N =

H

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36

Accepted for GSL Spec. Pub. Vol. 475 Glaciated Margins: The Sedimentary and Geophysical Archive

Sedimentary processes and facies on a high-latitude passive continental margin, Wilkes
Land, East Antarctica

Sandra Passchier'*, Daniel J. Ciarletta®, Victor Henao?, Vicky Sekkas!

!Department of Earth and Environmental Studies, Montclair State University, Montclair, NJ
07043, U.S.A.

*Corresponding author (e-mail: passchiers@mail.montclair.edu)

Abstract: The impact of high latitude physical processes on the sedimentary geology of a
passive continental margin is addressed here using a sediment record from the Wilkes Land
margin of Antarctica. We present sequence stratigraphic models based on analytical data and
genetic interpretations of sedimentary facies assemblages observed in drill cores collected by the
Integrated Ocean Drilling Program (IODP). The examination of drillcores within a previously
published seismostratigraphic context enhances the resolution of the sequence stratigraphic
interpretations. At high latitudes, weaker tidal forcing, a stronger Coriolis effect, and more
pronounced seasonality are some of the physical processes that impact erosion and sedimentation
even if ice sheets are absent. Additionally, the presence of an ice sheet affects erosion rates,
crustal motion, atmospheric and ocean circulation, with major implications for the development
of depositional systems. As a result, high latitude, ice-covered, passive margins show distinct
sedimentary facies associations and their interpretation requires the application of a different
suite of sequence stratigraphic models than those applied to low-latitude continental margins.
End

High latitude passive continental margins with ice sheets are characterized by high sediment
supply and strong, deflected bottom currents. A large temperature gradient caused by ice growth
leads to strong katabatic wind fields that extend across the ocean and drive wind-driven contour
currents (Goldner et al. 2014). Sea ice and polynya formation produces hypersaline shelf water
on the continental shelf. A stronger Coriolis force at high latitude results in extreme deflections
of surface currents and hyperpycnal flows, and as a result, an asymmetry of deep-sea levee
systems (Peakall et al., 2012; Wells & Cossu, 2013). Together, the large sediment supply and
strong contour currents also provide increased potential for the development of sediment drift
systems (e.g., Kuvaas & Leitchenkov 1992; Rebesco et al. 1996; Uenzelmann-Neben & Gohl,
2014).

Ice growth also gives rise to steric and glacio-isostatic effects that control continental shelf

sedimentation and erosion (Boulton 1990; Stocchi et al. 2013). Upon ice growth to the edge of

the continent, a moat develops on the continental shelf fringed by a forebulge in the off-shore

direction. These geodynamic processes result in the development of depocenters on passive

continental margins during glacial phases, trapping sediment on the continental shelf and

starving the continental slope and rise. Upon ice retreat, continental shelves rebound, decreasing
1
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accommodation and resulting in sediment bypassing to the continental rise. In addition, the
deglacial dissociation of gas hydrates that can form in shallower water on passive high latitude
continental margins (Kvenvolden 1993) is also expected to promote erosion and sediment
delivery to the deeper portions of the continental slope and rise (Paull et al. 1996; Maslin et al.
1998).

Here we investigate the role of these processes in the sequence stratigraphic interpretation of
sediment cores collected on the Wilkes Land continental margin in Antarctica. This part of East
Antarctica has developed a passive margin with a relatively narrow continental shelf. Following
the break-up of Australia and Antarctica at ca. 83 Ma, a thin Eocene and older syn-rift
sedimentary sequence was emplaced, overlain by thick Oligocene and younger post-rift
sediments (Escutia et al. 2000; Close et al. 2009). The opening of ocean gateways in the middle
Eocene (Kennett, 1977; Stickley et al., 2004; Bijl et al. 2013) resulted in stepwise regional
cooling, which possibly augmented by carbon cycle feedbacks resulted in the onset of
continental-scale glaciation near the Eocene-Oligocene boundary (DeConto & Pollard 2003;
Zachos et al. 2001, 2008; Passchier et al. 2017). Between 35 and 32 Ma the Tasman Gateway
deepened, followed by the establishment of the Antarctic Circumpolar Current ~30 Ma as the
Southern Hemisphere (SH) westerlies migrated across the Tasmanian Gateway (Stickley et al.,
2004; Scher et al. 2015).While the tectonic history of the Wilkes and Aurora subglacial basins
can only be assessed remotely due to the presence of the East Antarctica Ice Sheet, the nearby
Transantarctic Mountains show that uplift was relatively rapid with a maximum in denudation in
the mid-late Eocene to Oligocene between ca. 43 and 26 Ma (Miller et al. 2010).

Two IODP drillholes at Sites U1356 and U1360 (Figure 1) recovered continental shelf and
deepwater sedimentary strata spanning the Eocene to Miocene time of passive margin
development and ice growth in East Antarctica (Escutia et al., 2011). The rotary core barrel
(RCB) drilling system at IODP Site U1356 targeted the post-rift successions separated by four
regional unconformities, WL-U3, WL-U4, WL-U5, and WL-U5b identified in multi-channel
seismic reflection profiles (Escutia et al. 2000, 2005, 2011; De Santis et al., 2003; Figure 2).
IODP Site U1356 was drilled at 63°18.6138’S, 135°59.9376'E at 3992 meters below sea level
(mbsl) at the transition between the continental rise and the abyssal plain and reached a depth of
1006.4 meters below the seafloor (mbsf) (Escutia et al. 2011; Figure 1). The paleolatitude of Site
U1356 changed gradually from ~57°S to 59°S between 45 and 20 Ma and the Site started to
move poleward more rapidly in the past 20 million years (Van Hinsbergen et al. 2015). Hole
U1360A, sited approximately 65 kilometers off the Adélie Coast of East Antarctica on the
Wilkes Land continental shelf was located in 495 meters of water and drilled to a depth of 70.8
mbsf (Figure 1).

Site U1356A is presently located landward of the Antarctic Polar Front in the area of the
Antarctic Divergence. On Antarctica’s distal continental rise currents dominate the sedimentary
processes. Current speeds at the drillsite are controlled by the position of the Antarctic
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circumpolar currents relative to the drillsite and the intensity of wind-driven surface currents.
Ninety percent of iceberg tracks for bergs larger than 5 m follow the eastward flowing Polar
Current landward of Site U1356A and are expelled into the Southern Ocean from the Weddell
Sea (Stuart & Long, 2011). Few icebergs pass over Site U1356 at this time.

The chronostratigraphic framework for U1356 (Tauxe et al. 2012; Bijl et al. 2013) shows that
the strata encompass four relatively continuous sedimentary successions aged 54 Ma to present
separated by hiatus or condensed intervals at 52-49 Ma, 42-34 Ma, 23-17 Ma, and 13-4 Ma, with
high sedimentation rates at ~25-23 Ma and ~17-13 Ma. Unconformity WL-U3 (42-34 Ma)
onlaps onto a structural high and strata above and below it are acoustically stratified (Figure 2).
Based on the seismic architecture and internal acoustic facies properties, the strata between WL-
U3 and WL-U4 were interpreted as distal turbidite, contourite, and hemipelagic deposits (Escutia
et al. 2000). WL-U4 marks a shift from distal to more proximal deepwater deposits and separates
acoustically stratified facies below from stacked channel levee and overbank deposits above.
Unconformities WL-U5 and WL-U5b separate stacked channel levee from overbank deposits
originating from two adjacent deep sea channels. Based on the multi-channel seismic data, levee
deposition was interpreted to mark times when high volumes of sediment were delivered to the
continental margin with wavy reflectors indicating reworking of turbidite deposits by bottom
currents (Escutia et al. 2000, 2002; Donda et al. 2003) or compression due to slumping and other
mass-wasting processes (Donda et al. 2008; Close 2010).

We interpret the sequence stratigraphy of the Wilkes Land margin using sedimentary facies
analysis, laser particle size records, and bulk sediment geochemistry, from observations on the
cores and integrate these with the broadscale seismic interpretation (following similar principles
as outlined in Rijsdijk et al. 2005). Despite the absence of borehole geophysics shipboard
scientists of IODP Expedition 318 were able to carry out broad scale correlations between
seismic reflections and the lithostratigraphy and provided preliminary interpretations of
depositional environments for each of the lithostratigraphic units (Escutia et al. 2011). Here we
present sequence stratigraphic models based on extensive post-cruise sedimentological
observations, analytical data, and genetic interpretations of the sedimentary facies assemblages.
This type of high-resolution sequence stratigraphy is not possible using the seismic facies alone,
because of the much lower resolution of seismic data in the depth domain. Our new genetic
interpretation of the sedimentology, however, is discussed within the context of previous
interpretations of the seismic data by others based on the description of the depositional systems
in three dimensions (De Santis et al. 2003; Escutia et al. 2005, 2011).

MATERIALS AND METHODS

The lithostratigraphy of Holes U1356A and U1360A was described shipboard (Escutia et al.
2011) and post-cruise through macroscopic and smearslide observations. For gravel-bearing
sediments the classification scheme of Moncrieff (1989) was used, whereas gravel-free
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sediments were classified according to Mazzullo et al. (1988). In these classification schemes,
diamictites are sediments with gravel clast percentages 1-40 %, whereas conglomerates have
gravel clast percentages > 40%. Sediments with a significant biogenic component were classified
as “0oze” when the number of biogenic grains exceeded 50% of the total in smear slide counts.
The suffixes “-rich” and “-bearing” were used where biogenic grains accounted for 25-50% and
10-25% of the total number of grains respectively. Gravel-sized clasts (>2 mm diameter) were
counted on the cut face of the core in 10 cm core segments. For a statistically significant gravel
count, however, the 10 cm segments constitute a sample size that is too small. For this paper
gravel clast percentages were, therefore, normalized to number of clasts per meter recovered
section length.

Particle size analyses

Samples were prepared using standard operating procedures outlined in Konert & VVandenberghe
(1997). Samples were mechanically and chemically disaggregated through ultrasonic treatment
and heating with 30% hydrogen peroxide and 10% HCI. Samples were dispersed through
addition of sodium pyrophosphate and the solutions were heated to allow all dispersant to
dissolve. A Malvern Mastersizer 2000 laser particle sizer was used to measure the grain-size
distributions of the samples. Instrument settings were based on the recommendations of Sperazza
et al. (2004). Industrial and natural standards were monitored for quality control.

Sand, silt, and clay percentages were calculated according to the Udden-Wentworth grain-size
scale (Wentworth 1922). The Uniformity Coefficient is defined as D60/D10 in which D60 is the
diameter greater than that of 60% of the particles, and D10 is the diameter greater than that of 10
% of the particles. The Uniformity Coefficient hence is a measure of the sorting of the sediment,
with large numbers (>4) indicating poorly sorted sediment. The shape index is calculated by
dividing the average Sauter diameter by the average specific surface area for the grains in the
sample population. Samples from tills are generally elongate and angular and have high
uniformity values and low shape index, whereas samples from eolian dune sand are rounded and
spherical and have low uniformity and high shape index. Besides mode of sediment transport,
however, mineralogy can also influence grain shape and these factors have been taken into
account using shipboard smearslide data. Sortable silt was calculated by taking the average
grain-size diameter of the silt fraction (McCave 2008), but it is interpreted only qualitatively as a
current strength indicator because of the effects of ice-rafting on the grain-size distributions.

Major and trace elements

The major and trace element geochemistry of 97 samples was determined onboard the Joides
Resolution using an inductively coupled plasma-atomic emission spectrophotometer (Escutia et
al. 2011). An additional 12 samples were analyzed after the cruise at Montclair State University
to bridge a gap in shipboard sample collection through the Middle Miocene section. The
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shipboard and Montclair State University geochemistry labs used identical sample preparation
procedures described in Murray et al. (2000). Circa 0.1 g of finely powdered sample was
combined with 0.4 g of lithium metaborate and transferred to graphite crucibles for fusion in a
furnace at 1050° C. The pellets were dissolved in diluted nitric acid of trace metal grade. At
Montclair State University, solutions are measured in a Jobin-Yvon ULTIMA C inductively
coupled plasma optical emission spectrometer (ICP-OES). Eleven USGS rock standards were
also prepared and the results were used for elemental calibration. Typical errors are 3-5% for
most elements except for P, which typically displays errors of 5-20%.

Ba-excess refers to the Ba concentration above detrital (lithogenic) input and is used as a proxy
for marine barite (BaSO4) concentration (Schenau et al., 2001). Si-excess is the SiO»
concentration above lithogenic SiO> input and in deep-marine sediments is interpreted as a proxy
for biogenic silica content (Boning et al. 2005). Lithogenic Ba-and Si contents were estimated
from a mixing model constrained by the Ti/Al ratios using the average composition of clasts
dredged from the seafloor near Mertz Glacier (Goodge & Fanning, 2010) and the average
composition of Neogene diamicts from the Ross Sea continental shelf (Martin & Passchier,

2010, Hansen 2011).

RESULTS AND DISCUSSION
Barium and silicon excess

Ti/Al ratios are relatively stable throughout the hole, suggesting that long-term changes in
provenance were not a major control on the bulk geochemistry. Ba-excess and Si-excess was
calculated for the deep-marine continental margin sediments only (Paytan & Griffith 2007). Ba-
excess mimics lithological changes (Figure 3) and is low in pinstripe laminated intervals of
contourite facies assemblages and typically below 200 ppm in intervals of core with gravel-sized
clasts.

Si-excess correlates well with the presence of diatomaceous or carbonate-bearing sediment and
shows peak values exceeding 20 wt. % in several intervals with gravel sized clasts. Si-excess
does not correlate to Ba-excess, suggesting that changes in silica availability and bottom oxygen
conditions played a role in their distribution. Ba-excess is low where pyrite occurs, which
suggests that the down hole distribution of Ba-excess is influenced by bottom oxygen conditions,
besides productivity. The down hole distribution of Si-excess is not the result of dilution by
variations in terrigenous sedimentation, because the highest Si-excess values are found in
intervals with the highest terrigenous sedimentation rates.

Studies of modern sediment traps show a strong correlation between diatom productivity and
benthic fluxes (Pondaven et al. 2000), and if this correlation is also valid in the past, the peaks in
Si-excess concentrations can be interpreted as diatom productivity events. Under the present
interglacial conditions the maximum diatom productivity is found just south of the Polar Front
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Zone in the Southern Ocean, an area underlain by sediments with high concentrations of
biogenic silica, also known as the opal belt (Zielinski & Gersonde 1997; Pondaven et al. 2000;
Anderson et al. 2009). For the most recent glacial cycle, Si-productivity appears to be controlled
by upwelling intensity from deep waters that are enriched in dissolved silica (Anderson et al.
2009). These upwelling deep waters are also oxygen depleted, and it could explain the low Ba-
excess values in intervals of high Si-excess. The upwelling intensity in the Southern Ocean
coincides with Antarctic warm events and deglaciation and appears to be controlled in part by
the strength and position of the SH westerlies around the latitude of the Drake Passage, although
the exact mechanisms are poorly understood (Toggweiler et al. 2006; Anderson et al. 2009).

The down core variations in particle size distributions for Site U1356 are presented in Figure 4.
Based on the particle size distributions seven major stratigraphic units (labeled A through G) can
be distinguished that can be tied to seismostratigraphic units (Escutia et al. 2011). Representative
core sections and particle size distributions for each facies are displayed in Figures 5-9. The age
model applied here is from Tauxe et al. (2012). For the Eocene section, a more detailed graphic
log was created (Figure 5).

Early to mid-Eocene continental shelf environments
Site U1356 - Unit A (948-1006 mbsf): early Eocene mid-shelf (54-52 Ma)

The early Eocene strata drilled at Site U1356 consist of stratified dark green bioturbated siltstone
(Figures 5, 6, Unit A). Cm-scale bedding is observed, and ripple-laminated sandstone interbeds
are present, as well as one texturally immature subarkose interbed (~982 mbsf). A Zoophycos
ichnofacies is present throughout and pyrite is a common sediment constituent (Expedition 318
Scientists 2011a). The particle size distributions show evidence of very high silt percentages and
grain shapes are spherical. The sediments are extremely well sorted (Figure 4).

The dark green bioturbated siltstones (Figure 6, Unit A) were likely deposited below wave base.
The presence of very well-sorted silt with spherical grain shapes (Figure 5, Unit A) is consistent
with a fluvial suspended sediment input into a shallow marine environment. A Zoophycos
ichnofacies in the dark green claystones is indicative of low oxygen values, also pointing to a
lack of wave stirring and a stratified water column. This facies shows similarities to those
attributed to a mid-shelfal prodelta depositional environment in the low-latitude Upper
Cretaceous coastal plain in New Jersey (Owens & Sohl 1969; Miller et al. 2004), which also
developed as a young passive margin sequence. The paleontological evidence is consistent with a
mid-shelfal paleoenvironment for these strata drilled at Site U1356 (Pross et al. 2012; Bijl et al.
2013).

The early Eocene Wilkes Land hinterland was covered in tropical and subtropical forests along

its coast and in coastal uplands (Pross et al. 2012). Clay minerals in the early Eocene mudstones

are predominantly kaolinite (Houben et al. 2013) and both chemical weathering ratios (Passchier
6
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et al. 2013) and clay minerals suggest that the climate was humid and that unstable minerals
were altered. The presence of a <1 m thick bed of subarkose at ~982 mbsf, however, poses a
challenge because of the low potential of survival of unstable minerals such as feldspars under
humid conditions. The presence of texturally immature subarkose offshore cratons in tropical to
subtropical regions has previously been explained in two ways (Damuth & Fairbridge 1970): 1)
the continental conditions briefly turned arid or semiarid allowing feldspars to survive at the
Earth surface even in near-ocean settings; or 2) near-shore uplift produced so much fresh rock
material that chemical weathering was outpaced by rapid sediment transport and deposition.
Between Australia and Antarctica, Eocene successions occur as drapes in the upper sections of
rift basins associated with the extension-dominated segment between Wilkes Land and the Great
Australian Bight. Directly to the East, however, are the transpressional fracture zones of the
Oates Land-Tasman Rise segment, which extend back to the Paleocene/Eocene (Roehl et al.
2004; De Santis et al. 2010). A brief aridification of the Early Eocene Antarctic climate is not as
plausible. Current available pollen records in Site U1356 (Pross et al. 2012) and dust fluxes to
the southern Pacific Ocean (Dunlea et al. 2015) do not show evidence of aridification until the
middle Eocene.

Site U1356 - Unit B (895-948 mbsf): middle Eocene inner shelf

The middle Eocene sediments consist of cross-bedded and planar bedded sandstone, diamictites,
silty claystones, siltstones, and intraclast conglomerates with graded bedding and parallel
lamination (Expedition 318 Scientists 2011a). Contorted bedding is occasionally present in the
rock clast-bearing sandstones and diamictites between 942 and 927 mbsf, but the overlying
fining-upward and rarely coarsening-upward beds between 919 and 896 mbsf are
stratigraphically intact and contain mica, and locally glauconite and pyritized shell fragments
(Figure 5). The fining upward beds between 919 and 896 mbsf contain thick basal units with
numerous rounded sedimentary intraclasts capped by stratified silty sandstones and mudstones
(Figure 6, Unit B). The rock clast-bearing units below 927 mbsf are separated from the graded
sedimentary deposits by interbedded reddish brown clayey siltstones and laminated greenish
gray and brown sandy mudstones between 927 and 919 mbsf.

The high sand percent together with high sortable silt values, low clay contents, and sediment
sorting (Figure 4, Unit B) point to current influence on the sediments. The low shape index in
this case is most likely the effect of the presence of the variable quantities of mica and
glauconite, which are phyllosilicates with platy grain shapes.

The mid-Eocene strata represent a shallower depositional environment than the underlying
Lower Eocene strata. The facies assemblages show greater variability which is more typical of
inner shelf environments and sequences show similarities to more recent examples recorded in
Pleistocene to Holocene drillcores from the New Jersey continental shelf (McHugh et al. 2010).
The contorted clast-bearing sandstones and diamictites between 942 and 927 mbsf likely
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originated within shelf canyons or on lowstand delta top surfaces. The overlying interbedded
reddish brown clayey siltstones and laminated greenish gray and brown sandy mudstones
between 927 and 919 mbsf are more typical of tidally influenced restricted basins, sheltered from
wave action, or lagoonal deposits (McHugh et al. 2010). During deposition of this facies the
paleoshoreline was seaward of the drillsite. In contrast, the overlying fining-upward beds with
thick basal beds of intraclasts indicate a waning flow regime, consistent with either a (storm)
wave—influenced environment or a hybrid turbidity current — debris flow regime in a deeper
sloping environment (McHugh et al. 2002; Shanmugan 2006; Hodgson 2009; Haughton et al.
2009). This facies, however, is rare in passive margin slope settings (McHugh et al. 2002) and
the overlying sandy lithofacies, which include glauconite, shell fragments, and planar bedded
cross-bedded sandstones (Figure 6, Section 95R4), are more typical of transgressive wave-
dominated coastal sequences (Cleveringa 2000; Passchier & Kleinhans 2005; McHugh et al.
2010). In summary: the Middle Eocene strata likely represent a regressive, followed by a
transgressive coastal system.

A shallower mid-Eocene depositional environment suggests that sediment supply exceeded post-
rift subsidence. The shoaling would require an increase in continental erosion in the mid-Eocene.
The mid-Eocene marks the onset of rapid uplift in the nearby Transantarctic Mountains (Miller et
al. 2010), and such an event would result in higher denudation rates and sediment supply to the
Wilkes interior basin, which forms the hinterland for the sedimentation at Site U1356. Evidence
from dust fluxes to the South Pacific originating in Australia and perhaps also Antarctica also
indicate the onset of a period of aridification around ~50 Ma (Dunlea et al. 2015). This early
aridification, however, is not as evident in the Antarctic terrestrial palynology from this core
(Pross et al. 2012).

Lowermost Oligocene glacially influenced continental shelf
Site U1360

At Site U1360 on the continental shelf of Wilkes Land, early Oligocene strata were recovered in
Cores 2R-6R (14.3-53.8 mbsf)( Expedition 318 Scientists 2011b). Sandy diamict and stratified
gravelly sand with traces of ripple cross-stratification in multiple directions and distinct back-
filled burrows are found in a fining up sequence at the base (Figure 7, Section 6R1). These strata
are overlain by rather homogeneous greenish or olive grey bioturbated sandy mudstones with
dispersed outsized clasts (Cores 3R-5R, Figure 7). The strata contain common pyritized bivalve
shell fragments and some pyritized diatoms. The sequence is capped with a greenish bioturbated
claystone at the top of this truncated lower Oligocene section (2R-3R).

The fining up sequence is indicative of a deepening of the depositional environment (Houben et
al. 2013). The coarse-grained cross-stratified sands with shell fragments and back-filled burrows
in Core 6R show similarities to coarse-grained shoreface sands that have been described from
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transgressive coastal sequences and were deposited in a combined flow regime (Passchier &
Kleinhans 2005). In contrast, the overlying mudstones with outsized gravel clasts (> 2 mm) were
deposited below wave base. The presence of dispersed clasts in the mudstones suggests that sea
surface temperatures were cold enough for floating ice to be present, which is also in agreement
with the occurrence of dinoflagellate assemblages with sea-ice affinities (Houben et al. 2013).

Oligocene-Miocene glacially influenced deepwater depositional environments
Site U1356 Unit C: Lowermost Oligocene (862-895 mbsf)

Lower Oligocene strata of Unit C unconformably overly Middle Eocene strata of Unit B (Figure
5). The core section with the hiatus between Middle Eocene and Early Oligocene strata is visible
in Figure 6 (Section 95R3-91 cm). The earliest Oligocene sediments drilled at Site U1356 (93R-
95R) are characterized as contorted and convoluted massive and stratified sandy mudstones with
dispersed gravel-sized clasts and light green laminated claystones (Figure 8D, E). Above the
coarse-grained beds are ripple cross-laminated sandstones with glauconite and massive, heavily
bioturbated, dark brown and dark green silty claystones and clayey siltstones (Figure 6, Unit C),
The claystones at the top of Unit C contain abundant pyrite and dm-scale calcareous interbeds
are noted.

The particle size distributions of the sediments in Unit C is variable with a significant clay and
silt component and the presence of sand and gravel (Figure 4). Some intervals are extremely
poorly sorted with very low grain shape index, in this context, most likely indicative of a glacial
origin for the sediment.

The contorted and convoluted beds with coarse fraction at the base of the sequence probably
represent glaciomarine sediments with IRD, which have been affected by local slumping. These
sediments were not transported far and preserve some of their original structure. This interval
dates to about 33.6-33.2 Ma contains dinoflagellate assemblages with sea-ice affinities (Houben
et al. 2013). In the early Oligocene Site U1356 was opposite the west Tasman Rise near the
continent-ocean boundary of East Antarctica (Scher et al. 2015). Between 35 and 32 Ma the west
Tasman rise deepened from less than 400m to bathyal depth (Stickley et al. 2004) and it is
possible that the Antarctic continental rise near Site U1356 was affected by active tectonics as
well. The planar-laminated and ripple-cross laminated sandstones with glauconite around 878
mbsf, may signal gravity flows bringing sand from the adjacent continental shelf. As mass flows
ceased, pelagic sedimentation dominated and sediments became strongly bioturbated (Figure 3),
however, with bottom conditions periodically becoming less oxygenated, as indicated by the
presence of pyrite (Expedition 318 Scientists 2011a).

Site U1356 Unit D: Early-mid Oligocene (594-862 mbsf) — distal submarine fan
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The strata between unconformities U3 and U4 have a sheet-like geometry with low-amplitude
parallel internal reflectors. These strata were previously interpreted as a distal submarine fan
(Escutia et al. 2000; 2005). Cores 64R-89R (Unit D) are dominated by strongly cyclical m-scale
interbedded laminated and bioturbated cherty claystones with few gravel-sized clasts (Figure 4).
Sharp-based, parallel and pinstripe laminated claystones (Figure 8A) and silty claystones (Figure
8C) have gradational upper contacts with overlying bioturbated claystones (Figure 8B). Isolated
dm-scale interbeds of calcareous shale and clay-rich nannofossil ooze are also present. Dm-scale
beds of ripple cross-laminated siltstone and sandstone are present between ~670 and ~680 mbsf
and at ~845 mbsf (Figure 8B). These beds display lenticular bedding. Interbeds of sandy
mudstones, which contain both rock and intraclasts and display horizontal shearing and contorted
bedding are found at ~694-723 mbsf and convolute bedding with possible repetition of beds is
found at ~783-832 mbsf (Expedition 318 Scientists 2011a).

The particle size distributions of the sediments are characterized with low sand percentages (<
10%) and highly variable silt and clay percentages associated with the cyclical facies transitions
(Figure 4, Unit D). Silt percentages vary between 33 and 82%. Calcareous shale and nannofossil
oozes are rich in clay (62-72% clay).

The localized ripple cross-laminated sandstone interbeds between ~670 and ~680 mbsf and at
~845 mbsf in Site U1356 (Figure 8B) represent enhanced bottom current activity, whereas the
contorted sandy mudstones with gravel clasts at ~710-724 mbsf, and ~817-832 mbsf (Figure 8C),
likely represent hemipelagic sediments with minor episodes of ice rafting between ~33 and ~26
Ma. Ice rafting marks the onset of ice retreat phases followed by glacio-isostatic rebound that
periodically decreased accommodation on the continental shelf. The remarkable paucity of ice
rafted debris in most of the Early-mid Oligocene section, however, suggests that high sea surface
temperatures prevented iceberg survival, considering that the paleolatitude of Site U1356 was
~58°S around this time and near the northern edge of the polar front zone. The ripple cross-
laminated sandstones could be related to the intermittent onset of strong wind-driven currents
through the nearby Tasman Gateway around 30-29 Ma (Scher et al. 2015).

Site U1356 Unit E: Late Oligocene (442-594 mbsf) — stacked channel levee, proximal fan

In the seismic stratigraphy, the high amplitude stratification between unconformity U4 and U5
appears to delineate crudely bedded stacked channel levee deposits (Figure 2)(Escutia et al.
2005). The drilled succession in Cores 47R-63R, however, consists of interbedded calcareous
shale and clay-rich nannofossil ooze, silty claystones with dispersed clasts and diamictites with
intraclasts and contorted and sheared bedding (Figure 9E) (Expedition 318 Scientists 2011a). A
few massive sand beds are also present. Thin dm-scale graded sand beds with partial Bouma bed
structure are found at ~480 and ~536 mbsf, near the base of intervals with diamictites. Volcanic
ash was noted in a smearslide of a bioturbated claystone with silt ripples at ~546 mbsf.
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The particle size distributions in this interval are characterized with low clay percentages,
extremely high silt/clay ratios and high sand percentages. A few sediments in the upper portion
of Unit E (Figure 4) are poorly sorted with elongate grain shapes, consistent with a glacial
influence on the sediments. This interval is also characterized with maxima in Si-excess,
marking productivity events (Figure 4).

The sediments rich in biogenic material are interpreted as pelagic and hemipelagic. The high silt-
clay percentages, however, are consistent with an episodic high terrigenous sediment supply,
which overpowered the background fine-grained marine sedimentation. Rare claystones with
gravel clast clusters are indicative of ice rafted debris (IRD; Bennett et al. 1996; Licht et al.
1999; Kilfeather et al. 2010), whereas the thick diamictites with intraclasts (Figure 9E) and
horizontal and rotational shear structures are characteristic of debris flow facies (McHugh et al.
2002; Passchier et al. 2003). The massive sandstones could also be debrites and such deposits
have previously been described from deep-marine Antarctic debris flow environments (Wright &
Anderson 1982; Passchier et al. 2003).

The deposition of the nannofossil ooze interbeds in the late Oligocene requires a deep calcite
compensation depth (CCD). The presence of nannofossil ooze further suggests that SST were
periodically > 3-8 C, because nannofossil ooze is currently only deposited north of the
Subantarctic Front (Whitehead & Bohaty 2003 and references therein). It is interpreted that
nannofossil ooze deposition is associated with landward migration of the Antarctic Front and ice
retreat. Nannofossil oozes are interbedded with sandy debrites that occur in seismic facies with
channel levee geometries (Escutia et al., 2011)(Figure 2). The Upper Oligocene strata contain
two extensive clast-rich intervals (at ~24 and 27 Ma), which occur in the sandy debrites.

The sandy debris flow events likely correspond to times when the Antarctic ice sheet retreated
from the continental shelf. Consequently, glacio-isostatic rebound decreased accommodation on
the continental shelf and allowed more sediment to bypass the shelf (cf. Boulton, 1990).
Considering that the sands occur in stacked channel levees, it becomes likely that the sands
represent levee collapse events during times of flow in the channel. As the channels increase in
elevation over time, they become too high for flow to overtop the levees, and the levees become
prone to collapse. Gravity flow as a result of gas hydrate instability (Paull et al. 1996; Maslin et
al. 1998) due to ocean warming may have played a role in these Oligocene events. Alternatively,
sea floor instabilities related to volcanic and seismic activity may have contributed to the
instability as evidenced by the presence of volcanic ash at ~546 mbsf (Expedition 318 Scientists
2011a).

Site U1356 Unit F: Early Miocene (278-442 mbsf) — distal channel levee with sediment waves

The seismic stratigraphy above unconformity U5 is characterized by high amplitude wavy
stratification and is interpreted as distal channel levee deposits with sediment waves (Escutia et
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al. 2005). This interval at 278-442 mbsf (Cores 30R-47R) is characterized by diatomaceous and
cherty clayey siltstones (Figure 3). A facies association of m-scale interbedded bioturbated
(Figure 9D) and pinstripe laminated (Figure 9C) claystones can be observed, but bioturbation is
common in both sub-facies (Expedition 318 Scientists 2011a). One dm-scale fining up sandstone
bed with rip-up clasts at its base and planar lamination on top was observed at 329 mbsf (Figure
35R-3). Other ripple cross-laminated sand beds are also present. However, none of these sand
beds are graded or display a clear Bouma bed structure. Outsized clasts are extremely rare and
were only found in current bedding at ~329 and ~383 mbsf. A ca. 6-million year hiatus (~23-17
Ma) is present above 432 mbsf (Tauxe et al. 2012) and may be attributed to multiple episodes of
erosion or non-deposition.

The particle size distributions of these sediments (Figure 4) are quite uniform in character with
high silt content (64-81%), generally <10 % sand with an absence of sand ~400-430 mbsf (3
samples). The sediments are generally well-sorted and particle shapes have some sphericity
(shape index 0.2-0.3), except for the intervals with the gravel sized clasts near ~329 and ~383
mbsf, which also have the highest sand percentages.

Strong bottom currents could have contributed to the origin of the hiatus dated ~23-17 Ma
(Tauxe et al. 2012) near the base of this Unit. The interval between ~23 and 17 Ma is recognized
in previous studies as a period of intensification of the ACC resulting from an increasing depth
and widening of the Drake Passage (Lyle et al. 2007). Furthermore, from about 20 Ma the Site
U1356 path from about 59°S to a more southern paleolatitude accelerated and the site crossed
through the main flow tract of the wind-driven ACC (Scher et al., 2015). Furthermore, an
increase in sediment supply to offshore depocenters as ice sheets retreated in combination with a
stronger contour current, may have produced the sediment waves that are visible in the seismic
data overlying the Upper Oligocene channels-levee systems (Figure 2). Similar Upper
Oligocene/Lower Miocene sediment waves produced by the interaction of downslope currents
and contour currents are present in a levee drift west of the Prydz Channel on the same passive
margin of Antarctica (Kuvaas & Leitchenkov, 1992).

We interpret the facies associations (Figures 9C, 9D) in this interval of core as cyclical
alternations of hemipelagic sedimentation with hyperpycnal flows, with the strongest downslope
currents indicated by the ripple cross-laminated sandstone interbeds (Figure 9C). The structure of
the graded sand bed at 329 mbsf (Figure 3) is interpreted as a distal turbidite indicative of
overbank deposition from active nearby deep-sea channels (Mulder et al. 2003; Lamb & Mohrig
2009; Mutti et al. 2009). The more homogeneous hemipelagic units likely signal times with
stronger interaction between contour currents and downslope flow that could have impacted flow
rheology (Cantero et al. 2011). Ice rafting over the drillsite was probably limited during the early
Miocene given the paucity of outsized clasts between 442 and 278 mbsf (Figure 3).

Site U1356 Unit G: Middle Miocene (0-278 mbsf) — hemipelagic sedimentation
12
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The upper 278 meters below seafloor in Hole U1356A (Cores 1R-28R) are dominated by diatom
ooze and diatomaceous clayey silt with dispersed gravel (Figure 3). Below 126 mbsf, where the
formation is more indurated and, therefore, better preserved in rotary drilling, clast-poor diatom-
rich beds locally preserve an interlaminated structure of clay-rich diatom ooze and diatom-rich
silty clay (Figure 9A). Clast-rich mudstones are interbedded with laminated silty claystones and
display vertical flow structures and clast nests (Figure 9B). Disorganized clast-rich mudstones
and diamictites with intraclasts are also present at the base of this interval (Expedition 318
Scientists 2011a).

The particle size distributions of the samples in Unit G show a lot of variability in sand-silt-clay
content (Figure 4). Some sand-rich sediments are poorly sorted (uniformity 4 or higher),
however, the sediments with the highest sand percentage (>50%) show a relatively low
uniformity and grains with a slightly higher shape index of ~0.3 (more spherical), indicative of
episodic current sorting and winnowing. These latter sediments occur in an interval with an
absence of gravel in the sediment.

We interpret the facies assemblage in this Unit as hemipelagic deposition in an ice-influenced
environment with episodic turbidity current activity. In deep-water settings, laminated diatom
oozes (Figure 9A) are typically found beneath ocean fronts, such as the Polar Front in the
Southern Ocean (Zielinski & Gersonde, 1997; Kemp et al. 2006). Analyses of the specific
diatom species is necessary, however, to reconstruct the exact particle transport paths for these
sedimentary units. The vertical soft-sediment flow structures and clast clusters (Figure 9B) are
typical of IRD (Bennett et al. 1996; Licht et al, 1998; Kilfeather et al. 2010). The disorganized
clast-rich mudstones and diamictites with intraclasts represent gravity flow facies.

The mid-Miocene depositional environments of Site U1356 are characterized by intermittent
cold periods with seasonal sea ice and fast ice trapping icebergs nearshore, and hemipelagic
sedimentation similar to today interrupted by episodes of extensive ice rafting. Two clast rich
intervals indicating ice rafting occur between ca.14.5 and 13.5 Ma. The presence of extensive
IRD in some portions of the mid-Miocene interval at Site U1356A requires a different ocean
circulation pattern to that of the present day interglacial, possibly including an episodic
weakening of the westward-flowing Polar Current, or the presence of large ice sheets at the
continental shelf break that were vulnerable to collapse due to contact with warm ocean currents.

Controls on changes in sedimentation

The sedimentary facies in most modern deepwater depositional systems are best studied on low
latitude passive margins (e.g., the Amazon Fan), whereas ancient examples of sedimentary facies
associations have primarily been described from convergent margins, e.g. European Alpine
systems, New Zealand, and Appalachian basin. Our study is unique in that it addresses
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deposition using sedimentological data collected at a high latitude passive margin, which has
some fundamental differences with the settings mentioned above.

One of the main differences is the effect of ice growth on the creation of shelf depocenters and
off-shore sediment transport (Boulton 1990; Powell & Cooper 2002; Passchier et al. 2013;
Stocchi et al. 2013). Middle Eocene shallow marine strata at Site U1356 show a shoaling and are
terminated by an unconformity, which is consistent with the development of a forebulge offshore
and a reduction in accommodation. The lowermost Oligocene strata show a glacial influence
with some gravity flows consistent with major early Oligocene glaciation (Houben et al. 2013).
Overlying these strata, however, is a thick succession with very limited evidence of downslope
gravity flow. Stocchi et al. (2013) showed in a geodynamic model how the major Oligocene
glaciation created a moat of several hundreds of meters deep around on the Antarctic continental
shelf. We envision an early Oligocene ice sheet on the continental shelf that trapped glaciogenic
sediments in these newly developed depocenters. The remarkably uniform lower Oligocene
glacigenic facies recovered in the lower section of Hole U1360 lend strong support to this model.

With our new data we build upon the depositional models of Boulton (1990) for glacial
continental margins and those of Pudsey (2000), Lucchi et al. (2002) and Hepp et al. (2006) for
Antarctic Peninsula drift deposits. Both the Wilkes Land/George V Land and the Antarctic
Peninsula margin have a narrow continental shelf and the facies cyclicity of bottom current
deposits shows similarities. The facies cyclicity observed at Site U1356 is most likely also
related to glacial-interglacial changes in sediment delivery to the continental rise by gravity
flows (Figure 10). We deviate slightly from previous facies models, however, in that we apply
relative sea level changes that envision a sea level rise during glacial times and a relative sea
level fall during interglacial times. This assumption takes care of the need for unrealistic abrupt
interglacial to glacial transitions that are problematic in previous depositional models (see Hepp
et al. 2006, p.192). Previously the transitions between glacial and interglacial phases were
assumed to coincide exactly with lithological boundaries. However, such a tight coupling is
unlikely considering the delayed response of glacio-isostatic processes during glacial-interglacial
transitions, and the resulting latitudinal shifts in the loci of erosion and deposition (Boulton,
1990).

Before the termination of each glacial period, the marine ice sheets were likely affected by
upwelling of relatively warm circumpolar deepwater, which intensified as the ocean frontal
systems moved southward toward the glaciated margin. In our model, the gradational basal
contacts of the bioturbated subfacies reflect the gradual onsets of glacial phases and the relatively
slow process of ice advance (Figure 10, early glacial stage). The top of the bioturbated subfacies
typically contains ice-rafted debris and nannofossil or biosilica-rich beds, signaling intensified
ice-rafting and enhanced productivity as marine-based ice-sheets retreated from the outer
continental shelf. Enhanced ice-rafting and nannofossil productivity at East Antarctic continental
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rise sites also accompanied the onset of the retreat of the Antarctic ice sheet in more recent times
(Villa et al. 2008; Weber et al. 2014).

Sharp-based clay-rich laminated facies with silt ripples or sandy debrites, represent the abrupt
onset of sediment-laden hyperpycnal flows. On glaciated continental margins hyperpycnal flows
can be generated through three processes that enhance sediment load, salinity, and temperature
respectively: 1) as rivers discharge into the ocean during floods, which are typically augmented
in lateglacial times (Mulder et al. 2003; Hesse & Khodabakhsh 2006; Jorry et al. 2011); 2) as
hyper saline density flows export high-salinity shelf water originating from sea-ice brines (Harris
et al. 2001); 3) as supercooled ice-shelfwater discharges from the grounding line of an ice sheet
on the continental shelf (Dieckmann et al. 1986). Sediment-poor density flows that are generated
from hyper salinity or supercooling cannot be expected to generate thick units of laminated fine-
grained hemipelagic sediment. More likely, the sharp-based clay-rich laminated facies with silt
ripples or sandy debrites,represent the onset of sediment-laden hyperpycnal flows from sediment
bypassing of the shelf as relative sea level dropped due to post-glacial steric processes and
isostatic rebound (Figure 10, lateglacial stage). Furthermore, due to the strong Coriolis Effect at
higher latitude hyperpycnal flows were strongly deflected westward in the Southern Hemisphere
and sediment focusing in depocenters was controlled by the interplay of hyperpycnal flows and
contour currents (Rebesco et al. 1996). As deglaciation progressed, the sedimentation became
more pelagic with an increase in bioturbation during interglacial stages and into the next early
glacial stage (Figure 10).

CONCLUDING REMARKS

The strong potential impact of GIA processes on accommodation affects the sequence
stratigraphic interpretations of high-latitude continental margins. Changes in Cenozoic Antarctic
ice volume are relatively well-constrained from deep-sea benthic isotope records (Zachos et al.
2001; 2008). During times of large ice volumes, such as the early Oligocene and mid-Miocene,
cyclic sedimentation of hemipelagic facies and muddy turbidites/contourites prevailed, with the
coarse grained sediment accumulating on the continental shelf. It is possible that the low
concentrations of IRD were due to a strong coast-parallel Polar Current, keeping IRD in
circulation near the Antarctic continental margin. In contrast, during times of smaller ice volume,
such as the late Oligocene, sandy debris flows occurred on the Antarctic margin. The early
Oligocene was a time of large sediment supply and channel levee building off Wilkes Land, and
decreasing accommodation on the passive margin shelf. These results suggest that sequence
stratigraphic models designed for low-latitude passive margins do not work in interpretations of
high-latitude stratigraphy.
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The key element is, that in icehouse phases relative sea level changes are opposite on low and
high latitude margins with nearby ice growth due to the effects of GIA (Boulton, 1990; Stocchi
et al. 2013). On high latitude continental margins, relative sea level is high during glacial phases,
and low during interglacial phases. As a consequence, fine-grained bioturbated deposits
represent the onsets of ice growth phases, whereas sandy gravity flow deposits represent the
onsets of the ice sheet minima.
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Figure Captions:

Figure 1. Antarctic topography during the Eocene-Oligocene with location of drillholes on the
Antarctic continental margin. Topographic grid from Wilson et al. 2012.

Figure 2. Short seismic line segment GA228-29 through the submarine channel and levee system
at I0DP drillsite U1356. Major reflector WL-U3 marks the unconformity between middle
Eocene and lower Oligocene strata. From Escutia et al. 2011.

Figure 3. Lithological log of Site U1356 with gravel clast abundance, Ba-excess, and Si-excess
values as determined by ICP-OES analysis.

Figure 4. Lithological log of Site U1356 with grain-size parameters as determined by laser
particle size analysis of the matrix (< 2mm). The letters A through G correspond to the
stratigraphic units designated in the text.

Figure 5. Detailed graphic log for the lower and middle Eocene and the lower Oligocene strata at
Site U1356. The Units A through C correspond to the stratigraphic units designated in the text.
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Figure 6. Representative sedimentary facies for the lower and middle Eocene and the lower
Oligocene strata at Site U1356. Units A through C correspond to the stratigraphic units
designated in the text. The core numbers can be found on the log in Figure 5. The boundary
between Units B and C is found at 91 cm in Section 95R3.

Figure 7. Lithological log of recovered strata at Site U1360 with sedimentary facies and particle
size distributions.

Figure 8. Lower-middle Oligocene sedimentary facies at Site U1356 are presented in panels A
through E, showing particle-size results for each facies paired with one representative image.
These facies are interbedded and show cyclicity.

Figure 9. Upper Oligocene-Miocene sedimentary facies at Site U1356 are presented in panels A
through E, showing particle-size results for each facies paired with one representative image.

Figure 10. Glacigenic deepwater facies cyclicity and interpretation. Facies association A is found
when ice sheets are large and the glaciated margin is built by episodic sediment discharge from
meltwater floods and redeposition of slope deposits reworked by contour currents (Lower-mid
Oligocene and Miocene of Site U1356). Facies association B is found when ice sheets are small
(Upper Oligocene of Site U1356) and high channel levees are built, which generate gravity flows
as the channels become active during meltwater or fluvial discharge events. In both cases the
mass-gravity flow facies are associated with the onset of deglaciation as the ice sheet begins to
retreat from its maximum extent. During this time postglacial rebound and the landward
migration of contour currents results in increased sediment delivery to the continental rise.
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