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Abstract. There is growing interest in the scientific community in reconstructing the paleoceanography of the
Southern Ocean during the Oligocene–Miocene because these time intervals experienced atmospheric CO2 con-
centrations with relevance to our future. However, it has remained notoriously difficult to put the sedimentary
archives used in these efforts into a temporal framework. This is at least partially due to the fact that the bio-
events recorded in organic-walled dinoflagellate cysts (dinocysts), which often represent the only microfossil
group preserved, have not yet been calibrated to the international timescale. Here we present dinocyst ranges
from Oligocene–Miocene sediments drilled offshore the Wilkes Land continental margin, East Antarctica (In-
tegrated Ocean Drilling Program (IODP) Hole U1356A). In addition, we apply statistical means to test a priori
assumptions about whether the recorded taxa were deposited in situ or were reworked from older strata. More-
over, we describe two new dinocyst species, Selenopemphix brinkhuisii sp. nov. and Lejeunecysta adeliensis sp.
nov., which are identified as important markers for regional stratigraphic analysis. Finally, we calibrate all iden-
tified dinocyst events to the international timescale using independent age control from calcareous nanoplankton
and magnetostratigraphy from IODP Hole U1356A, and we propose a provisional dinoflagellate cyst zonation
scheme for the Oligocene–Miocene of the Southern Ocean.

1 Introduction

There is a growing need to better understand the dynamics
of the Antarctic cryosphere and the paleoceanography of the
Southern Ocean during the Oligocene and Miocene, partic-
ularly in view of the apparent similarity between Oligocene
and Miocene atmospheric CO2 concentrations and those of
the near future (e.g. Zhang et al., 2013). The vast majority of
our understanding of Oligocene–Miocene ice-sheet dynam-
ics and paleoceanography in the high southern latitudes is de-
rived from marine sedimentary archives. A major challenge
when employing these archives is to establish accurate age

control. Many sedimentary successions from the Southern
Ocean lack the calcareous microfossil groups convention-
ally used for biostratigraphic age control, which stresses the
need to utilise the stratigraphic potential of non-calcareous
microfossils. Siliceous microfossils have provided an excel-
lent stratigraphic framework for the Neogene of the Southern
Ocean (Cody et al., 2008); however, they are prone to disso-
lution when buried below the diagenetic front of opal, which
tends to limit their applicability to deeply buried strata (De-
Master, 2003).

For successions from the southern high latitudes, organic
microfossils have repeatedly been shown to represent a use-
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ful biostratigraphic tool (e.g. Brinkhuis et al., 2003a, b; Sluijs
et al., 2006; Tauxe et al., 2012; Pross et al., 2012; Houben et
al., 2011, 2013; Stocchi et al., 2013). Recently, a calibration
of Paleocene and Eocene dinocyst origination and extinction
events to the geomagnetic polarity timescale (GPTS) has pro-
vided the potential for improved age control in the Southern
Ocean for this part of the stratigraphic column (Bijl et al.,
2013b, 2014). In contrast, a proper magnetostratigraphic cal-
ibration of organic microfossil events in the Southern Ocean
for the Oligocene and Miocene epochs is still missing. This
may be partially ascribed to the fact that Oligocene–Neogene
dinocyst assemblages from the Southern Ocean (i) are of rel-
atively low diversity, (ii) are dominated by stratigraphically
long-ranging species (Escutia et al., 2011), (iii) contain a
considerable number of formally un-described taxa (Escutia
et al., 2011), and (iv) include endemic species that are highly
specialised to the (paleo)oceanographic conditions prevailing
around Antarctica (Houben et al., 2013). The latter means
that the distribution of many dinocyst taxa found in South-
ern Ocean sediments is restricted to that region (e.g. Zonn-
eveld et al., 2013; Houben et al., 2013). These typical South-
ern Ocean assemblages were essentially established during
the Eocene–Oligocene transition, in conjunction with the on-
set of major Antarctic cryosphere growth (Houben et al.,
2013). As a consequence of the abovementioned character-
istics, these dinoflagellate cyst assemblages have yet yielded
virtually no bio-events that could be calibrated to the inter-
nationally used geologic timescale (Gradstein et al., 2012).

Studies on Oligocene–Neogene dinocyst assemblages
have been carried out on sediment cores from Prydz Bay
(Hannah, 2006; Warnaar, 2006; Houben et al., 2013), Cape
Roberts (Hannah et al., 1998, 2000, 2001a, b), within the
Cenozoic Investigation in the Western Ross Sea (CIROS)
program (Hannah, 1994, 1997), the Antarctic Geological
Drilling (ANDRILL) program in the Ross Sea (Warny et
al., 2009), and Ocean Drilling Program (ODP) Site 696 in
the Weddell Sea (Warnaar, 2006; Houben et al., 2013). Fur-
ther north in the Southern Ocean, dinocyst records have been
generated from ODP Site 1168 (Brinkhuis et al., 2003a) and
Deep Sea Drilling Project (DSDP) Site 511 (Goodman and
Ford Jr., 1983; Houben et al., 2011). Efforts to accurately
calibrate the dinocyst events encountered in these studies to
existing timescales were not only hindered by taxonomical
challenges, but also by other factors such as a lack of in-
dependent age control or relatively short and/or incomplete
sedimentary archives. A recent revisit of sedimentary records
from the Cape Roberts Project (CRP) has yielded formal
descriptions of a number of dinocyst species, the ranges of
which have been stratigraphically calibrated to some extent
(Clowes et al., 2016).

Clearly, a proper stratigraphic calibration of Oligocene–
Miocene dinocyst events in the Southern Ocean could pro-
vide age constraints for many sedimentary records that have
yet remained stratigraphically poorly dated and would also
provide an opportunity to date sediments to be recovered

(a) 0 Ma

(b) 10 Ma

(c) 20 Ma

(d) 30 Ma

Figure 1. Paleogeography of the southwestern Pacific Ocean and
position of IODP Site U1356 (red star) at (a) 0 Ma, (b) 10 Ma,
(c) 20 Ma and (d) 30 Ma. Figures adapted from G plates, with plate
circuit from Seton et al. (2012) and absolute plate positions of
Torsvik et al. (2012).

J. Micropalaeontology, 37, 105–138, 2018 www.j-micropalaeontol.net//37/105/2018/



P. K. Bijl et al.: Oligocene–Miocene Southern Ocean dinocyst stratigraphy 107

during future drilling campaigns (e.g. McKay et al., 2016).
In 2010, IODP Expedition 318 drilled a series of sedi-
mentary archives off the Wilkes Land margin, East Antarc-
tica (notably Site U1356; Fig. 1). In this paper, we present
and describe dinocysts encountered in the Oligocene and
Miocene part of the succession at Site U1356, with the
aim of tying their distribution to the existing integrated bio-
magnetostratigraphic age model (Tauxe et al., 2012). We
critically evaluate the likelihood that certain species are re-
worked from older strata or deposited in situ using multi-
variate statistical analysis. We formally describe two new
species, which we consider stratigraphically useful, while we
informally report 23 other new taxa. Finally, we establish a
first dinocyst zonation scheme for the Oligocene–Miocene of
the Southern Ocean.

2 Material

2.1 Site description and lithology of IODP Hole U1356A

This research uses samples from IODP Hole U1356A, which
was drilled on the base of the continental rise of the Wilkes
Land continental margin (Fig. 1a; present latitude 63◦18.6′ S,
135◦59.9′ E; Escutia et al., 2011). From early Oligocene
(∼ 34 Ma) to middle Miocene (∼ 10 Ma) times, the site has
moved from a paleolatitude of 59.8± 4.8◦ to 61.5± 3.3◦ S
respectively (Van Hinsbergen et al., 2015; Fig. 1). Oligocene
and Miocene sediments were recovered between 890 and
3 m below sea floor (m b.s.f.; Fig. 2). Core recovery was
poor for the uppermost 95 m of Hole U1356A, as a conse-
quence we focus our analyses on the interval between 95.4
and 894 m b.s.f. (Cores 11R to 95R Section 3).

Sediments consist of alternations of laminated and bio-
turbated siltstones, occasional claystones and coarser beds,
the latter of which are occasionally deformed. Such deposits
indicate contourite deposition (Escutia et al., 2011). Occa-
sionally, carbonate is so abundantly present that limestone
beds were formed. Diatoms are abundant down-core to about
400 m b.s.f. but are not preserved below this level. The pres-
ence of calcareous nanoplankton indicates that the carbon-
ates were derived from a pelagic, biogenic source. Outsized
clasts are confined to specific depth intervals. These intervals
are 890–875, 735–675, 580–450 and 200–150 m b.s.f. (Escu-
tia et al., 2011).

2.2 Bio-magnetostratigraphic age model for IODP
Hole U1356A

Stratigraphic constraints for the Oligocene–Miocene suc-
cession from IODP Hole U1356A comprise calcareous
nanoplankton, radiolarian, diatom, sparse dinocyst bios-
tratigraphy and magnetostratigraphy (Tauxe et al., 2012;
Fig. 2). The work of Tauxe et al. (2012) was calibrated
to the Gradstein et al. (2004) timescale. Here we update
the age model of the succession to the GPTS of Gradstein

Figure 2. Integrated Ocean Drilling Program Hole U1356A. Core
recovery, lithostratigraphic units, age–depth plot and position of
samples taken for palynology. Palaeomagnetic data were obtained
from Tauxe et al. (2012), in which black is normal polarity, white is
reversed, lilac is uncertain polarity and grey is no data. Age model
has been (re-)calibrated to GTS2012 of Gradstein et al. (2012); see
text and Table 1.

et al. (2012; Table 1). Furthermore, the age model for the
Miocene part of the succession had been updated by Cramp-
ton et al. (2016) using constrained optimisation of avail-
able stratigraphic datums (CONOP; see also Sangiorgi et
al., 2017); here we follow this updated age model for the
Miocene part of the succession.

These revisions suggest that the sediments between
895.4 and 95.4 m b.s.f. (i.e. Cores U1356A-95R-3w, 82 cm
to U1356A-11R) were deposited between the earliest
Oligocene (33.7 Ma) and early late Miocene (10.7 Ma). A
14 Myr long hiatus at 895.4 m b.s.f. spans the mid-Eocene
to earliest Oligocene (46–33.7 Myr). Crampton et al. (2016)
identified a hiatus between Cores 14R and 15R that was
previously unaccounted for. Tauxe et al. (2012) interpreted
a hiatus between Cores 46R and 47R, lasting from ∼ 23.0
to 17.0 Ma. Above Core 45R, high-resolution diatom bios-
tratigraphy suggests that the succession is nearly continuous
(Tauxe et al., 2012). However, Cores 45R-47R yield insuffi-
cient stratigraphic information to confidently assign an age.
Our study presents high-resolution dinocyst data, identifica-
tion of new stratigraphic markers and a revisit of the exist-
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Table 1. Age constraints for the Oligocene–Miocene of Hole U1356A. Ages printed in bold are adjusted relative to the information given in
Tauxe et al. (2012).

Type FO/LO Genus, chron Species Age Top Top Bottom Bottom Depth Error
(Gradstein et al., 2012) core interval core interval average

R FO Helotholus vema 4.20 Hole top 1R-1, 3–5 0.03 0.03
D LO Rouxia peragalli 4.67 Hole top 1R-1, 3–5 0.03 0.03
D FO Thalassiosira inura 5.07 1R-2, 138–139 1R CC 3.67 0.79
D FO Thalassiosira oliverana 6.62 1R-2, 138–139 1R CC 3.67 0.79
D FO Rouxia peragalli 7.00 1R-1, 3–5 1R CC 2.25 2.22
D FO Fragilariopsis clementia 7.03 1R-1, 3–5 1R CC 2.25 2.22
D FO Rouxia californica 8.62 1R-1, 3–5 1R CC 2.25 2.22
D LO Denticulopsis simonsenii 8.66 Hole top 1R-1, 3–5 0.03 0.03
D FO Thalassiosira torokina 9.16 1R-2, 138–139 1R CC 3.67 0.79
D LO Denticulopsis ovata 9.64 3R-CC 4R-CC 24.09 4.29
D FO Thalassiothrix miocenica 10.14 4R-CC 6R-CC 37.80 9.51
D LO Denticulopsis dimorpha var. areolata 10.25 3R-CC 4R-CC 24.09 4.29
D FO Denticulopsis dimorpha var. areolata 10.31 7R-CC 9R-CC 66.50 9.60
R LO Cycladophora humerus 10.41 1R-CC 3R-CC 12.20 7.60
D FO Eucampia antarctica 10.46 28R-CC 29R-CC 263.20 4.80
D LO Denticulopsis dimorpha 10.66 3R-CC 4R-CC 24.09 4.29
D FO Denticulopsis ovata 11.10 6R-CC 7R-CC 52.10 4.80
D FO Denticulopsis dimorpha 12.20 8R-CC 9R-CC 71.30 4.80
R FO Cycladophoa spongothrax 12.70 10R-CC 12R-CC 97.44 11.74
D FO Denticulopsis praedimorpha 12.86 8R-CC 16R-CC 104.95 38.45
PM (y) C5AB 13.36 14R-5, 80 15R-1, 10 132.15 1.75
PL FO Selenopemphix dioneacysta 13.40 15R-6, 20–22 17R-1, 20–22 147.10 6.10
D FO Nitzschia denticuloides 13.59 21R-CC 22R-CC 198.74 5.08
R FO Actinomma golowini 13.66 14R-CC 15R-CC 136.00 5.53
PM (o) C5ACn 14.07 22R-2, 75 22R-2, 90 203.23 0.07
D LO Denticulopsis maccollumii 14.20 24R-CC 25R-CC 226.01 3.94
R FO Cycladophora humerus 14.24 21R-CC 22R-CC 198.74 5.08
D FO Denticulopsis simonsenii 14.29 23R-CC 24R-CC 216.87 5.03
D FO Actinocyclus ingens var. nodus 14.47 28R-CC 29R-CC 263.20 4.80
D LO Cavitatus jouseanus 14.66 34R-CC 35R-CC 326.33 5.16
PM (y) C5Bn.2n 15.03 30R-2, 50 30R-2, 75 279.63 0.13
D FO Denticulopsis lauta 15.78 31R-CC 33R-CC 297.19 10.19
PM (o) C5Cn.1n 16.27 39R-1, 35 39R-1, 65 364.10 0.15
PM (o) C5Cn.3n 16.72 42R-2, 59 43R-1, 25 398.28 3.98
D FO Denticulopsis maccollumii 16.95 41R-CC 42R-2, 59 390.59 3.71
R FO Eucyrtidium punctatum 17.00 41R-CC 42R-2, 59 390.59 3.71
D FO Actinocyclus ingens 17.52 38R-CC 41R-CC 370.37 16.37
F LO Catapsydrax dissimilis 17.59 49R-CC 50R-CC 464.93 4.85
PL FO Pyxidinopsis fairhavenensis 21.00 44R-1, 20–22 45R-1, 10–14 416.57 4.76
F FO Globigerina connecta 21.50 50R-CC 53R-CC 485.01 15.23
F LO Globigerina euapertura 23.03 43R-CC 45R-CC 413.53 8.66
PM (o) C6Cn.2n 23.03 45R-CC 40 46R-1 65 426.78 5.00
PL FAO Invertocysta tabulata 23.03 55R-1, 18–20 55R-2, 18–20 479.53 0.75
CN LO Reticulofenestra bisecta 23.13 46R-1, 68–72 46R-1, 119–123 431.74 0.25
PM (o) C6Cn.3n 23.30 50R-1, 0 469.00 9.00
PM (y) C7An 24.76 63R-3, 85 63R-3, 120 597.12 0.17
PM (o) C7An 24.98 64R-1, 130 64R-1, 135 604.33 0.02
PM (o) C8n.1n 25.26 68R-2, 20 68R-2, 75 643.38 0.27
PM (y) C8n.2n 25.30 69R-2, 20 69R-2, 25 652.58 0.02
CN LO Chiasmolithus altus 25.44 48R-1, 6–7 48R-1, 16–17 450.01 0.05
PM (o) C8n.2n 25.99 71R-6, 115 72R-1, 10 678.98 0.92
PM (y) C9n 26.42 73R-4, 90 75R-1, 15 701.66 7.09
F LO Globobiergina labiacrassata 26.52 45R-CC 46R-CC 428.40 6.21
PM (o) C9n 27.44 76R-6, 35 76R-6, 40 725.09 0.02
F FO Rectuvigerina stonei 28.85 73R-CC 75R-CC 704.65 9.29
PM (o) C11n.2n 29.97 82R-6, 35 82R-6, 40 782.68 0.03
CN LO Reticulofenestra umbilicus 31.30 93R-CC 94R-4, 29–30 883.34 2.59
CN LO Isthmolithus recurvus 32.49 93R-CC 94R-4, 29–30 883.34 2.59
PM (y) C13n 33.16 93R-1, 117 93R-2, 28 878.00 0.23
PL FO Malvinia escutiana 33.50 95R-3, 82–85 95R-3, 106–109 894.80 0.12
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Table 2. List of dinocyst species and their PCA scores. (a) Species assumed in situ; (b) species assumed reworked. Taxonomy according to
that cited in Williams et al. (2017). Eigenvalues and cumulative % explained by the axes are indicated.

(a) Assumed in situ species name n PCA axis 1 PCA axis 2 PCA axis 3 PCA axis 4 Positive on first two axes

Eigenvalues 0.299 0.172 0.086 0.069
Cumulative % variance of species data 29.856 47.025 55.622 62.501

Adnatosphaeridium? sp. 10 0.047 −0.051 −0.024 −0.024 n
Ataxodinium choane 41 0.134 −0.101 −0.095 −0.056 n
Batiacasphaera compta 3 0.033 0.095 0.018 0.024 y
Batiacasphaera spp. (pars.) 94 −0.238 −0.018 0.450 −0.061 n
Batiacasphaera hirsuta 29 0.121 −0.149 −0.142 −0.079 n
Batiacasphaera micropapillata 24 0.150 −0.178 −0.104 0.514 n
Batiacasphaera minuta 132 0.259 −0.363 −0.391 −0.083 n
Batiacasphaera sphaerica 46 0.203 −0.247 −0.158 0.022 n
Batiacasphaera sp. A 66 −0.132 −0.074 0.138 0.199 n
Batiacasphaera sp. B 21 −0.040 −0.024 0.250 −0.066 n
Batiacasphaera sp. C 109 0.017 −0.318 0.648 −0.431 n
Batiacasphaera sp. D 5 0.009 0.033 −0.036 −0.025 y
Brigantedinium pynei 119 0.170 −0.322 −0.563 −0.517 n
Brigantedinium simplex 10 763 −8.098 2.641 −5.230 0.712 n
Brigantedinium sp. A 251 −0.941 0.078 −1.521 0.363 n
Brigantedinium sp. B 37 0.030 −0.054 −0.161 −0.215 n
Brigantedinium sp. C 2 0.003 −0.005 −0.030 −0.028 n
Brigantedinium sp. D 29 0.029 −0.053 −0.198 −0.217 n
Cerebrocysta delicata 11 −0.019 −0.001 0.165 −0.049 n
Cerebrocysta sp. A 183 0.508 −0.832 −0.053 2.313 n
Cerebrocysta sp. B 37 0.163 −0.192 0.113 0.638 n
Cleistosphaeridium sp. B 2 −0.006 −0.006 0.054 0.006 n
Cleistosphaeridium sp. A 386 1.133 3.178 0.498 0.411 y
Cordosphaeridium minutum 46 0.061 −0.081 −0.100 −0.111 n
Corrudinium labradori 831 −2.128 0.085 0.258 0.958 n
Corrudinium sp. A 19 −0.186 −0.006 0.425 0.202 n
Cryodinium? sp. 2 0.008 −0.012 −0.022 −0.035 n
Distatodinium spp. 1 0.007 −0.004 −0.012 −0.017 n
Edwardsiella sexispinosa 2 0.017 −0.023 −0.016 0.094 n
Elytrocysta brevis 58 −0.057 0.327 0.314 0.194 n
Elytrocysta sp. A 85 −0.046 0.391 −0.006 0.046 n
Gelatia inflata 161 −0.735 0.083 0.578 0.280 n
Habibacysta? spp. 5 0.029 −0.047 −0.045 0.047 n
Homotryblium spp. 13 0.053 0.105 0.025 −0.012 y
Hystrichosphaeropsis obscura 2 0.017 −0.018 −0.004 −0.002 n
Hystrichokolpoma bullatum 34 −0.214 −0.006 0.507 0.204 n
Impagidinium aculeatum 160 0.202 −0.687 0.027 2.276 n
Impagidinium cantabrigiense 48 0.287 −0.383 −0.148 1.360 n
Impagidinium elegans 31 0.201 0.626 0.107 0.122 y
Impagidinium elongatum 4 0.025 −0.025 −0.007 0.014 n
Impagidinium japonicum 1 0.007 −0.004 −0.012 −0.017 n
Impagidinium pallidum 515 1.264 −1.747 −0.312 3.677 n
Impagidinium paradoxum 267 1.049 0.226 −0.472 3.010 y
Impagidinium patulum 144 0.351 0.127 −0.400 0.365 y
Impagidinium plicatum 17 0.052 −0.051 −0.014 0.029 n
Impagidinium velorum 75 −0.150 −0.110 0.267 0.380 n
Impagidinium victorianum 381 −0.735 0.868 0.419 2.070 n
Impagidinium sp. A 14 0.021 −0.053 0.155 −0.174 n
Impagidinium sphaericum 1 0.011 −0.010 −0.002 −0.019 n
Impagidinium spp. (pars.) 93 0.441 −0.581 −0.277 1.048 n
Invertocysta tabulata 72 0.392 −0.535 −0.104 1.675 n
Islandinium spp. 38 0.106 −0.127 −0.175 −0.296 n
Lejeunecysta attenuata 72 −0.463 −0.043 0.251 0.197 n
Lejeunecysta adeliensis sp. nov. 304 0.291 1.587 −1.139 −0.082 y
Lejeunecysta fallax 5059 −6.987 0.933 2.429 2.861 n
Lejeunecysta cowei 9 0.034 −0.049 −0.093 −0.078 n
Lejeunecysta acuminata 710 −2.156 1.016 −1.440 0.667 n
Lejeunecysta rotunda 175 −0.782 0.797 −1.267 0.382 n
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Table 2. Continued.

(a) Assumed in situ species name n PCA axis 1 PCA axis 2 PCA axis 3 PCA axis 4 Positive on first two axes

Lejeunecysta katatonos 224 −1.359 0.095 0.292 0.673 n
Malvinia escutiana 864 −0.593 2.836 −0.906 0.769 n
Nematosphaeropsis labyrinthus 1234 1.307 −2.573 0.052 7.758 n
Oligokolpoma galeotti 7 −0.080 0.021 −0.114 0.062 n
Operculodinium cf. eirikianum 162 −0.009 −0.567 0.949 1.642 n
Operculodinium tiara 97 −0.111 −0.070 0.057 −0.183 n
Operculodinium eirikianum 340 −0.563 −0.609 0.635 0.474 n
Operculodinium janduchenei 88 0.200 −0.365 0.258 0.262 n
Operculodinium piaseckii 158 0.561 −0.821 −0.495 2.654 n
Operculodinium sp. A 164 0.550 −0.649 −0.240 0.483 n
Paleocystodinium golzowense 12 0.034 0.022 −0.019 −0.059 y
Paucisphaeridium spp. 20 −0.163 0.005 0.362 0.113 n
Phthanoperidinium amoenum 4 −0.011 0.032 0.040 0.033 n
Protoperidinioid indet 274 0.262 −0.385 −0.605 −1.032 n
Protoperidinium sp. A 2699 −0.223 0.293 −0.312 −0.102 n
Protoperidinium sp. B 111 −2.856 −1.148 10.091 −1.256 n
Protoperidinium sp. C 14 −0.026 0.006 0.032 0.004 n
Protoperidinium sp. D 105 0.009 −0.030 −0.259 −0.681 n
Pyxidinopsis fairhavenensis 31 0.129 −0.138 −0.117 −0.168 n
Pyxidinopsis reticulata 20 0.107 −0.113 −0.066 −0.050 n
Pyxidinopsis sp. A 25 −0.040 −0.106 0.218 0.109 n
Pyxidinopsis sp. B 6 −0.058 0.007 0.135 0.051 n
Pyxidinopsis sp. C 14 0.134 −0.170 −0.045 0.647 n
Pyxidinopsis sp. D 21 0.149 −0.202 −0.079 0.846 n
Pyxidinopsis spp. (pars.) 352 0.112 −0.841 0.177 3.222 n
Pyxidinopsis tuberculata 247 0.708 −1.000 −0.496 3.489 n
Pyxidinopsis vesciculata 28 0.157 −0.182 −0.119 0.005 n
Reticulatosphaera actinocoronata 24 0.078 0.270 −0.172 0.250 y
Selenopemphix brinkhuisii sp. nov. 456 −1.988 0.190 0.164 1.040 n
Selenopemphix antarctica 477 −0.133 1.110 −1.521 −0.428 n
Selenopemphix dioneacysta 2 0.009 −0.007 −0.005 −0.013 n
Selenopemphix nephroides 1223 −2.365 0.117 1.461 −0.059 n
Selenopemphix sp. A 2 0.008 −0.009 −0.018 −0.018 n
Selenopemphix undulata 6 0.006 −0.031 −0.079 0.017 n
Spiniferites sp. A 3 −0.008 0.034 0.094 0.028 n
Spiniferites sp. B 4 −0.007 −0.019 0.077 −0.032 n
Spiniferites sp. C 4 0.019 −0.017 0.021 −0.022 n
Stoveracysta kakanuiensis 5 0.041 0.143 −0.001 0.033 y
Stoveracysta ornata 18 −0.172 −0.012 0.449 0.119 n
?Svalbardella spp. 3 −0.008 −0.004 −0.001 0.012 n
Tectatodinium spp. 4 −0.001 0.039 0.065 0.000 n
Unipontidinium aquaeductum 6 0.042 −0.042 −0.003 0.020 n

(b) Assumed reworked species name n PCA axis 1 PCA axis 2 PCA axis 3 PCA axis 4 Positive on first two axes

Eigenvalues 0.299 0.172 0.086 0.069
Cumulative % variance of species data 29.856 47.025 55.622 62.501

Achilleodinium biformoides 1 0.014 0.034 0.024 0.008 y
Achomosphaera alcicornu 26 0.058 0.298 0.259 0.091 y
Adnatosphaeridium spp. 21 0.166 0.429 0.090 −0.006 y
Aiora fenestrata 3 0.037 0.018 0.001 0.080 y
Aireiana verrucosa 1 0.017 0.053 0.018 0.011 y
Alisocysta circumtabulata 1 −0.011 0.003 −0.026 0.003 n
Alterbidinium distinctum 21 0.154 0.410 0.124 0.158 y
Apectodinium spp. 6 0.069 0.151 0.039 0.004 y
Arachnodinium antarcticum 52 0.296 0.918 0.158 0.243 y
Areoligera spp. (pars.) 8 0.047 0.132 0.087 0.011 y
Areoligera semicirculata 1 0.014 0.034 0.024 0.008 y
Cerebrocysta bartonensis 97 0.436 1.351 0.272 0.302 y
Charlesdowniea clathrata 2 0.028 0.023 0.002 0.085 y
Charlesdowniea edwardsii 19 0.099 0.221 0.033 0.025 y
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Table 2. Continued.

(b) Assumed reworked species name n PCA axis 1 PCA axis 2 PCA axis 3 PCA axis 4 Positive on first two axes

Cooksonidinium capricornum 1 0.011 0.032 0.005 0.016 y
Cordosphaeridium fibrospinosum 116 0.541 1.439 0.430 0.193 y
Cordosphaeridium furniculatum 1 −0.012 −0.002 0.020 0.005 n
Corrudinium incompositum 13 0.081 0.309 −0.062 0.083 y
Corrudinium regulare 9 0.061 0.120 0.056 0.025 y
Cribroperidinium spp. 21 0.144 0.404 0.125 0.062 y
Damassadinium crassimuratum 2 0.027 0.046 0.021 −0.004 y
Dapsilidinium spp. 9 −0.012 0.059 0.043 0.048 n
Deflandrea antarctica 546 −0.375 0.995 2.063 1.351 n
Deflandrea cygniformis 5 0.040 0.118 0.036 0.034 y
Deflandrea sp. A sensu Brinkhuis et al. 2003b 16 0.024 0.163 0.145 0.038 y
Deflandrea spp. indet 1805 2.402 6.988 0.886 0.916 y
Diphyes colligerum 1 −0.011 −0.002 0.040 0.017 n
Eisenackia circumtabulata 2 0.002 0.040 0.009 0.014 y
Enneadocysta dictyostila 1838 −0.371 2.711 1.821 2.471 n
Enneadocysta multicornuta 24 −0.045 0.172 −0.045 0.074 n
Eocladopyxis tesselata 11 0.060 0.256 0.100 0.036 y
Fibrocysta axialis 5 0.060 0.154 0.029 0.005 y
Glaphyrocysta intricata 4 0.035 0.101 0.015 0.030 y
Glaphyrocysta pastielsii 249 0.737 2.000 0.481 0.265 y
Heteraulacacysta leptalea 4 0.015 0.057 0.059 −0.016 y
Histiocysta palla 2 0.001 −0.002 0.017 −0.019 n
Hystrichokolpoma pusilla 2 0.020 0.066 0.006 0.027 y
Hystrichokolpoma rigaudiae 5 0.054 0.112 0.061 0.000 y
Hystrichokolpoma truncatum 24 0.191 0.502 0.118 0.063 y
Hystrichosphaeridium truswelliae 78 0.431 1.228 0.278 0.201 y
Hystrichosphaeridium tubiferum 2 0.010 0.034 0.021 −0.006 y
Impagidinium maculatum 20 0.171 0.540 0.052 0.116 y
Kenleyia spp. 4 0.039 0.108 0.026 0.021 y
Manumiella druggii 3 −0.001 −0.010 −0.018 −0.009 n
Melitasphaeridium pseudorecurvatum 2 0.031 0.056 0.023 −0.004 y
Membranophoridium perforatum 48 0.355 0.993 0.197 0.200 y
Octodinium askiniae 20 0.145 0.357 0.105 0.056 y
Odontochitina spp. 16 −0.082 0.028 0.033 0.029 n
Operculodinium spp. 267 0.634 2.217 −0.387 0.400 y
Phthanoperidinium antarcticum 17 0.051 0.229 −0.087 0.078 y
Phthanoperidinium stockmansii 153 0.633 1.566 0.423 0.135 y
Polysphaeridium spp. 17 0.149 0.384 0.094 0.042 y
Rhombodinium sp. 2 0.030 0.066 0.034 0.001 y
Schematophora speciosa 4 0.016 0.058 0.017 0.017 y
Schematophora obscura 4 0.049 0.128 0.020 0.018 y
Senegalinium spp. 117 0.418 1.399 0.067 0.178 y
Spinidinium luciae 2 0.027 0.046 0.021 −0.004 y
Spinidinium macmurdoense 62 0.242 0.842 0.314 0.393 y
Spinidinium schellenbergii 17 −0.020 0.215 0.106 0.096 n
Spiniferites ramosus CPX 1008 1.760 4.444 1.326 1.526 y
Thalassiphora pelagica 9 0.000 0.160 0.158 0.069 y
Turbiosphaera filosa 8 0.068 0.227 0.013 0.049 y
Turbiosphaera sagena 14 0.105 0.311 0.058 0.066 y
Vozzhennikovia apertura/ S.schellenbergii group 834 0.977 4.131 1.505 0.828 y
Vozzhennikovia netrona 14 0.008 0.028 0.156 −0.040 y
?Vozzhennikovia LARGE 2 0.026 0.065 0.022 0.008 y
Wetzeliella articulata 3 0.035 0.077 0.033 0.001 y
Ynezidinium waipawaense 6 0.070 0.118 0.021 −0.022 y

ing carbonate microfossil data, which shed new light on the
Oligocene–Miocene boundary interval. Although we inter-
polate sedimentation rates linearly between our stratigraphic
tie points, the depositional setting and the incomplete recov-
ery for Hole U1356A dictates caution in inferring continuous
sedimentation throughout the record.

3 Methods

3.1 Palynological sample processing

In total, 272 samples were processed and studied for palynol-
ogy. Sample resolution varies between 20 cm in Core 84R-
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85R to over 9 m in intervals of low core recovery (Fig. 2). Pa-
lynological processing of freeze-dried, crushed and weighed
samples (13 g on average, with a standard deviation of 3.4 g)
involved decalcification overnight with 30 % hydrochloric
acid (HCl), followed by decanting, rinsing with water and
centrifuging (2100 rotations per minute (rpm) for 5 min). The
decanted residue was further processed by adding 38 % hy-
drofluoric acid (HF) to remove silicates. After completion of
the chemical reaction with HF, samples were placed on a
shaker table for about 2 h, and subsequently were allowed
to settle overnight. An excess of 30 % HCl was added to
remove fluoride gels, after which samples were centrifuged
(2100 rpm for 5 min) and decanted. The entire HF step was
repeated for full digestion of silicates. Organic residues were
sieved over a 250 µm sieve to remove large palynoclasts, and
the supernatant was sieved over a 10 µm sieve, with help of
an ultrasonic bath to break and clean up organic residue. The
remaining residues were mounted on glass microscope slides
with glycerine jelly, and cover slips were sealed with nail
polish. All palynological residues and microscope slides are
stored in the collection of the Laboratory of Palaeobotany
and Palynology of Utrecht University, the Netherlands.

3.2 Taxonomy and nomenclature

Dinoflagellate cyst taxonomy follows that cited in Williams
et al. (2017; available through AASP – The Palynological
Society at http://www.palynology.org and as a website at
http://dinoflaj.smu.ca/dinoflaj3/), with the exception of the
taxonomy of the subfamily Wetzelielloideae, for which we
follow Bijl et al. (2016; see Table 2 for a species list). Of par-
ticular stratigraphic importance are the numerous species and
morphotypes of the genus Lejeunecysta encountered, many
of which have recently been formally described from Cape
Roberts, Ross Sea (Clowes et al., 2016). At least 25 new
dinocyst taxa were recognised in our study, two of which
we consider key species for stratigraphy and formally de-
scribe herein. The remaining 23 species are informally de-
scribed (Table 3). The nomenclature of dinocyst features fol-
lows Evitt (1985).

3.3 Statistical approach for defining reworked versus
in situ dinocysts

A prominent feature in the palynological associations from
the Oligocene and Miocene of IODP Site U1356 is the abun-
dance of dinocysts that were initially assumed reworked from
older strata. Reworked Eocene taxa dominate the palynolog-
ical assemblages in the lowermost 30 m of the Oligocene
(Cores 95R to 93R; Houben et al., 2013). In the lower
Oligocene, the percentage of reworked elements decreases
to around 10–15 % of the total palynomorph count (Houben
et al., 2013). Dinocyst studies of Oligocene and younger sed-
iments in the circum-Antarctic area are scarce, which makes
the assumption that certain taxa recorded in the Oligocene

Figure 3. Principal component analysis plot showing species scores
of the first two axes. Species that are a priori assumed to be re-
worked in are in red; species that are a priori assumed to be in situ
are in blue (see Table 2 for species list, which species are assumed
reworked, eigenvalues, axes scores and cumulative % of variance
explained). Dot sizes indicate the total number of encounters in our
analyses and gives an indication of the importance of that species in
our data.

strata in our record are reworked uncertain. For instance,
at IODP Site U1356 Enneadocysta dictyostila and Deflan-
drea antarctica are recorded throughout the lower Oligocene
(Houben et al., 2013). Published stratigraphic last occur-
rences of these species in the Southern Ocean are ∼ 32 and
∼ 28 Ma, i.e. 1.5 and 4.5 Myr after the onset of the Oi-1
glaciation respectively (Brinkhuis et al., 2003a, b; Williams
et al., 2004; Escutia et al., 2011). This suggests that both
species may be deposited in situ in the lower Oligocene of
IODP Hole 1356A. However, these last occurrences can be
questioned given that rapid glaciation in the early Oligocene
led in most places to a substantial sea-level drop (> 75 m
equivalent sea level; see e.g. Houben et al., 2012, and refer-
ences therein). This likely promoted reorganisation of con-
tinental shelves, erosion, and therewith a high likelihood
of submarine reworking of Eocene shelf sediments into
Oligocene deposits (see e.g. Pross et al., 2010). Indeed, these
species are highly abundant in Eocene deposits throughout
the Southern Ocean (Truswell, 1982; Warnaar et al., 2009;
Bijl et al., 2011, 2013a, b), and today Eocene shelf deposits
are exposed on the Wilkes Land margin (Escutia et al., 2011).
To critically assess whether any dinocyst taxa recorded in the
Oligocene–Miocene strata are reworked or in situ, we have
performed a principal component analysis (PCA; ter Braak,
1986) on the quantitative dinocyst distribution data, using
the C2 software program (Juggins, 2007), using square-root
transformation. The reason why we hypothesise that we can
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identify reworking with PCA is that we assume reworked
species to have co-varying abundances in the record, which
divert from the pelagic, in situ species variance. At the partic-
ular setting of IODP Site U1356 at the transition between the
continental rise and the abyssal plain (Escutia et al., 2011),
reworked species are brought to the site with bottom cur-
rents originating from the continental shelf. Higher conti-
nental shelf erosion would therefore increase the abundance
of all reworked species relative to the abundance of in situ
species. This would cause the reworked species to cluster to-
gether in PCAs. The variance distribution can therefore be
used to verify our a priori assumptions of reworking.

4 Results

4.1 Identification of reworking based on principal
component analysis

Of the 167 dinocyst species identified, 67 have positive
scores on the first two PCA axes (Table 2; Fig. 3). Of these
67 species, we have a priori inferred 57 (85 %) of them to
be reworked (Table 2 and Fig. 3). We do note that some
of these species (e.g. Spiniferites ramosus, Dapsilidinium
pastielsii) are actually extant species now found in lower-
latitude environments (Zonneveld et al., 2013; Mertens et
al., 2014). Given their relatively high abundance in Eocene
sediments at the Wilkes Land margin (Bijl et al., 2013a),
and their absence in these Southern Ocean high-latitude set-
tings at present (Prebble et al., 2013; Zonneveld et al., 2013),
we consider these species to be reworked from the Eocene.
This also makes our inferences of labelling species in situ as
conservative as possible. Apectodinium spp., Charlesdown-
iea spp., Glaphyrocysta pastielsii and Membranophoridium
perforatum are stratigraphically confined to the early Eocene
(Williams et al., 2004; Bijl et al., 2011, 2013a, b) and are
hence obviously reworked. We observe a strict clustering
of taxa that were a priori considered reworked, i.e. with
positive scores on both axes, having low covariance with
undoubtedly in situ taxa. This allows us to infer that the
PCA covariance is to a substantial degree related to re-
working of dinocysts. However, we infer 11 species with
positive scores on the first two PCA axes (i.e. that clus-
ter together with the reworked species) to be in situ: Ba-
tiacasphaera compta, Cleistosphaeridium sp. A, Impagi-
dinium elegans, I. patulum, I. paradoxum, Lejeunecysta
adeliensis sp. nov., Palaeocystodinium golzowense, Reticu-
latosphaera actinocoronata, Stoveracysta kakanuiensis and
Batiacasphaera sp. D. Apart from Cleistosphaeridium sp.
A and the newly described species Lejeunecysta adelien-
sis, these taxa have been repeatedly encountered in sedi-
ments straddling the Eocene–Oligocene boundary sediments
(e.g. Sluijs et al., 2003; Eldrett et al., 2004; Egger et al.,
2016). We report these taxa in low abundance (Table 2) in
our record, predominantly within the interval characterised
by a high degree of reworking in the lowermost Oligocene.
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This may explain the co-variance with evidently reworked
species, as the reworking is most severe in the lower part of
the Oligocene. Of the 100 species that do not have positive
scores on the first two PCA axes, we would a priori infer
10 (10 %) a priori to be reworked: Alisocysta circumtabu-
lata, Cordosphaeridium funiculatum, Dapsilidinium pastiel-
sii, Deflandrea antarctica, Diphyes colligerum, Enneado-
cysta dictyostila, E. multicornuta, Histiocysta palla, Manu-
miella druggii, Odontochitina spp. and Spinidinium schel-
lenbergii. The ranges of Manumiella druggii and Odonto-
chitina spp. are restricted to the Cretaceous or lowermost
Paleocene (Williams et al., 2004) and therefore are beyond
doubt reworked in these Oligocene strata. Whether Deflan-
drea antarctica and E. dictyostila/multicornuta are reworked
remains questionable because many sites show these species
range into the Oligocene. However, the dominance of partic-
ularly these two species in Eocene records from the Southern
Ocean (Brinkhuis et al., 2003b; Bijl et al., 2010, 2013b) sug-
gests that they are reworked in the entire Oligocene–Miocene
sequence at Site U1356. Despite these remaining uncertain-
ties, our statistical analysis provides reasonably solid confir-
mation of our a priori inferences of reworking in our record.

4.2 Dinocyst taxonomy: formal description of
two new species

Numerous previously unknown dinocyst species were en-
countered (Tables 2, 3; Fig. 4). Here we formally describe
the new species Lejeunecysta adeliensis sp. nov., which we
compare with the other species of Lejeunecysta (Table 4,
Fig. 5) that have recently been described from the CRP drill
cores (Clowes et al., 2016) and were also recognised at Site
U1356 (Escutia et al., 2011; see Fig. 5 in this paper). Here
we also formally describe a stratigraphically important new
species: Selenopemphix brinkhuisii sp nov., the first occur-
rence of which defines the base of one of the dinocyst zones
proposed here. The range top of this species is close to the
top of magnetochron C12n. We also provide key diagnostic
features for 23 other taxa (Table 3); the formal description of
these other species will be published at a later stage.

Systematic paleontology

Division Dinoflagellata Bütschli 1885 (Fensome
et al., 1993)

Subdivision Dinokaryota Fensome et al., 1993

Class Dinophyceae Pascher 1914

Subclass Peridiniphycidae Fensome et al., 1993

Order Peridiniales Haeckel 1984

Suborder Peridiniineae (autonym)

Family Protoperidiniaceae ex Bujak and Davies
1983 in Fensome et al. 1998, nom. cons. prop.

Genus Lejeunecysta Arztner and Dörhöfer 1978

Species Lejeunecysta adeliensis sp. nov. (Plate 2)

Diagnosis. Psilate species of Lejeunecysta with two distinct,
isolated, slender, distally tapering antapical horns. The cyst
has an exaggerated pentagonal outline due to the strong
widening towards the cingulum of both the epicyst and the
hypocyst. The cingulum itself is only expressed at both
lateral sides, while barely visible on the dorsal and ventral
sides.

Holotype. Integrated Ocean Drilling Program Hole
U1356A, Core 95R section 1W, interval 64–68 cm, Slide 2;
England Finder Coordinates (EFC) Q34; Plate 2K.

Paratype. Integrated Ocean Drilling Program Hole
U1356A, Core 95R, Section 2W, interval 24–28 cm, Slide 2;
EFC H33; Plate 2L.

Stratum typicum. Lower Oligocene of IODP Hole
U1356A, Wilkes Land margin, Antarctica.
Etymology. Named after the type locality of the species,
close to the Adélie Coast.

Description. An acavate cyst with a strong pentagonal
outline. Both the epicyst and the hypocyst widen strongly
towards the cingulum. The phragm is thin (< 1 µm) and psi-
late. The apex has straight lateral sides extending to a solid
apical horn tip. The antapex is characterised by two separate,
relatively long, slender horns that distally taper into a pointed
tip. The wall of these pointed tips is thicker, resulting in solid
ends of the horns. The archeopyle involves an iso- to slightly
lati-deltaform second intercalary plate (2a) that is often
adnate. The tabulation is only indicated by the archeopyle.
The cingulum is marked by a set of parallel flanges along
the lateral sides of the cyst, yet is absent on the dorsal and
ventral sides. The cyst widens strongly from the anterior and
posterior ends towards the cingulum, almost to form lateral
horns. The sulcus is indiscernible on the specimens observed.

Dimensions. Holotype: 120× 114 µm (w× l). Paratype:
140× 157 µm (w× l). Average dimensions (n= 6): 130 µm
(SD 14 µm)× 129 µm (SD 17 µm) (w× l).
Stratigraphic distribution. During the first 1.5 million
years following the Rupelian Oi-1 isotope excursion.

Geographic distribution. To date, Lejeunecysta adeliensis
sp. nov. has only been recognised in the type section.

Affinities. Lejeunecysta adeliensis sp. nov. is different
from all other Lejeunecysta species found at Site U1356
(see, e.g. Fig. 5). It most closely resembles L. katatonos,
but differs from that species by having antapical horns that
are completely separated rather than closely connected as
in L. katatonos. The antapical horns of L. adeliensis sp.
nov. are similar to those of L. pulchra, but the taxa differ in
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Batiacasphaera sp. A
Protoperidinium sp. C
Hystrichokolpoma bullatum
Pyxidinopsis sp. B
Batiacasphaera sp. C
Operculodinium cf eirikianum
Elytrocysta sp. A
Corrudinium labradori
Operculodinium cf tiara
Brigantedinium sp. A

Corrudinium sp. A
Pyxidinopsis sp. A
Cleistosphaeridium sp. B
Batiacasphaera sp. B
Paucisphaeridium spp.
Spiniferites sp. B
Brigantedinium pynei
Operculodinium sp. A

Cerebrocysta sp. A
Invertocysta tabulata
Operculodinium piaseckii
Pyxidinopsis tuberculata
Selenopemphix undulata
Lejeunecysta cowiae
Batiacasphaera hirsuta
Batiacasphaera micropapillata
Batiacasphaera minuta
Pyxidinopsis sp. C
Pyxidinopsis sp. D
Impagidinium cantabrigiense
Habibacysta?
Edwardsiella sexispinosa
Brigantedinium sp. D
Brigantedinium sp. B
Brigantedinium sp. C
Islandinium spp.
Pyxidinopsis vesciculata
Pyxidinopsis fairhavenensis
Batiacasphaera sphaerica
Impagidinium plicatum
Pyxidinopsis reticulata
Impagidinium elongatum
Cordosphaeridium minutum

Hystrichosphaeropsis obscura

Selenopemphix sp. A
Cryodinium? sp.
Unipontidinium aquaeductum

Selenopemphix dioneacysta
Impagidinium sphaericum
Impagidinium japonicum
Distatodinium sp.

Spiniferites sp. C

Selenopemphix brinkhuisii sp. nov.

Phthanoperidinium amoenum

Oligokolpoma galeottii

Oligocene Miocene

Figure 4. Stratigraphic chart of Oligocene–Miocene dinocyst species encountered at Site U1356, plotted in the order of first appearances. Age scale in Gradstein et al. (2012).
Based on key events of species highlighted in boldface, a dinocyst zonation scheme is proposed (see Table 6 for definitions of zone boundaries).
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Table 4. List of Lejeunecysta species encountered in Hole U1356A.

Species name Plate Brief informal description

Batiacasphaera sp. A Species of Batiacasphaera that is relatively thin-walled and transparent. Specimens are
also relatively large (> 80 µm)

Batiacasphaera sp. B This is a species of Batiacasphaera with a reticulate autophragm that is reminiscent of
that of Cerebrocysta bartonensis

Batiacasphaera sp. C 3J, K A small species of Batiacasphaera, with a finely reticulate autophragm
Batiacasphaera sp. D A small species of Batiacasphaera, inconspicuous, occurring only in the lower part of

the Oligocene. Very rare.
Brigantedinium sp. A 4A–C Species of Brigantedinium that has an endophragm that is similar to Brigantedinium

simplex but with an irregular, finely fenestrate, thin, transparent autophragm
Brigantedinium sp. B Large species of Brigantedinium with an autophragm bearing numerous densely spaced

hair-like spines, giving it a “vilt-like” appearance
Brigantedinium sp. C Species of Brigantedinium that does show some signs of paratabulation in the form of

low septa
Brigantedinium sp. D Species of Brigantedinium with a microreticulate autophragm
Cerebrocysta sp. A 4D A large (> 80 µm) species of Cerebrocysta, with a relatively coarse reticulate au-

tophragm
Cerebrocysta sp. B Small (> 35 µm) cerebrocysta species with fine reticulate wall
Cleistosphaeridium sp. A Small (about 40 µm) species of Cleistosphaeridium
Cleistosphaeridium sp. B A large (> 80 µm) species of Cleistosphaeridium
Corrudinium sp. A 5A, B A large (> 80 µm) species of Corrudinium, ornamentation similar to Cerebrocysta sp.

A but with indications of paratabulation
Elytrocysta sp. A Very large species of Elytrocysta, but bearing the characteristic closely appressed endo-

and ectophragm
Operculodinium sp. A 7J, K Species of Operculodinium with pronounced conical, pointed shape of the spines
Operculodinium cf. eirikianum This species differs from Operculodinium eirikianum in being on average 3 times larger

than the type species
Protoperidinium sp. A 8L–N Species tentatively within the subfamily Congruentidioideae with dark pigmentation

and numerous non-tabular spines. No apical, antapical or lateral horns visible
Protoperidinium sp. B As Protoperidinium sp. A but lacking processes
Protoperidinium sp. C Large cyst lacking apical, antapical or lateral horns and having a thin autophragm, giv-

ing it a transparent appeal
Protoperidinium sp. D 8K As Protoperidinium sp. B but with paratabulation
Pyxidinopsis sp. A 8O Small species with coarse reticulum
Pyxidinopsis sp. B 9H–K Species of Pyxidinopsis with a “woolly” appearance of the wall
Pyxidinopsis sp. C Species of medial size (∼ 40 µm) with coarse microfossulate autophragm.
Pyxidinopsis sp. D Species of medial size (∼ 40 µm) with coarse microreticulum with high muri. Its or-

namentation resembles that of the Eocene species Pyxidinopsis waipawaensis, but its
overall size is smaller and its autophragm thinner

Selenopemphix sp. A Species of Selenopemphix with microreticulate ornamentation
Spiniferites sp. A Sensu Brinkhuis et al. 2003. Spiniferites with convex septa connecting the gonal pro-

cesses, occasionally bearing sutural processes
Spiniferites sp. B Species of Spiniferites that resembles the gonal protrusions of Impagidinium aculeatum
Spiniferites sp. C Species within the Spiniferites complex, thick gonal processes like Achomosphaera al-

cicornu, but with sutural septa. Some specimens bear traberculae connecting some pro-
cesses, resembling those of Cannosphaeropsis

(i) their overall outline, which is rounded in L. pulchra and
more angular in L. adeliensis sp. nov., and (ii) the presence
of parallel folds marking the cingulum on the lateral ends,
which is typical for L. adeliensis sp. nov., but does not occur
in L. pulchra.

Genus Selenopemphix Benedek 1972 emend. Bu-
jak et al., 1980

Species Selenopemphix brinkhuisii sp. nov.
(Plate 3)

Diagnosis. Species of Selenopemphix featuring crests on the
longitudinal cingular sutures. On these septa as well as on
some other sutures, numerous short, slender, conical spines
arise, with pointed tips.
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Figure 5. Schematic drawings of the six stratigraphically impor-
tant species of Lejeunecysta found in the Site U1356 record (see
Table 4 for the key morphologic characteristics). (a) Lejeunecysta
acuminata; (b) Lejeunecysta katatonos; (c) Lejeunecysta attenu-
ata; (d) Lejeunecysta rotunda; (e) Lejeunecysta adeliensis sp. nov.;
(f) Lejeunecysta cowiei.

Holotype. Integrated Ocean Drilling Program Hole
U1356A, Core 85R, Section 3W, interval 20–24 cm, Slide 1,
EFC F32-4; Plate 3D.

Paratype. Integrated Ocean Drilling Program Hole U1356A
Core 85R Section 3W, interval 100–104 cm, Slide 2, EFC
L34-2; Plate 3E.

Stratum typicum. Lower Oligocene of IODP Hole
U1356A, Wilkes Land margin, Antarctica.

Etymology. Named after Professor Henk Brinkhuis, in
honour of his contributions to dinoflagellate cyst taxon-
omy, stratigraphy and paleoecology.

Description. Protoperidinioid cyst much wider than
high. The autophragm is smooth, featuring short (2–5 µm),
sharp, conical spines that are aligned on crests that follow su-
tures. The apical horn and the two antapical horns are blunt.
The archeopyle involves the second intercalary plate (2a),
which is somewhat rounded and often remains adnate. The
tabulation is typical protoperidinioid whenever discernable.

The sutures between the precingular and cingular plates as
well as those between the cingulum and the postcingular
plates bear short (2–4 µm) crests along which the spines
are aligned. These septa seem interrupted at least, but not
exclusively at the cingular plate boundaries. The sulcus is
indented, giving the cyst outline in polar view the shape of a
bent ellipse.

Dimensions. Holotype: 57× 49 µm (l× d). Paratype:
54× 46 µm (l× d). Average dimensions (n= 9): 59.4 µm
(SD 5.3 µm)× 55.5 (SD 6.9 µm).

Stratigraphic distribution. In the type section, Se-
lenopemphix brinkhuisii occurs between mid-C13n and
mid-C12n. This equates to between 33.4 and 30.8 Ma.

Geographic distribution. To date, Selenopemphix
brinkhuisii sp. nov. has only been recognised in the
type section.

Affinities. Selenopemphix brinkhuisii sp. nov. differs
from other spinose Selenopemphix species such as S.
brevispinosa, S. coronata, S. crenata, S. dioneacysta, S.
islandensis, S. selenoides, S. warriensis and S. undulata in
also having spines on crests representing postcingular and
precingular sutures. Furthermore, crests of S. brinkhuisii are
discontinuous and not continuous such as in S. undulata and
S. selenoides.

5 Discussion

5.1 Improved bio-magnetostratigraphic age model

Our high-resolution dinocyst biostratigraphy (Fig. 4) gener-
ally confirms the published age model for the Oligocene and
Miocene interval of Hole U1356A (Tauxe et al., 2012); we
have refined the age control around the Oligocene–Miocene
boundary. New dinoflagellate cyst events recognised in this
study enabled the identification of the position and con-
strained the duration of the hiatus around the Oligocene–
Miocene boundary. Specifically, the presence of Edward-
siella sexispinosa in samples from Cores 47R and 46R
(Fig. 4) confirms that these cores are close to the Oligocene–
Miocene boundary: at nearby Ocean Drilling Program (ODP)
Site 1168, the first stratigraphic occurrence (FO) of E. sex-
ispinosa is around 22.5 Ma (Brinkhuis et al., 2003a). The FO
of E. sexispinosa was detected in sediments that still contain
late Oligocene calcareous microfossils (Tauxe et al., 2012):
the last stratigraphic occurrence (LO) of Reticulofenestra bi-
secta in Core 46R (22.97 Ma) and Globigerina euapertura
(23.0 Ma) in Core 45R suggest that E. sexispinosa has an
older FO on the Antarctic margin than in southern Australia.
In turn, we suggest that the reversed magnetic polarities in
Cores 45–46R correlate to the youngest Oligocene reversed
intervals: C6Cn.2r and C6Cn.1r (Brinkhuis et al., 2003a).
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Plate 1. (A–G) Lejeunecysta acuminata. (A) Integrated Ocean Drilling Program (IODP) Hole U1356A, Core 85R, Section 5W, interval 80–
84 cm; (B) 84R-1W, 61–64 cm; (C) 85R-4W, 100–104 cm; (D) 85R-5W, 100–104 cm; (E) 85R-5W, 100–104 cm; (F) 87R-3W, 40–44 cm;
(G) 89R-2W, 39–43 cm. (H–M) Lejeunecysta katatonos. (H) 84R-4W, 120–124 cm; (I) 85R-5W, 100–104 cm; (J) 89R-2W, 39–43 cm;
(K) 84R-5W, 0–4 cm; (L) 85R-5W, 100–104 cm; (M) 84R-6W, 0–4 cm. (N–R) Lejeunecysta attenuata. (N) 84R-4W, 39–43 cm; (O) 84R-
4W, 39–43 cm; scale bar is 25 µm.
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Plate 2. (A–C) Lejeunecysta attenuata. (A) Integrated Ocean Drilling Program Hole U1356A, Core 84R, Section 4W, interval 39–43 cm;
(B) 84R-1W, 61–65 cm; (C) 94R-4W, 4–8 cm. (D–J) Lejeunecysta rotunda. (D) 85R-4W, 60–64 cm; (E) 93R-2W, 4–8 cm; (F) 93R-1W, 6–
10 cm; (G) 85R-5W, 57–61 cm; (H) 94R-1W, 144–148 cm; (I) 93R-3W, 103–107 cm; (J) 91R-5W, 44–48 cm. (K–O) Lejeunecysta adeliensis
sp. nov. (H) Holotype 95R-1W, 64–68 cm, Slide 2; England Finder Coordinates (EFC) Q34. (I) Paratype 95R-2W, 24–28 cm, Slide 2; EFC
H33; (J) 93R-2W, 4–8 cm; (K) 93R-1W, 24–28 cm; (L) 94R-4W, 4–8 cm; scale bar is 25 µm.
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Table 5. Dinocyst zone boundaries: depths and calibrated ages.

Zone Bottom Top Bottom sample Top sample Bottom depth Top depth Bottom Top Bottom age Top age
definition definition U1356A- U1356A- (m b.s.f.) (m b.s.f.) calibration calibration (Ma) (Ma)

SMDZ3 FO Unipontidinium
aquaeductum

Overlying
zone

30R-4W, 20–22 14R-3W, 20–22 282.21 127.31 75 % in
C5Bn.2n

33 % between
FO Actinomma
golowini and FO
Denticulopsis
praedimorpha

15.1 Undefined

SMDZ2 LO Invertocysta
tabulata

Overlying
zone

39R-1W, 20–22 30R-6W, 20–22 363.81 284.61 100 % in
C5Cn.2n

75 % in
C5Bn.2n

16.3 15.1

SMDZ1 FO Pyxidinopsis
fairhavenensis

Overlying
zone

44R-1W, 20–24 40R-2, 19–21 411.81 374.9 50 % in
C6Cn.2n

100 % in
C5Cn.2n

22.9 16.3

SODZ10 FO Edwardsiella
sexispinosa

Overlying
zone

47R-1W, 45–49 45R-1w, 10–14 440.87 421.31 50 % in
C6Cn.2r

50 % in
C6Cn.2n

23.1 22.9

SODZ9 FO Invertocysta
tabulata

Overlying
zone

52R-CCW, 9–13 47R-1W, 64–68 488.31 441.06 50 % in
C6Cr

50 % in C6Cn.2r 23.6 23.1

SODZ8 FO Operculodinium
janduchenei

Overlying
zone

58R-1W, 19–21 53R-2W, 20–22 545.6 499.46 50 % in
C7n

50 % in C6Cr 24.2 23.6

SODZ7 LO Lejeunecysta
acuminata

Overlying
zone

72R-5W, 18–20 59R-1W, 17–19 685.43 555.18 50 % in
C8r

50 % in C7n 26.2 24.2

SODZ6 LO Lejeunecysta
katatonos

Overlying
zone

82R-2W, 40–44 73R-1W, 18–20 777.62 689.59 Base
C11n.1n

50 % in C8r 29.5 26.2

SODZ5 LO Hystrichokolpoma
bullatum

Overlying
zone

84R-3W, 0–4 82R-3W, 40–44 798.02 778.96 50 %
between
top
C12n
and base
C11n.1n

Base C11n.1n 30.0 29.5

SODZ4 FO Corrudinium
labradori

Overlying
zone

86R-2W, 40–44 84R-3W, 19–23 816.2 798.21 Top
C12n

50 % between
top C12n and
base C11n.1n

31.0 30.0

SODZ3 FO Lejeunecysta atten-
uata

Overlying
zone

88R-2W, 98–102 86R-3W, 40–44 835.86 817.41 50 % in
C12R

Top C12n 32.1 31.0

SODZ2 FO Selenopemphix
brinkhuisii sp. nov.

Overlying
zone

93R-2W, 44–48 89R-1W, 44–48 878.41 843.56 95 % in
C13n

50 % in C12r 33.2 32.1

SODZ1 FO M. escutiana Overlying
zone

95R-3W, 82–85 93R-3W, 44–48 894.7 879.51 Mid-Oi-
1 isotope
shift

95 % in C13n 33.7 33.2

The normal polarity at the top of Core 46R (Fig. 4) then cor-
relates to C6Cn.3n. We then extrapolate this to Core 45R,
which has normal magnetic polarity and, based on the ab-
sence of typical Miocene marker species, should correlate
to C6Cn.2n: the Oligocene–Miocene boundary. Our inter-
pretation slightly differs from the interpretation published in
Tauxe et al. (2012), which infers the onset of C6Cn.2n in
Core 46R and the hiatus to be somewhere between 432 and
402 m b.s.f. (Cores 45R–43R; Tauxe et al., 2012). Our cor-
relation of high-resolution dinocyst biostratigraphy and the
available paleomagnetic signal indicates that the hiatus lies
between Cores 44R and 45R, and Core 45R falls within the
Mi-1 glaciation (Fig. 2).

5.2 Provisional dinocyst zonation scheme

We have identified 13 key (regional) dinocyst extinction or
origination events (bold in Figs. 4, 6) from all the in situ
dinocysts (Fig. 4). We prioritised those dinocyst events that
had relatively high abundances, had sharp appearances or ex-
tinctions and can be calibrated well to magneto-subchrons.
These index events form the basis for the Oligocene–
Miocene Southern Ocean dinocyst zonation proposed here
(see Table 5 for an overview of zone boundary defini-
tions), which comprises 10 zones for the Oligocene and

3 zones for the Miocene. We name the zones as South-
ern Ocean Oligocene Dinocyst Zone (SODZ) or Southern
Ocean Miocene Dinocyst Zone (SMDZ). We acknowledge
that the zonation is incomplete due to a hiatus covering the
early Miocene (22.5–17 Ma) and one encompassing the mid-
Miocene (13–10.8 Ma) and the occasional low core recovery.
We calibrate the ages of the zone boundaries to the GPTS by
indicating foremost where in existing magnetostratigraphic
chrons the zone boundaries occur. This is consistently indi-
cated as a percentage into a certain chron, measured from the
bottom, and by assuming linear sedimentation rates between
reversals in our record.

5.2.1 Zone SODZ1

Base definition. The base of this zone is defined by the FO
of Malvinia escutiana.

Top definition. The top of this zone is defined by the
base of SODZ2, i.e. the FO of Selenopemphix brinkhuisi, sp.
nov.

Type locality. IODP Site U1356.

Base sample. U1356A-95R-3W, 82–85 cm (894.7 m b.s.f.).
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Figure 6. Summary of the dinocyst zones proposed in this paper
for the Oligocene–Miocene Southern Ocean. See Table 5 for a sum-
mary of the depth and age data. M.esc: Malvinia escutiana; S.bri:
Selenopemphix brinkhuisii; L.att: Lejeunecysta attenuata; C.lab:
Corrudinium labradori; H.bul: Hystrichokolpoma bullatum; L.kat:
Lejeunecysta katatonos; L.acu: Lejeunecysta acuminata; O.jan: Op-
erculodinium janduchenei; I.tab: Invertocysta tabulata; E.sex: Ed-
wardsiella sexispinosa; P.fai: Pyxidinopsis fairhavenensis; U.aqu:
Unipontidinium aquaeductum.

Top sample. U1356A-93R-3W, 44–48 cm (879.51 m b.s.f.).

Calibration. The base of this zone might be included
in a 14 Myr hiatus at the type locality. At DSDP Site 511,
the FO of Malvinia escutiana is correlative with the Oi-1
isotope excursion (Houben et al., 2011), thus occurring in

the earliest Oligocene (e.g. Coxall and Wilson, 2011). On
the basis of this calibration, we calibrate the base of Zone
SODZ1 to the Oi-1 isotope excursion. The top of the zone is
calibrated to ∼ 95 % in C13n.

Age. 33.7–33.2 Ma.

Characteristic species. At the type locality, this dinocyst
zone is dominated by the abundance of what we infer are
reworked late Eocene dinocysts; species that are considered
in situ include Malvinia escutiana, Lejeunecysta fallax, L.
acuminata, L. rotunda, abundant Selenopemphix nephroides
and S. antarctica, Reticulatosphaera actinocoronata, Im-
pagidinium cf. aculeatum, I. velorum, and I. paradoxum.

Significant events. Several Impagidinium species have
(regional) first occurrences in this zone, such as I. patulum
and I. cf. aculeatum. Phthanoperidinium amoenum has an
FO in this zone.

Remarks. This dinocyst zone covers the onset and first 1
million years of glaciation of Antarctica. The abundance of
reworked (middle to late) Eocene dinocysts in the Oligocene
sequence suggests that the time interval represented in
this dinocyst zone is characterised by a relatively rapid
(∼ 200 kyr) glacial advance followed by a gradual retreat of
the ice sheet.

5.2.2 Zone SODZ2

Base definition. The base of this zone is defined by the first
stratigraphic occurrence of Selenopemphix brinkhuisii sp.
nov.

Top definition. The top of this zone is defined by the
base of SODZ3, i.e. the FO of Lejeunecysta attenuata.

Type locality. IODP Site U1356.

Base sample. U1356A-93R-2W, 44–48 cm (878.41 m b.s.f.).

Top sample. U1356A-89R-1W, 44–48 cm (843.56 m b.s.f.).

Calibration. The base of this zone is calibrated to 95 % in
C13n; the top is calibrated to the 50 % in C12r.

Age. 33.2–32.1 Ma.

Characteristic species. This interval is characterised
by a dominance of Lejeunecysta spp. and Brigantedinium
spp., while Selenopemphix spp. and Malvinia escutiana
decline in abundance.
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Plate 3. Lejeunecysta adeliensis sp. nov. (A) Integrated Ocean Drilling Program Hole U1356A, Core 85R, Section 5W, interval 80–84 cm.
(B, C) Lejeunecysta cowiei. (B) 17R-1W, 20–22 cm. (C) 14R-3W, 20–22 cm. (D–I) Selenopemphix brinkhuisii sp. nov. (D) Holotype 85R-
3W, interval 20–24 cm Slide 1 England Finder Coordinates (EFC) F32-4. (E) Paratype 85R-3W, 100–104 cm slide 2 EFC L34-2; (F) 85R-
4W, 100–104 cm; (G) 85R-4W, 100–104 cm; (H) 85R-4W, 60–64 cm; (I) 85R-4W, 100–104 cm; (J) Batiacasphaera sp. C 44R-1W, 20–
24 cm; (K) Batiacasphaera sp. C 34R-1W, 27–29 cm; (L, M) Brigantedinium simplex (L) 92R-3W, 44–48 cm; (M) 85R-4W, 60–64 cm; (N,
O) Brigantedinium pynei (N) 17R-1W, 20–22 cm; (O) 21R-2W, 20–22 cm; scale bar is 25 µm.
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Significant events. This zone includes the FO of Operculo-
dinium eirikianum.

Remarks. This zone correlates to a time interval of
further warming and Antarctic ice retreat, as interpreted
from the benthic foraminiferal oxygen isotope compilation
of Pälike et al. (2006). Of particular interest is the near
disappearance Selenopemphix antarctica because today high
abundances of this species are strongly tied to the sea-ice
ecosystem of coastal Antarctica (Prebble et al., 2013).

5.2.3 Zone SODZ3

Base definition. The base of this zone is defined by the first
stratigraphic occurrence of Lejeunecysta attenuata.

Top definition. The top of this zone is defined by the
base of SODZ4, i.e. the FO of Corrudinium labradori.

Type locality. IODP Site U1356.

Base sample. U1356A, 88R-2W, 98–102 cm
(835.86 m b.s.f.).

Top sample. U1356A, 86R-3W, 40–44 cm (817.41 m b.s.f.).

Calibration. The base is calibrated to 50 % in C12r;
the top of the zone is calibrated to the C12r–C12n boundary.

Age. 32.1–31.0 Ma.

Characteristic species. This zone is characterised by
the abundance of Lejeunecysta spp. Furthermore, Se-
lenopemphix brinkhuisii sp. nov. is common in this interval.

Significant events. This zone sees the FO of several
new Batiacasphaera and Protoperidinioid species, Hys-
trichokolpoma bullatum, and Operculodinium sp. cf.
eirikianum.

5.2.4 Zone SODZ4

Base definition. The base of this zone is defined by the FO
of Corrudinium labradori.

Top definition. The top of this zone is defined by the
base of SODZ5, i.e. the LO of Hystrichokolpoma bullatum.

Type locality. IODP Site U1356.

Base sample. U1356A, 86R-2W, 40–44 cm (816.20 m b.s.f.).

Top sample. U1356A, 84R-3W, 19–23 cm (798.21 m b.s.f.).

Calibration. The base of the zone is calibrated to the
C12n–C12r boundary, while the top is calibrated to 50 %
between the top of C12n and the base of C11n.1n.

Age. 31.0–30.0 Ma.

Characteristic species. The top of the zone sees a
rapid increase in various morphotypes of protoperidioid
dinocysts that cannot be placed within Brigantedinium spp.,
Lejeunecysta spp. or Selenopemphix spp. Almost throughout
the zone, many specimens of Brigantedinium spp. have a
discontinuous, transparent, perforated second outer wall
layer (Plate 3G–I).

Significant events. This zone includes the range of
Oligokolpoma galeottii, the LO of Phthanoperidinium
amoenum, Protoperidinium sp. C, and Corrudinium sp. A,
and the FO of Corrudinium sp. A, C. devernaliae and cavate
Brigantedinium.

5.2.5 Zone SODZ5

Base definition. The base of this zone is defined by the LO
of Hystrichokolpoma bullatum.

Top definition. The top of this zone is defined by the
base of SODZ6, i.e. the LO of Lejeunecysta katatonos.

Type locality. IODP Site U1356.

Base sample. U1356A, 84R-3W, 0–4 cm (798.02 m b.s.f.).

Top sample. U1356A, 82R-3W, 40–44 cm (778.96 m b.s.f.).

Calibration. The base of this zone is calibrated to 50 %
between the top of C12n and the base of C11n.1n, the top to
the base of C11n.1n.

Age. 30.0–29.5 Ma.

Characteristic species. This zone sees the first pulse
of dominance of new Protoperidinium taxa that cannot be
placed in the more common existing genera Lejeunecysta,
Selenopemphix spp. and Brigantedinium spp.

Significant events. The (regional) LO of Tectatodinium
pellitum, Lejeunecysta rotunda, L. katatonos, cavate Brig-
antedinium, and Selenopemphix brinkhuisii sp. nov., and the
FO of B. pynei, occur in this zone.

Remarks. Tectatodinium pellitum is considered a ther-
mophilous species in the North Sea area in the Pliocene
(Head, 1994).
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Plate 4. (A–C) Brigantedinium sp. A. (A) Integrated Ocean Drilling Program Hole U1356A, Core 85R, section 4W, interval 60–64 cm;
(B) 84R-4W, 120–124 cm; (C) 85R-2W, 96–100 cm; (D) Cerebrocysta sp. A 84R-4W, 39–43 cm; (E–O) Corrudinium labradori (E, F) 84R-
5W, 0–4 cm; (G, H) 84R-6W, 0–4 cm; (I) 84R-7W, 60–64 cm; (J) 85R-5W, 39–43 cm; (K) 84R-7W, 60–64 cm; (L, M) 85R-4W, 100–104 cm;
(N, O) 85R-5W, 100–104 cm. Scale bar is 25 µm.
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Plate 5. (A, B) Corrudinium sp. (A) Integrated Ocean Drilling Program Hole U1356A, Core 84R, Section 4W, interval 39–43 cm; (B) 84R-
4W, 120–124 cm; (C–E) Gelatia inflata (C) 85R-5W, 80–84 cm; (D) 91R-4W, 104–108 cm; (E) 84R-4W, 120–124 cm; (F–H) Hystri-
chokolpoma bullatum F 84R-4W, 80–84 cm; G 84R-5W, 0–4 cm; (H) 84R-5W, 0–4 cm; (I, J) Hystrichokolpoma truncatum (I) 84R-6W,
0–4 cm (J, K) 84R-7W, 60–64 cm; (L, M) Impagidinium pallidum (L) 47R-4W, 85–89 cm; (M) 52R-CCW, 9–13 cm; (N, O) Impagidinium
sp. 44R-1W, 20–24 cm; scale bar is 25 µm.
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5.2.6 Zone SODZ6

Base definition. The base of this zone is defined by the LO
of Lejeunecysta katatonos.

Top definition. The top of this zone is defined by the
base of SODZ7, i.e. the LO of Lejeunecysta acuminata.

Type locality. IODP Site U1356.

Base sample. U1356A, 82R-2W, 40–44 cm (777.62 m b.s.f.).

Top sample. U1356A, 73R-1W, 18–20 cm (689.59 m b.s.f.).

Calibration. The base of this zone is calibrated to the
base of C11n.1n, while the top of this zone is here calibrated
to 50 % in C8r.

Age. 29.5–26.2 Ma.

Characteristic species. This zone is characterised by
low-diversity assemblages. Protoperidinioid dinocysts of
different and in some cases unclear genera are dominant.

Significant events. The LO of Malvinia escutiana oc-
curs at the top of the zone.

5.2.7 Zone SODZ7

Base definition. The base of this zone is defined by the LO
of Lejeunecysta acuminata.

Top definition. The top of this zone is defined by the
base of SODZ8, i.e. the FO of Operculodinium janduchenei.

Type locality. IODP Site U1356.

Base sample. U1356A, 72R-5W, 18–20 cm (685.43 m b.s.f.).

Top sample. U1356A, 59R-1W, 17–19 cm (555.18 m b.s.f.).

Calibration. The base is calibrated to 50 % in C8r,
while the top is calibrated to 50 % in C7n.

Age. 26.2–24.2 Ma.

Characteristic species. There is a high abundance of
Brigantedinium spp., and the diversity of this zone is
relatively low.

Significant events. The lower half of this zone is char-
acterised by the occasional high abundance of a variety of
chorate and proximate acritarchs. The zone contains the FO
of Operculodinium sp. C.

5.2.8 Zone SODZ8

Base definition. The base of this zone is defined by the FO
of Operculodinium janduchenei.

Top definition. The top of this zone is defined by the
base of SODZ9, i.e. the FO of Invertocysta tabulata.

Type locality. IODP Site U1356.

Base sample. U1356A, 58R-1W, 19–21 cm (545.60 m b.s.f.).

Top sample. U1356A, 53R-2W, 20–22 cm (499.46 m b.s.f.).

Calibration. The base of this zone is calibrated to 50 % in
C7n, while the top of this zone is calibrated to 50 % in C6Cr.

Age. 24.2–23.6 Ma.
Characteristic species. This zone is characterised by
the abundance of gonyaulacoid dinocyst genera such as
Impagidinium spp., Operculodinium spp., Batiacasphaera
spp. and Spiniferites spp. at the expense of the abundance of
protoperidinioid dinocysts.

Significant events. The LOs of Batiacasphaera sp. A,
Corrudinium devernaliae and Gelatia inflata are within
this zone. The FOs of Operculodinium janduchenei and
Cerebrocysta sp. A are also within this zone. There is also a
conspicuously high presence of small chorate acritarchs.

5.2.9 Zone SODZ9

Base definition. The base of this zone is defined by the FO
of Invertocysta tabulata.

Top definition. The top of this zone is defined by the
base of SMDZ1, i.e. the FO of Edwardsiella sexispinosa.

Type locality. IODP Site U1356.

Base sample. U1356A, 52R-CCW, 9–13 cm
(488.31 m b.s.f.).

Top sample. U1356A, 47R-1W, 64–68 cm (441.06 m b.s.f.).

Calibration. The base of this zone is calibrated to 50 % in
C6Cr, while the top is calibrated to 80 % in C6Cn.2r

Age. 23.6–23.0 Ma.

Characteristic species. The most abundant genera are
Brigantedinium spp. and indeterminable Protoperidinioid
cysts, while gonyaulacoid cysts are also present to common.
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Plate 6. (A) Impagidinium pallidum Integrated Ocean Drilling Program Hole U1356A, Core 85R-, Section 1W, interval 20–24 cm; (B) Im-
pagidinium sp. 47R-1W, 26–30 cm; (C) Impagidinium sp. 85R-5W, 57–61 cm; (D) Impagidinium sp. 85R-5W, 100–104 cm; (E) Impagi-
dinium sp. 91R-4W, 104–108 cm; (F) Impagidinium sp. 85R-5W, 57–61 cm. (G) 39R-1W, 20–22 cm; (H, I) Impagidinium sp. 40R-2W,
19–21 cm; (J, K) Impagidinium velorum 84R-4W, 120–124 cm; (K) 84R-7W, 60–64 cm; (L–O) Invertocysta tabulata 52R-CCW, 9–13 cm;
(M) 52R-CCW, 9–13 cm; (N) 52R-CCW, 9–13 cm; (O) 52R-CCW, 9–13 cm. Scale bar is 25 µm.
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Plate 7. (A) Invertocysta tabulata, Integrated Ocean Drilling Program Hole U1356A, Core 44R, Section 1W, interval 20–24 cm; (B, C) Leje-
unecysta fallax (B) 17R-1W, 20–22 cm; (C) 17R-3W, 20–22 cm; (D–F) Malvinia escutiana (D) 84R-5W, 120–124 cm; (E) 84R-6W, 0–
4 cm; (F) 84R-6W, 0–4 cm; (G) Nematosphaeropsis labyrinthus 47R-4W, 85–89 cm; (H, I) Oligokolpoma galeottii (H) 85R-5W, 39–43 cm;
(I) 85R-5W, 57–61 cm. (J, K) Operculodinium sp. A 44R-1W, 20–24 cm; (L, M) Operculodinium janduchenei (L) 46R-1W, 68–72 cm;
(M) 47R-1W, 26–30 cm; (N) Operculodinium cf. janduchenei 46R-1W, 68–72 cm; (O) Operculodinium piaseckii 44R-1W, 20–24 cm; scale
bar is 25 µm.
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Plate 8. (A) Operculodinium piaseckii, Integrated Ocean Drilling Program Hole U1356A, Core 47R, Section 4W, interval 85–89 cm; (B–
D) Operculodinium janduchenei 55R-1W, 9–13 cm. (C) 40R-2W, 9–22 cm; (D) 40R-2W, 19–22 cm; (E–J) Operculodinium eirikianum
(E) 84R-4W, 120–124 cm; (F) 85R-5W, 39–43 cm; (G) 85R-4W, 60–64 cm; (H) 58R-1W, 19–23 cm; (I) 85R-5W, 39–43 cm; (J) 85R-5W,
100–104 cm; (K) Protoperidinium sp. D 58R-1W, 19–23 cm; (L–M) Protoperidinium sp. A (L) 88R-1W, 61–65 cm; (M) 84R-4W, 39–43 cm;
(N) 93R-3W, 44–48 cm; (O) Pyxidinopsis sp. A 40R-2W, 19–21 cm. Scale bar is 25 µm.
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Plate 9. (A) Pyxidinopsis sp., Integrated Ocean Drilling Program Hole U1356A, Core 19R, Section 2W, interval 20–22 cm; (B) Pyxidinopsis
sp. 19R-2W, 20–22 cm; (C) Pyxidinopsis vesiculata 17R-3W, 20–22 cm; (D) Pyxidinopsis sp. 34R-1W, 27–29 cm; (E) Pyxidinopsis sp. 30R-
6W, 20–22 cm. (F) Pyxidinopsis sp. 19R-2W, 19–23 cm; (G) Pyxidinopsis sp. 46R-1W, 68–72 cm; (H–K) Pyxidinopsis sp. B (H, I) 84R-6W,
0–4 cm; (J) 85R-5W, 100–104 cm; (K) 87R-3W, 40–44 cm; (L, M) Selenopemphix antarctica (L) 85R-5W, 80–84 cm; (M) 94R-4W, 4–8 cm;
(N, O) Selenopemphix nephroides (N) 84R-5W, 0–4 cm; (O) 84R-5W, 100–104 cm. Scale bar is 25 µm.
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Plate 10. (A) Selenopemphix nephroides, Integrated Ocean Drilling Program Hole U1356A, Core 89R, Section 2W, interval 39–43 cm;
(B) Selenopemphix nephroides 89R-2W, 39–43 cm; (C) Selenopemphix nephroides 95R-1W, 64–68 cm; (D–F) Selenopemphix undulata
(D) 17R-3W, 20–22 cm; (E) 17R-1W, 20–22 cm; (F) 17R-3W, 20–22 cm; (G–I) Unipontidinium aquaeductum (G) 19R-5W, 20–22 cm;
(H) 19R-5W, 20–22 cm; (I) 19R-5W, 20–22 cm. Scale bar is 25 µm.

Significant events. The LO of Elytrocysta spp., Impagi-
dinium victorianum, Protoperidinium sp. B and sp. D, I. velo-
rum, Batiacasphaera sp. C, Operculodinium cf. eirikianum,
Corrudinium labradori, Cleistosphaeridium sp. B, and Cere-
brocysta sp. A are found in this zone. The FOs of I. elonga-
tum and cf. Pyxidinopsis reticulata are reported in this zone.
Acritarchs are common throughout.

5.2.10 Zone SODZ10

Base definition. The base of this zone is defined by the FO
of Edwardsiella sexispinosa.

Top definition. The top of this zone is defined by the
base of SMDZ1, i.e. the FO of Pyxidinopsis fairhavenensis.

Type locality. IODP Site U1356.

Base sample. U1356A, 47R-1W, 45–49 cm (440.87 m b.s.f.).

Top sample. U1356A, 45R-1W, 10–14 cm (421.31 m b.s.f.).

Calibration. The base of this zone is calibrated to 80 % in
C6Cn.2r. The top of this zone is calibrated to 80 % in C5Cr.

Age. 23.0–17.1 Ma. The time interval represented in
the hiatus is discussed above, under Sect. 4.2. We chose to
have this zone encompass the early Miocene hiatus in the
type section. We hope that other sedimentary records can
provide a more complete early Miocene sedimentary record
by which zonations for this time interval can be proposed in
order to improve the dinocyst zonation scheme.

Characteristic species. Brigantedinium spp., Opercu-
lodinium spp., Batiacasphaera spp., Nematosphaeropsis
labyrinthus and Impagidinium spp.

Significant events. This zone contains the FOs of Ba-
tiacasphaera sphaerica, Pyxidinopsis fairhavenensis,
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Plate 11. (A) Cerebrocysta bartonensis, Integrated Ocean Drilling Program Hole U1356A, Core 94R, Section 4W, interval 44–48 cm;
(B) Cleistosphaeridium diversispinosum 94R-1W, 12–16 cm; (C) Deflandrea antarctica 94R-1W, 12–16 cm (D) Deflandrea phosphoritica
94R-4W, 44–48 cm; (E–G) Enneadocysta dictyostila (E) 86R-4W, 40–44 cm; (F) 85R-5W, 100–104 cm; (G) 85R-5W, 100–104 cm; (H) En-
neadocysta diktyostila subsp. Enneadostila brevistila 94R-1W, 12–16 cm; (I) Glaphyrocysta retiintexta 94R-1W, 144–148 cm; (J) Glaphy-
rocysta sp. 94R-4W, 44–48 cm; (K) Impagidinium maculatum 94R-3W, 44–48 cm; (L) Spinidinium macmurdoense 94R-3W, 44–48 cm;
(M) Spinidinium schellenbergii 94R-2W, 40–44 cm; (N) Vozzhennikovia apertura 94R-3W, 44–48 cm. Scale bar is 25 µm.

J. Micropalaeontology, 37, 105–138, 2018 www.j-micropalaeontol.net//37/105/2018/



P. K. Bijl et al.: Oligocene–Miocene Southern Ocean dinocyst stratigraphy 133

Cordosphaeridium minutum, Impagidinium cantabrigiense,
Selenopemphix undulata, and Brigantedinium sp. B, sp. C
and sp. D.

5.2.11 Zone SMDZ1

Base definition. The base of this zone is defined by the FO
of Pyxidinopsis fairhavenensis.

Top definition. The top of this zone is defined by the
base of SMDZ2, i.e. the LO of Invertocysta tabulata.

Type locality. IODP Site U1356.

Base sample. U1356A, 44R-1W, 20–24 cm (411.81 m b.s.f.).

Top sample. U1356A, 40R-2W, 19–21 cm (374.9 m b.s.f.).

Calibration. The base of this zone is calibrated to
80% in C5Cr. The top of this zone is calibrated to the top of
C5Cn.2n.

Age. 17.1–16.3 Ma.

Characteristic species. Operculodinium spp., Batia-
casphaera spp., Nematosphaeropsis labyrinthus and
Impagidinium spp.

Significant events. This zone contains the (regional)
LO of Impagidinium elongatum and I. plicatum. It includes
the FO of Operculodinium piaseckii.

5.2.12 Zone SMDZ2

Base definition. The base of this zone is defined by the LOs
of Invertocysta tabulata.

Top definition. The top of this zone is defined by the
base of SMDZ3, i.e. the FO of Unipontidinium aquaeduc-
tum.

Type locality. IODP Site U1356.

Base sample. U1356A, 39R-1W, 20–22 cm (363.81 m b.s.f.).

Top sample. U1356A, 30R-6W, 20–22 cm (284.61 m b.s.f.).

Calibration. The base of this zone is calibrated to the
base of C5Cn.2n. The top of this zone is calibrated to 75 %
in C5Bn.2n.

Age. 16.5–15.1 Ma.

Characteristic species. Brigantedinium pynei, Operculo-
dinium janduchenei, Batiacasphaera spp. and Pyxidinopsis
spp.

Significant events. This zone sees the LOs of Inverto-
cysta tabulata and Impagidinium sp. B and the FOs of
Habibacysta? sp., Selenopemphix sp. A and Cryodinium?
sp.

5.2.13 Zone SMDZ3

Base definition. The base of this zone is defined by the FO
of Unipontidinium aquaeductum.

Top definition. The top of this zone is undefined.

Type locality. IODP Site U1356.

Base sample. U1356A, 30R-4W, 20–22 cm (282.21 m b.s.f.).

Top sample. Undefined.

Calibration. The base of this zone is calibrated to 75 % in
C5Bn.2n. The top of this zone is calibrated to 33 % between
the FO of the diatom species Actinomma golowini and
the FO of Denticulopsis praedimorpha, in the absence of
a proper paleomagnetic signal in the core (Tauxe et al., 2012).

Age. 15.1 Ma to an undefined end age.

Characteristic species. This zone is characterised by
alternating high abundances of the combination of Brigante-
dinium spp. with Selenopemphix spp. and Nematosphaerop-
sis labyrinthus with Operculodinium spp. Towards the top of
this zone, a high abundance of Brigantedinium simplex, B.
pynei and Selenopemphix nephroides is observed.

Significant events. This zone sees the regional LO of
Reticulatosphaera actinocoronata, an acme of Palaeocys-
todinium golzowense (at 14 Ma), Impagidinium aculeatum,
Lejeunecysta attenuata, Pyxidinopsis fairhavenensis, and
Unipontidinium aquaeductum, and the FOs of ?Ataxio-
dinium choane and Batiacasphaera micropapillata. There
is a single occurrence of Hystrichosphaeropsis obscura at
the base of the zone. This zone encompasses the LO of Pro-
toperidinium sp. A, Impagidinium patulum, Brigantedinium
pynei, Cordosphaeridium minutum, Selenopemphix sp. A,
Protoperidinium sp. A, S. undulata, Brigantedinium sp. C,
Cryodinium spp., and Batiacasphaera micropapillata, and
includes the range of I. cantabrigiense and Lejeunecysta
cowiei and contains one occurrence of S. dionaeacysta.
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Table 6. Selected dinocyst species found in the present study, which have well-calibrated events elsewhere that are broadly consistent with
their range at U1356.

Species Stratigraphic calibration Age (Ma) Calibrated Age (Ma) By In
in U1356A elsewhere

LO Batiacasphaera
micropapillata

100 % in C5ABn 13.0–11.0 0 % in CN5b 11.9 McMinn (1992) Australia

FO Batiacasphaera minuta 100 % in C6Cn.1n 22.564 50 % in Burdigalian 18.205 Bujak and Matsuoka
(1986)

N Pacific
Ocean

FO Edwardsiella
sexispinosa

C6Cn 23 C6Br? 22.4 Brinkhuis et al. (2003a) Tasmania

50 % in NP25 25 Versteegh and Zeven-
boom (1995)

Italy

FO Impagidinium
japonicum

< 11 10.8 0 % in Tortonian 11.8 Zegarra and Helenes
(2011)

C Pacific
Ocean

FO Invertocysta tabulata 67 % in C6Cr 23.5 33 % in P22 25.8 Powell (1992) North Sea
FO Operculodinium

piasecki
100 % in c6cn.3n 23.2 100 % C6AAn 21.2 Zevenboom (1995) Italy

FO Oligokolpoma galeottii 25 % in C12n 30.9 0 % in C12n 31 Pross et al. (2012) Italy
LO Phthanoperidinium

amoenum
80 % in C12n 30.7 50 % in NP23 30.8 Powell (1992) North Sea

FO Pyxidinopsis
vesciculata

C6Cn 23 C6An 20.1 Montanari et al. (1997) Italy

FO Pyxidinopsis reticulata 0 % in C5Cn 16.7 75 % in Burdigalian 17.1 Zegarra and Helenes,
2011

C Pacific
Ocean

FO Selenopemphix dionea-
cysta

50 % in C5ABn 13.5 20 % in NN6 13.2 De Verteuil and Norris
(1996)

LO Stoveracysta ornata 50 % in C12n 30.8 50 % in C12r 32.2 Brinkhuis et al. (2003a) Tasmania
LO Stoveracysta

kakanuiensis
75 % in C13n 33.3 50 % in C12r 32.2 Brinkhuis et al. (2003a) Tasmania

FO Unipontidinium aquae-
ductum

50 % in C5Bn 15 50 % in C5Bn.1r 15 Schreck et al. (2012) N Atlantic
Ocean

LO Unipontidinium aquae-
ductum

0 % C5ABn 13.6 0 % in C5An.2n 12.5 Zevenboom (1995) Italy

100 % in NN5 13.5 Schreck et al. (2012) N Atlantic
ACME Palaeocystodinium gol-

sowense
50 % C5ACn 13.7 50 % in C5ACn 13.8 Quaijtaal et al. (2014) N Atlantic

5.3 Correlation of stratigraphic ranges of selected
non-endemic dinocysts

Although the majority of dinocyst taxa we find in our record
comprise species that are endemic to the Southern Ocean, or
are long-ranging and cosmopolitan, some species have well-
calibrated stratigraphic ranges elsewhere. We list a selection
of these species in Table 6. The consistency between our
dinocyst stratigraphy and those of others lends some support
to our dinocyst zonation and ties our zonation at least to some
extent to other dinocyst stratigraphies. However, we are un-
able to tie our dinocyst events very precisely to other strati-
graphies because many magnetic reversals in the record at
U1356 fall within core gaps, which make the interpretation of
magnetic reversals uncertain, and therewith, the position of
the dinocyst events with respect to the magnetostratigraphy.
Moreover, comparison of dinocyst events across latitudes has
proven complicated because dinocysts tend to be very sensi-
tive to environmental conditions, which may not necessar-
ily change in tandem over the globe through time. There-
fore, dinocysts generally tend to have asynchronous origina-
tions and extinctions across different latitudinal bands over

the globe (e.g. Williams et al., 2004). Nonetheless, with an
error bar of about 200 kyr, some dinocyst events (Table 6)
seem to be consistent between Site U1356 and a variety of
locations over the globe, which adds to their significance as
a biostratigraphic marker, and may help to stratigraphically
date sediments from other parts of the Southern Ocean as
well.

6 Conclusions

We formally describe two new dinoflagellate cyst species
and present a first zonation scheme for Oligocene–Miocene
dinocysts of the Southern Ocean. Temporal resolution of the
proposed zonation is in some intervals sufficiently high to
allow accurate (i.e. ca. 500 kyr resolution) stratigraphic cali-
bration. However, in some intervals, poor core recovery, two
hiatuses covering the early Miocene (∼ 23.0–17.1 Ma) and
the middle Miocene (∼ 13.4–11 Ma) and/or low species di-
versity cause zones with an undesirably long duration. We
acknowledge that the zonation might not be applicable to all
dinocyst-bearing Southern Ocean sediments due to the strong
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(latitudinal) provincialism of the dinocyst biogeography in
the Southern Ocean today.
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