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Abstract. Through the Cenozoic (66–0 Ma), the dominant mode of ocean surface circulation in the Southern
Ocean transitioned from two large subpolar gyres to circumpolar circulation with a strong Antarctic Circumpo-
lar Current (ACC) and complex ocean frontal system. Recent investigations in the southern Indian and Pacific
oceans show warm Oligocene surface water conditions with weak frontal systems that started to strengthen and
migrate northwards during the late Oligocene. However, due to the paucity of sedimentary records and regional
challenges with traditional proxy methods, questions remain about the southern Atlantic oceanographic transi-
tion from gyral to circumpolar circulation, with associated development of frontal systems and sea ice cover
in the Weddell Sea. Our ability to reconstruct past Southern Ocean surface circulation and the dynamic latitu-
dinal positions of the frontal systems has improved over the past decade. Specifically, increased understanding
of the modern ecologic affinity of organic-walled dinoflagellate cyst (dinocyst) assemblages from the Southern
Ocean has improved reconstructions of distinct past oceanographic conditions (sea surface temperature, salinity,
nutrients, and sea ice) using downcore assemblages from marine sediment records. Here we present new late
Oligocene to latest Miocene (∼ 26–5 Ma) dinocyst assemblage data from marine sediment cores in the south-
western Atlantic Ocean (International Ocean Discovery Program (IODP) Site U1536, Ocean Drilling Program
(ODP) Site 696 and piston cores from Maurice Ewing Bank). We compare these to previously published latest
Eocene–latest Miocene (∼ 37–5 Ma) dinocyst assemblage records and sea surface temperature (SST) reconstruc-
tions available from the SW Atlantic Ocean in order to reveal oceanographic changes as the Southern Ocean gate-
ways widen and deepen. The observed dinocyst assemblage changes across the latitudes suggest a progressive
retraction of the subpolar gyre and southward migration of the subtropical gyre in the Oligocene–early Miocene,
with strengthening of frontal systems and progressive cooling since the middle Miocene (∼ 14 Ma). Our data
are in line with the timing of the removal of bathymetric and geographic obstructions in the Drake Passage and
Tasmanian Gateway regions, which enhanced deep-water throughflow that broke down gyral circulation into the
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Antarctic circumpolar flow. Although the geographic and temporal coverage of the data is relatively limited, they
provide a first insight into the surface oceanographic evolution of the late Cenozoic southern Atlantic Ocean.

1 Introduction

Today, the Southern Ocean is known for hosting the strongest
surface ocean current on Earth: the mainly wind-driven,
eastward-flowing Antarctic Circumpolar Current (ACC),
which connects the southern Indian, Pacific and Atlantic
oceans. This current system is characterized by a strong
latitudinal temperature gradient and associated changes in
oceanographic conditions along five frontal systems: the
Subtropical Front (STF), the Subantarctic Front (SAF), the
Polar Front (PF), the Southern ACC Front (sACCf), and the
Southern Boundary (sBdy) of the ACC (e.g. Orsi et al., 1995;
Fig. 1). In the early Cenozoic (66–34 Ma), southern high-
latitude ocean circulation was dominated by two large subpo-
lar gyres (Huber et al., 2004; Sijp and England, 2004; Bijl et
al., 2011; Sijp et al., 2016). This gyral circulation broke down
during the late Cenozoic, when a throughflow developed,
mostly enabled by the opening and deepening of the South-
ern Ocean gateways (Kennett, 1977; Sauermilch et al., 2021).
While the Tasmanian Gateway deepened between 35.5 and
33.5 Ma (Stickley et al., 2004) and widened between 33 and
30 Ma (Scher et al., 2015), the timing and nature of the open-
ing, widening, and deepening of the Drake Passage remains
elusive with age estimates of a deep opening ranging from
the Eocene to earliest Miocene (Barker and Burrell, 1977;
Barker et al., 2007; Livermore et al., 2007; Lagabrielle et al.,
2009; Eagles and Jokat, 2014; Maldonado et al., 2014; van
de Lagemaat et al., 2021). The most recent research (Evan-
gelinos et al., 2024) estimates that the modern, vigorous, and
deep-reaching ACC developed some time in the late Miocene
and reduced the size of the once large subpolar gyres into
comparatively small gyres in the Weddell Sea and the Ross
Sea today.

In the absence of calcareous (and often even siliceous)
microfossils in Cenozoic Southern Ocean sediments, stud-
ies from the southern Pacific and southern Indian oceans
have successfully utilized organic components preserved in
these sedimentary archives. Notably, investigations of the
remains of dinoflagellates (their organic cysts) and molec-
ular organic geochemical analyses are employed to recon-
struct the Oligocene–Miocene evolution of oceanic condi-
tions, temperature gradients, and paleo-positions of frontal
systems in the Southern Ocean (Hannah, 2006; Lyle et al.,
2007; Guerstein et al., 2010; Houben et al., 2013; Prebble
et al., 2013; Scher et al., 2015; Warny et al., 2016; Hartman
et al., 2018; Sangiorgi et al., 2018; Bijl et al., 2018a; Evan-
gelinos et al., 2020; Parras et al., 2020; Hoem et al., 2021a, b;
Amenábar et al., 2022; Duncan et al., 2022; Hou et al., 2023).
The Oligocene record of Integrated Ocean Drilling Program

(IODP) Site U1356 offshore Wilkes Land (Bijl et al., 2018a;
Hartman et al., 2018) and Deep Sea Drilling Project (DSDP)
Site 274 offshore from the Ross Sea embayment (Hoem et
al., 2021a) show surprisingly warm (10–21 °C) sea surface
temperatures (SSTs) and dinoflagellate cyst (dinocyst) as-
semblages, which indicate oligotrophic, fully marine, and
temperate waters in areas proximal to the East Antarctic Ice
Sheet. Across the Australo-Antarctic Gulf, Oligocene SST
records show a relatively small temperature gradient (∼ 6–
8 °C) between the STF (Ocean Drilling Program (ODP) Site
1168) and the Antarctic margin (IODP Site U1356). This
SST gradient increased (> 10 °C) from ∼ 26 Ma onwards
due to an SST decrease proximal to the Antarctic conti-
nent (Hartman et al., 2018; Duncan et al., 2022), while SSTs
south of Australia remained high (Hoem et al., 2022). The
cooling close to Antarctica was attributed to the first deep
opening of Drake Passage (van de Lagemaat et al., 2021),
causing a stronger circum-Antarctic throughflow, weaken-
ing the gyre circulation and increasing the thermal isolation
of Antarctica (Sauermilch et al., 2021; Hoem et al., 2022).
Mid-latitude warmth in the early to middle Miocene was fol-
lowed by a gradual but profound 10 °C cooling in the mid-
dle to late Miocene (Herbert et al., 2016; Hou et al., 2022).
Although several reconstructions indicate surface ocean con-
ditions from the southern Atlantic across the Eocene and the
Eocene–Oligocene Transition (EOT) (Douglas et al., 2014;
Plancq et al., 2014; Houben et al., 2019; Bijl et al., 2021;
Amenábar et al., 2022; Tibbett et al., 2022; Guerstein et
al., 2008, 2014, 2023; Premaor et al., 2023), Oligocene and
Miocene data from the southern Atlantic are sparse (Hoem
et al., 2023). Hoem et al. (2023) used organic biomarkers
(TEX86) to reconstruct the late Eocene–early Oligocene and
middle–late Miocene SST gradient in the southern Atlantic,
and while this demonstrated an increase in the temperature
gradient in the southern Atlantic, questions remain about
the development and positions of ocean frontal systems and
whether sea ice was present.

Dinocyst assemblage analysis allows tracing the positions
of oceanic fronts and frontal zones, each of which is char-
acterized by specific environmental surface water conditions
and thus habitat preference for dinoflagellates (Thöle et al.,
2023). These biogeographic reconstructions use established
relationships between modern dinocysts from core top sed-
iments (predominantly from box cores) and environmental
conditions in the upper surface waters, such as tempera-
ture, concentration of nutrients, upwelling intensity, salin-
ity, and sea ice cover (Prebble et al., 2013; Zonneveld et al.,
2013; Marret et al., 2020; Thöle et al., 2023). Many mod-
ern dinocysts have long lineages in the Southern Ocean (Bijl,
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2022) dating back to the Oligocene. Although a few species
have shown changes in their ecological preference through
time (De Schepper et al., 2011), we assume that the ecologi-
cal niche of the majority of Oligocene and Miocene dinoflag-
ellate species, which are still living in the modern ocean, is
the same or similar (e.g. Hou et al., 2023). We then use these
organic microfossil remains (dinocysts) to track past changes
in surface ocean conditions, fronts, and currents.

In this study, we reconstruct the late Eocene–Miocene
(35–6 Ma) oceanographic evolution of the southern Atlantic
region through dinocyst assemblage analysis of sediment
drill cores from the northwestern Weddell Sea (ODP Site
696) and Scotia Sea (International Ocean Drilling Program
(IODP) Site U1536) and piston cores obtained during a re-
cent marine geological and geophysical cruise to the Mau-
rice Ewing Bank (RRS Discovery Expedition DY087; cores
DY087-15PC and DY087-09PC), integrated with existing
southern Atlantic dinocyst records (stars in Fig. 1). In con-
junction with using organic paleothermometry (TEX86) data
for reconstructing SSTs (Hoem et al., 2023), we aim to re-
construct the surface ocean properties, including the geo-
graphical positions of fronts and gyres, to identify the role
of the deepening of the Drake Passage for climatic cooling
and Antarctic Ice Sheet expansion and for southern Atlantic
oceanography in the late Eocene–Miocene.

2 Material

2.1 DY087 piston cores

We studied sediments from two piston cores collected
from the southeastern flank of Maurice Ewing Bank in the
southwestern Atlantic Ocean during RRS Discovery cruise
DY087 (January–March 2018): core DY087-09PC (recov-
ery: 3.36 m) retrieved at 50°17.18′ S and 42°27.32′W from
a water depth of 1351 m and core DY087-15PC (recovery:
2.39 m) retrieved at 50°11.60′ S and 42°32.72′W from a wa-
ter depth of 1430 m. In the modern ocean, Circumpolar Deep
Water sweeps across the shallower areas of Maurice Ew-
ing Bank (∼ 500–3000 m) and northwards along the base of
its eastern slope (Garabato et al., 2002). As a consequence
of this strong current activity, erosion on the bank exposed
Miocene and older strata (Ciesielski and Wise, 1977; Ciesiel-
ski et al., 1982). Sub-bottom profiler data (Fig. 2a) and pre-
liminary biostratigraphic data from the piston cores indi-
cate that sediment deposition on Maurice Ewing Bank has
been influenced by bottom currents since the Oligocene, as
is evident from various packages of drift deposits with non-
conformable erosive bases.

Several hiatus-bound sediment packages seen in the sub-
bottom profiler data (coloured lines, Fig. 2b) likely reflect
changes in the mode of ocean currents in the region. The in-
terpretations of both the acoustic sub-bottom profile and a
simultaneously collected seismic reflection profile are sub-
jects of parallel studies (Tim E. van Peer, personal commu-

nication, 8 December 2023). The sub-bottom profile along
multichannel seismic profile L20A (Fig. 2) reveals that the
strata sampled in core DY087-15PC (indicated by red re-
flectors in Fig. 2b) do not extend to site DY087-09PC but
rather are unconformably overlain by younger strata (above
the blue reflector). Core DY087-15PC recovered an appar-
ently current-winnowed sandy to gravelly top unit of di-
atomaceous sediments (0–58 cm depth) with abundant plank-
tic foraminifera in the uppermost 13 cm. The underlying sed-
imentary sequence consists of bioturbated to structureless di-
atomaceous ooze (58–208 cm) and diatomaceous nannofos-
sil ooze (208–239 cm). Core DY087-09PC retrieved a simi-
lar, obviously current-winnowed top unit of sandy to gravelly
diatomaceous sediments (0–46 cm), which contain abundant
planktic foraminifera near the core surface (0–9 cm). This
top unit is underlain by partly bioturbated and crudely lam-
inated to stratified diatom-bearing to diatomaceous nanno-
fossil ooze (46–336 cm), which is sandy below 163 cm core
depth.

2.2 ODP Site 696

ODP Leg 113 Site 696 was drilled in the northwestern Wed-
dell Sea (61°50.959′ S, 42°55.996′W, 646 m water depth) on
the platform of the South Orkney Microcontinent (Fig. 1),
located south of the Southern Boundary of the ACC Front
(Barker et al., 1988). The depositional setting at Site 696 is
that of shallow marine and coastal environmental conditions
in the Eocene, invigorated bottom water circulation in the lat-
est Eocene–earliest Oligocene and continued deepening of
the South Orkney Microcontinent shelf and full separation
from the Antarctic Peninsula in the Miocene (Barker et al.,
1988; Houben et al., 2019; López-Quirós et al., 2021). Build-
ing on the section dated to the Eocene to earliest Oligocene
(Cores 59R–53R) studied by Houben et al. (2019), we ex-
tend the palynological record at ODP Site 696 up-core from
548.9 to 520.6 m below the seafloor (m b.s.f.) (Cores 52R–
50R) and discuss recent age model modifications for this
upper interval. The lithology of the studied interval above
the claystone and clayey mudstones of earliest Oligocene
age (Core 53R) consists of rhythmically interbedded sandy
mudstones with glauconite-bearing sandstone beds (548.9–
529.8 m b.s.f., Core 52R, Core 51R), which were likely de-
posited by bottom currents and in some instances possibly
as slumps (López-Quirós et al., 2020). At the top of Core
51R (529 m b.s.f.), sharp contact between glauconite-bearing
sandstone and overlying muddy diatomaceous ooze recov-
ered in Core 50R (522–520.6 m b.s.f.) likely represents a
break in sedimentation (hiatus).

2.3 IODP Site U1536

IODP Expedition 382 Site U1536 was drilled in Dove Basin
in the southern Scotia Sea (59°26.4608′ S, 41°3.6399′W,
3220 m water depth; Weber et al., 2021). Sediments in Dove
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Figure 1. Modern locations of the sites investigated and discussed in this study (yellow stars). SI is Seymour Island, RLP is Río Los Palos,
RT is Río Turbio, and MLF is the Monte León Formation. Grey areas outline modern land areas and grounded ice. The blue gradient colour
in the map shows the southern Atlantic bathymetry according to the General Bathymetric Chart of the Oceans (GEBCO, 2023; last access:
1 August 2023). The coloured lines depict the smoothed average positions of circumpolar fronts (Orsi et al., 1995): the Subtropical Front
(STF), the Subantarctic Front (SAF), the Polar Front (PF), the Southern ACC Front (sACCf), and the Southern Boundary of the ACC Front
(SBdy). The red line across sites (DY087) 15PC and 9PC shows the location of an acoustic sub-bottom profile presented in Fig. 2. The pie
charts show the present-day southern Atlantic dinocyst assemblage distribution clusters, derived from surface ocean data compiled by Thöle
et al. (2023) and discussed here in Sect. 3.2.

Basin are primarily deposited by contourite currents along
the bottom-current pathway of the ACC and northward-
flowing Weddell Sea Deep Water, as well as pelagic ag-
gregates (generated mainly by diatom productivity, aeolian
dust, and iceberg-rafted debris deposition) and tectonically
induced downslope transport (Garabato et al., 2002; Weber
et al., 2021; Pérez et al., 2021). The lithology of the stud-
ied interval from the sediment record of Hole U1536E from

640–460 m b.s.f. (Cores 33R–15R) consists of silty clays in-
terbedded with diatomaceous ooze, with sparse fragments of
lithified mudstone and gravel conglomerate–breccia in cores
retrieved below a prominent seismic reflector at 566 m b.s.f.,
referred to as “Reflector-c” (Pérez et al., 2021). The sedi-
ments recovered below this depth are affected by moderate
to high drilling disturbance, such as biscuiting or brecciation
of core material caused by rotary drilling and compaction of

J. Micropalaeontology, 43, 497–517, 2024 https://doi.org/10.5194/jm-43-497-2024



F. S. Hoem et al.: Stepwise Oligocene–Miocene breakdown of subpolar gyres 501

Figure 2. Acoustic sub-bottom profile collected along multichannel seismic profile L20A on cruise DY087. (a) Original data. (b) Interpre-
tation of seismic reflections (red and blue lines) and locations of cores 15PC and 09PC.

gravel-rich material. Based on the shipboard biostratigraphic
and magnetostratigraphic age model (Weber et al., 2021),
which we follow here, the sediments at 480–450 m b.s.f.
depth (Cores 16R–13R) have an age of 6–5 Ma, and those
at 548–535 m b.s.f. depth (Cores 24R–22R) have an age of
7.7–6.4 Ma. Seismic interpretations by Pérez et al. (2021)
in combination with shipboard biostratigraphy (Weber et al.,
2021) assigned an age of ∼ 8.4 Ma to the sediments at 617–
566 m b.s.f. depth (Cores 30R–26R) above Reflector-c, and
an age of ∼ 14.2 Ma to the sediments at 622 m b.s.f. depth
(Core 31R) below Reflector-c. Since no sediments from the
interval spanning Reflector-c were recovered, it is possible
that Reflector-c represents a prolonged time interval of con-
densed sedimentation, non-deposition, or erosion.

3 Methods

3.1 Palynological processing and analysis

Palynological processing followed standard procedures at
GeoLab, Utrecht University, as described in Hoem et
al. (2021a). In short, 10–15 g of dried sediment samples were
digested using cold hydrochloric and hydrofluoric acid and
spiked with Lycopodium clavatum spores (n= 9666± 213).
The palynological residues were then sieved through a 10 µm
nylon mesh aided by an ultrasonic bath, mounted on glass
slides using glycerine jelly, sealed with nail varnish, and
counted (under 400×magnification) using a transmitted light

optical microscope. Dinocyst taxonomy follows that cited in
Williams et al. (2017) and Clowes et al. (2016) and informal
species as presented in Bijl et al. (2018b).

3.2 Ecological affinities of dinocyst species

Under the assumption that the habitat affinities and feed-
ing strategies of extant dinoflagellate species were similar in
the past, we employ dinocyst assemblages as a paleoenvi-
ronmental proxy to reconstruct upper-water-column changes
through the late Eocene, Oligocene, and Miocene in the
SW Atlantic Ocean. Distributions of dinocysts in the present
ocean and their preservation in underlying seafloor sediments
are controlled by various factors, mainly surface water tem-
perature but also nutrient availability, salinity, bottom water
oxygen concentration, sea ice cover, and transport by sur-
face to deep-ocean currents (Dale, 1996; Prebble et al., 2013;
Zonneveld et al., 2013) (Table 1). Most modern Antarc-
tic dinocysts belong to either the gonyaulacoid (G) or the
(proto-)peridinioid (P) dinoflagellates. P-(dino)cysts are to-
day mostly produced by heterotrophic dinoflagellates and are
mainly found in and below nutrient-rich environments, like
river plumes, upwelling areas, and (perennial) sea ice zones
(Zonneveld et al., 2013). They currently dominate the south-
ern high-latitude dinocyst assemblages south of the SAF
(Zonneveld et al., 2013; Thöle et al., 2023), while the cysts
produced by phototrophic and mixotrophic G-dinoflagellates
dominate in temperate waters in a broad range of trophic con-
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Table 1. Dinocyst assemblage groups and ecological affinities.

Dinocyst assemblage group Species included Ecological affinity References

Lejeunecysta cpx Lejeunecysta spp., Selenopem-
phix spp., Malvinia escutiana,
Protoperidinium spp.

High productivity Harland and Pudsey (1999);
Sluijs et al. (2003); Zonneveld
et al. (2013)

Brigantedinium spp. Brigantedinium simplex, B.
pynei, B. sp. A, B (Houben et
al., 2019)

High productivity Zonneveld et al. (2013)

Selenopemphix antarctica S. antarctica High productivity, cool waters,
sea ice presence

Thöle et al. (2023)

Other P-cysts Alterbidinium distinctum, De-
flandrea spp., Octodinium ask-
iniae, Senegalinium spp., Pro-
toperidinium spp.

High productivity Harland and Pudsey (1999);
Sluijs et al. (2003); Zonneveld
et al. (2013)

Spinidinium cpx. Spinidinium spp., Moria za-
chosii, Vozzhennikovia spp.

High productivity, high terres-
trial runoff, tolerant of low
salinity

Sluijs and Brinkhuis (2009)

Spiniferites spp. Spiniferites spp. Low nutrients, open marine,
north of the STF, warm water

Brinkhuis (1994); Zonneveld et
al. (2013); Thöle et al. (2023)

Impagidinium spp. Impagidinium pallidum, I. ac-
uleatum, I. velorum, I. patulum

Oligotrophic (open) oceanic I.
pallidum is found in polar,
low-salinity (meltwater), open-
ocean regions today

Wall et al. (1977); Pross and
Brinkhuis (2005); De Schep-
per et al. (2011); Zonneveld et
al. (2013)

Nematosphaeropsis labyrinthus Nematosphaeropsis labyrinthus Oceanic, south of the STF Crouch et al. (2010); Prebble et
al. (2013)

Operculodinium spp. Operculodinium centrocarpum,
O. janduchenei

Cosmopolitan or oceanic, abun-
dant north of the STF

Brinkhuis et al. (1994); Prebble
et al. (2013)

Other G-cysts Gelatia inflata, Invertocysta
tabulata, Achomosphaera al-
cicornu, Hystrichokolpoma cf.
rigaudiae, Cerebrocysta spp.,
Corrudinium spp., Pyxidinop-
sis spp., Batiacasphaera spp.,
Samlandia chlamydophora,
Chiropteridium galea, Ennead-
ocysta spp.

Oceanic, neritic Brinkhuis (1994); Sluijs et
al. (2005)

Phthanoperidinium spp. Phthanoperidinium sp. C, P.
stockmansii

High productivity, tolerant of
low salinity

Sluijs and Brinkhuis (2009);
Barke et al. (2011); Neville et
al. (2019)

Islandinium minutum I. minutum High productivity, tolerant of
low salinity

Thöle et al. (2023)

ditions. These gonyaulacoid taxa (G-cysts) are rare to absent
in close proximity to the Antarctic Ice Sheet and in regions
where sea ice is present throughout most of the year (Prebble
et al., 2013). Today, a pronounced latitudinal separation of
dinocyst assemblages exists across the southern Atlantic and
its fronts (Esper and Zonneveld, 2002; Prebble et al., 2013;
Marret et al., 2020; Thöle et al., 2023) (Fig. 1). This marked

dinocyst biogeographic distribution pattern makes dinocysts
promising tracers of past frontal system movements. Seafloor
surface sediment samples from south of the SAF, where mix-
ing and upwelling of cold, nutrient-rich waters occur, and
south of the PF, where strong seasonality in sea ice cover
occurs, contain assemblages overwhelmingly dominated by
peridinioid and protoperidinioid taxa (collectively referred
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to as P-cysts) produced by heterotrophic taxa (Fig. 1). Sur-
face sediment samples to the east of the northern Antarctic
Peninsula are dominated by Islandinium minutum, indica-
tive of cold freshwater associated with iceberg discharge and
melting (Cluster Imin in Thöle et al., 2023; see also Head
et al., 2001). At the sBdy in the southern Scotia Sea, assem-
blages in seafloor surface sediments are dominated by the
sea-ice-affiliated dinocyst Selenopemphix antarctica (Clus-
ter Sant in Thöle et al., 2023; see also Harland and Pudsey,
1999; Zonneveld et al., 2013; Marret et al., 2020). South of
the PF, the assemblages in core top sediments contain abun-
dant Brigantedinium spp. produced by heterotrophic taxa,
which indicates presence of nutrient-rich waters due to mix-
ing and upwelling (Cluster low-Brig in Thöle et al., 2023)
but not necessarily influenced by sea ice, as well as com-
mon open-ocean cosmopolitan species. Nematosphaeropsis
labyrinthus is typical of the modern subantarctic zone (Clus-
ter Nlab in Thöle et al., 2023) between the SAF and STF.
At the eastern continental margin of South America, surface
sediment samples are dominated by Brigantedinium spp.,
indicating mixing and upwelling and potentially high nu-
trient input from eastern South America (Cluster high-Brig
in Thöle et al., 2023). In the open ocean, for warmer wa-
ter settings north of the STF, seafloor surface samples are
dominated by the autotrophic cosmopolitan gonyaulacoid
species Operculodinium spp., accompanied by Spiniferites
spp. (Cluster Ocen) and Pyxidinopsis spp. Several Impagi-
dinium species (Impagidinium velorum, Impagidinium pat-
ulum, and Impagidinium aculeatum) are also found at loca-
tions north of the STF. These species are the cysts of taxa
thriving in open ocean, low-productivity or oligotrophic en-
vironments, and Impagidinium aculeatum in particular is a
species indicative of warm-water conditions (Zonneveld et
al., 2013). An exception is Impagidinium pallidum, which is
abundantly recorded in both polar areas in the modern ocean
(Zonneveld et al., 2013; Marret et al., 2020) but is present in
the warm Miocene record off Wilkes Land (Sangiorgi et al.,
2018) and also recorded in temperate waters during the Neo-
gene (De Schepper et al., 2011). Therefore, we interpret the
paleoecological signal of Impagidinium pallidum in the past
with caution (De Schepper et al., 2011).

The ecological preferences of extinct dinocyst taxa cannot
be directly correlated to modern affinities. As an alternative,
the paleoecological conditions that these extinct species rep-
resent have been inferred from their co-occurrence with ex-
tant species for which the ecological information is available
(e.g. Schreck and Matthiessen, 2013) or other paleoceano-
graphic proxies for temperature, freshwater runoff and input,
and nutrient conditions analysed on the same sediment sam-
ples (Bijl et al., 2011; De Schepper et al., 2011; Frieling and
Sluijs, 2018) (Table 1). In general, we assume from these
empirical studies that extinct P-cyst species had the same het-
erotrophic lifestyle as their living counterparts, while extinct
G-cysts had an autotrophic or mixotrophic behaviour (Sluijs
et al., 2005; Esper and Zonneveld, 2007). A distinct group of

dinocyst taxa, among them species of the now extinct P-cyst
genera Spinidinium spp. and Vozzhennikovia spp., had an en-
demic Antarctic distribution in the Eocene (Guerstein et al.,
2008; Bijl et al., 2011). These “Antarctic endemic taxa” track
surface currents originating from near the Antarctic coast,
while cosmopolitan dinocysts track currents sourced from
low latitudes (Huber et al., 2004; Warnaar et al., 2009; Guer-
stein et al., 2010; Bijl et al., 2011, 2013). The Antarctic en-
demic taxa that dominated the Eocene Southern Ocean sed-
iments were replaced in the earliest Oligocene by dinocyst
assemblages similar to present-day examples (Houben et
al., 2013, 2019). High abundances of extinct cosmopolitan
species of Phthanoperidinium are usually associated with
low-salinity, neritic environments characterized by high nu-
trient supply, e.g. in the Arctic Ocean (Barke et al., 2011;
Frieling and Sluijs, 2018; Neville et al., 2019). In the Antarc-
tic, surface water freshening could be induced by high rates
of runoff, precipitation, or glacial meltwater supply, includ-
ing melting of icebergs.

3.3 Diatom processing and biostratigraphy

Smear slides were prepared from selected intervals of Cores
DY087-09PC and 15PC for diatom biostratigraphic analysis.
The slides were mounted using Norland Optical Adhesive
(no. 61) and examined under a transmitted light microscope
(at 400× and 1000× magnification). Key diatom species
were noted, and biostratigraphic age estimates were deter-
mined using a recent age compilation of Southern Ocean di-
atom events for IODP Exp. 374 studies (McKay et al., 2019).

4 Results

4.1 New and revisited age constraints

4.1.1 DY087-15PC

Diatoms examined from DY087-15PC at depths of 142
and 122 cm conservatively indicate a late Oligocene to ear-
liest Miocene age between 26.4 and 22.7 Ma based on
the presence of Azpeitia gombosi (first appearance datum
(FAD): ∼ 28 Ma; last appearance datum (LAD): ∼ 20 Ma),
Cavitatus jouseanus (FAD: 30.6 Ma), Hemiaulus taurus
(FAD: ∼ 28 Ma; LAD: ∼ 22–23 Ma), Rocella gelida (FAD:
26.4 Ma; LAD: 22.7 Ma), and Rocella schraderi (FAD:
∼ 26 Ma; LAD: ∼ 23 Ma), with the younger age limit sup-
ported by the absence of Thalassiosira spumellaroides (FAD:
22.7 Ma) and Thalassiosira praefraga (FAD: 18.6–20.8 Ma)
(Table 2). The two most important dinocyst species con-
straining the ages of sediments in core DY087-15PC (Fig. 3)
are Invertocysta tabulata and Gelatia inflata. Invertocysta
tabulata has only been identified in the uppermost sample
(100–105 cm), whereas Gelatia inflata has been identified in
all samples below 105 cm core depth. As Gelatia inflata has a
biostratigraphic range of 33.7–23.8 Ma and Invertocysta tab-
ulata has a range of 23.6–16.5 Ma, the interval between these
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Table 2. Diatom and dinocyst biostratigraphic age ranges for sediment samples analysed in piston core DY087-15PC.

Expedition, Core depth Event Microfossil group Taxa Age (Ma) GTS12 Reference
core, interval mean (cm) (Gradstein et al., 2012)

DY087, 15PC, 100–105 cm 103 FAD Dinocyst Operculodinium janduchenei 24 Bijl et al. (2018b)

DY087, 15PC, 100–105 cm 103 FAD Dinocyst Invertocysta tabulata 23.6 Bijl et al. (2018b)

DY087, 15PC, 100–105 cm 103 FAD Dinocyst Impagidinium velorum 33.7 Bijl et al. (2018b)

DY087, 15PC, 100–105 cm 103 FAD Dinocyst Impagidinium aculeatum 34.4 Bijl et al. (2018b)

DY087, 15PC, 122 and 142 cm 132 LAD Diatom Azpeitia gombosi ∼ 20 McKay et al. (2019)

DY087, 15PC, 122 and 142 cm 132 LAD Diatom Rocella gelida ∼ 22.7 McKay et al. (2019)

DY087, 15PC, 122 and 142 cm 132 LAD Diatom Hemiaulus taurus ∼ 22–23 McKay et al. (2019)

DY087, 15PC, 122 and 142 cm 132 LAD Diatom Rocella schraderi ∼ 23 McKay et al. (2019)

DY087, 15PC, 122 and 142 cm 132 FAD Diatom Rocella schraderi ∼ 26 McKay et al. (2019)

DY087, 15PC, 122 and 142 cm 132 FAD Diatom Rocella gelida 26.4 Roberts et al. (2003),
McKay et al. (2019)

DY087, 15PC, 122 and 142 cm 132 FAD Diatom Hemiaulus taurus ∼ 28 Harwood and
Maruyama (1992),
Roberts et al. (2003)

DY087, 15PC, 122 and 142 cm 132 FAD Diatom Azpeitia gombosi ∼ 28.5 Harwood and
Maruyama (1992),
Roberts et al. (2003)

DY087, 15PC, 122 and 142 cm 132 FAD Diatom Cavitatus jouseanus 30.6 Roberts et al. (2003)

DY087, 15PC, 160–165 cm 163 LAD Dinocyst Gelatia inflata 23.8 Bijl et al. (2018b)

DY087, 15PC, 218–223 cm 221 FAD Dinocyst Impagidinium patulum 33.7 Bijl et al. (2018b)

DY087, 15PC, 231–236 cm 234 FAD Dinocyst Impagidinium pallidum 33.7 Bijl et al. (2018b)

DY087, 15PC, 231–236 cm 234 FAD Dinocyst Gelatia inflata 33.7 Bijl et al. (2018b)

Table 3. Diatom and dinocyst biostratigraphic age ranges for sediment samples analysed in piston core DY087-09PC.

Expedition, core, Core depth Event Microfossil group Taxa Age (Ma) GTS12 Reference
interval mean (cm) (Gradstein et al., 2012)

DY087, 09PC, 60–65 cm 63 LAD Dinocyst Invertocysta tabulata 16.5 Bijl et al. (2018b)

DY087, 09PC, 220 cm 220 FAD Diatom Cavitatus miocenicus 24 McKay et al. (2019)

DY087, 09PC, 220 cm 220 FAD Diatom Dactyliosolen sp. ∼ 26 McKay et al. (2019)

DY087, 09PC, 220 cm 220 LAD Diatom Thalassiosira praefraga 17.4–17.7 Cody et al. (2008)

DY087, 09PC, 220 cm 220 FAD Diatom Thalassiosira praefraga 18.6–20.8 McKay et al. (2019)

DY087, 09PC, 307–312 cm 310 FAD Dinocyst Invertocysta tabulata 23.6 Bijl et al. (2018b)

DY087, 09PC, 307–312 cm 310 FAD Dinocyst Impagidinium pallidum 33.7 Bijl et al. (2018b)

DY087, 09PC, 307–312 cm 310 FAD Dinocyst Impagidinium aculeatum 34.4 Bijl et al. (2018b)

DY087, 09PC, 307–312 cm 310 FAD Dinocyst Impagidinium velorum 33.7 Bijl et al. (2018b)

DY087, 09PC, 307–312 cm 310 FAD Dinocyst Impagidinium patulum 33.7 Bijl et al. (2018b)

samples would have an age of ∼ 23.7 Ma. Therefore, we
conclude that the sediments recovered in core DY087-15PC
from 120–234 cm depth have a late Oligocene age (26.4–
23.8 Ma), while the sediment horizon from 100–105 cm
depth may have an earliest Miocene age (< 23.03 Ma) (Ta-
ble 2).

4.1.2 DY087-09PC

Diatoms examined from a depth of 220 cm in DY087-09PC
conservatively indicate an early Miocene age between 20.8
and 17.4 Ma based on the presence of Cavitatus mioceni-
cus (FAD:∼ 24 Ma), Dactyliosolen sp. (FAD:∼ 26 Ma), and
Thalassiosira praefraga (FAD: 18.6–20.8 Ma; LAD: 17.4–
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Figure 3. Relative abundances of dinocyst eco-groups (%) and palynomorph relative abundance (acritarchs, dinocysts, and terrestrial paly-
nomorphs) (cumulative %) in core DY087-15PC (Table S3), plotted against core depth, lithology and biostratigraphic age constraints, with
bars indicating the time interval. The colours of the dinocyst assemblages correspond to the ecological assemblage groups in the pie charts
of Fig. 6.

17.7 Ma) (Table 3), with the younger age limit supported by
the absence of Actinocyclus ingens (FAD: 15.52–15.83 Ma;
Marschalek et al., 2021), Crucidenticula kanayae (FAD:
17.9 Ma), and Denticulopsis maccollumii (FAD: 16.7 Ma)
(see recent compilation of diatom event ages in McKay et
al., 2019; Marschalek et al., 2021). The dinocyst assemblage
is characterized by the presence of several Impagidinium
species together with Operculodinium janduchenei, which
first occurred in the late Eocene and late Oligocene, respec-
tively (Bijl et al., 2018b). The presence of Invertocysta tab-
ulata throughout the interval of 63–310 cm indicates a late
Oligocene (23.6 Ma) to early Miocene (16.5 Ma) age (Bijl
et al., 2018b). Dinocyst assemblages provide no additional
age constraints to those provided by diatom biostratigraphy
for core DY087-09PC. The sediment sequence recovered in
core DY087-09PC most likely represents a short time inter-
val within the age constraints of the diatom ages (Table 3).
Because of this, we refer to the age of the studied sediments
of core DY087-09PC (interval 63–310 cm) as early Miocene
(20.8–17.4 Ma).

4.1.3 ODP Site 696

For this site, we apply the age constraints in López-Quirós
et al. (2018) for the Eocene–Oligocene part of the sequence
(Cores 59R–53R). The reworked nature of the rhythmically
interbedded sandy mudstones with glauconite-bearing sand-
stone beds of Cores 52R and 51R (548.9 to 529.8 m b.s.f.,
López-Quirós et al., 2020) hampers an accurate dating of
this interval (Table S1). In our palynological analysis we de-
tected the occurrence of dinocyst species Gelatia inflata (age
range 33.7–23 Ma, Bijl et al., 2018a) in Core 51R-1 (143–
145 cm) at 531.23 m b.s.f., indicating an Oligocene age for
this core interval. At the top of Core 51R (529 m b.s.f.) there
is likely a break in sedimentation (hiatus). The muddy di-
atomaceous ooze in Core 50R (522–520.6 m b.s.f.) was dated
by diatom biostratigraphy both initially onboard during the
expedition (Barker et al., 1988) and in more detail post-cruise
using Neogene diatom zonations (Gersonde et al., 1990).
Gersonde et al. (1990) assigned an early–middle Miocene
age (N . grossepunctata Zone) to Core 50R based on the
first occurrence of the diatom Denticulopsis maccolummii,
which indicates an age of ≤ 16.7 Ma according to South-
ern Ocean diatom biostratigraphy (Censarek and Gersonde,
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Figure 4. Relative abundances of dinocyst eco-groups (%) and palynomorph relative abundance (pollen and spores, acritarchs, and dinocysts)
(cumulative %) in core DY087-09PC (Table S4), plotted against core depth, lithology and biostratigraphic age constraints, with bars indicat-
ing the time interval. The colours of the dinocyst assemblages correspond to the ecological assemblage groups in the pie charts of Fig. 6.

2002; McKay et al., 2019; Marschalek et al., 2021). More re-
cently, a thorough review of age-deterministic diatoms (Den-
ticulopsis maccolummii and Actinocyclus ingens) has further
narrowed the age interval of Core 50R to 16.7–16.5 Ma (Ta-
ble S1; López-Quirós et al., 2018; Hoem et al., 2023).

4.2 Organic-walled dinoflagellate cyst assemblages

4.2.1 DY087-15PC

Dinocyst assemblages in core DY087-15PC (Fig. 3, Ta-
ble S3) are exclusively dominated by G-cysts, predominantly
Operculodinium centrocarpum (up to 91 %), with minor con-
tributions from Gelatia inflata and rare contributions from
Nematosphaeropsis labyrinthus. In the uppermost sample
analysed from this core (100–105 cm), the palynological as-
semblage differs significantly from that in the underlying
samples by showing a much higher diversity; relatively high
abundances of Nematosphaeropsis labyrinthus (26.6 %), Im-
pagidinium velorum (17.9 %), and Impagidinium pallidum
(17.0 %); and minor contributions of Operculodinium centro-
carpum and Operculodinium janduchenei. Due to the large
age range (23–16.5 Ma) and the fact that it is one single sam-

ple from this uppermost interval, we exclude this single sam-
ple from further interpretation (Fig. 6).

4.2.2 DY087-09PC

The dinocyst assemblages in core DY087-09PC consist ex-
clusively of G-cysts (Fig. 4, Table S4) and resemble those of
the uppermost single sample (100–105 cm) of core DY087-
15PC. The diversity is relatively high (14 species). Ne-
matosphaeropsis labyrinthus dominates the assemblages,
constituting an abundance of up to 68.9 %, with minor abun-
dances of Impagidinium pallidum, Impagidinium velorum,
Operculodinium janduchenei, and Operculodinium centro-
carpum.

4.2.3 ODP Site 696

We processed eight additional samples between 539 and
520 m b.s.f. from ODP Site 696 (Cores 52R–50R) for palyno-
logical investigations to extend the published dinocyst record
of Houben et al. (2019) (Cores 63R–53R, Fig. 5, Table S5)
into the Miocene. Three samples from 539–531 m b.s.f. (Core
52R and 51R) contain only a few dinocysts. The preserva-
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Figure 5. (a) Relative abundance of dinocyst assemblage groups from Houben et al. (2019) and this study (Table S5) plotted vs. depth
(m b.s.f.), alongside the lithological log with biostratigraphic age constraints (FO is the first occurrence, while FCO is the first common
occurrence) modified after López-Quirós et al. (2019, 2020, 2021), Barker et al. (1988), and Gersonde and Burckle (1990), including new
constraints for the uppermost interval (Core 50) from López-Quirós et al. (2018). (b) Relative stacked abundance of pollen and spores (black),
acritarchs (light grey), and dinocysts (dark grey) (Houben et al., 2019, this study).

tion of organic matter is poor, and the few dinocysts encoun-
tered are mostly typical Eocene species, including Enneado-
cysta dictyostila, Senegalinum spp., and Vozzhennikovia spp.,
in addition to the ubiquitous long-ranging Brigantedinium
spp. and Oligocene species, such as Gelatia inflata. Further-
more, since the glauconite-bearing sandstone beds within the
rhythmically interbedded sandy mudstones are interpreted
to contain reworked grains from underlying (Eocene) inter-
vals (López-Quirós et al., 2020), we take into account that
this interval may contain reworked dinocysts. Therefore, we
excluded the three samples from Cores 51R–52R from fur-
ther interpretation in Sect. 5 (Fig. 6). Five samples from
531–520 m b.s.f. depth (Core 50R) with an estimated age
of ∼ 16.5 Ma (diatom-based sample, Gersonde et al., 1990;
López-Quirós et al., 2018; Hoem et al., 2023) contain abun-
dant, well-preserved, and diverse dinocysts (see Plate S1
for light microscopy photos). All samples are dominated by
Brigantedinium spp., but in the uppermost samples we note
abundant G-cysts, i.e. Nematosphaeropsis labyrinthus, Pyxi-
dinopsis spp., and Operculodinium spp.

4.2.4 IODP Site U1536

Quantitative analysis of the Miocene sequence recovered at
IODP Site U1536 was not possible due to the low number of
palynomorphs present in the 20 samples processed. There-
fore, we combine our limited observations with the ship-

board analysis conducted by the first author (Weber et al.,
2021) and offer only a general overview of the dinocyst as-
semblages present within the middle and upper Miocene in-
terval (Table S6). The palynomorphs detected in the inter-
val from 638–462 m b.s.f. depth with a middle–late Miocene
age predominantly consist of P-cysts: Brigantedinium spp.,
Selenopemphix antarctica, and Lejeunecysta spp. This in-
dicates that the low abundance of dinocysts does not result
from poor preservation in the sediments, as P-cysts are gen-
erally more sensitive to degradation under oxic bottom wa-
ter conditions than autotrophic dinoflagellates producing G-
cysts (Zonneveld et al., 2010) but rather that the low abun-
dance of dinocysts is due to dilution by a high rate of accu-
mulation of other sedimentary components. There is an ap-
parent change in the assemblages below 609 m b.s.f. charac-
terized by the disappearance of Impagidinium spp. and abun-
dant occurrences of Lejeunecysta spp.

5 Discussion

5.1 Latest Eocene–Miocene paleoceanographic
changes

We compare our new data of dinocyst assemblages from sites
696, U1536, and DY087-09PC and DY087-15PC with pub-
lished SW Atlantic Ocean dinocyst records from ODP Site
696 and DSDP Site 511 (Houben et al., 2019); Seymour Is-
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Figure 6. (a–h) (Paleo-)geographic maps of the SW Atlantic for different Cenozoic time intervals (Gplates; version 2, https://www.gplates.
org; last access: 20 December 2022; Müller et al., 2018) based on the global plate geodynamic motion model of van de Lagemaat et al. (2021).
The respective ages of the maps are 35, 32, 26, 19, 16, 14, 6 Ma, and present day. Filled black areas represent present-day land and grounded
ice. The grey outline corresponds to present-day 2000 m water depth. The pie charts present the average abundance of the different dinocyst
assemblage groups listed in the legend. Dinocyst assemblage data come from DSDP Site 511 and ODP Site 696 (Eocene from Houben et
al., 2019; Oligocene–Miocene from this study); Seymour Island (Douglas et al., 2014); and the South American sites Río Los Palos (Bijl et
al., 2021), Río Turbio (Guerstein et al., 2014), Monte León Formation (Parras et al., 2020), DY087-15PC/-09PC, and IODP Site U1536 (this
study). The numbers represent TEX86 SSTs derived from Hoem et al. (2023). The ocean circulation patterns (dashed white lines) are based
on model simulations by Sauermilch et al. (2021) for the EOT and Herold et al. (2012) for the Miocene in combination with interpretations
from this study. (h) Modern dinocyst distribution (pie charts) from Thöle et al. (2023), as shown in Fig. 1. The stars represent the geographic
locations of the cores analysed in this study. The blue–red colour gradient shows average January SSTs from 1971–2000 (Reynolds et al.,
2002).
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land (Douglas et al., 2014); and the South American sites
Río Los Palos (Bijl et al., 2021), Río Turbio (Guerstein et
al., 2014), and Monte León Formation (Parras et al., 2020),
as well as with TEX86-derived SST records (Hoem et al.,
2023), to develop a more detailed and comprehensive picture
of the paleoceanographic and frontal system changes in the
SW Atlantic Ocean (Fig. 6).

5.1.1 The latest Eocene (35–33.7 Ma)

During the latest Eocene (35–33.7 Ma), dinocyst assem-
blages in the Seymour Island area were dominated by
freshwater-tolerant Phthanoperidinium spp., which indicates
high rates of precipitation and runoff (Douglas et al., 2014)
and/or influence of iceberg melting. Temperate SSTs (14–
17 °C) just northeast of the Antarctic Peninsula could sus-
tain high precipitation rates in that region with drainage of
freshwater into the Weddell Sea. At Site 696, Antarctic en-
demic taxa, i.e. Vozzhennikovia spp. and Spinidinium spp.,
dominate the assemblages together with high abundances of
Deflandrea antarctica, Senegalinium spp. and other P-cysts,
suggesting high nutrient concentrations and freshwater input
(Houben et al., 2013). Similarly, at DSDP Site 511 in the SW
Atlantic Ocean, Antarctic endemic P-cysts were dominant
during this time (Houben et al., 2019). This similarity sug-
gests that the subpolar gyre extended relatively far north and
brought Antarctic-derived surface waters across both sites in
the SW Atlantic Ocean (Fig. 6a). Based on recent investiga-
tions of Patagonian shelf dinocyst assemblages, Amenábar et
al. (2022) and Guerstein et al. (2023) suggested that abun-
dant Antarctic endemic dinocysts and morphological vari-
ability exhibited by the Turbiosphaera archangelskyi com-
plex could be linked to a deepening of the Drake Passage pro-
moting cooling and consequent influx of low-salinity water
from the shelf. However, we argue that the abundant Antarc-
tic endemic dinocysts at the Patagonian shelf sites Río Turbio
(Guerstein et al., 2014; Amenábar et al., 2022) and Río Los
Palos (Bijl et al., 2021) indicate that the ocean currents as-
sociated with the gyre brought Antarctic-derived surface wa-
ters northwards along the eastern South American margin.
Our interpretation of a strong, persistent, and large subpolar
gyre is consistent with model simulations under closed (Eng-
land et al., 2017) or shallow gateway configurations (Sauer-
milch et al., 2021) for the Drake Passage and the Tasmanian
Gateway; however, some models already show an effect of
high-latitude cooling under shallow open-gateway configura-
tions in the late Eocene (Sijp and England, 2004; Kennedy-
Asser et al., 2015, 2019; Toumoulin et al., 2020). Indeed, a
breakdown of such a gyre, e.g. one invoked by the opening of
Drake Passage, would cause profound cooling of the Antarc-
tic margin (Sauermilch et al., 2021; Hoem et al., 2022). The
dinocyst assemblages of the Oligocene should therefore in-
dicate whether the South Atlantic Subpolar Gyre broke down
at this time (i.e. in the latest Eocene–earliest Oligocene inter-
val).

5.1.2 The earliest Oligocene (33.7–32 Ma)

In the earliest Oligocene (33.7–32 Ma), the Antarctic en-
demic taxa were replaced by genera of P-cysts (Brigante-
dinium, Selenopemphix and Lejeunecysta) at Site 696, prob-
ably documenting an increase in upwelling and mixing and
higher nutrient availability in the surface waters. Following
the EOT (∼ 33.7 Ma), which was marked by declining pCO2
(Anagnostou et al., 2016), deep-ocean cooling, and the onset
of Antarctic glaciation (Coxall et al., 2005), we record high
abundances of Phthanoperidinium (Fig. 5b). This suggests
that significant freshwater input (e.g. Neville et al., 2019) fol-
lowed the glacial onset due to melting of icebergs in line with
the southern Atlantic SST cooling of 3–6 °C (Hoem et al.,
2023). The Antarctic endemic and protoperidinioid dinocysts
at DSDP Site 511 are abundant in the Eocene sediments
(80 %) but decrease to∼ 27 % of the assemblage in the lower
Oligocene when they are replaced by typically offshore cos-
mopolitan gonyaulacoid taxa (G-cysts) (Houben et al., 2019),
suggesting increased oligotrophic conditions. The nutrient
gradient between Site 696 and Site 511 increased across the
EOT, but the difference in SST at both sites remained sta-
ble across the EOT (Tibbett et al., 2022; Hoem et al., 2023),
suggesting either intensified deep-ocean circulation (Houben
et al., 2019; López-Quirós et al., 2019; 2021) or latitudinal
shifts in the region of upwelling rather than a breakdown of
gyral circulation. The lack of an increase in SST gradient
across the EOT (Hoem et al., 2023) and the continued pres-
ence of P-cysts and freshwater-indicative dinocysts at Site
511 suggest that both Site 696 and Site 511 remained un-
der the same oceanographic regime and that Antarctic Ice
Sheet formation did not cause an increased SST gradient be-
tween these sites. It also implies that deep-water flow through
Drake Passage did not change across the EOT, which is in
contrast to what modelling results and geologic data suggest
(Kennett, 1977; Nicholson and Stow, 2019; Sauermilch et
al., 2021). This interpretation is supported by tectonic recon-
structions of restricted deep-water throughflow until at least
29 Ma (e.g. Eagles and Jokat, 2014). Furthermore, model–
data comparisons show that decreasing atmospheric CO2,
rather than ice sheet forcing or gateway-induced ocean cir-
culation change, played the dominant role in the global cool-
ing across the EOT (Hutchinson et al., 2021). We therefore
infer that during the earliest Oligocene the subpolar gyre was
still persistent but positioned slightly more to the south than
during the Eocene (Fig. 6b).

5.1.3 The late Oligocene (26.4–23 Ma)

The new, short, and low-resolution late Oligocene record
from a single site (core DY087-15PC from Maurice Ew-
ing Bank) is exclusively dominated by G-cysts, suggesting
low nutrients in the surface waters. However, the absence
of any P-cysts may result from oxidation by oxygen-rich
bottom waters (Zonneveld et al., 2010). The dinocyst as-
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semblage is dominated by Operculodinium spp. (> 80 %),
with a relatively minor presence of Gelatia inflata (included
within “other G-cysts” in Fig. 7c), Impagidinium spp., and
Nematosphaeropsis labyrinthus, suggesting that the STF was
located south of the site. Moreover, dinocysts indicative of
sea ice that have been linked to the PF (Prebble et al.,
2013) are absent. Ocean models by Sauermilch et al. (2021)
suggest that as the Drake Passage deepened below 300 m
(given that the Tasmanian Gateway was already deep, i.e.
> 1000 m), even a weak proto-ACC penetrating through the
deeper Drake Passage would weaken and shrink the subpo-
lar gyre. A weaker subpolar gyre would transport less wa-
ter northward, thereby causing surface water cooling at the
Antarctic continental margin. Tectonic reconstructions of van
de Lagemaat et al. (2021), building on earlier work of Ea-
gles and Jokat (2014) and Livermore et al. (2007), suggest
that formation of oceanic crust in the western Scotia Sea,
which coincided with deepening of Drake Passage and the es-
tablishment of the first deep-water connections between iso-
lated ocean basins in the Scotia Sea, happened around 26 Ma.
The primary consequence of this deepening of Drake Pas-
sage, confirmed by the dinocyst data, is a southward shift in
the STF, which may be associated with a weakening of the
subpolar gyre because of stronger Drake Passage through-
flow. Furthermore, increased late Oligocene Drake Passage
throughflow is indicated by sedimentological evidence for
enhanced bottom-current vigour and current-induced erosion
in South Pacific sediments (Lyle et al., 2007) and by a higher
temperature gradient in the Australo-Antarctic Gulf (Hoem
et al., 2022). Since the record for this interval is from only a
single core site, a better geographical and temporal spread of
dinocyst records in the southern Atlantic is needed to confirm
this.

5.1.4 The early Miocene (20.8–17.4 Ma)

By the early Miocene (20.8–17.4 Ma), the dominance of
Nematosphaeropsis labyrinthus at Site DY087-09PC from
Maurice Ewing Bank suggests that the STF had migrated
northwards. Unfortunately, we do not have any southern At-
lantic SST reconstructions for the late Oligocene and early
Miocene to confirm this inference. In paleogeographic recon-
structions published for this time interval, submerged conti-
nental fragments in the Scotia Sea started to move farther
apart (Barker, 2001; Pérez et al., 2019; van de Lagemaat et
al., 2021), which allowed for more ACC throughflow. We
suggest that this stronger water exchange through the Sco-
tia Sea forced the STF to migrate north of Maurice Ewing
Bank, as is reflected in the change in the dinocyst assem-
blages between the upper Oligocene and the lower Miocene
sediments.

5.1.5 The Miocene Climatic Optimum (∼16 Ma)

In the new low-resolution Miocene (∼ 16 Ma) dinocyst
record from a single site (Site 696), the high abundance of P-
cysts suggests that the site was located south of the PF. How-
ever, the relatively high SSTs and the common occurrence
of the temperate dinocysts Operculodinium spp. and Ne-
matosphaeropsis labyrinthus and the cosmopolitan species
Spiniferites spp. suggest that the SAF was likely located fur-
ther south in the Scotia Sea until at least 16 Ma based on the
relatively high abundance (35 %) of temperate G-cysts. The
Miocene Climatic Optimum (MCO, ∼ 17–15 Ma) represents
a warm phase when the Antarctic Ice Sheet was reduced in
size (Shevenell et al., 2008; Sangiorgi et al., 2018; Foster et
al., 2012). The high atmospheric pCO2 (Sosdian et al., 2020)
and intensification and poleward shift in the Southern Hemi-
sphere westerly winds (Toggweiler, 2009) could potentially
force frontal systems closer to Antarctica. Alternatively, the
tectonic configuration of Drake Passage could have routed
these fronts closer to the Antarctic continent than today (Ea-
gles and Jokat, 2014).

5.1.6 Middle Miocene Climate Transition (∼14 Ma)

The temperate and oligotrophic dinocysts present in the
MCO sequence at Site U1536 were replaced by abundant
high-nutrient-affiliated Brigantedinium spp. and the sea ice
indicator Selenopemphix antarctica at ∼ 14 Ma during the
Middle Miocene Climate Transition (MMCT). The ma-
jor change in surface water environment co-occurred with
an average cooling from 14 to ∼ 6 °C in the TEX86 SST
record (Hoem et al., 2023), indicating that the SAF had mi-
grated northwards. A similar shift in surface water fauna
is recorded at Kerguelen Plateau at 13.8 Ma, when warm-
water-affiliated planktonic foraminiferal assemblages were
replaced by polar-affiliated assemblages (Verducci et al.,
2009; Majewski and Bohaty, 2010), which is attributed to
a northward PF migration across Kerguelen Plateau. Fur-
thermore, between ∼ 14.5 and 12.0 Ma, neodymium isotope
records at Kerguelen Plateau reflect increased inflow of Pa-
cific waters, indicating the establishment of deep eastward
oceanic circulation via Drake Passage (Evangelinos et al.,
2024). The loss of temperate dinocysts together with de-
creasing SSTs is consistent with a drop in atmospheric pCO2
(below 300 ppm; Badger et al., 2013) and coincident with a
large, 1.5 ‰ increase in benthic foraminiferal δ18O between
∼ 13.9 and 13.8 Ma (Shevenell et al., 2008; Leutert et al.,
2020), indicating global cooling and/or increasing ice vol-
ume. Frequent erosional disconformities characterizing drill
core records from the Ross Sea continental shelf throughout
the MMCT (Levy et al., 2016; McKay et al., 2016; Levy et
al., 2019; Pérez et al., 2022) indicate rapid seaward Antarc-
tic Ice Sheet expansion. This is interpreted as a larger-than-
modern Antarctic Ice Sheet (Holbourn et al., 2005), although
novel clumped isotope thermometry suggests that the bulk
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of the δ18O shift could be attributed to deep-sea cooling
(e.g. Hou et al., 2023). At Site U1536, we observe for the
first time the occurrence of the sea-ice-affiliated Selenopem-
phix antarctica (albeit in relatively low numbers) at∼ 14 Ma,
which suggests expansion of sea ice in the Weddell Sea. The
change to present-day-like dinocyst assemblages occurred
earlier in the Atlantic sector at Site U1536 than in the In-
dian sector of the Southern Ocean offshore Wilkes Land
(Site U1356), where marine sediments contained abundant
G-cysts until at least 11 Ma (Sangiorgi et al., 2018). This is
also consistent with findings by Hoem et al. (2023), which
show that SSTs in the SW Atlantic Ocean were cooler com-
pared to the southern Pacific and southern Indian oceans.
However, unlike Site U1356 offshore Wilkes Land, which
recorded the presence of Islandinium, this species remained
absent in the southern Scotia Sea during this time. Today Is-
landinium is affiliated with cold waters and fresh (melt)water
input and dominates the dinocyst assemblages in sediments
from the southern Scotia Sea (Thöle et al., 2023), where
freshwater input through melting icebergs is high (Stuart and
Long, 2011). The absence of Islandinium might result from
reduced iceberg discharge or indicate that iceberg drift fol-
lowed a different path or that most of these icebergs melted
at a different location.

5.1.7 The late Miocene (8–5 Ma)

Following the MMCT, seismic analysis around Site U1536
(Pérez et al., 2021) indicates reorganization of the re-
gional sedimentary stacking pattern leading to the forma-
tion of Reflector-c, which coincides with a period of non-
deposition or erosion in our record between 14.2 and 8.4 Ma.
This time interval also coincides with increases in benthic
foraminiferal δ18O values, indicating deep-ocean cooling
and an ice volume increase. Furthermore, the late Miocene
global eustatic sea level is estimated to have been relatively
low (Adams et al., 1977; Miller et al., 2005; Rohling et
al., 2022). Astronomical configurations of low obliquity and
eccentricity during this time are believed to have favoured
the onset of perennial sea ice cover (Levy et al., 2019)
and ice sheet expansion in West Antarctica (Anderson et
al., 2011). The complete disappearance of Impagidinium
and more common occurrence of S. antarctica in the late
Miocene (8–5 Ma) dinocyst record at Site U1536 and colder
average SSTs (3 °C) confirm a cooling of surface waters and
stronger sea ice influence. This cooling must have further
weakened the Weddell Gyre. With reconstructions of deep-
water flow through the northern end of the eastern Scotia
Sea by∼ 10 Ma (Eagles and Jokat, 2014) and full Drake Pas-
sage opening by 6 Ma (Barker et al., 2007), we assume that
the ACC fronts migrated northwards (e.g. Maldonado et al.,
2006; Pérez et al., 2019) towards modern configurations and
that the ACC strengthened in the late Miocene, consistent
with recent findings (Evangelinos et al., 2024).

6 Conclusions

Based on our comprehensive analysis of the SW Atlantic
Ocean dinocyst assemblages, we infer a persistent circula-
tion of the subpolar gyre throughout the Eocene–Oligocene
transition (EOT) consistent with recent SST reconstructions
(Fig. 6). The disappearance of Antarctic endemic and typi-
cal cold-water-indicative dinocysts northeast of Drake Pas-
sage by the mid-Oligocene (between 32 and 26 Ma) sug-
gests a breakdown of the dominant gyral circulation and
strengthening of frontal systems, separating the warm sub-
tropics from the polar Antarctic margin. A northward migra-
tion of the STF past Maurice Ewing Bank occurred in the
early Miocene. The oligotrophic, warmer-water-indicative
dinocysts present during the Miocene Climatic Optimum
(16 Ma) were replaced by protoperidinioid and heterotrophic
dinocysts after the Middle Miocene Climate Transition
(14 Ma), indicating the presence of high-nutrient, cold, sea-
ice-influenced surface water conditions in the SW Atlantic
Ocean at 14 Ma. In parallel, TEX86 SSTs dropped from 14 to
7–5 °C. The appearance of more common sea-ice-affiliated
dinocysts and the complete loss of typical sub-tropical, olig-
otrophic dinocyst assemblages by the late Miocene (8–5 Ma)
confirm the onset of modern-like conditions with northward
migration of frontal systems and expansion of sea ice. Al-
though some intervals are covered by just one or a few lo-
cations and many gaps in the sedimentary archives hamper a
complete record of oceanographic change in the late Ceno-
zoic SW Atlantic Ocean, our compilation shows, for the first
time, the stepwise breakdown of the large South Atlantic
Subpolar Gyre into the modern-like oceanographic regime
with a strong Antarctic Circumpolar Current, frontal sys-
tems, and temperature gradients across a narrow band of lat-
itudes.

Data availability. Microscope slides are stored in the collection of
the Utrecht University Marine Palynology and Paleoceanography
group (017.560, 017.556, 017.555, 017.554). The supplementary
dinocyst data (Tables S3–S6) are available in the Supplement and
will also be available from the Zenodo data repository (Hoem et al.,
2024, https://doi.org/10.5281/zenodo.14262307).
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