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9.1 Introduction
9.1.1 Overview and relevance

The Miocene to Pliocene interval of Earth’s history occurred between 23.04
and 2.58 million years ago (Ma) (Gradstein and Ogg, 2020; Raffi et al.,
2020). During this time, Earth’s climate transitioned from relatively warm
conditions in the Oligocene, where ice sheets in Antarctica were largely
land-based, to the onset of bi-polar glaciation. The long-term cooling trend
was punctuated by several, global-scale climatic events and transitions (De
Vleeschouwer et al., 2017; Westerhold et al., 2020; Zachos et al., 2001a)
including the Miocene Climatic Optimum (MCO) (Flower, 1999; Flower and
Kennett, 1994; Steinthorsdottir et al., 2021), Middle Miocene Climate
Transition (MMCT) (Flower and Kennett, 1994; Shevenell et al., 2004; Tian
et al.,, 2013), Tortonian Thermal Maximum (Holbourn et al., 2013;
Westerhold et al., 2020), Late Miocene Cooling (Herbert et al., 2016;
Holbourn et al., 2018; Loutit and Kennett, 1979), and the Pliocene Warm
Period (Beu, 1974; Dowsett et al., 1996; Haywood et al., 2016; Poore and
Sloan, 1996). These events are captured in regional paleoenvironmental
proxy records and their global nature is reflected in the deep-sea benthic for-
aminifer oxygen and carbon isotope records (Fig. 9.1). Importantly, varia-
tions in the oxygen isotopic composition of sea water recorded in the tests of
benthic foraminifers reflect changes in bottom water temperature and ice vol-
ume, which are used to infer the evolution of high latitude climate and ice
sheets (De Vleeschouwer et al., 2017; Kennett, 1977; Miller et al., 1991a;
Westerhold et al., 2020; Zachos et al., 2001a, 2008). Sea level reconstruc-
tions from geological archives (Carlson et al., 2019; Grant et al., 2019; John
et al.,, 2011; Kominz et al., 2008, 2016; Miller et al., 2005; Miller et al.,
2005, 2012, 2020) provide independent records of ice volume variability but
can be contradictory due to uncertainty in age control and non-climatic pro-
cesses (e.g., glacial isostatic adjustment, dynamic topography and tectonics)
that affect local sea level. In this chapter, we set the global climate scene
and then focus on Antarctica’s climate and ice sheet evolution through the
Miocene and Pliocene. We review and summarise paleoclimate observations
from Antarctica during these global climatic episodes and discuss modelling
studies. We take a regional approach and focus our discussion towards geo-
logical data from the Ross Sea, George V Coast and Wilkes Land (Fig. 9.2).
However, we acknowledge that data and insights into Miocene and Pliocene
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climate change and ice dynamics are available from other regions around
Antarctica (Haywood et al., 2008; McKay et al., 2021).

By the end of this century, atmospheric carbon dioxide (CO,) is projected
to reach concentrations between 430 and 1000 parts per million in volume
(ppmv), depending upon future emission scenarios (IPCC, 2013;
Meinshausen et al., 2011) (Fig. 9.1). Proxy-based atmospheric CO, recon-
structions suggest that the Pliocene was the last time when atmospheric CO,
levels exceeded 400 ppm (Badger et al., 2013a; Bartoli et al., 2011;
Martinez-Boti et al., 2015; Pagani et al., 2010; Seki et al., 2010) and global
mean temperatures were 2°C—3°C warmer than pre-industrial, making this
time period an important target for understanding environmental conditions
in light of ongoing climate change (Burke et al., 2018; Dolan et al., 2012;
Dowsett et al., 2012; Haywood et al., 2013, 2016; Lawrence et al., 2009;
Lunt et al., 2012; Masson-Delmotte et al., 2013; Raymo, 1994). The long-
term trend of the global benthic marine oxygen isotope stack implies that
during the early to mid Pliocene global ice volume was reduced, compared
to today (Lisiecki and Raymo, 2005; Miller et al., 2012), with estimates of
global mean sea level (GMSL) ranging between 6 and 25 metres higher than
present (Dumitru et al., 2019; Dutton et al., 2015; Grant et al., 2019; Miller
et al.,, 2012; Raymo et al., 2011; Rovere et al., 2020). Proxy-based recon-
structions suggest CO, concentrations were even higher during the MCO, at
times exceeding 600 ppm, although the range of concentration estimates is
high (Greenop et al., 2014; Sosdian et al., 2018; Steinthorsdottir et al.,
2021). Global mean surface temperatures during this interval were between
3°C and 8°C warmer than today (Shevenell et al., 2004; Steinthorsdottir
et al., 2021; You, 2010; You et al., 2009) and sea level records suggest
Antarctica’s ice sheets were at times much smaller than now (John et al.,
2011; Kominz et al., 2008, 2016; Miller et al., 2005, 2020). Significant
research effort is focused on the Miocene as it is recognised as an important
target for evaluating the Earth system response to future warming
(Steinthorsdottir et al., 2020), particularly if efforts to mitigate greenhouse
emissions fall short.

Warm climate intervals from the Miocene and Pliocene help us under-
stand the sensitivity of Antarctica’s ice sheets and the high southern latitudes
to climate change; information that can inform our planet’s possible future.
Presently, a disconnect exists between paleoceanographic interpretations of
ice volume change derived from the deep-sea records and ice-proximal
records of environmental variability and ice sheet dynamics from the mar-
gins of Antarctica. An example is the long-lasting debate over Antarctic ice
sheet stability (Clapperton and Sugden, 1990; Sugden et al., 1993) vs dyna-
mism (Webb and Harwood, 1991; Wilson, 1995) since the middle Miocene.
The stability hypothesis is based, in part, on the deep-sea oxygen-isotope
record, which shows a stepwise and sustained increase in 8130 values begin-
ning at ~ 14 Ma ago (Flower and Kennett, 1993a; Kennett et al., 1975) and
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FIGURE 9.1 Summary of key environmental records and tectonic events that have influenced
Antarctic climate and ice sheet evolution through the Miocene to Pliocene. Major climatic transi-
tions include the Oligocene/Miocene Boundary (Mi-1) event, the Miocene Climatic Optimum
(MCO), Middle Miocene Climate Transition (MMCT), Tortonian Thermal Maximum (TTM),
Late Miocene Cooling (LMC), and Pliocene Warm Period (PWP). (A) Atmospheric CO, compi-
lation comprises data from a range of proxies including boron isotopes (Bartoli et al., 2011;

(Continued)
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has been interpreted to represent ice build-up and stabilisation of the East
Antarctic Ice Sheet (EAIS). However, as: (1) the geographic distribution of
geological studies around the Antarctic margin has increased and the fidelity
of the records has improved (Bertram et al., 2018; Cook et al., 2013, 2017;
Escutia et al., 2019; Gulick et al., 2017; Levy et al., 2019; McKay et al.,
2012; Patterson et al., 2014; Sangiorgi et al., 2018; Wilson et al., 2018), (2)
new sea level reconstructions have been produced (Dumitru et al., 2019;
Grant et al., 2019; Miller et al., 2012; Rovere et al., 2020), and (3) modelling
approaches have improved (Berends et al., 2019; de Boer et al., 2014;
DeConto and Pollard, 2016; DeConto et al., 2012; Dolan et al., 2012;
Gasson et al., 2016b; Haywood et al., 2016; Pollard and DeConto, 2009;
Pollard et al., 2015), it is now clear that Antarctica’s ice sheets behaved
dynamically throughout the Neogene and into the Quaternary.

Here we outline recent advances in knowledge of Antarctic Ice Sheet
(AIS) behaviour and climate evolution through the Neogene. We focus our
review on ice proximal geological records from the Ross Sea and offshore
George V Land and Wilkes Land (Fig. 9.2); three regions where important
data sets have become available over the past 15 years. We also present

Foster et al., 2012; Greenop et al., 2014, 2019; Martinez-Boti et al., 2015; Raitzsch et al., 2021;
Seki et al., 2010; Sosdian et al., 2018), B/Ca (Badger et al., 2013b), phytoplankton/alkenones
(Badger et al., 2013b, 2019; Bolton et al., 2016; Pagani et al., 2011; Seki et al., 2010; Super
et al.,, 2018; Zhang et al., 2013), leaf stomata (Beerling et al., 2009; Kiirschner et al., 1996,
2008; Retallack, 2009a; Van der Burgh et al., 1993), paleosols (Cerling, 1992; Ekart et al., 1999;
Ji et al., 2018; Retallack, 2009b), phytanes (Witkowski et al., 2018) and diatoms (Mejia et al.,
2017). Solid red line displays a two million year moving average. CO, concentrations from 1765
to 2300 are shown for representative concentration pathways (RCPs) 2.6 (dark blue), 4.5 (light
blue), 6 (orange) and 8.5 (red) (Meinshausen et al., 2011). Atmospheric CO, concentration
thresholds for Antarctic ice sheet formation (green dashed line) and Northern Hemisphere (bi-
polar) glaciation (blue dashed line) are based on modelling results (DeConto and Pollard, 2003;
DeConto et al., 2008). Present day average atmospheric CO, concentration shown by the red
dashed line and is like those that characterised much of the early to middle Miocene. (B) Splice
of deep sea benthic foraminifera 6'80 data (light grey) reflect changes in ice volume and deep/
bottom water temperature (De Vleeschouwer et al., 2017). A comparison between three different
records/splices is shown by the three green lines that display a 500 kyr moving average through
the splice of Miller et al. (2020) (dark green), De Vleeschouwer et al. (2017) (medium green),
and Cramer et al. (2009) (light green). (C) Bottom water temperature (BWT) records are derived
from Ocean Drilling Program (ODP) Site 806 (dark blue) (Lear et al., 2015) Equation 7a (light
blue) and 7b (purple) from the compilation of Cramer et al. (2011). (D) Obliquity sensitivity
(Sob) offers a proxy for ice sheet extent where higher values reflect times during which ice
sheets expanded across Antarctica’s continental shelves (Levy et al., 2019). Timing and duration
of significant tectonic and oceanic events in the region around the Drake Passage (DP), West
Antarctic Rift System (WARS), and Marie Byrd Land (MBL) are indicated by black horizontal
bars (see text for details). Reconstructed topography for Antarctica is shown for three key time
slices (23, 14, and 3.5 Ma) with associated ice sheet model simulations under low (280 ppm)
CO, forcing and cold astronomical configuration and high (840 ppm) CO, forcing and warm
astronomical configuration (Paxman et al., 2020).
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FIGURE 9.2 Location of key terrestrial and marine geological records discussed in the text. Deep
Sea Dirilling Project (DSDP), Ocean Drilling Program (ODP), Integrated Ocean Discovery Program
(IODP), Dry Valleys Drilling Project (DVDP), Cenozoic Investigation of the Ross Sea Core
(CIROS-1), Cape Roberts Project (CRP), and ANDRILL (AND) drill sites are indicated by red
dots. Blue regions = ocean, white = ice, brown = exposed rock and sediment. Ice sheet elevation
and ocean bathymetric contours are every 500 m. (A) Antarctica. (B) Subglacial geography of
Antarctica derived from Bedmap2 (Fretwell et al., 2013) with major subglacial basins: WSB,
Wilkes Subglacial Basin; ASB, Aurora Subglacial Bain; SSB, Sabrina Subglacial Basin; VSB,
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and discuss recent modelling studies that investigate climate—ice sheet
interactions in the Miocene and Pliocene. For a broader review of other
data sets from around the Antarctic, particularly offshore Prydz Bay and
the Antarctic Peninsula, we refer the reader to the previous version of
this chapter (Haywood et al., 2008) and other review papers and docu-
ments (Barrett, 2013; Bart and De Santis, 2012; Escutia et al., 2019;
McKay et al., 2021).

9.1.2 Far-field records of climate and ice sheet variability
9.1.2.1 The Early Miocene

The onset of the Miocene is marked by a major transition in global climate
from relative warmth of the late Oligocene to the generally cooler
climates that persisted through much of the Neogene (Naish et al., 2021).
Atmospheric CO, declined in the latest Oligocene (Zhang et al., 2013) reach-
ing concentrations below 400 ppm across the Oligocene-Miocene Transition
(OMT) (Fig. 9.1) (Greenop et al., 2019; Super et al., 2018). A large (~ 1%o)
transient positive oxygen isotope excursion, broadly known as the Mi-1
event (Miller et al., 1991a; Zachos et al., 2001a; Zachos et al., 2001c) coin-
cides with globally-distributed evidence for sea level lowstands of 20 to
40 m (Miller et al., 2020; Miller et al., 2005; Sliwifska et al., 2014; Zelilidis
et al., 2002). Early Miocene cooling coincides with the onset of modern
monsoon-like climate and widespread loess deposition in northern China
(Guo et al.,, 2008; Zhang et al., 2018), ~2°C cooling in NW Europe
(Sliwiﬁ ska et al., 2014), and cooler sea surface temperature (SST) in the
north Atlantic Ocean (Egger et al., 2018; Super et al., 2020; Super et al.,
2018). High resolution ice-distal benthic foraminifer stable isotope records
suggest that the AIS expanded across the OMT and reached a volume com-
parable to present (Liebrand et al., 2017; Liebrand et al., 2011). Ice volume
was potentially up to 25% larger than today if assumptions are made about
the stability of the §'0 composition of Antarctica’s ice sheets (Pekar et al.,
2006). Far field records suggest that the AIS decreased in size over the one
million years after the OMT, in response to climatic warming and a hypothe-
sised subsidence-induced reduction in terrestrial Antarctic land mass
(Liebrand et al., 2017). Earliest Miocene proxy CO, concentrations are vari-
able, with post-OMT estimates as high as 1000 ppm (Reichgelt et al.,

Vincennes Subglacial Basin; P-PB, Pensacola-Pole Basin; RB, Recovery Basin; WARS, West
Antarctic Rift System; LG, Lambert Graben; TAM, Transantarctic Mountains, GM, Gamburtsev
Mountains; PCM, Prince Charles Mountains. (C) George V Land, Adélie Land, and Wilkes Land
region of East Antarctica. (D) Ross Sea Region, in the panel D a square indicating the location of
panel E. (E) McMurdo Dry Valleys. Land contours in (D) and (E) are every 200 m.
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2016). However, a majority of the proxy data indicate values between 350
and 450 ppm from 23 to 19.5 Ma (Greenop et al., 2019; Londofio et al.,
2018; Reichgelt et al., 2020; Super et al., 2018; Zhang et al., 2013).
Glacial-interglacial variability through much of the early Miocene was
paced by variations in short and long-period eccentricity (Holbourn et al.,
2005; Liebrand et al., 2017) and likely saw fluctuations between 50% and
125% of the modern EAIS (Pekar and DeConto, 2006). Bottom water tem-
peratures (BWT) likely varied up to 3°C on million year time scales
(Cramer et al., 2011).

9.1.2.2 The mid-Miocene

Following the relatively cool climate of the earliest Miocene, environmen-
tal proxies indicate that the Planet entered an interval of relative warmth.
The Miocene Climatic Optimum (MCO; ~17 to ~14.8 Ma) is charac-
terised by low average deep sea benthic foraminifera §'*0 values (De
Vleeschouwer et al., 2017; Flower and Kennett, 1993a; Holbourn et al.,
2015; Westerhold et al., 2020; Woodruff and Savin, 1991) (Figs 9.1 and
9.3). Fossil floral and faunal evidence indicate that this was the warmest
interval of the past 35 million years (Bohme, 2003; Hornibrook, 1992;
Mosbrugger et al., 2005; Prebble et al., 2017; Utescher et al., 2011).
Average global surface temperatures were likely 3°C to 4°C warmer than
present (You, 2010), with intervals of peak warmth during which average
surface temperatures were ~7°C to 8°C warmer than today (Goldner et al.,
2014; Steinthorsdottir et al., 2020, 2021). Near surface and surface water
temperature (upper 200 m) in the Southern Ocean were at times between
7°C and ~16°C warmer than present (Sangiorgi et al., 2018; Shevenell
et al., 2004) and global deep sea water temperatures were between 5°C and
9°C warmer than today (Billups and Schrag, 2003; Lear et al., 2010, 2015;
Modestou et al., 2020; Shevenell et al., 2008). Causes of warming and
cooling through the MCO have largely been attributed to changes in carbon
cycling (e.g., greenhouse gas concentrations) (Foster and Rohling, 2013;
Foster et al., 2012; Vincent and Berger, 1985; Woodruff and Savin, 1989).
There is a wide range of estimates of atmospheric CO, concentrations dur-
ing the MCO of between <400 and >1000 ppm (Cui et al., 2020; Greenop
et al., 2014; Ji et al., 2018; Sosdian et al., 2018; Steinthorsdottir et al.,
2021). The inferred increase in CO, has been linked to rapid eruption of
the Columbia River Flood basalts between 16.7 and 15.9 Ma (Foster et al.,
2012; Kasbohm and Schoene, 2018). Statistical analysis of available proxy
data suggests that average values through the MCO were ~400 ppm (Figs
9.1 and 9.3) but estimates based on boron proxy data from Ocean Drilling
Program (ODP) Site 761 off NW Australia suggest eccentricity-paced
(100 kyr) variations between 200 and 600 ppm occurred (Greenop et al.,
2014). Mechanisms and processes driving these relatively large high
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frequency changes in the carbon cycle require further exploration.
However, there is little doubt they support other climate proxies that indi-
cate a dynamic astronomically-paced climate during the MCO (Holbourn
et al., 2015) (Fig. 9.3) and that climate sensitivity may have been higher
than present.

A more detailed examination of benthic foraminifera 6'*0 data suggests
that, like most intervals in Earth’s history, the MCO cannot be charac-
terised by a single ‘time slice’ reconstruction. The onset of the MCO is
marked by a large (~ 1%), relatively rapid shift in mean §'50 values
(Fig. 9.1) and is followed by low to moderate variability on eccentricity-
paced time scales (Holbourn et al., 2015) (Figs 9.1 and 9.3). These data
suggest subdued environmental variability during the early MCO (~17 to
16 Ma) and reflect warmer ocean bottom waters and/or reduced ice volume
relative to the early Miocene (Figs 9.1 and 9.3). This period of relative
warmth and stability was followed by an interval from 16 to 15 Ma charac-
terised by high amplitude §'%0 variability (Flower and Kennett, 1994) with
shifts up to 1.5% on eccentricity-paced glacial/interglacial timescales
(Holbourn et al., 2015) (Fig. 9.3B). MCO bottom water temperatures
(BWT) fluctuated by as much as 3°C in the Southern Ocean on hundred
thousand year timescales (Shevenell et al., 2008) and up to 6°C at lower
latitude sites across million year periods (Lear et al., 2015) (Fig. 9.3F).
These relatively large BWT changes may explain a significant portion of
the §'®0 variability between 16 and 15 Ma, although global sea level recon-
structions suggest that large ice volume variations during this time cannot
be ruled out (Miller et al., 2020). These large §'80 variations also coincide
with eccentricity-paced (~400 kyr) changes in benthic foraminifera §'°C
data. The astronomically-paced excursions are superimposed on the ~2
million year-long global ~1% increase in 6'°C referred to as the
Monterrey Carbon Isotopic Excursion (Vincent and Berger, 1985)
(Fig. 9.3D). The Monterey Excursion has nine 400 kyr-paced §'*C maxima
(Holbourn et al., 2007; Pagani et al., 1999a; Woodruff and Savin, 1989)
that reflect changes in global carbon cycling, an interpretation further sup-
ported by observations of global Carbonate Compensation Depth variability
(Holbourn et al., 2015) and intervals of enhanced organic carbon deposition
and preservation on the circum-Pacific continental shelves (Sosdian et al.,
2020; Vincent and Berger, 1985).

Sedimentary records from the New Jersey margin (Kominz et al., 2008,
2016; Miller et al., 2005) and the Marion Plateau, south of Australia (John
et al., 2011), indicate sea level rose and fell up to ~35 m during the MCO
(Fig. 9.3), requiring fluctuations of up to 60% of the present AIS. SSTs in
high northern latitudes were up to 15°C warmer than present during the
MCO but were not significantly higher than the early Miocene (Super
et al.,, 2018) and there is little evidence for ice-rafting in the Arctic from
17.5 to 16 Ma (St. John, 2008). These data suggest that the fluctuating
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FIGURE 9.3 Environmental data from the late early Miocene through middle Miocene (17
to 11.6 Ma). (A) Atmospheric CO, compilation comprises data from a range of proxies outlined
in Fig. 9.1. Solid red line displays a two million year moving average. (B) Splice of deep
sea benthic foraminifera 6'®0 data (light grey) reflect changes in ice volume and deep/bottom
water temperature (De Vleeschouwer et al., 2017). Solid black line displays a 150 kyr moving
average. Maximum and minimum values are determined within each 150 kyr window and create
the envelope (black lines) that bound the §'®0 data. Red asterisks indicate intervals of peak
warmth and maximum carbonate dissolution in the eastern equatorial Pacific (Holbourn et al., 2015).
E3/Mi-3 is the large stepwise §'%0 increase (Flower and Kennett, 1993a; Miller et al., 1991b;
Woodruff and Savin, 1991) that marks the end of the MMCT. (C) A §'*0 variability ‘index’,
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glaciers and ice sheets that drove changes in sea level during the MCO
were in Antarctica. However, questions remain regarding the minimum
extent of Antarctic ice during this time. Did the AIS completely melt dur-
ing the MCO or did high elevation and inland areas remain ice covered
during the warmest interglacials? Recent studies using far-field records
suggest that ice completely disappeared from Antarctica during intervals of
peak warmth in the MCO (Miller et al., 2020). However, equilibrium ice
sheet simulations (Gasson et al., 2016b; Halberstadt et al., 2021; Paxman
et al., 2020) and proxy data (Levy et al., 2016; Shevenell et al., 2008) sug-
gest these ‘total deglaciation’ events were rare or did not occur. Whereas
data presented throughout this review shed some light regarding AIS
behaviour in the MCO, new ice-proximal sedimentary records are required
to determine the sensitivity of the AIS to middle Miocene warmth
(McKay et al., 2021).

Termination of the MCO and the onset of cooling and glacial expansion
through the Middle Miocene Climate Transition (MMCT) is indicated by an
increase in §'®0 maxima starting at ~ 14.8 Ma, which was followed by a
gradual increase of ~0.3% in average 6'°0 values during the subsequent

interpreted as a measure of glacial/interglacial variability, is determined by subtracting the maxi-
mum values in (B) from the minimum value, for each 150 kyr window. We indicate arbitrary
‘thresholds’ in these data (green and yellow solid lines) and suggest that values below 0.6%.
reflect a relatively ‘stable’ high latitude environment and values that exceed 0.9%. indicate a
highly dynamic environment with large changes in BWT and/or ice volume over gla-
cial—interglacial time scales. (D) Yellow line shows high resolution deep sea benthic foraminif-
era 8'°C splice (Westerhold et al., 2020). Solid deep orange line displays a 150 kyr moving
average and carbon maxima events (Vincent and Berger, 1985; Woodruff and Savin, 1991) are
labelled (CM2—6). (E) Sea level curves are from Kominz et al. (2016) (blue dots), Kominz et al.
(2008) (pale blue dashed line), Miller et al. (2005) (blue dashed line), and Miller et al. (2020)
(pale blue line). (F) BWT data from ODP Site 761 (east Indian Ocean: 16.738°S, 115.535°E)
(Lear et al., 2010) (light blue), ODP Site 806 (western equatorial Pacific Ocean: 0.319°N,
159.361°E) (Lear et al., 2015) (purple), ODP Site 1171 (southwest Tasman Sea: 48.4999°S,
146.1115°E) (Shevenell et al., 2008) (blue), and derived from the compilation of Cramer et al.
(2011) using Equation 7a (dark blue). Solid line through data from ODP Site 1171 displays a 9-
pt running average. (G) Pollen-based Mean Annual Temperature estimates for New Zealand dis-
play ‘envelope’ where upper bound (dark orange) = mean of warmest 20% of samples and lower
bound (light orange) = mean of coldest 20% of samples (Prebble et al., 2017). (H) SST data for
the Northern Hemisphere from DSDP Site 608 (northwest Atlantic Ocean: 42.8367°N,
23.0875°W) (Super et al., 2018) (light blue) and ODP Site 982 (northwest Atlantic Ocean:
57.516°N, 15.866°W) (Super et al., 2020) (pink). (I) SST data for the Southern Hemisphere
from ODP Site 1171 using the Mg/Ca proxy (Shevenell et al., 2004) (dark brown) and the
TEXge proxy (orange) (Leutert et al., 2020) using the calibration of Ho and Laepple (2016).
Solid lines through the Mg/Ca and TEXge data display a 9-pt running average. Red squares dis-
play temperature estimates derived from clumped isotopes (Ay47) (Leutert et al., 2020). Grey ver-
tical band highlights the Middle Miocene Climate Transition and vertical red dashed line
indicates likely threshold in the climate system, across which high latitudes cooled and sea ice
and Antarctic marine-based ice sheets became a more frequent and persistent feature.
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~800 kyrs (Holbourn et al., 2014) (Fig. 9.3B). By the end of the MMCT
(at ~13.8 Ma), global §'%0 had increased by 1%. to 1.5% (Holbourn et al.,
2005, 2014; Kennett, 1977; Shackleton and Kennett, 1975a). A ~ 100 ppm
decrease (400 to 300 ppm) in average CO, concentrations occurred at the
onset of the MMCT (Fig. 9.3A), although proxy data indicate a high degree
of variability continued following the initial drop, with values exceeding
500 ppm at times and dropping below 200 ppm at others (Fig. 9.3A). In con-
trast to the MCO, BWT variability during the MMCT was low, generally
fluctuating by ~ 1°C on 100 and 400 kyr time scales in the Southern Ocean
(Shevenell et al., 2008). BWT generally decreased during the MMCT by
~2°C (Cramer et al., 2011; Modestou et al., 2020; Shevenell et al., 2008).
SSTs records suggest mid southern latitudes cooled by 3°C to 4°C between
14.1 and 13.8 Ma (Leutert et al., 2020; Shevenell et al., 2004, 2008).

Sea level records through much of the MMCT are somewhat ambiguous
(Fig. 9.3E). Records from the New Jersey margin indicate sea level ampli-
tudes varied by at least 10 m (Kominz et al., 2016), but different data
sets produce significantly different maximum and minimum magnitudes
(Fig. 9.3E). Furthermore, data from the Marion Plateau indicate sea level
rose and fell by ~35 m between 14.7 and 14 Ma (John et al., 2011). Large
amplitude (1%) high frequency variations in the §'%0 record occur through
the interval (Holbourn et al., 2014; Shevenell et al., 2008). Given that BWTs
remained relatively stable, these large excursions suggest glacial —interglacial
changes in ice volume were significant. A gradual increase in ice-rafted
debris (IRD) from 15.6 to 14 Ma in the North Atlantic suggests sea ice pres-
ence and/or ice growth and glacial advance to coastlines around the margins
of the Greenland Sea (St. John, 2008). While a modelling study suggests
northern hemisphere ice sheets may have grown when CO, dropped below
280 ppm (DeConto et al., 2008), it is still unclear if significant growth of ice
occurred in the northern hemisphere at this time. This implies that the AIS
was highly dynamic and advanced and retreated throughout the MMCT.
However, an overall shift to more positive §'*0 values from the MCO to
MMCT suggests the AIS grew larger during glacials and retreated less dur-
ing interglacials between 14.8 and 13.9 Ma (Holbourn et al., 2014; Shevenell
et al., 2008).

The gradual increase in average 6'°0 values across the MMCT culmi-
nated between 13.9 and 13.8 Ma with a global ~1.2% increase, the most
striking feature in Neogene oxygen isotope records (Figs 9.1 and 9.3). Prior
to 13.8 Ma, §'%0 values generally fluctuated by 1% on glacial—interglacial
timescales. However, at ~13.8 Ma it appears that an environmental tipping
point was reached (Kennett, 1977). Rather than ‘rebounding’ to prior inter-
glacial values, an additional rapid increase in 'O occurred, driving a
~0.6% stepwise increase in average deep sea 6'*0 values. This pronounced
increase was first recorded in low resolution records from Deep Sea Drilling
Project (DSDP) Sites 289 (0.4987°S, 158.5115°E) and 291 (12.8072°N,
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127.8308°E) in the western Pacific Ocean (Shackleton and Kennett, 1975b).
Moderate resolution benthic and planktic foraminifera isotopic data from
DSDP Site 590 (31.167°S, 163.3585°E) first showed a two-step increase
occurred during this interval (Kennett et al., 1986). As the resolution of the
deep sea benthic isotope records improved, this interval of maximum §'*0
values was formally identified as oxygen isotope zone Mi3 (Miller et al.,
1991a) and 8'%0 maximum E; (Woodruff and Savin, 1991). High-resolution
data from DSDP Site 588 (26.1117°S, 161.2267°E) in the north Tasman Sea
resolved three distinct increases through Mi3/event E, that were identified as
E,, E,, and E; (Flower and Kennett, 1993a). Most recently, well-dated high-
resolution records from the mid to low latitudes (Holbourn et al., 2007,
2014) and astronomically-tuned 8180 splices (De Vleeschouwer et al., 2017,
Miller et al., 2020; Westerhold et al., 2020) place the final step of the
MMCT (Mi3/E;) between 13.9 and 13.8 Ma.

Approximately 70% of the observed ~ 1.2%. shift between 13.9 and
13.8 Ma is attributed to AIS growth (Shevenell et al., 2004; Wright et al.,
1992), which implies ~76 to 100 m of sea level fall if the Pleistocene cali-
bration of 0.08%.—0.11% per 10 metres of sea level is applied (Adkins et al.,
2002; Fairbanks and Matthews, 1978). However, sea level records through
this final MMCT step are ambiguous and somewhat contradictory. A major
sequence boundary characterises the entire MMCT at the shallow continental
shelf sites offshore New Jersey (Kominz et al., 2016). However, it is impossi-
ble to identify whether a series of sea level rise and fall events occurred
across the MMCT or that a single sea level fall at ~13.8 Ma eroded older
sediments. A sea level fall of ~30 m between 13.9 and 13.7 Ma is inferred
from sea level calibrations applied to §'®0 records (Miller et al., 2020) and a
sea level fall of 59 = 6 m at 13.8 Ma is inferred from stratigraphic sequences
on the Marion Plateau (John et al., 2011). The Marion Plateau data suggest
global ice volume grew by ~26m sea level equivalent (s.l.e.) more
at ~13.8 Ma than during previous glacial maxima within the MMCT (e.g.,
at 14.7 Ma). This ‘additional’ ice likely filled Antarctica’s marine basins
and expanded to the edge of Antarctica’s prograding and advancing conti-
nental shelves (Colleoni et al., 2018; De Santis et al., 1995, 1999; Levy
et al., 2016, 2019; McKay et al., 2019; Pérez et al., 2021a) but may have
also formed in the northern hemisphere (DeConto et al., 2008). Whereas
there is no definitive evidence for ice sheet growth in the northern hemi-
sphere during the MMCT, a pronounced cooling of 6°C in the north
Atlantic Ocean occurred between 14.5 Ma and 13.8 Ma (Super et al.,
2018). Furthermore, a major change in foraminifera assemblage (Kender
and Kaminski, 2013) suggests that perennial sea ice persisted in the Arctic
Ocean since 14 Ma. Clearly, the Earth’s high latitudes cooled at this time.

Understanding the drivers of environmental change recorded by increasing
§'%0 across the MMCT, and the large rapid stepwise increase at its end has
been a focus of many studies (Flower and Kennett, 1993a, 1994; Kennett,
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1977; Shevenell et al., 2004). Changes in ocean circulation (Shevenell et al.,
2004) and the draw down in atmospheric CO, concentration (Holbourn et al.,
2005, 2013) are often cited as likely catalysts of the MMCT. Warm surface
ocean temperatures at ODP Site 1171 (48.4999°S 149.1115°E) suggest that
changes in the hydrological cycle and an increase in precipitation over
Antarctica beginning at ~15.4 Ma may have contributed to initial ice sheet
expansion (Shevenell et al., 2004). Constriction of the Tethys seaway (Hamon
et al., 2013; Hsii and Bernoulli, 1978; Woodruff and Savin, 1989), ongoing
deepening of the Drake Passage, and enhanced circulation of the Antarctic
Circumpolar Current (Dalziel et al., 2013) may have slowly reduced meridio-
nal heat and vapour transport to Antarctica (Lewis et al., 2006; Shevenell
et al., 2004, 2008). Subsequent Southern Ocean surface cooling and intensified
climatic response to changes in Earth’s orbital eccentricity increased thermal
isolation of Antarctica and drove maximum ice sheet expansion recorded by
the Ej §'%0 isotope event (Holbourn et al., 2005; Shevenell et al., 2004)
(Fig. 9.3E). SSTs at high northern latitudes also cooled between 2°C and 6°C
(Super et al., 2020). Terrestrial records in central Europe also indicate a
~17°C decline in soil temperature occurred over ~ 350 kyrs between 14.5
and 14 Ma (Methner et al., 2020).

Astronomical variations in insolation likely also played a role in driv-
ing high latitude cooling and ice growth at this time. Records from ODP
Site 1171 in the Southern Ocean suggest that climate was paced by long-
period eccentricity variations (~400kyr) between 15.4 and 13.5 Ma
(Shevenell et al., 2004). Higher resolution records from IODP Site U1338
(2.5078°N 117.9693°W) in the eastern Pacific indicate that while promi-
nent 400 and 100 kyr eccentricity cycles dominated the warm MCO, a
switch to obliquity-paced climate variability occurred at 14.7 Ma, with an
increase in response to eccentricity (100 kyr) forcing occurring after
14.1 Ma (Holbourn et al., 2014). The major shift in §'80 and inferred
advance of the AIS coincides with an obliquity node between 14.2 and
13.8 Ma (Holbourn et al., 2005).

The role of carbon cycling across the MMCT remains unclear (Shevenell
et al., 2008), in part due to the range of atmospheric CO, estimates from the
proxy data and the cessation of the Monterey §'*C Excursion (Fig. 9.3D).
Whereas average CO, values remained relatively constant across the Ej
event (Fig. 9.3), high resolution data from the Ras il-Pellegrin section in
Malta suggest atmospheric CO, concentration dropped and remained below
300 ppm for at least 200 kyrs following the event (Badger et al., 2013b).
This drop in atmospheric CO, occurred as §'°C values increased during the
last major excursion of the Monterrey event (CM6) (Woodruff and Savin,
1991) (Fig. 9.3E). Large increases in opal accumulation in the eastern equa-
torial Pacific at 14 and 13.8 Ma and uplifted marginal marine sedimentary
sequences around the Pacific Rim suggest high silica-based productivity con-
tributed to atmospheric CO, drawdown (Flower and Kennett, 1993a, 1993b;
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Holbourn et al., 2014; Vincent and Berger, 1985). These observations are
consistent with hypotheses that an increase in organic carbon burial drove a
decrease in atmospheric CO, and contributed to global cooling (Vincent and
Berger, 1985).

The interval of climatic cooling and ice expansion reflected by the Mi3/
E; isotope shift was a transient event. Sea surface and bottom water tem-
peratures warmed by 2°C to 3°C between 13.7 and 13.5 Ma (Lear et al.,
2010; Modestou et al., 2020; Shevenell et al., 2004, 2008). Notably, the
large variations in 6'°C that characterised the MCO and MMCT ceased by
~13.5Ma and began a gradual decline of ~0.5% in average values
through to the end of the middle Miocene (Fig. 9.3E) (Vincent and Berger,
1985). This drop in carbon isotope values and coincident warming suggests
that feedbacks associated with ice expansion may have influenced global
carbon cycling (Shevenell et al., 2004, 2008) and is supported by modelling
experiments (Knorr and Lohmann, 2014). Deep sea §'®0 records indicate
the AIS remained variable at this time and §'®0 minima of <1.5%
(Fig. 9.3B) suggest the AIS retreated to, and possibly inland of, the terres-
trial continental margin during interglacial intervals.

Surface temperatures at mid latitudes in the Southern Ocean began to
cool again at ~13.5 Ma and gradually declined by 2°C to 3°C through the
late middle Miocene (Leutert et al., 2020; Shevenell et al., 2004). Mean
annual terrestrial temperatures in New Zealand also cooled by ~1°C
(Prebble et al., 2017). However, cooling was not ubiquitous, as indicated by
data from the North Atlantic, which show SSTs warmed by approximately
5°C (Super et al., 2018, 2020). An interval during which average deep sea
§'%0 values remained relatively low and glacial—interglacial amplitude vari-
ability was relatively small (<0.6%), occurred between 13.5 and 13 Ma.
Relatively large ice sheets may have persisted during this interval. However,
variability in BWT was also muted (~ 1°C) during this interval (Cramer
et al., 2011) and may account for ~0.22% of the 0.6% 6'0 shift. It follows
that the remaining ~0.38% of 6'®0 not accounted for by temperature may
reflect ice volume changes equivalent to between 47 and 35 metres sea level
equivalent if the Pleistocene calibration of 0.08—0.11%. per 10 metres of sea
level is applied (Adkins et al., 2002; Fairbanks and Matthews, 1978). This
magnitude of sea level change requires relatively large-scale growth and
retreat of ice on Antarctica. However, if ice sheets occupied the northern
hemisphere, then these bi-polar ice masses could have each varied by smaller
amounts. Data from northern hemisphere IODP Site 302 (87.8666°N,
136.1774°E) hints that glacier ice may have reached the coast around the
Arctic at this time (St. John, 2008). Proxy data indicate atmospheric CO,
concentration dropped below 300 ppm (Badger et al., 2013b) (Fig. 9.3A) and
an idealised modelling study suggests ice may have grown in the northern
hemisphere under these climatic conditions (DeConto et al., 2008). New
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geological data are required to confirm or refute whether significant volumes
of ice grew in high northern latitudes following the MMCT.

9.1.2.3 The Late Miocene

The late Miocene was recently dubbed the ‘cool house’ because it com-
prises the bridge from the middle Miocene ‘warm house’ to the modern
‘icehouse’ (Westerhold et al., 2020). However, global SST reconstruc-
tions indicate ocean surface temperatures remained significantly warmer
than present even after the final ‘cooling step’ in §'®0 records at the end
of the MMCT (Herbert et al., 2016). Furthermore, whereas bottom water
temperatures cooled across the MMCT (Cramer et al., 2011; Lear et al.,
2015; Modestou et al., 2020; Shevenell et al., 2008), they were still 6°C
to 9°C warmer than present in the Indian Ocean in the late Miocene
(Modestou et al., 2020). SSTs at high northern latitudes were also signifi-
cantly warmer (up to 17°C) relative to modern conditions in the late
Miocene and latitudinal temperature gradients remained low (Super et al.,
2020).

Sea level reconstructions from the New Jersey margin record an episode
of major sea level fall between ~11 and 10.5 Ma (Kominz et al., 2008;
Miller et al., 2005) (Fig. 9.4E). This drop is one of the largest Cenozoic low-
stand events recorded in classic sequence stratigraphic studies (Haq et al.,
1987) but is less obvious in recent reconstructions based on analysis of the
§'80 record (Miller et al., 2020, 2005). A dramatic shoaling of the carbon
compensation depth at ~10.5 Ma marks the start of the late Miocene ‘car-
bonate crash’ (Diester-Haass et al., 2004; Lyle et al., 1995; Pilike et al.,
2012; Peterson et al., 1992; Preiss-Daimler et al., 2021), which has been
attributed to changes in the intensity of chemical weathering and riverine
input of calcium and carbonate ions to the ocean (Liibbers et al., 2019) and/
or changes in ocean circulation related to the restriction of the central
American seaway (Newkirk and Martin, 2009). The Benguela upwelling sys-
tem off southern Africa is thought to have initiated at ~10 Ma (Diester-
Haass et al., 2004; Rommerskirchen et al., 2011; Siesser, 1980). Today this
major upwelling system delivers cold and nutrient-rich Antarctic sourced
waters to support vast populations of phytoplankton and its inception may
reflect change at high southern latitudes in the late Miocene. Pollen records
from New Zealand indicate a shift to cooler and wetter climate in the mid
southern latitudes occurred at this time (Prebble et al., 2017). An increase in
the altitude of the Tibetan Plateau is thought to have occurred between 10
and 8 Ma and may have caused enhanced aridity in the Asian interior and
contributed to the onset of the Indian and east Asian monsoons (Raymo and
Ruddiman, 1992; Zhisheng et al., 2001). However, questions remain around
the timing of uplift in the Neogene, the orographic influence on regional
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climate dynamics, and the synchroneity of paleoclimatic indicators in the
region (Molnar et al., 2010).

Whereas textural analysis of sand grains from ODP Site 918 (63.0928°N
38.6389°W) suggests glaciers were present on Greenland ~ 11 Ma (Helland
and Holmes, 1997), drop stones in glacial marine records from the same site
suggest glaciers first reached the coastline of Greenland approximately 7 Ma
(Larsen et al., 1994; St John and Krissek, 2002). In addition, analysis of ber-
yllium and aluminium isotopes in sand grains from marine sediments show
that the East Greenland Ice Sheet existed over the past 7.5 million years
(Bierman et al., 2016). These data and analysis of regional seismic data
around the Greenland margin (Pérez et al., 2018) offer compelling evidence
for continental-scale ice sheets in both polar regions by the late Miocene. A
major shift in marine §'*C occurs between 8 and 7 Ma (Diester-Haass et al.,
2002; Farrell et al., 1995; Holbourn et al., 2018; Loutit and Kennett, 1979)
(Fig. 9.4D) and is coincident with the onset of global cooling and inferred
bi-polar glaciation. This shift has been attributed to changes in the Southern
Hemisphere due to either reduced ventilation of Southern Component Water
(SCW) following expansion of the West Antarctic Ice Sheet (WAIS)
(Kennett and Barker, 1990), or decreased input of Northern Component
Water (NCW) to the Southern Ocean and/or decreased exchange of CO,
between the atmosphere and surface water in Antarctic source areas (Hodell
and Venz-Curtis, 2006). Expansion of C, grasslands at the expense of Cj
vegetation occurred at this time (Osborne and Beerling, 2006; Pagani et al.,
1999b; Tipple and Pagani, 2007) and coincides with major changes in large
terrestrial fauna to a dominance by browsers (Badgley et al., 2008). Rare but
important specimens assigned to Sahelanthropus tchadensis suggest the
hominin lineage first appeared at 7 Ma (Brunet, 2010; Brunet et al., 2002;
Vignaud et al., 2002), although the taxonomy of these fossil taxa is still
developing (Haile-Selassie et al., 2004) and their linkages to modern humans
are debated (Wood and Harrison, 2011).

Modest cooling of global SSTs that characterised the early-late Miocene
accelerated in the Messinian (Herbert et al., 2016). SSTs decreased by 2°C to
3°C in the Southern Ocean and by up to 5°C at high northern latitudes
(Herbert et al., 2016) (Fig. 9.4H). This Late Miocene Cooling (LMC) episode
coincides with an increase in zonal and meridional temperature gradients in
the Pacific at ~7 Ma (Zhang et al., 2014), aridification in the subtropical
regions (e.g., south-central Andes) (Amidon et al., 2017), and establishment of
the Sahara Desert (Schuster et al., 2006). Mid-latitude SSTs reached near mod-
ern values at ~6 Ma (Fig. 9.4H) (Herbert et al., 2016), coincident with pro-
nounced cooling and an increase in precipitation in New Zealand (Prebble
et al., 2017). The Messinian Salinity Crisis (MSC) (6.2 to 5.5 Ma) was perhaps
the most dramatic oceanographic event in the latest Miocene (Hsii et al.,
1973). Sea level fall and subsequent desiccation of the Mediterranean is
recorded by >1000m of evaporite deposits in the Mediterranean Basin
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FIGURE 9.4 Environmental data from the late middle Miocene through Pliocene (13 to
2.58 Ma). (A) Atmospheric CO, compilation comprises data from a range of proxies outlined in
Fig. 9.1. Solid red line displays a two million year moving average. (B) Splice of deep sea ben-
thic foraminifera 6'®0 data (light grey) reflect changes in ice volume and deep/bottom water
temperature (De Vleeschouwer et al., 2017). Solid black line displays a 150 kyr moving average.
Maximum and minimum values are determined within each 150 kyr window and create the
envelope (black lines) that bound the §'%0 data. (C) A §'®0 variability ‘index’, interpreted as a
measure of glacial/interglacial variability, is determined by subtracting the maximum values in

(Continued)
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(Barber, 1981; Hodell et al., 1986). Debate on the causes of the MSC persists,
with tectonic restriction between the Mediterranean Sea and the Atlantic
Ocean (Garcia-Castellanos and Villasefior, 2011), and glacial eustatic controls
(Zhang and Scott, 1996) or an interplay between the two being the most likely
scenario (Ohneiser et al., 2015).

The episode of Late Miocene Cooling culminated in the MSC and termi-
nated with relatively rapid warming of ~3°C to 4°C in the mid-latitudes into
the early Pliocene (Herbert et al., 2016). This climatic ‘rebound’ at the end of
the Miocene is also reflected in Southern Hemisphere mid-latitude records of
terrestrial palynomorphs (Prebble et al., 2017), marine molluscs (Beu, 1990)
and shallow water foraminifera (Hornibrook, 1992) from New Zealand.

9.1.2.4 The Pliocene

Geological proxies indicate that the warm Early to mid-Pliocene (5.3
to 3.0 Ma) interval is the last time in Earth’s history that atmospheric CO,
concentrations (ca. 400 ppm) were similar to present day and global mean
surface temperatures were 2°C—3°C warmer than modern (Martinez-Boti
et al., 2015; Masson-Delmotte et al., 2013). Other prominent features during
this warm interval include a perennially ice-free Arctic Ocean (Ballantyne
et al., 2010, 2013; Dowsett et al., 2012), Arctic summer temperatures approxi-
mately 8°C—19°C warmer than modern (Brigham-Grette et al., 2013;
Salzmann et al., 2011), reduced meridional and zonal SST gradients (Brierley
et al., 2015; Fedorov et al., 2013; Tierney et al., 2019), and enhanced produc-
tion and export of Northern Component Water (NCW) — the ancient correla-
tive to North Atlantic Deep Water (NADW) (Billups et al., 1997; Frank et al.,
2002; Kwiek and Ravelo, 1999; Ravelo and Andreasen, 2000). Vegetation

(B) from the minimum value, for each 150 kyr window. We indicate arbitrary ‘thresholds’ in
these data (green and yellow solid lines) and suggest that values below 0.6%. reflect a relatively
‘stable’ high latitude environment and values that exceed 0.9%. indicate a highly dynamic envi-
ronment with large changes in BWT and/or ice volume over glacial—interglacial time scales.
(D) Yellow line shows high resolution deep sea benthic foraminifera §'>C splice (Westerhold
et al., 2020). Solid deep orange line displays a 150 kyr moving average and carbon maxima
events (Vincent and Berger, 1985; Woodruff and Savin, 1991) are labelled (CM2—6). (E) Sea
level curves are from Kominz et al. (2008) (pale blue dashed line), Miller et al., (2005) (blue
dashed line), and Miller et al. (2020) (pale blue line). (F) BWT data from ODP Site 926 (western
Atlantic Ocean: 3.7191°N, 42.9081°W) (Lear et al., 2003, 2020) and derived from the compila-
tion of Cramer et al. (2011) using Equation 7a (dark blue). (G) Pollen-based Mean Annual
Temperature estimates for New Zealand display ‘envelope’ where upper bound (dark orange) =
mean of warmest 20% of samples and lower bound (light orange) = mean of coldest 20% of
samples (Prebble et al., 2017). (H) Stacked SST curves from alkenone based reconstructions for
the SST anomalies for the Northern Hemisphere >50°N (purple line) and 30 to 50°N (green
line), Tropics (red line), and Southern Hemisphere 30 to 50°S (blue line) (Herbert et al., 2016).
Grey vertical band highlights Late Miocene Cooling. Timing and duration of key global events
through indicated by horizontal black bars (see text for details).
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reconstructions (Salzmann et al., 2008) imply that the global extent of arid
deserts decreased and boreal forests replaced tundra. Atmosphere-Ocean
Global Circulation Models (AOGCMs) predict an enhanced hydrological
cycle, but with large inter-model spread (Haywood et al., 2013, 2020). The
East Asian Summer Monsoon, as well as other monsoon systems, may have
been enhanced at this time (Wan et al., 2010). Furthermore, high southern lati-
tudes were characterised by episodic retreat and collapse of the marine-based
WAIS (Naish et al., 2009; Pollard and DeConto, 2009) and the marine mar-
gins of the EAIS (Bertram et al., 2018; Cook et al., 2013; Patterson et al.,
2014; Reinardy et al., 2015), with reduced coastal sea ice (relative to modern)
in the Ross Sea, Prydz Bay and Antarctic Peninsula regions (Escutia et al.,
2009; McKay et al., 2012; Scherer et al., 2016; Whitehead and Bohaty, 2003;
Whitehead et al., 2005; Winter et al., 2010a).

SSTs reconstructions and diatom assemblage data from the Ross Sea,
imply contraction or breakdown of the Antarctic Polar Front allowed sub-
Antarctic diatom flora to migrate across the Antarctic continental shelf
(McKay et al., 2012). Mean annual near surface temperatures in the Ross
Sea were up to 6°C and inhibited growth of sea ice (McKay et al., 2012).
Reduced sea ice extent in the Southern Ocean between ~3.6 to 2.75 Ma
has been associated with enhanced air-sea gas exchange with the deep
ocean resulting from increased ventilation of water masses in the South
Atlantic sector of the Southern Ocean (Hodell and Venz-Curtis, 2006;
Waddell et al., 2009; Woodard et al., 2014). In terms of areal extent, the
majority of marine-based ice sheet loss would have occurred in the
Pacific sectors of the WAIS and EAIS (e.g., Ross Sea and Wilkes Land),
with implications for the overturning ocean circulation and marine bio-
geochemistry (Bertram et al., 2018; Cook et al., 2013; DeConto and
Pollard, 2016; McKay et al., 2012; Naish et al., 2009; Pollard et al., 2015;
Taylor-Silva and Riesselman, 2018). Pan-Antarctic ice sheet simulations
for the warm early to mid-Pliocene yield ice volume loss equivalent to
between 8.5 and 16 m of sea-level from these marine-based sectors (de
Boer et al., 2015; DeConto and Pollard, 2016; Golledge et al., 2017b;
Pollard and DeConto, 2009). The climatic implications of the increase in
oceanic area as water occupied regions previously occupied by ice is cur-
rently underrepresented in climate and ice sheet modelling studies (Woodard
et al., 2014). However, one recent study suggests that changes in ice sheet
extent may have affected the rate of the Pacific overturning circulation (Hill
et al., 2017).

Pliocene sea-level changes have been reconstructed using a variety of
geological techniques including: (1) marine benthic oxygen-isotope (§'%0)
records paired with Mg/Ca paleothermometry (Miller et al., 2012), (2) an
algorithm incorporating sill-depth, salinity and the §'80 record from the
Mediterranean and Red Seas (Rohling et al., 2014), (2) uplifted paleo-
shorelines (Miller et al., 2012; Rovere et al, 2014), (4) submerged
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speleothems (Dumitru et al., 2019), and (5) backstripped continental margins
(Grant et al., 2019; Miller et al., 2012; Naish and Wilson, 2009). An assess-
ment of the suite of far-field estimates (Dutton et al., 2015) suggests a range
for highest GMSL during the Pliocene of between 5—40 m above present.
PlioSeaNZ (Grant et al., 2019) is a continuous floating sea-level record for
the Mid-Pliocene Warm Period (3.3—3 Ma) derived from Whanganui, New
Zealand and is independent of the global benthic §'®0 record. Sea level esti-
mates are based on a theoretical relationship between sediment transport by
waves and water depth that is applied to a grain size record from a well-
dated, continuous, shallow marine sequence. If all the glacial—inter-glacial
variability in the PlioSeaNZ record was above present-day sea level, then
GMSL during the warmest mid-Pliocene interglacial was at least +4.1 m
and no more than +20.7 m, with a median of +10.7 m and likely (66%)
range between 6.2 m (16th percentile) and 16.7 m (84th percentile) (Grant
and Naish, 2021).

9.1.3 Southern Ocean Paleogeography and Paleoceanography

The dominant oceanographic feature of the Southern Ocean circulation is the
Antarctic Circumpolar Current (ACC) (Carter et al., 2021). The ACC is the
largest global ocean current. It flows clockwise around Antarctica with an
average transport volume of ~130—160 Sv and is strongly constrained by
seafloor topography (Barker and Thomas, 2004; Olbers et al., 2004; Orsi
et al.,, 1995; Rintoul, 1991; Rintoul et al., 2001). Most of the circumpolar
flow takes place along the Polar Front (PF) and Subantarctic Front (SAF),
which extend from the surface to the seafloor (Sokolov and Rintoul, 2007).
The deep layers of the ACC comprise relatively warm Circumpolar Deep
Water (CDW), which reaches the surface along steeply rising isopycnal
(line of equal density) surfaces to the south of the PF. Northward advection
of nutrient-rich upwelled waters feed subduction of Antarctic Intermediate
Water, and southward advection feeds the subduction of Antarctic Bottom
Waters. Due to the absence of land barriers, the Southern Ocean circulation
connects the three main ocean basins, making it a critical feature of the mod-
ern global overturning circulation, which distributes heat, carbon, and nutri-
ents around the globe, compensating the sinking of deep waters in the North
Atlantic Ocean (Marshall and Speer, 2012; Rintoul, 2018). Today, incursions
of warm CDW onto the Antarctic continental shelves have been shown to
cause melting and thinning of Antarctic ice shelves through basal melting
(Paolo et al., 2015; Pritchard et al., 2012; Rintoul et al., 2016; Thoma et al.,
2008).

The transport and storage of heat, carbon dioxide, and fresh water, by
the ACC have a significant influence on global and regional climate
(Rintoul and da Silva, 2019). Opening of a path for flow between Australia
and Antarctica and South America and Antarctica was required to allow
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circum-Antarctic flow of the ACC. Initial formation and subsequent vari-
ability in the strength of the ACC may have played a key role in modulat-
ing climate at high southern latitudes, with implications for ice sheet
dynamics (Kennett, 1977; Lyle et al., 2007; Sijp and England, 2004).
However, development of the ACC may have played a secondary role to
changes in greenhouse gas concentrations in driving initial growth of the
AIS (DeConto and Pollard, 2003; Huber and Nof, 2006).

The time of opening and deepening of the Tasman Strait to deep water
flow is widely accepted at ~37 Ma (Exon et al., 2001, 2004; Lawver and
Gahagan, 2003; Stickley et al., 2004). In addition, neodymium isotopes from
records on opposite sides of Tasmania suggest that an eastward flowing
deep-water current has been present since 30 Ma (Scher et al., 2015).
Analysis of grain size at ODP and DSDP sites across the Tasmanian
Gateway, as well as hiatuses, indicate water current speed increased and
water masses became more homogeneous at 23.95 Ma and suggest the ACC
was well established at this time (Barron and Keller, 1982; Pfuhl and
McCave, 2005). Furthermore, a late Oligocene-early Miocene (~25—23 Ma)
onset of the ACC is also inferred from evidence for current activity in the
South Pacific along the path of the ACC (Lyle et al., 2007). Numerical
modelling studies also show that, while an open circum-Antarctic gateway
existed since the late Eocene, throughflow of the ACC was still limited dur-
ing the Oligocene (Hill et al., 2013) because Australia and South America
were substantially closer to Antarctica than today (Markwick, 2007). Recent
analysis of sediment cores from conjugate margins of the modern Southern
Ocean between Australia and Antarctica (Bijl et al., 2018b; Evangelinos
et al., 2020; Hartman et al., 2018; Salabarnada et al., 2018; Sangiorgi et al.,
2018) suggest a strong, ‘near-modern’ ACC did not form until the late
Miocene (~ 11 Ma).

Onset of a ‘modern and strong’” ACC is likely linked to the establish-
ment of deep-water circulation through the Drake Passage and Scotia Sea.
However, the timing of opening, widening, and deepening of this key ocean
gateway is still widely debated (Barker et al., 2007; Eagles and Jokat,
2014; Hodel et al., 2021; Maldonado et al., 2014; van de Lagemaat et al.,
2021). Tectonic reconstructions based on age constraints from oceanic
spreading magnetic anomalies and heat flow suggest continental blocks
began to separate in the middle Eocene ~45 to 41 Ma (Eagles and Jokat,
2014; Livermore et al., 2007). Paleoceanographic reconstructions, based on
neodymium isotopic ratios, propose shallow flows across the Drake
Passage started in the late Eocene (Scher and Martin, 2006). However,
stronger through flow of a proto-ACC may not have been possible until the
late Oligocene to early Miocene (Hill et al., 2013; Hodel et al., 2021;
Martos et al., 2013). Tectonic studies suggest that broad (100—300 km
wide) and deep (>2.5km) to intermediate depth (2.5 to 1km) oceanic
pathways were well developed in the Scotia Sea by 20 Ma (Barker et al.,
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2007; Eagles and Jokat, 2014) allowing circulation of deep water that may
have enhanced formation of year-round sea-ice and increased cooling of
surface air temperature (Sijp and England, 2004). Sparse contourite depos-
its in the Scotia Sea suggest through flow of the CDW began in the early/
middle Miocene (Maldonado et al., 2003; Pérez et al., 2019) but strong and
widespread deep water currents associated with Southern Component
Water production first occurred in the region during the middle to late
Miocene (13.8 to 8.4 Ma) (Maldonado et al., 2003; Pérez et al., 2021b).
Unobstructed deep through flow of the ACC that characterises the region
today may not have occurred until the late middle to late Miocene (Carter
et al., 2014; Dalziel et al., 2013; Pérez et al., 2019, 2021b). Clearly more
information is required to improve our knowledge regarding the evolution
of Southern Ocean circulation and dynamics and its influence on climate
and the cryosphere.

9.1.4 Land elevation change and influences on Antarctic Ice Sheet
evolution

Tectonic changes have played a significant role in the evolution of water
mass circulation in the Southern Ocean and around the Antarctic margin
(Carter et al., 2021). But tectonic uplift and subsidence across the Antarctic
continental shelves and interior regions has also influenced the growth and
extent of the AIS through the Cenozoic (Halberstadt et al., 2021; Hochmuth
et al., 2020; Kerr et al., 1999, 2000; Paxman et al., 2020; Sorlien et al.,
2012; Wilson et al., 2009, 2012a, 2013). Furthermore, physical processes,
including erosion, transport, and deposition of sediment, modify the land-
scape and can form over deepened basins that inhibit ice sheet growth or cre-
ate sedimentary platforms across which ice can expand (Pollard and
DeConto, 2007, 2020). The interaction between climate, tectonics, ice sheets,
and sedimentary processes has been a focus of the Scientific Committee on
Antarctic Research (SCAR) ANTscape (Barrett et al., 2009) coordinated ini-
tiative within the ACE program, that developped in the Circum-Antarctic
Stratigraphy and Paleobathymetry subcommitee activity within the PAIS pro-
gram for the past two decades. Key results from these efforts include time
slice reconstructions for the FEocene-Oligocene (~34 Ma), Oligocene-
Miocene (~23 Ma), Middle Miocene (~14 Ma), and Pliocene (~3.5 Ma)
(Hochmuth et al., 2020; Paxman et al., 2019b) (Fig. 9.1).

These reconstructions highlight the significant topographic changes that
occurred across West Antarctica as it evolved from a subaerial landmass in the
late Eocene (Wilson et al., 2009) to a region characterised by deep subglacial
basins today (Drewry and Jordan, 1983; Fretwell et al., 2013; Morlighem
et al., 2020). Formation of this submarine topography occurred throughout
the Miocene and Pliocene as rifting and thermal subsidence caused the region
to deepen (Fielding et al., 2005, 2007; Henrys et al., 2007; Kulhanek et al.,
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2019; McKay et al., 2021; Sorlien et al., 2012) and glacial erosion scoured
deep basins across the continental shelves (Bart and De Santis, 2012; Bart and
Owolana, 2012; Levy et al., 2019; McKay et al., 2019). Similar processes
likely deepened interior basins in East Antarctica including the Wilkes,
Aurora, Pensacola-Pole and Recovery subglacial basins, which occupy large
regions of the continental interior (Drewry and Jordan, 1983; Fretwell et al.,
2013; Morlighem et al., 2020; Paxman et al., 2019a, 2019b). Today, these
areas contain ice that is grounded well below sea level and is vulnerable to
warming ocean temperatures with the potential to raise sea level by ~ 19 m if
it were to melt (Fretwell et al., 2013).

9.2 Records of Miocene to Pliocene climate and ice sheet
variability from the Antarctic margin

9.2.1 Introduction to stratigraphic records

Because deep-sea 6'°0 records provide insight into both bottom water
temperature and ice volume change (Emiliani, 1955, 1966; Shackleton,
1967; Shackleton and Kennett, 1975b), ice-proximal records of climate
change and ice volume fluctuations from Antarctica’s continental margins
are required to augment the continuous but distal data from the deep sea.
Geological records of past environmental change from the Antarctic conti-
nental margin are relatively rare, as much of the sedimentary stratigraphic
archive is covered by ocean and ice (Escutia et al., 2019). However, geo-
physical surveys and geological mapping in Antarctica have uncovered
stratigraphic sequences preserved on, and along the margins of,
Antarctica’s continental shelves and at the mouths of outlet glaciers around
the continent (McKay et al., 2021). Over the past 50 years, the Deep Sea
Drilling Project (DSDP), Ocean Drilling Program (ODP), and Integrated
Ocean Drilling Program (IODP) and International Ocean Discovery
Program (IODP) have undertaken seventeen legs and expeditions in sub-
Antarctic and Antarctic waters to recover rock and sediment cores from the
ocean basins and continental shelves around the continent (Escutia et al.,
2019; Gohl et al., 2019; Lamy et al., 2019; McKay et al., 2019; Weber
et al., 2019). In addition to drilling in the deep ocean basins and on the
outer continental shelf, records from locations proximal to the modern
Antarctic coast in the Ross Sea have also been recovered by international
drilling efforts including the Dry Valley Drilling Project (DVDP)
(McGinnis, 1981), Cenozoic Investigations in the Western Ross Sea
(CIROS) Project (Barrett, 1989), Cape Roberts Project (CRP) (Barrett,
2007, 2009), and Antarctic Drilling (ANDRILL) Program (Harwood et al.,
2008, 2009; Naish et al., 2007). Here we take a regional approach and sum-
marise the available geological data from Neogene outcrop and drill cores
from the Ross Sea region and offshore George V Land (Wilkes subglacial
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basin) (Fig. 9.5). We acknowledge that significant information from the
Neogene is also available from onshore and offshore Prydz Bay (Barron
et al., 1991; Cooper et al., 2004) and the Antarctic Peninsula (Barker et al.,
2002) and that the majority of new information from recent drilling expedi-
tions is forthcoming (Gohl et al., 2019; Lamy et al., 2019; McKay et al.,
2019; Weber et al., 2019).
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9.2.2 George V Land to Wilkes Land Margin

9.2.2.1 Geological setting

The segment of the East Antarctic continental margin between the north-
western Ross Sea (164°E) and Prydz Bay (90°E) is characterised by two
major subglacial basins, the Wilkes subglacial basin (WSB) and Aurora
subglacial basin (ASB) (Fig. 9.1), two areas where the EAIS is largely
grounded below sea level (Fretwell et al., 2013; Morlighem et al., 2020).
The WSB is the biggest of the EAIS and its marine-based portion alone
contains an ice volume of 3—4 m sea level equivalent (Golledge et al.,
2017a; Mengel and Levermann, 2014; Pollard et al., 2015). The WSB is
1400 km long and 200 to 600 km wide and is located east of the Mertz
Shear Zone and west of the Transantarctic Mountains, inland of the George
V Coast (Fig. 9.2) (Drewry, 1983; Drewry and Jordan, 1983; Ferraccioli
et al.,, 2009; Fretwell et al., 2013; Mengel and Levermann, 2014;
Morlighem et al., 2020). Below a thick ice cover, the northern WSB pre-
sents plateau-like surfaces, which are laterally continuous over tens to hun-
dreds of kilometres (Paxman et al., 2019a). The flat surfaces are separated
by a complex network of sub-basins up to 80 km wide, wherein the ice
sheet bed lies up to 2.1 km below sea level (Ferraccioli et al., 2009). The
elevations of the flat plateau-like surfaces are broadly uniform across the
basin, with a modal elevation of 560 m below sea level. Subglacial topog-
raphy exerts a fundamental influence on the dynamics of the AIS
(Austermann et al., 2015; Colleoni et al., 2018; Gasson et al., 2015;
Golledge et al., 2017a; Paxman et al., 2020; Wilson et al., 2013). Glaciers
draining through the WSB, including the Cook, Ninnis and Mertz, have
inland-sloping bedrock topography (Fretwell et al., 2013; Morlighem et al.,
2020), which makes them more vulnerable to rapid ice sheet retreat in
response to ocean and climate warming (DeConto and Pollard, 2016;
Golledge et al., 2015, 2017a, 2017b; Mengel and Levermann, 2014; Pollard
et al., 2015). Therefore, it is necessary to reconstruct past bedrock topogra-
phy for particular time slices in order to accurately simulate AIS dynamics
during those times in the past (Paxman et al., 2019b, 2020).

In front of the WSB, the continental shelf has an average width of
125 km and an average water depth of 450—500 m. The shelf exhibits an
overdeepened and landward-sloping bathymetric profile that is caused by
glacial erosion and sediment loading (Ten Brink and Cooper, 1992; Vanney
and Johnson, 1979a, 1979b). The inner and outer shelf topography is irregu-
lar, with troughs that contain inner shelf deep basins (>1000 m) that shoal
towards the shelf break and are bound by shallow flat shelf banks (the
Adélie and Mertz Banks). The continental shelf troughs were eroded by ice
streams during times of glacial advances while the banks illustrate where
grounded ice was slow moving (Beaman et al., 2010; De Santis et al., 2003;
Eittreim et al., 1995; Escutia et al., 2005). The continental slope, which
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extends from the shelf break to about 2000—2500 m water depth, is steep,
narrow and incised by submarine canyons (Escutia et al., 2000; Porter-Smith
et al., 2003). Deposition dominates the eastern flank of the channel, with the
asymmetry between the levees, the result of the Coriolis effect (Donda et al.,
2003; Escutia et al., 2000). Seaward of the slope, the continental rise is also
relatively steep and rugged because of (1) the presence of a complex network
of tributary-like channels that continue from the slope canyons, (2) the very
high-relief levee systems associated to the channels, and (3) a system of sedi-
ment ridges (Escutia et al., 2000; Escutia et al., 2002).

The ASB extends up to 1000 km inland from the Antarctic coast from
106°E to 122°E, and it is composed of smaller subglacial basins, including
the Vincennes and Sabrina subglacial basins (Aitken et al., 2016; Drewry,
1976; Roberts et al., 2011). The Sabrina basin, closest to the coast, is sepa-
rated by a discontinuous ridge from the inland Aurora basin on the west side
and Vestfold basin inland on the east. The main ice drainage is through the
Totten Glacier, with Vanderford Glacier to the west and Sabrina Coast gla-
ciers (including the Moscow University Glacier) to the east. Several overdee-
pened basins (Aitken et al., 2016; Young et al., 2011) and an active
subglacial hydrology (Wright et al., 2021) characterise the catchment and
ultimately imply it may be susceptible to coupled atmospheric and oceanic
forcings with a potential ice volume contribution of ~4 m of sea level rise
equivalent (SLE) (Aitken et al., 2016).

In front of the ASB, the continental shelf width increases from 130 km at
the eastern end of the Moscow University ice shelf terminus to 180 km at
the Totten Glacier terminus (Fernandez et al., 2018), but narrows to 40 km
in the Budd Coast. The continental shelf exhibits an irregular overdeepened
morphology with a cross-shelf trough offshore the Moscow University with
depths ranging from over 1000 m water depth close to the coast to
450—550 m at the shelf edge (Fernandez et al., 2018; O’Brien et al., 2020).
The continental slope is relatively gently dipping (~2°) and is incised by
northeast-southwest trending canyons that are separated by topographic
ridges (O’Brien et al., 2020). Two distinct areas are defined by their geomor-
phology. To the east of the Totten Glacier Canyons, sediment ridges between
canyons are fed by fine sediments from turbidity currents and hemipelagic
deposition being entrained by westward flowing currents. To the west, the
ridges form by accretion of suspended sediment moving along the slope as a
broad plume.

9.2.2.2 Oceanography of the Adélie coast

Today, the suite of sites drilled in the Georges V Land and the eastern
Wilkes Land margin by the DSDP Leg 28 and IODP Expedition 318 lie
south of the Antarctic PF, between the Southern Boundary of the ACC, near
the Antarctic Divergence at ~63°S (i.e., IODP Site U1356) and north of the
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Southern Antarctic Counter Current Front (i.e., DSDP Site 269) (Bindoff
et al., 2000; Orsi et al., 1995).

The Adélie Coast continental shelf is one of the locations where the
Antarctic Bottom Waters (AABW), the densest water masses of the world
ocean fuelling the global ocean circulation, are produced by brine rejection
during sea ice formation and the heat loss to the atmosphere (Gordon and
Tchernia, 1978; Orsi et al., 1999). The Adélie Land Bottom Water (ALBW)
fills the bottom of the Australian sector of the Southern Ocean (Aoki et al.,
2005) and contributes ~25% of the AABW volume (Campagne et al.,
2015). ALBW is produced when warm modified Circumpolar Deep Water
(mCDW) flow southward across the shelf break into the Adélie Depression.
Brine rejection in the Mertz Glacier Polynya system produces High-Salinity
Shelf Water (HSSW), which circulates across the depression and melts the
base of the Mertz Glacier Tongue to produce Ice Shelf Water (ISW). ISW
ascends and supplies freshwater to the upper shelf waters. Mixing of the
ISW and HSSW with other shelf waters produces Dense Shelf Water (DSW)
that is exported through the Adélie sill (Williams and Bindoff, 2003;
Williams et al., 2008, 2010). As these waters flow north of the continental
shelf, they descend as dense cold water plumes and gravity currents into the
complex channel-levee system along the Wilkes Land margin (Caburlotto
et al., 2010; Williams et al., 2010). This water is funnelled through the can-
yons and produces ALBW, some of which is incorporated into the Antarctic
Slope Current where it mixes with Ross Sea Bottom Water (Williams et al.,
2008). A large polynya occurs to the west of the Mertz Glacier and is an
area of high biological productivity.

9.2.2.3 Seismic stratigraphy off the George V Land to Wilkes
Land Margin

The Georges V Land and Adélie Coast margins (Fig. 9.2) have been a tar-
get for unravelling the Cenozoic glacial history of Antarctica through
acquisition of seismic stratigraphic and sedimentological data over many
decades of national and international expeditions. A review of the main
regional unconformities, seismic units, and their seismic attributes is pro-
vided by (Cooper et al., 2008; Escutia et al., 2005). Sediments recovered
along this margin during IODP Expedition 318 (Escutia et al., 2011a)
have provided unique chronostratigraphic control for the previously defined
seismic units (Fig. 9.6), which is summarised in the chapter by McKay
et al. (2021).

Recent studies collate available seismic reflection profiles along the
Adélie Coast and Wilkes Land margin (west of 145°E) and across to the con-
jugate Australian margin (Sauermilch et al., 2019). These authors provide for
the first time a consistent seismic stratigraphic framework across the
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FIGURE 9.6 (A) Location of sites drilled off the George V and Adélie Land continental mar-
gin during IODP Expedition 318. Sites U1358, U1359, U1361 and U1356 recovered sediments
of Miocene and Pliocene age (Escutia et al., 2011a). (B and C) Seismic reflection profiles across
sites U1356 and U1359, respectively, and include seismic units (WL-S) and bounding unconfor-
mities (WL-U). WL-S9: Pliocene-Pleistocene; WL-S8: late Miocene-early Pliocene; WL-S7:
middle-late Miocene; WL-S6: early-middle Miocene (Escutia et al., 201la, 2011b). (D)
Examples of Miocene and Pliocene facies that characterise the range of depositional environ-
ments recovered by drilling at each site.

Australian-Antarctic basin, revising the horizons and seismic units defined
by different authors ranging from the Cretaceous to the Miocene.

9.2.2.4 Drill core records from the George V Land to Wilkes
Land Margin

The first drilling offshore the Wilkes Land margin and Adélie Coast that
recovered Pliocene and older sediments took place in 1973 during DSDP
Leg 28 at Sites 268 and 269 on the continental rise and abyssal plain, respec-
tively (Hayes et al., 1975a) (Figs 9.2 and 9.5).

DSDP Site 268 (63.9498°S, 105.1556°E) was drilled at a water depth of
~3500 m and reached a sub-bottom depth of 474.5 m with an average
core recovery of 35%. Recovered clays, silty clays and nannofossil oozes
with varying amount of Ice Rafted Debris (IRD) were dated Oligocene to
Quaternary. Oligocene to Miocene sediments were interpreted to be domi-
nated by contourites (Piper and Brisco, 1975), deposited when the ice sheet
first advanced onto the shelf (Hayes et al., 1975¢). However, water at the
time was warm enough to support calcareous biogenic sedimentation, but ice
rafting and contourite deposits provide evidence for nearby ice on East
Antarctica and existing bottom water currents. Pliocene and Quaternary
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deposition was dominated by turbidites, which was interpreted to result from
progradation of the margin (Piper and Brisco, 1975).

DSDP Site 269 (61.6761°S, 140.0701°E) drilled two holes 269 and
269A at water depth of ~4300 m, near the southeastern edge of the South
Indian abyssal plain (Hayes et al., 1975a). Drilling penetrated 958 m below
seafloor (mbsf) and recovered an average 42% of the cored sediments. The
recovered section was assigned a tentative age of late Eocene-early
Oligocene based on several reworked specimens of dinoflagellates, to
Quaternary (Hayes et al., 1975a). The base of the drilled section has been
assigned a late Oligocene age (24.2 Ma) based on magnetostratigraphy con-
strained by dinocyst and calcareous nannofossil Dbiostratigraphy
(Evangelinos et al., 2020). These authors show late Oligocene-earliest
Miocene sedimentation to be dominated by persistent reworking by the
ACC of sediments sourced by gravity flows and hemipelagic settling,
recording fluctuating current intensities driven by the migration of the fron-
tal system in response to climatic changes.

In 2010 IODP Expedition 318 drilled seven sites offshore the Adélie
Coast (Fig. 9.6A). Four of the Sites U1356, U1358, U1359, and U1361
recovered sediments from the Miocene and Pliocene (Escutia et al., 2011a)
(Fig. 9.5).

IODP Site U1356 (63.3102°S, 135.999°E) was drilled at a water depth of
3997 m, ~350 km offshore the Adélie Coast, just south of the Antarctic
Divergence, an upwelling area south of the Antarctic PF, where mean annual
ocean temperatures are ~0°C. The site was drilled to a depth of
1006.4 mbsf with an average recovery of 35% of the cored section (Escutia
et al., 2011). Miocene sediments were recovered in Hole 1356A between 97
and 431.5 mbsf (Cores 11R to 46R, lithological Units I, II and III, recovery
~29%) (Escutia et al., 2011a; Tauxe et al., 2012). Sediments from 97 to
400 mbsf span the interval from ~ 10.8 to 17 Ma, with a hiatus from ~11 to
13.4 Ma (Sangiorgi et al., 2018; Tauxe et al., 2012) (Fig. 9.5). Sediments at
431.5 mbsf were dated earliest Miocene (Tauxe et al., 2012). The record
from Site U1356A thus includes the MCO and the MMCT. Miocene sedi-
ments mostly consist of clay-rich diatom ooze, diatom-rich and diatom-
bearing silty clays, with different degrees of lamination and bioturbation
(Escutia et al., 2011a; Salabarnada et al., 2018; Sangiorgi et al., 2018).

IODP Site UI1359 (64.904°S, 143.9603°E) drilled four holes at a water
depth 3014 m (Escutia et al., 2011a). The site is located on the eastern levee
of the Jussieu submarine channel: one of the many channel systems along
the margin that act as conduits for dense water masses and sediment trans-
port from the continental shelf to the deep ocean (Escutia et al., 2000). This
site was positioned in an upper fan environment where the levee relief is
~400 m (Escutia et al., 2000, 2011a). Pliocene sediments were recovered
from Holes U1359A-C (lithologic Units Ila and IIb) and middle to upper
Miocene sediments from ~6 to 12.5 Ma from Hole U1359D (Cores 4R to
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46R, lithologic Units IIb, IIc and III) (Escutia et al., 2011a; Tauxe et al.,
2012) (Fig. 9.5).

Based on shipboard visual core descriptions (Escutia et al., 2011a), mid-
dle to late Miocene sediments mostly consist of laminated clays and silty
clays with a higher clast abundance in the late Miocene sediments (Unit
IIc), and an upper Miocene nannofossil-bearing mudstone. Although deliv-
ery of sediment to the continental rise may have been derived from turbid-
ity currents, the laminated clays in this interval are characterised by
persistent sub-mm to mm silt laminae with sharp top and bottom contacts,
consistent with redeposition by contour currents in a poorly ventilated ben-
thic environment. However, upper Miocene to upper Pliocene sediments
are bioturbated diatom-bearing to diatom-rich silty clays interbedded with
massive and laminated silty clays. In this interval, the laminated silty clays
are characterised by graded silt laminae fining upwards into massive silty
clays, consistent with deposition by low-density overbank turbidity currents
in a levee environment (Escutia et al., 2011a). The diatom content in the
sediments is suggestive of increased surface water productivity or reduction
in terrigenous input. As the continental shelf margin continued to prograde
and the channels became more proximal to the sediment source during the
late Miocene and Pliocene, low-density muddy turbidity currents resulted
in the deposition of well-defined packages of silt laminations on the levee.
In general, the depositional environment at Site U1359 during the Miocene
was characterised by open, well ventilated waters during interglacial peri-
ods, and enhanced sediment delivery and reduced ventilation during
glacials.

IODP Site U1361 (64.4095°S, 143.8867°E) drilled two holes on the lower
continental rise (Escutia et al., 2011a), ~280 km north of the Adélie Coast
and ~200 km south of the southern boundary of the ACC. Hole U1361A
penetrated to 386 mbsf with a recovery of 87%. It was drilled in the east
(right) levee bank of the Jussieu submarine channel. Site U1361 recovered
more than 200 m of upper middle to upper Miocene (12.5 to 5.33 Ma) sedi-
ments (Lithologic Unit IIb. and lower Unit Ila; Cores 14H to 41X,
~134—386 mbsf) (Escutia et al., 2011a; Tauxe et al., 2012) (Fig. 9.5).

This site was cored on the same levee system as Site U1359. The facies
associations are essentially the same and are characterised by alternating beds
of bioturbated diatom-rich mudstones and laminated silty clays (with a shift in
laminae style between the Late Miocene and Pliocene). However, for the late
Miocene, post-cruise analysis of Cores 33X and 37X (~302—350 mbsf)
focused on an interval with anomalous bioturbated mudstones beds deposited
between 11.7 to 10.8 Ma, whereby diatom content was either replaced or
diluted by calcareous nannofossils. This nannofossil ooze was initially (and
tentatively) interpreted to have formed in response to an increase in surface
freshwater as the EAIS melted at this time. An increase in freshwater run off
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may have enhanced surface water stratification and nutrient delivery via turbid
meltwater plumes (Escutia et al., 201 1a).

Site U1361 also recovered a substantial Pliocene section from 34.9 to
134 mbsf (Unit IIa). Pliocene sediments are characterised by repetitive inter-
bedded laminated olive-grey silty clays and bioturbated greenish grey
diatom-rich silty clay, but with persistent ice rafted debris throughout. As
with Site U1359, it is interpreted as being deposited by low-density overbank
turbidity currents in a levee environment, superimposed by ice rafting pro-
cesses, and with enhanced pelagic sedimentation (or reduced turbidite input)
and bottom current reworking during interglacials (Patterson et al., 2014).
Sediments contain high abundances of reworked sporomorphs suggesting
continuous strong erosion in the hinterland (Escutia et al., 201 1a).

9.2.2.5 Neogene history of the George V Land to Wilkes Land
margin

Multiproxy palynological, geochemical and sedimentological analyses of
IODP Expedition 318 sediments (Bijl et al., 2018a; Hartman et al., 2018;
Sangiorgi et al., 2018) indicate warm-temperate ice-free ocean conditions char-
acterised the Adelie Coast during much of the MCO. TEXgs-based paleother-
mometry indicates upper ocean temperatures ranged between 11.2 and
16.6°C £2.8°C (Sangiorgi et al., 2018). These warm upper ocean conditions
favoured ice melt and sustained ice-free conditions at the continental margin
(Halberstadt et al., 2021; Levy et al., 2019; Sangiorgi et al., 2018) where tem-
perate vegetation grew in-situ under mild atmospheric temperatures (Passchier
et al., 2013b; Strother et al., 2017). Temperature gradients between southern
high and mid latitudes (South Tasmanian Sea) were significantly weaker than
today (Sangiorgi et al., 2018), whereas the gradient between the Adélie Coast
and Ross Sea was significantly higher than today (Levy et al., 2016; Sangiorgi
et al., 2018). Mean Annual Precipitation (MAP) reconstructions based on the
Chemical Index of Alteration of sediments indicate elevated values
(500—800 mm/year) compared to the present-day (150—400 mm/year)
(Passchier et al., 2013b). Sediments deposited during the MCO contain no sea-
ice indicators (Bijl et al., 2018a) or ice rafted debris, which suggests ice sheets
terminated landward of the coastal margin (Halberstadt et al., 2021; Levy
et al., 2019; Sangiorgi et al., 2018).

Proxy data at Site U1356 indicate a major environmental transition
occurred after the onset of the MMCT at 14.8 Ma. TEXgs-based paleothermo-
metry indicate ocean temperatures off the Adélie Coast cooled by ~6°C
between ~16.5 and 14.5Ma and dinocyst assemblages suggest sea-ice
became a more persistent feature by ~ 14.2 Ma (Sangiorgi et al., 2018). An
increase in sedimentary clasts at ~ 14.6 Ma indicates nearby glaciers extended
into ocean and that IRD-bearing icebergs transported debris across the drill
site. Clast occurrence and abundance peaked between 14 and 13.8 Ma and
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dropped again between 13.8 and 13.5 Ma (Sangiorgi et al., 2018). Clast prove-
nance studies suggest the clasts were derived from an inland source area that
extended along the eastern part of the Adélie Craton (the western margin of
the WSB) (Pierce et al., 2017). These data suggest a dynamic coastal environ-
ment in which an ice sheet repeatedly advanced and retreated from interior
regions across the WSB shelf throughout the MMCT (Pierce et al., 2017) and
that the ice sheet and glaciers reached their maximum extent between 14 and
13.8 Ma.

Sediments and seismic sequences that overly a major hiatus (WL-U5b)
between 13.4 and ~ 11 Ma at Site U1356 (Fig. 9.6), formed as channel levee
systems migrated across the site when the margin of the expanded EAIS
advanced and retreated over the continental shelf (Escutia et al., 2011a;
Sangiorgi et al., 2018). The abundance of soil organic matter in these sedi-
ments is lower than in sediments deposited during the MCO, consistent with
a reduction in soil formation and extent due to colder climatic conditions
and extensive regional ice cover (Sangiorgi et al., 2018). Vegetation compo-
sition (from pollen) remained broadly unchanged between the MCO and late
Miocene, although an increase in the relative abundance of southern beech
(Nothofagus spp.) suggest temperatures were colder (Sangiorgi et al., 2018).
Geochemical proxies indicate mean annual terrestrial temperatures between
6°C—8°C at 10.8 Ma compared to temperatures of 7°C—12°C indicated
through the MCO (Passchier et al., 2013a; Sangiorgi et al., 2018). TEXge-
based temperature estimates show upper ocean temperatures were between
4°C and 10°C (#4°C). A decrease in the relative abundance of protoperidi-
nioid dinocysts suggests a decrease in sea-ice at this time. Nannofossil-rich
sediments appear in a discrete sequence at Site U1361 (Pretty, 2019) and
indicate that between 11.7 and 11 Ma, temperatures were either warm
enough to support coccolithophore growth (Balch et al., 2016) or the local
CCD deepened enough to allow carbonate deposition. Together proxy envi-
ronmental data from Sites U1356 and U361 indicate warming of water
masses that outcrop close to the continent along the George V and Adélie
Coasts in the late Miocene (DeCesare and Pekar, 2016; Evangelinos et al.,
2020), well after the end of the MMCT. However, the increase in diatoma-
ceous sediments after 11 Ma suggests this late Miocene warming was rela-
tively short-lived, at least offshore of the Adélie Coast (Pretty, 2019;
Sangiorgi et al., 2018).

Younger sediments recovered from the continental rise at Sites U1359
and U1361 indicate the EAIS margin remained dynamic into and through
the Pliocene. Sedimentological data including lithofacies characterisation,
grain size, and major and minor trace element ratios from continental
shelf sediments helped identify oscillating periods of open-marine condi-
tions and glacial advances to the outer shelf during the Pliocene (Orejola
and Passchier, 2014; Patterson et al., 2014; Reinardy et al., 2015). The
geochemical provenance of fine-grained detrital sediments recovered at
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continental rise Site U1361 suggests a dynamic early Pliocene (5.3 to
3.3 Ma) ice sheet margin, with repeated ice sheet advance and retreat well
into the WSB (Cook et al., 2013), as indicated by the relative contribution
of inland lithologies of the Ferrar and Beacon supergroup lithologies to
the detrital sediment signature offshore. Analyses of a variety of geo-
chemical and mineralogical provenance proxies in the Pliocene sediments
(clay mineralogy, fine-grained Sr and Nd isotope composition, ice-rafted
hornblende “°Ar/*°Ar ages) highlight that ice sheet reconstructions are
more robust when multiple methods are deployed. For example, the prov-
enance of ice-rafted hornblende grains points to far-travelled sources,
indicating ice sheet instability in West Antarctica at the same time ice
retreat occurred into the WSB (Cook et al., 2017).

Geochemical proxies, including Mn/Al and biogenic barite, have been
used to determine oceanic redox conditions at Site U1359 and point to
possible incursions of CDW onto the continental shelf, which may have
promoted glacial retreat in the Pliocene (Hansen and Passchier, 2017).
Fossil diatom and silicoflagellate assemblage data furthermore suggest
that the warmest interglacials coincided with a poleward shift of
Southern Ocean frontal systems. Such periods were characterised by pro-
longed ice-free open water conditions with higher productivity and
strong surface ocean stratification (Armbrecht et al., 2018; Taylor-Silva
and Riesselman, 2018).

Pliocene fluctuations in ice sheet volume and extent, as well as surface
ocean conditions in the vicinity of the WSB, appear to be paced by changes in
incoming solar radiation through astronomical (orbital) cycles (Armbrecht
et al., 2018; Hansen et al., 2015; Patterson et al., 2014; Taylor-Silva and
Riesselman, 2018). Data from offshore cores show that during the warm Early
Pliocene marine based margins of the EAIS responded to ~40-kyr changes in
mean annual southern high latitude insolation paced by changes in Earth’s
axial tilt (obliquity). Between 3.5 and 3.3 Ma significant shift in EAIS dynam-
ics occurred in response to Southern Ocean cooling and development of a
perennial sea-ice cover which limited the role of oceanic forcing on ice sheet
extent (Patterson et al., 2014). After ~3.3 Ma, substantial retreat of the ice
sheet margin occurred only during austral summer insolation maxima that are
controlled by 20-kyr precession cycles modulated by changes in short
(100 kyr) eccentricity cycles.

High-resolution far-field sea level records recovered from the Whanganui
Basin of New Zealand support these findings and suggest that the average
amplitude of sea-level changes during the mid-Pliocene (3.3—2.7 Ma) was ~7
to 18 m and oscillated in response to Antarctic ice volume changes that were
driven by 20-kyr changes in local insolation (Grant et al., 2019). These data
contradict estimates of ice volume and temperature derived from a global stack
of benthic §'®0 records (Lisiecki and Raymo, 2005), which suggest 40-kyr
changes in mean annual insolation drove ice volume change at this time
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(de Boer et al., 2015; Pollard and DeConto, 2009). Explanations for the appar-
ent dominance of obliquity at this time have been proposed (Huybers and
Tziperman, 2008; Raymo and Nisancioglu, 2003; Raymo et al., 2006) but
these new sea level data suggest that further investigation is required. The
Wanganui sea level record also suggests the magnitude of glacial retreat was
much larger during the KM3 (3.158 Ma) oxygen isotope event than during the
M1 (3.251 Ma) and KM5 (3.198 Ma) events. This observation is supported by
diatom assemblage data from Site U1361 that imply a major poleward
migration of the Antarctic PF during this interval of warmth, which desta-
bilised the ice sheet margins (Taylor-Silva and Riesselman, 2018).
Oxygen isotope event KM3 is an important interval to examine Antarctic
ice sheet sensitivity to climate warming. The 18 m amplitude change in
sea level observed during this interglacial is best explained by mass loss
from Antarctica’s marine-based ice sheet margins with limited contribu-
tion from the Greenland Ice Sheet (Grant et al., 2019; Shakun et al.,
2018). If the contribution to sea level from Greenland was small, then the
observed magnitude of sea level change requires complete melt of the
WAIS and major retreat of the EAIS across East Antarctica’s large sub-
glacial basins, including the WSB and ASB (Fig. 9.2).

High resolution (suborbital) geochemical provenance data from Site U1361
(Figs 9.2 and 9.6), alongside XRF records of oceanic productivity and records
of IRD mass accumulation during selected Pliocene warm intervals indicate
a strong coupling of changes in provenance (e.g., ice sheet margin retreat) and
marine biological productivity (e.g., sea ice melting). Increases in iceberg calv-
ing appear to precede ice sheet retreat in this sector and may have contributed
to fertilising the Southern Ocean (Bertram et al., 2018). These high-resolution
data indicate that the time between deglacial onset and maximum grounding
line retreat within the WSB was a few thousand years (Bertram et al., 2018), a
conclusion that is consistent with modelling results (Golledge et al., 2017a,
2017b; Pollard et al., 2015).

Satellite-based analyses of modern ice sheet and sea ice dynamics suggest
that the Wilkes Land margin is more vulnerable to warming temperatures than
the George V margin (Miles et al., 2013, 2016). However, glaciers that drain
the ASB (including the Totten and Moscow University Glaciers) sit on beds
with geomorphological features and slopes that promote glacial stability
(Morlighem et al., 2020) and will have to retreat several km inland before
they reach a destabilising retrograde bed. Whether or not the margin of the
EAIS along the Wilkes Land coastal region was highly dynamic during the
warm Pliocene is unclear. Evidence for glacial destabilisation and ice margin
retreat within in the ASB during the Pliocene comes from sedimentologic evi-
dence for diatom oozes (Gulick et al., 2017) and geochemical studies of ice
rafted debris in cores from offshore the ASB and Prydz Bay (Cook et al.,
2014; Williams et al., 2010). Geochemical data suggest iceberg armadas
entered the Southern Ocean from the Wilkes Land margin, and possibly the
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adjacent low-lying ASB, during the early Pliocene (Cook et al., 2014;
Williams et al., 2010). These icebergs may have carried sedimentary detritus
with a characteristic provenance fingerprint of the rocks from the Wilkes Land
region all the way to Prydz Bay, despite elevated SSTs. However, multichan-
nel seismic data from offshore the ASB catchment suggest a muted glacial
response to Pliocene warmth (Gulick et al., 2017). Modelling studies also pro-
duce contrasting results; some suggest little retreat across the ASB during
peak Pliocene warmth (de Boer et al., 2015; Golledge et al., 2017b), while
others indicate significant grounding zone retreat can occur across the region
(de Boer et al., 2015; Pollard et al., 2015). Further insight into past glacial
dynamics in this potentially sensitive region remains elusive as no continuous
marine sedimentary record currently exists from the Sabrina Coast (Gulick
et al., 2017). However, current efforts are underway to develop a drilling pro-
gram to recover new records (Gulick et al., 2017; McKay et al., 2021;
Montelli et al., 2019).

9.2.3 The Ross Sea Embayment and Southern Victoria Land

9.2.3.1 Geological setting

The Ross Sea Embayment (RSE) is bordered by the 3500km long
Transantarctic Mountain (TAM) chain to the west and Marie Byrd Land
(MBL) and Siple Coast to the east (Fig. 9.2). The modern WAIS is grounded
within the lower topographic relief of the West Antarctic Rift System
(WARS), one of Earth’s major continental extension zones extending across
Antarctica from the western RSE to the Antarctic Peninsula (AP) and separat-
ing West and East Antarctica (Jordan et al., 2020). Most of the WAIS sits on
continental crust that lies well below sea level, in places reaching depths well
over two kilometres (Fretwell et al., 2013; Morlighem et al., 2020). Clastic and
biogenic sediments have accumulated in the sedimentary basins that formed as
the WARS evolved through the Cretaceous and Cenozoic (Decesari et al.,
2005, 2007; Jordan et al., 2020; Luyendyk et al., 2001; Wilson et al., 2009).
Clastic sediments that comprise the Miocene and Pliocene sequences reviewed
herein are sourced from pre-Quaternary rocks from the TAM and beneath
West Antarctica. Sediment provenance studies have become important tools
for reconstructing past ice dynamics across the area so here we provide a brief
overview of the regional geology. See Talarico et al. (2021) for a more com-
prehensive review.

Basement rocks exposed along the TAM primarily comprise early
Paleozoic igneous intrusives of the Ross Orogeny (Allibone et al., 1993; Cox
et al., 2012; Goodge et al., 2012; Gunn, 1963; Gunn and Warren, 1962;
Paulsen et al., 2013; Stump, 1995). Post Ross Orogeny exhumation and ero-
sion of the granitic and metamorphic basement provided Kukri Peneplain
upon which the clastic Beacon Supergroup was deposited (Barrett, 1971;



Antarctic environmental change and ice sheet evolution Chapter | 9 425

Barrett et al., 1972, 1986; McKelvey et al., 1977). This sequence was
intruded by Ferrar Dolerite at ¢.180 Ma (Compston et al., 1968; Ferrar,
1907; Harrington, 1958; Licht et al., 2014). Little is known of the basement
rocks inland of the TAM because these are covered by the EAIS (Palmer
et al., 2012). Late Cenozoic volcanics in the western Ross Sea region com-
prise the McMurdo Volcanic Group, part of the Erebus Volcanic Province
(Kyle, 1990a, 1990b), which range in age from ~19 Ma to present.
Drillcore evidence extends the volcanic record in the western Ross Sea
back to 26 Ma (Di Vincenzo et al., 2009; Gamble et al., 1986; Mclntosh,
1998; 2000).

The best exposed basement rocks in West Antarctica are in Marie Byrd
Land and comprise the Neoproterozoic to Cambrian Swanson Formation and
Devonian to mid Cretaceous magmatic rocks (Korhonen et al., 2010;
Pankhurst et al., 1998; Siddoway, 2008; Siddoway and Fanning, 2009;
Tingey, 1991). Starting in the Oligocene, the region was subjected to intense
alkaline volcanism and uplift of the Marie Byrd Land Dome (Hole and
LeMasurier, 1994; Winberry and Anandakrishnan, 2004), although other
studies suggest this uplift event began in the early Miocene ~10 million
years later (Spiegel et al., 2016). Today the Marie Byrd Land Dome extends
to an altitude of 2700 m and is a feature that likely shed sediment into the
WARS over the Miocene and Pliocene. Eighteen major volcanoes and many
smaller centres across MBL are composed of felsic alkaline lavas (Panter
et al., 2000). Other volcanic centres likely exist under the WAIS and have
been imaged via aerogeophyscial surveys (Behrendt et al., 1996, 2002,
2004). Some of the MBL volcanoes have been active during the Pleistocene-
Holocene, potentially affecting geothermal heat flow and basal WAIS
dynamics (de Vries et al., 2017).

Basins on the mid to outer continental shelf in the RSE contain sedi-
mentary rocks dating to the late Eocene (Barrett, 1989, 2009; Galeotti
et al., 2012; Harwood and Levy, 2000; Levy and Harwood, 2000a,
2000b). However, reworked palynomorphs in seabed surface samples col-
lected across the Ross Sea indicate terrestrial sedimentary rocks dating to
the Cretaceous were deposited across West Antarctica (Truswell and
Drewry, 1984), but in-situ sediments have yet to be recovered. Reworked
marine microfossils are also common components in glacial sediments
recovered from beneath the WAIS and offer insight into the likely in-situ
sequences that occur beneath the WAIS. Siliceous microfossils from dis-
crete time intervals in the early Miocene, middle Miocene and late
Miocene are preserved in sediment clasts and matrix from the Ross Ice
Shelf Project (RISP) J-9 core (Harwood et al., 1989) and indicate in situ
Neogene sediments occur upstream of the site. Microfossil analyses also
show that reworked Eocene, Miocene, Pliocene, and Pleistocene diatoms
are widespread beneath the Whillans and Kamb ice streams (Coenen
et al., 2020; Scherer et al., 1998). Whereas these data provide tantalising
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evidence for the occurrence of Neogene strata beneath the WAIS and
inner Ross Ice Shelf, thus far no in-situ pre-LGM samples have been col-
lected. These strata are a target of future drilling efforts (McKay et al.,
2021). In contrast, sedimentary basins located north of the Ross Ice Shelf
have been the target of multiple drilling campaigns and offer the most
complete and comprehensive stratigraphy’s through the Miocene and
Pliocene and are discussed in detail below.

9.2.3.2 Oceanography and climate in the Ross Sea Region

The Ross Sea Embayment covers an area of approximately 1,137,000 km?
and includes an extensive ocean cavity beneath the world’s largest ice shelf.
Relatively warm CDW enters the cyclonic flow of the Ross Gyre at its east-
ern limb (Orsi and Wiederwohl, 2009; Whitworth et al., 1998). At the conti-
nental shelf break, CDW locally flows onto the continental shelf and mixes
to become mCDW with temperatures of 1°C to 1.5°C (Budillon and Spezie,
2000; Dinniman et al., 2003, 2007). Sea-ice formation in the Ross Sea con-
verts AASW and/or shoaling mCDW, into cold and dense High Salinity
Shelf Water (HSSW). Cyclonic circulation of HSSW beneath the Ross Ice
Shelf is inferred to occur within the major troughs that connect the continen-
tal slope with the grounding line of the Ross Ice Shelf (RIS) (Dinniman and
Klinck, 2002). Ice shelf water (ISW) is created via contact between water
and the Ross Ice Shelf at depth and is characterised by temperatures below
the surface freezing point. Supercooled ISW emerges from beneath the Ross
Ice Shelf in the west central region of the continental shelf (Dinniman et al.,
2003).

HSSW is exported from the Ross Sea continental shelf where it mixes with
CDW and contributes to AABW. At present, most of the abyssal layers of the
world’s oceans are filled with water that is influenced by AABW that primar-
ily originates from the Weddell and Ross Seas. Thus, changes in ice shelf
extent, water temperature, and/or meltwater input to the Ross Sea could signif-
icantly disrupt present-day global meridional overturning circulation (MOC)
(Jacobs et al., 2002; Orsi et al., 2002; Purkey and Johnson, 2010). Over the
past 40 years, Ross Sea-derived AABW have freshened as a result of increased
meltwater input to the Amundsen and Bellingshausen Seas from melting ice
shelves/glacial systems upstream from the Ross Sea (Jacobs and Giulivi, 2010;
Jacobs et al., 2002; Silvano et al., 2018). Recent hydrographic observations in
the late 2010s have revealed a reversal of the freshening trend hinting at the
existence of decadal variations or oscillations in meltwater contribution from
the Ross Sea region (Aoki et al., 2020; Castagno et al., 2019).

At present, the strong westward-flowing Antarctic Slope Current (ASC) and
its sharp subsurface front (Antarctic Slope Front — ASF), separates AASW
from CDW on the lower continental slope. The ASF serves as a dynamical bar-
rier that limits the transfer of CDW onto the Ross Sea continental shelf (Ainley
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and Jacobs, 1981; Smith et al., 2012; Thompson et al., 2018). However, a
decrease in wind shear stress across the ASF may cause shoaling of isopycnals
and enhanced eddy-driven transport of CDW across the continental shelf margin
(Stewart and Thompson, 2014). Furthermore, modelling indicates that flow of
CDW onto the Ross Sea continental shelf is directly influenced by the volume
of dense waters that descend off the continental shelf to form AABW (Morrison
et al., 2020). Incursion of warm CDW is sensitive to the morphology of the con-
tinental margin, vigour of the ASC (and associated eddy activity), and produc-
tion of AASW and AABW (Thompson et al., 2018). Changes in atmospheric
and ocean dynamics at the continental shelf margin clearly influence the incur-
sion of warm water onto the Ross Sea Continental Shelf and will likely increase
ice shelf and ice sheet melt. Positive feedbacks associated with increasing melt
and freshwater flux will enhance intrusion of CDW and potentially accelerate
ice sheet retreat.

Terrestrial rock outcrops span the western and eastern margins of the Ross
Sea Region (Fig. 9.2). The McMurdo Dry Valleys (MDV) are the best studied
and monitored and are the focus of the terrestrial environmental records dis-
cussed in this review. The MDYV represent one of the largest ice-free regions
in Antarctica, covering approximately 4000 km? in the central Transantarctic
Mountains. Today, the Dry Valleys feature a hyperarid, cold-desert climate.
Mean annual temperature at Lake Bonney, on the floor of Taylor Valley is
—17.9°C (Doran et al., 2002). Climate at higher elevations in the MDV is dif-
ficult to constrain due to a lack of long-term monitoring data. However, a
meteorological station at 1581 m above sea level in the Friis Hills recorded
weather conditions from 2005 to 2010 (Bliss et al., 2011). During this period,
mean summer temperature was —13.2°C with an average wind speed of
4.7 m/s. The winter mean was —29.7°C with an average wind speed of 4.2 m/
s (Bliss et al., 2011). Based on measured regional lapse rate of 6.4°C/km
(Bliss et al., 2011), the range in mean annual temperature in the Friis Hills,
Asgard and Olympus ranges would approach —24°C to —28°C. Additional
weather station data collected from the Friis Hills between 2011 to 2018
recorded an average mean annual air temperature of —22.7°C = 1.3°C (Doran
and Fountain, 2019). Climate in the Friis Hills and other high elevation
regions of the MDV (Fig. 9.2) is classified as a severe polar desert with sub-
freezing temperatures and strong winds occurring throughout the year (Lewis
and Ashworth, 2015). Precipitation measured at Lake Bonney is less than
150 mm/year, which falls as snow (Fountain et al., 1999). Precipitation at loca-
tions farther inland and higher is likely less (Doran et al., 2002).

9.2.3.3 Seismic stratigraphic records in the Ross Sea

The Ross Sea Embayment contains a dense network of seismic profiles
(McKay et al., 2021). Regional interpretation of the major stratigraphic discon-
tinuities allows for a well-defined seismic-stratigraphic framework, constrained
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by deep-drilling sites from across the Ross Sea (McKay et al., 2021) (Fig. 9.7).
The broad seismic stratigraphy of the Ross Sea was first resolved by the
SCAR Antarctic Offshore Stratigraphy project, ANTOSTRAT (Brancolini
et al.,, 1995a; Cooper and Davey, 1987). Above the seismic basement, the
underlying sequence holds syn-rift sediments of Mesozoic to early Eocene age
(Cooper and Davey, 1987). The overlying sedimentary sequence contains
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et al.,, 2019; Naish et al., 2009; Wilson et al., 2012b) and/or has been adjusted to fit up-to-date
ages for key biostratigraphic datums (Crampton et al., 2016; Florindo et al., 2013).
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seven major unconformities referred to as Ross Sea Unconformities (RSU’s)
that bound eight intervening seismic sequences named Ross Sea Sequences
(RSS’s) (McKay et al., 2021). The RSS are largely defined by studies in the
Eastern and Central basins of the Ross Sea, whereas different nomenclatures
exist in the active rift zones of the Western Ross Sea (Davey et al., 2000;
Fielding, 2018; Fielding et al., 2008; Henrys et al., 1998, 2001; Levy et al.,
2016). Here we describe briefly the seismic stratigraphic sequences and uncon-
formities through the Miocene and Pliocene.

Seismic-stratigraphic sequences RSS2 to RSS6 (oldest to youngest) are
Miocene (Brancolini et al., 1995a). RSS2 sits above RSU6 and grades
upwards into well-stratified reflections that are laterally continuous. RSU6
has never been drilled but an age of >27 Ma is generally accepted (Busetti
and Cooper, 1994). This unconformity is restricted to the deepest sedimen-
tary basins, where it forms the top of stratified sediments infilling channels
and structural valleys and onlaps structural highs (De Santis et al., 1995).
RSS2 is thickest along the inner continental shelf and is thin to absent along
a SE-NW band over Glomar Challenger Basin and the Ross and Iselin banks
(Brancolini et al., 1995a; De Santis et al., 1995). RSUS (~18 Ma) forms the
top of RSS2 and is expressed regionally as a high amplitude reflection that is
locally erosive on the eastern and inner part of the continental shelf. RSS3
overlies RSUS and includes thick prograding wedges that occupy the main
sedimentary basins of the Ross Sea continental shelf. Locally, strata within
the upper part of the unit exhibit aggradational features (Pérez et al., 2021a).
RSU4a (~17 to 16.4 Ma) defines the top of RSS3 and is characterised by a
regionally extensive lateral reflection that locally truncates underlying sedi-
ments. RSS4 occurs above RSU4a and includes seismic facies with region-
ally variable amplitudes and laterally discontinuous reflectors. The sequence
is thick and extends across the central basins. RSS4 is truncated by RSU4
(~14.6 to 12 Ma), an erosional surface that extends across most of the Ross
Sea continental shelf. RSS5 and RSS6 are relatively discrete units that occur
locally in the central and eastern Ross Sea, where they thicken towards and
along the outer shelf. These sequences typically comprise prograding wedges
that are bounded by RSU3 (~8 to 6 Ma), which is generally considered an
erosional surface across much of the inner to mid Ross Sea continental shelf
(De Santis et al., 1995). RSU2 generally deepens landwards (De Santis et al.,
1999) and has an estimated age between 4.0 and 2.8 Ma in the western Ross
Sea (Brancolini et al., 1995b; Granot et al., 2010).

The origin of the RSUs has been linked to a range of processes including
tectonic events, glacial erosion, and sea level oscillations (Alonso et al.,
1992; Anderson and Bartek, 1992; Bartek et al., 1991; Busetti et al., 1993;
Brancolini et al., 1995a; Cooper et al., 1995; De Santis et al., 1995; Hinz
and Block, 1984). The aggradational pattern in the upper part of RSS2 is
inferred to reflect ice distal glaciomarine conditions in the Ross Sea that pre-
ceded deposition of ice proximal progradational wedges within RSS3. These
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prograding strata likely represent a period of ice sheet advance into marine
environments across the Ross Sea continental shelf (De Santis et al., 1995,
1999; Pérez et al., 2021a). The regionally variable but erosive signature of
RSU4a suggests expansion of ice caps from local highs at locations across
the Ross Sea formed this feature. The relatively uniform stratified pattern
that characterises RSS4 likely reflects a period of open marine conditions
and hemipelagic sedimentation with little evidence of ice advance and retreat
across the Ross Sea during the MCO (De Santis et al., 1995; McKay et al.,
2019; Pérez et al., 2021a). The regional erosional signature of RSU4 reflects
an episode of extensive ice sheet advance across the continental shelf of the
Ross Sea (Bart and De Santis, 2012; De Santis et al., 1995, 1999; McKay
et al.,, 2019; Pérez et al., 2021a). Prograding wedges that form RSS5 and
RSS6 were deposited during multiple episodes of marine ice sheet advance
and retreat during late Miocene, which delivered glacial marine sediments to
the outer continental shelf. The landward deepening surface of RSU2 formed
as a thick and extensive marine ice sheet grounded across the continental
shelf during the late Pliocene and early Pleistocene (De Santis et al., 1999;
Lindeque et al., 2016).

9.2.3.4 Stratigraphic records from drill cores in the Ross Sea

The history of geological drilling in the Ross Sea is relatively long and has
contributed significant discoveries that are fundamental to our understanding
of Antarctic ice sheets and environmental evolution. In December 1973, Leg
28 of the Deep Sea Drilling Project (DSDP) (Hayes et al., 1975b) recovered
upper Oligocene to lower Miocene glacial sediments at Site 270, instantly
extending our known history of Cenozoic glaciation back some 25 million
years (Barrett, 1975; Hayes et al., 1975d). Miocene and Pliocene sediments
were recovered at Sites 272 and 273, providing insight into the history of
glacial advance and retreat across the Ross Sea continental shelf. In 2018,
IODP Expedition 374 drilled five holes and recovered Miocene to Pleistocene
sediments that add to our expanding knowledge of marine ice sheet behaviour
in the central Ross Sea through the Neogene (Figs 9.5 and 9.6) (McKay et al.,
2019).

Site U1521 (75.6839°S, 179.6718°W) recovered a 648 m sequence of
Miocene to Recent sediments that is divided into seven lithostratigraphic
units (I-VII) (McKay et al., 2019). Contacts between the units range from
sharp to gradational. Mudstone and diamictite account for ~90% of the
recovered core, and minor lithofacies include chert and conglomerate. The
assemblage of facies reflects open-marine to ice-proximal depositional envir-
onments at this location since at least the early Miocene (~18 Ma). Site
U1521 drilled through a thick seismic sequence of progradational foresets
above RSUS5 and recovered a ~300 m interval (Units VII and VI) of diamic-
tites interbedded with thin mudstone layers that suggest input of a large
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volume of glacially eroded material by marine-terminating glaciers or ice
sheets. Unit V is a 40 m interval of poorly recovered chert nodules and silica
cemented mudstone. Unit IV is a ~70 m of dark grey massive to stratified
diatom-bearing clast-poor sandy diamictite. Unit III includes an ~120 m-
thick interval of diatom-rich muds and diatom oozes provisionally assigned
an age spanning 16.7 to 15.8 Ma (McKay et al., 2019). These predominantly
open water sediments were deposited during an interval of ice sheet retreat
spanning the earliest part of the MCO. Unit II includes an ~80 m thick
sequence of dark grey massive clast-poor muddy diamictite interbedded with
bioturbated diatom-bearing/rich mudstone with dispersed clasts. The lower
~40 m of the unit consists of diamictite and includes a disconformity that
correlates with RSU4 and preliminary age constraints date this surface at
~14.6 Ma (Pérez et al., 2021a). Facies in Lithostratigraphic Unit II indicate
highly truncated cycles of subglacial, glaciomarine and open marine sedi-
mentation (McKay et al., 2019) that reflect repetitive cycles of marine-based
ice sheet advance and retreat across the Ross Sea continental shelf since the
middle Miocene (Pérez et al., 2021a).

Site U1522 (76.5538°S, 174.7578°W) penetrated to 701 m below the sea
floor and recovered 279.57 m of core (40%). The 696 m thick succession of
upper Miocene to Recent sediments is divided into four lithostratigraphic
units (McKay et al., 2019). Lithostratigraphic Unit II spans the Pliocene and
includes consists of ~195 m of massive interbedded diatom-bearing/rich
sandy/muddy diamictite with mudstone laminae. Units III and IV recovered
upper Miocene sediments spanning the interval from ~ 11 to 9 Ma. Unit III
includes 250 m of muddy diatomite and diatom-bearing/rich diamictite and
is divided into three subunits based on the style of interbedding and presence
of lithologic accessories. Unit IV consists of ~50 m of interbedded diatom-
bearing sandy diamictite and muddy diatomite. RSU3 intersects the core
between 400 and 500 mbsf, which constrains the age of this surface to <9
and >5.5 Ma.

Site U1523 (74.1503°S, 176.7951°W) was cored on the outermost conti-
nental shelf, at a site under the influence of the ASC. A range of coring sys-
tems were deployed at Site U1523 as the operations crew attempted to
recover material from the location in challenging coring conditions. A total
of sixty-four cores were collected from five holes. These cores provide an
~220 m-thick composite sequence spanning the (?)middle Miocene to
Pleistocene. The sequence is divided into three lithostratigraphic units and
(7)middle Miocene and Pliocene sediments occur in unit II and III and are
characterised by sand/gravel-rich beds alternating with diatom-bearing/rich
mud — interpreted to reflect shifting ASC current strength through time. Due
to the unconsolidated nature of the facies in this interval, and the rotary
coring methods, core recovery of Unit III was extremely poor and, while the
sequence may extend back to 13 Ma, lithological information is restricted to
strata younger than 11 Ma, although downhole logs measurement were
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conducted throughout this interval of Site U1523, and will continuous
records of the downhole variability/cyclicity of facies. Approximately 50 m
of upper Miocene sediments within Unit III include massive to laminated
diatom-bearing/rich mud interbedded at the decimetre scale with diatom-
bearing diamict (McKay et al., 2019).

Site Ul1524 (74.21738°S, 173.6336°W) is located on the continental
rise, and drilled an expanded levee of the Hillary Canyon, one of the larg-
est conduits of AABW feeding the abyssal ocean from the Ross Sea conti-
nental rise and includes three holes, the deepest of which was cored to
4419 m bsf. A composite sequence recovered in three holes includes
upper Miocene to Pleistocene sediment that is divided into three lithostra-
tigraphic units (I-III) (McKay et al., 2019). Contacts between units and
subunits are mostly gradational and are distinguished by gradual changes
in diatom content. Unit II is mid Pliocene and consists of ~117 m of mas-
sive to laminated muddy diatom ooze interbedded with bioturbated to lam-
inated diatom ooze and diatom-rich sandy mud. Unit III is 120 m thick
and consists of massive to laminated mud interbedded with massive
diatom-rich sandy mud with dispersed clasts of muddy diamict and muddy
diatom ooze. A major disconformity at ~320 mbsf spans the interval from
8.4 and 4.8 Ma and separates Unit III and II. The fine-grained, and graded
nature of the laminae is interpreted as representing a largely continuous
record of turbidity current activity associated with AABW flow down the
Hillary Canyon, with an ultra-expanded mid- to Late Pliocene section
(McKay et al., 2019).

A series of onshore to nearshore geological drilling projects between
1976 and 2008 that have revealed much about Antarctic Cenozoic climate
history is the southwest corner of the Ross Sea (Fig. 9.7). These drilling
campaigns recovered sediments from discrete intervals through the past
36 million years (McKay et al., 2021). Neogene strata were recovered
from onshore drilling within the Dry Valley Drilling Project (McGinnis,
1981; McKelvey, 1975) and from offshore locations during the McMurdo
Sound Sediment and Tectonic Studies drilling Project (Barrett, 1986),
Cenozoic Investigations in the Ross Sea Project (Barrett, 1989), Cape
Roberts Project (Barrett et al., 1998; Barrett and Ricci, 2000, 2001;
Davey et al., 2001), and the ANDRILL McMurdo Ice Shelf (Naish et al.,
2007; Naish et al., 2008) and Southern McMurdo Sound Projects
(Harwood et al., 2008, 2009) (Fig. 9.5). These drill cores provide detailed
records of environmental variability and reveal the evolution of glacial
marine conditions in Southern Victoria Land through the Neogene and are
described in more detail below.

The Cape Roberts Project drilled at three locations recovering a composite
stratigraphy comprising stratigraphic snap shots from the late Eocene to
Pleistocene (Figs 9.2D, 9.5, 9.7). Lower Miocene sediments were recovered
between 23 and 184 mbsf in CRP-2/2A (77.006°S, 163.719°E) and 50 and
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150 mbsf in CRP-1 (77.008°S, 163.755°E) (Florindo et al., 2005). The
Miocene sediments consist of six recurrent lithofacies: diamictite, rhythmically
interlaminated fine-grained sandstone and siltstone, well-stratified sandstone,
poorly-stratified muddy sandstone, coarse-grained siltstone and fine-grained
siltstone (Cape-Roberts-Science-Team, 1998). These data indicate multiple
phases of advance and retreat of the McKay glacier occurred through
the early Miocene.

The ANDRILL-2A drill core (77.76°S, 165.28°E), a 1,138-m-long strati-
graphic archive of climate and ice sheet variability from the McMurdo
Sound sector of the western Ross Sea (Figs 9.2D, 9.7), was recovered in
2008 by drilling from an ~ 8.5-m-thick floating sea ice platform in 380 m of
water, located ~30 km off the coast of Southern Victoria Land. The core
offers an ice-proximal stratigraphic archive over the period c.20.2—14.2 Ma,
with a more fragmentary record of Late Miocene and Pliocene time
(Figs 9.5, 9.7). The sedimentary sequence is divided into 74 high-frequency
glacimarine cycles recording repeated advances and retreats of glaciers into
and out of the Victoria Land Basin (Fielding et al., 2011; Jovane et al.,
2019; Levy et al., 2016; Passchier et al., 2011).

The ANDRILL-1B hole (77.89°S, 167.09°E) (Figs 9.2D, 9.7) was cored to
1284.85 m bsf and was completed on 26 December 2007 (Naish et al.,
2007). Rock and sediments below ~ 150 mbsf are upper Miocene to
Pliocene (Naish et al., 2007, 2009; Wilson et al., 2007) (Figs 9.5, 9.7).
Sedimentary facies in the core are highly cyclic, comprising stratified and
massive diamictite, breccia, conglomerate, sandstone, siltstone, mudstone
and diatomite (Krissek et al., 2007b), and three distinct facies associations
(termed Motifs) were identified in the cores highlighting major shifts in the
glacial mass balance controls, as well as strong orbital pacing of ice sheet
volume, over the past ~13.6 Ma (McKay et al., 2009; Naish et al., 2009;
Rosenblume and Powell, 2019).

CIROS-2 (77.6833°S, 163.5333°E) was drilled in 1984 from a sea-ice plat-
form near the middle of Ferrar Fjord, western McMurdo Sound in 211 m of
water (Figs 9.2E, 9.7). The hole penetrated 166.47 m of Plio-Pleistocene sedi-
ments, terminating in basement gneiss. The core includes 13 lithologic units
which alternate between massive and stratified diamictite, faintly stratified
mudstone, and fine and very fine sand and sandstone (Barrett and Hambrey,
1992). The lowermost sequence (162 to 100 mbsf) covers most of the Pliocene
(Levy et al., 2012) and is dominated by diamictite but is interbedded with thin
(dm to m-scale) marine mudstone beds.

The Dry Valley Drilling Project (DVDP), run by the United States
Antarctic Program in the early to mid-1970s, recovered geological data from
onshore sites at Ross Island and in the MDV (Figs 9.2E, 9.7). DVDP holes-
10 (77.5833°S, 163.5166°E) and -11 (77.5833°S, 163.4167°E) were drilled
during 1974/75 at the eastern end of Taylor Valley (McKelvey, 1975, 1981;
Mudrey and McGinnis, 1975; Treves and McKelvey, 1975). DVDP-10



434 Antarctic Climate Evolution

penetrated to 185.47 m and recovered a sequence dating back to the early
Pliocene (~5.0 Ma) (Levy et al.,, 2012; Ohneiser and Wilson, 2012).
DVDP 11 penetrated to 328 m and recovered a sequence dating back to
~6 Ma (Levy et al., 2012; Ohneiser and Wilson, 2012). DVDP-10 con-
tains five lithostratigraphic units that include sandstone, pebbly sand-
stone, conglomerate, diamictite, breccia and laminated sandy mudstone
(McKelvey, 1975, 1981). Units 4 and 5 are Pliocene. DVDP-11 was
divided into eight lithostratigraphic units (McKelvey, 1975, 1981). The
lowermost units (9—13) are Pliocene to upper Miocene and comprise an
~130-metre-thick sequence of sediments dominated by diamictite and
minor sandy mudstone with some conglomerate (Levy et al., 2012;
McKelvey, 1981).

9.2.3.5 Terrestrial records from Southern Victoria Land

Geological and glaciological research on the terrestrial records in Southern
Victoria Land has a long history, beginning with observations by members
of Scott and Shackleton’s expeditions (David and Priestley, 1914; Ferrar,
1907; Wright and Priestley, 1922). While many of the subsequent early stud-
ies centred on mapping extensive exposures of Paleozoic and Mesozoic rocks
in the mountains and valleys (Gunn and Warren, 1962), efforts were also
made to decipher the glacial history preserved in the regional geomorphol-
ogy and more recent sedimentary record (Bull et al., 1962; Calkin, 1974,
Denton et al., 1971; Selby, 1971; Selby and Wilson, 1971). Since this early
work, there have been extensive studies on the geomorphological and cli-
matic evolution of the Dry Valleys region since the Miocene (Denton et al.,
1984; Hall and Denton, 2005; Kowalewski et al., 2006; Lewis et al., 2006,
2007, 2008; Marchant et al., 1993; Prentice et al., 1993; Prentice and Krusic,
2005; Sugden and Denton, 2004; Sugden et al., 1991, 1995). Importantly,
many of these deposits and landforms are mantled by, or interbedded with,
volcanic ash and tephra, which provide critical age constraints (Lewis and
Ashworth, 2015; Lewis et al., 2006; Marchant et al., 1993, 1996; Schiller
et al., 2019).

Terrestrial sedimentary deposits of Miocene and Pliocene age in the Ross
Embayment are primarily located in the MDV but are relatively few and
most post-date the MCO (Table 9.1). These records are composed of tills,
fluvial-lacustrine sequences and colluvium. Many tills consist of unconsoli-
dated units that are often metres thick with characteristics including striated
clasts, underlying striated bedrock and cross bedding suggesting fluvial pro-
cesses likely from supraglacial melting. Some of the oldest well dated terres-
trial glacial deposits observed in the Ross Embayment occur in the Friis
Hills (Lewis and Ashworth, 2015), Western Olympus Range (Lewis et al.,
2007) and Asgard Range (Marchant et al., 1993) (Fig. 9.2D).
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TABLE 9.1 Summary of key terrestrial deposits in the McMurdo Dry Valleys
listed in chronostratigraphic order.

Feature

Alpine Il

Onyx drift

Wright drift

Valkyrie drift
Loop drift

Alpine Il

Till (lateral
moraines
(WUIII)

Alpine IV

Peleus Till/
WU IV

Pecten
Gravels
(Prospect
Mesa)

Jason
Glaciomarine
Diamicton
Rock Glaciers
Jotunheim Till
Dido drift 1

Dido till 2a

Dido till 2b

Location

East-Central Wright
Valley

Lower Wright Valley

Lower Wright Valley

Lower Wright Valley
Lower Wright Valley

East-Central Wright
Valley

Upper Wright Valley

Lower Wright Valley
Wright Valley

Wright Valley

Wright Valley

Western Asgard
Range

Western Asgard
Range

Western Olympus
Range

Western Olympus
Range

Western Olympus
Range

Age
<2.8 £ 0.2Ma

<33 = 0.3 Ma

<34 = 0.2Ma

<33 = 0.3 Ma

<3.3 = 0.2 Ma

Overlies Peleus <3.8

Ma (<3.5 Ma)*
Overlies Peleus

>3.8<5.5
(<3.5to0 >3)*

Stratigraphically
below Peleus
(>3.5)*

9 * 1.5Ma

<12.5 Ma

>10.5 Ma

>12.44 Ma

<13.62>12.44 Ma

<13.72>13.62 Ma

Ref
Hall et al. (1997)

Hall and Denton
(2005)

Hall and Denton
(2005)

Hall and Denton
(2005)

Hall et al. (1997)

Bockheim and
McLeod (2006)

Bockheim (2010);
Prentice (1998);
Summerfield et al.
(1999)

Prentice et al.
(1993)

Marchant et al.

(1993)

Marchant et al.
(1993)

Lewis et al. (2007)
Lewis et al. (2007)

Lewis et al. (2007)

(Continued)
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TABLE 9.1 (Continued)

Feature

Nibelungun
Till

Channels and
Potholes in
Asgard Range
(Sessrumir
Valley)

Asgard Till

Dido till 2¢

Dido drift 2

Electra
Colluvium

Circe Till

Mount Boreas

Friis 1l drift
(upper)

Friis 1l drift
(lower)

Koenig
Colluvium

Inland Forts
Till

Sessrumnir
Till

Friis | Drift

Location

Western Asgard
Range

Western Asgard
Range

Western Asgard
Range

Western Olympus
Range

Western Olympus
Range

Western Olympus
Range

Western Olympus
Range

Western Olympus
Range

Eastern and Central
Friis Hills

Eastern and Central
Friis Hills

Western Asgard
Range

Western Asgard
Range

Western Asgard
Range

Eastern Friis Hills

Age

<15.2**>13.6** Ma

Inferred to post-date
Asgard Till

<15.2**>13.6 Ma

>13.85 Ma

>13.94 Ma

>13.94 Ma**

>13.94 Ma

14.07 = 0.05 Ma**

~14.2 to 13.9 Ma

~15.1 to 14.4 Ma

>15.2 Ma

>13.5 Ma

>15.2 to 15 Ma

19.76 = 0.11 Ma

Ref

Marchant et al.
(1993)

Sugden et al.
(1991)

Marchant et al.
(1993), Sugden et
al. (1991)

Lewis et al. (2007)
Lewis et al. (2007)
Lewis et al. (2007)
Lewis et al. (2007)
Lewis et al. (2008)
Chorley (2021)
Chorley (2021)
Marchant et al.

(1993)

Marchant et al.
(1993)

Marchant et al.
(1993)

Lewis and
Ashworth (2015)

The Friis Hills (Figs 9.2, 9.8) are located at the head of the Taylor Valley
in the MDYV and, at an average elevation of 1325 metres (m) above sea level,
constitute an isolated inselberg with peaks up to 1500 m above sea level.
Their unique position has allowed for Miocene terrestrial glacio-fluvial-
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FIGURE 9.8 Images from the Friis Hills, upper Taylor Valley, Southern Victoria Land,
Antarctica. (A) View from the northern peak in the Friis Hills looking across the broad south-
eastern facing Friis central valley that contains glacial lacustrine sediments of the Friis II drift
(Lewis and Ashworth, 2015). (B) Drill rig used to recover core shown in (C). (C) Core showing
diamictite, lacustrine sediments and tephra from middle Miocene Friis II upper sediments.

lacustrine sediments to be preserved in high-elevation basins that have been
protected from subsequent EAIS ice sheet expansions (Lewis and Ashworth,
2015). The Friis I drift sits on striated granitic basement within a small
paleovalley in the easternmost region of the Friis Hills and includes an upper
and lower diamicton interpreted as subglacial (lodgement/traction) tills up to
5.5 m-thick, separated stratigraphically by an interval of interbedded fluvio-
lacustrine muds, sands, gravels and a volcanic ash with an “’Ar/*’Ar age of
19.76 = 0.11 Ma (Lewis and Ashworth, 2015). This relatively thin deposit is
the only well-dated glacial sequence in the Transantarctic Mountains that
pre-dates 15.2 Ma.

The stratigraphically younger Friis II drift occurs above Friis 1 drift
within the paleovalley in the eastern Friis Hills but is most extensive across
the central basin where it is deposited on top of basement rocks (Fig. 9.8A).
The Friis II sequence includes at least sixteen sedimentary cycles comprising
diamicts and interbeds of well-sorted, fine grained interglacial fluvial and
lacustrine deposits (Chorley, 2021; Lewis and Ashworth, 2015; Verret et al.,
2020). Friis IT lower units were deposited during advance and retreat of wet-
based temperate style glaciers flowing to the southeast. The Friis II upper
sequence includes diamict that likely records a transition to more regionally
expansive eastward directed glacial advance (Lewis and Ashworth, 2015).
Fossiliferous beds in the Friis II drift record a Nothofagus shrub tundra with
mean summer temperatures of ~6°C—7°C (Lewis and Ashworth, 2015).
The Friis II drift was cored in 2017 and tephra recovered in the cored
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sequence and a paleomagnetic stratigraphy indicate an age between ~ 15.1
and 13.8 Ma for the Friis II upper sequence (Chorley, 2021; Verret et al.,
2020). These age constraints are consistent with meteoric beryllium analyses
that suggest the Friis Hills sequence is older than ~ 14 Ma (Valletta et al.,
2015).

Miocene sedimentary deposits in the western Asgard Range include the
Sessrumnir, Inland Forts, Asgard, Nibelungan and Jotenheim tills and the
Koenig colluvium (Marchant, 1993). These sequences contain tephra that
constrain the age of the glacial sediments to between ~15.2 and 10.5 Ma
(Table 9.1). Nibelungan and Jotenheim tills are restricted in areal extent,
whereas the other deposits are more extensive and are discussed in more
detail here. Sessrumnir till is an poorly sorted massive and unconsolidated
sandy diamict that overlies striated and moulded Ferrar Dolerite and granite
bedrock and was likely deposited by alpine glaciers that extended from local
alpine ice caps at the end of the MCO (Marchant, 1993). Inland Forts till is a
silt-rich and unconsolidated diamict that mantles the striated sandstone bed-
rock floor (Fig. 9.9) and is inferred to have formed beneath a southward
flowing wet-based glacier that occupied Inland Forts, similar to nearby
Sessrumnir till (Ackert, 1990; Marchant, 1993). Asgard till is a silt-rich and

.. .~ Royal Society Range .

g S, /-
Sassrumnir
Valley

L_.f-
Koenig Valley » .

Labyrinth

Wright Valley
Mt Electra\

b o wd Plmpus Range . e
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FIGURE 9.9 Oblique aerial photograph (USN TMA2299 0063) looking southwest towards the
Olympus Range (foreground), Asgard Range (mid image), Quartermain Mountains and Royal
Society Range (top of image). Features and locations containing Miocene terrestrial deposits dis-
cussed in text are labelled.
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unconsolidated diamict containing granite erratics and striated sandstone and
dolerite clasts. It is the most widespread surface deposit in the region and
generally occurs in lobate map patterns at the mouths of hanging valleys in
the Asgard Range and Quartermain Mountains. Radioisotopic dates on sani-
dine crystals in ash from deposits beneath the till indicate a maximum age of
14.8 Ma and from ash in sand wedges that cut the till indicate a minimum
age of 13.6 Ma (Marchant, 1993). The Asgard till post-dates the MCO and
was deposited during the MMCT (14.8 to 13.6 Ma) (Table 9.1). The sand-
stone and granite clasts and erratics and the morphological features of the
Asgard till indicate that depositing ice flowed from the east, down major
trunk valleys and spilled southwards into hanging valleys and likely reflects
the influence of larger regional scale ice sheets (Marchant, 1993). However,
thermal conditions at the base of the ice were likely highly variable with
warm-wet conditions in the linear valleys and cold-frozen conditions across
the plateaus with minimal disruption to underlying deposits.

Koenig colluvium is a bright orange (highly oxidised) and poorly sorted
diamicton, composed of well-developed ventifacts within a sandy matrix that
is stratigraphically between the underlying Sessrumnir till and overlying
Asgard till. There are no striated, moulded or glacially polished clasts in
Koenig colluvium and the deposit is inferred to reflect minor hillslope degra-
dation and subaerial weathering in a desert climate. The age of Koenig collu-
vium is constrained by phonolitic ash that rests on buried ventifact pavement
that covers the colluvium. Radioisotopic dates from sanidine in the ash indi-
cate Koenig colluvium is older than 14.8 Ma and was deposited prior to the
onset of the MCT (Table 9.1). This ash also provides a maximum age for the
Asgard till which overlies the colluvium (Marchant, 1993).

Miocene sedimentary deposits in the Olympus Range include Circe till,
Electra colluvium, Dido drift (Lewis et al., 2007) and fossil-rich moraine-
damned glacial-lacustrine deposits (Lewis et al., 2008). Circe till is a rem-
nant of regional alpine glaciation originating from Circe-Rude Valley in the
upper western boundary of Wright Valley (Fig. 9.9). Circe till varies from
1—4 m in thickness, sits directly on moulded and striated bedrock, and
includes a lower mud-rich diamicton and upper stratified diamicton with
sand and gravel lenses. Clasts are commonly striated and cross bedding is
apparent in the sandy lenses. The lower unit is interpreted as a lodgement till
deposited beneath wet-based ice and the upper unit an ablation till and likely
represent a single cycle of glacial advance and retreat (Lewis et al., 2007).
Circe till and Electra colluvium are possible equivalents to Sessrumnir/
Inland Forts till and Koenig colluvium in the Asgard Range. Dido drift
includes disparate patches of till comprising grain-supported sandy diamic-
ton. These drift sediments were most likely deposited in the absence of water
by sublimation of cold-based alpine glaciers (Lewis et al., 2007). The strati-
graphically youngest unit (Dido Ib drift) is the only till unit in the valley that
is not dissected. This feature suggests the till has not been modified due to
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post-depositional glacial overriding. Age constraints for the Circe-Rude val-
ley deposits come from volcanic ash that occurs as infill within relict sand-
wedge troughs, laterally extensive interbeds, and small pods that infill voids
in the Dido drift. Radioisotopic (40Ar/39Ar) dates on sanidine crystals from
an ash in a wedge that dissects the lowermost Dido drift constrains the mini-
mum age of Circe till, and the oldest episode of wet-based glaciation in the
region, to >13.94 = 0.75 Ma (Lewis et al., 2007). Dates on ash in voids in
the Dido Ib till suggest that regional glacial overriding at high elevations
(>1200 m) has not occurred since 12.44 *+ 0.15 Ma.

Middle Miocene glacial lacustrine sediments with exceptionally well-
preserved fossil plants and freshwater aquatic organisms occur in a small
moraine-dammed basin near Mount Boreas in the western Olympus Range
(Fig. 9.9) (Lewis et al., 2008). This site is one of several that occur within
north-facing valleys and contain moraine-damned glacial-lacustrine depos-
its in the western Olympus Range. The lacustrine beds at the Mount Boreas
site are near horizontal, unconsolidated and are comprised of glaciolacus-
trine silt and sand beds beneath a sequence of diatomaceous mud. The lake
sediments are overlain by fluvial sands and debris flow deposits. The extent
and elevation of the beds behind the moraine suggest the lake was as much
as 8 m deep (Lewis et al., 2008). Exquisite examples of freeze-dried moss
are abundant in the mud rich layers. Fossil diatom assemblages and well-
preserved ostracods indicate the moraine-dammed lake was ice free for at
least 2 to 3 months each year. The age of the fluvial lacustrine deposits is
14.07 = 0.05 Ma and is based on correlation to a tephra in another lake
deposit in Fritsen Valley to the east (Lewis et al., 2008).

The oldest known marine sedimentary deposit on the floor of the Wright
Valley is the Jason Diamicton (Prentice et al., 1993). The diamicton is a peb-
bly muddy sand to sandy mud that crops out extensively along the north shore
of Lake Vanda in Wright Valley and was recovered at the base of DVDP-4A
(Prentice et al., 1993). DVDP-4A was drilled near the centre of Lake Vanda
(77°32'S 161°32'E) at an elevation of 83.6 metres above sea level and recov-
ered sediment between the lake floor at 68 m and granitic basement, which
was intersected at 80.6 metres below the lake surface (Cartwright et al., 1974).
The lowermost section between 5.74 and 11.2 m in DVDP-4A comprises silt-
stone with minor amounts of sandstone and conglomerate and contains a late
Miocene marine diatom assemblage (Brady, 1979). The absence of diamictite in
the marine sequence indicates the Wright Valley fjord remained ice free
during deposition of the sequence. The diatom assemblage indicates the
Wright Valley sediments in DVDP-4A are older than sediments at the base of
DVDP-10 and 11. Whole and fragmented marine diatoms are abundant in the
Jason diamicton and include Denticulopsis dimorpha, D. lauta, Actinocyclus
ingens and Thalassiosira nitzchiodes (Brady, 1979, 1982; Prentice et al.,
1993). This assemblage indicates a depositional age between 13.66 and
9.23 Ma based on a revised biostratigraphic age presented herein (Fig. 9.10)
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Diatom taxa 87578651 (Shells) ArfAr (Hart Ash) Deposits/occurrence
T. nitzchiodes - - ——— . 1D, PMG, PT, DVOP-4A
A.ingens — JD, PT, DVDP-4A
D. lauta —1 P JD, DVDP-4A
D, dimerpha — e — D, PT
F. praeinterfrigidaria — -4 PT
T. lentiginosa — > PMG,PT
T. vulnifica — ] PT
F. kerguelensis — &=—— PMG,PT
RN RN RN RN RS RN RN RN RN
20191817161514131211109 8 7 6 5 4 3 2 1 0
Age (Ma)
Jason Glaciomarine Diamicton [_] Peleus Till []

FIGURE 9.10 Diatom range chart for species reported in Dry Valley Drilling Project (DVDP)
— 4A, the Jason Diamicton (JD), Peleus Till (PT) and Prospect Mesa Gravels (PMG). Ages for
first appearance and last appearance datums for taxa are from the Constrained Optimisation
(CONOP) hybrid range model (arrows) and total range model (dots) of Florindo et al. (2013).
Deposits in which the diatoms are reported are shown at right (Prentice et al., 1993). 3Sr/%¢Sr
date on shell from the Jason Diamicton from Prentice et al. (1993) and *“°Ar/*°Ar date on the
Hart Ash from Schiller et al. (2019). Pale blue boxes indicate maximum likely age range of each
deposit based on diatom biostratigraphy (darker blue boxes indicate minimum likely age range).
Likely age of the Jason Diamicton and Peleus Till based on the combination of available chron-
ostratigraphic data is indicated by boxes at bottom of diagram.

using total range model data for the diatom datums (Florindo et al., 2013).
This age is compatible with estimates derived from *’Sr/**Sr analyses on shell
fragments recovered from the diamicton, which suggests a minimum age of
9 *1.5Ma (Prentice et al., 1993), indicating that the floor of the Wright
Valley was a marine fjord during the late Miocene.

Pliocene sedimentary deposits in the MDYV region consist of drift sheets,
glacimarine sediments and volcaniclastic sequences associated with local
cinder cones. Most of these deposits occur at lower elevations in the Taylor
and Wright Valleys. However, at least one Pliocene glacial drift deposit
occurs at relatively high elevation (1400 to 1500 m) in Vernier Valley in
the Wilkniss Mountains. This drift is one of a series of four with a termi-
nating moraine ranging from 1 to 4 metres in height, that were deposited
by ice flowing from the Ferrar Glacier and into Vernier Valley. A mini-
mum age of 3.39 + 0.19 Ma was determined via cosmogenic “He and *'Ne
analysis from pyroxenes in surface boulders on the terminal moraine that
extends furthest into the valley and is located at the highest elevation
(Staiger et al., 2006). These data indicate that the margin of the Ferrar
Glacier was at least 120 m higher than today during at least one glacial
advance in the late Pliocene.

Four distinct surficial sedimentary deposits in the upper Wright Valley
(WU 1V through I) record major advances of the Wright Upper Glacier
(Calkin and Bull, 1972), which is fed from Taylor Dome. The lowermost
unit is now recognised as the Peleus Till (Prentice et al., 1993). Peleus Till is
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silty, contains striated clasts and crops out discontinuously across Wright
Valley from 180 m to 1150 m elevation (Hall et al., 1997; Prentice et al.,
1993). The till lacks moraines and exhibits feather edges and is interpreted
to be a subglacial till deposited during multiple glaciations from the west,
east, or local alpine areas (Prentice et al., 1993). The age of the Peleus Till
is somewhat contentious. The Peleus till has been correlated with the Asgard
till (Hall et al., 1993a), which implies a depositional age of between 15 and
13 Ma and requires that the Wright Valley had been cut to its near present
morphology prior to the middle Miocene. The absence of basaltic clasts in
the till has been used to suggest the till predates ~ 3.8 Ma, the age of oldest
clasts in overlying drifts (Hall et al., 1993a). However, the till is well
exposed in a section at Prospect Mesa where a 6-m thick sequence overlies
the pecten gravels (Prentice et al., 1993), which requires the till post-dates
the late Miocene/early Pliocene gravels. However stratigraphic integrity at
the location was questioned by Hall et al. (1997), who suggested original
deposition of the till occurred before the Prospect Mesa Gravels were depos-
ited and that the Peleus Till was remobilised down slope and emplaced on
top of the Pecten Gravels. Regardless, diatoms in the Peleus Till at Prospect
Mesa include Thalassiosira vulnifica, T. lentiginosa, T. insigna (reported as
Cosmiodiscus insignus), and Fragilariopsis kerguelensis (reported as
Nitzschia kerguelensis), which reflect a Pliocene age (Prentice et al., 1993).
Currently accepted ages for the first and last appearances of these taxa
(Florindo et al., 2013) (Fig. 9.10) indicate a depositional age between ~ 3.5
and 2 Ma. The Hart Ash, which has been recovered at several locations in
the lower Wright Valley (Schiller et al., 2019), provides additional age con-
straint for the Peleus Till. Whereas no direct stratigraphic relationship
between the till and ash has been observed, the ash would not survive wet-
based glacial advances and therefore the ash places a minimum age on the
Peleus Till. The Hart Ash was originally dated to 3.9 = 0.3 Ma (Hall, 1992)
but recent work suggests a younger age of 2.97 = 0.02 Ma (Schiller et al.,
2019). Based on available constraints presented in this review, we conclude
that the Peleus Till was deposited between 3.5 and 3 Ma.

Pliocene surficial glacial sedimentary deposits in central Wright Valley
include Alpine IV, III and II drifts (Hall et al., 1993a). These drifts are
highly oxidised and contain weathered and fractured boulders. Alpine IV
drift overlies Peleus Till and lateral moraines associated with the drift under-
lie moraines comprised of Alpine III and Alpine II drifts (Hall et al., 1993b).
A chronology for the drifts was established through “*°Ar/*°Ar dating of
reworked volcanic clasts contained within the drifts, which provide a maxi-
mum age for the deposits (i.e. the drifts cannot be older than the youngest
dated clast). Alpine III and IV drifts contain clasts that range between 3.8
and 3.3 Ma, which indicates the drifts are younger than late Pliocene.

Relatively extensive glacial deposits in lower Wright Valley include the
Valkyrie, Wright and Onyx drifts (Hall and Denton, 2005). Wright drift
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overlies Alpine III and IV drifts and is dissected by Alpine II Drift. Onyx
drift is a massive coarse-sand diamicton that overlies Alpine III and IV drifts
but is cut by Alpine II drift. Loop drift is an unconsolidated, massive,
coarse-sand diamicton with common stained and ventifacted clasts that are
occasionally striated. Loop drift is inferred to be older than Valkyrie, Wright
and Onyx drifts based on the degree of weathering (Hall and Denton, 2005).
Basaltic clasts in the Loop, Wright and Onyx drifts constrain their maximum
age to 3.4 to 3.3 Ma (Hall and Denton, 2005) (Table 9.1). Basaltic cones are
not known from the eastern Wright Valley so the likely source of basalt in
the drifts is McMurdo Sound, which indicates the drift sediments were
deposited by ice that extended into the Wright Valley from the Ross Sea.
Drift geomorphology and extent suggests they were deposited by ice that
was 400 to 500 metres thicker than the present-day Wilson Piedmont Glacier
(Hall and Denton, 2005).

9.2.3.6 Neogene history in the Ross Sea Region

The Ross Sea mid-continental shelf began to subside in the late Oligocene
(~26 Ma) and increasingly large regions of West Antarctica became inun-
dated by the sea (Kulhanek et al., 2019; Paxman et al., 2019b, 2020). Ice
sheets and glaciers advanced and retreated across regions of the Ross Sea
throughout the late Oligocene, periodically expanding from ice caps on
Marie Byrd Land, topographic highs in the central and eastern Ross Sea (De
Santis et al., 1995, 1999; Sorlien et al., 2007a, 2007b), and outlet glaciers
through the TAM (Fielding et al., 2000). Water depths in the region around
DSDP 270 reached 500 m by the early Miocene (Kulhanek et al., 2019;
Leckie and Webb, 1983, 1986).

A significant transient glacial advance across the Oligocene/Miocene
boundary is captured in DSDP 270 and the Cape Roberts Project cores by
major disconformities that overly glacimarine glacial-interglacial sedimen-
tary cycles leading up to 23 Ma (Florindo et al., 2005; Kulhanek et al., 2019;
Naish et al., 2001b, 2021). Depositional packages that immediately post-date
the disconformities indicate ice retreated from these sites in the early
Miocene. Whereas the composition of the pollen assemblage in DSDP Site
270 suggests terrestrial environmental conditions did not change across the
O/M boundary, an increase in relative abundance of Nothofagidites suggests
moderate climatic cooling occurred in the early Miocene (Kulhanek et al.,
2019).

Environmental conditions were highly variable in the Ross Sea through
much of the early and middle Miocene (Levy et al., 2016). SSTs ranged
from cold sub-zero values similar to those recorded today to short intervals
of warmth during which temperatures peaked at ~10°C (Levy et al., 2016;
Warny et al., 2009). Whereas the AIS was generally restricted to terrestrial
environments, at least four episodes of extensive marine ice sheet advances
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are reflected by drill core and seismic data (Levy et al., 2016). Two of these
episodes of marine ice sheet advance (MISA) occurred in the early Miocene.
The first is captured by a major disconformity in AND-2A which correlates
in time with RSU 5A and records advance of ice across regions of the Ross
Sea continental shelf at ~19.8 Ma. This disconformity occurs above a
sequence of strata at the base of AND-2A assigned to stratigraphic Motifs 2
and 5 (Fielding et al., 2011; Passchier et al., 2011), which are interpreted to
record a broad environmental range from a sub-polar glacial regime with sig-
nificant meltwater influence to minimal (distal) glacial influence (Fielding
et al., 2011). Pollen in AND-2A (Griener et al., 2015; Warny et al., 2009)
and sequences in the Friis Hills (Lewis and Ashworth, 2015) indicate tundra
occupied regions spanning the coast to at least 60 km inland during intergla-
cial conditions before and after the MISA at 19.8 Ma. These data reflect a
highly variable climate in which the ice sheet margin advanced and retreated
across the coastal margin of the Ross Sea, at times extending into marine
environments.

An unusual period of cold and relatively stable climate is indicated by
proxies in a prominent thick sequence of fine-grained sediments in AND-2A
(Levy et al., 2016). This conspicuous stratigraphic interval is characterised
by very low amounts of pollen and spores and persistently low surface water
temperature (SWT = upper 200 m of water column) (—1.3°C to 2.6°C) and
is thought to have accumulated in a dark environment beneath semiperma-
nent sea ice or an ice shelf. This episode of apparent environmental stability
coincides with an interval characterised by low variability in sea level
(Kominz et al., 2008) and orbital eccentricity (Laskar et al., 2004, 2011,
Levy et al., 2016) (Fig. 9.11). During this time, the ice sheet margin retreated
from the coast and the grounding zone remained distal to the AND-2A site
through many glacial—interglacial cycles (~700 kyrs). Variability in the §'*0
record decreased during this interval but glacial—interglacial amplitudes still
ranged between 0.6% and 1% (Fig. 9.11). Given the apparent relative stabil-
ity of the adjacent ice sheet, much of the variability in the §'®0 record must
have been driven by changes in bottom water temperature. Today, significant
volumes of bottom water are generated in the Ross Sea (Carter et al., 2021;
Orsi et al., 1999). If we assume similar quantities of Earth’s bottom water
was generated in the Ross Sea during the early Miocene, then the 3°C to 4°C
range of SWTs recorded in AND-2A through this interval may have driven
changes in BWT of similar magnitude. Changes of 3°C to 4°C in BWT can
explain  between 90% and 100% of the total glacial—
interglacial variation in the §'80 records between 19.4 and 18.6 Ma (up to
0.88%. if we apply 0.22% per 1°C of bottom water temperature change). It
appears possible that terrestrial portions of the AIS remained relatively
stable during intervals of low variability in Earth’s eccentricity while ocean
temperature at high latitudes fluctuated up to 4°C. These observations high-
light the potential for distinct sensitivities of the cryosphere and ocean to
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climate and raise questions regarding the fundamental mechanisms and pro-
cesses that drive change in Antarctica through time.

A second episode of early Miocene marine ice sheet advance across the
Ross Sea is captured in both the AND-2A and IODP Site U1521 cores and by
RSUS (Pérez et al., 2021a) (Fig. 9.7D). Disconformity U2 removed sediments
equivalent to ~900 kyrs of record from AND-2A and is overlain by a 100 m-
thick diamictite dominated sequence that is sheared and deformed (Fielding
et al., 2011; Passchier et al., 2011). The AND-2A U2 disconformity coincides
with RSUS, which marks the base of RSS-3 and correlates to the bottom of
Lithostratigraphic Unit VI at 566 mbsf in Site U1521, which is a thick progra-
dational package (McKay et al., 2019; Pérez et al., 2021a). RSUS is not inter-
preted as an erosive surface at Site U1521, but the overlying interbedded
massive to stratified diamictite and mudstones in Lithostratigraphic Unit VI
contain shell fragments and calcium carbonate nodules and concretions that
reflect advance and retreat of glaciers south of the site in the central Ross Sea.
These regional disconformities and diamictite dominated sequences along the
western margin and across the central Ross Sea, suggest highly erosive ice
sheets and glaciers extended well beyond the Antarctic coast into marine
environments between 17.8 and 17.3 Ma (Levy et al., 2016, 2019; McKay
et al.,, 2019). This marine-based ice sheet advance approximately coincides
with a prominent sea level lowstand at the New Jersey margin (Kominz et al.,
2008) (Fig. 9.11E), which supports significant ice sheet growth at this time.
Whereas there is no obvious excursion in recent high resolution §'*0 compila-
tions (De Vleeschouwer et al., 2017; Westerhold et al., 2020), the episode
does coincide with the Milb isotope event (Miller et al., 1991a). Furthermore,
this distinct episode of marine-based ice sheet advance occurs during a promi-
nent peak in obliquity sensitivity and diatom turnover (Fig. 9.111 and J), which
is inferred to reflect AIS expansion and enhanced connection between marine-
based ice sheets and the Southern Ocean (Crampton et al., 2016; Levy et al.,
2019). These observations show the AIS extended well beyond the TAM and
periodically occupied large regions of the Ross Sea prior to the MMCT.

Retreat of the AIS from the Ross Sea Embayment during the MCO is
captured by the 124 m-thick sequence of bioturbated diatomaceous mudstone
with rare clasts that constitutes Unit IIT in IODP Site U1521 (McKay et al.,
2019). The diatomaceous unit was deposited sometime between 17 and
15 Ma (McKay et al., 2019), is bounded by sequences that include diamic-
tites and lacks evidence for proximal glacial influence. Sequences spanning
the MCO in AND-2A contain diverse lithologies, lack massive diamictites
(Fielding et al., 2011; Passchier et al., 2011) and indicate temperate
wet-based glaciers calved at the coastline through glacial—interglacial cycles.
Several units comprise sedimentary motifs and facies associations that indi-
cate the grounding zone of the temperate glaciers that fed the basin were dis-
tal to the drill site. However, only three short interglacial intervals contain
multiproxy data that suggest peak warmth and maximum ice margin retreat.
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During the warmest of these events, SWT reached 10°C (Levy et al., 2016),
diatoms and dinocyst abundance peaked, and podocarp and pollen numbers
suggest tundra vegetation expanded (Griener et al., 2015; Warny et al.,
2009) and perhaps reflect hydrologically active intervals during the MCO
(Feakins et al., 2012). Two of these short intervals of maximum warmth cap-
tured in AND-2A (at ~16.4 and 16 Ma) coincide with oxygen and carbon
isotope minima that mark intervals of unique peak warmth that align with
400 kyr eccentricity maxima (Holbourn et al., 2015).

Terrestrial environmental records through most of the MCO have not yet
been recovered from the Ross Sea region. A ‘gap’ in the ash stratigraphy in
the TAM occurs between the 19.76 Ma ash recovered from the Friis Hills
(Lewis and Ashworth, 2015) and the oldest ash in the Asgard Range that
dates to 15.15 = 0.2 Ma (Marchant et al., 1993, 1996). Analyses of volcanic
material in the AND-2A core indicate eruptions from Mount Morning contin-
ued throughout the MCO (Di Vincenzo et al., 2009; Nyland et al., 2013) so
it is unclear why ash deposits from the mid Miocene are not present in the
TAM. Perhaps the climate was highly variable and glaciers too dynamic and
erosive through this interval to preserve sediments in the TAM? Two tephra
layers have been recovered in drill cores from the central Friis Hills and indi-
cate the sequence post-dates ~ 15 Ma (Chorley et al., 2021; Verret et al.,
2020). Interglacial deposits contain a pollen assemblage characteristic of tun-
dra vegetation that characterised the region since the late Oligocene. The
search for Miocene terrestrial deposits should continue so that we can more

et al., 2017). Solid black line displays a 150 kyr moving average. Maximum and minimum
values are determined within each 150 kyr window and create the envelope (black lines) that
bound the §'%0 data. (C) A §'®0 variability ‘index’, interpreted as a measure of glacial/intergla-
cial variability, is determined by subtracting the maximum values in (B) from the minimum
value, for each 150 kyr window. We indicate arbitrary ‘thresholds’ in these data (green and yel-
low solid lines) and suggest that values below 0.6% reflect a relatively ‘stable’ high latitude
environment and values that exceed 0.9% indicate a highly dynamic environment with large
changes in BWT and/or ice volume over glacial-interglacial time scales. (D) Yellow line shows
high resolution deep sea benthic foraminifera §'*C splice (Westerhold et al., 2020). Solid deep
orange line displays a 150 kyr moving average. (E) Sea level curves are from Kominz et al.
(2008) (pale blue dashed line), Kominz et al. (2016) (blue dots), Miller et al. (2005) (blue dashed
line), and Miller et al. (2020) (pale blue line). (F) BWT data are derived from the compilation of
Cramer et al. (2011) using Equation 7a (dark blue). (G) Astronomical eccentricity and (H) axial
tilt (obliquity) from Laskar et al. (2011). (I) obliquity sensitivity after Levy et al. (2019).
(J) Rate of diatom species extinction and speciation (turnover) after Crampton et al. (2016).
Lithologic logs from the AND-2A and U1521 drill cores highlight disconformities (U1, U2,
RSUS5) and diamictite dominated intervals that are inferred to indicate marine ice sheet advances
(MISA events) (Levy et al., 2016; McKay et al., 2019). Note that peak values in obliquity sensi-
tivity and diatom turnover coincide with the MISA event between ~ 18 and 17.4 Ma. Red bars
highlight an interval of low eccentricity that coincides with a thick mudstone unit in AND-2A
and reflects a period of low variability in AIS grounding line variability and ‘stable’ glacial
dynamics.
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fully assess ice sheet and environmental sensitivity during peak warm inter-
vals in the MCO.

In contrast to the MCO, terrestrial deposits that capture the transition
into and through the MMCT in the Ross Sea Region are relatively com-
mon. The thickest, most continuous record occurs in the Friis Hills
(Chorley, 2021; Lewis and Ashworth, 2015; Verret et al., 2020). Here, up
to 80 m of strata described from outcrop (Lewis and Ashworth, 2015) and
drillcore (Chorley, 2021; Verret et al., 2020) include approximately 15 gla-
cial—interglacial cycles comprising diamictite, glacifluvial, and glacilacus-
trine sediments. Most of the sediments assigned to the Friis Hills II lower
sequence were deposited during the last few hundred thousand years of the
MCO (~15 Ma). Diamictites in this sequence are muddy and were depos-
ited beneath wet-based alpine glaciers. Interglacial units contain
Nothofagus leaves, pollen and spores from a tundra vegetation, and fresh-
water diatoms. Friis II upper sediments are younger than 14.8 Ma (Verret
et al., 2020) and contain diamictites with sedimentary features that suggest
deposition under thicker ice and colder, drier climatic conditions (Lewis
and Ashworth, 2015). Interglacial units still contain abundant evidence for
liquid water across the region and fossil remains indicate tundra vegetation
persisted through the MMCT to ~ 14 Ma (Valletta et al., 2015). Fossil-rich
glacial-lacustrine deposits at Mount Boreas in the Olympus Range also
show relatively warm and wet conditions persisted in the TAM through to
at least 14.07 = 0.05 Ma (Lewis et al., 2008). By 13.85 = 0.03 Ma the cli-
mate had cooled by at least 8°C, muddy glacial diamictites were super-
seded by sandy sublimation tills indicative of drier conditions, and
evidence for tundra vegetation had disappeared (Lewis et al., 2008; Lewis
et al., 2007). Sedimentary deposits and geomorphological features in the
Asgard Range generally support observations from sequences in the Friis
Hills and Olympus Range. Wet based sediments deposited by alpine gla-
ciers, including the Sessrumnir and Inland Forts tills, predate 15 and
13.5 Ma, respectively (Table 9.1). The laterally extensive Asgard Till is
silt-rich, contains striated clasts, was deposited sometime between 13.6 and
15.2 Ma, and records expansion of a large glacier down the paleo Wright
Valley (Marchant et al., 1993). Together, these terrestrial data indicate cli-
mate became colder and drier, and glaciers thicker and more extensive,
during glacial episodes leading up to the final step of the MMCT between
13.9 and 13.8 Ma. But interglacial episodes remained relatively warm.
These observations are reflected by an increase in glacial/higher values
(colder/more ice) in the deep-sea §'%0 record between ~ 14.8 and 13.9 Ma
while low interglacial/warm values (warmer/less ice) persisted until
13.9 Ma (Holbourn et al., 2014; Shevenell et al., 2004, 2008).

Marine sedimentary records support terrestrial evidence of progressive
cooling and ice expansion during glacial episodes beginning at ~14.8 Ma. A
major disconformity at 264 mbsf in the AND-2A core (U3) spans 14.6 to
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15.8 Ma and coincides with the appearance of massive diamictites and
associated facies that reflect a cold, subpolar/polar glacial regime with
minor meltwater involvement (Fielding et al., 2011; Levy et al., 2016;
Passchier et al., 2011). Another major disconformity at 214.13 mbsf sepa-
rates sediments deposited at ~14.4 Ma from overlying sediments that are
most likely younger than 11 Ma (Acton et al., 2008—2009). These two
major unconformities are equivalent to RSU4, which suggests several
shelf-wide advances of grounded marine-based ice originating from East
Antarctica started between 14.8 and 14.6 Ma and continued through to
~11 Ma (Fig. 9.7D). This regionally extensive unconformity represents
the first unequivocal seismic evidence for a glacially carved trough in the
central Ross Sea (Anderson, 1999; Colleoni et al., 2018; De Santis et al.,
1995; Ten Brink and Schneider, 1995). Approximately 250 m of till fore-
set and aggrading bottomset strata occur above RSU4 (De Santis et al.,
1999) and RSU4 overlies outwash channels (tunnel valley features), sug-
gesting the region was influenced by large volumes of erosive sediment-
laden meltwater during glacial advance associated with the MMCT begin-
ning at ~14.6 Ma (Anderson and Bartek, 1992; Chow and Bart, 2003;
McKay et al., 2019; Pérez et al., 2021a).

Dissected drift sheets, potholes and subglacial melt channels at modern
elevations >1000 m in the TAM provide evidence for glacial overriding
event(s) in the middle Miocene (Sugden and Denton, 2004). The age of these
features suggests ice flowing through the mountains reached its maximum
thickness within 200 kyrs after the Mi3/E; isotope event and termination of
the MMCT. For example, glacial plucking of bedrock and sedimentary
deposits including the Circe and Electra tills in Western Olympus Range
occurred between 13.62 and 12.44 Ma (Lewis et al., 2007). Formation of pot-
holes and in the Asgard Range occurred after the Asgard Till was deposited
between 15 and 13.6 Ma (Marchant, 1993; Sugden et al., 1995). Subglacial
meltwater channels that characterise the Labyrinth formed beneath thick ice
that flowed into the Wright Valley sometime between 14.4 and 12.4 Ma
(Lewis et al., 2006). We note that evidence for subsequent overriding has not
been recovered or reported, but that overriding events in the early and mid-
dle Miocene cannot be excluded.

The Cavendish Drift forms a series of stacked cycles of diamicton and
fine-grained interbeds that blanket the southeastern margin of the Friis Hills
(Lewis and Ashworth, 2015). Climbing ripples and crossbeds are common in
sandy interbeds and rare dropstones are scattered throughout most beds. The
sequence was deposited by wet-based ice but all beds are non-fossiliferous,
which suggests tundra was no longer present in the region (Lewis and
Ashworth, 2015). However, the climate was clearly warm enough during
interglacial episodes to allow glacier surface melting and water to flow along
the ice margin. The age of the drift is difficult to constrain; however, it trun-
cates the Friis Hills II sequence so must be younger than 14 Ma (Lewis and



450 Antarctic Climate Evolution

Ashworth, 2015; Valletta et al., 2015; Verret et al., 2020) and likely post-
dates the episode of erosion and moulding of bedrock that occurred during
glacial overriding between 13.6 and 12.4 Ma (Lewis and Ashworth, 2015;
Lewis et al., 2007). A suite of *°Ar/*’Ar dates indicate glacial drift was
deposited on the Rhone Platform at the margin of a paleo Taylor Glacier
between 10.76 and 10.39 Ma (Hartman, 1998). It is plausible that the most
recent phase of downcutting of the Taylor Valley to its present depth and
deposition of the Cavendish Drift occurred between ~ 11 and 10 Ma.

Geological data from neighbouring Wright Valley support a late Miocene
age for the formation of modern valley topography in the MDV. Fossil
marine diatoms in the Jason Diamicton deposited on the floor of the Wright
Valley (Brady, 1982) indicate glacial expansion and erosion during and after
the MMCT had cut the valley to its present depth sometime between 13.66
and 9.23 Ma. Furthermore, strontium isotope dates on fossil shells suggest
the marine incursion that formed the deposit within the Wright Valley
marine fjord occurred after 10.5 Ma (Prentice et al., 1993, 1999). This date
aligns with the postulated age of deposition of the Cavendish Drift (Lewis
and Ashworth, 2015). Furthermore, it coincides with the transition from
diamictite-dominated sequences of Motif 1 below 1060 mbsf in AND-1B to
deposition of mudstone-dominated Motif 3 (McKay et al., 2009; Wilson
et al., 2012b). This distinct change in facies in AND-1B reflects an environ-
mental shift in the western Ross Sea at ~ 10 Ma from a polar glacial regime
to a subpolar meltwater dominated system that was similar to Spitsbergen
today (McKay et al., 2009; Rosenblume and Powell, 2019; Wilson et al.,
2012b). Sequence 67 occurs between 101.03 and 142.34 mbsf in the AND-
2A core and includes an ~25 m-thick stratified sandstone that reflects a
high-latitude temperate glacial regime with wet-based glaciers (Fielding
et al., 2011; Passchier et al., 2011). Two reworked lava clasts within the
sequence are dated at 11.43 £0.46 and 11.363 = 0.072 Ma and provide a
maximum age for the sediments (Di Vincenzo et al., 2009). The first appear-
ance of the planktic foraminifera, Neogloboquadrina pachyderma at
83.80 mbsf in AND-2A indicates sediments above this depth must be youn-
ger than 11.04 Ma (Acton et al., 2008—2009; Patterson and Ishman, 2012).
Together these chronostratigraphic data suggest that sequence 67 is ~11 Ma
or younger. Evidence for ice free marine fjords in the Dry Valleys and sub-
polar and temperate conditions in drillcores from McMurdo Sound indicate
that climate warmed and ice retreated inland between ~ 11 and 8 Ma, well
after the end of the MMCT.

Sedimentary deposits from the latest Miocene (8 to 5.5 Ma) are relatively
rare in the Ross Sea region (Figs 9.5 and 9.7). Preliminary age analysis of
cores from IODP Expedition 374 indicate a late Miocene hiatus from ~9 to
5.5Ma (McKay et al., 2019). This disconformity ties with RSU3, which
defines major cross-shelf paleotroughs and is associated with enhanced pro-
gradation of the continental shelf into the Eastern Ross Sea (Bart and De
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Santis, 2012; Chow and Bart, 2003; De Santis et al., 1995). RSU3 reflects
expansion of marine based WAIS in the eastern Ross Sea, that likely coa-
lesced with ice derived from the EAIS to drive continental shelf wide
advances of marine-based ice sheets across the Ross Sea (De Santis et al.,
1995; 1999). The latest Miocene record in the AND-1B drill core comprises
an ~ 175 m-thick volcanic sequence (Di Roberto et al., 2010; Krissek et al.,
2007a; McKay et al., 2009). The sequence is subdivided into a 70 m-thick
succession of volcanic-rich mudstone and sandstone and a 105 m-thick sec-
tion of interbedded tuff, lapilli tuff and volcanic diamictite that were
deposited in an open water ice free environment. “’Ar/°Ar dates on a
2.81-m-thick lava flow in the middle of the sequence indicates the sequence
was deposited around 6.48 Ma. Seismic and drill core data from the central
Ross Sea show marine-based ice advanced across large areas of the Ross Sea
in the late Miocene, but evidence from AND-1B also shows the ice
sheet also episodically retreated to the terrestrial continental margin.

Importantly, the ‘missing record’ spanning ~8 to 5.5 Ma and inferred
frequent expansion and retreat of a marine-based AIS associated with RSU3,
approximately coincides with the episode of late Miocene cooling observed
across our planet (Herbert et al., 2016; Holbourn et al., 2018). Furthermore,
cosmogenic nuclides in the AND-1B core suggest major retreat at the terres-
trial margins of the AIS along the TAM front has been minimal since
~8 Ma (Shakun et al., 2018). Cosmogenic nuclide studies have also been
used to constrain the onset of persistent aridity in the MDV and East
Antarctica. Specifically, meteoric 10B¢ (loBemet) is a tracer of water infiltra-
tion and its migration in permafrost soils (Dickinson et al., 2012). 10Bemet is
formed in the upper atmosphere by cosmic rays and is transferred to Earth’s
surface by precipitation of deposition of dust. 'Bene, nuclides can move
into soils by infiltration and clay illuviation, making it a suitable environ-
mental tracer of water movement through soil profiles over million-year
timescales. Analysis of meteoric beryllium (‘°Bene) in the MDV suggests
water infiltrated stable upland soils until ~6.6 Ma but has not penetrated
since (Dickinson et al., 2012). It appears that the dry and arid polar climate
that characterises Victoria Land and the MDYV today, first became a persis-
tent feature of the Antarctic climate during the peak cold of the late
Miocene.

SSTs data from several ocean basins and across a range of latitudes indi-
cate global climate warmed again in the early Pliocene (Fig. 9.4H) (Herbert
et al., 2016). Diatomites in AND-1B indicate frequent collapse of the WAIS
through the Pliocene. Diatom assemblages and geochemical paleothermome-
try indicate ocean temperatures were as much as 4°C warmer than present
during the warmest interglacial episodes (McKay et al., 2012; Naish et al.,
2009). Contemporaneous paleothermometry data from the nearby DVDP-11
drill core indicates Taylor Fjord surface waters were up to 5°C warmer than
today (Ohneiser et al., 2020). Despite climatic warming, the hyper arid
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conditions that were established along the Victoria Land Coast at ~6 Ma
appear to have persisted into the Pliocene. Fine grained sedimentary lithofa-
cies in AND-1B are dominated by pelagic diatom ooze, indicating that the
offshore environment was starved of terrigenous sediment supply and melt-
water discharge was reduced during Pliocene interglacials. These facies are a
stark contrast to the thick (10s of metres) glaciomarine mudstone-rich facies
deposited during late Miocene interglacials that indicate large volumes of
turbid outwash from marine and/or terrestrial-terminating glacial systems
(McKay et al., 2009; Rosenblume and Powell, 2019).

A relatively thick diatomite sequence in the AND-1B core, deposited
between 3.6 and 3.4 Ma, indicates warmer-than-present conditions persisted
in the western Ross Sea into the early late Pliocene. However, a cooling
trend is reflected in diatom assemblage data from the diatomite (McKay
et al., 2012; Winter et al., 2010a, 2010b). A thick diamictite overlies the
diatomite and indicates readvance of grounded ice from West Antarctica
beginning at 3.4 Ma. Subsequent diatomite units contain diatom assemblages
that indicate colder conditions and more persistent winter sea ice (McKay
et al., 2012). The last major expansion of a wet-based glacier from the EAIS
through the Wright Valley deposited the Peleus Till sometime between 3.5
and 3 Ma (Table 9.1) (Levy et al., 2012). Sand-rich alpine drift deposits
were deposited between 3.8 and 3.3 Ma (Table 9.1) (Levy et al., 2012). Plant
biomarkers in the DVDP-11 indicate vegetation disappeared from coastal
regions of the Taylor Valley at some time between 3 and 4 Ma. This transi-
tion from silt- to sand-rich glacial deposits along valley floors in the MDV
indicates a shift from wet- to cold-based glacial conditions occurred between
3.5 and 3 Ma. This observed readvance of marine ice sheets and transition
from wet to dry glacial conditions in the lower MDV coincides with the
major M2 glaciation recorded in §'%0 records (Lisiecki and Raymo, 2005).
By ~3.0 Ma, relatively thick packages of diamictite and gravel dominated
sediment accumulated in DVDP-10 and -11 at the mouths of the fjord val-
leys, indicating the drill sites were often covered by grounded ice, thick mul-
tiyear sea ice or an ice shelf (Levy et al., 2012).

Paleobathymetric reconstructions suggest that RSU2 formed as the conti-
nental shelf in the Ross Sea deepened inland of the continental shelf margin
(De Santis et al., 1999). Overdeepening developed as marine-based ice sheets
expanded and retreated across the Ross Sea continental shelf eroding middle
and late Miocene sediments below RSU3. Most of the eroded sediment was
transported to the continental shelf break and redeposited on the upper slope
to form large trough-mouth fans (Colleoni et al., 2018; Cooper et al., 2008;
De Santis et al., 1999). While the age of RSU2 is poorly constrained, we
hypothesise the initial erosional event that formed this basin-wide unconfor-
mity coincided with the M2 isotope event and the transition to ‘near modern’
polar conditions in the Ross Sea between 3.4 and 3 Ma (Levy et al., 2012;
McKay et al., 2012).
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9.3 Numerical modelling
9.3.1 Miocene

Although there have been relatively few modelling studies of the Miocene
AIS, efforts are increasingly shifting to examination of this important inter-
val in Earth’s climate history (Steinthorsdottir et al., 2020). Until recently,
most ice sheet model (ISM) studies that have covered the Miocene have
been long-duration simulations spanning multiple epochs or idealised studies
representative of a Miocene-like Antarctic (De Boer et al., 2010; Huybrechts
et al.,, 1993; Langebroek et al., 2009, 2010; Pollard and DeConto, 2005,
2020). Only a few recent modelling studies have specifically targeted the
Miocene AIS (Colleoni et al., 2018; Gasson et al., 2016b; Halberstadt et al.,
2021; Stap et al., 2019) and only recently with an Antarctic topography
appropriate for the Miocene (Paxman et al., 2020). In contrast to the
Pliocene (covered in the next section), there are some unique modelling chal-
lenges presented when simulating the Miocene. Intervals of the Miocene
were warmer and with higher concentrations of atmospheric CO, (Foster
et al., 2012; Greenop et al., 2014). There was greater retreat of the AIS caus-
ing greater variability in sea level (Lear et al., 2010; Miller et al., 2020). In
the mid-Pliocene, ice sheet retreat was centred on the large subglacial basins
of Antarctica; however, during the mid-Miocene, there was additional retreat
of the terrestrial ice sheet, grounded above sea level (Gasson and Keisling,
2020). At times during the Miocene, it is likely that surface temperatures
were warm enough to generate widespread surface melting of the ice sheet,
although the extent of this retreat is difficult to constrain (Fielding et al.,
2011; Levy et al., 2016; Passchier et al., 2011; Sangiorgi et al., 2018).
Simulating this magnitude of retreat with ISMs has proven difficult (Foster
and Rohling, 2013).

The first simulations of a Miocene-like AIS were transient simulations
run from the onset of Antarctic glaciation across the EOT (Pollard and
DeConto, 2005). These experiments showed that to reproduce the large
ice volume changes inferred for the Miocene from oxygen isotope and sea
level records at the time (Kominz et al., 2008; Miller et al., 2005; Zachos
et al., 2001b) required a large climate forcing. This is needed to overcome
the strong cooling caused by the elevation feedback during the ice sheet
growth (Oerlemans, 2002). This feedback is further strengthened by
albedo feedback, meaning early simulations required an Antarctic warm-
ing of ~15°C (Huybrechts et al., 1993) or an increase of atmospheric
CO, to ~8x pre-industrial concentrations (Pollard and DeConto, 2005) to
produce a negative surface mass balance and retreat of the Miocene
Antarctic Ice Sheet. This is much higher than proxy records of atmo-
spheric CO, for the mid-Miocene and therefore presented an enigma
known as the Antarctic Ice Sheet hysteresis problem (Foster et al., 2012).
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As this effect is also seen in long-term future simulations of the AIS
(Garbe et al., 2020), the Miocene is an important test-bed for this effect.

Another way to simulate relatively large magnitude of AIS retreat with
lower atmospheric CO, requires greater polar amplification than is currently
simulated by coupled ocean-atmosphere climate models (Langebroek et al.,
2009). Langebroek et al. (2009, 2010) used a reduced complexity climate
box model and a 2-d ISM, which allowed them to increase or decrease
Antarctic polar amplification. This study showed that when polar amplifica-
tion increases, AIS hysteresis is reduced, and ice sheet retreat can be initiated
at a lower concentration of atmospheric CO, than in the study of Pollard and
DeConto (2005). However, the cause of this inferred increase in polar ampli-
fication in the Miocene has yet to be explored or explained. In a follow-up
study, Langebroek et al. (2010) added oxygen isotope tracing to their model
and showed that changes in the oxygen isotope composition of the ice sheet
could have caused part (15%) of the shift in the oxygen isotope composition
of sea water across the middle-Miocene, with the remaining 85% of the shift
caused by a change in ice volume.

Gasson et al. (2016b) simulated a dynamic Miocene AIS (~35 m sea level
equivalent changes) that was consistent with oxygen isotope records (Lear
et al.,, 2010) and atmospheric CO, reconstructions (Foster et al., 2012;
Greenop et al., 2014). However, they showed smaller changes in sea level
than some recent reconstructions (Miller et al., 2020). In their simulations,
increased retreat of the ice sheet was achieved with a high resolution asyn-
chronously coupled ice sheet and climate model. Use of a high-resolution
regional climate model allowed processes in the narrow Antarctic ablation
zone to be captured. As a result, feedbacks from retreating ice on the climate
were simulated, which caused a positive feedback that increased surface
melting. Gasson et al. (2016b) also simulated changes in the oxygen isotope
composition of the Antarctic Ice Sheet, following Langebroek et al. (2010)
but with 3-d isotope tracing. Modelled changes in the oxygen isotopic com-
position of the ice sheet could explain ~45% of the change in the oxygen
isotope composition of seawater, with the rest caused by ice mass.
Importantly, this feature is something that is not accounted for in the sea
level reconstruction of Miller et al. (2020), which may partially explain the
discrepancy between those studies.

Recent transient simulations of the Miocene ice sheet suggests a highly
dynamic AIS occupied Antarctica during the Miocene (Stap et al., 2019).
Stap et al. (2019) used the COSMOS climate model, which shows a particu-
larly strong sensitivity to a change to Miocene boundary conditions, with an
increase in the global mean temperature of 2.4°C with pre-industrial CO, rel-
ative to a control simulation (Stap et al., 2017, 2019; Stirz et al., 2017).
They highlight that transient simulations show a smaller change in volume
(~66%) when compared to equilibrium simulations. This difference is
largely because, in the transient simulations (and reality), the ice sheet does
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not reach equilibrium with the surface climate because of a continually
changing orbit. The strength of this effect will depend on how quickly the
ice sheet responds to the climate forcing and highlights the possibility that
equilibrium simulations may overestimate ice sheet response to climate forc-
ing (Stap et al., 2019).

Other transient ice sheet simulations have been run across several geolog-
ical epochs, including the Miocene (De Boer et al., 2010), using an inverse
routine (Van de Wal et al., 2005) to force a one-dimensional ISM using the
benthic §'®0 record (De Boer et al., 2010). This simple model produced a
solution for surface temperature, ice volume and benthic §'*0 (De Boer
et al., 2010) and atmospheric CO, (Stap et al., 2017). The major strength of
this approach is that it calculated a self-consistent high-resolution record of
Antarctic ice volume (De Boer et al., 2010), but it lacks a predictive capabil-
ity as it is forced with proxy ice volume reconstructions. Therefore, the paleo
data cannot be used to evaluate the model, nor can the model be used to
make inferences about the future response of the AIS to climate changes.
This second issue has been addressed by including atmospheric CO, in the
inversion scheme (Stap et al., 2017). This study explored two components of
the AIS hysteresis — height mass balance feedback and albedo feedback.
Results showed that, for cooler climate states, albedo is the stronger feed-
back on the AIS, whereas in a warmer Miocene-like state the two feedbacks
are balanced in strength (Stap et al., 2017).

Bed topography is one of the most important boundary conditions for an
ISM and, until recently, an Antarctic topography for the Miocene has not
been available. Studies have variously used the modern-day bed topography
or created idealised ‘Miocene-like’ topographies by scaling between modern-
day and an earlier reconstruction for the ice-free Antarctic of the late Eocene
(Colleoni et al., 2018; Gasson et al., 2016b; Wilson et al., 2012a). Such stud-
ies used an idealised topography to show how the evolution for the continen-
tal shelf around Antarctica changed the ice sheet sensitivity to climate
forcing, with the ice sheet effectively increasing its own sensitivity to ocean
forcing. On a smaller scale, Halberstadt et al. (2021) investigated how the
elevation and uplift of the TAM affected sensitivity to climate forcing in that
sector. The publication of reconstructed Miocene Antarctic topography
(Paxman et al., 2019b) and bathymetry (Hochmuth et al., 2020) allowed
these processes to be explored in more detail and with greater confidence.
Paxman et al. (2020) quantified how changing Antarctic bed has increased
ice sheet sensitivity. Using an equivalent climate forcing, they found that the
modern-day AIS is ~28% more sensitive to climate forcing than the mid-
Miocene AIS. This result is sobering given the magnitude of sea level swings
observed in the Miocene.

The climate forcing used in the studies discussed above has been ad-hoc,
without a consistent set of boundary conditions (e.g., paleogeography)
adopted in the various climate models used (Burls et al., 2021). A new
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initiative, MIOMIP (the Miocene model intercomparison project) is seek-
ing to change this. This will allow a clearer examination of what impact
the climate forcing and the climate model used has on simulations of the
Miocene AIS and how polar amplification varies across models. This is
something that has been successfully achieved for the Pliocene (Dolan
et al., 2018) (see below).

9.3.2 Pliocene

Over the last decade, there has been a rapid increase in efforts to understand
both the broader climate of the Pliocene from a modelling perspective (for
example the Pliocene Model Intercomparison Projects [PlioMIP] 1 and 2)
(Haywood et al., 2013, 2020) and to also provide well-constrained geological
data to assess global modelling results (Dowsett et al., 2019; McClymont
et al., 2020; Tierney et al., 2019). There have also been several different and
evolving approaches to understand the stability of the AIS using computer
models. Building on efforts from the geological proxy data community to
understand in detail specific regions or glacial drainage basins (Cook et al.,
2013; Naish et al., 2009; Passchier, 2011; Patterson et al., 2014; Williams
et al., 2010), and reconstructions of Pliocene sea level (Dumitru et al., 2019;
Dutton et al., 2015; Grant et al., 2019; Miller et al., 2012), ice-sheet model-
lers have primarily focussed on reconstructing the broad-scale extent of
Antarctica during this warm interval and, in that, understanding potential
areas of ice sheet instability for the past and future AIS and also the impact
of changes on global mean sea level (de Boer et al., 2015; DeConto and
Pollard, 2016; DeConto et al., 2021; Dolan et al., 2018; Gasson et al., 2016a;
Golledge et al., 2017b).

Some of the first ISM simulations that focused on the mid-Pliocene
Warm Period (mPWP; 3.264—3.025 Ma) identified the WSB and ASB as
areas that were most susceptible to increased temperatures (Hill et al., 2007).
These studies used climatological forcing fields (temperature and precipita-
tion) from a coupled atmosphere-ocean general circulation model (GCM;
HadCM3), which had been set up with Pliocene boundary conditions, to
force an offline shallow-ice approximation (SIA) ISM over East Antarctica
(Hill et al., 2007). Hill et al. (2007) simulated retreat which was broadly in
line with Pliocene sea-level high-stand estimates at that time (Dowsett and
Cronin, 1990). Using a similar modelling framework, Dolan et al. (2011)
tested the impact of Pliocene-specific extremes in orbital forcing on recon-
structions of the EAIS ice sheet size, showing a possible global sea level
high stand of ~ + 21 m under high Southern Hemisphere (SH) summer inso-
lation scenarios. The area of EAIS retreat was again restricted to the WSB
and ASB, but the overall approach was limited by the more simplistic model-
ling framework employed.
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Simulations of the WAIS and marine-basins of the EAIS require models
with the enhanced capability to simulate grounding line and ice shelf dynam-
ics (termed shallow-shelf approximation dynamics), in addition to shallow
ice approximation dynamics (SIA-SSA ISMs). Such a model, which included
these dynamics and a parameterisation of the grounding line movement, was
employed by Pollard and DeConto (2009) to simulate the evolution of the
WAIS over the last 5 Ma. For the Pliocene portion of the record, the model-
ling results showed good agreement with the ANDRILL-1B records (Naish
et al., 2009) and indicated rapid transitions with the WAIS collapsing period-
ically to leave only small isolated ice caps on the West Antarctic islands.
However, for these simulations, only marginal ice sheet retreat in East
Antarctica was demonstrated. This differs from other modelling results men-
tioned previously, using solely shallow ice approximation dynamics, with
this difference explained by a stronger climate model forcing arising
from the PRISM3 boundary conditions in the studies of Hill et al. (2007) and
Dolan et al. (2011).

Inconsistencies between continental scale retrodictions of AIS extent led
to efforts for a more structured assessment comparing modelled predictions
of ice sheets for the Pliocene (e.g., the Pliocene Ice Sheet Modelling
Intercomparison Project; PLISMIP) (de Boer et al., 2015; Dolan et al., 2018,
2012; Yan et al., 2016). de Boer et al. (2015) coordinated simulations from
six SIA-SSA ISMs to simulate the complete Antarctic domain (including
grounded and floating ice). HadCM3 climate fields from simulations compa-
rable to those used in PlioMIP1 experiment (Bragg et al., 2012) were used to
force the ISMs offline. de Boer et al. (2015) tested multiple scenarios within
the modelling framework including the impact of different ISM initialisation
methods (e.g., starting with a present-day AIS or with a reduced Pliocene
AIS) and also the impact of different underlying bedrock topographies
including Bedmap1 (Lythe et al., 2001) and Bedmap2 (Fretwell et al., 2013).
One key result from this study was that none of the models using Bedmapl
predicted a retreat of the EAIS across the WSB and ASB as has been sug-
gested by studies of marine sediments (Cook et al., 2013) and previous simu-
lations. Our understanding of the vulnerability of different sectors of the ice
sheet continues to evolve as improvements to bedrock topography recon-
structions of Antarctica (Morlighem et al., 2020) and the identification of
new subglacial basins (e.g., Recovery Basin). Reconstructions of the
Antarctic topography during the geological past by accounting for the effects
of glacial erosion and tectonics are also highlighting how the ice sheet sensi-
tivity to basal conditions has changed through time (Colleoni et al., 2018;
Paxman et al., 2020). Importantly, these reconstructions show minimal dif-
ferences in Antarctic topography between the Pliocene and present-day, mak-
ing the Pliocene a more suitable analogue for future warming than
geological periods further back in time (Paxman et al., 2019b, 2020).
However, Austermann et al. (2015) additionally show that factors such as



458 Antarctic Climate Evolution

dynamic topography related changes in bed elevation (not accounted for in
the reconstructions of Paxman et al., 2019b) during the Pliocene can also
have a significant effect on the predicted stability of ice in the marine-based
WSB.

Following a similar experimental design to de Boer et al. (2015), Dolan
et al. (2018) used results from PlioMIP1 (Haywood et al., 2011, 2013) to test
the dependency of reconstructions of the mid-Pliocene AIS on the climate
model used to provide the climate forcing fields to an ISM. The outputs of
seven fully coupled atmosphere-ocean climate models were used to predict
the whole AIS using three ISMs (of differing levels of complexity). Dolan
et al. (2018) showed mean sea level changes relative to the pre-industrial
control simulations of +7.8 £4.1 m for simulations starting from a reduced
(PRISM3) ice sheet, and +2.4 = 3.5 m for those starting from a present-day
AIS configuration within the ISMs. It was demonstrated that there is a high
level of model dependency on predictions of AIS extent and volume, and
that this is exacerbated by imposed initial conditions (e.g., the PRISM3 AIS)
that are a necessary requirement of the coupled atmosphere-ocean GCM
modelling framework (e.g., choice of AIS configuration in the underlying
climate model, the impact of bedrock topography and the initial conditions
within the ISM). Despite the broad range in climate forcing from the differ-
ent GCMs used, none of these simulations showed retreat of the EAIS
grounding line.

Despite uncertainties in geological reconstructions of Pliocene sea
level, the Pliocene has also been used as a calibration target for ISMs in
order to predict future sea-level rise. ISM experiments that are set-up to
perform well in simulating Last Interglacial (LIG) and Pliocene sea level
show that Antarctica has the potential to contribute more than a metre of
sea-level rise by 2100 in the future if emissions of greenhouse gases con-
tinue unabated (DeConto and Pollard, 2016). Simulations set up for the
Pliocene that use climatological inputs from a Regional Climate Model
(RCM) configured with a warm austral summer orbit, atmospheric CO, at
400 ppmv, and 2°C of ocean warming imposed within the model, suggest
that Antarctica can contribute up to 11.3 m of sea-level rise (DeConto and
Pollard, 2016). Significant ice sheet retreat in these simulations occurred
within marine basins of WAIS and EAIS (particularly around the present-
day Ninnis, Mertz, Totten and Recovery glaciers in East Antarctica). One
key difference between this work and previous modelling was the imple-
mentation of new processes, based on theoretical work (Bassis and
Walker, 2012), which link atmospheric warming with hydrofracturing of
buttressing ice shelves and the structural collapse of marine terminating
ice cliffs (termed the Marine Ice CIiff instability or MICI) (DeConto and
Pollard, 2016; Pollard et al., 2015). However, observational evidence for
MICI is minimal, largely because the conditions that would trigger it
have not yet been met in Antarctica. There is also considerable debate
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about the theoretical basis of this process, in particular whether ice
shelves can be removed rapidly enough to leave behind vulnerable ice
cliffs (Robel and Banwell, 2019), whether surface meltwater can be effi-
ciently removed from the ice shelf surface (Bell et al., 2017), and what
the critical failure height of sheer ice cliffs is and how this depends of the
extent of crevassing (Clerc et al., 2019). Marine-terminating glaciers of
the Greenland Ice Sheet such as Jackobshavn Isbrae provide better insight
into whether this process is plausible (Parizek et al., 2019). However, the
relatively narrow channels of these glaciers, which have a strong seasonal
cycle in calving which is arrested by ice melange during winter (Joughin
et al., 2020), mean that they are not directly comparable to calving fronts
of Antarctic glaciers, which can be tens of kilometres wide. There is also
debate about whether these additional mechanisms are needed to explain
Pliocene sea levels (Edwards et al., 2019; Gasson et al., 2016a; Gasson
and Keisling, 2020). Low end estimates of Pliocene sea level (Miller
et al., 2019; Raymo et al., 2018) can be explained with existing ISM
physics (Edwards et al., 2019). Although there is continued debate around
MICI, more recent modelling by DeConto et al. (2021) has reiterated the
importance of ice-cliff calving in order to improve geological data-model
comparisons and to constrain ISM physics in climate states that are
warmer than seen in the satellite era. DeConto et al. (2021) show a maxi-
mum GMSL contribution of 20.85 m from their Pliocene Antarctic simu-
lation, which is consistent with recent geological observations (Dumitru
et al., 2019; Grant et al., 2019). In this study, sea level estimates from the
Pliocene and LIG were used alongside observed ice loss between 1992
and 2017 (Shepherd et al., 2018) to predict future scenarios of ice sheet
retreat for the Antarctic ice sheet. A median value of 34 cm by 2100 is
predicted for the AIS contribution to GMSL for global mean warming
limits of +3°C (DeConto et al., 2021). Improved model physics and
revised atmospheric forcing in this study relative to DeConto and Pollard
(2016) explain the discrepancy in future estimates of change at 2100,
although the contribution to GMSL does reach 1 m by 2125. Without the
Pliocene sea level constraint, these future projections have larger uncer-
tainties (DeConto et al., 2021).

Golledge et al. (2017b) have also investigated Antarctic climate and ice
sheet configuration during the early Pliocene (c.4.23 Ma). Using a regional
climate model (RegCM3) coupled offline to the PISM (Parallel Ice Sheet
Model) three-dimensional, thermodynamic SIA-SSA ISM, alongside a new
synthesis of high-latitude paleoenvironmental proxy data to define a probable
climatic envelope, they simulate an AIS contribution of 8.6 *2.8 m to
GMSL. In the simulations presented by Golledge et al. (2017b), substantial
grounding-line retreat is evident in the WSB, but the Aurora and Recovery
basins are less affected by early Pliocene conditions (Dolan et al., 2011).
The ISM used in this study includes a sub-grid grounding line melt
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mechanism, which is used as a way of compensating for the low spatial reso-
lution of the model. However, there is debate about this parameterisation,
and experiments with higher resolution models have shown that it may over-
estimate ocean melting at the grounding line and generate numerical errors
(Cornford et al., 2020; Seroussi and Morlighem, 2018). In their simulations
the WAIS is deglaciated, with only some ice remaining on the West
Antarctic islands. These results are corroborated by evidence for vegetation
at the margins of a fjord in the Taylor Valley, Southern Victoria Land during
the early Pliocene (Ohneiser et al., 2020). Model-based predictions for vege-
tation in this area are most compatible with simulations that show a complete
collapse of the WAIS and significant retreat of the EAIS from the subglacial
basins (including Wilkes) (Ohneiser et al., 2020).

When the modelling and the data communities work in combination to
tackle a challenge there is potential for significant progress in our under-
standing of the nature of specific characteristics of the Pliocene AIS over the
coming years. For example, cosmogenic nuclide exposure ages alongside ice
sheet modelling have been used to suggest that the EAIS continental interior
could have been up to 600 m higher than present around the mid-Pliocene
(Yamane et al., 2015). Sediment provenance records derived from YOAr*Ar
ages of hornblende grains form ODP Site 1165 near Prydz Bay have been
combined with iceberg trajectory modelling to understand the record of IRD
during the Pliocene (Cook et al., 2014). This demonstrated, that declining
SSTs over the period of the mid-Pliocene allowed Wilkes Land icebergs to
travel further before melting.

Oxygen isotope data (Miller et al., 2012; Winnick and Caves, 2015) com-
bined with simulations of the oxygen isotope composition of the AIS for a
range of configurations have also added to our understanding of the impact
of changes to the Pliocene AIS on sea level (Gasson et al., 2016a). Gasson
et al. (2016a) were able to identify ice sheet configurations that are consis-
tent with the oxygen isotope record and conclude that a maximum contribu-
tion of ~13 m to Pliocene sea level highstands should be expected from
Antarctica. However, there are additional uncertainties in this method that
hinder accurate results (Raymo et al., 2018), determining the temperature
contribution to changes in the oxygen isotope composition of benthic forami-
nifera is particularly difficult. There is no current consensus on the Pliocene
sea level high stand using this approach.

Finally, there has been a recent focus on reconstructing the transient
nature of Pliocene ice sheets (Berends et al., 2019; de Boer et al., 2017).
Berends et al. (2019) used a coupled hybrid ice-sheet-climate model and a
matrix method using fields from snapshot climate model simulations to
reconstruct ice sheet geometry and sea level over the Late Pliocene (3.6 to
2.58 Ma). Combined simultaneous simulations of the Northern Hemisphere
ice sheets and AIS, suggested a sea level drop of ~ 16 m at MIS M2, associ-
ated with a significant expansion of the AIS and surrounding ice shelves.
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9.4 Synthesis/summary of key climate episodes and
transitions in Antarctica through the Miocene and Pliocene

9.4.1 Early to mid-Miocene

While there is evidence that Antarctica’s ice margins periodically extended
into marine settings prior to the Neogene (Barrett, 1989; Carter et al., 2017;
Galeotti et al., 2016; Gulick et al., 2017; Levy et al., 2000; Wilson et al.,
1997), geological data suggest the first major expansion of marine ice sheets
in Antarctica occurred at the Oligocene/Miocene transition (see Naish et al.,
2021). Sedimentary facies analysis from drill cores (Naish et al., 2001a,
2001b), seismic data (Sorlien et al., 2007b) and geochemical proxies (Duncan
et al., 2019) show that large regions of the AIS advanced into marine environ-
ments in the Ross Sea during the latest Oligocene and formed a major discon-
formity at ~23Ma (Florindo et al., 2005; Kulhanek et al., 2019).
Furthermore, an increase in mass transport deposits and ice rafted debris in the
latest Oligocene a major regional unconformity (WL-US) corresponding to a
major hiatus within lower Miocene rocks at Site U1356 (Bijl et al., 2018a,
2018b; Escutia et al., 2011a; Hartman et al., 2018) suggests significant envi-
ronmental change occurred across the O/M at the George V and Adélie Coasts
and supports a shift to a glacial regime in which marine-ice sheet advance
became more frequent. Together these data suggest that the O/M transition
and Mil oxygen isotope event record the first extensive advance of
Antarctica’s ice sheets and ice caps into marine environments (Bart and De
Santis, 2012; De Santis et al., 1995; Escutia and Brinkhuis, 2014; Escutia
et al., 2011a; Levy et al., 2019; Sorlien et al., 2007b).

Climatic warming in the earliest Miocene ended the transient glacial
advance recorded by the Mil isotope event (Naish et al., 2021), although we
note that pollen data suggest climatic conditions in the Ross Sea embayment
in the early Miocene were similar to those that characterised the late
Oligocene (Kulhanek et al., 2019; Prebble et al., 2006). Proxy data suggest
atmospheric CO, increased in the early Miocene, from values <300 ppm
that characterised the Mil oxygen isotope event, to average concentrations
around 400 ppm (Figs 9.1 and 9.13). These data support other studies that
suggest 400 ppm is a threshold for marine glaciation, below which climatic
conditions in the high southern latitudes are conducive to the advance of
marine-based ice sheets (Gasson et al., 2016b; Halberstadt et al., 2021; Levy
et al., 2019, 2016; Naish et al., 2009). Evidence for episodic advance of the
AIS margin well beyond the present coastline and into glacial marine set-
tings during the early and middle Miocene is captured by U-shaped valley
features within lower to middle Miocene strata (RSS2 and RSS3) offshore of
the outlet glaciers along the Southern Victoria Land coast (Brancolini et al.,
1995). Thick prograding wedges characterise strata within RSS3 at many
locations across the Ross Sea (De Santis et al., 1999; Pérez et al., 2021a) and
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in seismic sections through the continental shelves offshore George V Land
and the Adélie Coast (Eittreim et al., 1995, 2011a) and suggest glacimarine
and subglacial depositional environments across the continental shelves dur-
ing the early to early middle Miocene.

Whereas the age of Sirius Group rocks at locations across the TAM is
mostly poorly constrained (Barrett, 2013; Scherer et al., 2016; Webb
et al., 1984), the location of diamictite-rich units at Table Mountain
inland of, and higher than, middle Miocene deposits in the Asgard and
Olympus Ranges and Friis Hills, suggest they were potentially deposited
during the early Miocene (Lewis and Ashworth, 2015). We hypothesise
that these glacial sediments were deposited during episodes of ice sheet
expansion that coincide with disconformities and diamictite-dominated
units at Sites AND-2A (Levy et al., 2016; Passchier et al., 2011) and
U1521 (McKay et al., 2019). One of these episodes of major marine ice
sheet expansion occurred between 18 and 17 Ma and coincides with a sig-
nificant fall in eustatic sea level and an increase in Earth system sensitiv-
ity to obliquity (Levy et al., 2019). Glacial sediments deposited at the
AND-2A site during this time interval reflect a polar climatic and glacial
regime (Passchier et al., 2011) and show that ‘cold-based’ glacial events
and potentially arid climatic conditions occurred in Antarctica well before
the MMCT (Fig. 9.13E).

Evidence from offshore Prydz Bay (Cooper and O’Brien, 2004; Haywood
et al., 2008; Williams and Handwerger, 2005) and the ASB (Gulick et al.,
2017) also suggest the EAIS margin was dynamic during the early Miocene.
At times the ice sheet advanced across the continental shelf and others it
retreated inland of the terrestrial coastal margin (Williams and Handwerger,
2005). Drill core data from the Ross Sea Embayment indicate environmental
conditions were highly variable throughout the early Miocene and show that
sediments were deposited under a range of glacial regimes at different times
to include terrestrial, subpolar, and polar climates (Fielding, 2018; Fielding
et al., 2011; Levy et al., 2016; Passchier et al., 2011) (Fig. 9.13). Large areas
of West Antarctica’s land surface were either subaerial and/or significantly
shallower than today in the early Miocene and this topography may have
enabled ice to more easily grow and expand across the Ross Sea continental
shelf (Colleoni et al., 2018; Paxman et al., 2020; Pollard and DeConto,
2020). However, climatic conditions must have occasionally been cold
enough to allow thick ice margins to advance into relatively deep marine
environments (Gasson et al., 2016b; Kulhanek et al., 2019; Levy et al., 2019;
McKay et al., 2019). TEXg4-based data indicate surface water temperatures
were at times similar to Holocene values and coastal environments may have
supported multi-season sea ice and/or small ice shelves (Levy et al., 2016).
During warmer intervals surface water temperatures reached 5°C to
6°C = 2.8°C and tundra vegetation occupied regions from the coast (Griener
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et al., 2015; Kulhanek et al., 2019; Levy et al., 2016) to at least 60 km inland
within the MDV (Lewis and Ashworth, 2015).

9.4.2 Miocene Climate Optimum

Beginning at ~ 17 Ma, the onset of the MCO is reflected in the deep sea
benthic foraminifera records by a major decrease in §'®0 values and
increase in §'3C values (De Vleeschouwer et al., 2017; Westerhold et al.,
2020; Woodruff and Savin, 1991). While the deep-sea data and a range of
paleoclimate proxies from across the globe indicate a shift to warmer con-
ditions at this time, environmental variability through the MCO remained
high. This variability is most clearly reflected by large excursions (up to
1.5%) in the deep sea §'0 data that occur on glacial—interglacial time-
scales and require either large changes in ice volume (Miller et al., 2020)
and/or bottom water temperature (Lear et al., 2015; Modestou et al.,
2020; Shevenell et al., 2008). So, while the average climate state was
warm during the MCO, environmental changes through this key interval
were large and frequent.

Antarctic records of environmental conditions throughout the MCO pri-
marily come from three key drill cores: AND-2A and IODP Site U1521
from the Ross Sea, and IODP Site U1356 from offshore the WSB.
Interestingly, terrestrial records through the MCO have yet to be recovered,
although snapshots from the end of the optimum occur in the Friis Hills
(Chorley, 2021; Verret et al., 2020) and Asgard Range (Marchant, 1993) in
the MDV. The onset of the MCO occurs at ~550 mbsf in AND-2A and is
somewhat unremarkable as there are no obvious changes in sedimentary
facies or other environmental proxies (Fielding et al., 2011; Levy et al.,
2016; Passchier et al., 2011). However, sedimentary facies and sequences
deposited at AND-2A during the MCO are lithologically diverse and gener-
ally mud-rich (Fielding et al., 2011; Passchier et al., 2011). Importantly,
there is no evidence that glaciers extended beyond the drill site during the
MCO (Fielding et al., 2011; Levy et al., 2016; Passchier et al., 2011).
Environmental data through the interval between ~15.8 and ~ 14.6 Ma are
missing in a disconformity in the AND-2A core (Levy et al., 2016). The
warmth of the MCO is reflected more clearly at Site U1521 in the central
Ross Sea where a distinctive change in sedimentary facies occurs at
~210 mbsf. This depth marks the boundary between lithostratigraphic Units
IV that comprises dark grey massive diatom-bearing clast-poor sandy dia-
mictites and lithostratigraphic Unit III, a 124 m-thick sequence of diatom-
bearing/rich mudstones (McKay et al., 2019). The paucity of coarse sedi-
ments in this interval suggests the ice sheet margin was restricted to the ter-
restrial coastal region across the Ross Embayment between 17 and 16 Ma
at least. The environmental record between ~16 and ~14.6 Ma at Site
U1521 is missing in a disconformity (McKay et al., 2019). The
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stratigraphic interval spanning the MCO at Site U1356 is characterised by
diatomaceous and cherty mudstones lacking outsized clasts (Escutia et al.,
2011a; Sangiorgi et al., 2018). These sediments were deposited within a
distal channel levee setting with subsequent minor reworking by bottom
currents of variable strength and bioturbation. There is little evidence for
ice rafting over the drill site during the MCO (Sangiorgi et al., 2018),
which suggests the coastal marine margins across the WSB remained ice
free during the MCO. However, we note that core recovery through the
MCO was relatively low and inferences regarding ice sheet extent and
variability at this site must consider that clast-rich intervals may not have
been recovered.

Sedimentological data from three drill sites offer evidence that the AIS
did not extend far beyond the terrestrial coastal margin between at least 17
and 16 Ma. However, diamictites at the base of each sedimentary cycle
throughout the section spanning the MCO in AND-2A indicate ice reached
the Southern Victoria Land coast during glacial episodes. Coupled ice sheet
and climate modelling experiments using Miocene boundary conditions show
the AIS remained land-based during cold (glacial) astronomical configura-
tions when CO, forcing was set at 460 ppm or greater (Halberstadt et al.,
2021). However, the simulated AIS could extend across Antarctica’s conti-
nental shelves in ‘cold orbit’ simulations where lower CO, concentrations
are used (Gasson et al.,, 2016b; Halberstadt et al., 2021; Paxman et al.,
2020). These results suggest atmospheric CO, concentrations were unlikely
to have dropped below 400 ppm during the MCO, as suggested by proxy
studies (Greenop et al., 2014).

In contrast to sedimentological data that inform maximum glacial extent,
direct geological constraints on minimum AIS extent and volume during the
MCO are few to absent. Geochemical proxy data (BIT index) from Site
U1356 suggest that soil was able to form on extensive ice-free regions along
the near-coastal lowlands at the margins of the WSB during intervals of ice
retreat (Sangiorgi et al., 2018). Pollen data indicate these regions were cov-
ered by woody vegetation dominated by southern beech and Podocarpaceae
conifers growing in a temperate climate with MATs between 5.8°C and
13°C and mean summer temperatures >10°C (Sangiorgi et al., 2018).
Offshore surface-water temperature reconstructions based on TEXgq suggest
temperatures of 11.2°C—16.7°C = 2.8°C. Intervals that indicate peak warmth
and more extensive ice margin retreat from the coast in AND-2A are rare.
One such interval contains thick-shelled costate scallops and venerid clams
that indicate that water temperatures were at least 5°C warmer than in the
Ross Sea today (Beu and Taviani, 2013). These observations are supported
by TEXge and A4; data, which indicate surface water temperatures reached a
maximum between 7.0°C =2.8°C and 10.4°C £2.5°C (Levy et al., 2016).
Another interval contains abundant diatoms and dinoflagellates and minimal
gravel and sand clasts, which suggests the glacier grounding line retreated
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inland from the coast as ice did not calve into the marine environment.
Pollen and spores are abundant in this interval and indicate a coastal vegeta-
tion of mossy tundra with shrub podocarps and southern beech and suggest a
cool terrestrial climate (up to 10°C January mean air temperature) (Levy
et al., 2016; Warny et al., 2009).

While these glacial marine data indicate regional temperature
increases and coastal ice margin retreat during peak warm intervals of the
MCO, they do not provide constraints on the extent of inland ice margin
retreat. However, coupled numerical climate and ice sheet modelling
experiments offer a means to examine ice sheet response to maximum
warming during the MCO. Results show significant volumes of ice
remained on Antarctica under warm astronomical configurations and
‘extreme’ greenhouse gas forcing (>840 ppm) (Gasson et al., 2016b;
Gasson and Keisling, 2020; Halberstadt et al., 2021; Paxman et al., 2020).
It appears that the terrestrial regions of the AIS are sensitive to warming
under CO, conditions that exceed 540 ppm but they do not completely
melt even under high CO, (>840 ppm) and warm orbits (Gasson et al.,
2016b; Halberstadt et al., 2021). Ice that sits on West Antarctica and the
WSB and ASB is particularly susceptible to warming. The minimum sim-
ulated ice volume produced on reconstructed Miocene topographies under
high (840 ppm) atmospheric CO, concentration and a warm (interglacial)
astronomical configuration ranges between 14.1 X 10° km® (Gasson et al.,
2016b) and 18.94 X 10 km? (Paxman et al., 2020). These volumes are
equivalent to ~53% and ~71% of the modern AIS (26.54 X 10° km?
excluding ice shelves) (Fretwell et al., 2013). If we assume that maximum
ice volume during glacial episodes in the MCO was no more than modern
(which is generally consistent with drill core data), then the likely maxi-
mum glacial—interglacial ice volume change during the MCO ranges
between 27 and 17 m sea level equivalent. These outputs are consistent
with records from the Marion Plateau that indicate sea level amplitude
changes of 27 =1 m at 16.5 and 15.4 Ma (John et al., 2011), and the New
Jersey margin with maximum amplitudes of between 20 and 30 m through
the MCO (Kominz et al., 2008, 2016) (Fig. 9.3E). These results contrast
with a recent study that suggests complete collapse of the AIS occurred
during the MCO (Miller et al., 2020).

The moderate changes in ice volume indicated by ice sheet modelling
studies and sea level records require significant changes in bottom water
temperature to explain the large (up to 1.5%) excursions in deep sea §'*0O
records. Paleotemperature records from ODP Site 1172 in the Southern
Ocean indicate bottom water temperature variations up to 3°C occurred on
astronomical time scales through the MCO (Shevenell et al., 2008)
(Fig. 9.3E). Relatively low resolution records derived from ODP Site 806
(western equatorial Pacific) using similar Mg/Ca-based proxy techniques
indicate bottom water temperatures varied by up to 6°C over million year
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time scales (Lear et al., 2015). These temperature estimates are also sup-
ported by A7 (clumped isotope) data from ODP Site 761 which indicate
bottom water temperatures in the Indian Ocean were up to 9°C warmer than
today during the MCO and varied by up to 4°C through the optimum
(Modestou et al., 2020). These bottom waters were likely produced at high
southern latitudes including in the Ross Sea Embayment and offshore
George V and Adélie Land. Data from AND-2A indicate surface water tem-
peratures ranged between —1.8°C and 10°C in the Ross Sea during the
MCO. It seems reasonable to infer that the temperature of bottom water
derived from these regions varied by 3°C to 6°C on interglacial time scales.
This magnitude of change in BWT can explain between 0.63% and 1.26%. of
the change in deep sea §6'%0 records and suggests that estimates of ice vol-
ume changes of 27 m sea level equivalent through the MCO are reasonable
(e.g. Bradshaw et al., 2021).

9.4.3 Miocene Climate Transition

The onset of the middle Miocene Climate Transition is reflected in deep sea
§'%0 records by a relatively subtle increase in glacial values and a trend
towards higher average values beginning at ~ 14.8 Ma (Holbourn et al.,
2014). The MMCT lasted for approximately one million years and culmi-
nated in a large (~0.4%) stepped increase in average 6'*O values at 13.8 Ma
that coincides with the final major increase in deep sea §'°C events (CM6) at
the end of the Monterrey carbon excursion (Vincent and Berger, 1985). This
last major step in the MMCT coincides with a drop in atmospheric CO, con-
centration below 300 ppm (Badger et al., 2013b) (Fig. 9.12A). It has long
been inferred that the MMCT records the expansion and stabilisation of the
EAIS and the cooling and aridification of Antarctica’s terrestrial environ-
ments (Clapperton and Sugden, 1990; Sugden and Denton, 2004; Sugden
et al.,, 1993). This inference is primarily based on extensive evidence from
deposits at high elevation (>1000 m) in the TAM (Sugden et al., 1993) but
also relies on the deep sea §'®0 data. Of particular importance to the ‘stabi-
list’ perspective are 15 million year old ash deposits in the Asgard Range of
the MDV that suggest little to no landscape modification has occurred at
these high elevation locations since the end of the MCO (Marchant, 1993).
This inference is supported by surface exposure studies that utilise cosmo-
genic nuclides, which indicate little erosion has occurred at high elevations
in the TAM over the past 15 million years (Spector and Balco, 2021;
Valletta et al., 2015). Arguments for expansion of the EAIS during the
MMCT are based on geomorphological evidence for glacial overriding
including subglacial potholes in the Asgard Range (Sugden et al., 1991) and
channels that form the Labyrinth in upper Wright Valley (Lewis et al.,
2006). However, these results are debated, with another study suggesting that
cosmogenic nuclide data indicate relatively high erosion rates at high
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elevations in the MDYV since the middle Miocene (Middleton et al., 2012).
These results also require a much younger or more complex history for the
formation of the channelised landforms in the Asgard Range and upper
Wright Valley (Middleton et al., 2012).

Here we summarise environmental events in the Ross Sea and offshore
George V Land that occurred through the MMCT and show that while cli-
mate cooled and the AIS advanced to the continental margin, the ice sheet
expansion was a transient event (Figs 9.12 and 9.13). Disconformities in the
AND-2A and Site U1521 cores at ~14.8 and 14.6 Ma, respectively, indicate
ice grounded and expanded beyond the terrestrial coastal margin and across
the Ross Sea continental shelf at this time. These disconformities correlate
with Ross Sea Unconformity 4 (RSU4), which is the oldest spatially exten-
sive erosional surface preserved within Neogene-aged seismic sequences
across the Ross Sea (De Santis et al., 1995, 1999; Pérez et al., 2021a). The
transition to a polar glacial regime at this time is reflected by a shift to facies
sequences dominated by mud-poor massive diamictites above the disconfor-
mity in the AND-2A core (Passchier et al., 2011). Increases in deep sea §'*0
data align with the drill core and seismic evidence for more extensive
advances of grounded ice into marine settings during glacial episodes.
Furthermore, the Marion Plateau sea level record indicates maximum sea
level fall of 33 =5 m at 14.7 Ma, which is slightly more than the maximum
recorded amplitude of sea level fall during the MCO (—27 = 1 m) and sup-
ports the near field Antarctic records and deep sea 6'®0 data. However, it is
critical to recognise that the deep sea 6'®0 data also show ice volume
decreased again during interglacial episodes through the MMCT.
Importantly, flora and fauna from fossil-rich glacial—fluvial and gla-
cial—lacustrine deposits in the Friis Hills indicate interglacial climate
remained relatively warm and wet until at least 14 Ma (Chorley, 2021;
Lewis and Ashworth, 2015; Verret et al., 2020) and suggest ice margins
retreated from the coast. These observations indicate the AIS was highly var-
iable throughout much of the million-year-long MMCT.

Major disconformities in AND-2A and Site U1531 post-date ~14.4 and
~ 14 Ma, respectively, and form major stratigraphic breaks between two and
three million years in duration (Figs 9.7 and 9.13D). These major disconfor-
mities correlate with RSU4, which likely formed as AIS advance during gla-
cial episodes became progressively more extensive during the later stages of
the MMCT. By 14.2 Ma maximum values of 2.2% in deep sea 6'*0 data
indicate the AIS was growing to its greatest extent and volume since the
onset of the MMCT. However, the AIS still underwent significant retreat
during interglacial events. A large decrease in deep sea §'°0 records at
~13.9 Ma may capture the ‘last gasp’ of relative warmth and significant
inland retreat of terrestrial ice sheets during warm interglacial episodes in
the middle Miocene (Fig. 9.12B). Fossil flora and fauna preserved in lacus-
trine deposits at Friis Hills and Mt Boreas indicate climate remained warm
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enough at this time to support tundra vegetation at relatively high inland sites
(Lewis and Ashworth, 2015; Lewis et al., 2008; Verret et al., 2020). Significant
increases in IRD are recorded at IODP Site U1356 and ODP Site 1165 between
14.1 and 13.8 Ma (O’Brien et al. 2001; Sangiorgi et al., 2018). Geochemical
provenance analysis of clasts in these cores indicates the EAIS margin

grey) reflect changes in ice volume and deep/bottom water temperature (De Vleeschouwer et al.,
2017). Solid black line displays a 150 kyr moving average. Maximum and minimum values are
determined within each 150 kyr window and create the envelope (black lines) that bound the
§'80 data. (C) A 8'%0 variability ‘index’, interpreted as a measure of glacial/interglacial variabil-
ity, is determined by subtracting the maximum values in (B) from the minimum value, for each
150 kyr window. We indicate arbitrary ‘thresholds’ in these data (green and yellow solid lines)
and suggest that values below 0.6%. reflect a relatively ‘stable’ high latitude environment and
values that exceed 0.9%. indicate a highly dynamic environment with large changes in BWT and/or
ice volume over glacial-interglacial time scales. (D) Yellow line shows high resolution deep
sea benthic foraminifera §'>C splice (Westerhold et al., 2020) and carbon maxima event CM6
(Vincent and Berger, 1985; Woodruff and Savin, 1991). Solid deep orange line displays a
150 kyr moving average. (E) Sea level curves are from Kominz et al. (2008) (pale blue dashed
line), (Kominz et al., 2016) (blue dots), Miller et al. (2005) (blue dashed line) and Miller et al.
(2020) (pale blue line). (F) BWT data from ODP Site 761 (Lear et al., 2010) (light blue), ODP
Site 1171 (Shevenell et al., 2008) (blue), and derived from the compilation of Cramer et al.
(2011) using Equation 7a (dark blue). Solid line through data from ODP Site 1171 displays a 9-
pt running average. (G) SST data for the Northern Hemisphere from ODP Site 608 (Super et al.,
2018) (light blue) and ODP Site 902 (Super et al., 2020) (pink). (H) SST data for the Southern
Hemisphere from ODP Site 1171 using the Mg/Ca proxy (Shevenell et al., 2004) (dark brown)
and the TEXgq proxy (orange) (Leutert et al., 2020), using the calibration of Ho and Laepple
(2016). Solid lines through the Mg/Ca and TEXgs data display a 9-pt running average. Red
squares display temperature estimates derived from clumped isotopes (Ay47) (Leutert et al.,
2020). (I) Astronomical eccentricity and (J) axial tilt (obliquity) from (Laskar et al., 2011). (K)
obliquity sensitivity after Levy et al. (2019). (L) Ice rafted debris from IODP Site U1356
(Sangiorgi et al., 2018). (M) Rate of diatom species extinction and speciation (turnover) after
Crampton et al. (2016). (N) Percentage protoperidinioid dinoflagellate cysts at IODP Site U1356
(Sangiorgi et al., 2018). (O) Orange bars indicate significant changes in foraminifera assemblage
composition in the Southern Ocean (Verducci et al., 2009). The coincident changes in diatom
(M), dinocyst (N), and foraminifera (O) assemblages suggests an increase in sea ice persistence
and extent occurred after 13.8 Ma. A decrease in erosion rates in the TAM after 15 Ma is sug-
gested by cosmogenic nuclide studies (Spector and Balco, 2021). Generalised stratigraphic data
from the Olympus Range in the McMurdo Dry Valleys indicate a transition from wet-based, fos-
siliferous, glacial-lacustrine deposits (green), to dry-based glacial drifts (brown) occurred
between 14 and 13.9 Ma based on tephra chronology (pink layers) (Lewis et al., 2008; Lewis
et al., 2007). Summary of climatic events (black bars) are based on environmental proxies within
this figure [interval of maximum EAIS thickness inferred from regional geomorphology in the
MDV (Lewis et al., 2006; Sugden et al., 1991)]. Blue vertical band indicates interval charac-
terised by major unconformities in Ross Sea drill cores and the occurrence of erosional seismic
surface RSU4. Antarctic Ice Sheet variability and extent (7, terrestrial; M, Marine) inferred from
drill core data (Levy et al., 2016; McKay et al., 2019; Sangiorgi et al., 2018), modelling studies
(Gasson et al., 2016b; Halberstadt et al., 2021), obliquity sensitivity (K), and high resolution
8'%0 records (B). Red dashed vertical line highlights likely threshold in the climate system
across which atmospheric cooling enhanced sea ice and marine ice sheet expansion (see text for
discussion).
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FIGURE 9.13 Summary of Antarctic ice sheet and high southern latitude climate change
through the Miocene and Pliocene. (A) Atmospheric CO, compilation comprises data from a
range of proxies outlined in Fig. 9.1. Solid red line displays a two million year moving average.
(B) Splice of deep sea benthic foraminifera 5'30 data (light grey) reflect changes in ice volume
and deep/BWT (De Vleeschouwer et al., 2017). Solid black line displays a 150 kyr moving aver-
age. (C) Obliquity sensitivity (Sep;) calculated from the obliquity forcing variance and the §'%0
record and is interpreted as a proxy for ocean-ice sheet connectivity (Levy et al., 2019).
Coloured bars reflect the ice-sheet extent: T, terrestrial (black); T + M, terrestrial and marine
(blue), PSI, perennial sea ice (red); dashed lines, transitional. (D) Graphical summary of key
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repeatedly retreated inland across the WSB and Lambert Graben and advanced
again into marine environments delivering IRD-rich ice to the drill sites (Pierce
et al., 2017). SSTs in the Southern Ocean dropped by 2°C to 6°C between
~14.1 and 13.8 Ma (Leutert et al., 2020; Shevenell et al., 2004).

Sea level fell by 59 =6 m at ~13.9 Ma (John et al., 2011), which sug-
gests the AIS expanded to the edge of the continental shelf at this time.
Coupled ice sheet and climate modelling experiments show that ice volume
in the mid Miocene could have increased by ~18.3 X 10° km® between
warm interglacial climates under moderate CO, (500 ppm) and cold glacial
climates under low CO, (280 ppm) (Gasson et al., 2016b). This change in
volume would cause a 36 m fall in sea level (Gasson et al., 2016b). These
results suggest that either the observed magnitude of sea level fall at the
Marion Plateau is larger than eustatic (i.e. influenced by local geodynamic
effects) (Austermann et al., 2015, 2017), minimum (interglacial) AIS
volumes were less than modelled and/or glacial expansion was greater (cli-
mate may have been colder than simulated), or that ice sheets may have also
grown in the northern hemisphere (DeConto et al., 2008).

Deep sea §'80 records and geological, paleoceanographic and paleo-
ecological data from the Antarctic margin and Southern Ocean show a major
environmental threshold was crossed at ~13.8 Ma (Fig. 9.12). Summer
mean air temperature in the TAM cooled by 8°C between 14.07 = 0.05 and
13.85 =0.03 Ma, tundra vegetation disappeared from high elevations and
glacial systems became dry-based (Lewis et al., 2007, 2008). Bottom water
temperature decreased by ~2°C in the Southern Ocean (Shevenell et al.,
2008) between ~ 14 and 13.7 Ma and by 2.9°C £ 2.5°C in the Indian Ocean
by 13.5 Ma (Modestou et al., 2020). Immediately after 13.8 Ma, an episode
of low variability in deep sea 6'®0 data (Fig. 9.12B and C) suggests the AIS
‘stabilised’ at the continental shelf margin and persisted at this position for
~ 150 kyrs. This period of maximum marine based ice extent coincides with
the CM6 6"°C excursion and a peak in obliquity sensitivity (Levy et al.,
2019) (Fig. 9.12D and K). A major turnover pulse in diatom species (an epi-
sode of coincident species extinction and appearance) also occurred during
this interval (Fig. 9.12M) and may have happened, in part, because marine
based ice sheets covered Antarctica’s continental shelves for an extended
period (Crampton et al., 2016).

Climate and ice sheet modelling studies show that extensive sea ice forms
around Antarctica when atmospheric CO, concentrations drop, orbits are par-
ticularly cold, and the AIS grows large (DeConto et al., 2007; Halberstadt

Antarctic records and events and major global events discussed in text. (E) Summary of changes
in climate regime (temperate, subpolar, and polar) and associated reconstructions of glacial-
interglacial ice sheet, ice shelf, and sea ice extent (maps at right) is based on proxy evidence dis-
cussed in text and on climate and ice sheet modelling experiments (Gasson et al., 2016b;
Golledge et al., 2017b; Halberstadt et al., 2021).
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et al., 2021). These results suggest expansion and persistence of perennial
sea ice across the Southern Ocean also occurred between 13.8 and 13.6 Ma,
as: (1) the interval coincides with a node in obliquity and low eccentricity;
(2) proxy CO, data show values dropped below 300 ppm (Badger et al.,
2013b); and (3) geological data show the AIS expanded to the continental
margin (Figs 9.12 and 9.13E). The onset of persistent and extensive peren-
nial sea ice after 13.8 Ma is also supported by the occurrence of abundant
protoperidinioid dinocyst species at Site U1356 (Sangiorgi et al., 2018) and a
prominent change in formaminiferal fauna at ODP Hole 747A (Kerguelen
Plateau, southern Indian Ocean). Here taxa with a warm water affinity (e.g.,
Globorotalia miozea group) were replaced by a fauna with typical polar
characters and dominated by neogloboquadrinids (Verducci et al., 2009).
This expansion of sea ice and transition to a ‘polar’ climate in the Southern
Ocean likely contributed to the major perturbation in Southern Ocean phyto-
plankton at 13.6 Ma (Crampton et al., 2016). However, it is important to
note that this climatic cooling in the Southern Ocean was transient and that
after ~12.9 Ma warm water foraminifera species became more abundant
once again (Majewski, 2010; Verducci et al., 2009).

The timeline of events and range of paleoenvironmental data outlined
above is compelling and shows that climate gradually cooled and the AIS
progressively expanded during glacial episodes through the MMCT but
was highly dynamic until ~13.8 Ma. An environmental threshold was
crossed at ~13.8 Ma, which may have been driven by a combination of
favourable ‘cold’ astronomical configurations and a decrease in atmo-
spheric CO, concentration below 300 ppm (Badger et al., 2013b). The
AIS expanded across marine basins and continental shelves at this time
and remained relatively stable for ~ 150 kyrs. Persistent perennial sea ice
occupied the circum-Antarctic ocean and ‘polar’ climatic conditions char-
acterised the high southern latitudes (Fig. 9.13E). However, these cold
polar conditions were transient and as the Antarctic climate warmed the
AIS again became highly dynamic after 13.6 Ma, which highlights an
ongoing puzzle regarding the timing of the onset, and subsequent persis-
tence, of hyper arid climate in the TAM and the transition to a modern
polar climate.

Cosmogenic exposure age data suggest erosion rates have been minimal
since 15 to 14 Ma and are used to infer an arid climate since this time
(Spector and Balco, 2021; Valletta et al., 2015). However, this inference is
incongruous with data described above that indicate relatively warm intergla-
cial climates persisted at high elevations until at least 13.9 Ma (Lewis and
Ashworth, 2015; Lewis et al., 2008; Verret et al., 2020). Furthermore, mud-
rich facies in AND-1B offshore the MDYV indicate a subpolar glacial regime
delivered plumes of terrestrial material during the warm late Miocene
(McKay et al., 2009). Climate and ice sheet modelling also suggests climatic
conditions that were warm and wet enough to support tundra vegetation,
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which persisted at the coast even when atmospheric CO, concentrations
were low (<460 ppm) and ice occupied most of Antarctica’s terrestrial
regions (Halberstadt et al., 2021). Finally, meteoric beryllium data suggest
water percolated into the surface at high elevation locations into the late
Neogene (Dickinson et al., 2012).

9.4.4 Late Miocene

Climate in the late Miocene was cooler than during peak warm episodes of
the MCO, but proxy data show surface temperatures remained significantly
warmer than today (Herbert et al., 2016; Prebble et al., 2017; Super et al.,
2020). Northern high latitude temperature anomalies ranged between 10°C
and 15°C higher than today between 11.5 and 8 Ma and mid-latitude tem-
peratures in the southern hemisphere were between 5°C and 8°C warmer
(Herbert et al., 2016). Whereas bottom water temperatures cooled by ~2°C
across the MMCT (Modestou et al., 2020; Shevenell et al., 2008), they were
still at least 6°C warmer than present in the Indian Ocean during the late
Miocene (Modestou et al., 2020). Sedimentological (Passchier et al., 2011)
and paleoecological (Verducci et al., 2009) data show that polar climatic
conditions characterised southern high latitudes by the end of the MMCT,
but a return to a subpolar glacial regime around Antarctica by the late
Miocene is reflected in geological records from Wilkes Land (Pretty, 2019;
Sangiorgi et al., 2018), the Ross Sea (McKay et al., 2009) and Prydz Bay
(Hambrey and McKelvey, 2000; Whitehead et al., 2006a, 2006b). Geological
data and observations that document this return to warm subpolar conditions
at the Antarctic margin are summarised below.

The appearance of nannofossil-rich mudstones at IODP Site U1361 indi-
cates a return to warm oceanic conditions, enhanced meltwater production
and ice sheet retreat along the Wilkes Land Coast between 11.7 and 11 Ma
(Pretty, 2019). TEXgg-based paleotemperature reconstruction from the site
show surface waters was 6°C to 10°C at this time (Sangiorgi et al., 2018).
These data suggest temperatures were ~8°C to 12°C above sub-zero tem-
peratures that characterise the modern environment and are similar to the
anomalies recorded at high northern latitudes and indicate a 2- to 3-times
polar amplification. Sedimentary facies changes in AND-1B reflect a shift
from a polar to subpolar glacial regime at ~10 Ma in the Ross Sea region
(McKay et al., 2009; Rosenblume and Powell, 2019; Wilson et al., 2012b).
Massive diamicts and waterlain tills deposited at ODP Site 739 indicate the
Lambert ice stream was highly dynamic with multiple episodes of
advance and retreat across the continental shelf in Prydz Bay during the
late Miocene (Barron and Larsen, 1989). In-situ marine diatoms in the
Battye Glacier and Fisher Bench Formations show the Lambert Glacier
margin retreated well inland between 10 and 8.5 Ma (Hambrey and
McKelvey, 2000; Whitehead et al., 2006b). Sediments deposited during
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this marine incursion contain palynological assemblages that reflect a
herb tundra vegetation similar in form to that of the present-day cool to
cold sub-Antarctic regions (Wei et al., 2013). Pollen assemblages in
AND-2A contain some elements that are similar to the Prydz Bay assem-
blages (Taviani et al., 2008—2009), which suggests climatic conditions
that support modern sub-Antarctic flora also persisted in the Ross Sea
region into the early late Miocene. The first major marine incursions up
the ‘modern’” Wright Valley also occurred at this approximate time and
represent relatively warm ice-free conditions at low elevations in the
MDYV (Brady, 1979; Prentice et al., 1993). Up to 675 m of strata have
been imaged offshore the ASB (package Ms-II) that contain additional
erosive surfaces that truncate reflectors and exhibit rough morphology
and channels indicative of glacial erosion in a meltwater-rich environment
(Gulick et al., 2017). While age constraints on this unit are few, it pre-
dates the late Miocene (~8 Ma) (Gulick et al., 2017) and may include
sediments deposited during the late middle to early late Miocene. These
environmental indicators show warming occurred across a range of lati-
tudes and longitudes during the late Miocene and indicate Antarctica tran-
sitioned out of a polar regime that characterised environmental conditions
for several million years through and immediately after the MMCT
(Fig. 9.13).

Glacial—interglacial environmental variability reflected in deep sea §'°0
records was low though the late middle Miocene and suggests a relatively
stable climate system persisted between ~ 13 and 11.5 Ma, after which these
deep sea data capture a shift to a more dynamic state (De Vleeschouwer
et al., 2017; Holbourn et al., 2013; Westerhold et al., 2020) (Fig. 9.4B and
C). A major feature in the 5'®0 record at ODP Site 1146 (South China Sea)
is an abrupt warming event (6'%0 drop of ~ 1%) at ~ 10.8 Ma that is associ-
ated with a large decline in §'3C of ~ 1% (Holbourn et al., 2013). Several
subsequent abrupt warming events (§'®0 drops) occur in the Site 1146 record
between 9 and 10 Ma. This interval has been identified as the Tortonian ther-
mal maximum (Westerhold et al., 2020). The ‘hyperthermal’ at 10.8 Ma
approximately coincides with an abrupt but transient (2°C to 4°C) increase
in bottom water temperature recorded in a relatively low resolution Mg/Ca
record from ODP Site 747 (Billups and Schrag, 2002). These warm events
coincide with evidence for warm surface water temperatures (Sangiorgi
et al.,, 2018) and glacial retreat at the Antarctic margin (Whitehead et al.,
2006a, 2006b), including the carbonate rich unit from offshore Wilkes Land
(Escutia et al., 2011a; Pretty, 2019), and suggest the AIS was sensitive to
global climate change and remained highly dynamic following the end of the
MMCT. This interval of time certainly warrants more attention.

Environmental records through the interval from ~8 to 5.5 Ma are gener-
ally missing from drill cores in the Ross Sea region (Figs 9.7 and 9.13)
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(Acton et al., 2008—2009; McKay et al., 2019). This major disconformity
correlates with RSU3 at Site U1522 and suggests another phase of marine
based ice sheet advance and retreat across the continental shelf began at the
onset of the LMC. This episode of cooling and AIS advance is also reflected
in beryllium data from AND-1B, which indicate that terrestrial outlet glaciers
along the Victoria Land coast have not retreated much further inland of their
current position since ~8 Ma (Shakun et al., 2018). Iceberg rafted debris
derived from the Wilkes and Adélie Land margin of the EAIS first appears
at ODP Site 1165 at ~7 Ma (Williams et al., 2010). These observations sug-
gest that only after 7 Ma were SSTs cold enough to allow ice bergs to transit
the large distance from offshore the WSB and ASB to Site 1165 without
melting (Williams et al., 2010). Glacial expansion of both the EAIS and
WAIS is also inferred from mass accumulation rates of terrigenous matter
and iron that intensified between ~7.2 and 6.6 Ma offshore Prydz Bay and
the Antarctic Peninsula (Griitzner et al., 2005). Furthermore, seismic data
and short cores collected offshore of the ASB reveal a 0—110-m-thick pack-
age of sub-horizontal to landward-dipping strata that are most likely younger
than 6.9 Ma (Gulick et al., 2017). These strata contain no visible channels,
which suggests reduced meltwater influence, and erosional surfaces in these late
Miocene strata record advance and retreat of an expanded EAIS offshore the
ASB. A lack of accumulation and preservation of open marine sediments suggests
limited regional ice retreat or shorter interglacials since the late Miocene (Gulick
et al., 2017).

Most of the evidence discussed above suggests the AIS became larger,
drier and less dynamic at ~7 Ma. Meteoric beryllium data from sites in the
MDYV suggest modern hyper arid conditions were established at these high
southern latitudes at ~6 Ma (Dickinson et al., 2012; Schiller et al., 2009). At
the same time, Southern Hemisphere ocean surface water temperatures reached
modern values for a brief period (Herbert et al., 2016). This late Miocene
increase in Antarctic ice volume and areal extent likely peaked between 5.96
and 5.6 Ma coincident with the Messinian salinity event that impacted the
Mediterranean (Garcia-Castellanos and Villasefior, 2011; Hsii et al., 1973;
Ohneiser et al., 2015). However, this interval of peak cold conditions and
maximum ice volume ended as climate warmed into the early Pliocene.

9.4.5 Pliocene

The Pliocene is an important period to examine as it offers insight into
the equilibrium response of the different sectors of the AIS to climate
change under current atmospheric CO, concentration. Pliocene research
also has the potential to constrain the amplitude of ice volume and sea-
level change that may arise from a future deglaciation (DeConto et al.,
2021). The last 10 years has seen a significant increase in the coverage
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and quality of proxy data from paleoclimate archives, which in turn has
driven innovation and increased performance and skill of numerical ice
sheet simulations, such that the modelled ice volume changes are broadly
consistent with paleoclimate constraints for the warm interglacials of the
Pliocene.

ANDRILL provided geological evidence that the WAIS had grown
and collapsed numerous times between 5 and 2.6 Ma in response to
astronomically-paced climate cycles when atmospheric CO, was last
~400 ppm (McKay et al., 2012; Naish et al., 2009; Pollard and DeConto,
2009). However, results from IODP Expedition 318 showed that East
Antarctic ice within the catchment of the WSB was also highly dynamic
during the Pliocene (Bertram et al., 2018; Cook et al., 2013, 2017;
Patterson et al., 2014; Reinardy et al., 2015) and that advance and retreat
of both the EAIS and WAIS drove global sea-level changes of up to 20 m
(Dumitru et al., 2019; Grant et al., 2019; Miller et al., 2012). These dis-
coveries challenged some of the early Pliocene ISM reconstructions
which displayed strong hysteresis and could only release 7—9 m of sea-
level equivalent ice volume (Pollard and DeConto, 2009). Subsequent
work to improve the ISMs has improved alignment between model results
and geological constraints. These improvements are primarily due to: (1)
better climate—ice sheet coupling to account for ice sheet—climate feed-
backs (DeConto and Pollard, 2016; DeConto et al., 2021; Golledge et al.,
2015, 2017b, 2019); (2) better characterisation of uncertainty associated
with different modelling frameworks (de Boer et al., 2015; Dolan et al.,
2018); (3) the ability to simulate instability mechanisms that act on
marine-based ice, particularly the ice that sits on reverse-sloped beds; and
(4) numerical representation of processes that enhance ice sheet retreat
including ice-cliff failure and ice-shelf hydrofracture (DeConto and
Pollard, 2016; DeConto et al., 2021; Gasson et al., 2016a; Pollard et al.,
2015), although the need to employ these processes and ice sheet physics
is still debated (Gasson and Keisling, 2020).

Proxy data from IODP Expedition 318 and ANDRILL imply that the
marine-based sectors of both West and East Antarctica were sensitive to
obliquity forcing, especially under a warmer mean climate state when
CO, was between 350 and 400 ppm prior to ~3.3 Ma and the M2 glacia-
tion (Naish et al., 2009; Patterson et al., 2014). Several studies have
argued that this was due to the influence of obliquity on modulating the
temperature gradient of the Southern Hemisphere (Raymo and
Nisancioglu, 2003), promoting wind-driven upwelling of CDW with con-
sequences for melt rates at grounding lines and in ice shelf cavities
(Hansen and Passchier, 2017; Levy et al., 2019; Naish et al., 2009). While
the duration of both glacimarine cycles in AND-1B and IRD mass accu-
mulation in Site Ul316 cores was dominated by obliquity prior to
regional cooling associated with the M2 glaciation in benthic foraminifera
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§'80 records (Patterson et al., 2014), the East Antarctic WSB displays a
strong eccentricity/precession-paced ice volume variability in IRD mass
accumulation between 3.3 and 2.5 Ma (Fig. 9.14).

Ice sheet, SST and sea ice reconstructions from sediment cores in the
Ross Sea and eastern Wilkes Land margins provide evidence for expansion
of the AIS that began at ~3.3 Ma (Levy et al., 2012; McKay et al., 2012),
essentially terminating Pliocene warmth in the southern high-latitudes. This
was associated with coastal SST cooling of ~2.5°C, a stepwise expansion of
sea ice and polynya formation in the Ross Sea between 3.3 and 2.5 Ma
(Fig. 9.14). The intensification of Antarctic cooling resulted in strengthened
westerly winds and invigorated ocean circulation. The associated northward
migration of Southern Ocean fronts has been linked with reduced Atlantic
Meridional Overturning Circulation by restricting surface water connectivity
between the ocean basins, with implications for heat transport to the high lati-
tudes of the North Atlantic. McKay et al. (2012) imply this may in turn have
preconditioned the northern hemisphere for continental-scale glaciation when
atmospheric CO, concentration fell below 300 ppm between ~2.9 and 2.7 Ma
(Masson-Delmotte et al., 2013).

Peak sea-level estimates during the warmest Pliocene interglacials
from far-field sea-level records are as high as +40 m above present.
Based on the present global ice-sheet budget the sea-level equivalent of
marine-based sectors of the AIS can account for 22.7 m, the Greenland Ice
Sheet contains 7.3 m, and an additional 35.6 m is available from terrestrial
sectors of the AIS. Amplitudes > + 30 m can only be explained by melt-
ing the terrestrial sectors of the AIS, and/or by having more ice on the
Northern Hemisphere continents during glacial periods than can be
explained by the available geological data (Thiede et al., 2011). Larger
than Holocene Antarctic glacial ice volumes cannot be excluded by proxi-
mal geological data for glacials during the mPWP (Naish et al., 2009), but
retreat of the EAIS inland of its terrestrial margins since ~8 Ma appears
to be precluded by a recent study that found extremely low concentrations
of cosmogenic '’Be and “°Al isotopes in the ANDRILL-1B marine sedi-
ment core (Shakun et al., 2018). Therefore, the maximum contribution to
GMSL from the Antarctic ice sheets during the mPWP is the volume of
the marine-based sectors of the ice sheet (modern day = ~23 m sea-level
equivalent). A recent reassessment of the far-field estimates for the warm-
est mid-Pliocene interglacials shows GMSL was at least +4.1 m and no
more than +20.7 m, with a median of +10.7 m (Grant and Naish, 2021).
This median value is consistent with ISM simulations constrained by ice
proximal geological data (DeConto and Pollard, 2016; Golledge et al.,
2017b; Pollard et al., 2015).

This range also implies an equilibrium polar ice-sheet sensitivity of
2—8 m of sea-level change for every degree of temperature change, with
a mean value of 4 m/AIS (Grant and Naish, 2021). However, the
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FIGURE 9.14 Environmental data from the Pliocene to early Pleistocene (4 to 2 Ma) highlight
Southern Hemisphere climate system feedbacks and responses and their relationship to Antarctic
climate evolution. Cooling steps in Pliocene climate at ~3.3 and ~2.6 Ma are highlighted by
blue dashed lines. (A) Atmospheric CO, compilation comprises data from a range of proxies
outlined in Fig. 9.1. Solid red line displays a 17-point running average. (B) Benthic foraminifera
8'%0 proxy for ice volume and temperature (Lisiecki and Raymo, 2005). (C) High resolution
deep sea benthic foraminifera §'°C splice (Westerhold et al., 2020). Solid deep orange line dis-
plays a 150 kyr moving average. (D) Atmospheric circulation (relative westerly wind strength)
from dust mass accumulation rates for ODP Site 1090 (Martinez-Garcia et al., 2011). (E)
Southern Ocean primary productivity based on biogenic opal mass accumulation rates at ODP
Site 1091 shows a sharp increase coincident with increased windiness and nutrient supply by Fe-
rich dust at ~2.6 Ma (Cortese et al., 2004; Hillenbrand and Cortese, 2006). (F) Onset of
Antarctic sea ice at ~2.6 Ma marked by a decline in primary productivity recorded in biogenic
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empirical estimate does not consider ice sheet dynamics, such as a poten-
tial stability threshold in the AIS, caused by the loss of ice shelves, which
may be crossed at 1.5°C—2°C of global warming, after which ongoing
mass loss may be rapid and non-linear (DeConto et al., 2021; Golledge
et al., 2015). Given the analogous nature of the warm Pliocene to future
projections (Burke et al., 2018), the paleoclimate reconstructions pre-
sented in this chapter offer a stark warning about the potential future of
the AIS if warming continues at its current rate. If a threshold is
exceeded, AIS instabilities would likely be irreversible on multi-century
timescales (DeConto et al., 2021; Golledge et al., 2015).

9.5 Next steps

In this chapter, we have summarised efforts over the past 50 years to obtain
proxy environmental data from geological records of the Miocene and
Pliocene, that are informed by modelling outputs to offer insight into AIS
behaviour during key episodes and transitions through the Neogene. Despite
the progress that has been made, there are many outstanding questions regard-
ing AIS response to past climate variability that require future focus (Colleoni
et al, 2021; McKay et al., 2021). There remains significant uncertainty
over AIS sensitivity to past intervals of warmth when Earth’s average surface
temperatures were similar to those forecast for our future, particularly if we
fail to achieve emissions targets to limit global warming to well below 2°C
(Meinshausen et al., 2011; Rogelj et al., 2016; UNFCCC, 2015). In particular,
there is a need to document and constrain the extent of ice margin retreat and
amount of ice volume loss during the Miocene and Pliocene, when Earths aver-
age surface temperatures exceeded 2°C. These data offer important benchmarks
for testing ice sheet and climate models that are used for future forecasts and pro-
jections. These paleo-targets allow us to identify potential thresholds, and the
resultant implications for the AIS, when key tipping points in the Earth System
are crossed (DeConto et al., 2021).

Whereas sediment cores and seismic records from the margin provide
information on maximum AIS extent, we still rely on sea level records and

opal mass accumulation at Antarctic Peninsula ODP Site 1096 (Hillenbrand and Cortese, 2006).
(G) Ice berg rafted debris mass accumulate rate from IODP Site U1361 (Patterson et al., 2014).
(H) Detrital Nd isotope composition (gng) for Pliocene marine sediments from IODP Site U1361
(Cook et al., 2013, 2017). Lower values indicate grounding zone (GZ) retreat. (I) Summary of
ocean, sea ice and ice sheet evolution in Ross Embayment based on the AND-1B record
(McKay et al., 2012; Naish et al., 2009). Note the cooling in SST and the return of periodic
grounded ice sheets to western Ross Embayment occurs at ~3.3 Ma, ending a ~ 1.2 Ma period
of relatively warm, ice free, open ocean conditions, and the appearance of sea ice and the devel-
opment Ross Sea polynya between 3.2 and 2.6 Ma. (J) Sea level record (PlioSeaNZ) from the
Whanganui Basin, New Zealand, shows maximum glacial-interglacial amplitude change over
20 m (Grant et al., 2019).



480 Antarctic Climate Evolution

deep sea benthic 68O records for estimates of minimum ice volume.
Unfortunately, far field sea level records with high temporal precision and
well constrained estimates of amplitude are rare (Dumitru et al., 2019; Grant
and Naish, 2021; Grant et al., 2019). Furthermore, estimates of ice volume
change from deep sea oxygen isotope records require independent estimates
of bottom water temperature. These temperature records are difficult to
obtain, and proxies are still being developed, tested and improved. Large
(~1%—1.5%) changes in 6'0 over glacial—interglacial timescales (100 kyrs)
during the MCO (Holbourn et al., 2015) are particularly difficult to explain
and highlight the challenge we still face in our efforts to understand Earth’s
climate system. While some sea level studies propose that the AIS
completely melted during peak warm episodes in the MCO (Miller et al.,
2020), modelling experiments suggest large areas of inland Antarctica likely
remained ice covered throughout the Miocene (Gasson et al., 2016b;
Halberstadt et al., 2021; Paxman et al., 2020). Furthermore, a recent climate
modelling study suggests that large spatial variability of the AIS in the
Miocene was more rapid than previously thought, and in turn enabled large
BWT swings (up to 4°C) (Bradshaw et al., 2021). All these studies suffer
from a lack of direct evidence to constrain the maximum extent of AIS
retreat during intervals of peak warmth and 6'®0 minima.

This ‘challenge’ to better document and constrain maximum ice sheet
retreat is also true for the Pliocene. Advance and retreat of the AIS across
regions that were grounded below sea level likely occurred throughout the
Pliocene and drove sea level amplitude variations of up to 20 m (Dumitru
et al., 2019; Grant et al., 2019; Miller et al., 2012). While data from offshore
of the WSB (Cook et al., 2013; Patterson et al., 2014) and in the Ross Sea
(McKay et al.,, 2012; Naish et al., 2009) show that margins of both the
WAIS and EAIS retreated during warm episodes in the Pliocene, direct
observations from inland portions of these marine basins have yet to be
recovered. To better investigate and explain AIS dynamics during the
Neogene, we need sedimentary records from the continental interior of West
and East Antarctica (McKay et al., 2016). Constraints on bed topography are
also critical given the sensitivity of ISMs (and by inference the ice sheet) to
this boundary condition (Paxman et al., 2020). These paleotopographic con-
straints are generally limited to DSDP Site 270 in the Ross Sea (Kulhanek
et al., 2019; Leckie and Webb, 1983) and in-situ bedrock samples from the
East Antarctic craton do not exist. Clearly, more data are needed. Efforts are
underway to acquire new Miocene and Pliocene records from near the
grounding zone of the WAIS at the Siple Coast and from beneath the Crary
Ice Rise (Levy et al., 2020). Site survey data from beneath the EAIS are
required to identify potential drilling targets but are difficult to obtain.
Recent advances in overice seismic data acquisition using a vibroseis source
and snow streamer recording technology show promise and offer the oppor-
tunity to more rapidly acquire high quality data sets (Eisen et al., 2015;
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Hofstede et al., 2013). Drilling systems that can penetrate the thick ice to
acquire rock and sediment samples from the beneath the ice are also being
developed (Goodge and Severinghaus, 2016; Hodgson et al., 2016; Timoney
et al., 2020) but have yet to be fully tested in remote locations.

While the Antarctic community endeavours to obtain new ice proximal
records of ice sheet and environmental variability, new high-fidelity surface
and bottom water temperature records at high temporal resolution across lati-
tudinal transects also need to be established (Koppers and Coggon, 2020). In
addition, new multi-proxy CO, records at high temporal resolution across
key transitions need to be developed. These paleotemperature and paleo-CO,
data will most likely be generated from deep sea sedimentary records.
Legacy cores housed in repositories can be targeted for new studies at the
same time new targets could be identified for future drilling through the next
phase of the IODP and the International Continental Drilling Program.
Finally, the PlioSEANZ record from the Wanganui Basin in New Zealand
(Grant et al., 2019) highlights the value of highly resolved records of sea
level amplitude change as a constraint on past ice sheet behaviour that is
independent of the deep sea §'%0 records. Similar records through key epi-
sodes in the Neogene are highly desirable. The MCO and MMCT are obvi-
ous targets for new proxy records but the Tortonian Thermal Maxiumum and
late Miocene cooling are also intervals of major change for which we have
few records and relatively sparse data.

Finally, next generation atmosphere-ocean models that can be fully
coupled with state-of-the-art ice sheet and GIA models are highly desir-
able. Development of computing capacity may provide the means to run
these increasingly complex models over longer (geological) timescales
and will help address outstanding questions regarding the connectivity of
the AIS to the broader Earth system. Outputs from these modelling
experiments will be integrated with existing and new observations to
improve our understanding of key processes that influence AIS dynamics
and provide targets to advance our ability to reduce uncertainty and fore-
cast change as the world warms over the coming decades and centuries.
These major objectives are the focus of the new Scientific Community
on Antarctic Research INStabilities and Thresholds in ANTarctica
(INSTANT) Scientific Research Program.
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