Clim. Past Discuss., https://doi.org/10.5194/cp-2017-148 Climate ¢
Manuscript under review for journal Clim. Past of the Past > |
Discussion started: 5 December 2017 — T § :
© Author(s) 2017. CC BY 4.0 License. WIS

[

45  (subpolar) oceanic frontal systems have varied in concordance with Oligocene-

46  Miocene glacial-interglacial climate variability.

47

48 1. Introduction

49 The proportion of the East Antarctic ice sheet that is presently grounded
ey prele

50 below sea level is much larger than originally a“wd (Fretwell et al, 2013). This

51 implies that M{ more ice is sensitive to basal melting by warm waters than

52  previously thought (Shepherd et al., 2012; Rignot et al, 2013; Wouters &t al 2015)
gt preal Ly
53 and that a n@?h higher amplitude and faster rate of sea-level I'lSI:I" under future
»edde

54  climate scenarios than previously Lhw]tt (IPCC, 2013). Studying the state and
va perieds
55  variability of Antarctic ice volume durmg-p&u-b-epmﬁ-e!-ea with high ﬁLmaapherlc CO;

r" ’ﬂs"
56  concentrations (pCOz) prov1de‘1 additional uwrdersmnding into ice/ocean
57  feedback processes. Foster and Rohling (2013) compared sea-level and atmospheric
S psmnsled
58  pCO;z concentrations on geological timescales ﬁd hlghhgh%d that global ice sheets
Fi] Ve
v
59 - were ga@(éf insensitive to climate change un;hir atmospheric pCO; between 400 and
60 650 parts per million in volume (ppmv). During the Oligocene and Miocene
61  atmospheric pCO; ranged between 400 and 650 ppmv (Foster et al,, 2012; Badger et
62  al, 2013; Greenop et al., 2014). Crucially, similar pCOz levels are expected for the near
63  future given unabated carbon emissions (IPCC, 2013), implying that global ice volume
64  may not change much under these pCOz scenarios.
65 In contrast to the invariant global ice volume inferred by Foster and Rohling
VeIt M
66  (2013), a strong (up to 1 per mille; %o) variability is Wed in deep-sea benthic
67 foraminiferal oxygen isotope (hereafter benthic §180) data (Palike et al, 2006;

68 Beddow et al, 2016; Holbourn et al, 2007; Liebrand et al, 2011; 2017). These
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benthic 6180 data reflect changes in continental ice volume [nota in Antarctica), ﬂ

combinationwdth deep-sea temperature, with the latter strongly coupled to polar

surface-water temperature, as deep-water formation was predominantly | at
veter L
high latitudes (Herold et al,, 2011). High-amplitude variations in benthic §180 tres=

suggest either (I) strong climate dynamics in the high latitudes with relatively minor
ice-volume change (which is in acc dam:c wtftj/mmerlcal modelling experiments
sYer (ve¥a e
(Barker et al,, 1999) and the m!erm-,ase of Foster and Rohling (2013)), or (II) strong
fluctuations of the Antarctic ice-vo‘gme, with relatively subdued temperature
7 o Mlwpreha $as—
variability (which is in acco ‘dance wath indications for g unstable Antarctic ice
sheets under warmer-than-present climates (Cook et al, 2013; Greenop et al., 2014;
Rovere etal., 2014). Iﬁéﬂ@ one assumes present-day §-composition (-42%o versus
standard mean ocean water (SMOW)) for the Oligocene-Miocene Antarctic ice-sheets
and modern deep water temperature (2.5°C}, then the Oligocene-Miocene benthic
8180 fluctuations suggest lﬁ/ Sg-term ice- sheet-Evarlablhty ranging between a present- "
day size for 27-23 Ma amffh-:ence derimETTOTETos other time :nrenra!'-: (L JEhr nd

/= v 'E.-f
et al, 2017). Meanwhile, deep-sea temperatures have ﬂucwtcd considerably on

geologic time scales (as is evident from ice-free geologic episodes -e.g., Zachos et al,, 7
2008), suggesting there is no reason to assume that it did not fluctuate during the

Oligocene or Miocene as well. Therefore, likely a combination of deep-sei™
temperature and ice-volume changes is represented in these records, but it is

SR PSR . . L : CLGL-!’N '
intrinsically impossible to determine the relative contribution of both factors from >
-

ce-proximal reconstructions of climate, ice sheet and

benthic 6180 data alone, G
oceanographic conditions gre required to provide an independent assessment of the

stability of ice sheets ungler these pCO; conditions.
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While the Oligocene-

& 5
:0 our future, gy such investigation™pnust take into account the uncertainties

i 24 h [l
involved in Antarctic paleotopography, which determines the p, opor'tiof of marine-

Yep : £l “ (,ﬂ] -2
based versus land-based ice during the Oligocene. A-iow r Antarctic continent would

locene may{in terms of pCO: conditioys, bear analogy

result in more ice sheets being potentially sensitive to basal melt, agd as such a
= Jet

T rare
f‘/\:f{)\tc)ﬁs

'
&5

note of the fundamentally different paleogeographic configuration of the Southern
Ocean during that time as compared to today (Figure 1). The development and
strength of the Antarctic Circumpolar Current (ACC) connecting the Atlantic, Indian
and Pacific Ocean basins (Barker and Thomas, 2004; Olbers et al., 2004) depend on
the basin configuration (width and depth of the gateways and position of continental
landmasses). The exact timing when the ACC reached its modern-day strength is still
uncertain, ranging from the Middle Eocene (41 Ma) to as young as Miocene (23 Ma,
Scher and Martin, 2004; Hill et al,, 2013; Scher et al., 20154, Whether, and if so, hiyw
the development of the ACC has influenced latitudinalv\heat transport, ice-ocean
interactions and the stability of Antarctic continental ice re

To directly assess the role of ice-proximal oceanography on ice-sheet stability

in the past have been undertaken to previde—inst the

history of the Antarctic ice sheets (Cooper and O'Brien, 2004; Barker et al., 1998;

during the Oligocene- i?Cf}'Le' ice-proximal proxy-records are rgi}ipi Several
v N2 ' i s

ocean drilling eff

Wise and Schlich, 1992; Barrett, 1989; Robert et al, 1998; Wilson et al., 2000;
Harwood et al, 2006; Exon et al, 2004; Escutia et al, 2011a). For some of these
sedimentary archives, establishment of age control was particularly challenging due

L ——

o £ { . ; .
to the paut_:p{' of useful angd proper means'to calibrate the record to the international

frr—&_ e :\":5

Hore
/\ Wm’ € ’

¢
We

< L'LLLC '?c"/a,“@l,[ k@%@y }é/){}/

Chich
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117  time scale. As a consequencq ise for the generation of paleoceanographic
118  proxy records and ice sheet reconstructions has remained limited. ,
641’6/‘“?
119 In 2010, Integrated: Ocean Drilling Program (I0DP) Expedition 318 dr;}T?d an
120  inshore-to-offshore Fra:;sect off Wilkes Land (Fig. 1a), a sector of East Antarctica that
inker P lMes
121 is assuped to be highly sensitive to continental ice-sheet melt (Escutia et al,, 2011b).
L

122  The sediments recovered from IODP Hole U1356A are from the continental rise of
123 this margin (Escutia et al, 2011b) and hence contain a mixture of shelf-derived
124  material and pelagic sedimentation. Dinoflagellate cyst events in this record have
125  been accurately tied to the international time scale through integration with
126  calcareous nannofossil, diatom and magnetostratigraphic datg, (Bijl et al,, in press).
127  The result is a - for Southern Ocean standards - so}iii stratigraphic age frame for the
128  Oligocene-Miocene part of the record of Hole U1356 (Fig. 2; Table 1). In this paper,

129  we investigate the dinocyst assemblages from this succession by utilizing the strong

130  relationships between dinocyst assemblage composition and surface-water features

9 “I
131 of today’s Southern Ocean (Prebble et al, 2013). We reconstruct the oceanographi ' * A] # /F&fft ) }’
132 regimes during the Oligocene and mid-Miocene, anqé&f;:m\ n their implications W p 4)
N 4

133  for oceanographic settings. We further compare the palynological data with detailed N
134  sedimentological descriptions from Salabarnada et al. (submitted this volume).
135 Pairing the sedimentological interpretation and biomarker-derived absolute sea
136  surface temperature (SST) reconstructions from the same core (Hartman et al,
137  submitted this volume) with our dinocyst assemblage data, we assess the
138  oceanographic variability acif!?rf,,Wilkes Land from the dinocyst assemblages both at

139  glacial-interglacial and lon%iterm times scales.

140
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2. Material

2.1 Site description for IODP Hole U1356A e E
ceres

Samples were taken from IODP Hole U1356A4, df'l'ed on the continental rise of
the Wilkes Land Margin, East Antarctica (Figure 1a; present coordinates 63°18.6° S,
135°59.9’ E; Escutia et al, 2011b). We use the paleolatitude calculator
www.paleolatitude.org of van Hinsbergen et al. (2015) to reconstruct the
paleolatitudinal history of the site (Figure 1, between -59.8+4.8°S and -61.5+3.3° S
between 34 Ma and 13 Ma, respectively). The single hole at Site U1356 reaches a
depth of 1006.4 m‘i;t/i)&{}?e seabed (Escutia et al.,, 2011Db). Oligocene to late Miocene
sediments were recovered between 890 and 3 mbsf (Figure 2; Tauxe et al,, 2012;
revised according to Bijl et al,, in press). The uppermost 95 meters of the hole were
poorly recovere; sediments consisted of unconsolidated mud strongly disturbed by
rotary drilling (Escutia et al., 2011b). Hence, we focused our investigation on the

interval between Cores 11R to 95R Section 3 (95.4 to 894 mbsf; 10.8-33.6 Ma; Figure

2

2.2 Lithology in IODP Hole U1356A
In the studted interval between 95.4 and 894 mbsf, nine lithologic units have
been recognized during shipboard analysis (Figure 2; et al.,, 2011b). Salabarnada et al.
(submitted this volume) presents a detailed lithologic study of the Oligocene
# @ I\I / o )
sediments. For=the groupifz Jﬁr our results, we use the lishelagic facies from
Salabarnada et al. (submitted this volume), as outlined in Table 2. For the Miocene

interval of Site U1356, such a detailed lithologic description is not yet available;

therefore we treat the Miocene sediments as one sepasateslithologic unit in this
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165  paper. For the Miocene, we here give a brief summary of the observations published

166 in the I0DP Expedition 318 post-cruise report [E'SCUT et al, 2011b). Miocene
e | nlre=s E

167  sediments between 95 and 400 mbsf reflect asing consolidation down-core, and

s
168  comprise diatom onze and jidtum -rich silty clays: I‘he more consolidated bedd)wi‘g has

169  caused-better presenrauqq oforiginal bedding structures. From 278.4 to 459.4 mhsf,

170  the lithology lacks gravel-sized clasts, but is otherwise similar to up‘F.bl L
171

172 2.3 Bio-magnetostratigraphic age model for IODP Hole U1356A

173 Stratigraphic constraints for the Oligocene-Miocene succession from I0DP

174  Hole U1356A are provided through calcareous nannoplankton, radiolarian, diatom
175  and sparse palynological biostratigraphy, complemented with magnetostratigraphy
176  (Tauxe etal, 2012). Bijl et al. (in press) and Crampton et al. (2016) have updated the
177  existing age model for Site U1356 for the Oligocene and Miocene part of the
178  succession, respectively. Thereby, they recalibrated to the international time scale of
179  Gradstein et al, 2012. We here follow these new insights of the age model (Table 1).

180  We infer ages by linear interpolation between tie points (Figure 2; Table 1).

181
182 2.4 Depositional setting [ODP Site U1356
183 The depositional setting of Site U1356 changed from a shallow mid-

184  continental shelf in the early Eocene (Bijl et al,, 2013a) to a deep continental rise

Lo
185  setting l}x{ the Oligocene (Houben et al, 20013} due to subsidence of the Wilkes Land

Cowela¥on Eques
186  Margin (e.g., Close et al,, 2009). Regional extr apulaﬁmn of the lithglggy at U1356A via
o
187  seismic profiles suggests a mix of distal-fan and hemipelagic sedimentation during

]
188  the early Oligocene, grading into channel-levee deposits tow;lrds the later Oligocene
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189  (Escutia e_’g al, 2011b). The boundary between these two different depositional
190  settings olé/;rs at ~650 mbsf; there, sedimentation rates increase, and the
191  documentation of mass-transport deposits from this depth upwards suggest shelf-
192  derived erosion events on the Wilkes Land continental slope (Escutia et al,, 2011b).
193
194 3, Methods ) /\-/4 j,\7 e/e,‘%@/f/{’/" W
185 3.1 Palynological sample processiny (V ee A P 1
196 We refer to Bijl et al. {in press) for sample processing and analytical A)/Z )/é':
197  procedures used. Both were according to standard procedures (e.g., Bijl et al,, 2013b). 112 e
198 The 25 species of dinocysts new to science, which are formally (2 species) and \’l c ?(
199  informally (23 species) described in Bijl et al. (in press) fit into known and extant ) e
200  genera and therefore could be confidently included in the ecological groups as C/(’/a,g-zf/
201  described below. .] (’/ﬁtﬁﬁp J/_
202 . pLC-céa/{' EP{
203 3.2 Ecological groupjwwt taxa f Qf’e/
204 Bijl et al. (in press) provided additional statistical evidence to distinguish in ,
205  situ dinocysts from those that are reworked from older strata. In this paper, we follow
206  the interpretations of Bijl et al. (in press) and divide the dinocyst species into a
207 reworked and an in situ WTO use the in situ dinocyst assemblages for
208  oceanographic reconstructions, we rely on the observation that many taxa in the
209  fossil assemblages have morphologically closely related modern counterparts. This
210  approach takes advantage of studies on present-day relationships between Southern
211 Ocean microplankton in general and dinoflagellates in particular and their surface-
212 water characteristics (e.g., Eynaud et al, 1999; Esper and Zonneveld, 2002, 2007;

9



U

g\

Clim. Past Discuss., https://doi.org/10.5194/cp-2017-148 Climate

M.anusc.ript under review for journal Clim. Past of the Past
Discussion started: 5 December 2017 —
© Author(s) 2017. CC BY 4.0 License. scussions

;

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

Prebble et al, 2013). We assign Oligocene-Miocene dinocyst taxa to present-day eco-
Tre

groups interpreted from the clusters identified by Prebble et al. (2013), which seezn

to be closely related to the oceanic frontal systems in the Southern Ocean (Figure 3).

Supporting evidence for the ecologic affinities for tzu;/dinocyst groups comes from

oy 2 e .Gﬁlﬁﬂig s
pirical’data (Sluijs et al,, 2005), for mst)a?'ce w

of Nematosphaeropsis labyrinthus, Operculodinjum sp?., {j:x::g’i apsis  spp.,and
h LL()/)WQ 20|l ﬁ}_&&( Z
Impagidinium spp. There is further abundant evidence, poth iricallyi(e.g., Sluijs et
b L9
% (v ik N
al,, 2003; Houben et al,, 2013} and from modern absepfations (Zonneveld et al,, 2013;

Prebble et al, 2013; Eynaud et al, 1999), wh}'ﬁh link the abundance oi/ } %é
& ¥

mp
protoperidinioid dinocysts to high surface-water primary productivity. Thearguebty—

sy Zample stu Prebhle et al. (2013) ]{S\/

that Selenopemphix antarctica is common to dominant (13:90%) i{lproximal sea-ice
settings south of the Antarctic pn&r front (AAPF). Ngl}ably, nene-of the surface

c
samples outside of the AAPF %}q dominant Selenopemphix antarctica (Prebble et al,,

2013). E%‘h@rﬂpﬁ;&mﬁhﬁmﬁﬁmﬂ-&m&&@gjrf&ce samples south of the AAPF
- £
dare—deveid—of gonyaulacean dinocysts, with the exception of two species of

!
Impagidinium (i.e., I pallidum and L sphaericum) whiglrgﬁ/cr{cur, although neither

abundantty (Prebble et al., 2013) nog.,’Zevenboom, 1995; Zonneveld

et al, 2013), in ice-proximal locations. i
ave freseql

W&undam Nematosphaeropsis labyrinthus exetestreis in regions outside

B

of the Subantarctic Front, mgi particularly C%e to the Subtropical Front. ka-semimesy.—

Prebble et al. (2013)
N

docu’m%t; dominance gf S antarctica south of the AAPF, demframceot other

3
protoperidinioid dinocysts at and N _of the AAPF, mixed protoperidinioid and

4

10
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237  gonyaulacoid dinocysts (with a notable common occurrence of Nematosphaeropsis 7
238  labyrinthus at the SAF and mixed gonyaulacoid dinocysts at and outside of the STF.
239  These trends represents the transition from sea-ice influenced tocold upwelling/high
240 nutrient to warm-temperate/lower nutrient conditions, respectively. We use the
241  affinities obtained by Prebble et al. (2013) to reconstruct past /p\ceanographic
242 conditions at the Wilkes Land continental margin.

243

244  4.Results

245 4.1 Palynological groups

246 In.our palynological analysis we separated palynomorph groups into four
247  categories: In situ dinocysts, reworked dindgcysts (following Bijl et al. Table
248  3), acritarchs and terrestrial palynomorphs. Our palynological slides further contain a
249  varying amount of pyritized diatoms and a minor component of amorphous

dad abso )¢ Ye
250 palynofacies, which is not further considered Wy The relativiL abundance of

251  the four palynomorph groups varies considerably }bm,gg«h@.t/t@wﬁdf asdo their.
252 aM (Flgure 4). Reworked dinocysts are present to common
253  <hfoughoutthereverd, hP’lt g%e particularly abundant in the lowermost 40 meters of

254  the Oligocene and in the Upper Oligocene. In situ dinocysts dwmtﬁ_’_che

255  palynomorph assemblage dttﬁ-l-):ﬁ-"l:he mid-Oligocene and mid-Miocene. Chorate,
A

256  spheromorph and Cymatiosphaera-type acritarchs (which are not further
1.

257 mxﬂnumic"]:ly subdivided fmrthis-strdy) dominate the assemblage du}i}ng the late
) Vo

258  Oligocene m:&-mt@ the mid-Miocene, while terrestrial palynomorphs (which are

259  considered in situ and not reworked from older strata (Strother et al,, 2017)) are a

260  constant minor component of the total palynomorph assemblage (Fig. 4).

11
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261

262 4.2 In situ dinocyst assemblages

263 Throughout the Oligocene, in situ dinocyst assemblages are dominated by

264  protoperidinioid dinocysts, notably Brigantedinium spp, Lejeunecysta spp, I\/iglvinic?yc
‘a .,

265  escutiana, and Selenopemphix spp. (Figure 4), all of which are considered assottated~

266 Q’w}iheterotrophic dinoflagellates. Among these protoperidinioid cysts, S. antarctica

267 is common to abundant only in the first 1.5 million years of the Oligocene

268  represested e core-mstesiak (33.6-32.1 Ma), and during ang after,the mid-
0 S e h’ LS

269 Miocene climatic transition (<14.2,.Ma; Fig. 5]. Th
Yr a b fedP S modes 0
270 -generally-dewoid-efS. antarctica. This is-mattelin contrast to t}aﬁ dinocyst assemblages
s A A
271 a}zSite U1356 taeky, which are dominated by this taxon (Prebble et al,, 2013). Instead,
&
272 other protoperidinioid dinocysts dominate, such as Brigantedinium spp, several
273  Lejeunecysta species and Selenopemphix nephroides, which have close affinities to
274 high-nutrient conditions in general (e.g., Harland et al, 1999 ogneyeld jt ﬁ2013)
“
275  but are not specificaity resL?rﬁtc to sea-ice-proximity o;‘ the Southern Ocean. Today,

276  these three genera dominate dinocyst assemblages in high-nutrient regions at or

277  outside of the AAPF (Prebble et al, 2013). W

rying abundance
are free AR Vig y—
278  of protoperidinioid dinocysg?, W not be placed with {onfidence dnto
classtFre
279  established protoperidinioid dinocyst genera, These are gr d ,under
protop yst g These v ek A A i
_ vlevpre / ave la
280  protoperidinioid spp. pars (Figure 4), and are here assq,Ted o it 1] -
Faga? o sl
281  heterotrophic life-stvle as E’fﬁ other protoperidinioid dinocyst genera, '
-

282 Next to peridinioid dinocysts, also gonyaulacoid dino

. Ser g4
283 abundantly throughout the record from Site U1356, They comppiye known and

—
284  previously unknown (Bijl pecies of Batiacashaera, Pyxidinopsis,

12
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285  Nematosphaeropsis, Impagidinium, and Operculodinium (Fig. 4; 5). Exce for Lhe

I
286  extinct genus Batiacasphaera, all the other genera are still extant and are farm cfr 2 =

te.
287 photutréphu dinoflagellates. The abundance of these presu;pfh?y mastly autotrophic ;’ 7 7

288  taxa (Zonneveld et al, 2013) goes at iPexper{se f},the assu;ped heterotrophlc

289  protoperidinioid dinocysts. A remarj#ble increase s n assoc1ated w1th the mld-
M A ewr [

290 Miocene Climate Optimum (between ~17 and 15 a; Fig 4, 5; Sangiorgi et al, in

) 2r f et e
291 review). Of these taxa, Nematosphaeropsis is thou t to be associated with frontal

292  systems of the present-day Southern Ocean (Prebble et al, 2013) and alse-in~the——

/

293  North Atlantic Ocean (Boessenkool etal, 2001; Zonneveld etal, 2013).

294 s
zﬁaq é)’
295 4.5 Comparison between palynological data and lithologjral interpretations
296 The Oligocene sediments from Site U1356 comprise distinctive alternations of )

297  lithologic facies throughout the section (Salabarnada et al. — N, W’
&‘Q’O

by,
Meﬁﬁaﬁ'ﬂfﬁ« }

298  Figure 2). They are interpreted to reﬂgct changes in the oceanographic regime, wi }F
Varla ng

299 re[’s@ﬂ',m glacial-interglacial chdg,?es (Salabadlda et al, submitted this volume).

300 Carbonate deposits, pelagic claystones and bioturbated, carbonate-bearing silty

301 claystones ngre interpreted as interglacial deposits, while the laminated lithologies

P
302 ﬁft glacial deposits (Salabar \2;1 et al. (@me) Mass-transport

é:.‘}’,n
303  deposits reflect times of mh{:r sediment transport from the continental shelf. The

a2
304 lower Oligocene glauconitic sandstones w'eyr)é interpreted to reflect episodes of
305 redeposmo?of w:mmw du T Eoceng shelrwdiments [S!m;a et al EG?E Hoube
At wiresV Vealia d “E
306 2012). We»hzm.&um.mmﬁave—bbf';mm]n"tcz, co;?nt of each df these

307 lithologies, both in terms of absolute and relative abundance of the main

13
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308  palynomorph groups: reworked dinocysts, in situ dinocysts, acritarchs and terrestrial
309  palynomorphs and relative abundance of in situ dinocyst eco-groups.
310
311 4.5.1 Palynomorph groups and lithology
312 There are distinet differences in the re?{]ue and absolute abundances of
a
313 palynomorph groups between the different litholo g:ﬁs (Figure 6), The highest relative
are fFesen
314 and absolute abundances of reworked dinocysts DE?T in #= lower 811?@%
315  reworked glauconitic sandstones, whi f t i esef Houben
316 etal 2013).?&9M$s¢ranspo b abundant mwurke dinocysts, The
/I is s fori J"y e
317  relative and absolute abundance of in-gitu di nc;-'sts dummwm%ewwrﬂm—*
o E—“f&""
318  different lithologies,witl thre= tu deLjy'aI_*, ! -
R f el e (2 }0}:’ 5
319  are much lower in relative and a%bund nc [%rfgﬂ Theopposhe-patterf— % ¢ e_‘)"
AT e
320  efirergesTor acritarchs, whmﬁfglﬁ;;elatlve and absolute abundances frtie—
321  pglagie—etays™ (Figure 6). Terrestrial palynomorphs are most abundant in the
322  glauconitic contorted sandstones (Figure 6).
323 - R
‘é{c[;{; Q)/
324 4.5.2 In situ dinocyst eco-groups and litho‘%y =
325 the
326 ll%ﬂgﬂal-—&tfﬁ' 1-"g|#u'c 7)AThe abundance of Selenopemphix antarctica is low
oy
€ I n
327  throughout the}r??rd (0-5%), with-the exceptiesef the interval post-dating the
328  Miocene Climatic Optimum (MCO) intesval and the lowermost Oligocene. We=rrote—
L, Ve
329 Mﬁuﬁﬂ@m gih a‘m ances of S, antarctica and Malvinia escutiana '7? [
eSS aeialed wilh gz
330  are mostly conne Offfi b glauconitic sandstones and the maat. transport deposits, and ~
‘e = CLg0
% 1 , rarelyeccur-in the other lithologies (Figure 7). We me-aw-‘l{‘n-k-tb.a.t these species ﬁ
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5ems ’21
Vs b& %50 6;9 e
332 repreivtnt part—of—the in situ assemptage in an other)@e dominanﬂ}l reworked

o5
333  dinocyst assemb’:&ge--beea-use-these were nezf?er found in Eoceng selfirpent in the C,,/l/ﬂ(./\r )"\
e a - " 3
334  region before. Lejeunecysta spp. shewss-signifithntly higher rela j‘ ﬁVjJun ances in
' _ CoMPAYE . ; s ,r‘”é'/aa "}?41;
335 mass-transport and glacial deposits, and s qally Tower in the pelagic %
Wad a4 s rary ">
336  clays, interglacial deposits and in the Miocene. Brigantedinium iyp, shiowis
A v
337  relative abundances, in the different lithologies, ané-tive Protoperidinium spp. pars ; b1 /
'_l_;- % v/ 3/4,,,
338 group ; hi t abundan&g in the pelagic clays (Figure 7). Overall, the relative } %e‘ﬂ

339 abundancef of all (proto)peridinioid dinarysts‘«[;ﬂ; in situ assemblage is highest in

340 f@glaaal deposits and pelagic ¢ f and,substagtially lower in interglacial deposits ’/‘},.

cxv{JrAJ‘""

341 and in the Miocene. In ?(d saueral gonyaulacoid dinocyst taxa (such as [’r | v
I Flle dre_s
342  Nematosphaeropsis spp., Pyxidinopsis cpx, Operculodinium spp. and J'n]c/:\.r;fdru.!um
arle, Msve - ‘k‘ Cy PR 2
343  spp.) shew higher relative abundancés in interglacial tl%n glacial depos:r_c Wathug— P
344 BT ked differe relative onyvaulacoi
345 o i - /@;96 )/7 )/V -2

346

347  5.Discussion

348 5.1 Paleoceanographic interpretation of the dinocystassemblages Z? é} 7
349 5.1.1 Surface-ocean nutrient conditions

350 The dominance of heterotrophic dinoflagellate cysts in the Oligocene-Miocene
351 dinocyst assemblages indicate gﬂ high nutrient levels in the surface waters. Vg~
352 Qf&r qzr'efore ot geTeTal, surface- w?;hrs overl mﬂr Sﬁ'e 1356 experienced
353 upwelling associated to the AAPF du/vpg mast the thuuzne ’dud Miocene.
354 However, and surpri 'ti%ly, the gccasmnally abun%nt ohgotrophlc cyst taxa

355 suggest that at times, surface waters were much less
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356  nutrient-rich, = {¥isias Thesefdinocysts
'
357  are outer shelf to oceanic or outer neritic taxa {e.g,, Sluijs et al, 2005; Zonneveld et al.,

LU
358  2013; Prebble et al, 2013), wh\ch akes it unlikely they were reworked from the

dfcu’ A ¢ AW Vo
359  continental shelf. In evfd these taxa sh ﬂ relatlve abunda?lces in t&’mass.

360 transport deposits (Flgure 6); )}LW these taxa are pal;‘t?ut'the in
Wf'q_r.ﬂd -

361  situ pelagic assemblage an surface waterﬁ ratherthar-trem-baing-
362 rMAlthough species within these genera have relatively long stratigraphic

363 ranges exte}cpng back intg the Eocene, most of thelspeaes encounterad. at U1356

‘V/@ %4 P /"e//z/
364 d in Eocene githehrtal shelf sedlments in the region (e.g., Bijl et

365 al, 2011; 20134, b; Brinkhuis et gl,, 2003a, b; Leuy -”E{ En-'-rcrud 20000; WH a
Za.Mabe s a)ﬂ I L&
366  Hart, 1988). This lmﬂ'hmhﬂuuggm.agamst—sheﬁa-be% reworked from Eocene

367  shelf ma)é)ial, in additxo/n,zw{e statistical approach also interprets these 5

368 part u%'&le in situ assemblage (Bijl g€ al, in press)y N : bt

5
369  evideneethat these a lic taxa are part of the in situ pelagic assemblage We gan
Q‘L Y}\@ e {1 ed 2¢2

70 mterpret these assemblages m-terms-vf-t-hel( paleoceanographlc af ities> The

N \
ma.fl Ny Mt
M%’YM 71 /z occasiorral ebandance of oligotrophic taxa suggests nutrient levels mgitlﬁve been

372 lovs;\ compared to thesameregien today, The absence of these taxa in modern surface
373  waters south of the AAPF is nmh;}al_v éused by a combination of factors: low sea
374  surface temperatures, isolation by strong eastward currents, but also the abundance
375 and seasonal concentration of nutrients, which make the Antarctic proximal surface
376 ' istic nighfe. Apparengly, surface water conditions during the
377 i e such these oligotrophic species could at times
i\
Veged Virn 7
CL}( r % ﬁ V.
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391
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394
395
396
397
398
399
400
401
402
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M*’Mﬁ&/ﬂ z{!mzyjm }ﬁ mé

5.1.2 sea-surface temperature

Uf‘

/l] a@z@%ﬂlnocyst assemblages m.uu.Lne.cand..pom-to-the Souttfim margin of New

Frebhle et al,

Zealand and Tasmania an_l;b.a_ba\;n«dem-pmlujm i
(&

2013; Figure 2). Those regions today fﬁalwl*c

protoperidinioid

dinocysts and gonyaulacoid dinocyst genera such as Nematosph(ieropsis,

Preve
Operculodinium and Impagidinium. These assemblages ocesr=at~pTesent in surface-

waters with mean annual temperatures of 8-17°C (Prebble et al.,, 2013). A bayesian

approach on the TEXgs index values at U1356 (presented in Sangiorgi et al.,

al$, 518505V Ve , 02 J

submitted; Hartman et al, submitted thistvolume) indiesterERaegly the same region A
3 ) : wrAr Ly x

as modern analoguey for 5 F10T Hartman etal, sub{;ﬂéd this : 7Z/

A -?f,.r re tempers Yores o

volume) as*fGFﬂTeﬂTrrU‘Tt?(-Preb’o}e-ethE’l&l—?; bot i
éﬂ reva T %)
paleotemperature-rangefor the Oligocene-Miocene at UTI356. Theee—i?we-pfemsth\us_

in EN t - war, aleoceanogr:
Angarcti i —{ & an : -
Jah 12
g _nffs e z g 1dence for
o ey s < f‘
tempeﬁte Oligocene- M}ocenlz\zlrfica y}v‘jt‘:irs @Iﬂ%ﬂ the ahundance of
&g

nannofossils eneeuﬂtered-m-the_samerﬁﬁgveeneﬁmmm (Escutia et al,,
ﬁeﬂ/’ @re “ase
2011b). Today, carbonate-producing plankton 154W high !atn:ude
surface waters south of the AAPF (Eynaud et al,, 1999). Moreover, the rem"ins of the i ie,z.[ I
few carbonate-producing organisms Hvirg-at high latitudes rarely reach the ocean
wi- Vo
floor bec:‘a)‘se strong upwelling of relatively CO-rich, corrosive waters (e.g., Olbers et
al, 2004). Hence, the presence of carbonate-rich intervals during the Oligocene-

Miocene at Site U1356, along with the eaesurtered-oligotrophic, temperate dinocysts,

suggests fundamentally warmer surface-water conditions than ﬁ present.
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404
405 5.1.3 Paleoceanography
406 The strong similarjy of Oligocene-Miocene dinocyst assemblages at Site

407 U1356 to those todgy occurring much further north (e.g, around Tasmania and

408  Southern New Zealand (Prebble et al, 2013) sugg '/f nﬁmentally different
409 Dof Souther‘;l Ocean oceanograph : The ftfrr,ﬂatl/tudmal separation of

V9
410 dinocyst assemblages th%out the Southern Ocean today (Prebble et al,, 2013) is
a
411  Itkety due to tfé different water masses present across the oceanic fronts whe_;?

412  strong wind-driven divergence around (55 ‘_{irown as the Antarctic Divergence; e.g.,

i Lt
413  Olbers et al, 2004), strong sea-ice seasnnﬂand;"ur the vigorous Antarctic Circumpolar

414  Current sre-hmrplese. The strength and position of the AAPF during the Oligocene-

491~7)
415 Miocene is not well under;/tpod. GCM experiments under Miocene boundary

416 conditions suggest that west and east wind drifts prevailed south and north of 60°S,
: 4
417 W@q y [Herold et al, 2011). This position of the winds determineg the avera ,
422 ol A 2 ) 172,

bes po
418  position of the Pmtarttu: L'Iwergﬂnce a,? 60°S during the Oligocene and Miocene, 11% =4

419  today. This would ; that Site U1356 likely was @kﬁebly oviilain by the AAPF.

W e
420 However, the s@ﬁMy warmer, more oligotrophic u:hsn;gfmr of ﬂm dinocys

Q’r.)/%\e, Arecf

421 assemblages offshore Wilkes Land throughout the Oligocene-Miocene argu gyﬁgﬁ@
WD e aaker

422 gsgp&:m?nw the AAPF. The p

;:\n

423 El m]l‘lEi i
.;1. .S" oA ’;f F
424 ¥ rd-: mlihwatd ozition of the AAPF relative to Site U1356
a-w'”ﬂ.- Y -
425 enl a southward migration of temperate water

zrﬁf

426 masses towdbds the site, # northward position g

& AAFF relative to the site, woGld-

427 mu T

The presfnce of carbonate in these deep marine

pot

) oo o ool spLy
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sediments also suggests that upwelling of corrosive waters thrgfugh the (proto-)

a

Antarctic Divergence was either much reduced or located [ieﬂf-

ere. Therefore, k bl
wlo rfrelh e

deducé thi the occurrence of the oligotrophic, temperate dinocysts is evid ora

southward position of the AAPF refative to the position ofS{te U1356.

Vo ria bt g
The separate~averaging of Jinocyst assemblages %q?
he b I

deposits (Figure 7) E]l{yﬂf)ﬂ?.‘j to reconstruct the glacial-interglacial surface }%&

glacial and interglacial

oceanographic changes throughout the ocen di/Thls approach suggests thet

(/q r S
substantial _paleoceanographic d i

interglacial cycles.

ﬂfg}fﬂ. - A D I . ¥

contgn more oligotraphic, /EE“:PE! ate dineeysts during interglacial f@ intervals

compared to glacial i Xr eri,_more eutrophic, coldser dinocysts prn.lfe;ggn

W&"&a

This co?}d be the re of-a—s-k?t 1at1tud1nal movement of oceanic frontal systems
=

oy, Ly’
(notably the AAPF), as has been reconstr,

cent glacial to interglacial

5.2 Impligation foeene ocean circulatio
Oﬁvﬁé igocene and i

(=]

Oligocene glacial-

@ocyst assemblages

(e.g, Kohfeld, et al. 2013).

1zht be

it e -

- '-_--H_H""\ a e
dinocyst assemblagebb;?{r

similarﬁ% to modern proximal-Antarctic assemblages (Prebble et al,, 2013], arith

v

-

Msye ares

C

}ﬂﬂ n,cfé 15 e

=3
GU

o

gy

L %L'){/¢Cﬁﬁf “7

}ze re
re 7‘/@ s

{

‘ral e/
e /”M 2{0 /l

2
or the Southern Ocean fronts d9,171g
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- Dovoc, s
Lgy V v (/i/ Jel / C/"
452  high abundances of Selenopemphix antarctica. ;xjen in those intervaly hewewers the
453  relative abundances of S. antarctica does not reach present-day va}/ues atthe-ganme™
/

454 ~stte: The absence of a-strenp~shifi~towards modern-day% fsemblages in our

455  record Cfi‘l be interpreted to reflect a weaker-than-presenf ACC, in line with
Ij—“

]
456  numerical models (Herold et al., 2012; Hill et al,, 2013). The #CC itselfrepresems an

457  important barrier for latitudinal surface-water transpory towards the Antarctic

/
(Olbers et Al, 2004). Ouﬁd‘n’-lmg%'g:st——

459 }% increase in the influence of oligotrophic dinocysts atfthe Antarctic margin ﬁnng

458  margin, i it 4

460  the late Oligocene and during the MMCO, whid

eVt
mm:wm%,
i olednle Copzdl Vi, A

461  vigorous ACC at 30

462  paleaces ; around 30 Ma, and-thesa._
DT TN Ly er
4 Is no major ng Lhe benthj 6130 (Figure 5). Inspgad, if the Tasmanian Gateway / ey o | =
e lg 2 ; 3’;7 cel V\J/ [
had opened tu an e.}arnt that)-l-b'vzyd ACC development (Scher et al, 2015), the ACC Q 7
465  must have been much weaker tHan f present throughout the Oligocene and Miocene. \ I?.
. zw’E VAL 37 7P

466  The stiengly dinocyst as&'g&fages campared to present- day at Site 1356 y

iq £ Aid - cur ELe ur ..
467  threwghout our record implj )u,@ thata strong cuh ent ACC mdrw%%untd }il;:};’{ 77
468 | after the MMCT (11 Ma). This is consistent with inferences from the lithology at the - S

469 | same site (Salabarnada et al,, submitted this volume), suggesting a proto-ACC much /‘_,. A-%zj
0 |'
470 wealrcm than at pr cint and, likewise, weaker Southern Ocean frontal sybtem?%

i 15.‘ fc&‘?:': ) Lﬁ_, Frfwj/é}
i,/-"(/b 471  dites FGHW that the ACC increased in strength during the Oligocene- :
J

PAd adm
472  Miocene, b}p.t that thisstrengthening had.ne influence o the dinocyst assemblages at
/

@'1,1 ,JL 473 Site U1356. However, the vigorous nature of the ACC influencing surface as well as
“ﬁ' 474 Dbottom waters and gevgrirg eddy water circulation in the Southern Ocean (Olbgrset },,.
1y ¢ E_.{ £F €

)5
475  al, 2004) makes such a scenario \% unlikely. Nevertheless, to W whel]i’&‘r’r'

o ;
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476  the strength of the ACC changed to its present-day force only after the MMCT (as

(s
477  suggested by our data), ocean-circulation modelling of time slices younger than the ! ‘i}'/ I

478  Oligocene will be required. : :/'

479

480 P ;:?ymtmna for i u_e sheet and sea-ice variability

481 Ihe "}undﬂﬂce of O}&T sea-ice indicator Selenopemphix antarctica throughout—
mtﬁﬁ e

482

is consisterrttYlower than that i /I presentéay—dmse)}st-aese-mﬂbhges-at Site g
‘Polae —\

483 U1356 (Prebble et al, 2013; Figure 3). This suggests that sea- 17\condltlops wzre

/F £7e 15 Hrdhi/e l/
484  never as severe as today maughnu.t.the—st&d-red-tmreﬁew&l— I &dg,,,

,“F' }\wt’s },W@fe,fpjy
485 _.Li:tzmlﬁ searice indicators : the first 1.5 million

afver
486  years follow}e}g the Oi-1 glaciation (33.6-32.1 Ma; Figure 5), and r{l'lring and after the

487  mid-Miocene climatic Transition (14-11 Ma; Figure 5). Numerical ice-sheet/sea-ice
488 modelling (De(%mto et al, 2007) suggests sea-ice to develop only if the continental ice

489  sheets reach the coastline. Our lack of sea-ice indicators during most of the Oligocene

1
490  and Miocene eguldthds suggesi that the Antarctic continental ice sheet was much

491  reduced during this time. The finding of a weaker sea-ice season throD\Ehout most of

(5 {mp g 5’47
492  the Oligocene-Miocene at Site U1356 h plic fonal

.‘ﬁ‘v i
493 pmﬁmumyﬂrefuse it suggests a decrease ifr~the potential formeatien—ef—
For {2 ]

494  Antarctic bottom waters at this site. /L- Z Z
"rEj aie 1 ¢ U W's™
495 The abundance of our oligotrgphic taxa broadly co-%ried with long-term
Jreqdy—

496  Oligocene-Miocene benthic 6180: Berrieg times of low 8180 values in deep-sea benthic

497  foraminifera (and thus high deep-sea temperatures and less ice volume; e.g., at 32 Ma,
Corvesperd Iz
498 24 Ma and 15 Ma; Figure 5], thE abundancgo# cligotrophic temperate dinocysts wgs.
W s v dar
499 -dzpge (Figure 5). %timcs of higher 820 values, lower deep-sea temperatures and
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500
501
502
503
504

505

509
510
511
512
513
514
515
516
517
518
519
520
521
522

523

higher ice volume (e.g. at 33.5 Ma, 27 Ma, 23 Ma and 13 Ma; Figure 5) temperate

c Vare _
dinocysts ance and high-nutrient, sea-ice indicators
T Z’-
(re)appearﬁ A@eﬁgﬁ /his suggests on long time scales, ht-there-was stromger
influence of warm surface waters at the Wilkes Land Margin at# hen ice sheets
Yed e
were smaller & i : , and lessMITience-®f warm surface waters
during times of larger ice sheets, afi Her o and

oceaniographic VaTtabilisy

Oxygen-isotope mass-balance calculations suggest that a modern-day-sized
Antarctic ice sheet appeared at the Eocene/Oligocene boundary (DeConto et al.,
2008). Benthic 8180 records suggest that ice sheets fluctuated considerably in size
during the subsequent Oligocene and Miocene (Liebrand etal, 2017). B:tscd on the

g fm.f,g;a,fﬂe.j

heavy §180 values for Oligocene benthic foraminifera from Maud Rise, it uiaf,i.?ferred
that Antarctic ice sheets wer;ilr‘lj'ar-present-day size throughout the Oligocene
(Hauptvogel et al, 2017). B9tf1 isotope studies of Liebrand et al (2017) and
Hauptvogel et al. (2017) assume ‘constant temperatures of the deep sea and similar-

iln
paleoceanography, tomesker—with surface-ocean temperature (Hartman et al,

1 ve al
submitted this volume], cgn vary popsiderably on tﬂglong term g orbital
Al FF

to-present-day 8180 of the cn’?inental ice, Our data instead show that the regional

time scales. It rempains ta be seen whether the vari?ty in paleoceagopraphy found
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524
525
56

527

Ezmnfanwhﬂel’&ﬁ little suppn in our study for the large continental ice sheets ;
:7&”-4..

529 4 during the Oligocehe as I:Dnl:luded by Hauptvogel et al. (2017), given the absence uf

A PNeer A
530 dominance of sea-ice dinoflagellate cysts and in situ terrestrial palynomorphs .

f :
531  (Strother et al, 2017). As an alternative explanation to the difference in §'80 values e« dhep W >/
532  between Maud Rise and Equatorial Pacific during the Oligocene (Hauptvogel et al, yz >ﬂ
533  2017), we suggest that these two records have recorded the characteristics of two ’/&d
c:/{(,_ j

534 fundamentally different deep water masses, with those at Maud Rise being much

535 colder and saltier than those at Shatsky Rise.

536 J 2 Comr ,

537  6.Conclusions ) 7/,
(/ = v/ G 2’% l / q,.:"

538 The dinocyst assemblage chan/grs in the Oligocens-Miocene [33.6-10 Ma) ?f Site 2

arg. ec)is
53 1356 w;?e interpreted in terms of surface palecceancgraphy based on a

540 cumpansan bl to pr serg_day dinocys d}ssemmagcﬁ This }Zé
H ?Tju’! se fala Slgse £ 2
,'E’l-'/&

541 Wh—aﬂumsmwmmat outhern Ocean paleog anugraphy during 2 W ‘fi
Ga2 l‘he ligncene-Mioc different ﬁm 4? ﬁ)f
ARE C re.3e 1t /

543 fce s (yet-still weaker than that of today) he Wilkes Lanj Ma;gin G—  If

wrl . 2C
544  on}¥ for the first 1.5 million years of th 1go ne (33.6-32.1 Ma) and the mi

I’ﬂ/?/ la: v J,)WD ‘A /d,%c

545 Miocene climatic transition (14-10 Ma). The-fmﬂsm&ernf-the-ﬂhgame—ﬁifmﬁe

546  reserdof surface waters off Wilkes Land were warm, rféat'u.rely oligotrophic and lack
&

L=
547  indieations ofa.prominent sea-ice season. Upwelling /:?t the Antarctic Divergence rgaft
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548 halfe—bemr'pfefe&nél-y weaker durmgd Oligocene and Miocene Won} ared to

wilen ~ wede
549  today. Furtirerarote -thre~continental ice sheet ave
550 tres s e e Cene-MIocelr Tumpared-ta-todny
551 n-d= The strength of the mﬂucnce of
: “a)'eryvea L5

552 warm oligotrophic surface water warstmrrgly*mp%ed-—to deep-sea 6180 V&WS With
553  enhanced low-latitude influence of surface water during times of light 8180 in the

554  deep sea and vice versa. The absence of (a trend towards more) oceanographic 7?
% o2
555  isolation of the Wilkes Land margin throughout the Ohgoci/_e to mid-Miocene
P12y hale 17 a 2
556  suggests that the ACC 5[4?:1 not obtain {ﬁ?ﬁﬂl present day strength until at-leass the

557 mid-Miocene Climatic transition. More

558 vaﬁmmmmm-wﬁhgon er infkerreeof oligotrophic, ow-
v"e\/mle/i (/e r s

559 latitude surface waters over Site U1356 durlng nterglamal times more eutrophlc,

'—ﬂ‘/r

&
560 colder influence during glacial times. %is it idarabte latitudinal
561  migration of the AAPF owes=BH - a o]t
562
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