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Abstract. Improvements in our capability to reconstruct ancient surface-ocean conditions based on organic-
walled dinoflagellate cyst (dinocyst) assemblages from the Southern Ocean provide an opportunity to better
establish past position, strength and oceanography of the subtropical front (STF). Here, we aim to reconstruct
the late Eocene to early Miocene (37-20 Ma) depositional and palaeoceanographic history of the STF in the
context of the evolving Tasmanian Gateway as well as the potential influence of Antarctic circumpolar flow and
intense waxing and waning of ice. We approach this by combining information from seismic lines (revisiting ex-
isting data and generating new marine palynological data from Ocean Drilling Program (ODP) Hole 1168A) in
the western Tasmanian continental slope. We apply improved taxonomic insights and palaeoecological models to
reconstruct the sea surface palaecoenvironmental evolution. Late Eocene—early Oligocene (37-30.5 Ma) assem-
blages show a progressive transition from dominant terrestrial palynomorphs and inner-neritic dinocyst taxa as
well as cysts produced by heterotrophic dinoflagellates to predominantly outer-neritic/oceanic autotrophic taxa.
This transition reflects the progressive deepening of the western Tasmanian continental margin, an interpretation
supported by our new seismic investigations. The dominance of autotrophic species like Spiniferites spp. and
Operculodinium spp. reflects relatively oligotrophic conditions, like those of regions north of the modern-day
STF. The increased abundance in the earliest Miocene of Nematosphaeropsis labyrinthus, typical for modern
subantarctic zone (frontal) conditions, indicates a cooling and/or closer proximity of the STF to the site . The ab-
sence of major shifts in dinocyst assemblages contrasts with other records in the region and suggests that small
changes in surface oceanographic conditions occurred during the Oligocene. Despite the relatively southerly
(63-55°S) location of Site 1168, the rather stable oceanographic conditions reflect the continued influence of
the proto-Leeuwin Current along the southern Australian coast as Australia continued to drift northward. The
relatively “warm” dinocyst assemblages at ODP Site 1168, compared with the cold assemblages at Antarctic
Integrated Ocean Drilling Program (IODP) Site U1356, testify to the establishment of a pronounced latitudinal
temperature gradient in the Oligocene Southern Ocean.
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1 Introduction

Late stages of continental break-up between Australia and
Antarctica in the late Eocene—early Miocene led to gradual
deepening and widening of the Tasmanian Gateway (Lawver
et al., 1992; Cande and Stock, 2004; Whittaker et al., 2013).
This process redirected Southern Ocean surface water circu-
lation (Stickley et al., 2004a; Bijl et al., 2013; Sijp et al.,,
2014, 2016) and regionally redistributed ocean heat (Sijp et
al., 2014, 2016) with notable consequences for Antarctic sur-
face water temperatures (Houben et al., 2019; Sauermilch et
al., 2021). While the general oceanographic consequences of
the opening of the Tasmanian Gateway — the breakdown of
gyres and the onset of a wind-driven, eastward-flowing cur-
rent — are now broadly understood (Stickley et al., 2004a;
Bijl et al., 2013; Hill et al., 2013; Sijp et al., 2014; Houben
et al., 2019), the development of Southern Ocean frontal sys-
tems (Nelson and Cooke, 2001), such as the subtropical front
(STF), and ultimately the evolution and strengthening of the
Antarctic Circumpolar Current (ACC) as the gateway widens
(Hill et al., 2013) are largely unexplained.

To a large extent, our knowledge on the development of
Paleogene Southern Ocean surface circulation is built on bio-
geographic patterns in organic-walled dinoflagellate cyst as-
semblages (Wrenn and Beckman, 1982; Bijl et al., 2011)
as well as supporting information from other microfossil
groups (Pascher et al., 2015), both backed up by numerical
model simulations (e.g. Huber et al., 2004; Sijp et al., 2014).
Dinoflagellates are single-celled, predominantly marine, eu-
karyotic protists, which represent an important group of ma-
rine plankton. During their life cycle, ~ 15 % of modern di-
noflagellate species produce preservable organic-walled rest-
ing cysts (dinocysts), which can be found in marine sedimen-
tary archives (e.g. Fensome, 1993; Head, 1996). Dinocysts
are increasingly and successfully used as a proxy for palaeo-
ceanographic reconstructions in the Southern Ocean (e.g.
Houben et al., 2013; Prebble et al., 2013; Bijl et al., 2018;
Sangiorgi et al., 2018).

In 2000, Ocean Drilling Program (ODP) Leg 189 drilled
five sites around Tasmania — on the western Tasmanian mar-
gin (Site 1168), the South Tasmanian Rise (sites 1169, 1170
and 1171) and the East Tasmanian Plateau (Site 1172) —
with the goal of reconstructing the timing, nature and cli-
matic consequences of the opening of the Tasmanian Gate-
way (Fig. 1a; Exon et al., 2001a). Site 1168 is presently lo-
cated north of the STF and contains a near-continuous sed-
iment record of late Eocene—Quaternary age. The site is in
the path of the Zeehan Current, a saline, warm surface wa-
ter flowing off western Tasmania that originates from the
Leeuwin Current (Ridgway and Condie, 2004). Brinkhuis
et al. (2003) provided a preliminary overview of the late
Eocene—Quaternary dinocyst assemblage distribution and il-
lustrated the main trends in palynomorph distribution. The
study by van Simaeys et al. (2005) detected the typical boreal
taxon Svalbardella spp. in the Oligocene record of Site 1168
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and showed that the species likely migrated across the Equa-
tor into the Southern Ocean in response to the inception of
cold, glacial phase Oi-2b, around 27.1 Ma.

Empirical relationships between extinct species abun-
dance and proxy data for oceanographic conditions (e.g.
Wall et al., 1977; Pross and Brinkhuis, 2005; Sluijs et al.,
2005; Frieling and Sluijs, 2018) have strengthened the use
of dinocysts for past oceanographical reconstructions. These
have been used, for example, to detect a circum-Antarctic bi-
otic turnover across the Eocene—Oligocene transition (EOT)
with the origination of a sea-ice ecosystem (Houben et al.,
2013) and a shift towards upwelling-related primary produc-
tivity (Houben et al., 2019; Bijl et al., 2018) in the Southern
Ocean. Meanwhile, knowledge of dinocyst ecological pref-
erences in the modern ocean has greatly advanced in the last
couple of decades (e.g. Zonneveld et al., 2013), particularly
for the Southern Ocean (Prebble et al., 2013; Marret et al.,
2020). These modern affinities of dinocysts have been suc-
cessfully used to resolve Antarctic-proximal oceanic condi-
tions in the Oligocene and Miocene (Sangiorgi et al., 2018;
Bijl et al., 2018; building on pioneering work from studies
such as Hannah et al., 2000). Moreover, recently, the tectonic
history of Australian—Antarctic separation and the palaeoen-
vironmental consequences have been reconstructed in more
detail (Whittaker et al., 2013; Williams et al., 2019; Sauer-
milch et al., 2019a, 2021). Together, this knowledge facili-
tates reinterpretation of the original shipboard reconstruction
of the depositional environments at Site 1168 (Exon et al.,
2001b).

Here, we revisit Site 1168 (Exon, 2001b; Brinkhuis et
al., 2003; Hill and Exon, 2004) and the first results, and
focus in more detail on the sediments deposited during
the late Eocene—early Miocene. Integrating new interpre-
tations of the seismo-stratigraphy, an improved integrated
bio-magnetostratigraphic age model and new interpretations
from high-resolution dinocyst assemblage data, we provide
an updated view of the evolving depositional environment
and palaeoceanographic conditions. We analyse our results in
the context of those from other sites in the Australo-Antarctic
Gulf (AAG) (IODP Site U1356 — Bijl et al., 2018; ODP
Site 1128 and Browns Creek — Houben et al., 2019; east of
Tasmania, ODP Site 1172 — Sluijs et al., 2003; in and off-
shore of the Ross Sea, Cape Roberts Project — Clowes et
al., 2016; and Deep Sea Drilling Project, DSDP, Site 274 —
Hoem et al., 2021a) to build a picture of the late Eocene—
early Miocene (37-20 Ma) palaeoceanographic evolution in
the region of the widening Tasmanian Gateway.

2 Material

2.1 ODP Leg 189, Site 1168: site description, age
model and lithology

Ocean drilling at the western Tasmanian margin ODP
Site 1168 (42°38'40” S, 144°25'30" E; present-day water
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Figure 1. (a) Present-day map of the Australian sector of the Southern Ocean showing ODP Site 1168 (red dot), other drill sites mentioned
in this study (yellow dots), ocean fronts (white lines; STF is the subtropical front, SAF is the subantarctic front, PF is the polar front, SACCF
is the Southern Antarctic Circumpolar Current front and SBDY is the southern boundary) and southern Australian ocean currents (white
arrow; LC is the Leeuwin Current and ZC is the Zeehan Current). The map uses the regional 1 min gravity-derived Earth Topography and
Bathymetry map (Weatherall et al., 2015). The inset shows high-resolution shipboard bathymetry data from the study area (gaps filled with
the Earth Topography and Bathymetry map) with seismic profiles presented in this study (red lines), prominent fracture zones (black lines)
and the extended Sorell Fault Zone (dashed line; after Miller et al., 2002). (b) Palaeogeographic map of the Tasman region at 34 Ma (using the
plate model of Whittaker et al., 2013) with the location of the interpreted exhumed continental mantle domain along the Australian—Antarctic
ocean—continent transition (green region; after McCarthy et al., 2020). Panels (¢) and (d) interpreted multichannel seismic reflection profiles
crossing ODP Site 1168 (for the location, see panel b; for details, see the legend). (¢) The inset panels show the uninterpreted (Exon et
al., 2001b) and interpreted seismic section crossing ODP Site 1168 with tied lithological units. Also shown are the pre-Eocene—Oligocene
transition sediment stratigraphy after Sauermilch et al. (2019a) and Hill et al. (1997), and the interpreted continental mantle exhumation
following McCarthy et al. (2020). Panel (d) shows the legend of the sedimentary units (Exon et al., 2001b).

depth of 2463.3 m; Fig. 1) reached a total depth of 883.5m
below the seafloor (mb.s.f.) with a recovery of 98 %.
The drill site is located within a small, filled sedimentary
basin embedded by two basement highs (~25km length;
Fig. 1c). The upper Eocene—Miocene sedimentary record
has a clear palacomagnetic signal, from which magne-
tochrons can be defined by connecting palacomagnetic re-
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versals to biostratigraphic events from planktic foraminifera,
dinocysts and calcareous nannofossils (Pfuhl and McCave,
2003; Sluijs et al., 2003; Stickley et al., 2004b; Pross et
al., 2012; Houben et al., 2019). Here, we recalibrated all
of the bio- and magnetostratigraphic datums from Stickley
et al. (2004) to the Geologic Time Scale 2012 (GTS2012)
(Gradstein et al., 2012), using the latest information from
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the Nannotax and Microtax web catalogues (Young et al.,
2017) (Fig. 2 and Table S1 in the Supplement). The Ship-
board Scientific Party (Exon et al., 2001a, b) distinguished
four lithologic units in the studied interval between 876
and 340mb.s.f. (units II to V). Unit V consists of black
organic-rich siltstones and claystone of late Eocene age
until 762 mb.s.f., overlain by Unit IV (748.6-762 mb.s.f.)
which consists of 13.4m of dark-grey glauconitic, quart-
zose sandstone and clayey organic-rich siltstone. Unit III
(660-748.6 mb.s.f.) is composed of olive-grey nannofossil-
bearing organic clayey siltstone. Unit II (340-660 m b.s.f.) is
dominated by nannofossil chalks and claystones of varying
silt content of Oligocene—early Miocene age. In general, the
sediment colour becomes progressively lighter up-section,
with increasing calcium carbonate and declining organic car-
bon content (Fig. 2). Calcium carbonate (CaCO3) is low
(<15wt %) in Unit V and highly variable (0 wt %—40 wt %)
in Unit IV. CaCOs3 increases stepwise in units III and II, from
~700 to 550 mb.s.f. (~ 10 wt %—40 wt %) and from 450 to
~370mb.s.f. (~ 20 wt %—50 wt %) respectively (Exon et al.,
2001b). The total organic carbon (TOC) content is high, 5
wt %, at the bottom of the record and decreases until Unit
IV (~750mb.s.f.). TOC is lower, <1 wt %, for the inter-
val above 700 m b.s.f. (units III-II). The average sedimenta-
tion rate is calculated as ~6cmkyr™! for the late Eocene,
declining to ~3cmkyr~! in the Oligocene and further to
~2cmkyr~! in the early Miocene (Exon et al., 2001b).

2.2 Palaeolatitude and palaeobathymetry

Palaeolatitudes for the western Tasmanian margin between
37 and 20Ma changed from 63 to 55°S (van Hinsbergen
et al., 2015; Matthews et al., 2016), which is still substan-
tially further south than its modern latitude (42.5°S). This
is due to the progressive opening of the AAG since the late
Eocene, which caused a northward movement of Australia
(with Tasmania) (Cande and Stock, 2004). The same tec-
tonic widening caused deepening of the Tasmanian continen-
tal flanks throughout the Eocene—Oligocene. A recent study
by Hochmuth et al. (2020) suggested deepening of the site
from inner-neritic to bathyal depths from a palaeodepth of
about 700 m at 29 Ma to a depth of 1500 m by 21 Ma.

3 Methods

3.1 Seismic stratigraphy

We present seismo-stratigraphic interpretations of two mul-
tichannel seismic reflection profiles crossing (line SO36-47)
and closely passing (line N417) Site 1168 (Fig. 1c, d). We
follow the seismic interpretation of Sauermilch et al. (2019a)
and Hill et al. (1997) for the sedimentary units and continen-
tal crust, and the exhumed subcontinental mantle part is our
own (following the characteristics of McCarthy et al., 2020).
Key reflections are linked to lithological units, largely fol-
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lowing interpretations by Sauermilch et al. (2019a) and the
Shipboard Scientific Party (Exon et al., 2001b). We used
the time—depth relationship derived from downhole sonic p-
wave velocities measured at Site 1168 (Exon et al., 2001b)
for the core—seismic correlation. This method of velocity
measurements is most accurate for seismic integration, par-
ticularly for calcareous-rich sediments (Sauermilch et al.,
2019b).

ODP Site 1168 is located within an enclosed sedimentary
basin, surrounded by now buried bathymetric highs (Fig. 1c).
Characteristic seismic features, amplitude and internal reflec-
tion patterns can be used to follow key reflections and sed-
imentary units across this embedded basin. However, some
uncertainties remain, as the basement highs disrupt the con-
tinuity of the reflection pattern. In order to calculate the re-
gional thickness extensions of the sedimentary units in me-
tres, we use interval velocities from downhole sonic mea-
surements at Site 1168. We interpreted the exhumation of
subcontinental mantle material offshore of western Tasma-
nia, along its ocean—continent transition zone (OCT; Fig. 1).
The interpretation of the mantle domain followed the an-
alytical scheme of Gillard et al. (2015) and McCarthy et
al. (2020), who investigated exhumed mantle domains of
the offshore central southern Australian and conjugate East
Antarctic margins (Seamount B, east of Adélie Rift Block)
respectively.

3.2 Palynological processing and analysis

We studied 123 samples for palynological content: 84 were
samples that were revisited and recounted from the previ-
ously studied palynological record by Brinkhuis et al. (2003),
and 39 were additional samples processed to increase the res-
olution. The processing of sedimentary samples for palyno-
logical analysis followed standard procedures at the Labo-
ratory of Palaeobotany and Palynology, Utrecht University
(e.g. Brinkhuis et al., 2003; Bijl et al., 2018). Dried sediment
samples were crushed and weighed (on average 10 g, stan-
dard deviation, SD, of <1 g) before they were digested with
30 % cold hydrochloric acid (HCI1) and 38 % cold hydroflu-
oric acid (HF) for carbonate and silicate removal respec-
tively. The remaining palynological residues were sieved on
a 10 pum nylon mesh, using an ultrasonic bath to disintegrate
agglutinated organic particles. No oxidation or alkali agents
were used. The palynological residues were mounted on
glass slides using glycerine jelly, sealed with nail varnish and
counted (under 400 x magnification) using a Leica DM2500
LED transmitted light optical microscope. When possible,
at least 200 dinocyst specimens were counted (Mertens et
al., 2009). Slides containing less than 50 dinocyst specimens
were excluded from further analysis.
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Figure 2. Age—depth model of ODP Site 1168, based on magneto- and biostratigraphy (calcareous nannofossils, planktic foraminifera,
diatoms and dinocysts) after Stickley et al. (2004b), here recalibrated to GTS2012 of Gradstein et al. (2012) (Table S1 in the Supplement). A
smoothed line is drawn through the age constraints using the loess smoothing method with a span of 0.1. Lithological units are indicated to
the right of the palacomagnetic chrons and the indication of epochs (Exon et al., 2001b). The arrows indicate the sedimentation rate.

3.3 Marine palynomorph taxonomy and distribution
patterns

We provide detailed counts of dinocysts and other aquatic pa-
lynomorphs (acritarchs and prasinophyte algae) (Table S2 in
the Supplement). Dinocyst taxonomy as cited in Williams et
al. (2017) is followed. Acritarch and prasinophyte taxonomy
follows that of Hannah (1998, 2006), Prebble et al. (2006)
and Hartman et al. (2018a). We also included a broad count
of terrestrial palynomorphs in order to calculate the relative
abundances between terrestrial and marine palynomorphs.
Detailed analyses of terrestrial palynomorphs and terrestrial
palaeoenvironmental evolution at Site 1168 is the focus of
another paper (Amoo et al., 2021).

3.3.1 Dinocyst ecological preferences

The present-day distribution of dinocysts (Fig. 3) depends
mostly on surface water temperature but also on nutrient
availability, salinity, water depth, bottom-water oxygen, pri-
mary productivity and sea-ice cover (e.g. Dale, 1996; Preb-
ble et al., 2013; Zonneveld et al., 2013; Marret et al., 2020).
In order to use dinocyst assemblages as palaeoceanographic
proxies, we assume that the habitat affinities and trophic
strategy of modern dinoflagellate species have remained sim-
ilar through time; therefore, we utilise the modern relation-
ship between dinocysts and overlying water properties as a
model for the “deep-time” ecological niches (Sluijs et al.,
2005; Prebble et al., 2013; Sangiorgi et al., 2018). Palaeoe-
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cological preferences of extinct species are uncertain. To
tackle this problem, the ecological affinity of extinct dinocyst
taxa was reconstructed across well-defined climatic transi-
tions (Brinkhuis, 1994; Houben et al., 2013; Egger et al.,
2018), using the co-occurrence of extinct species with those
for which the ecological information is still available, e.g.
modern species (e.g. Schreck and Matthiessen, 2013), or in
comparison to other palaeoceanographic proxies for temper-
ature, runoff/freshwater input and nutrient conditions (Bijl
et al., 2011; De Schepper et al., 2011; Frieling and Sluijs,
2018).

In this paper, we apply this principle to divide dinocyst
taxa into eco-groups (Table 1), based on the context of the
Southern Ocean. We utilise the notion that protoperidinioid
cysts and peridinioid dinocysts in general (e.g. Protoperi-
dinium cpx., Deflandrea spp. and Svalbardella spp.) are pre-
dominantly produced by heterotrophic dinoflagellates and,
thus, prefer a habitat with nutrient-rich, productive surface
waters, whereas gonyaulacoid dinocysts principally reflect
autotrophic/phototrophic dinoflagellates and distribute them-
selves mostly according to other surface water parameters
(e.g. Pross and Brinkhuis, 2005; Sluijs et al., 2005). Cysts
derived from heterotrophic dinoflagellates, notably the pro-
toperidinioids, are generally more sensitive to oxic bottom
conditions than autotrophic dinoflagellates, which may, to an
unknown degree, represent bias in the interpretation of rel-
ative abundance data in dinocyst assemblages (Zonneveld et
al., 2010). Some dinocyst taxa are known to have strong tem-
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Figure 3. The present-day distribution of dinoflagellate cyst assem-
blages in the southwest Pacific sector of the Southern Ocean, de-
rived from surface sample data generated by Prebble et al. (2013)
and displayed in Sangiorgi et al. (2018). The black lines illus-
trate the location of oceanic fronts (Orsi et al., 1995), and yel-
low dots mark the present-day locations of the drill sites studied
(ODP Site 1168) and discussed in this paper (IODP Site U1356,
ODP Site 1172 and 1128, DSDP Site 269 and 274, Cape Roberts
Project — CRP, and Browns Creek). STF is the subtropical front,
SAF is the subantarctic front and AAPF is the Antarctic polar front.
Land masses are indicated in black, and the continental lithosphere
is shown in light grey in the location map generated by GPlates
freeware (http://www.gplates.org, last access: 13 June 2016), based
on the global plates geodynamic motion model from Miiller et
al. (2018).

perature preferences. Typical cold-water indicators are Sval-
bardella spp. (van Simaeys et al., 2005) and Gelatia inflata
(e.g. Egger et al., 2018), whereas Hystrichokolpoma rigau-
diae (Louwye et al., 2008) and Lingulodinium machaeropho-
rum (e.g. De Schepper et al., 2011) are taxa indicative of
warm water. We also use the neritic to oceanic classifica-
tion scheme of dinocyst taxa by Pross and Brinkhuis (2005)
in order to deduce proximity to the shoreline. Further, we
discuss the changes in surface-ocean current influence by
analysing the relative abundance of Antarctic-endemic, cos-
mopolitan and low-latitude taxa (Sluijs et al., 2005; Bijl et
al., 2011). These papers show that surface-ocean currents
derived from the waters surrounding Antarctica are dom-
inated by Antarctic-endemic dinocysts, whereas mid-/low-
latitude-derived currents such as the East Antarctic Current
and proto-Leeuwin Current are sources of cosmopolitan and
low-latitude taxa.

Finally, we track Southern Ocean frontal systems’ move-
ments using the environmental associations of modern
dinocysts by Prebble et al. (2013) as a model. Today, a
pronounced latitudinal separation of dinocyst assemblages
across the Southern Ocean exists (Prebble et al., 2013)
(Fig. 3). Surface samples from the Antarctic margin, south
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of the subantarctic front (SAF), are dominated by the peri-
dinioid cysts Selenopemphix antarctica with a minor abun-
dance of Brigantedinium spp. (Prebble et al., 2013), whereas
the dinocyst assemblage in the surface sample at Site 1168
shows abundant Gonyaulacoid cysts of the genera Impagi-
dinium, Nematosphaeropsis, Spiniferites and minor occur-
rence of the peridinioid cyst Brigantedinium. The latter dom-
inates the polar frontal zone, where mixing and upwelling
of nutrient-rich waters and strong seasonality in sea-ice
cover exists. Nematosphaeropsis, Operculodinium and Im-
pagidinium prevail in surface waters with mean annual tem-
peratures of 8—17°C (Prebble et al., 2013). Abundant Ne-
matosphaeropsis has been described as an indicator of the
region south of the STF, in the subantarctic zone (Prebble
et al., 2013). The highest abundances of the cosmopolitan
Operculodinium centrocarpum sensu Wall and Dale (1966)
are found in samples north of the STF. Impagidinium spp. is
abundant under (relatively warm) oligotrophic, oceanic, con-
ditions (Zonneveld et al., 2013). I. aculeatum is most abun-
dant south of the STF, and I. paradoxum is slightly more
abundant north of the STF (Prebble et al., 2013). An ex-
ception is I. pallidum, which is abundant in both polar ar-
eas in the modern ocean (Zonneveld et al., 2013; Marret et
al., 2020) but is also recorded at temperate sea surface tem-
peratures (SSTs) during the Neogene (De Schepper et al.,
2011). Therefore, we interpret the palacoecological signifi-
cance of . pallidum in the past with caution (De Schepper et
al., 2011), and place this species in the Impagidinium group.
Members of the long-ranging cosmopolitan Spiniferites spp.
appear most abundantly north of the STF. S. ramosus is most
common, and in more shore-proximal settings, S. mirabilis
is today most common between 30 and 40° S and with SSTs
>15°C (Zonneveld et al., 2013).

3.3.2 Acritarchs and organic remains of prasinophyte
algae

Acritarchs represent “acid resistant organic walled microfos-
sils of unknow affinity” (Evitt, 1963) and likely represent or-
ganic remains of polyphyletic origin, including prasinophyte
algae. As of 2021, the latter group has received more at-
tention, and some life cycle stages are indeed composed of
preservable organic matter (Parke et al., 1978; Mudie et al.,
2021). These may be single-celled and/or multicellular, colo-
nial stages. Examples include the multicellular Botryococcus
and Pediastrum, and the unicellular Tasmanites and Pteros-
permella spp. Although there are large uncertainties regard-
ing the biological and ecological affinity of acritarchs and
prasinophytes, they are often considered as potentially op-
portunistic species and often co-occur with indications of in-
creased freshwater input and increased stratification (Mudie,
1992; Hannah, 2006; Prebble et al., 2006; De Schepper and
Head, 2014). At the Antarctic margin, acritarchs such as
Leiosphaeridia spp. have been associated with glacial retreat
and freshwater discharge (Hannah, 2006; Warny et al., 2006;

https://doi.org/10.5194/jm-40-175-2021


http://www.gplates.org

F. S. Hoem et al.: Late Eocene—early Miocene evolution of the southern Australian subtropical front 181

Table 1. Dinocyst assemblage groups and their ecological and frontal system affinity.

Complex

Dinocyst taxa

Ecological affinity

Homotryblium cpx.

Homotryblium spp.
Eocladopyxis spp.
Heteraulacacysta spp.
Polysphaeridium spp.

Inner-neritic/restricted marine-lagoonal setting
(Sluijs et al., 2005; Frieling and Sluijs, 2018)

Glaphyrocysta cpx.

Glaphyrocysta spp.
Areoligera semicirculata

Inner-neritic, high-energy settings (Stover et al., 1996; Sluijs et al.,
2005)

Cleistosphaeridium cpx.

Cleistosphaeridium spp.
Dapsilidinium spp.
Enneadocysta spp.

Inner-neritic, relatively marginal setting (Brinkhuis, 1994)

Cribroperidinioideae

Apteodinium australiense
Cooksonidium capricornum
Cordosphaeridium cantharellus
C. fibrospinosum

C. minimum

Thalassiphora pelagica

Mid-shelf and neritic environments (Brinkhuis, 1994)

Lingulodinium cpx.

L. machaerophorum

Inner- to outer-neritic, warm, seasonally stratified waters, medium—
high nutrients (Sluijs et al., 2005; Zonneveld et al., 2013)

Pyxidinopsis cpx. Batiacasphaera spp. Outer-neritic setting
Cerebrocysta spp. (Brinkhuis, 1994; Sluijs et al., 2005)
Corrudinium spp.
Pyxidinopsis spp.
Reticulatosphaera R. actinocoronata Outer-neritic setting (Brinkhuis, 1994; Pross and Brinkhuis, 2005;
Sluijs et al., 2005)
Hystrichokolpoma spp. Outer-neritic/oceanic setting (Pross and Brinkhuis, 2005)

Spiniferites cpx.

Spiniferites ramosus

S. mirabilis
Achomosphaera alcicornu
Hafniasphaera septata

Cosmopolitan environment (Brinkhuis, 1994; Zonneveld et al.,
2013)

Operculodinium spp.

Operculodinium centrocarpum
O. piaseckii
O. janduchenei

Cosmopolitan/oceanic environment
Abundant north of STF (Brinkhuis, 1994; Prebble et al., 2013)

Impagidinium spp.

Impagidinium aculeatum
L dispertitum

1. maculatum

L. sphaericum

1. paradoxum

L. patulum

L pallidum*

Oligotrophic oceanic environment (Wall et al., 1977; Pross and
Brinkhuis, 2005; Zonneveld et al., 2013)

* Abundant in both polar areas of the modern ocean (Zonneveld et
al., 2013; Marret et al., 2019) but also recorded in association with
temperate SST's in the Neogene (De Schepper et al., 2011)

Nematosphaeropsis labyrinthus

Oceanic/subantarctic zone (Crouch et al., 2010; Prebble et al., 2013)

Gelatia inflata

Cold-water setting (Brinkhuis and Biffi, 1993; Guerstein et al.,
2008)

Deflandrea spp.

Deflandrea spp.

Heterotrophic, neritic to oceanic setting (Rohl et al., 2004; Sluijs et
al., 2005)

Protoperidinioid cpx.

Brigantedinium spp.
Lejeunecysta spp.
Selenopemphix spp.
Protoperidinium spp.

Nutrient-rich cold waters, related to inner-neritic environments
(Harland and Pudsey, 1999; Sluijs et al., 2003; Zonneveld et al.,
2013)

Svalbardella spp.

Svalbardella cooksoniae

Cold water tolerant (van Simaeys et al., 2005)
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2016) and are still present in modern samples (Hartman et
al., 2018a). However, abundant skolochorate acritarchs in the
Oligocene—Miocene at the Wilkes Land coast are associated
with incursions of warm water (Bijl et al., 2018). Brinkhuis
et al. (2003) also reported samples with a massive influx
of small skolochorate acritarchs of unknown affinity around
Tasmania at Site 1168 and Site 1172, in addition to the re-
mains of prasinophyte algae. Prasinophyte algae, such as Cy-
matiosphaera spp. and Tasmanites spp., accumulate in rel-
atively near-shore marine to brackish nutrient-rich environ-
ments (Mudie et al., 2021).

4 Results

4.1 Seismic stratigraphy

The lithological boundaries from ODP Site 1168 are tied
to the crossing seismic reflection profile (Fig. 1c) using
the time—depth relationship from downhole sonic velocities
(Exon et al., 2001a, b). The drilled lithological units V and
III-I are clearly visible in the seismic lines, whereas the very
thin (13.4m) Unit IV is only detectable as a strong reflec-
tion pattern (Fig. 1¢). An additional key unconformity under-
lies the drilled sections, dated to the Palaeocene, extrapolated
from industry well site Cape Sorell 1 (Boreham et al., 2002)
(Fig. 1c). Here, we focus on the sedimentary units V-II, de-
posited between the late Eocene and early Miocene.

Unit V=IV

Unit V reaches a maximum thickness of about 0.5s TWT
(two-way travel time) or ~400-500m. In the embedded
basin, the thickest part of Unit V is located towards the
land. The internal reflections in the upper part of this unit
are chaotic, with varying amplitudes and characteristic hum-
mocky structures. Internal reflections and the top boundary
thin out and onlap onto both basement highs, southwest and
northeast (Fig. 1c). However, the top boundary reflection
slightly overlaps the basement high oceanward in the WNW-—
ESE direction (Fig. 1d). As the lithological Unit IV is very
thin and barely detectable in the seismic data, it is likely that
this overlapping section is Unit I'V.

The seismic characteristics of the upper section of Unit
V are significantly different on each side of the Tasmanian
Fracture Zone (TFZ) and the connected basement highs. The
deposition east of the TFZ, around Site 1168, shows chaotic,
hummocky features and reworking. Particularly the hum-
mocky reflections have been previously interpreted as deltaic
influence (Exon et al., 2001a, b). West of the TFZ, the de-
position of the late Eocene material is more homogenous
and undisturbed along the upper slope (Fig. 1d). Further
offshore along the lower continental slope to abyssal plain,
this sedimentary unit has been slightly reworked. This struc-
ture shows onlapping reflections onto the slope and is likely
part of the contourite drift system observed along the Aus-
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tralian and Antarctic margins that formed due to strength-
ening clockwise currents in the AAG (Sauermilch et al.,
2019a).

Unit Il

The overlying Unit III, dated to the early Oligocene, is
thinner (maximum thickness ~0.3s TWT in the embedded
basin) with internal reflections of weaker amplitudes. To-
wards the landward basement high, sediment waves are ob-
served that continue to be present and intensify in the over-
lying late Oligocene—early Miocene unit (Unit II; Fig. 1c).
Unit IIT becomes significantly thicker towards the foot of the
continental slope with internal reflections onlapping onto the
slope (Fig. 1d).

Unit 11

Unit IT is ~0.5s TWT thick and its top boundary reflec-
tion onlaps onto the peak of both basement highs (Fig. 1c).
A high-amplitude internal reflection within Unit II can be
correlated to the Oligocene—Miocene transition (Fig. lc, in-
sets). The upper section of Unit II (early Miocene; ~0.3s
TWT thick) contains high-amplitude, relatively undisturbed
and parallel internal reflections. At each end of the basin,
the unit’s internal and top boundary truncate to a promi-
nent unconformity, which has been correlated to the mid—late
Miocene transition (Fig. 1c).

Ocean—continent transition

The most oceanward (SW) section of the seismic line
(Fig. 1c) shows features characteristic of subcontinental
mantle exhumation. A high-amplitude, continental dipping
reflection is detected at ~10s TWT depth, which rises up
to about 9s TWT and disappears (Fig. lc; shot points,
SP, 2500-3200). This sharp rising feature is interpreted as
the Moho boundary and is characteristic of regions with
exhumed subcontinental mantle along the ocean—continent
transition (OCT; Gillard et al., 2015; McCarthy et al., 2020).
The continental basement and pre-/syn-rift sediments contain
closely spaced fault structures, indicating major deformation
in the region during mantle exhumation. The imaged domain
of exhumed mantle in the seismic line is about 30 km wide;
however, it likely continues oceanward, beyond the extension
of the seismic line.

4.2 Palynological assemblages

We record a fair coupling between changes in lithology and
changes in the three major palynomorph groups: dinocysts,
acritarchs and terrestrial palynomorphs (Fig. 4). The terres-
trial palynomorphs are dominant in the upper Eocene—lower
Oligocene part (units V-III) of the record, which also has
the highest TOC levels. In the middle of lithological Unit
I, below 700 m b.s.f. (30.5 Ma), the high relative abundance
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Figure 4. Stacked relative abundance of the three major palynomorph groupings (terrestrial palynomorphs, acritarchs and dinocysts), plotted
against depth (mb.s.f.), next to the magnetostratigraphic framework (Gradstein et al., 2012), lithological units, and shipboard total organic
carbon (TOC, wt %) and calcium carbonate (CaCOs3, wt %) data (Exon et al., 2001b).

of terrestrial palynomorphs rapidly decreases to 5 %—15 %,
concomitant with a decrease in TOC, and remains low in the
overlying nannofossil chalks and silty claystones (Unit II).
In the Oligocene, from 700 to 400 m b.s.f. (30.5-22.4 Ma),
dinocysts are the most abundant palynomorph group and
comprise up to 88 % of all palynomorphs. In the Miocene,
acritarchs dominate the assemblages, reaching up to 90 %
of the total palynomorph assemblage. Acritarchs reach the
highest relative and absolute abundances at 540-520 m b.s.f.
and above 400 m b.s.f. The second peak in the lower Miocene
is synchronous with increased amounts of calcium carbonate
(40 wt %).

4.2.1 Dinocyst assemblages

From the 123 samples counted, 106 samples yield abun-
dant and well-preserved dinocysts (Fig. 5). Identification of
dinocysts on a species level was possible in most cases; how-
ever, some dinocysts were only categorised on a genus level
when distinctive features were lacking. The quantitative re-
quirement of counting to a minimum of 200 dinocyst was
met for most of the samples, except for those from the upper
Eocene, where terrestrial palynomorphs dominate the record,
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and from the lower Miocene, where acritarchs dominate the
palynomorph assemblages (Table S2 in the Supplement).
Dinocyst assemblages are dominated by the Gonyaula-
coid (autotrophic) taxa Spiniferites spp. (30 %-90 %), with
the common (5%-25%) and consistent occurrence of
Operculodinium spp., Cleistosphaeridium spp. and Hys-
trichokolpoma spp. Dinocysts of the family Cribroperi-
dinioideae were sporadically present to common (10 %-—
40 %). Other dinocysts taxa present (0 %—10 %) throughout
were Glaphyrocysta cpx., Lingulodinium spp., Pyxidinop-
sis cpX., Reticulatosphaera spp., Gelatia inflata and the Go-
niodomideae of the genus Homotryblium. Among the het-
erotrophic dinocysts, Deflandrea spp. and the Protoperidin-
ioid cpx. (including Brigantedinium spp., Protoperidinium
spp., Lejeunecysta spp. and Selenopemphix spp.) were com-
mon (10 %20 %) prior to 30.5 Ma (phase 1) and remained
present (0 %—10 %) throughout the record. Svalbardella spp.
is present in a short interval between 26.8 and 27.5Ma
(Chron C9n). The dinocyst assemblages show increasingly
consistent occurrences of more outer-neritic to open-oceanic
and cosmopolitan taxa such as Cleistosphaeridium, Hys-
trichokolpoma spp., Reticulatosphaera spp., and increas-
ingly more abundant Spiniferites spp., Operculodinium spp.,
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Figure 5. (a) Relative abundance (%) of selected dinocyst taxa and/or groups (Table 1), ordered from their known occurrence in inshore
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Impagidinium spp. and Nematosphaeropsis labyrinthus. At 4.2.2 Acritarchs and other palynomorphs
25.5Ma (phase 3), Cleistosphaeridium cpx. rapidly de-
creases, Spiniferites cpx. becomes highly dominant, and
Impagidinium spp., with I paradoxum as the most com-

mon species, becomes increasingly more abundant. A pro- ) i )
nounced increase in the abundance of Apteodinium aus- ~ 1engths as Acritarch sp. 1 (long spines) and Acritarch sp. 2

traliense (Cribroperidinioideae) occurs at the Oligocene— (short spines) (Plate S1 in the Supplement). The abundance

Miocene boundary interval (~23.1-22.9Ma). A peak in of acritarchs does not correlate to that of reworked dinocysts,
which argues for in situ production. We record a large peak

in Acritarch sp. 2 around 25.8-26.8 Ma. Acritarch sp. 1 (long
spines) becomes the dominant (40 %—90 % of total marine
palynomorphs) palynomorph in the early Miocene part of the
record (22.3-20 Ma). Smooth-walled transparent spheres are
recorded as Leiosphaeridia. Members of Leiosphaeridia spp.
generally appear in low abundance (<5 %) from 35 Ma on-
wards. Transparent spheres with a perforated wall structure

Acritarch assemblages are dominated by skolochorate forms.
We informally name occasionally abundant unidentified
small (10pum) skolochorate acritarchs with various spine

the abundance of Nematosphaeropsis labyrinthus occurs
around 22 Ma. Simultaneously, Hystrichokolpoma rigaudiae
and Lingulodinium machaerophorum decrease to their lowest
abundance in the study record. Increasing the sample resolu-
tion and the number of dinocysts counted per sample in this
study led similar dinocyst assemblages being found to those
presented in the initial report by Brinkhuis et al. (2003).

J. Micropalaeontology, 40, 175-193, 2021 https://doi.org/10.5194/jm-40-175-2021



F. S. Hoem et al.: Late Eocene—early Miocene evolution of the southern Australian subtropical front 185

are informally named Acritarch sp. 3 (15-20 pm; Plate S1 in
the Supplement). Acritarch sp. 3 first appears after 33.5 Ma
and sporadically appears in low abundance (0 %—6 %) un-
til 22.6 Ma. Prasinophyte algae Cymatiosphaera spp. is spo-
radically present in very low numbers (<3 % of total ma-
rine palynomorphs) in the Oligocene. Tasmanites spp. is only
present in very low numbers between 35 and 30.6 Ma (Ta-
ble S2 in the Supplement).

5 Discussion

5.1 Local depositional environment and
palaeoenvironmental changes

Based on changes in the relative abundance of dinocyst as-
semblage groups, acritarchs and terrestrial palynomorphs
(Fig. 5), we divide the record into three phases (P1-P3) of re-
gional palaeoenvironmental change, independent of the litho-
logical units, and compare these to the seismic and litholog-
ical investigations at Site 1168: (1) 37-30.5 Ma — transition
from mid-shelf to outer-neritic conditions; (2) 30.5-25.5 Ma
— outer-neritic conditions with transport of detrital material
from the shelf; and (3) 25.5-20 Ma — transition from outer-
neritic to more oligotrophic, oceanic conditions and frontal
system development.

5.1.1 Late Eocene—early Oligocene (P1: 37-30.5Ma)

Dinocyst assemblages with abundant Spiniferites spp. sug-
gest a shallow mid-shelf setting on the western Tasmanian
continental margin at this time, although with strong in-
put from shallow depositional settings (interpreted from the
abundance of terrestrial palynomorphs and lagoonal Ho-
motryblium cpXx.). Heterotrophic Deflandrea spp. and Brig-
antedinium spp. are common, and terrestrial input (30 %—
75 % terrestrial palynomorphs) is high. The combination of
these suggests high freshwater runoff from the shore, which
increased the nutrient input to the site, favouring primary pro-
ductivity. The observed seismic hummocky structures in the
upper part of Unit V also reflect transport from shallower
parts of the continental shelf.

During the rift to drift transition of Australia and Antarc-
tica, the sedimentary environment along the western Tasma-
nian margin was likely strongly affected by the activity of the
Sorell Fault Zone which later extended to the Tasman Frac-
ture Zone with the onset of seafloor spreading (Fig. 1a, b)
(e.g. Miller et al., 2002). This tectonic feature likely acted as
a bathymetric barrier for ocean circulation to reach Site 1168
(e.g. Hill and Exon, 2004; Sauermilch et al., 2019a). In ad-
dition, recently published petrological and geophysical data
directly along the conjugate Antarctic margin revealed that
the late rifting stage was affected by the exhumation of sub-
continental mantle (Seamount B, east of Adélie Rift Block;
McCarthy et al., 2020). Petrological constraints tentatively
indicate that melt infiltrated into the subcontinental mantle
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along the OCT during its rift to drift transition. This likely led
to heating of the subcontinental mantle and changing petro-
logical characteristics, increasing the buoyancy of the region.
Consequently, this could have led to uplift and/or slower ther-
mal subsidence compared with those of “normal” (mid-ocean
ridge basalt) oceanic crust (e.g. Miintener et al., 2010). Seis-
mic data along the western Tasmanian margin indicate a sim-
ilar mantle exhumation pattern (Fig. 1c). As Seamount B and
Site 1168 are directly conjugate, it can be assumed that the
mantle uplift could also have affected the western Tasmanian
margin, leading to an uplift and/or delayed thermal subsi-
dence of the Tasmanian margin during the time of continental
break-up. Organic-rich sediments indicate eutrophic, poorly
ventilated bottom conditions, possibly sluggish circulation.
This is in line with the palynological and seismic interpreta-
tion of a shallow and enclosed graben system.

In the glauconitic interval (Unit IV) that straddles the EOT,
lithology and dinocyst assemblages become more variable,
probably as a result of the progressive deepening of the con-
tinental slope. Unit IV is very thin and only visible as a strong
seismic reflection. Therefore, it is difficult to distinguish be-
tween upper Unit V and Unit IV in the seismic profiles. How-
ever, the boundary reflection is clearly wavy with hummocky
features (Fig. lc, insets), which could be an indicator for
winnowing. The early Oligocene section overlying the glau-
conite layer corresponds to seismic Unit III with sediment
waves along the landward basement high (Fig. 1c). These
indicate some bottom current activity and increased oxygen
delivery, although signs of winnowing have now ceased. As
a result, TOC decreases while CaCOs increases. The return
of coastal assemblages and terrestrial palynomorphs around
31 Ma might reflect the Oi-2a glaciation event (Miller et al.,
1991; Palike et al., 2006; Galeotti et al., 2016; Westerhold
et al., 2020). This caused a lower sea level at these lati-
tudes (Gallagher et al., 2020), which spurred sediment trans-
port from the Australian continental margin. However, the
overall decrease in terrestrial palynomorphs, (proto) peridin-
ioid cysts and inner-neritic dinocysts in the glauconite layer
does reflect deepening of the Tasmanian continental slope
between ~ 35.5 and 30.5 Ma, consistent with that in nearby
Site 1172 (Stickley et al., 2004b) and with final separation
between Tasmania and Antarctica (Whittaker et al., 2013).

5.1.2 Oligocene transitional phase (P2: 30.5-25.5Ma)

In this interval, the cosmopolitan dinocysts Spiniferites
spp. become more dominant, and species indicative of
coastal/lagoonal environments and terrestrial palynomorphs
decrease abruptly around 30.5 Ma, indicating that the dis-
tance to shore has potentially increased, although the site
is still at or close to the continental shelf. Throughout the
Oligocene, occasional peaks of the neritic groups Cleis-
tosphaeridium cpx. and Cribroperidinioideae indicate vary-
ing influx from the inner-neritic shelf, perhaps as a result of
sea level changes (Gallagher et al., 2013). The seismic pro-
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files show wavy sediment structures in units III and II along
the landward basement high. During the late Oligocene, they
intensify and form more prominently in Unit II, which could
indicate increasing bottom current activity.

The constant abundance of Spiniferites cpx., Opercu-
lodinium spp., Hystrichokolpoma spp. and Lingulodinium
machaerophorum as well as the low abundance of the typi-
cal cold-water indicator Gelatia inflata indicate the relatively
constant influence of warm water (Egger et al., 2018), in
line with indications of subtropical to warm temperate and
always above freezing Australian hinterlands (Greenwood
and Wing, 1995; Holdgate et al., 2017). Although, assem-
blages vary somewhat from sample to sample, there is no
large change in the relative proportion of the main compo-
nents of the assemblage throughout this interval that would
suggest a change in oceanographic conditions. The exception
is the occurrence of Svalbardella spp. in magnetochron C9n.
The study of van Simaeys et al. (2005) linked the migration
of Svalbardella spp. to the Southern Hemisphere during the
second large benthic 6!80 excursion in the Oligocene, the
0i-2b glacial episode (Miller et al., 1991; Zachos et al., 1994;
Pekar et al., 2002). The sudden occurrence of Svalbardella
spp. indicates that Antarctic cooling and glacial expansion
also affected the distal sites in the Southern Ocean.

5.1.3 Late Oligocene—early Miocene (P3: 25.5-20 Ma)

In the late Oligocene, we note a sharp decrease in the ner-
itic dinocyst groups (mostly Cleistosphaeridium cpx.) as well
as a further increased dominance of Spiniferites spp. and
more abundant oceanic taxa (Impagidinium spp. and Ne-
matosphaeropsis labyrinthus). This corroborates the contin-
uous subsidence of the Tasmanian region (Stickley et al.,
2004a), shifting depositional environments from a restricted
inner-neritic basin to the deposition of carbonate ooze in
a well-oxygenated open ocean along a continental slope at
middle bathyal depths (Exon et al., 2001a, b; Boreham et al.,
2002). The sediment wave features found in the lower part of
Unit IT seem to mostly disappear in the upper part of Unit II
during the early Miocene, which is potentially caused by the
continuous deepening of the margin.

Impagidinium paradoxum, the most abundant of the Im-
pagidinium group, which starts to become more abundant at
25.5 Ma, is today most abundant in samples within 5° latitude
north or south of the STF (Prebble et al., 2013) (Fig. 3). Ne-
matosphaeropsis labyrinthus, today most common south of
the STF (Prebble et al., 2013) in the subantarctic zone, also
increases in abundance from 25.5Ma onwards, peaking in
the early Miocene. This could indicate northward expansion
of the frontal systems and an approaching subantarctic zone
towards Site 1168 in the late Oligocene—early Miocene. The
very low abundance of the warm-water-affiliated taxa Hys-
trichokolpoma rigaudiae (e.g. Louwye et al., 2008) and Lin-
gulodinium machaerophorum (e.g. De Schepper et al., 2011)
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suggest a slight cooling in the early Miocene compared with
the late Oligocene.

5.2 Tectonic and palaeoceanographic changes in the
Tasmanian region

5.2.1 Seismic and lithological evidence of changing
oceanographic conditions

A shallow connection between the AAG and the southwest
Pacific across the southwestern South Tasmanian Rise has
existed since ~ 49 Ma near the Antarctic continental margin
(Bijl et al., 2013) and perhaps since ~ 38 Ma across or north
of the South Tasmanian Rise (Stickley et al., 2004a). How-
ever, the proto-Leeuwin Current (PLC), which transported
warm subtropical waters into the AAG during the Eocene
(Huber et al., 2004; Bijl et al., 2011; Sauermilch et al.,
2019a), did not cross the Tasmanian Gateway until 35.5 Ma
(Stickley et al., 2004a; Houben et al., 2019). Lithological bar-
riers west and/or south of the Tasmanian rise, e.g. the Tas-
man Fracture Zone (TFZ), potentially restricted throughflow
across the Tasmanian Gateway (Exon et al., 2004; Sauer-
milch et al., 2019a), which we here see diminished after the
EOT, when graben have filled and continental margins sub-
side.

The strongly different seismic structure of the continental
slope on either side of the TFZ indicates that the TFZ and the
extended Sorell Fault Zone played a significant role in the
depositional evolution of the region during the Eocene and
early Oligocene, and likely also affected ocean circulation
flow. The South Tasman Rise and adjacent margins started to
subside between 35.5 and 30.2 Ma, in conjunction with the
final break-up between Australia and Antarctica (Cande and
Stock, 2004; Whittaker et al., 2013; Williams et al., 2019;
Mccarthy et al., 2020). This coincided with the sediment fill-
ing of embedded basins, draping the local expressions of the
basement highs and leading to a depositional environment of
a deepening continental slope.

Results from high-resolution ocean model simulations
suggests that, during the time between 36 and 33.6 Ma, deep-
ening of one of the gateways (Drake Passage or Tasma-
nian Gateway) below 300 m whilst the second gateway was
already open (Sauermilch et al., 2021) could, in part, ex-
plain some of the oceanographic changes showed in available
proxy records from Southern Ocean sediment drill cores (e.g.
Houben et al., 2019; Westerhold et al., 2020). In the sim-
ulation (Sauermilch et al., 2021), depth changes from 300
to 600 m led to prominent surface water cooling offshore
of Antarctica, whilst the subpolar gyres (Weddell and Ross
gyres) weakened and shrank significantly and an eastward
proto-Antarctic Circumpolar Current that was weaker than
the present day current could be established. Model-data
comparison suggests further gateway deepening (>600 m)
occurring from 33.6 to 30Ma, likely leading to stronger
bottom-water currents passing through the Tasmanian Gate-
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Figure 6. Dinocyst biogeographic patterns in the Tasmanian sector in three time slices in the late Eocene—early Miocene: (a) 37-30.5 Ma
(31 data points), (b) 30.5-25 Ma (42 data points) and (c) 25-20 Ma (50 data points). The dinocyst assemblage of ODP Site 1168 (this study)
is presented along with that from IODP Site U1356 (Bijl et al., 2018), DSDP Site 274 (Hoem et al., 2021a), Cape Roberts Project (CRP)
(Clowes et al., 2016), ODP Site 1172 (Sluijs et al., 2003), Site 1128 and Browns Creek (Houben et al., 2019) (Table S3 in the Supplement).
The dinocyst taxa and/or ecological groups are indicated by different colours (see legend), following interpretations by Rohl et al. (2004) and
Frieling and Sluijs. (2018). The “extinct peridinioid” group consists of Phthanoperidinium spp., Spinidinium spp. and Vozzhennikovia spp.,
Deflandrea phosphoritica and the Wetzelielloideae group. The blue and red stippled lines with arrows indicate flow direction, with proposed
cool (blue) and warm (red) ocean currents that may have prevailed in the indicated areas during the different time intervals (e.g. Stickley et
al., 2004a). EAC is the East Australian Current, PLC is the proto-Leeuwin Current, STF is the subtropical front, TC is the Tasman Current,
proto-ACC is the proto-Antarctic Circumpolar Current and ACountC is the Antarctic Counter Current. The palaeogeographic position of the
sites is generated with GPlates (http://www.gplates.org, last access: 13 June 2016), based on the global plates geodynamic motion model
from Miiller et al. (2018). Light grey indicates the continental shelf.

way. Between 32 and 30 Ma, the first deep-water current to
pass the Tasmanian Gateway was flowing westward from the
Pacific to the Indian Ocean (Scher et al., 2015), perhaps in
compensation for the throughflow of the PLC. By 30.2 Ma,
the Tasmanian Gateway was deep enough to fully connect
the former AAG and the southern Pacific through the east-
ward flow of water masses originating within the AAG or
southeastern Indian Ocean (Sluijs et al., 2003; Stickley et
al., 2004a). Sediment waves observed in seismic data from
the early until the late Oligocene (partly until the earliest
Miocene) support this hypothesis. Sites around the Southern
Ocean have quasi-synchronous glauconite horizons, caused
by current winnowing and sediment starvation, and are often
condensed, such as Unit IV and lower Unit III at Site 1168
(Houben et al., 2019; Sauermilch et al., 2019a). These are
equivalent to a widespread known regional unconformity,
the Marshall unconformity (Carter, 1985; Fulthorpe et al.,
1996). Stickley et al. (2004a) associated the Tasmanian glau-
conite intervals with accelerated subsidence of the South Tas-
man continental blocks, while Houben et al. (2019), who
recorded the late Eocene glauconite sands as a Southern
Ocean-wide phenomenon, linked them to invigorated surface
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current intensity where progressive pre-EOT atmospheric
cooling played a defining role.

5.2.2 Palynological evidence of sea surface ecological
changes across the widening Southern Ocean

To provide a wider, Southern Ocean perspective to the results
of ODP Site 1168 during these times of Tasmanian Gateway
widening, we compare palynological data from different drill
sites in the region for the same time intervals (phases 1-3) as
in Sect. 5.2 (Fig. 6).

Ice-proximal palynological records from the Ross Sea
shelf, Cape Roberts Project (CRP) (Prebble et al., 2006;
Clowes et al., 2016), are dominated by Lejeunecysta spp.,
and Cymatiosphaera spp. in the Oligocene with the ad-
dition of Brigantedinium spp. in the late Oligocene—early
Miocene (Hannah et al., 2000; Prebble et al., 2006; Clowes
et al., 2016). This likely indicates generally cold temperate,
nutrient-rich, productive waters where seasonal sea ice melts.
The more distal locations, DSDP sites 269 and 274 and IODP
Site U1356, are bathed by temperate waters (Bijl et al., 2018;
Sangiorgi et al., 2018; Hartman et al., 2018b; Salabarnada
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et al., 2018; Evangelinos et al., 2020; Hoem et al., 2021a)
and represented open-ocean high-nutrient conditions of the
Antarctic divergence. Our study shows that ocean waters at
the Australian margin in the late Eocene—early Miocene re-
sembled those of modern subtropical water near-shore sites
north of New Zealand (Prebble et al., 2013), despite the more
southerly position of Australia. This shows a strong differ-
entiation in dinocyst assemblages at either side of the AAG
starting in the late Eocene and increasing in the Oligocene
(<30.5Ma) to early Miocene, indicating that the frontal sys-
tems were evolving in place, which contrasts with the early
Eocene conditions (e.g. Bijl et al., 2013) (Fig. 6).

The intensified deepening and widening of the Tasma-
nian Gateway between ~ 35.5 and 30.2Ma facilitated the
throughflow of the PLC (Stickley et al., 2004a, b). After
30.2Ma, we record that this throughflow caused profound
changes in the dinocyst assemblages on the east side of the
Tasmanian Gateway (ODP Site 1172; Sluijs et al., 2003),
with the disappearance of the Antarctic-derived “extinct peri-
dinioid” cysts and an increase in cosmopolitan dinocyst
species, making the dinocyst assemblages strikingly simi-
lar at Site 1168 and Site 1172 for P2 (Fig. 6b). However,
at Site 1168, the throughflow was of little influence. In-
deed, deepening of the continental slope does limit the in-
put of coastal dinoflagellate cyst species and terrestrial pa-
lynomorphs, but it does not profoundly alter the remaining
outer-neritic to oceanic dinocyst assemblage. This testifies to
a continuous influence of the PLC. South Australian surface-
ocean conditions remained surprisingly invariant to large-
scale Antarctic glaciation, onset of circumpolar flow (Stick-
ley et al., 2004a; Sijp et al., 2014) and appearance of Antarc-
tic sea ice (Houben et al., 2013), despite its southerly posi-
tion. Indeed, circumpolar flow through the Tasmanian Gate-
way was likely still slow throughout the Oligocene (Hill et
al., 2013; Evangelinos et al., 2020; Sauermilch et al., 2021).

5.2.3 Environmental interpretation of acritarchs and
prasinophyte algae across the Southern Ocean

The peak of Acritarch sp. 2 around 26.8-25.8 Ma (550—
520mb.s.f.) and Acritarch sp. 1 bloom from 22.3Ma
(400 mb.s.f.) (Fig. 5) occur around the same time as a slight
decrease in sedimentation rate (Fig. 2) and coincide with the
high carbonate (CaCO3) content (Fig. 4) (Pfuhl and Mccave,
2003). The first acritarch bloom is not observed at the other
Southern Ocean sites in the vicinity of the Tasmanian Gate-
way but correlates with carbonate-rich and iceberg-rafted de-
bris free interglacial sediments at IODP Site U1356 between
25 and 26 Ma (Salabarnada et al., 2018). The Site 1168 peak
in acritarchs in the early Miocene is comparable and coeval
to that in a carbonate- rich intervals of IODP Site U1356
(Bijl et al., 2018), where “Cymatiosphaera-like” acritarchs
dominate the assemblages of the late Oligocene (<24.5 Ma)
to mid-Miocene. Carbonate- rich intervals during the late
Oligocene—early Miocene at Site U1356, along with olig-
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otrophic, temperate dinocysts suggest a trend of increased
acritarch abundance during warmer intervals. However, due
to little indication of warming in the early Miocene in the
dinocyst record or the benthic foraminiferal §'80 record by
Westerhold et al. (2020), we suggest the higher CaCO3 at
Site 1168 to reflect a transition in lithology linked to changes
in environmental conditions, likely due to decreased detri-
tal input as a consequence of decreased precipitation in the
hinterland (McGowran et al., 2004). At DSDP Site 269,
Leiosphaera spp. is the most common palynomorph in the
upper Oligocene—lower Miocene (Evangelinos et al., 2020).
At DSDP Site 274, acritarch assemblages (mainly skolochor-
ate, similar to our Acritarch sp. 1) are relatively low (<30 %)
throughout the lower Oligocene but increase towards the up-
per Oligocene (Hoem et al., 2021a). Acritarch blooms in each
of the various records analysed seem to be linked to a differ-
ent environmental condition. Therefore, we cannot identify
a main environmental driver of acritarch blooms across the
Southern Ocean during the late Oligocene—early Miocene.

6 Conclusions

We present new seismic interpretations and marine palyno-
logical association data to reconstruct the late Eocene to
early Miocene palaeoceanographic conditions on the west-
ern Tasmanian continental margin. Upper Eocene sediments
are embedded in a sedimentary basin enclosed by two base-
ment highs, whereas material of EOT-earliest Oligocene age
draped basement highs and show some indications of sedi-
ment reworking and winnowing. In the Oligocene to lower
Miocene units, seismic features show evidence of bottom
current activity. The Tasmanian Fracture Zone and the Sorell
Fault Zone likely acted as a bathymetric barrier for ocean
currents to reach Site 1168 during the late Eocene. Possible
buoyancy-related uplift of the region through subcontinen-
tal mantle exhumation (Fig. 1c) during this time may have
added to the bathymetric isolation effect. Palynological data
confirm these seismic interpretations of the subsidence of
the Tasmanian continental margin (Stickley et al., 2004a),
with a transition from abundant terrestrial palynomorphs,
Protoperidinioid cysts and extant neritic dinocysts in the to-
tal palynological counts in the late Eocene to the increas-
ing abundance of modern oceanic dinocyst groups through
the Oligocene—early Miocene. The different dinocyst assem-
blages north and south across the widening Southern Ocean
reflect the onset of modern oceanographic conditions with
a pronounced latitudinal temperature gradient starting in the
late Eocene, manifesting itself in the Oligocene with more es-
tablished frontal systems in the Southern Ocean. We suggest
a northward broadening of the STF and subantarctic zone to-
wards Site 1168 in the early Miocene. Aside from the grad-
ual disappearance of inner-neritic—neritic species through the
Oligocene record and the introduction of oceanic species
common south of the STF (subantarctic zone), there are no
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significant changes to the surface-ocean properties or ocean
currents at the western Tasmanian marginal Site 1168 in the
Oligocene.
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