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ARTICLE INFO ABSTRACT

Article history: Diatom analysis of a sediment core recovered at IODP Site U1358 on the continental shelf off the Adélie Coast
Received 3 June 2014 indicated that the lower section of the core contained an assemblage dating back to the Thalassiosira innura
Received in revised form 19 December 2014 Zone of the lower Pliocene that ranges from 4.2 to 5.12 Ma. Based on lithological descriptions at both a macro-
Accepted 8 January 2015

and micro-scale of this early Pliocene part of the core, four facies were interpreted from the diamictons
representing the progressive advance and retreat of the grounding line over the site. Facies 1a and 1b contain
a distinct directional signal from the orientation of the a-axis of clasts with several phases of fabric development
along with both brittle and ductile deformation features that are common in sediments that have been
subglacially deformed. Facies 1c and 1d are finely laminated and were deposited in open marine conditions.
The four facies within the depositional model provide for the first time direct evidence for ice advancing across
the shelf adjacent to the Wilkes Subglacial Basin on at least four occasions separated by three periods of open
marine conditions indicating retreat of grounded ice inland of the site during a warmer than present early Plio-
cene. The times of open marine conditions are correlated with previous findings from the neighbouring rise sites
that also indicated an oscillating ice margin. This has significant implications because firstly it suggests a dynamic
East Antarctic Ice Sheet (EAIS) that is probably far more sensitive to climatic and oceanic forcing even during
relatively short time periods than had previously been thought. Secondly it suggests that proxies used to
interpret the advance and retreat of the grounding line from the rise can be linked with direct evidence of
grounding line migration from the shelf. It also has important implications for the future behaviour and
sensitivity of the EAIS under present continuing warming conditions. Together with results from the rise, this
paper provides a crucial ice extent target for a new ice sheet model of this region during the Pliocene.
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1. Introduction on our planet since the early to middle Pliocene at ~4.2 to 3.0 Ma

(Pagani et al., 2010), with the higher temperature estimates possibly

Polar ice and the expansion and retreat of ice sheets are an important
component of the modern climate system, affecting global sea level,
ocean circulation, heat transport, marine productivity and planetary
albedo among others. With the current rise of atmospheric greenhouse
gas concentrations and rapidly increasing global temperatures (IPCC,
2013), studies of polar climates, ice sheet dynamics and (in-)stability
are prominent on the research agenda. IPCC (2013) forecasts
rising levels of atmospheric CO, between 550 and 950 ppm and
possible >4 °C warming by 2100 which have not been experienced
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not having been experienced since about 10 to 15 Ma ago. During the
early to mid Pliocene, sea level estimates of 22 m above present
(Miller et al., 2012) indicate the collapse of not only the Greenland Ice
Sheet (7 m sea level equivalent — SLE) and the West Antarctic Ice
Sheet (WAIS) (5 m SLE) but also sectors of the EAIS.

While recent satellite observations reveal that the Greenland Ice
Sheet and WAIS are losing mass in response to climatic warming, the
response of the EAIS has been more variable with increased mass loss
through speed up and thinning of outlet glaciers compensated by
increased surface accumulation (Pritchard et al., 2009; Shepherd et al.,
2012). The EAIS vulnerability to warmer-than-present temperatures
may be particularly significant in areas where the EAIS is grounded
below sea level and also where the base of the ice sheet is in contact
with the Southern Ocean, such as the Wilkes Subglacial Basin. This
vulnerability can be studied using the geological record from intervals
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with similar environmental conditions to those predicted for the
near future. Studies from the continental rise and slope as well as the
deep ocean have used multiple proxies such as sediment facies and
grain size, IRD concentrations, siliceous microfossils, biogenic opal,
geochemical composition and clay mineralogy to interpret ice sheet
dynamics in response to varying palaeoenvironmental conditions
(e.g. Bart et al., 2007; Escutia et al., 2009; Williams et al., 2010;
Passchier, 2011; Cook et al., 2013). During the early Pliocene (3.6 to
5.3 Ma), Southern Ocean sea surface temperatures (SST) north of
Prydz Bay reached over 5 °C warmer than present (Bohaty and
Harwood, 1998; Whitehead and Bohaty, 2003; Escutia et al., 2009),
and winter sea ice was reduced up to 78% compared to present day
(Whitehead et al., 2005). Although these data are relevant for
palaeoenvironmental conditions linked to the advance and retreats
of the ice sheet during glacial and interglacial cycles respectively,
they cannot trace the migration of the grounding line and thus can-
not constrain the lateral extent of grounded ice. This constraint is
critical if estimations are to be made regarding sea level change.
The location of the grounding line in turn can only be determined
from continental shelf records. For example, the ANDRILL (AND-1B)
core drilled below the Ross Ice Shelf allowed Naish et al. (2009)
and Pollard and DeConto (2009) to model total collapse of WAIS during
warm early Pliocene times while at other times during the Pliocene the
ice cover in the Ross Sea was greater than the current modern extent.

The aim of this paper is to provide direct evidence of either open
marine conditions or the presence of grounded ice offshore from the
Wilkes Subglacial Basin during the early Pliocene warm interval
(i.e., 3.6 to 5.3 Ma) and thus test the interpretations made from other
rise and deep ocean sites that assert a dynamic EAIS with several
advances and retreats of the grounding line across the shelf (Bart,
2001; Escutia et al., 2005, 2009, 2011; Williams et al., 2010; Cook
et al., 2013). Thus, the opportunity is provided to link the fluctuations
and glacial-interglacial cyclicity reported from both the rise and deep
ocean sediments in addition to those predicted by ice sheet models
(Mengel and Levermann, 2014), with direct evidence of grounding
line migration.

1.1. Ice sheet fluctuations during the early Pliocene

Some of the earliest models of the Antarctic ice sheets suggested that
warmer than present climatic conditions would lead to an increase in
ice volume (Oerlemans, 1982; Huybrechts, 1994) and more recently
studies indicate that since their inception, the Antarctic ice sheets
have been very dynamic, waxing and waning (DeConto and Pollard,
2003). This includes the margins of the EAIS, particularly those parts
grounded below sea level (i.e., in the Wilkes Subglacial Basin) and
the marine-based WAIS (Pollard and DeConto, 2009; Mengel and
Levermann, 2014). Some of these models also indicated significant
variations in ice sheet volume during the Pliocene (Hill et al., 2007;
Dolan et al., 2011; Haywood et al., 2012). Seismic stratigraphy from
the Antarctic margin has also identified major erosional events linked
to glacial cycles (e.g. Eittreim et al., 1995; Escutia et al., 1997, 2005;
Barker et al., 1999; Bart et al., 1999; Bart, 2001; De Santis et al., 2003;
Rebesco et al., 2006; Cooper et al., 2009).

Diatomite units recovered in the early Pliocene section of the
AND-1B core point to persistent open marine conditions with grounded
ice inland of the site (McKay et al., 2009; Naish et al., 2009). It is during
these periods that models also show the collapse of WAIS (Pollard and
DeConto, 2009). It is unclear whether similar advance and retreat
phases occurred on the shelf of other regions bordering the EAIS.
However, Cook et al. (2013) have used geochemical provenance of
detrital material in sediments from the continental rise to suggest active
erosion of continental bedrock from within the Wilkes Subglacial Basin
and retreat of EAIS in this area several hundred kilometres inland
during early Pliocene times. In addition, Williams et al. (2010) show
that the provenance of ice-rafted detritus also on the continental rise

of East Antarctica at 3.5 Ma and 4.6 Ma saw significant increases in
iceberg production into the Southern Ocean from along the Wilkes
Land and Adélie Land margins.

Direct evidence of grounded ice migration can only be derived from
shelf sites. Micromorphological and fabric analyses of sediment cores
from the shelf provide a key piece of evidence when trying to differen-
tiate between subglacial and glacimarine sediments because they are
deposited by different processes and thus have different micro-scale
sedimentary signatures (Reinardy et al., 2011a,b).

2. Drilling site and regional setting

Integrated Ocean Drilling Program (IODP) Expedition 318 drilled a
transect of sites across the Wilkes Land margin of Antarctica to provide
a long-term record of the sedimentary archives of Cenozoic Antarctic
glaciation and its relationship with global climatic and oceanographic
change. Drilling was undertaken to constrain the age, nature, and
palaeoenvironment of the previously only seismically inferred glacial
sequences (Escutia et al., 2005, 2011). Site U1358 is situated on the
outer continental shelf off the Adélie Coast at the mouth of the north
western end of the George V Basin at 499 mbsl and receives drainage
from the EAIS through the Wilkes Subglacial Basin (Fig. 1). The location
of the site is significant because the EAIS in this sector is grounded
below sea level and it has the potential to become unstable and
could have contributed to sea level rise during past times of
warmth (Escutia et al., 2005, 2011; Cook et al., 2013; Mengel and
Levermann, 2014).

Site U1358 and the regional stratigraphy based on seismic data are
described in detail in Escutia et al. (2005, 2011) and are only briefly
mentioned here. It is important to note that glacimarine and subglacial
deposits cannot always be differentiated from seismic data because
both can have very similar acoustic characteristics and the interpreta-
tion of glacial stratigraphy using seismic data alone can be problematic
(Stoker et al., 1992). Hole 1358B penetrated 35.6 mbsf into steep
foresets above unconformity WL-U8 which has previously been
suggested to be deposited in front of grounded ice sheets that extended
intermittently onto the outer shelf (Eittreim et al., 1995; Escutia et al.,
2005; Cooper et al., 2009). Because the hole had to be terminated before
weight-on-bit could be applied, the total cored interval for 1358B was
35.6 m but the total core recovery was only 8 m of diamicton.

3. Methods

Cores from Hole U1358B were recovered using a rotary core barrel
system. This study focuses on the two lower cores below 17.3 mbsf.
These are core 3R consisting of 3 sections, 3R-1 to 3 and core 4R also
consisting of 3 sections, 4R-1 and 2 and 4R-CC (Fig. 2). 3R and 4R have
been assigned a Pliocene age by Escutia et al. (2011) and Orejola et al.
(2014). The diatom assemblage was used to refine this age model
(see discussion below). For dating and micromorphology, it is
important to note that cores 3R and 4R were not significantly disturbed
by the coring process (Escutia et al., 2011).

3.1. Micromorphological analysis and fabric data

Both macro- and micro-scale descriptions and interpretations were
carried out on cores 3R and 4R. Micromorphology is a particularly
effective technique used to interpret depositional environments
from sediments that appear massive at a macro-scale and where
there are only limited exposures as is the case with sediment cores.
Micromorphology has previously been used to provide evidence of
grounded ice at Cape Roberts (van der Meer and Hiemstra, 1998;
Hiemstra, 1999; van der Meer, 2000). The technique has also been used
on Antarctic sediments to indicate basal thermal regime (Baroni and
Fasano, 2006), deformation processes (Evans et al., 2005; O Cofaigh
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Fig. 1. Bathymetric map showing the location of IODP Sites U1358 and U1361 off-shore from the Adélie Coast within the George V Basin.

Modified from Beaman et al. (2010).

et al,, 2005; Reinardy et al., 2011a) and to characterise glacimarine
sediments (Kilfeather et al., 2010) and iceberg turbates (Linch, 2010).
2D microfabric analyses were used for the entire 6.46 m of cores 3R
and 4R using shipboard high resolution digital images of the archive half
of the cores and additional thin sections. Microfabric analysis of
diamictons is a well-established technique (Chaolu and Zhijiu, 2001;
Carr and Rose, 2003; Roberts and Hart, 2005; Stroeven et al., 2005;
Thomason and Iverson, 2006; Kalvans and Saks, 2008). The relation-
ships between the clast microfabrics and other microstructures
(e.g. plasmic fabrics, rotation structures, shears, lineations, and water
escape structures) can also be examined, providing a detailed
microfabric-microstructural map of the thin section (Watling, 1988;
Phillips et al., 2011; Vaughan-Hirsch et al., 2012). Individual grains
that can be observed in a thin section are known as skeleton grains.
Skeleton grains lack a preferred a-axis orientation within glacimarine
sediments and thus lack a distinct fabric signal while sediments that
have undergone glacial deformation tend to have a clear fabric signal
with zones of similarly orientated skeleton grains. Within the current
study, microfabric was analysed in a vertical plane, with subglacially
derived microfabrics expected to possess a unidirectional or bimodal
orientation pattern reflecting a lateral stress field (Carr, 1999, 2001;
Carr et al., 2006). However, glacial sediments tend to be polydeformed
and Phillips et al. (2011) have shown that in many cases it is possible
to interpret several phases of fabric development within the deforming
continuum through which tills are deposited. Also crucial is the associ-
ation of microstructures — in glacimarine deposits these tend to be
isolated and unrelated to each other (Carr, 2001; Carr et al., 2006).
In contrast, microstructures caused by glacial deformation tend to
form in zones or in close association with each other (Reinardy et al.,
2011a; Phillips et al., 2011). Thus, evidence from both fabric analyses
and microstructures can be effectively combined to interpret differ-
ences in glacimarine and subglacial sediments. The analysis of micro-
fabric relating to skeleton grains is particularly important in this context
as all the diamictons at Site U1358 have very low clay content and thus
do not display any strong directional signal from strial plasmic fabric.
Strial plasmic fabric refers to an optical effect of clays when they are

closely packed such as is commonly found in subglacial environments,
oriented parallel to each other. Viewed in thin section between cross
polarisers the aligned clay platelets form birefringent linear zones or
domains.

The microfabric data was measured on particles from coarse sand to
medium pebbles but is predominantly derived from the very coarse
sand and granule size fraction of the sediment. Measurements were
also made on skeleton grains down to approximately 20 um where
thin sections were available. A minimum of 50 grain orientations were
counted on each of the 20 sedimentary units as defined in the core log
in Fig. 2 but normally >150 measurements were made within each
unit. The method of Kalvans and Saks (2008) was followed by splitting
the microfabric data set into classes of 10° within rose diagrams. As they
note, this is justifiable as the accuracy of the input data is considered to
be no better than 10°. Additionally, 10° is the most often used resolution
in rose-diagrams in case of till macrofabric studies (Ehlers et al., 1987).
Zones of similarly orientated skeleton grains were noted from both the
high resolution core scans and in thin section.

3.2. Thin section production

Areas of core 1358B targeted for thin section production followed
several criteria. For micromorphological analyses to take place,
sediments must be in situ and must not be significantly disturbed
by the drilling or sampling process. Thus, only parts of the working
half of cores 3R and 4R that were intact could be considered for
thin section production. However, since several sections of the core
that were of interest were also fragmented or broken, large “mammoth”
(150 mm x 80 mm) slides were used so that blocks of sediment from a
fragmented part of the core could still be sampled. It is important to
note that the blocks were themselves intact and thus preserved the
internal structure of the sediments. Care was taken to maintain the
stratigraphic position of individual blocks of sediment in relation to
each other. Of those intact core sections and sediment blocks, areas
where sedimentary structures were visible such as laminae, concentra-
tion of grains or matrix rich areas as well as zones of similarly orientated
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Fig. 2. Stratigraphic log of cores 3R and 4R from Hole 1358B with core sections, sedimen-
tary units and facies interpretations as well as location of diatom samples and thin section
sample intervals. The lithofacies code relates to diamictons as follows: Dmm = matrix-
supported, massive; Dms = matrix-supported, stratified; Dml = matrix-supported
laminated; Dml(d) = matrix-supported, laminated, disturbed. Note two large clasts
indicated in unit 6. There was no sediment recovery between 21.54 and 26.4 mbsf.

microfabric (analysed from high resolution scans of the archive half of
the core) where targeted along with boundaries between laminated
and non-laminated sub-units.

Three thin sections and sixteen large mammoth thin sections were
produced sampled vertically in relation to the cores following the
techniques set out by Palmer (2005) using an acetone replacement
method to dry the samples and avoid sample shrinkage, and sample
impregnation with a Crystic resin under vacuum. Because of the consol-
idated nature of the sediment along with the presence of marine salts,
resin impregnation proved particularly challenging. To alleviate this
problem, at least five stages of surface impregnation were applied
(cf. Kalvans and Saks, 2008). This was done by smearing a thin layer of
resin onto the surface to be used for the thin section, then leaving the
sample to dry overnight in a vacuum before sanding the surface with
gradually finer sand paper until excess resin was removed and the
sediment surface was once again exposed. This process was repeated
until the sediment surface remained intact when sanded with fine
sand paper. While time consuming, this extra step significantly reduced
the amount of material ripped from the surface of samples that had to
be ground down to 30 pm thick.

In addition to thin sections, 10 samples were used to analyse diatom
assemblages downcore and used to construct a chronological frame-
work for cores 3R and 4R. This was done by placing ~0.01 cm® of sedi-
ment and a drop of water on a cover slip of 24 x 40 mm and then
suspended material was smeared over the cover slip. After this the
sample was dried on a hot plate and mounted on a glass slide with
UV photopolymer. Abundance of individual taxa was qualitatively
estimated from two 22 mm traverses of a smear slide using 630 x
magnification following the onboard Proceedings of IODP Expedition
318 (Escutia et al., 2011).

4. Results
4.1. Lithostratigraphy and diatom assemblages

The cored interval from 3R-1 down to 4R-CC extends from 17.3 to
35.6 mbsf. Within this interval, 6.46 m of sediment was recovered
(Fig. 2). Diatoms are relatively rare with total number of diatoms per
smear slide ranging from 53 to 110. Preservation in terms of fragmenta-
tion is poor but it was still possible to identify a total of 45 taxa (Fig. 3).
No significant changes of diatom abundance and assemblage have been
observed in our samples downcore.

Initial shipboard analysis (Escutia et al., 2011) described cores 3R
and 4R consisting of only one unit of diamicton and diamictite that
transitions between grey clast-rich muddy and clast-rich sandy compo-
sition. On-board clast abundance was visually estimated at between 5%
and 7.5% although this estimate is probably too low as it likely relates
to clasts >0.5 cm. Careful inspection of the high resolution core scans
reveals greater concentrations of smaller clasts < 0.5 cm particularly in
sedimentary units described below. The largest clasts are up to 26 cm.
Clast lithologies are variable and include basalt, granitic gneiss,
quartzite, and fine-grained metasediments (Escutia et al., 2011). Clasts
have subangular to subrounded shapes and basalt and metasedimentary
clasts are often faceted and occasionally striated and fluted. Orejola et al.
(2014) carried out grain size distribution on both cores 3R and 4R,
with 3R having a mainly unimodal distribution while 4R displayed a
bimodal distribution.

Cores 3R and 4R are divided into 20 sedimentary units based on their
macro-scale structures and microstructures (Figs. 4A to C, 5A to D and
6A to B) as well as measured fabric characteristics (Figs. 7 and 8). Core
section 4R-CC consists of unit 1 (Fig. 2). There is a strong directional
signal from the microfabric between 30° and 40°. Thin section 4R CC
0/17 sampled this unit and displays an uneven skeleton distribution as
well as lineations made up of aligned skeleton grains. Occasionally,
some of the individual skeleton grains that make up the lineations are
fractured (Fig. 4C). There are some grain stacking features that are
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Fig. 3. Diatom assemblage for cores 3R and 4R indicating an early Pliocene age between 4.1 and 5.12 Ma.

made of skeleton grains that have parallel a-axes. Rotation structures
were also observed in thin section 4R CC 0/17 that comprise a circular,
tangential arrangement of skeleton grains with, or without, a central
core grain formed by a larger clast (Phillips, 2006; Lea and Palmer,
2014). In some situations, rather than a circular arrangement of
skeleton grains there is a zone of fine matrix immediately adjacent
to either a core grain or intraclast (Fig. 4C). These intraclasts consist of
finer dark brown or grey material. This finer matrix also forms what ap-
pear to be water escape features that cross-cut the microfabric (Fig. 4C).

Core section 4R-2 contains units 2 and 3 (Fig. 2). The upper part of
this core section has been disturbed and only small broken blocks of
sediment remain which have been included as part of unit 4 described
in core section 4R-1. Units 1 and 2 have been separated because there
is a bimodal fabric signal in unit 2. The S1 fabric is orientated between
130° and 160° while the S2 fabric is orientated between 35° and 50°
(see Section 5.2 for explanation of S1 and S2 fabrics). This range of ori-
entations also applies to all other units that have S1 and S2 fabrics
(Fig. 7). Thin sections 4R2 62/76a and 4R2 62/76b that sampled unit 2
both contain rotation structures mainly lacking core grains but when
core grains are present they tend to be surrounded by matrix “halos”
rather than individual skeleton grains (Fig. 5B). Both intraclasts and
water escape structures were present along with lineations of individual
skeleton grains. Features such as water escape structures, intraclasts
and rotation structures are more common and better preserved than
lineations of skeleton grains (Table 1). Unit 3 has a very even skeleton
grain distribution but no distinct fabric orientation. Disrupted laminae
and bedding are observed in thin section 4R2 38/50.

The base of core section 4R-1 comprises units 4 to 6 (Fig. 2). Thin
section 4R1 108/117 sampled the lower part of unit 4 and contains
both circular structures and intraclasts (Table 1) occasionally in proxim-
ity to cracked grains. Thin section 4R1 87/100 sampled the upper part of
unit 4 where zones of skeleton grains with similarly orientated a-axes
are cross-cut by large water escape structures (Fig. 5D). Indistinct
discontinuous bedding at mm-scale, dip at varying angles within
unit 4. Unit 5 has disrupted laminae seen in thin sections 4R1 60/75a
and 4R1 60/75b (Fig. 6B) where occasionally it is possible to observe

poorly or partially developed rotation structures and isolated, variably
orientated grain lineations (Fig. 6A) but no distinct fabric orientation.
At a micro-scale the laminae are picked out by their slightly higher
birefringence in comparison to the surrounding matrix (Fig. 6B).
To the left of the photomicrograph in Fig. 7A the individual lamina is
slightly deformed or disrupted and a thin fissure can been seen within
the lamina. Grain stacks are also present in unit 5 (Fig. 6A). Unit 6
contains 3 large clasts up to 26 cm with a thin 5 cm layer of sediment
between these clasts (Fig. 2). Despite the limited exposure, it was
possible to make 64 fabric orientation measurements in unit 6 which
indicated the presence of S1 and S2 fabrics.

Core section 3R-3 contains units 7 to 10 (Fig. 2). Units 7 and 9 con-
tain disrupted laminae while in unit 8 prominent laminae are between
1 and 5 mm thick and tend to dip between 40° and 60° (Fig. 8). The
a-axes of many of the clasts > 1 cm tend to dip in the same direction.
The laminae can be picked out on the core scans by their lighter
brown colour in comparison to the surrounding matrix however
sometimes the laminae are cross-cut by grey sediment layers < 0.5 cm
thick dipping at 290° to horizontal (Fig. 8). A vast majority of skeleton
grains are subrounded. There is no distinct fabric orientation in unit 7,
8 or 9 (Fig. 8). Unit 10 is sampled in thin section 3R3 0/9 and has a fabric
signal as well as rotation and lineation structures (Table 1).

Core section 3R-2 contains unit 11 and 12 (Fig. 2). Unit 11 has
disrupted laminae, even skeleton grain distribution but no distinct
fabric orientation and isolated rotation structures as indicated in
thin sections 3R2 125/135, 3R2 39/44 and 3R2 26/34 (Table 1). Unit
12 has zones of orientated fabric and lineations of skeleton grains as
well as smeared zones of fine to medium sand.

Core section 3R-1 contains units 13 to 20 all of which have grain
lineations (Figs. 4A, B and 5A), intraclasts (Fig. 5C) and rotation
structures (Figs. 4A and 5A). In units 13, 15, 17 and 19 these rotation
structures tend to mainly be made up of thick “matrix coats” around a
core grain (Fig. 4A) while in units 14, 16, 18 and 20 they tend to form
haloes (Fig. 5B) and occur both with and without core grains sometimes
with two layers of skeleton grains formed around the core grain
(Fig. 5A). Units 13 to 20 all contained both S1 and S2 fabrics (Fig. 7).
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Fig. 4. Photomicrographs from facies 1a with and without annotation, see Fig. 2 for location of thin section samples. A) From thin section 3R1 106/115a showing rotation structure with
core grain surrounded by a matrix coat outlined by the green dashed lines. Lineations indicated by red dashed lines made up of individual skeleton grains in proximity to fractured grain
(orange arrow). Note fracture is infilled with matrix. B) From thin section 3R1 24/34 showing necking structure between large skeleton grains (dashed yellow line) with possible water
escape structure (blue dot dash line). C) Taken from thin section 4RCC 0/17 showing intraclast with rotation structure made up of fine matrix material (green dashed line) in proximity to
grain lineations. Some of the individual grains that make up the lineations are fractured (orange arrow) and water escape structures are also indicated.

Unit 13 sampled in the bottom of thin sections 3R1 106/115a and 3R1
106/115b contained necking structures (Fig. 4B) and pressure shadows
(Fig. 5C) while the top of the thin sections sampled unit 14 that
contained cracked grains (Fig. 5A). In unit 19, thin section 3R1 24/34
contained rotation structures both with and without core grains that
were made up of both skeleton grains and matrix coats.

5. Interpretation
5.1. Depositional settings for U1358

We have interpreted four different depositional facies within units 1
to 20, these are facies 1a to 1d (Fig. 2). The technique of McKay et al.

(2009) is used where variations in lithofacies primarily reflect changes
in depositional energy that in turn reflects changes in glacial proximity.
The units are normally not separated by sharp erosional contacts as was
observed for the glacimarine units at the AND-1B site (McKay et al.,
2009), because either it was not possible to recover the interglacial
diatomaceous units similar to those found at AND-1B or they were
removed at Site U1358B by glacial reworking during ice advance. Either
way it is very likely that hiatuses exist within our record.

5.2. Facies 1a and 1b

Facies 1a and 1b are interpreted as having been deposited in a
subglacial or grounding line proximal environment (Fig. 2). Facies 1a
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Fig. 5. Photomicrographs from facies 1b with and without annotation, see Fig. 2 for location of thin section samples. A) From thin section 3R1 24/34 showing rotation structures with and
without core grain (green dashed lines) and lineations of individual skeleton grains (red dashed lines). B) Taken from thin section 4R2 62/76a showing large skeleton grain with halo struc-
ture (green dashed line) made up of finer matrix material that has a slightly higher birefringence than the surround matrix. C) Taken from thin section 3R1 106/115b showing skeleton
grain (outlined in grey) with pressure shadow (purple dashed line) made up of smaller skeleton grains in proximity to intraclast (yellow dashed line). D) Taken from thin section 4R1 87/
100 within S2 fabric zone intersected with water escape structure (blue dot dash line).
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Fig. 6. Photomicrographs from facies 1c with and without annotation, see Fig. 2 for location of thin section samples. A) From thin section 4R1 60/75a showing poorly developed rotation
without core grain (green dashed line), lineations (red dashed lines) made up of finer grains and individual skeleton grains and grain stacks indicated in orange. B) From thin section 4R1
60/75b with black line outlining individual lamina that is partially disrupted to the left of the photomicrograph. Note the lamina has a higher birefringence than the surrounding matrix.

and 1b are similar; both are massive, grey to greyish brown, matrix-
supported and have zones of weak to moderate similarly orientated fab-
rics (Fig. 7). A majority of clasts are <0.5 cm but there is also a significant
number of clasts between 0.5 and 1.5 cm. These larger clasts are more
common in facies 1b along with zones where clast concentration is
comparatively higher (but still matrix-supported). In contrast, facies
1a tends to be more matrix-rich. Importantly, both facies have a pre-
ferred fabric orientation that is either unimodal or bimodal (referred
to as S1 and S2 fabrics) which is common in polydeformational tills
formed within a deforming continuum and increasing stress regime
but would not be expected in sediment deposited in open marine con-
ditions or via mass movement (Carr et al., 2006; Phillips, 2006, 2011;
Reinardy et al., 2011a). S1 fabric (orientated between 130° and 160°)
is formed before S2 fabric (orientated between 35° and 50°) so S1 fabric
is not always preserved or has limited preservation. This means that
while nearly all the measured clasts within a unit fall into two orienta-
tion ranges (giving a distinct bimodal signal), a higher number will fall
into the S2 fabric orientation range because it is better preserved
compared to the S1 fabric range. In addition, even within an individual
sedimentary unit that has a bimodal fabric signal, it is sometimes
possible to identify zones where either the S1 fabric is particularly
strong or more commonly where the S2 fabric is strong (Figs. 5D and
7). These zones tend to be more common in facies 1b because it is less
homogenised in comparison to 1a and areas of facies 1b where these
zones are not apparent may be due to reworking by processes such as
debris flows (see the contrast between the upper and lower portions
of facies 1b in Fig. 7). The zones of fabric orientation may have been

caused by shearing along discrete shear planes (sometimes localised
and short-lived) within the deforming till (Larsen et al., 2007). Mechan-
ical properties of the sediment along with grain size distribution deter-
mine the thickness of shear zones (Hicock et al., 1996; Stroeven et al.,
2005; Thomason and Iverson, 2006). Thus, well-sorted sediments tend
to have a stronger microfabric signal because shear zones will be more
uniform (Carr and Rose, 2003; Kalvans and Saks, 2008). The diamicts
sampled from the lower part of core 3R by Orejola et al. (2014) have a
primarily unimodal particle-size distribution and consist of glacimarine
sediments. These sediments would have been reworked during ground-
ed ice advance and deposition of facies 1a and 1b in the upper part of
core 3R and this may explain the strength of the microfabric signal i.e.
the preferred orientation of the clasts, observed in facies 1a and 1b in
core section 3R-1 (Fig. 7).

Both facies also contain evidence of polydeformational microstruc-
tures commonly associated with subglacial tills (Figs. 4A to C and 5A
to D) (van der Meer, 1993; Menzies, 2000). However, facies 1a tends
to appear far more homogenised at a micro-scale and tends to have a
lower concentration of structures in comparison to facies 1b (Fig. 4A
to C, Table 1). This type of homogenisation and limited preservation of
microstructures, particularly brittle deformation structures, is common
in subglacial tills (Reinardy et al., 2011a and the references therein).
Thus, facies 1a is interpreted as a grounded ice unit that has likely
undergone prolonged subglacial deformation either during a single or
multiple glacial cycles. Because facies 1b is not as homogenised as facies
1a, preservation of microstructures is increased (Fig. 5A-D). In addition,
some of the microstructures may actually have formed by processes
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Fig. 7. High resolution scan of core 3R Section 1 from 0 to 34 cm with annotation on the right showing a typical example of facies 1a and 1b (units 19 and 20) with the boundary marked by
dashed yellow line. Red lines indicate clasts with an a-axis orientated between 35° and 50° (S2 fabric) and green lines indicate clasts orientated between 130° and 160° (S1 fabric)
highlighting that a majority of clast fall within these orientations. In some areas there is a grouping or zone of S2 fabric (red shaded area) or S1 fabric (green shaded area). The photomi-
crograph on the right is from thin section 3R1 24/34 and shows the boundary between a zone of S2 fabric (which also contains a rotation structure indicated in yellow) and S1 fabric
(location indicated by white box, scale bar = 1 mm). The rose diagram labelled facies 1a relates to all a-axis orientation measurements from units 1, 6, 12, 14, 16, 18 and 20. The rose

diagram labelled facies 1b relates to all a-axis orientation measurements from units 2, 4, 10, 13, 15, 17 and 19. Additional rose diagrams relate to shaded S1 and S2 fabric zones indicated
by arrows.
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Fig. 8. High resolution scan of core 3R Section 3 from 59.5 to 105.5 cm with annotation on the right showing typical examples of facies 1d and 1c¢ with the boundary marked by a dashed
yellow line. The rose diagram labelled facies 1c relates to all a-axis orientation measurements from units 3, 5, 7,9 and 11. The rose diagram labelled facies 1d relates to all a-axis orientation
measurements from unit 8. Grey lines indicate laminae and purple lines indicate possible diagenic layers.



Table 1

Micromorphological description and comparison of thin section samples (cf. Carr, 1999). The presence of a single dot identifies the presence of a particular feature, while two or three dots indicate much clearer, or more common structures. Key to
matrix textures: M = medium (some fine silt and clay); F = fine (abundant silt and clay). See text for explanation of different types of rotation structures.

Thin Facies Skeleton Skeleton Matrix Necking Cracked/fractured Lineations Circular Circular Circular  Circular structure Grain Zones of skeleton Intraclasts Pressure Water

section to matrix distribution texture grains structure, structure,no structure (matrix and stacking grains with shadows escape structures
ratio core grain core grain matrix skeleton grains) orientated a-axis
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such as sediment debris flows or melt-out of debris-rich basal ice
(cf. Powell and Cooper, 2002; Presti et al., 2005). This could explain
the prevalence of water escape structures (Fig. 5D), but also the variable
types of rotation structures observed in facies 1b (Lea and Palmer, 2014)
(Fig. 6A, B, Table 1). Previous work has suggested that these sorts of
microstructures can be caused by turbulent flow within debris flows
(Phillips, 2006; Reinardy and Lukas, 2009). In addition, there are
occasional clustering of larger clasts across core giving the impression
of flow plus occasional poorly developed stratification identified by
thin (<0.5 cm) layers of fine grey matrix which is distinct from
the greyish brown matrix in other parts of the unit. The variation in
matrix colour may relate to stratified areas containing a slightly higher
clay or silt content but these features tend to be very subtle.

Homogenisation of deformation tills particularly at the bed of fast
flowing outlet glaciers occurs relatively rapidly within a deforming con-
tinuum. Thus, facies 1b likely represents deposition as the grounding
line was directly over the core site or slightly advanced beyond the
core site. It is also possible that facies 1b may well have been deposited
when the grounding line was landward but proximal to the coring site
just before grounded ice arrived because processes such as debris
flows and debris-rich basal melt-out could have distributed subglacially
modified material directly in front of grounding line as well. However,
where zones of S1 and S2 fabrics are observed within facies 1b as
shown in the lower section of 1b in Fig. 7 then a debris flow scenario
is less likely. The generations of brittle and ductile deformation struc-
tures sometimes make it possible to make a tentative interpretation as
to whether the grounding line was likely to be advancing or retreating
as facies 1b was being deposited.

5.3. Facies 1cand 1d

Facies 1c and 1d are interpreted as grounding line distal to open
marine deposits as both are matrix-supported and are finely laminated
(Figs. 6B, 8) (Domack, 1982, 1988; Harris et al., 2001; O Cofaigh and
Dowdeswell, 2001; Powell and Domack, 2002; McMullen et al., 2006;
McKay et al., 2009; Orejola et al., 2014). Both facies lack any clear direc-
tional signal in their fabric data (Fig. 8). At a micro-scale the laminae are
more birefringent in comparison to their surrounding matrix (Fig. 6B)
although the lack of zones of birefringent matrix (plasmic fabric)
indicates that overall clay content within 1358B is low. While the
majority of the laminae are made up of finer matrix material, individual
skeleton grains can also be observed encased within the individual
laminae (Fig. 6B). The laminae along with some of the larger clasts
tend to dip across core and in some cases such as those in Fig. 8 the
dip can be as steep as 60°. This is not thought to be a primary deposition-
al feature. Passchier (2000) describes similar dipping bedding and
laminae in cores from Cape Roberts and interpreted this as evidence
of soft sediment deformation from slumping in an ice-distal fjord
environment. It is possible that the laminae at 1358B have undergone
similar post-depositional soft sediment deformation but the site of
U1358 is on the outer shelf and the laminated units occur both directly
below and above sediments deposited by grounded ice. Therefore, it is
more likely that the apparent dip of the laminae has been caused by
post-depositional glacitectonic effects due to the numerous glacial
cycles that would have overrun the area up until the Last Glacial
Maximum. Glacitectonism is a common feature of sediments deposited
on previously glaciated shelves and is caused by overriding ice
deforming underlying substrate (Lee and Phillips, 2013). It is likely
that the rare deformation structures in facies 1c probably relate to
post-depositional processes such as loading causing grain stacks
(Fig. 6A) or small-scale grain flows or slumping forming poorly
developed rotation structures and grain lineations although some
of these features could also be inherited. It should be noted that
while facies 1c includes features such as poorly developed rotation
structures, they are considerably different in appearance when
compared to the well developed rotation structures found in facies

1a or 1b (compare rotation structure in Fig. 6A from facies 1c with
rotation structure in Fig. 5A and B from facies 1b). In addition, facies
1c has no preferred fabric orientation in stark contrast to facies 1a
and 1b (Fig. 5D). The fact that both facies 1c and 1d are at least
partially laminated suggests that the disruption of these units by
processes such as iceberg scouring has not been significant (Barnes
and Lien, 1988; Linch et al., 2012).

Taking into account that changing lithofacies is likely to mean
changing depositional energy relating to position of the grounding
line (cf. McKay et al., 2009), it is tentatively suggested that while
both facies 1c and 1d were deposited distal to the grounding line, the
grounding line was closer to Site U1358 during the deposition of facies
1c in comparison to 1d. The stratification, water escape structures and
disruption to the laminae along with the coarser nature of facies 1c
may relate to meltwater plumes or the interaction of strong bottom
currents followed by small-scale grain flows as highlighted in Prydz Bay.

5.4. Facies interpretation of core 4R

Section 4R-CC, consists of unit 1 and shows evidence of subglacial
deformation and has been interpreted as facies 1a (Fig. 2). Deformation
would have occurred as ice moved over the substrate but also as
sediment was advected downstream (cf. Reinardy et al., 2011a,b).
It represents the oldest unit stratigraphically and records the first
grounded ice event in the record (Fig. 2). There is a strong directional
signal from the microfabric between 30° and 40° which would be
expected in a uniform tensional or compressional stress regime (Carr
and Rose, 2003). This is in contrast to the progressively changing grain
orientations observed in all the other ice contact units described within
core 4R and 3R that have both S1 and S2 fabrics. It is probable that the
evidence of the older S1 fabric has not been preserved. The core sections
are not orientated at Site U1358 so it is not possible to say whether
microfabric is parallel or transverse to ice flow direction, but in this
case it is suggested that they are more likely to be aligned transverse.
This is because grains aligned transverse to ice flow direction are
affected by a much higher total stress than those where grains are
aligned parallel to ice flow direction (Taylor Rotation versus Jeffery
Rotation, Carr and Rose, 2003). Because there is evidence of cracked
and fractured grains from thin section 4R CC 0/17 the higher stress
state is more probable (Fig. 4C). This would also explain why the S1
fabric has not survived. Fractured and cracked grains have previously
been shown to relate to brittle failure with subglacial shearing
(indicated by grain lineations) followed by sediment dilation
(Hiemstra and van der Meer, 1997). The uneven skeleton distribution
and circular structures indicate rotation of individual grains also caused
by shearing but this time within a ductile deforming sediment mass
(van der Meer and Menzies, 2011 and the references therein). The
presence of intraclasts (Fig. 4C) suggests ductile deformation but
water escape features that cross-cut the microfabric probably relate to
dewatering after dilation of the sediment as is commonly found in tills
(e.g. Reinardy et al., 2011a). It is important to note that even in cold
polar glacial regimes significant amounts of subglacial meltwater may
still be present (Lowe and Anderson, 2002; Belum and Benn, 2011;
Reinardy et al.,, 2013). The greyish or dark brown sediment that
makes up the intraclasts probably relates to reworked glacimarine
sediments (Fig. 4C). Reworking of underlying sediment and clastic
intrusions was observed within subglacially deformed units within
the AND-1B core (McKay et al., 2009). Grain stacking probably relates
to post-depositional loading of the sediment.

Following the initial advance of ice (unit 1), unit 2 is interpreted as
facies 1b and was deposited either as ice retreated from the site or
possibly related to another grounded ice event (Fig. 2). It is not possible
to say whether the bimodal fabric signal in unit 2 represents individual
deformation events or whether they are part of the same event within a
single deforming continuum. This is because, as mentioned above, even
during a single event, grains will initially orientate themselves parallel
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to the ice flow direction but continued stress causes smaller grains to
become orientated transverse to ice flow direction. Well developed
rotation structures with halos (Fig. 5B), intraclasts and water escape
structures all suggest ductile reworking along with lineations of
individual skeleton grains, which indicate shear. The subtle differ-
ence in the preservation of slightly more distinct ductile structures
compared to brittle microstructures indicates that final deformation
of the sediment may have been initiated by increased saturation
possibly as ice melted at the grounding line as grounded ice
retreated from the site (Table 1).

Unit 3 is partially laminated and has a very even skeleton grain
distribution indicative of open marine conditions rather than subglacial
deposition where clustering of skeleton grains commonly occurs (Carr,
2001; van der Meer and Menzies, 2011). Thus, unit 3 is interpreted as
facies 1c. The top of core section 4R-2 has been significantly disturbed
during recovery and it is not possible to make any firm interpretations
although it may be part of unit 4 above.

The base of core section 4R-1 (unit 4) is interpreted as facies 1b and
indicates the return of grounded ice (Fig. 2). At the base of the unit, thin
section 4R1 108/117 contains both circular structures and intraclasts
(Table 1) indicating flow and rotation of skeleton grains that probably
relate to subglacial deformation because they occur in close association
with cracked grains. Evidence of brittle deformation and shear is rare
which probably reflects limited preservation potential within a ground-
ing line proximal environment. Facies 1b in unit 4 was likely deposited
during retreat of grounded ice. Evidence for this is observed at the top of
the unit sampled in thin section 4R1 87/100 where zones of skeleton
grains with similarly orientated a-axes are related to subglacial defor-
mation but cross-cutting these zones are large water escape structures
that relate to deformational processes post initial subglacial modifica-
tion probably involving small-scale debris or gravity flows (Fig. 5D)
(Reinardy and Lukas, 2009). Indistinct discontinuous bedding at mm-
scale, dip at varying angles which may represent the base of small debris
flow units or thin slurry layers that can occur at the surface of mass
flow units (Phillips, 2006; Reinardy and Lukas, 2009). This type of
poorly developed stratification within diamictons has previously
been interpreted as debris flows that have partially sheared the tills
(Hiemstra et al., 2004).

Unit 5 is laminated and has been interpreted as facies 1c. The
laminae may have been disrupted during the deposition of unit 6 by
grounded ice directly above as discussed earlier. Fig. 6B shows the
partial disruption to an individual lamina to the left of the photomi-
crograph where the lower boundary of the lamina appears to be
partially amalgamated into the surrounding matrix. Additional
post-depositional or inherited features can be observed in thin
sections 4R1 60/75a and 4R1 60/75b where occasionally it is possible
to identify poorly or partially developed rotation structures and
isolated, variably orientated grain lineations (Fig. 6A). It is important
to note however that the laminae such as those shown in Fig. 6B
indicate that the deformational features mentioned above and shown
in Fig. 6A are unlikely to have formed in a subglacial environment.
The thin fissures that in some cases can be observed within and running
parallel to the laminae are related to desiccation during thin section
production (Palmer, 2005). While siliceous microfossils are rare and rel-
atively poorly preserved throughout core 4R, unit 5 does have a slightly
higher concentration than units directly above and below, which also
suggests open marine conditions during this period (Escutia et al.,
2011). Thin sections 4R1 60/75a and 4R1 60/75b both contain features
similar to grain stacks (Fig. 6A). Normally these features contain at
least five equally sized grains that are partially crushed or fractured
and are found in subglacial environments (Larsen et al., 2007). However
in our samples none of the grains show signs of fracturing and possibly
relate to loading rather than subglacial deformation. Loading may have
occurred during dewatering of the sediment that was clearly highly sat-
urated at one point (as would be expected in open marine conditions).
A bimodal grain-size distribution with enrichment in sand and some

sorting in this part of core 4R led Orejola et al. (2014) to interpret a
glacimarine depositional environment influenced by current activity.
The presence of S1 and S2 fabrics in unit 6 indicates a return to glacial
conditions during this part of the record and may also explain the dis-
ruption to laminated units below but this interpretation is tentative be-
cause of the disturbed nature of the unit.

5.5. Facies interpretation of core 3R

3R-3 is the most distinct section of both cores 4R and 3R. This is due
to prominent laminae in unit 8 which is interpreted as facies 1d (Fig. 8).
Units 7 and 9 were also deposited in open marine conditions and are
interpreted as facies 1c. Units 7 to 9 are similar to many glacimarine
units from other polar marine environments (Licht et al., 1999). Thin
sections 3R3 78/83 and 3R3 60/69 from unit 8 have no preferred fabric
orientation and core sections 3R3 and 3R2 have a unimodal grain-size
distribution that also indicates glacimarine deposition (Orejola et al.,
2014). It is also worth noting that a vast majority of skeleton grains
are subrounded (Fig. 8) in comparison to ice contact sediments
that tend to contain a greater variety of clast forms (Carr et al., 2006).
Sometimes the laminae are cross-cut by thin grey sediment. The origin
of these features is uncertain as they were not sampled in thin section
but they could be diagenic because while they cross-cut the laminae
there is no displacement (Fig. 8). There does not appear to be a change
in grain size within the grey layers either.

There is the possibility that the 9.5 cm thick unit 10 at the top of core
section 3R-3 represents a return to grounded ice conditions although
our interpretation of the unit as facies 1b is only tentative (Fig. 2). This
interpretation is based on thin section 3R3 0/9 that shows a fabric signal
in contrast to thin section 3R3 60/69 below from unit 8 that lacks any
directional signal. Thin section 3R3 0/9 also contains both rotation and
lineation structures (Table 1).

Section 3R-2 mainly consists of unit 11 interpreted as facies 1c
(Fig. 2). It is very probable that the disruption of this thick laminated
unit was caused when the site was overrun by grounded ice for a
significant period that is represented by subglacial units above. Unit
12 has been interpreted as facies 1a and marks the onset of subglacial
and grounding line proximal conditions that last throughout the
stratigraphically youngest part of our record. The smeared zones of
fine to medium sand may have been reworked from the open water
deposits below.

Section 3R-1 contains alternating facies 1a and 1b indicating
repeated grounding line proximal to grounded ice conditions over
the site when units 13 to 20 were deposited that either prevailed
during the entire period or where separated by grounding line
distal/open marine conditions but these units were not preserved
(Fig. 2). Both facies contained grain lineations (Figs. 4A to C and 6A),
intraclasts (Figs. 4C and 5A, C) and rotation structures. The differences
between rotation structures within facies 1a with “matrix coats” with
core grains (Fig. 4A) and facies 1b both with and without core grains
defined by “halos” (Fig. 5B) or occasionally both skeleton grains and
matrix coats surrounding a core grain (Fig. 5A) probably relate to differ-
ent levels of reworking experienced by both facies (Lea and Palmer,
2014). Their association with grain lineations (Figs. 4A, C and 5A)
probably represents the changing processes with which strain is
accommodated within sediment with varying porewater concentra-
tions (Phillips et al., 2011, 2012; Carr and Rose, 2003).

The interpretation of some of these alternating units is tentative
because although clast fabric was measured, it was not possible to
sample all the units in thin section. Units 14, 16, 18 and 20
interpreted as facies 1a clearly indicate grounded ice not only with
S1 and S2 fabrics (Fig. 7) but also due to the presence of cracked
grains (Fig. 4A, C) and necking structures (Fig. 4B) formed during
homogenisation of the sediment via subglacial deformation. This
homogenisation along with the unimodal grain size distribution for
core 3R (Orejola et al., 2014) is similar to subglacial tills cored in
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the Ross Sea (Anderson et al., 1980; Mosola and Anderson, 2006;
McKay et al., 2009). In units 13, 15, 17 and 19, haloes (Fig. 5B) as
well as other varying types of rotation structures (Fig. 5A), pressure
shadows (Fig. 5C), and water escape structures (Fig. 5D) are all present
and these units were interpreted as facies 1b (Table 1).

Open marine conditions may well have occurred between each
advance and retreat phase as indicated from the neighbouring Site
U1361 on the continental rise where significantly warmer conditions
occurred from 4.2 to 4.4 Ma at the beginning of the T. innura zone
(Cook et al., 2013), but reworking by grounded ice seems to have
removed this from the stratigraphic record in core section 3R-1.

5.6. Diatom analyses

No significant changes of diatom abundance and assemblage have
been observed in our samples between the different glacimarine and
subglacial units. This is not surprising since grounded ice will rework
the underlying marine or glacimarine sediments and therefore the
ability to interpret changes in environmental conditions downcore is
limited. This assertion is strengthened by the fact that weakly silicified
taxa were not observed at U1358; relatively stronger taxa dominate
and could explain the low diatom abundance throughout cores 3R and
4R. Even the rare occurrence of open marine diatoms in samples at
U1358 may have simply been eroded from interglacial sediments at
more coastal locations and transported by grounded ice out onto
the shelf as they are found within both glacimarine and subglacial
sediments recovered at Site U1358. The process of subglacial transport
may be one reason for the poor preservation but if the “open marine”
diatoms were deposited “in situ” in open water conditions then selected
dissolution or physical destruction could have occurred after deposition
to explain the poorly preserved assemblage. It should be noted however
that the low preservation of diatom assemblages in open marine units
was based on a qualitative analysis of 5 smear slides (Fig. 2) and a
more detailed study is currently being prepared to produce a more
reliable estimation of diatom concentration (Iwai et al,, 2014).

Diatom assemblages suggest that all diatoms found in the samples
analysed can be placed into Subzone B of the T. innura Zone of the
lower Pliocene that ranges from 4.2 to 5.12 Ma. Top and bottom of
this subzone are defined by the first occurrence (FO) of Fragiraliopsis
barronii (4.40 Ma, Cody et al., 2008; Iwai and Kobayashi, unpublished
data from Site U1361) and the FO/first common occurrence (FCO) of
Thalassiosira complicata (5.12 Ma, Winter and Iwai, 2002; Iwai and
Kobayashi, unpublished data from Site U1361). Thus, all 10 samples
from core sections 3R-1 through 4R-CC are biostratigraphically equiva-
lent to those from Package 2 on the Antarctic Peninsula (Bart and Iwai,
2012). The early Pliocene age confirms previous interpretations made
by Escutia et al. (2011) and Orejola et al. (2014).

Diatoms at Site U1358 are not indicative of the sea ice conditions
because sea ice diatoms generally have weakly silicified frustules
and may be destroyed during deposition, recycling and compaction
processes. Only very low concentrations of these species of diatom
remain such as Eucampia antarctica. Species such as Rhizosolenia spp.;
Shionodicus oestrupii; Thalassionema nitzschiode and Thalassiothrix
antarctica represent a range of conditions from ice-tolerant open
ocean species to warmer ocean species. Shionodiscus oestrupii and
T. nitzschiodes have been linked to warm open ocean conditions in the
modern Southern Ocean and North Atlantic and to warmer-than-
present Pliocene conditions in the Ross Sea and Prydz Bay and the
neighbouring Site U1361 (Cook et al., 2013 and the references therein).

Overall, the diatom assemblage at Site U1358 is very similar to that
found in the Pliocene section of Site U1361 (although concentrations
are much lower at Site U1358). For Site U1361, Cook et al. (2013)
note that several extant diatom species with well-constrained modern
ecological preferences indicate a high productivity environment with
minimal summer/spring sea ice, and warmer-than-present ocean tem-
peratures throughout the Pliocene. They continue that superimposed
upon a baseline of warmer-than-present temperatures are intervals of
high primary productivity recorded by the presence of diatom-rich
sediments and that the significant differences between Pliocene and
modern diatom assemblages at Site U1361 demonstrate major differ-
ences in environmental conditions during the Pliocene relative to
today, most likely associated with warmer sea surface temperatures.

6. Discussion
6.1. Correlation of depositional events to other Antarctic records

Cores 3R and 4R span an age range from 4.2 to 5.12 Ma (Fig. 3). This
age model can be refined by comparing results to the neighbouring
continental rise Site U1361 (Fig. 9). Peaks in Si/Al, Ca/Al and Ba/Al ratios
at U1361 all indicate high ocean productivity (Cook et al,, 2013). A dis-
tinct prolonged peak in all three ratios occurs between 4.45 and 4.38 Ma
and likely corresponds with the prolonged open marine conditions
represented by units 7 to 11. It is during this peak at Site U1361 that
Cook et al. (2013) suggest retreat of the ice margin several hundred
kilometres inland of the current coastline based on the provenance
of fine-grained detrital sediments. Several other Antarctic sites also in-
dicate ice retreat. In Prydz Bay, the Sersdal Formation was deposited
in a coastal embayment in <25 m of water between 4.1 and 4.5 Ma
(Harwood et al., 2000). During this time, SST were >1.6 °C warmer
than today and the presence of aeolian material indicates that the
ice-sheet margin was at least 50 km inland of its current position
(McKelvey et al., 2001). At ODP Site 1165 there is an increase in
dictyocha indicating SST in excess of 5 °C warmer than present between
4.3 and 4.4 Ma (Whitehead and Bohaty, 2003) and summer SST > 5 °C
around 4 Ma (Escutia et al., 2009). At the AND-B site a thick (90 m)
diatomite layer at around 4.4 Ma indicates open water conditions and
the models suggest a collapse of the WAIS (Naish et al., 2009; Pollard
and DeConto, 2009).

Based on the correlation of units 7 to 11 with the pronounced peak
in warming at Site U1361, the grounded ice events represented in
units 13 to 20 would then be younger than 4.38 Ma (Fig. 9). There is
not much evidence for cooler conditions around this time although
ODP Site 1097 on the Antarctic Peninsula contained subglacial deposits
extending throughout the later part of the T. innura timespan (Bart and
Iwai, 2012).

Core 4R has two distinct units (3 and 5) that were deposited in open
marine conditions and these units are correlated to two distinct warm
events at Site U1361 (Fig. 9). The first probably took place at approxi-
mately 4.58 Ma which also correlates to diatomite layers from AND-1B
indicating warm open water conditions but it could also relate to a
smaller warm event around 4.88 Ma. The second period of open marine
conditions took place between 5.05 and 5 Ma, which also correlates to a
period of high productivity at Site U1361. Thus there must have been an
advance of ice represented by unit 6 between about 4.58 and 4.45 Ma.
Earlier ice advance between the two warm peaks (unit 4) correlates
with cooler conditions at Prydz Bay around 4.95 to 5 Ma but is not
long lasting as warm condition prevails by 5 Ma at Site U1361. There

Fig. 9. Correlation of the depositional events interpreted from U1358 with the neighbouring rise Site U1361. The dashed lines correlate open marine conditions at U1358 to
periods with increased ratios of eNd and 37Sr/%6Sr (light blue bars) characteristic of sediments deposited during periods of Pliocene warmth and Si/Al; Ca/Al and Ba/Al with
higher productivity at U1361 as outlined by Cook et al. (2013). Also included is the magnetostratigraphic control used by Cook et al. (2013). Periods of warmer SST set out by
Bohaty and Harwood (1998) and Escutia et al. (2009) are also included (light and dark green bars). Dark blue bars indicate periods when WAIS is thought to have collapsed
and diatomite layers were deposited at the AND-1B site (McKay et al., 2009) and the global 5'0 curve of Lisiecki and Raymo (2005).
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Fig. 10. A to E) Schematic diagram of the facies type deposited at Site U1358 (indicated by arrow) during one grounded ice advance from the inner shelf to the outer shelf (see text

for explanation).

does not seem to be any clear correlation with the stratigraphically
oldest ice advance (unit 1) which must have occurred before 5.05 Ma.

It is not possible to interpret the length of transition from grounded
ice to open marine conditions and vice versa and if these transitions
were all of similar length. However, proxies from U1361 indicate that
peaks in productivity and SST happened relatively rapidly (Cook et al.,
2013) so it is probable that the transition from grounded ice to open
marine conditions could have occurred relatively rapidly too. At the
AND-1B site the transition from till (subglacial) to diatomite (open
marine) can sometimes be represented by only 1 m of material
(McKay et al., 2009) thus preservation of such transitional units at
Site U1358 may be negligible.

This study shows for the first time direct evidence of both open
marine and grounded ice conditions on the shelf offshore from the
Wilkes Subglacial Basin during the early Pliocene (between 4.2 and
5.12 Ma). Our study confirms previous interpretations from the
neighbouring rise Site U1361, suggesting a dynamic EAIS with the ice
margin repeatedly retreating and advancing during this period. From
seismic data, Bart (2001) had previously suggested at least one advance

of the EAIS to the outer shelf in Prydz Bay during the early Pliocene and
Bart and Iwai (2012) note that there were at least nine outer shelf
grounding events of the Antarctic Peninsula Ice Sheet during the
T. innura sub-zone B time frame. The preserved record shows that
Antarctic Peninsula Ice Sheet advances in the preceding T. innura sub-
zone A were even more frequent. It is very probable that not all the
advances and retreats of the grounding line between 4.2 and 5.12 Ma
have been preserved within cores 3R and 4R but our results do indicate
dynamic ice sheet behaviour throughout the period. It is not surprising
that more grounded/ice proximal units were recovered in comparison
to open marine/ice distal units, this simply relates to lower preservation
potential of interglacial deposits on the shelf during successive glacial
advances. Even the most recent interglacial is sometimes not recovered
from the shelf (Escutia et al., 2003).

In contrast to the initial studies of Site U1358, this study shows at
least four distinct grounding line advances and three periods when
the grounding line was distal to Site U1358 (Fig. 9). Similar fluctuations
in SST proxies and supply of terrigenous material within the early
Pliocene are observed from cores from the Wilkes Land continental
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rise at Site U1361, Prydz Bay, AND-1B and the Antarctic Peninsula
suggesting that it is less likely that facies 1a and 1b represent just
localised ice advance in the form of palaeo-ice streams advancing within
cross-shelf troughs to the shelf edge.

6.2. Significance of laminated units

Units 3, 5, 7 to 9 and 11 are all laminated or partially laminated
(Figs. 2 and 8). There are several mechanisms by which the laminae
may have formed in an open marine shelf environment. Recent studies
have shown that it is even possible for subglacial sediment to contain
laminae relating to pressurised water flow (Phillips et al., 2012) but
the supporting micromorphological data all indicate deposition in an
open marine environment. In particular, the laminae are preserved
even at a micro-scale (Fig. 6B). The laminated sequences lack the grad-
ing, sharp contacts and rhythmic nature of laminated units deposited
ice proximally (O Cofaigh and Dowdeswell, 2001). They also lack
microstructures such as sheath folds, augen-shapes, normal faults,
reverse/thrust faults, partially destroyed clasts, dropstones and realigned
bedding that would indicate significant modification by iceberg scouring
(Linch, 2010; Linch et al., 2012) although some localised shears indicated
by grain lineations were present but are probably post-depositional.
There is also a lack of evidence of heterogeneous coarser grained materi-
al in facies 1c and 1d that would be expected with significant iceberg
rafting in a proximal grounding line environment. It should be noted
that while Orejola et al. (2014) did not interpret the laminae as a primary
glacitectonic features we suggest that the apparent dip of the laminae is
a post-depositional glacitectonic effect rather than caused by iceberg
scouring as they suggest. Some of the larger clasts in facies 1c and 1d
are clearly ice-rafted debris but sand enrichment and sorting in core 4R
would suggest that deposition is mainly dependent on winnowing
from currents rather than ice-rafted supply (Denis et al., 2009; Orejola
et al., 2014). Cook et al. (2013) also noted that for the neighbouring
Site U1361 some post-depositional winnowing of fine-grained sediment
components during warmer intervals may have taken place. The lami-
nated units are interpreted as mainly relating to ocean current processes
but may also contain small amounts of ice-rafted material with limited
iceberg scouring which would have further disrupted the fine laminae
(Domack, 1982, 1988; McMullen et al., 2006).

6.3. Dynamics of the grounding line

The identification and interpretation of the depositional process that
produced the different facies observed within cores 3R and 4R provide
the first evidence of grounded ice migration on this part of the East
Antarctic margin. When the grounding line was situated on the inner
shelf or landward of the inner shelf, deposition of the laminated facies
1d would have occurred at Site U1358 (Fig. 10A). When the grounding
line started advancing onto the shelf, these laminated units would
become partially disrupted with a comparatively higher energy deposi-
tional environment at U1358 including deposition of coarser material
some of which may have been ice-rafted or transported via melt-
water plumes. During this period facies 1c would be deposited at
U1358 (Fig. 10B). As the grounding line continued to advance onto the
outer shelf, facies 1b would have been deposited at U1358 with ground-
ing line proximal processes such as reworking of till and debris flows
occurring (Fig. 10C) but also the initiation of subglacial deformation as
grounded ice passed over the site (Fig. 10D). With the grounding line
situated on the outer shelf, sediments would have undergone significant
homogenisation within a deforming continuum represented by facies
1a at U1358 (Fig. 10E). The same process in reverse could have taken
place as the grounding line retreated back across the shelf.

A major question that still remains is how far inland did the ground-
ing line retreat during periods of open marine conditions at Site U1358
(Fig. 10A). It is suggested that the grounding line would have had to be
atleast as distal as it is today, i.e. along the present coast line to allow the

suspension settling of the fine grained sediments, however it may have
retreated much further inland. Cook et al. (2013) note that a lack of
geological and geophysical data in the region connecting the coastal
areas at the mouth of the Wilkes Subglacial Basin with the main central
inland part of the basin inhibits a precise estimate on how far the ice
margin may have retreated inland. Certainly the area of the present
day coast line is elevated in comparison to both on-shore and off-
shore basins and would act as a natural pinning point for the grounding
line (Fig. 1) (e.g. Greenwood et al., 2012). However, Mengel and
Levermann's (2014) ice sheet model suggests that with removal of
this coastal ice or “ice plug” would lead to rapid discharge of ice from
the entire Wilkes Basin. Based on their provenance study, Cook et al.
(2013) believe that the ice must have retreated into the central portion
of the Wilkes Subglacial Basin. It is interesting to note that conversely,
based on one sample taken from core section 3R1 when the grounding
line was on the outer shelf, neodymium isotopic provenance indicates
that sediments were supplied from the Adélie Craton i.e. the coastal
area rather than the Wilkes Subglacial Basin which may have only
been the source of the sediment as the grounding line retreated back
towards the inner shelf (Cook, unpublished data).

One important factor that may have varied in early Pliocene times
compared to later ice advances and retreats during the Pleistocene is
the basal thermal regime. Palaeo-ice streams flowing though cross-
shelf troughs will have always been warm-based but inter-ice stream
areas such as the Mertz Bank were almost certainly overlain by cold-
based ice or at very least slow moving ice during cold polar conditions
such as the LGM (Eittreim et al., 1995; Reinardy et al., 2011a,b; Klages
et al., 2013). The circular depressions described by Barnes (1987) on
the Mertz Bank are probably hill-hole pairs that document slow flow
of cold-based ice during the LGM, strongly-coupled to its bed (Klages
et al,, 2013). Regionally, this may have stabilised the grounding line to
some extent (Joughin et al., 2003; Whillans and van der Veen, 2001;
Whillans et al.,, 2001; Presti et al., 2005; van der Veen et al., 2007).
With the elevated SST of the early Pliocene these inter-stream ridges,
which may have migrated over time (Eittreim et al., 1995; Escutia
et al,, 2003), along with the grounding line, may have been far less
stable (cf.Jenkins et al., 2010) allowing considerable retreat of ice inland
as suggested by Cook et al. (2013).

The data presented here provide conclusive evidence for ice retreat
and advance and hence support the interpretations made from the
rise site as well as from ice sheet models. Thus, it is now possible to
show that the EAIS was a dynamic ice sheet during the early Pliocene
that was probably far more sensitive to climatic and oceanic forcing
even during relatively short time periods than had previously
been thought. It also has important implications for the future
behaviour and sensitivity of the EAIS under present continuing
warming conditions.

7. Conclusions

The analysis of the diatom assemblage from Site U1358 has greatly
improved the chronological framework of the lower part of core
1358B section 3R and 4R. The assemblage dated back to the T. innura
Zone of the lower Pliocene that ranges from 4.2 to 5.12 Ma. Based on
the identification and interpretation of four facies types, this study
correlates the three periods of prolonged open marine conditions
represented by the laminated facies 1c and 1d with periods of elevated
productivity and sea surface temperatures from the neighbouring rise
Site U1361. Between these periods of open marine conditions on the
shelf, grounded ice extended to the shelf edge represented by facies
1a and 1b which both contain evidence of subglacial deformation. It ap-
pears that grounded ice advanced onto the shelf around 5.1 Ma (Fig. 9).
The longevity of this event is unclear as it forms the lowermost unit in
core section 4R-CC and may extend back to earlier times. Following
this there was open marine conditions at around 5.05 to 5 Ma followed
by an ice advance at between 5 and 4.58 Ma. A second period of open
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marine conditions occurred around 4.58 Ma with grounded ice
returning relatively soon after this but definitely before 4.45 Ma. A
prolonged period of open marine conditions then persisted from 4.45
to 4.38 Ma. Assuming that the top of core 3R-1 represents the beginning
of Subzone B of T. innura then ice proximal conditions dominated from
4.38 to 4.2 Ma. Thus, this study shows that proxies from the deep ocean
and continental rise used to indicate a dynamic ice sheet with advance
and retreat of the grounding line can also be linked with the direct evi-
dence of these fluctuations from the shelf. Together, this evidence pro-
vides important constraints on new ice sheet models from the region.
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