior off
Wilkes-Adélie Land during the late Oligocene-Miocene, we report new
data from a sediment record recovered by the Deep Sea Drilling Project
(DSDP) Leg 28 at Site 269. This site was drilled on the Wilkes Land
abyssal plain (Hayes et al., 1975) along the main pathway of the ACC.
We focus on the study of the late Oligocene to earliest Miocene
(~24.2–23 Ma) record. This record is partly compromised by debris
flows at IODP Site U1356, located on the continental rise (Escutia et al.,
2011), ~280 km landward from Site 269, and is missing in most sedi-
mentary archives around the rest of Antarctica. Because of dis-
continuous drilling at Site 269, we investigate snapshots of the late
Oligocene and early Miocene. Sediment, palynological, geochemical
and isotopic data are used to describe and characterise the main
changes in sedimentation related to proto-CDW dynamics. The findings
at DSDP Site 269 are then compared to results from IODP Site U1356
(Escutia et al., 2011, 2014; Salabarnada et al., 2018) (Fig. 1). This la-
titudinal comparison provides important insights into changes in proto-
ACC dynamics that can in turn be related to the evolution of the ice
sheet in this region of the East Antarctic margin.

2. Site description and oceanographic setting

DSDP Leg 28 Site 269 is located on the abyssal plain off the Wilkes
Land (61o40.57′S, 140o04.21′E, 4282 m water depth) (Hayes et al.,
1975) (Fig. 1). Two holes were discontinuously drilled at this site. Our
study focuses on Hole 269A, specifically the interval between 655 and
956 m below sea floor (mbsf) (cores 7R to 13R). Recovered sediments
were interpreted shipboard to be mostly turbidites, but evidence of
winnowing by bottom currents was also documented (Hayes et al.,
1975). Facies were identified within the frame of the DSDP Leg 28
expedition mainly based on the lithology, bioturbation and bed contacts
(Piper and Brisco, 1975).
At present, Site 269 is located between the modern southern branch

of the Polar Front (PF) and the northern branch of the Southern ACC
Front (SACCF). In comparison, Site U1356 (63o18.6138′S,
135o59.9376′E, 3992 m water depth) lies south of the SACCF, near the
Antarctic Divergence (Sokolov and Rintoul, 2002) (Fig. 1). Both sites
are today covered by the Adélie Land Bottom Water (ALBW) (Rintoul,
1998), which forms in winter time along the Adélie-Wilkes Land Coast
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(Orsi et al., 1995). Our reconstruction of the paleoposition of Site 269
and Site U1356 is adapted from G-plates geodynamic modeling (http://
www.gplates.org; Müller et al., 2018), and uses the plate circuit of
Seton et al. (2012). It shows that Site 269 has migrated south since the
Oligocene but remained located at ~60oS between the late Oligocene-
early Miocene, while the paleolatitude of Site U1356 was around 62oS.
Geological evidence derived from the analysis of microfossil assem-
blages from sedimentary records around Antarctica suggest that the
proto-Polar Front (PF) was situated close to 60oS between the late
Oligocene-early Miocene (Nelson and Cooke, 2001; Cooke et al., 2002).

3. Revising the initial age model

We established a new age model based on the integration of new
magnetostratigraphic data, dinocyst and calcareous nannofossil bios-
tratigraphy, calibrated using the GTS 2012 Astronomic Age Model
(Gradstein et al., 2012) (Figs. 2; S1; S2 and Tables S1; S2). The presence
of Operculodinium janduchenei in the sediment between ±753–955
(mbsf) (Cores 9R 3 W to 13R) is assigned to the lower Southern Ocean
Dinocyst Zone (SODZ) SODZ8 (Bijl et al., 2018a). This suggests that the
bottom of Hole 269A cannot be older than late Oligocene (24.2 Ma).
Moreover, the last occurrence of Operculodinium janduchenei between
753.27 and 752.32 mbsf (9R 3 W 125–129 cm - 9R 3 W 30–33 cm)
marks the boundary between dinocysts zones SODZ8 and SODZ9. This
boundary is calibrated to 23.6 Ma at U1356 (Bijl et al., 2018a) and is
correlated to the reversed polarity found at the bottom of chron C6C
(C6Cr). This is corroborated by the presence of Cyclicargolithus abisectus
at 752.9 mbsf indicating that this interval corresponds to the zone NP
25 (Martini, 1971), which implies a latest Oligocene age. The latter
however, must be taken with caution given the scarce amount of cal-
careous nannofossils, as well as the absence of other conventional
markers. The presence of Impagidinium aculeatum at 658.82 mbsf (7R
4 W 30–34 cm) is assigned to the mid- of SODZ10 or older (~23 Ma)
(Bijl et al., 2018a). This is correlated with the normal polarity of the
geomagnetic chron C6n.2n suggesting also an age of 23 Ma. In addition,

based on the biostratigraphic datums we assigned the paleomagnetic
reversal at ~857.5 mbsf to chron C7n.1n (24 Ma) and at ~703 mbsf to
chron C6n.3n (23.23 Ma). Our updated age model suggests an age
range for the studied interval from ~24.2 to ~23 Ma (Fig. 2). Initial
shipboard data had dated this interval to be of middle Eocene to early
Oligocene age (Hayes et al., 1975). We acknowledge that the age model
still has large uncertainties due to discontinuous coring, incomplete
recovery and the low preservation of microfossils. However, the in-
tegration of the well-established Southern Ocean Oligocene-Miocene
dinocyst stratigraphy, which was developed at the nearby Site U1356
along with the good correspondence with the magnetostratigraphic
data allow us to be relatively confident in our age model.

STF
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U1356 269
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150ºW
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Australia

Wilkes
Land

ACC

Antarctica

Fig. 1. Oceanic frontal system between Antarctica and Australia. Dark Blue
dashed lines schematically represent oceanic fronts today (Sokolov and Rintoul,
2009). Polar water south of the PF are shaded in darker blue. Map derived from
Gplates software (Müller et al., 2018). Site 269 is marked with yellow symbol
and Site U1356 is marked with red symbol. White lines indicates the con-
tinental lithosphere boundary. Black arrows show the pathway of the ACC
today (Rintoul et al., 2001). STF: Subtropical front, SAF: Subantarctic front, PF:
Polar Front, SAACF: Southern ACC front, ACC: Antarctic Circumpolar Current.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. Age model for Deep Sea Drilling Project Hole 269A based on magne-
tostratigraphy constrained by dinocyst and calcareous nannofossil biostrati-
graphy. LO: Last Occurrence. P: Presence. Age model has been calibrated to
GTS2012 of Gradstein et al. (2012).
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4. Methods

4.1. Facies analysis

A detailed facies analysis was performed on sediment from Hole
269A to determine depositional processes and aid paleoenvironmental
reconstructions. We conducted a detailed description of the cores using
standard sedimentological techniques (i.e., lithological characteriza-
tion, contacts, sedimentary structures and textures) in order to produce
the lithostratigraphic log in Fig. 3 and Supplementary Fig. 3. Visual
descriptions were aided by high-resolution digital images obtained on
the archive halves using a Nikon 60 mm camera lens mounted on a
custom-built line scanner at the Coast Gulf Repository (CGR), in College
Station (Texas, USA). High-resolution images were also used for ich-
nological analysis (i.e., type and degree of bioturbation) performed to
characterise the paleoenvironmental conditions prevailing in the sea-
floor. Ichnological analysis was based on the digital treatment of the
high-resolution images following previous researches (Dorador and
Rodríguez-Tovar, 2014; Dorador et al., 2014a; Dorador et al., 2014b;
Rodríguez-Tovar and Dorador, 2015; Dorador and Rodríguez-Tovar,
2018). It was conducted at the Department of Stratigraphy and Pa-
leontology at the University of Granada (Spain). Further

characterization of the biogenic and terrigenous material within each of
the lithofacies defined was achieved by: 1) Bulk grain-size analyses that
was performed at EPOC (Environnements et Paléoenvironnements
Océaniques et Continentaux) (Bordeaux, France). In total 44 sediment
samples (dried overnight in an oven at 40 °C) were measured in a laser
microgranulometer Malvern mastersizer hydro 2000G with automatic
samples (0.020 to 2000 μm). 2) Wet sieving and High-Resolution
Scanning Electron Microscope (HR-SEM) analysis conducted at the In-
stituto Andaluz de Ciencias de la Tierra, (CSIC, Spain) and at the Centro
de Instrumentación Científica (University of Granada, Spain), respec-
tively. Moreover, continuous measurements of magnetic susceptibility
(MS) were taken from the archive half sections of the core. For this, the
core sections were left out of the refrigerator overnight to acquire a
room temperature before scanning. MS measurements were taken every
2 cm using a Bartington MS2 mounted in a Geotek Multi-Sensor Core
Logger (MSCL) at the GCR. Core void measurements were removed
from the data set.

4.2. Major and trace element content

The elemental composition of sediments derived from X-Ray
Fluorescence (XRF) core scanners has been used as an indicator of past

Fig. 3. Sedimentological, paleontological and geochemical (XRF scanning data and εNd(t)) data of DSDP Hole 269A, all plotted versus depth a: Graphic lithological
log, b: sedimentary structures (see legend), c: main facies distribution (see legend), d: total Ca counts, e: total Ti counts, f: Zr/Ti ratios, g: Br/Ti ratios, h: εNd(t), i:
TEX86-derived sea surface temperature (SST) k: %P-cyst = P-cyst/(P-cyst + G-cyst). Colors of TEX86-derived SST and %P-cyst values reflect the sedimentary facies.
Note core gaps between the cores were removed from the plot (gaps indicated with //).
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climate changes in proximal and distal records from the Antarctic
margin. For example, titanium (Ti), aluminium (Al), iron (Fe) versus
calcium (Ca) have been interpreted to show changes between terrige-
nous and biogenic CaCO3 deposition (e.g., Grützner et al., 2005; Hepp
et al., 2006; Escutia et al., 2009; Salabarnada et al., 2018). In addition,
zirconium-based proxies (e.g. Zr/Ti ratios) have previously been used as
an indicator of semiquantitative assessment of bottom current velocities
in Oligocene sediments from Site U1356 off Wilkes Land (Salabarnada
et al., 2018). This is based on the relative enrichment of heavy minerals
such as zircon over less dense minerals (e.g., aluminosilicates) that
result from hydrodynamic winnowing and sorting of heavy minerals
(e.g., Bahr et al., 2014). Bromine (Br)/Ti ratios have been used as in-
dicator of organic matter in the sediments (Bahr et al., 2014;
Salabarnada et al., 2018). The Br content is associated to total organic
carbon (TOC) concentration in the sediments (Seki et al., 2019), and
TOC is mainly related to changes in productivity (organic carbon flux in
the sediments) and/or changes in the redox state of the sediment (e.g.,
Jimenez-Espejo et al., 2007). Br is not biased by lithological changes
(i.e. mudstones/sandstones), but is affected by organic matter de-
gradation (Bahr et al., 2014).
XRF core scanning measurements were conducted at 10 kV and

30 kV on the archive split sections from Cores 7R to 13R using an
Avaatech XRF core scanner at the GCR. The surface of core sections was
cleaned carefully for any gypsum and salts, which might have pre-
cipitated and then adjusted manually to form an even surface. A 4 μm
thick ultralene plastic film was used to cover the core surface in order to
avoid contamination while scanning. Due to the presence of cracks in
many core sections, spot measurements were taken rather than scan the
section continuously.
To decipher the different processes influencing the geochemical

composition of the sediment, we conducted a Principle Component
Analysis (PCA). We used the PAST version 2.10 software package
(Hammer et al., 2001) following the data pre-treatment in Bahr et al.
(2014), including normalization of the data to reduce the signal arte-
facts related to changes in lithology. For the PCA, we only selected and
show elements with a robust signal quality, i.e., Al, Si, K, Ca, Ti, Fe, Ba,
Br, Rb, Sr, and Zr. In this study we report on the following elements and
elemental ratios Ca, Ti, Zr/Ti ratios and Br/Ti ratios.

4.3. Neodymium isotopes

Neodymium (Nd) is delivered to the ocean through the weathering
of continental crust, and by exchange with sediment on the continental
margin (known as boundary exchange; e.g., Frank, 2002, Wilson et al.,
2013). Consequently, water masses forming in different geological ba-
sins will be isotopically distinct. Because of its short oceanic residence
time in the ocean (~400–1000 yr) relative to oceanic mixing (1500 yr)
(Tachikawa et al., 2003) records of Nd isotopes allow us to reconstruct
past ocean circulation and changes in the weathering inputs. Neody-
mium isotopes in fossil fish debris are a robust tool to reconstruct
changes in ocean circulation by identifying distinct water masses (e.g.
Goldstein and Hemming, 2003; Martin and Scher, 2004; van de Flierdt
et al., 2016). Neodymium is incorporated into the fish teeth during the
fossilization processes at the sediment-water interface and reflects the
isotopic composition of seawater in contact with the seafloor at the time
of fish tooth deposition, remineralisation and burial (Shaw and
Wasserburg, 1985). Neodymium isotope ratios in fossil fish teeth are
considered to be resistant to changes in post-burial alteration (Martin
and Scher, 2004; Scher et al., 2011). Neodymium isotope ratios
(143Nd/144Nd) are expressed as εNd, which denotes the deviation of a
measured 143Nd/144Nd ratio from the chondritic uniform reservoir in
parts per 10,000 (DePaolo, 1976; Jacobsen and Wasserburg, 1980).
Fish debris was handpicked from the >63 μm sediment fractions

that were prepared by wet sieving. Four samples were prepared for fish-
tooth and bone debris Nd isotope analyses in the MAGIC laboratories at
Imperial College London following the sample preparation detailed in

supplementary materials. In addition, to account for a potential influ-
ence of the detrital sediment towards the Nd isotope composition of
pore waters or overlying bottom water, we also measured the Nd iso-
tope compositions of two detrital sediment samples. Sample prepara-
tion for these analyses was conducted in the MAGIC laboratories at
Imperial College London as detailed in supplementary materials. The
detrital samples were processed using the same ion chromatography as
the fish debris.
Neodymium isotope ratios for fish debris and detrital sediment

samples were determined on a Nu Plasma multiple collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) at Imperial College
London, operated in static mode. Instrumental mass bias was corrected
using the 146Nd/144Nd ratio of 0.7219. A JNdi-1 isotope standard was
run after every sample and all reported 143Nd/144Nd ratios are cor-
rected to a JNdi value of 0.512115 (Tanaka et al., 2000) using brack-
eting standards. External reproducibility was monitored using the JNdi
standards, and accuracy was confirmed by measuring USGS BCR-2 rock
standards, which yielded average 143Nd/144Nd ratios in agreement with
the published BCR-2 143Nd/144Nd ratio of 0.512638 ± 0.000015 (Weis
et al., 2006).
To correct for the decay of 147Sm to 144Nd within the fish teeth over

time we used Sm and Nd concentrations obtained from two samples,
which were in good agreement with 147Sm/144Nd ratios reported from
fossil fish teeth in other marine sedimentary records (e.g., Martin and
Scher, 2006; Moiroud et al., 2013; Huck et al., 2017; Wright et al.,
2018). When no values available, an average of 0.1286 from the mea-
sured samples was applied to calculate εNd(t) values. The 147Sm/144Nd
ratios yielded Nd isotope corrections of 0.19 to 0.21 εNd units; (t) de-
notes samples have been corrected for in situ decay of 147Sm.

4.4. TEX86

The TetraEther indeX of 86 carbon atoms (TEX86) is a proxy for sea
surface temperature (SST). The TEX86 paleothermometer employs the
temperature-dependent relative abundance of a suite of thaumarch-
aeotal membrane lipids; glycerol dibiphytanyl glycerol tetraethers
(GDGTs) (Schouten et al., 2002, 2013). In short, this method involves
lipid extraction from powdered and freeze-dried sediments using ac-
celerated solvent extraction. Lipid extracts were separated into an
apolar, ketone and polar fraction by Al2O3 column chromatography
using hexane:DCM (9:1), hexane:DCM (1:1) and DCM:MeOH (1:1) as
respective eluents. 99 ng of a synthetic C46 (mass-to-charge ratio, m/
z = 744) GDGT standard was added to the polar fraction, which then
was dissolved in hexane:isopropanol (99:1, v/v) to a concentration of
~3 mg ml−1 and filtered over a 0.45-μm polytetrafluoroethylene filter.
The dissolved polar fractions were injected and analysed by high-per-
formance liquid chromatography–mass spectrometry (HPLC–MS), using
the double column technique for improved separation of co-eluding
compounds (Hopmans et al., 2015). GDGT peaks in the HPLC chro-
matograms were integrated using ChemStation software. Several cali-
brations have been proposed to translate TEX86 into SST. We employ
the TEX86 linear calibration (SST = 81.5 × TEX86–26.6 with a cali-
bration error of ±5.2 ∘C) by Kim et al. (2010), to enable adequate
comparison to existing data, and following elaborate discussions in
Hartman et al. (2018). We provide the GDGT peak areas and R-script in
the online supplementary materials.
Before interpreting the TEX86 results into SST reconstructions

samples with overprint, which may affect the reliability of the SST
proxy, must be discarded. Terrestrial GDGT input has been re-
constructed using the branched and isoprenoid tetraether (BIT) index
(Hopmans et al., 2004) as a proxy. Samples with a high BIT index may
be biased by soil- and river-derived GDGTs (Hopmans et al., 2004),
although the high BIT index may also stem from a decrease in marine
crenarchaeol production, as the BIT index is a closed sum between
terrestrial GDGTs and the exclusively marine crenachaeol. Several in-
dices for a potential biased source of GDGTs was investigated and
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outliers discarded. Namely, methane index (Zhang et al., 2011), flag-
ging overprint by sedimentary methanogenic activity, GDGT-2/GDGT-3
ratio (Taylor et al., 2013), potentially signaling overprint by archaeal
communities dwelling deeper into the water column, GDGT-0/Cre-
narchaeol ratio (Blaga et al., 2009; Damsté et al., 2009; Taylor et al.,
2013), flagging overprint by in situ production of isoprenoidal GDGTs
in lakes and rivers, and ring index (Zhang et al., 2016), which assesses
an overall pelagic character for the different GDGTs within the TEX86
index. High-latitude TEX86 SST reconstructions might be skewed to-
wards summer temperatures (Schouten et al., 2013; Ho et al., 2014;
Hartman et al., 2018).) and potentially incorporate a subsurface signal
(0–200 mbsl) (Hernández-Sánchez et al., 2014; Ho and Laepple, 2015).
However, there is a general agreement that TEX86 captures the relative
SST trend (Richey and Tierney, 2016).

4.5. Palynology – Dinoflagellate cyst paleoenvironment reconstruction

In total 19 sediment samples (~15 g) were processed for palynology
and counted at Utrecht University using standard palynological pro-
cessing and analytical procedures previously described by Bijl et al.
(2013, 2018b). Modern dinoflagellate (unicellular planktonic protists)
distribution are sensitive to small changes in nutrient availability, SST,
salinity, bottom water oxygen, primary productivity and sea-ice cover
(Dale, 1996; Prebble et al., 2013; Zonneveld et al., 2013). Approxi-
mately 13–16% produce an organic-walled cyst, dinocysts, that can
preserve in the fossil record (Head, 1996). Assuming the habitat affi-
nities and feeding strategies of most dinoflagellates can be extrapolated
to the fossil assemblages, we can utilize ‘deep-time’ dinocysts assem-
blages as a paleoceanographic proxy (Sluijs et al., 2005; Bijl et al.,
2013; Crouch et al., 2014). In the Southern Ocean, protoperidinioid (P)
cysts originate from hetrotrophic dinoflagellates and proliferate under
increased nutrient conditions, while gonyaulacoid (G) cysts originate
from autotrophic or mixotrophix dinoflagellates and reflect oligo-
trophic conditions (Esper and Zonneveld, 2002). Thus, the relative P/G-
cyst ratio can indicate glacial/interglacial variability and ocean frontal
movement migrations. Today, the surface sediments at Site 269A con-
sists almost exclusively of P-cysts, specifically the sea-ice affiliated
species Selenopemphix antarctica (Prebble et al., 2013).

5. Results

5.1. Sedimentation at Hole 269A

Sediment from Hole 269A from 655 to 956 mbsf consists of alter-
nations between bioturbated and laminated intervals of terrigenous-
rich sediment (Figs. 3a, b, 4 and S3). Textural analyses show a low clay
content (4 to 20%), a high silt fraction (40 to 80%) and a sand content
between <5 and 60% (Fig. S3). Microfossil preservation is generally
low throughout the study interval. Higher preservation of calcareous
microfossils was found in the carbonate-cemented beds (Figs. 3a and 5)
and within the sediments between 753.5 and 702.5 mbsf (~23.6 to
23.23 Ma) (Fig. S4). The higher calcareous carbonate preservation is
depicted in Ca peaks in Fig. 3d. Higher preservation of diatoms is also
observed in the carbonate-cemented facies (Fig. 5) and in Core 7
(660–655.5 mbsf) (~23 Ma).
The main observed differences within the bioturbated and lami-

nated intervals are the variations in the silt/sand content, ichnological
features, including amount of bioturbation, and carbonate content
(carbonate-cemented intervals). Based on this, we differentiate the
following sedimentary facies (Figs. 3c and 4): (1) Bioturbated silty
claystones to clayey siltstones (Bioturbated mudstone; F1a), biotur-
bated siltstones to sandy siltstones (F2a), and bioturbated carbonate-
cemented facies (F3a). (2) Laminated silty claystones to clayey silt-
stones (Laminated mudstone; F1b), laminated siltstones to sandy silt-
stones (F2b), and laminated carbonate-cemented facies (F3b).
Bioturbated facies (F1a, F2a and F3a; Figs. 3c, 4 and 5) generally

exhibit a structureless and/or mottled texture. Bioturbation varies from
low, dominated by Chondrites and Phycosiphon, to high with abundant
and diverse trace fossils, including Planolites, Thalassinoides, Nereites,
Zoophycos and likely Scolicia (Fig. 4). The occurrence of coarser bio-
turbated facies (F2a) becomes more frequent up-section starting at 858
mbsf, but is also present in the lowermost part of the site at ~955.3
mbsf (Fig. 3c).
Laminated facies (F1b, F2b and F3b; Figs. 3c, 4 and 5) are char-

acterized by faint and/or distinct sub-mm to mm silty-sandy lamina-
tions. Laminated intervals can contain a single or a group of laminae
with various sedimentary structures, including continuous and dis-
continuous planar, wavy, lenticular, ripple and cross laminations (e.g.,
Fig. 4a). Small soft-sedimentary deformation structures such as con-
voluted, ball and pillow structures are often observed within the la-
minations (Fig. 4k). Scarce traces of Chondrites may be present.
Despite the diagenetic processes associated with the bioturbated

and laminated carbonate-cemented facies (F3a, F3b), thin section
analyses integrated with HR-SEM images show preservation of micro-
fossils in both facies, including silicified planktonic foraminifers and
diatoms (Figs. 5f-h). This observation is noteworthy since the sediments
of the study sections were considered almost barren in microfossil
(Hayes et al., 1975). The presence of benthic foraminifera with siliceous
test suggests diagenetic dissolution and confirms the biogenic origin of
these carbonates (Fig. 5). HR-SEM images reveal that the contact be-
tween F3b and F3a is sharp and erosive and inverse grading char-
acterizes F3b (Fig. 5e). In total thirteen carbonate-cemented beds were
observed, with the thickest ones at 704.2 mbsf and at 655.3 mbsf (e.g.,
Fig. 3c and d).
The intercalation of bioturbated and laminated facies is character-

ized by both gradational and sharp contacts. More than 90 sharp con-
tacts were identified (Fig. S3). A common ichnological feature that
appears associated with at the sharp contact between the coarse and the
fine-grained facies is the presence of pseudo-borings, characterized by
well-defined shapes, undeformed, with sharp contacts, infilled with
different material to the host sediment (Figs. 4 d-f).

5.2. Geochemistry at Hole 269A

Down-core variations of Ca content clearly track the 13 carbonate-
cemented beds (Fig. 3d). In these beds, the dissolution of calcareous
microfossils results in carbonate cementation/re-precipitation, as
shown by the HR-SEM analyses (Fig. 5h). Additionally, we observe an
interval of increased Ca values within the non‑carbonate-cemented se-
diments between 706.8 and 703.28 mbsf (~23.23 Ma) (Fig. 3d). This
increase is also associated with the preservation, even if scarce, of
calcareous microfossils (i.e., planktonic, benthic foraminifers and cal-
careous nannofossils, Fig. S4).
In comparison, Ti variations show negative excursions in the car-

bonate-cemented facies (Fig. 3e). Ti decreases after 858 mbsf (~24 Ma),
and more pronounced between 752.5 and 655 mbsf (~23.6 to 23 Ma)
(Fig. 3e).
A principal component analyses (PCA) yielded one major principal

component (PC1TOT) that explains 63.8% of the total variance in the
XRF data (Table S4). PC1 TOT is characterized by negative loadings for
Ca and positive loading for all the other elements (Al, Si, K, Ti, Fe, Br,
Ba, Sr, Zr) (Fig. 6a). Prominent negative excursions in PC1TOT, are as-
sociated with the carbonate-cemented beds. In addition, PC1TOT de-
creases after 752.5 mbsf (~23.6 Ma) (Fig. S5).
Because of the distinct lithological/geochemical characteristics of

carbonate-cemented beds compared to the rest of the sediments in our
record, we ran another PCA, excluding the carbonate-cemented sedi-
ment. The first PC, named PC1 describes the 34.7% of the total var-
iance, with main negative loadings for Zr and Ca and in lesser degree Sr,
Br and Si and positive loading for all the other detrital elements (Al, Si,
K, Ti, Fe, Ba, Rb) (Table S3; Fig. 6b). This pattern suggests accumulation
of heavy elements (e.g., Zr) due to sediment sorting likely by bottom
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currents.
Down-core variations of Zr/Ti ratios show high short-term varia-

bility (Fig. 3f). In general Zr/Ti show similar patterns with PC1 (Fig. S5)
supporting further that both proxies reflect the accumulation of heavy
minerals, due to the sorting of bottom currents and/or gravity flows.
Zr/Ti ratios show less pronounced variability in fine-grained sediments
between 910.5 and 901 mbsf. In general, above 858 mbsf (~24 Ma),
Zr/Ti ratios show higher values (Fig. 3f). At 856.75 and 857.5 mbsf
(~24 Ma) two prominent peaks of high Zr/Ti ratios, are recorded in
ripple cross-laminated sandy siltstones, which indicate the strongest
episodes of bottom current velocities within our study interval (Fig.
S6b). In addition, high Zr/Ti ratios are shown between 752.5 and
750.17 mbsf (~23.6 Ma) (Fig. 3f).
Br/Ti ratios also increase slightly above 858 mbsf (~24 Ma). It is

however between 752.5 and 655 mbsf (~23.6 Ma and 23 Ma) that
ratios show increased values, which coincide with the higher pre-
servation of microfossils in the non‑carbonate cemented sediment
(Fig. 3g).
The εNd(t) data from fish debris range from −9.03 ± 0.25 to

−8.07 ± 0.21 (average εNd(t) values −8.54 ± 0.22) during the late
Oligocene (~24 to 23.23 Ma) (Fig. 3h).
Late Oligocene detrital sediment samples from Site 269 have εNd(t)

values of −12.14 ± 0.33 and εNd(t) = −13.33 ± 0.33, at 854.72 mbsf
(~24 Ma) and 751.34 mbsf (~23.6 Ma), respectively, and are within
the range of local bedrock composition of proximal areas east of the
Metz glacier, within the Wilkes Subglacial Basin (Early Paleozoic
granite outcrops; εNd = −11.2 and − 19.8; Cook et al., 2013, 2017;
Bertram et al., 2018).

5.3. TEX86

Of the 15 samples processed, 4 were flagged as outliers with po-
tential for a biased source and thus they were not suitable for TEX86
analysis. The remaining 11 samples had normal values in the indices

signaling overprints as mentioned in the methods. SST values were
calibrated between 9 and 14 °C, ± 5.2 °C, with bioturbated facies
characterized by higher SST values, compared to the laminated facies
(Fig. 3i). The relative temperature variability of 3–5 °C between lami-
nated and bioturbated sediments, respectively at Hole 269A, is con-
sistent with sedimentological features, glacial-interglacial variability
and TEX86-derived SST reported from Site U1356 (Hartman et al., 2018;
Salabarnada et al., 2018).

5.4. Palynology

All examined samples yielded well to moderately preserved paly-
nomorphs assemblages with Leiosphaera (70–80%), in-situ dinocyst
(20%) and pollen, while spores and reworked dinocyst are a minor
component (Table S2). As is common in high polar latitudes, the ab-
solute abundances of dinocysts remain low throughout the examined
succession, and do not exceed 400 cysts/g sediment. Assemblages are
dominated by P-cysts, with Brigantedinium spp. as most abundant
(45–90% of the in situ dinocyst sum), Lejeunecysta (<10%) showing no
clear trend throughout the section and Selenopemphix with its largest
abundance at between 955 and 909 mbsf (30%) (Fig. 3k). Even if less
abundant (rarely >5%), the samples yielded a G-cyst assemblage that
mainly consists of Batiacasphaera, Pyxidinopsis, Operculodinium and
Impagidinium. Similar G-cyst assemblages are present throughout the
Oligocene-Miocene record from the U1356 (Bijl et al., 2018b). G-cyst
are notably common between 954.3 and 950.3 mbsf (~24.2 Ma) and
around 23.6 Ma, with additions of Spiniferites spp. (sample 9R 3 W
125–129 cm) and G. inflata (sample 9R 2 W 26–30 cm). Bioturbated
facies contain more G-cyst compared to the laminated facies (Fig. 3k).

Fig. 4. Representative core photographs from facies assemblages in DSDP Hole 269A, showing main structures and bed contacts referred to in the text. Facies colour
code in the sidebar to the right of each core image is according to the legend in Fig. 3. ft.: faint laminations, pl: planar laminations, wa: wavy laminations, dm: double
mud layers, rp: ripple, cr: cross-laminations, mo: mud-offshoots, sd: soft-sedimentary structures, m: mottled, Ch: Chondrites, Pl: Planolites, Th: Thalassinoides, Scolicia:
Sc. Note single granule in core photos: g and k. Numbers below core photos show core section and depth (mbsf).
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6. Discussion

6.1. Glacial-interglacial sedimentation and short-term polar frontal system
dynamics

Repeated alternations between laminated and bioturbated facies
like those described at Hole 269A (Figs. 3c and 4), are common in deep-
water settings around Antarctica and are interpreted to result from
changes in sedimentation related to glacial-interglacial cycles, respec-
tively (e.g., Hepp et al., 2006; Lucchi and Rebesco, 2007; Escutia et al.,
2009, 2011; Patterson et al., 2014; Salabarnada et al., 2018).
Terrigenous laminated deposits at Hole 269A (F1b, F2b, Figs. 3c and

4) are interpreted to form by a complex interplay between sediments
delivered by gravity flows (e.g., debris flows and turbidity currents) and

bottom currents, during glacial times. Even when laminated deposits
preserve turbidite affinity (e.g., sharp/erosional bases, normal grading
depicted by visual observations and Zr/Ti variability) (e.g., Figs. S6a
and S6c), we find evidence suggesting that these intervals were con-
tinuously reworked by bottom currents. This evidence include internal
structures such as mud drapes, double mud layers, lenticular lamina-
tions, mud-offshoots and a rhythmic character between the intercala-
tion of the muddy/sandy couplets with varying thicknesses (e.g.,
Figs. 4b, e and k). These structures are typical in contourite deposits
and are interpreted to indicate both traction and suspension processes
during deposition (Shanmugam et al., 1993; Rebesco et al., 2014).
Additionally, the absence or scarcity and low diversity of trace fossils
such as Chondrites and Phycosiphon in the laminated facies can suggest a
poorly oxygenated/ventilated environment at seafloor, changes in

Fig. 5. Detailed images of carbonate-cemented facies. a: A sharp erosive contact (sc-e) between bioturbated (F3a) and laminated (F3b) carbonate-cemented facies. b,
c, d: A carbonate-cemented bioturbated and laminated facies. e: Back-scattered electron photomicrograph showing blow-up example of a sharp erosive contact (sc-e)
between bioturbated and laminated carbonate-cemented facies (red dotted line) and inverse grading pattern (yellow arrow) above the contact. f: Thin section
photomicrograph, plain-polarized light of carbonate-cemented facies showing diatom assemblages within the laminae of facies F3a. g: HR-SEM micrograph and
corresponding elemental map of Al, Ca, Si showing diatom skeletal remains within the carbonate cementation matrix. h: foraminifera with siliceous tests. Ch:
Chondrites, Pl: Planolites, Th: Thalassinoides, pl: planar laminations, rp: ripple, cr: cross-laminations. (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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Fig. 6. Principal Component Analysis (PCA) between XRF-scanner data through the study core section. a: PC1TOT with carbonate-cemented facies and b: PC1 without
carbonate-cemented facies.
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nutrient availability and likely high sedimentation rates that promote
unfavorable conditions for trace markers to thrive (e.g., Lucchi and
Rebesco, 2007; Rodriguez-Tovar and Dorador, 2014; Rodríguez-Tovar
et al., 2014; Rodríguez-Tovar and Dorador, 2015; Rodríguez-Tovar
et al., 2015b; Hodell et al., 2017; Rodríguez-Tovar et al., 2019). Poorly
ventilated conditions at the seafloor were also reported from late Oli-
gocene laminated facies at Site U1356, during glacial times
(Salabarnada et al., 2018).
In comparison, bioturbated facies (F1a, F2a, Figs. 3c and 4) are

interpreted to result from mainly hemipelagic sedimentation during
interglacial times with continued reworking by bottom currents. The
inverse and bi-gradational grading patterns shown by Zr/Ti ratios and
MS variations, when resolution is sufficient (Fig. S6) is a strong evi-
dence of bottom current control, suggesting winnowing by bottom
currents with fluctuating intensities (e.g., Stow and Faugères, 2008).
The diverse trace fossil assemblage, indicate more oxygenated/better
ventilated conditions, likely higher nutrient content in the seafloor and
lower sedimentation favorable to microbenthic trace marker prolifera-
tion than during glacial times (e.g., Lucchi and Rebesco, 2007;
Rodríguez-Tovar et al., 2015a, 2015b). Late Oligocene bioturbated
deposits from Site U1356 also record an increase in oxygenation at the
seafloor when compared with laminated deposits of the same age at the
site (Salabarnada et al., 2018).
The carbonate-cemented laminated and bioturbated facies (facies:

F3a, F3b; Figs. 3c and 5) are interpreted to result from sedimentation
during the warmest interglacials recorded by our sediments. This is
indicated by the high Ca content (Fig. 3d) associated with dissolution of
calcareous microfossils, which strongly supports the biogenic origin of
these carbonate beds (Fig. 5f, g and h).
Our interpretation of sediments recovered at Site 269 from 956 to

858 mbsf (before 24 Ma) is supported by similar late Oligocene
(26–25 Ma) bioturbated and laminated sediments recovered at the
more proximal IODP Site U1356. Nearly continuous recovery of this
interval at Site U1356, allowed for a detailed study of glacial-inter-
glacial cyclicity that is paced by obliquity (Salabarnada et al., 2018).
These authors interpreted the changes between laminated and biotur-
bated facies at Site U1356 to be driven by oceanic frontal migrations
forced by glacial-interglacial cycles. In detail, during interglacial times,
southward migration of the SWW and the surface oceanic fronts fa-
cilitated proto-CDW intrusions closer to the Antarctic margin. This al-
lowed better preservation of calcareous microfossils and enhanced
ventilation at the seafloor. The opposite occurred during the glacial
times. In addition, even when the interval from 26 and 25 Ma was
generally warm as indicated by the prevalence of open water conditions
(Bijl et al., 2018a, 2018b), TEX86-derived SST variations (between 1.5
and 3 °C) (Hartman et al., 2018) correlate with the glacial-interglacial
cyclicity reported by Salabarnada et al. (2018). In fact, our more distal
TEX86-based SST data and dinocyst assemblages, compared to those
from Site U1356 (Hartman et al., 2018; Bijl et al., 2018b) support
further the oceanic frontal migrations forced by glacial-interglacial
cycles. The relative SST variability of 3–5 °C at Site 269 may be slightly
higher than the glacial-interglacial TEX86-derived SST variability from
Site U1356 during the Oligocene-Miocene (Hartman et al., 2018), al-
though a full representation of the glacial-interglacial variability at
either site might not have been captured. Additionally, the high
abundance of Brigantedinium spp (P-cyst) reflect open ocean upwelling
and high-nutrient conditions (Harland and Pudsey, 1999; Zonneveld
et al., 2013) at Site 269, perhaps even more than at U1356. In addition,
the lower amounts of G-cysts compared to Site U1356 indicate that Site
269 was located closer to the upwelling/divergence zone during the
glacial times. In contrast, SST increase and higher amounts of G-cysts
(lower P/G cyst ratios) similar to modern temperate (interglacial),
oligotrophic waters from around Tasmania and southern New Zealand
(Prebble et al., 2013) indicate the southward migration of the oceanic
fronts during the interglacial times. Our results are consistent with di-
nocyst assemblages at Site U1356, which show similar changes between

oligotrophic, temperate dinocyst assemblages during interglacials, to
eutrophic, colder dinocysts during glacial times (Bijl et al., 2018b). The
difference in dinocyst assemblages between the two sites may be at-
tributed to a closer proximity of Site 269 to the Antarctic Divergence.
Deposition of large stacked debris flow deposits at Site U1356 be-

tween ~24.76 Ma and 23.23 Ma (Escutia et al., 2011; Passchier et al.,
2018) provide limited information regarding ocean configurations
during the late Oligocene-early Miocene in this region of the East
Antarctic margin. This gap is recorded at Site 269 despite the limita-
tions related to the discontinuous drilling and low-resolution age
model. Our sedimentological, geochemical and palynological analyses
show that the climate-related ocean polar frontal movement migrations
continued throughout the late Oligocene and into the early Miocene.
We also note an increase in the frequency of siltstones and sandstones
beds between 24 and 23.23 Ma. These sediments could result from local
inputs from structural highs depicted nearby in seismic lines that cross
the site (De Santis et al., 2003). We note however that Oligocene and
the Miocene deposition around these highs is dominated by contourite
deposition forming mounded deposits against the highs (De Santis
et al., 2003), which could prevent direct delivery of sediment to where
Site 269 is located. The correlations previously established between
sedimentation at Sites 269 and U1356, argues for a regional source of
sediments to Site 269 rather than a local one. We therefore argue that
these coarse sediments likely correspond to the distal reaches of the
debris flow deposits recovered at Site U1356. At this site these deposits
have been interpreted to result from ice sheet advances into the con-
tinental shelf (Escutia et al., 2011, 2014).

6.2. Bottom water signatures at Site 269

Geological evidence derived from microfossil assemblages from se-
dimentary records around Antarctica, including evidence from Site 269,
suggest that the proto-Polar Front (PF) was placed close to 60oS be-
tween the late Oligocene-early Miocene (Nelson and Cooke, 2001;
Cooke et al., 2002). This is further supported by dinocyst assemblage
data from Hole 269A indicating that the site was influenced by nutrient-
rich upwelling and ice-free waters, with occasionally southward lati-
tudinal transport of waters during the late Oligocene and early Mio-
cene. Fish debris neodymium isotope results from Site 269 (Fig. 3h) are
consistent with late Oligocene proto-CDW εNd(t) values recorded along
the proto-PF on the Kerguelen Plateau (Indian Ocean) (average εNd
(t) =−7.8; Wright et al., 2018) and around Maud Rise (Atlantic Ocean)
(average εNd(t) =−8.5; Scher and Martin, 2004). The combined dataset
suggests that a common bottom water mass (proto-CDW) was bathing
the South Atlantic and South Indian Ocean along the proto-PF. The
pronounced difference between the εNd(t) values of the fish debris and
the detrital sediment samples from Site 269 (εNd(t) = −12.14 ± 0.33,
−13.33 ± 0.33 (~24 Ma and ~ 23.6 Ma, respectively) confirm the
water mass signal in the fish debris samples (Fig. S7). Bathymetric re-
constructions show that the Southern Indian Ocean basin was already
sufficiently deep during the Oligocene and did not contain any large
topographic barriers that prevented the flow of proto-CDW from the
Kerguelen Plateau to the abyssal plain off the Australian-Antarctic basin
(Scotese and Wright, 2018). Based on the above, we conclude that at
least during the latest Oligocene (~24 to ~23.23 Ma), Site 269 was
covered by a proto-CDW with a Nd signature similar to the present day
CDW in the Australian sector of Southern Ocean (εNd = −8.1 to −9.1;
Lambelet et al., 2018). This observation contrasts with the present-day
bottom water mass configuration at the location of Site 269, which is
bathed by Adélie Land Bottom Water (ALBW) (Rintoul, 1998), sug-
gesting a reduced export of ALBW during the late Oligocene. These
results are consistent with previous inferences for reduced sea ice in the
region (Bijl et al., 2018b; Hartman et al., 2018) diminishing production
of ALBW at the Oligocene and Miocene on the Wilkes Land shelf. The
less radiogenic εNd(t) value around 24 Ma (εNd(t) = −9.03 ± 0.25) may
suggest mixing between proto-CDW and Adélie Coast Bottom Water
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(ACBW; Oligocene ACBW εNd(t) = − 10.6 ± 0.8; Huck et al., 2017).
However, more data are needed to confirm this hypothesis.

6.3. Long-term changes in the proto-ACC dynamics during the late
Oligocene to earliest Miocene

We provide new insights into the ocean configuration during four
distinct periods between the late Oligocene-early Miocene from ~24.2
to 24 Ma, at ~24 Ma, from ~23.6 to 23.23 Ma, and at ~23 Ma.
A remarkable shift in sedimentation occurs at ~24 Ma (858 mbsf)

(Fig. 3a). Before 24 Ma, predominantly fine-grained sediment deposited
under enhanced terrigenous inputs and an overall weak proto-CDW.
This interpretation is supported by the high Ti values and low Zr/Ti
ratios, respectively, and their low variability, in particular between 910
and 901 mbsf (Fig. 3e and f). Furthermore, less frequent bioturbated
facies and low Br/Ti ratios suggest a less ventilated environment and
low nutrient content at the seafloor (Fig. 3b and g). The high abundance
of G-cyst assemblages between 954.3 and 950.3 mbsf (Fig. 3k), together
with high SST (11.5 to 14 °C) (Fig. 3i), indicate that the polar front
system was located south of the Site 269. However, the concomitant
SST drop to 9 °C and the absence of G-cysts at 948 mbsf (Fig. 3i and k)
indicate northward migration of the polar front, which likely reached
Site 269.
Around 24 Ma, our data document the strongest proto-CDW velo-

cities recorded at Hole 269A during the late Oligocene and earliest
Miocene, as indicated by the high Zr/Ti peaks associated with cross-
sandy laminated intervals that are not preserved elsewhere in the se-
dimentary record (Figs. 3f and 4e).
After 24 Ma, there is an increase in the frequency of deposition of

coarser-grained material interbedded with fine-grained sediment
(Fig. 3a). Overall Zr/Ti ratios are higher suggesting periods of proto-
CDW strengthening, with Zr/Ti peaks associated with Ca enrichment
(Figs. 3f and 6b). In addition, more abundant and diverse bioturbation
(Fig. 3b and c) point to episodes of better ventilated bottom conditions,
and likely higher nutrient content at the seafloor, as indicated by a
small increase in Br/Ti ratios (Fig. 3g). Between ~24 and 23.6 Ma, the
frontal system migrated northward, as indicated by the lower SST
(9.8–10.8 °C) and the dominance of P-cysts, suggesting cool and eu-
throphic ocean conditions. In addition, the sheer absence of dinocysts
may have resulted from low preservation associated to oxidation at sea
floor, transport by bottom currents and/or reduced productivity. Given
the warmth as reconstructed for the surrounding time intervals (e.g.,
Bijl et al., 2018b; Hartman et al., 2018), we rule out a permanent ice
cover during this time.
We infer that the observed shift in depositional environment at

24 Ma was driven by atmospheric and oceanic frontal changes. SWW
northward migration due to the major expansion of the AIS between
24.5 and 24 Ma (see Levy et al., 2019 for discussion) is thought to have
forced the northward migration of the SWW prior to 24 Ma (Fig. 7a and
c). This would have resulted in a weak proto-CDW, reduced water mass
mixing, and a less ventilated seafloor. In contrast, the increase in proto-
CDW intensification after 24 Ma, inferred from the higher Zr/Ti am-
plitudes, likely indicate times when SWWmigrated southwards, aligned
with the proto-ACC. This promoted enhanced mixing and better ven-
tilation of the seafloor and likely higher organic matter deposition, in
times when the AIS retreated. Our SST and dinocyst data further sup-
port the warmer temperatures and dominance of G-cysts, which in-
dicate the stronger influence of warm oligotrophic waters.
Between ~23.6 and ~ 23.23 Ma, sediments record a prominent

southward polar frontal system migration, which allowed warmer
water to penetrate further southwards (Fig. 7a and c). This interval is
characterized by high Zr/Ti ratios (at ~23.6 Ma, Fig. 3f), high Ca, high
SST (11.5–12.9 °C) (Fig. 3i) and a reduction in terrigenous input (low Ti
values) (Fig. 3d and e). In addition, there is higher preservation of
calcareous microfossils in some intervals (Fig. S4), and dominance of G-
cysts (Fig. 3k), similar to those in modern temperate (interglacial),

oligotrophic waters from around Tasmania and southern New Zealand
(Prebble et al., 2013), high Br/Ti ratios (Fig. 3g) and a thick carbonate
cemented bed at ~23.23 Ma (Fig. 3a). Today, calcareous organisms
rarely reach the seafloor within and south of the polar front zone. This
is because of the presence of the corrosive (CO2-rich) Antarctic deep
waters (Whitehead and Bohaty, 2003 and references therein) and
strong upwelling (Olbers et al., 2004), which dissolve calcareous rain. A
thick carbonate cemented bed is present at Site U1356 dated at
23.23 Ma (Escutia et al., 2011). The synchronous deposition of these
carbonate-cemented beds at Sites U1356 and 269 strongly supports a
wide southward expansion of proto-CDW offshore Wilkes Land at
~23.23 Ma. Our εNd data, despite their low resolution, also suggest a
greater influence of proto-CDW during this period compared to ~24 Ma
(Fig. 3h). Similar processes occur today, when a reduction in the vo-
lume of AABW is compensated by the expansion of CDW (van Wijk and
Rintoul, 2014). Our interpretation is further supported by the absence
of sea-ice-related dinocyst species (i.e. Selenopemphix antarctica) at both
Sites 269 and U1356 (Bijl et al., 2018b), which suggests a weaker than
modern sea ice season during the Oligocene and Miocene. In addition,
the new SST reconstruction at Site 269, similar to those at Site U1356,
report warmer surface water conditions than today and argue for a
decrease in the potential formation of Antarctic bottom waters
(Hartman et al., 2018).
At ~23 Ma, high Br/Ti ratios indicate an increase in the organic

content in the sediment (Fig. 3), coinciding with the first evidence
(scarce) of diatoms at Site 269. A shift from calcareous dominated
microfossils to siliceous (e.g., diatomaceous and cherty clay sediments)
has also been reported at Site U1356 (Escutia et al., 2011, 2014;
Passchier et al., 2018) arguing for a major regional event likely related
to the AIS expansion during the early Miocene, northward expansion of
the polar front system and more influence of siliceous productivity. This
is supported by the high amount of P-cyst at Site 269 at ~23 Ma, which
indicate cool, nutrient-rich upwelling conditions (Fig. 3k). After 23 Ma,
deposition of the thickest carbonate cemented bed would imply this
period was followed by a southward migration of the frontal system
(Fig. 3a).
In summary, our combined sedimentological, geochemical and pa-

lynological data between ~24.2 and ~ 23 Ma show a dynamic proto-
ACC off the Wilkes Land margin during the late Oligocene-Miocene. In
addition, the carbonate preservation and low siliceous microfossil
preservation at Site 269 (located within the polar front zone) contrasts
with modern sedimentation near the Polar Front. This is supported by
the presence of oligotrophic, temperate dinocyst assemblages at Sites
269 and U1356 that are similar to the ones found today north of the
Polar Front around Tasmania and the Southern New Zealand (Bijl et al.,
2018b). Our data therefore suggest a weaker frontal system, char-
acterized by reduced upwelling, which probably allowed southward
transport of warm surface waters from lower latitude. This is consistent
with numerical modeling results indicating a weaker than present-day
proto-ACC (Herold et al., 2012; Hill et al., 2013). These findings argue
against the onset of a modern-like ACC during the latest Oligocene (ca
25–23 Ma) based on sedimentary records across the Tasman Gateway
(Pfuhl and McCave, 2005) and the South Pacific (Lyle et al., 2007).

7. Conclusions

Our integrated sedimentological, geochemical, isotopic and paly-
nological data sets from DSDP Site 269 provide new insights into the
proto-ACC dynamics during the late Oligocene-early Miocene (~24.2 to
23 Ma) off the eastern Wilkes Land margin. We show that sedimenta-
tion at Site 269 is controlled by the persistent reworking of gravity
flows and hemipelagic sedimentation by proto-CDW that is character-
ized by fluctuating current intensities driven by the migration of the
frontal system in response to climatic changes. We detail four distinct
snapshots (from ~24.2 to 24 Ma, at ~24 Ma, from ~23.6 to
~23.23 Ma, and at ~23 Ma) that we link to changes in the proto-ACC
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and deep proto-CDW dynamics. Just before 24 Ma, fine-grained sedi-
ments were deposited under enhanced terrigenous inputs and weak
proto-CDW intensities that resulted in low ventilated bottom conditions
and probably low organic content and preservation. At 24 Ma, episodic
events of stronger proto-CDW current velocities started, associated with
coarser-grained deposits, and better ventilated bottom conditions and
slightly higher organic matter content. In addition, TEX86-derived SST
data varied between 9 and 13.5 °C, while the dominance of P -cysts
indicate relatively cool ocean temperatures, upwelling and high-nu-
trient conditions between ~24 and 23.6 Ma. Together, these evidences
suggest that the polar front at this time was located near the site. At
~23.6 Ma, and more pronounced at ~23.23 Ma, a prolonged expansion
of proto-CDW closer to the Wilkes Land margin is indicated by the
higher Ca values, better preservation of calcareous microfossils, higher
Br/Ti ratios, high SST (from 11.5 to 12.9 °C), high amounts of G-cysts
similar to modern temperate and oligotrophic waters, and εNd data
resembling modern-like CDW εNd signature at Site 269. Given that the
record between ~24.9 and 23.23 Ma was masked by debris flow de-
position at the more proximal IODP Site U1356, our results provide the
first record of ocean configuration for this margin for this time interval.
When compared with results from Site U1356 and with numerical
modeling, our findings support the notion of a fundamentally different
Southern Ocean with a weaker proto-ACC than today during the late
Oligocene and earliest Miocene. A weaker frontal system permitted the
incursion of warm waters from lower latitude closer to the Antarctic
margin and the preservation of carbonate. The synchronous deposition
of thick carbonate-cemented beds both at Site 269 and U1356 at
23.23 Ma indicates a regional event of poleward proto-CDW expansion.
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