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Our understanding of the response of the Antarctic ice sheet to climate and ocean changes requires the
improvement of current ice-atmosphere-ocean models and the accurate determination of boundary conditions
such as ice thickness and extent at key time intervals, so that satellite gravity observations and isostatic models
can be adjusted. However, large portions of the Antarctic margin remain understudied or lack suitable data. One
key area where data are lacking, is the Sabrina Coast portion of the East Antarctic Ice Sheet (EAIS) margin where
the Totten Glacier, which has the largest ice discharge in East Antarctica, is accelerating, thinning and loosing
mass at high rates. In this work, we present the results of the first geological and geophysical marine survey to
the continental shelf offshore of the Dalton Ice Tongue andMoscowUniversity ice shelf, east of the Totten Glacier.
The data presented include multibeam swath bathymetry and multichannel seismic, focusing on the sea
floor morphology and sedimentary section above a regional angular unconformity separating pre- and
post-Miocene glacial strata. Sea floor scouring and iceberg keel marks on the outer shelf, associated with
gullies on the upper slope indicate that ice expanded in the past and grounded ~5 km from the shelf edge
at ~450–500 mbsl, extending ~155 km north of the current Moscow University Ice Shelf. A nearly 1000 m deep
area in the inner-middle shelf, oriented NW with paleo-ice flow direction indicated by mega scale glacial
lineations (MSGL) and drumlins, is interpreted as a cross shelf glacial trough. A series of geomorphic associations
on the north-eastern side of the glacial trough includes glacial lobes, grounding zone wedges (GZW), glacial
lineations and transverse ridges, which indicates slower ice, grounding line stabilization and collapse. These
geomorphic associations are organized in 4 four sets representing different past ice-flowconfigurations reflecting
changes in ice flow direction, grounding line position, location of fast and slow ice areas, and retreat pattern.
Someof the geomorphic features identified are compatiblewith the presence of an organized subglacial drainage,
and others are with rapid grounding line collapse. A well-preserved series of GZWs occurring at different water
depths implies they were formed during different glacial stages or cycles. The inferred diminishing ice thickness
for consecutives GZWs indicates that themargin of the Antarctic ice sheet evolved to a less extensive coverage of
the continental shelf through successive glacial stages or cycles.
The identification of different ice flow configurations, evidence of subglacial water and past ice margin collapse
indicates a dynamic ice sheet margin with varying glacial conditions and retreat modes. We observe that some
of the described morphological associations are similar to those found in the Amundsen sea sector of the West
Antarctic Ice Sheet (WAIS) where they are associated with ice sheet and ice stream collapse. Although further
studies are needed to assess the precise timing and rates of the glacial processes involved, we conclude that
there is enough evidence to support the hypothesis that the EAIS margin can behave as dynamically as the
WAIS margin, especially during glacial retreat and icesheet margin collapse.
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1. Introduction
The East Antarctic Ice Sheet (EAIS) contains ~53 m of sea level
equivalent ice volume, ~19 m of which is grounded below sea level
and thus susceptible tomass loss processes related to ice-ocean interac-
tions such as termini and basal-ice melting, calving, and sea level rise,
which can result in ice sheet instability and grounding line retreat
(Lythe et al., 2001; Golledge et al., 2015; Fretwell et al., 2012; DeConto
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and Pollard, 2016). Despite its potential to influence global sea level, the
exact magnitude, rate, and timing of the EAIS response to past and cur-
rent atmospheric and oceanic changes remain uncertain (Gulick et al.,
2017). In particular, the sign and trend of the EAIS mass balance is still
a matter of debate owing to the difficulty of estimating the net mass
change in the continental interior, the feedbacks between ice flow and
ice-bed conditions and the complex ice flow dynamics and mass loss
processes at the margin of the ice sheet (e.g., Hanna et al., 2013; Ivins
et al., 2013; Zwally et al., 2015; Lenaerts et al., 2016). Some estimates in-
dicate that ocean-heat driven basal melt under ice shelves and cavities
of the EIAS accounts for almost half of the current mass loss rate, the
rest corresponding mostly to calving (e.g., Rignot et al., 2013; Rintoul
et al., 2016). However, recent observations (Lenaerts et al., 2016) and
analysis of the last decade of aerial photographs and satellite data
(Kingslake et al., 2017) indicate that the margin of the EAIS is also sen-
sitive to rising atmospheric temperatures, which could lead to wide-
spread ice shelf instability and breakup. The eventual breakup of ice
shelves in the EAIS could subsequently lead to an increase in ice flux
to the termini as observed after the breakup of Larsen A and B ice
shelves (Rott et al., 2002; Rignot et al., 2004; Scambos et al., 2004),
which would add to the current rates of ice mass loss and sea level rise.

Improvement of integrated ice sheet and climate models requires
the accurate determination of boundary conditions such as ice thickness
and extent at key time intervals so that satellite gravity observations
and isostatic models can be adjusted (Hanna et al., 2013; Mackintosh
et al., 2014). One such time interval is the termination of the last glacial
cycle when global temperatures and sea level rose rapidly while the
Antarctic Ice Sheet retreated from the continental shelf (RAISED,
2014). However, two major challenges to overcome are that large
portions of the Antarctic margin remain understudied or lack suitable
data (e.g., Mackintosh et al., 2014). One key area where data are lacking
is the Sabrina Coast portion of the EAISmargin (Mackintosh et al., 2014)
where the Totten Glacier, which has the largest ice discharge in
East Antarctica, is accelerating and thinning (Li et al., 2016).

The stability and likelihood of collapse of the Antarctic Ice Sheet gla-
ciers strongly depends on the ice-bed coupling near the grounding line,
which controls the thickness and floatability of the ice sheet margin
(Pingree et al., 2011). In the few areas that have been studied along
the East Antarctic margin, the inner shelf is characterized by a deep rug-
ged sea floor, believed to be mostly bedrock, which transitions to a
smoother and shallower sedimentary substrate, forming a landward-
sloping continental shelf (Leventer et al., 2006; Beaman et al., 2011;
Mackintosh et al., 2011; O'Brien et al., 2016). This configuration of the
continental shelf implies that during glacial times, the margin of the
EAIS would have flowed on a bed of changing downstream conditions,
including decreasing rugosity, basal drag, and depth. This sea floor con-
figuration is observed in other regions of theAntarcticmargin, such as in
the continental shelf areas of the Western Antarctic Ice Sheet (WAIS)
(e.g., Evans et al., 2006; Jakobsson et al., 2011) and the Antarctic
Peninsula Ice Sheet (APIS) (e.g., Wellner et al., 2006; Lavoie et al.,
2015); however, currently data are insufficient to estimate its
prevalence for the EAIS.

Subglacial water may play a critical role dictating basal boundary
conditions during advances onto and/or retreats from the continental
shelf (Lowe and Anderson, 2003; Graham et al., 2009; Smith et al.,
2009; Nitsche et al., 2013; Witus et al., 2014). Geophysical surveys of
interior and coastal Antarctica reveal complex subglacial hydrologic
systems in some East Antarctic locations (Wingham et al., 2006;
Young et al., 2011; Wright et al., 2012; Aitken et al., 2014, 2016).
However, direct evidence linking past and present subglacial hydrologic
changes and ice dynamics is sparse (Stearns et al., 2008; Young et al.,
2011; Siegfried et al., 2016). Whether or not subglacial water might
play a role influencing ice dynamics in East Antarctic marginal environ-
ments is still unknown, but the general concern about the stability of the
Antarctic ice sheet under current conditions of a changing climate and
ocean requires that this possibility be investigated.
Here we present the results of the first geological and geophysical
marine survey (NBP1402) to the inner and middle continental shelf
offshore of the Dalton Ice Tongue and Moscow University ice shelf,
east of the Totten Glacier (Fig. 1). The data presented includemultibeam
swath bathymetry and multichannel seismic, focusing on the sea floor
morphology and sedimentary section above a regional angular uncon-
formity separating a sequence of dipping strata that include preglacial
through late Miocene stratified rocks with internal erosional features
consistent with bed erosion under polythermal-glacial conditions and
late Miocene to recent strata with internal seismic architecture consis-
tent with polar-glacial conditions; the description and interpretation
of the seismic section below this unconformity are presented in Gulick
et al. (2017). This area is of special interest since the Totten Glacier is
experiencing the largest ice mass loss rate in East Antarctica today
(Chen et al., 2009; Rignot et al., 2009; Pritchard et al., 2012), and the
area is seaward of the large Aurora Subglacial Basin where a complex
subglacial hydrological system has been identified, including numerous
subglacial lakes (Siegert et al., 2005; Young et al., 2011; Wright et al.,
2012; Aitken et al., 2016). We describe a complex of seafloor features
on the continental shelf that provide evidence that the sea floor was
modified in the past by glacial processes, although this region is
presently free of grounded glacial ice. In addition, these features indicate
that in the past, different ice flow configurations and variable ice
dynamics characterized the evolution of the paleomargin of the EAIS
in our study area. Specifically, we discuss evidence of glacial erosion
and deposition, of periods of fast ice flow and grounding line stabiliza-
tion, of subglacialwater, and of ice streamand ice sheet collapse. Our in-
terpretations build upon the knowledge of similar geomorphic features
described elsewhere in Antarctica and other glaciated regions and
provide the first evidence of dynamic changes occurring in the margin
of this sector of the EAIS.

2. Methods

Bathymetry and seismic datawere collected as part of the 2014 RVIB
Nathaniel B. Palmer (NBP) marine geology and geophysics cruise
NBP1402 in the Dalton Ice Tongue polynya, just east of the Totten
Glacier terminus and north of the Moscow University Ice Shelf (MUIS;
Fig. 1). Swath mapping was conducted using the RV/IB N.B. Palmer's
hull-mounted Simrad EM120 multibeam sonar system, which consists
of 120 beams that use a 12 kHz source. Post-cruise, data were processed
using Caris and Fledermaus software. Artifacts and bad pings were
edited and gridded three-dimensional bathymetry data sets produced
for geomorphological analysis. Gridded bathymetry datawere imported
into ArcMap 10.2.2 to map geomorphological features and to calculate
magnitude of slopes, slope direction, and bathymetric profiles. Subsets
of bathymetry data were stacked for statistical analyses using a Matlab
code written by the authors to analyze gridded bathymetry data and
to produce descriptive statistics and profiles. The interpretation of sea
floor features was done by comparison with similar features described
elsewhere in Antarctica and with the identification of associations of
features, cross and cut relationships, and the simple assumption that
deeper glacial features correspond to thicker ice conditions,which is ex-
pected for marginal areas of marine ice sheets. Multichannel seismic
(MCS) data were acquired with dual generator–injector (GI) air guns
and a 100 m-long gel-filled streamer (75 m active) with 24 channels
with a spacing of 3.125 m. The true positioning of the guns and the
streamer was obtained by correcting the ship GPS data with their
relative position in respect to the receiver antenna and by a simple
geometry model for the streamer using a proprietary Matlab code. The
MCS data processing included prestack bandpass filtering and spherical
divergence correction, deconvolution of the resulting signal to isolate
the earth response (predictive, effective source wavelet and/or Hilbert
transform deconvolution), trace balancing, normal moveout correction,
stacking and dipmoveout, andmigration in the frequency-wavenumber
domain. The final processed sections were visualized and studied
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in Landmark software. The seismic data were used to support the
morphological analyses and to provide additional constraints on past
glacier behavior.
3. Results

3.1. Outer shelf

The shelf break was mapped in a small area ~155 km north of
the Moscow-University Ice Shelf (MUIS) and occurs at water depths
~450–500 m and about 5–7 km north from where it appears to be
located in the BEDMAP2 model (BEDMAP2; Fretwell et al., 2013;
Fig. 2). We note that for water depths N~900 m in the middle and
outer shelf, the BEDMAP2 modelled bathymetry (Fretwell et al., 2013)
generally agrees with our multibeam bathymetry; but the fit is rela-
tively poor for shallower depths (S01). A change in slope from steeply
seaward to slightly landward occurs at 430–480 m water depth and
about 5 km south of the shelf break in an area characterized by iceberg
furrows and an asymmetric promontory with the steepest slope facing
landward (Fig. 2). The upper continental slope is characterized by
V-shaped gullies with ~40–60 m of relief (Fig. 2), which were mapped
for about 30 km.
3.2. Middle shelf

Geomorphic evidence supporting the past existence of grounded ice
on the continental shelf comes from the middle and inner shelf areas
(Fig. 1). We identified a sharp geomorphological transition from a
rugged and deeply incised sea floor in the southern parts of the
study area toward a streamlined, smoother, and shallower sea floor,
occurring ~80–100 km north from the current coastline (Fig. 3). This
transition follows a NNE direction, parallel to the coastline and to a
promontory that runs roughly parallel to the ice sheet grounding line
according to the BEDMAP 2 model (S01; Fretwell et al., 2013). We
define the inner-middle shelf boundary as this geomorphological tran-
sition between rugged and smooth/streamlined sea floor (Figs. 1, 3),
which corresponds, according to our seismic imaging, to the limit
between bedrock- (inner shelf) and sediment-dominated seafloor
(middle shelf).

Seismic data show that the observed sea floor features that
characterize themiddle shelf are constructed or shapedwithin a sed-
imentary sequence that overlies the erosional unconformity and
stratified seaward-dipping strata that represent prepolar ice sheet
Meso-Cenozoic sediment accumulation in the Antarctic margin
(Fig. 4; Gulick et al., 2017). The thickness of the unit above the
unconformity is highly variable but locally can reach up to 100 m

Image of Fig. 1
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or more in themost ice proximal areas and is directly correlated with
the relief of the morphological elements observed on the seafloor;
seismic images show that this unit is largely composed of chaotic
or transparent facies separated by irregular and isolated reflectors
(Fig. 4). In the following sections we describe the most conspicuous
sea floor features.

3.2.1. The deep streamlined middle shelf seafloor

3.2.1.1. Megascale glacial lineations and drumlins. On the deepest parts of
the middle shelf, the sea floor morphology is characterized by several
types of streamlined bedforms. Seaward from the rugged bedrock
area, a series of approximately north-south ridges and grooves
with amplitudes varying between 5 and 25 m and crest-to-crest
spacing ~300–400 m was mapped (Fig. 3). Although we have limited
coverage of the shelf, the existence of parallel ridges with consistent
strike across different bathymetry swaths suggests that they continue
for at least ~10 km, implying elongations N25:1. The geometry of these
ridges (amplitude, spacing, elongation ratio) and general appearance
is consistent with mega-scale glacial lineations (MSGL) described else-
where on the Antarctic margin (e.g., Antarctic Peninsula, Amundsen
Sea) where they are associated with fast ice flow (Heroy and Anderson,
2005; Wellner et al., 2006; Ó Cofaigh et al., 2007; Graham et al., 2009)
and will be referred as such (MSGL; Fig. 3). The MSGLs initiate in an
area dominated by drumlins (drumlins field), which occur where the
transition from bedrock- to sediment-dominated seafloor was mapped
(Figs. 3, 5). The drumlinsfield occupies a narrow (b10 km) and elongated
band (N60 km) where seismic images show that at least part of the
drumlins are constructed around a bedrock core (Fig. 4). Maximum
drumlin height is 10–40 m, but locally the relief is augmented by the
prolongation of channels from the bedrock-dominated sea floor area so
that ridge-to-groove height can reach up to 80 m. Because drumlins
transition into MSGLs, length and elongation ratios are difficult to
estimate for most of them; but in a subset where they can be traced,
values are commonly 2–4 km and 5:1 to 10:1 respectively, well within
the range for similar features observed on continental shelf areas of
West Antarctica (e.g., Wellner et al., 2006; Clark et al., 2009; Spagnolo
et al., 2011; Maclachlan and Eyles, 2013).

3.2.1.2. Glacial lobes. Superimposed on the MSGLs is a distinctive
bedform complex 22 km wide and at least 30 km long, found below
600 m of water depth (Fig. 3). This bedform complex consists of a
stacked set of ~N10E oriented lobes (LO1 through LO8; Fig. 3) with
roughly parabolic shapes that appear to have cross-cutting relationships
in plane view (Fig. 3) and stepwise boundaries in sectional view (Fig. 5).
We refer to the individual features as glacial lobes and to the whole
group of lobes as a glacial lobes complex. Seismic images show
that the glacial lobes complex consists of a stack of seismically transpar-
ent or chaotic and partially stratified units separated by erosional
unconformities (Fig. 4). Units lower in the stratigraphic sequence
have an aggradational geometry, while those higher in the sequence
reveal a progradational geometry with reflectors from upper units
downlapping onto top reflectors from lower units (Fig. 4). The internal
seismic architecture and morphological relationships between units
enables us to establish their relative age, with the shallowest, smallest,
and southernmost unit being the youngest and with the deepest,
partially visible unit being the oldest (Fig. 3).

The geometry of the glacial lobes is better observed on their down-
stream side where they show distinctive b10–30 m stepwise and
arcuate borders (Figs. 3, 5). The upstream side of the glacial lobes
complex coincides with the initiation of the MSGLs and the drumlins
field just north of where the rugged bedrock dominates the sea floor
(Figs. 1, 3). The apparent surface of the lobes is characterized by glacial
lineations formed by elongated ridges and grooves, generally 1–5 m

Image of Fig. 2


Fig. 3. Bathymetry of the inner shelf (rugged SE part; red-purple to green colors) and deeper middle shelf areas (NW part; deep blue and light green colors) indicating the main
geomorphological features. White arrows indicate the inferred ice flow direction based on the orientation of glacial lineations. Red lines show the location of the seismic lines shown
in Fig. 4. Black lines show the boundary of glacial lobes (Section 4.2) and are labeled LO01 - LO08 from deeper to shallower in the sedimentary section.
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high and 100–300 m spacing, with slightly eastward bends in the
downstream direction and better preservation on the upper/younger
lobes (Fig. 5). On the top glacial lobe (LO8; Fig. 3), a set of glacial
lineations has a peculiar appearance, showing positive relief (b5 m
high), bifurcation, and shape changes along their length (Fig. 5).

The nature of the contact between the underlying MSGLs and the
glacial lobe complex (i.e. whether or not it is erosive or concordant)
was not completely resolved, but the fact that the seismic data show
several erosional unconformities within this complex suggest that the
glacial lobes were constructed by at least partially eroding the MSGLs.
The following observations indicate that the glacial lobes complex was
constructed subsequent to and under different glacial conditions than
the MSGL. Glacial lineations on the surface of the glacial lobes are
oblique to the main MSGLs direction. Some drumlins immediately
south of LO8 (Figs. 3, 5) obliquely overprint larger ones and are parallel
to the glacial lineations on LO8 (Fig. 5). Hence, we infer that ice flow di-
rection during the formation of LO8 (Fig. 5) was oblique to the direction
of ice flow when the older drumlins and MSGL were being formed.

3.2.2. The shallow middle shelf
The most conspicuous morphological feature in the shallow middle

shelf area, which extends northeast of the glacial lobe complex at
water depths ~270–540 m, corresponds to a set of seven elongated
and arcuate NE-ENE wedges that are oblique or nearly perpendicular
to theMSGLs (Figs. 4, 6). Thewedges are asymmetrical with the steeper
slopes to the NW, which is roughly the downstream direction of
the MSGLs. Seismic data show that these wedges are constructed
above the regional erosional unconformity that separate the Mesozoic-
Cenozoic strata from the younger glacial sedimentary sequence (Fig. 4).
The internal architecture shows progradational geometries near the
downstream side, while the top (gentler slope face) is characterized
by aggradational reflectors over mostly chaotic or transparent seismic
facies (Fig. 4). Based on their morphology and similarity with features
described elsewhere (e.g., Batchelor and Dowdeswell, 2015),
we interpret these arcuate, asymmetrical features as grounding
zone wedges (GZWs) and identify them as GZW01 through GZW07
(Fig. 6) representing periods of stable grounding line positions.

The deeper GZWs (GZW01, GZW02, and GZW03; Figs. 4, 6) are
laterally discontinuous and show indications of erosion and disintegra-
tion. GZW01 and GZW02 extend for only ~16 km, which is about half
the length of GZW04 to GZW07; whereas GZW03 is recognizable for
~28 km, although not continuously. On their southern border, GZW01
to GZW03 are limited by a glacial lobe or its morphological continua-
tion, which shows numerous glacial lineations with a direction oblique
to the prevalent strike of GZW01 to GZW03 (~NNE) and abundant
iceberg keel marks (Fig. 6). GZW03 is deeper, less prominent, and
irregular at its center than on its sides. The center part of GZW03 is char-
acterized byWNW, partially exposed, and b1 km long glacial lineations
(GL-05; Fig. 6). Another set of glacial lineations (GL-04; Fig. 6) is imme-
diately west, corresponding to the northern part of GZW02 and are
subparallel to GL-05 but longer (N2 km) and better preserved. In con-
trast, a set of glacial lineations on the northern side of GZW01 are
oriented ~E-W (GL-03; Fig. 6), obliquely with respect to GL-04 and
GL-05 (Fig. 6). GZW04 extends for at least 30 km, and similarly to
GZW03, its central area is deeper than the sides; however, the center
position of this depressed part of GZW04 is ~4 km off to the south in
respect to GZW03. Unlike GZW03, GZW04 does not show signs of GLs
on its surface.

In contrast to GZW01-GZW04, GZW05 has a surface of the same
height with no streamline features. The absence of GLs indicates that
GZW05 was neither overridden nor eroded by streaming ice. Seismic
images show that GZW05 exhibits progradational geometries on its
downstream (WNW) side. The most conspicuous feature of GZW05,
however, is its heavily iceberg-disturbed surface that is characterized

Image of Fig. 3
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by numerous ploughmarks, furrows, and keelmarks, nearly all pointing
NW (Fig. 6). Transverse ridges associated with GZW05 are not visible.
Two GZWs, GZW5/06-a and GZW5/06-b (Fig. 6), are found just south
of GZW05 in a position and in water depths between GZW05 and
GZW06. Lobe GZW05/06-a has keel marks pointing north and GLs
pointing NW.

GZW06 has a morphology similar to GZW04, deeper near its center
and shallower on its sides; however, it lacks GLs or other evidence of
erosion or deformation by streaming ice. Instead, a set of parallel ridges
on its center part indicate that icewas retreating in the center partwhile
grounded on the sides.

GZW07 is located in the shallowest part of the mapped area
(~300 mbsl; Fig. 6), and it was only partially mapped because stranded
icebergs prevented access to more ice proximal and shallow parts of
GZW07. A conspicuous characteristic of GZW-07 are major iceberg
furrows that run nearly parallel to its strike. Seismic images show
signs of progradation (downlapping reflectors) and mass wasting
deposits (steep slope and chaotic internal seismic architecture) on the
downstream side of GZW07.

Two different sets of ridges with different orientation and geometric
organization are also observed in this area. The first set, R-01 (Fig. 6),
occurs west of GZW01 and is characterized by ridges oriented ~N-NW,
roughly parallel to the strike of GZW01 and perpendicular to GL-03
(Fig. 6). The height of R-01 ridges is highly variable as they are often
cut by iceberg furrows or plough marks; however, they usually reach
~3–5 m high while some can be up to ~10 m high, with ridge-to-ridge
spacing ~100–500 m. Laterally, R-01 ridges bend, bifurcate, and merge.
The R-01 ridges closer toGZW01 exhibit better continuity and narrower
spacing than the ridges farther west. The second set of ridges, R-02
(Fig. 6), occurs north of GZW01. The R-02 ridges are roughly oriented
NNE and perpendicular to GL-04. Near GZW01, ridges of R-02 are
organized in an anastomosing pattern with some of them exhibiting
wide flat tops in areas where they overlay the troughs of underlying
GLs. Farther NNW from GL-04 and GL-05, R-02 ridges show a dendritic
pattern diverging north, transitioning into an area where they are
mostly parallel to each other. On a partially mapped area NNW of
GL-03, R-02 ridges form either parallel sets oblique to the strike of
R-01 ridges or form an anastomosed pattern often cut by iceberg
furrows and subparallel to R-01 ridges.

3.3. The incised inner shelf

The inner shelf is characterized by a rugged sea floor incised by a rel-
atively organized array of channels. Most of the deepest and more
prominent channels are oriented subparallel to the direction of the
MSGL although, locally, oblique channels can be dominant (Fig. 3).
In the SW of the inner shelf area we found a set of deep (b1200 mbsl)
and wide channels (b5 km), with reliefs of ~300–900 m and V- or
U-shaped. This set is oriented obliquely with respect to the MSGLs
(Fig. 1), while a second set of similarly shaped channels is oriented N - S
and subparallel to the MSGLs but has reliefs b300 m. In the NE part,
south of the glacial lobes complex, shallower butmore pervasive channel-
ization is organized in at least three sets, all of them showing relief of
b300 m. The most prevalent channel set is subparallel to the MSGL,
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while the other two sets are oriented obliquely at ~30E and 30W with
respect to the MSGL (Fig. 3).

In the NE part of the inner shelf, where our mapping was more
extensive (Fig. 3), seafloormorphology shows differences in the incision
pattern that allow us to infer the existence of at least two types of
bedrock lithology. In the eastern part of this area, channels are more
deeply incised, resulting in more relief although general bathymetry is
shallower (Fig. 3; S02). Comparative NNW profiles (subparallel to
MSGL), show that the eastern part of this area has in general higher
and more variable relief than the more uniform central and western
parts (S02).

4. Interpretations and discussion

4.1. Outer shelf

The gullies of the upper continental slope along with the iceberg
furrows observed near the outer shelf constitute a geomorphological
association similar to other areas of the Antarctic margin, where more
extensive sea floor mapping shows gullies commonly occurring just
seaward of mega-scale glacial lineations at the terminus of glacial
troughs or, in some cases, between them (Anderson, 1999; Shipp et al.,
1999; Canals et al., 2002; Lowe and Anderson, 2002; Dowdeswell
et al., 2004; Heroy and Anderson, 2005). Gullies along the Antarctic
continental slope are interpreted to result from an ancient ice sheet
being grounded at the shelf edge leading to meltwater sediment-laden
discharge and turbidite flows down across the continental slope
(Anderson, 1999). In the case of our mapped gullies, they are not spa-
tially associated with a trough or MSGLs. Instead, they occur seaward
of a relatively shallow area with grooves interpreted as iceberg keel
marks and an asymmetrical promontory interpreted as representing
the grounding line position of the last glacial advance to the outer
shelf (Fig. 2). The proximity of a paleogrounding line and record of
past iceberg activity is consistent with these gullies forming because of
proximal sediment-laden meltwater discharge.

4.2. Deep middle shelf: glacial trough and glacial lobe complex

The spatial and geomorphological association, including a rugged
incised inner shelf transitioning in a seaward direction toward areas
with increasing sedimentary cover with drumlins and MSGLs, has
been described elsewhere in Antarctica (e.g., Anderson, 1999; Heroy
and Anderson, 2005; Wellner et al., 2006; Ó Cofaigh et al., 2007;
Graham et al., 2009; Livingstone et al., 2012). This geomorphological
association is interpreted to be the result of past grounded ice flowing
from the ice sheet interior onto the continental shelf. As the ice sheet
expanded over the continental shelf it would have accelerated across
the transition from crystalline to sedimentary bed as the basal drag
was reduced, eventually forming ice streams (Heroy and Anderson,
2005; Wellner et al., 2006; Ó Cofaigh et al., 2007; Dowdeswell et al.,
2008). Abundant evidence of past ice streams on theAntarctic continen-
tal shelf is found in the form of MSGLs within glacial troughs that are
usually flanked by areas with evidence of slow flowing ice (e.g., Heroy
and Anderson, 2005; Wellner et al., 2006; Dowdeswell et al., 2008;
Livingstone et al., 2012). We mapped a deep basin (N1000 mbsl)
downstream and NW from the location of the MSGLs. In this context,
the glacial lobe complex is located on the eastern side of the basin,
with the GZWs on a shallow area characterized by slower flowing ice
separated from the basin by a nearly straight boundary that runs
parallel to theMSGLs. The association of a deep areawithMSGLsflanked
by a shallower areawith GZWswith a boundary parallel to the direction
of the MSGLs is interpreted as the result of erosion and deposition by
past ice streams flowing rapidly through glacial troughs with areas of
slower ice flow on the sides (Ottesen and Dowdeswell, 2009;
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Batchelor and Dowdeswell, 2016). Although heavy sea ice limited any
mapping farther west and based on the similarities with other areas
with better coverage and our understanding of geomorphological asso-
ciations, we interpret the partially mapped deep basin as the southern
end of a cross-shelf glacial trough through which ice flowed as ice
streams, forming MSGLs. In this scenario, the preservation of glacial
lobes and GZWs can be attributed to reduced ice speed and erosion
relative to the main glacial pathway within the cross-shelf trough. The
presence of such a glacial trough is not well resolved by the BEDMAP2
model, although greater average depths are indicated seaward from
the mapped area in the direction of the MSGLs (Fig. 3).

The glacial lobes, which overlay the MSGLs, were formed subse-
quently and represent periods of different ice flow configuration. The
glacial lineations on the surface of the lobes and the fact that the lobes
themselves are elongated in the same direction indicate that these
features were formed by grounded ice flowing north with probably
faster ice speeds in the center relative to the side of each glacial lobe.
The stacked geometry, decreasing size, and water depth at which
these lobes are found suggest that the glacial lobes were formed by
successively thinner ice. The ice that formed the glacial lobes had a
general main axial flow direction (NW-NNW) through the different
stages that formed the glacial lobes complex but was limited in the
areal coverage of each lobe by increased buoyancy. The formation of
the features observed on the surface of each glacial lobe is interpreted
as related to partially grounded ice that developed late in the deglacial
or retreat stage of different glacial cycles or stages, since they lack
signs of erosion or deformation related to thickening or advancing
grounded ice. Further, it is important to note that contact with the bed
was indeed maintained for a protracted period of time, leading to the
stacking and aggregational/progradational characteristics of the glacial
lobe-complex (see progradational geometries imaged on the down-
stream slope of the lobes; Fig. 4). This enduring contact means that
the system must have been supplied by sufficient sediment during the
decoupling process, perhaps through periodic addition of sediment-
laden meltwater, to allow the lobes to keep up with thinning ice and
to grow, overprinting the geographically pervasive MSGLs.

The following observations also point to the past presence of an ac-
tive subglacial meltwater system. First, the prominent positive-relief
glacial lineations (1–5 m high) observed on the surface of LO8 (Fig. 5)
have variations in shape and strike (such as flattening, widening, and
bending in directions oblique to other glacial lineations) that cannot
be explained by local changes in ice flow pattern. We find similarities
between these features and eskers described in terrains deglaciated
during the termination of the last glacial cycle and propose that the
positive relief glacial lineations of LO8 were formed by sediment depo-
sition inside R-type channels (e.g., Clark andWalder, 1994; Walder and
Fowler, 1994). This interpretation requires that a well-organized
subglacial drainage system was in place at least during the last stage
of formation of LO8 and provides a mechanism for sediment transport
and formation of the described glacial features and corresponding
glacial lobes. The origin of the subglacial water could be local, but it
could also reflect a hydrological connection with inland subglacial
systems (e.g.,Winghamet al., 2006;Wright et al., 2012). The second ob-
servation corresponds to the spatial association of the glacial lobes and
esker-like lineations, with a series of drumlins with over-deepened up-
stream and lateral sides that connect with a network of deep channels

Image of Fig. 6
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carved in bedrock. This association suggests a genetic link bywhich sed-
iment could have been transported along a subglacial meltwater sys-
tem, proceeding along the observed bedrock channels and the
drumlins field, to end up accumulated in the glacial lobes or released
to ocean processes at the grounding line. The hydrological processes in-
volved could include subglacial outburst floods (e.g., Jordan et al., 2010;
Flament et al., 2014), which would explain the pervasive erosion of the
bedrock, lateral incision of drumlins, and the discrete nature of the gla-
cial lobe complex. However, we lack direct evidence of this hypothe-
sized sediment path, and other processes such as localized glacial
erosion of the sedimentary bed cannot be discarded as at least a partial
source of the sediments composing the lobes.

4.3. Shallow middle shelf: grounding zone wedges (GZWs)

In marine terminating ice sheets, the position of GZWs depends
strongly on the interplay between ice thickness and water depth near
the grounding line that controls floatation (e.g., Gomez et al., 2010).
With the exception of terminal GZWs, the preservation potential of
GZWs across glacial cycles is considered low because composite GZWs
are rare and overriding ice is assumed to easily erode the unconsoli-
dated sediments comprising GZWs. In other areas of the Antarctic
margin, successive GZWs are found in cross-shelf glacial troughs and
interpreted as demarking ice stream still stands during glacial retreat
associated with the termination of the last glacial cycle (McMullen
et al., 2006; Livingstone et al., 2012; Batchelor and Dowdeswell,
2015). In these cases, preservation is achieved because glaciers
have not advanced onto the continental shelf after deglaciation, and
GZWs are covered by a blanket of pelagic sediments (e.g., Heroy and
Anderson, 2005) that impede erosion by ocean currents. In contrast, the
mapped arcuate GZWs here are not located in a glacial trough but on
an inter ice stream or slow ice flow area (e.g., Ottesen and Dowdeswell,
2006; Dowdeswell et al., 2014; Batchelor and Dowdeswell, 2015).
Our mapped GZWs occur at varying water depths, which we interpret
as indicating that these features were constructed under different ice
thickness conditions, with thinner ice corresponding to the shallower
GZWs (GZW03 and shallower; Fig. 6). Preservation would be achieved
because subsequent glacial advances did not have greater ice thickness
and did not result in grounding line readvance. The glacial lineations
and the deepening and narrowing observed in the central parts of
GZW01-GZW03 (Fig. 6) indicate lateral variation in ice speed either
during or shortly(?) after the construction of each respective GZW.
Because the faster ice flowed through the NW-oriented cross-shelf
trough (MSGL and glacial lobe complex area; Fig. 3), the glacial lineations
observed on GZW01-GZW03 may indicate the initiation of fast ice flow
and/or record a small ice tributary. We suggest this transition in ice
flow based on the direction of glacial lineations that converge to the
west. We lack absolute chronological control for the GZWs; however,
based on the different water depths at which these wedges occur and
their preservation, we propose a relative chronology in which age is
younger for the shallower GZWs. Thus, our interpretation is that the
GZWs represent either glacial thinning and retreat during one or more
stages within the last glacial cycle or represent several glacial cycles of a
successively thinner marginal ice sheet.

We identify a morphological association between GZWs, ridges,
iceberg furrows, andGLs that can explain their geographical distribution
and establish a genetic link between these features. The R-01 ridges are
roughly parallel to GZW01 and perpendicular to GL-03. This geometry
suggests that R-01 ridges represent recessional features formed during
steady and relatively slow retreat of the grounding line until it stabilized
to construct GZW01. In this scenario, GL-03 records the direction of ice
flow during retreat, while the ice furrows disrupting R-01 ridges record
iceberg calving, drifting, and grounding from the retreating ice front.
We note that several iceberg keel marks are oblique to R-01 ridges
andmay indicate the calving of an ice frontwithin an embayment, prob-
ably formed as the result of retreat of the termini of the ice stream
flowing through the glacial trough, while slower ice was still grounded
on GZW01 and/or GZW02. Another possibility is that calved icebergs
drifted away and then moved back toward the ice front by local ocean
currents or winds, where they were stranded. GZW02, which is
shallower and partially overlaps GZW01, was formed subsequently to
GZW01, either during the sameglacial retreat stage or during a different
glacial cycle. In the latter scenario, R-01 ridges would likely be associ-
ated with GZW02 as preservation of relatively shallow ridges under
overriding ice is unlikely. We note that the relatively restricted extent
of GZW01 and GZW02 can be associated either with fast ice flow
north and south or with erosion of the northern end by subsequent
glacial advances. Following similar morphological arguments, R-02
ridges (which are perpendicular to GL-04 and GL-05 glacial lineations)
represent recessional features formed during steady and relatively
slow retreat of the grounding line until it stabilized to construct
GZW03 and GZW04. In this scenario, GL-04 and GL-05 represent a
record of the direction of ice flow during retreat or shortly(?) after, as
the disruption of the shape of GZW03 and the depression of the central
part of GL-04 area may represent erosion by overriding ice.

GZW05, in contrast with GZW01-GZW04, has no streamlined
features indicating coeval or subsequent streaming ice nor has evidence
of glacial erosion, and thus the interpretation is that it was formed by
stabilization of slow ice flow. The heavily iceberg-disturbed surface of
GZW05 (including numerous plough marks, furrows and keel marks)
and the absence of transverse ridges associated with GZW05, indicate
that after stabilization of the grounding line, ice receded rapidly from
GZW05 by decoupling and floatation. This retreat was likely accompa-
nied by intense calving of grounding zone icebergs that produced scour-
ing and deformation of the grounding zone deposits (Fig. 6). Two
secondary glacial lobes, GZW05/06-a, b (Fig. 6), could be related to the
retreat and last grounding event that created GZW05; however, it is
also possible that they formed as part of a different and more recent
glacial event.

Although GZW06 has a morphology similar to GZW04, which is
deeper near its center, it lacks decisive evidence of erosion or deforma-
tion by streaming ice. Some parallel ridges indicate that retreat from
GZW06 was slow, and our seismic line 26 that crosses the northern
part of the lobe shows downlapping geometries more consistent
with sediment mass transport than a constructional wedge. However,
the overall morphology indicates a consistent supply of sediment.
Morphological structures perpendicular to the parallel ridges suggest
some level of erosion, but we lack direct evidence. Major scours marks
are observed in the seafloor on GZW07 (Fig. 6) that could be the result
of recent iceberg activity. Seismic images show sediment accumulation
with subhorizontal and downlapping geometries suggestive of ground-
ing zone deposition. No ridges or streamlined features were observed
on GZW07, which could indicate rapid retreat from this area or a highly
disturbed seafloor where traces of grounding line morphologies have
been obliterated by recent iceberg activity.
4.4. Inner shelf

The rugged morphology of the inner shelf, including deep channels
representing up to ~700–900 m in relief, is interpreted to be the result
of intensive glacial erosion acting over several glacial cycles. This inter-
pretation is based on the spatial distribution of channels,whichdoes not
conformwith any other known process of channel formation, the great
depths, and similar appearance to glacial channels networks found
elsewhere in Antarctica. This interpretation is consistent with current
estimates of glacial erosivity (e.g., Fernández et al., 2016), wherein
incisions of several hundred meters of relief would require focused
glacial erosion acting over several glacial periods. We speculate that
the straight geometry of the NNW- and ENE-oriented glacial channels
might indicate a structural weakness of the bedrock where fracturing
is oriented in the same direction as the channels.
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We note a pattern, pervasive to the entire area south of the glacial
lobes complex, characterized by northward and southward slopes dis-
tribution perpendicular to the MSGL direction (S02), which indicates
that although channels and general morphology are variable, there is a
similar long-termglacial erosion pattern, perhaps linked to common an-
isotropy in erodibility (e.g., common sets of fractures and weaknesses)
independent of bedrock lithology. We note that the eastern more
deeply incised bedrock area (eastern inner shelf; Fig. 3) is just south
of a deepened area with abundant drumlins and generally thin sedi-
mentary cover, whereas the shallower but more pervasively channel-
ized area is south of the glacial lobe complex that represents an area
of relatively thick glacial sedimentary cover. This geographical associa-
tion hints at a process by which sediment is more effectively generated
and/or transported through a pervasive, shallower subglacial channel
system rather than a more focused yet deeper one.

4.5. Glacial evolution and past ice sheet-ice stream collapse

The described geomorphological associations allowus to recognize a
relative sequence of different glacial configurations (Fig. 7). In this con-
text, we define a glacial configuration in the geomorphological sense,
as an identifiable glacial organization of ice flow direction, streaming
fast ice versus slow ice, and a slow, fast, or stepwise retreat pattern.
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zone wedges and transverse ridges), and iceberg calving features such
as furrows and keel marks. We note that each glacial configuration
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timescales involved.
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part of the middle shelf was occupied by slow ice as the seismic data
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mapped part of the trough, preservation of MSGLs, and lack of evidence
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retreated slowly in the western part of themiddle shelf for this ice con-
figuration leaving the two sets of ridges previously described (R-01 and
R-02; Fig. 6). After the formation of GZW01-GZW03, when ice had
retreated from that position, icebergs that probably calved from the
retreating southern ice stream scoured the southern part of GZW01-
GZW03. Although GZW04 shows no conclusive evidence of erosion or
fast ice streaming, its depressed central part suggestsmore active glacial
flow or thicker ice in that area, which would suggest that GZW04
was formed under glacial configuration II (Fig. 7). We note that
GZW01 -GZW03 could correspond to different glacial stages or cycles
as suggested by the different morphology and apparent degree of
preservation.

Glacial configuration III (Fig. 6) is characterized by ice streaming
only in the southern trough, where glacial lobes FL04 through FL08
were formed; while in the shallowmiddle shelf area, slow ice is associ-
ated with the formation of GZW05-GZW07. These GZWs lack glacial
lineations or signs of subglacial erosion, thus suggesting that fast
decoupling and/or stepwise retreat followed the formation of each
GZW. Seismic line 26 (Fig. 4) shows the association of GZWs and
bedrock promontories, which suggests that the position of GZWs was
controlled by bed morphology. The observation of esker-like ridges on
FL08 interpreted as sediment deposition in R channels, and the sugges-
tion of erosion around drumlins just south of FL08, is interpreted as
reflecting subglacial water flowing NW from the bedrock channels
area into the trough. Since these esker-like features represent the last
record of grounded ice activity on lobe FL08, we hypothesize a process
link by which increasing hydrostatic pressure at the bed-ice interface
results in increased lubrication, hence faster flow, forming R channels,
and eventually resulting in dynamic thinning, ice lift off, and grounding
line retreat. However, further studies are needed to test this hypothesis.

Glacial configuration IV (Fig. 7) is associated with widespread sea-
floor scouring by icebergs, including abundant keel and plough marks,
representing the calving of large volumes of ice posterior to the forma-
tion or retreat of/from GZW05. The direction of keel marks indicates
icebergs moving from east to west and from SE to NW, whichmight in-
dicatewidespread calving on the ice stream and on the slow ice parts of
the ice margin. Because no transverse ridges were found in the areas
near the keel and plough marks, we infer that ice retreat over this area
occurred rapidly and resulted in calving near the grounding line,
which produced icebergs thick enough to scour GZW05. We note that
icebergs calved from a grounding line related to GZW07 are unlikely
to be thick enough to scour the seafloor at water depths near GZW05.
GZW06 could be related to the same glacial cycle as GZW05 and repre-
sent a temporary stabilization of the grounding line after retreating
fromGZW05, butwe lack enough data to test this hypothesis. However,
the lack of streamlined features on the surface of GZW05 and the
preservation of keel and plough marks on its surface indicate that ice
was relatively thin when grounded on GZW06 and GZW07.

The different ice flow configurations and retreat patterns observed
in our study area indicate highly variable ice dynamics at the margin
of the East Antarctic Ice Sheet. These dynamics include (i) the rear-
rangement of fast-ice flow paths, (ii) switching on and off of basal
erosion and sediment deposition in different parts of the system,
(iii) an active subglacial hydrological network including the possibility
of subglacial outburst floods, and (iv) variable retreat modes and
rates. The corollary is that present ice dynamics at the margin of the
so-called stable East Antarctic Ice Sheet can change dramatically.
However, the rates and timescales of these changes, as well as their
main forcing, remain unconstrained.

5. Conclusions

The data presented here from the Sabrina continental shelf offshore
the Aurora subglacial basin document a complex set of geomorphological
features associated with varying ice dynamic conditions. Our main
conclusions are:
• We find evidence that in the past, ice reached the outer shelf west of
the modern Dalton Ice Tongue and grounded ~5 km from the shelf
edge at ~450 mbsl, extending ~155 km north of the current coastline
(Moscow University Ice Shelf), resulting in iceberg scouring of the
sea floor near the shelf edge and in the formation of gullies in the
upper continental slope.

• We present evidence of a NW-oriented cross-shelf trough with
paleoice flow direction indicated by mega-scale glacial lineations
(MSGL) and drumlins and a series or geomorphic associations,
including grounding zone wedges, glacial lineations, and transverse
ridges, indicating slower ice and grounding line stabilization and
collapse on the northern flank of the trough. All these geomorphic
features are constructed on sediments overlying a regional angular
erosional unconformity that truncate tilted Meso-Cenozoic strata
deposited before widespread polar glaciation in East Antarctica
(Gulick et al., 2017).

• We identify four different past ice flow configurations (glacial
configurations I to IV; Fig. 7: GCI-GCIV) on the inner-middle shelf
area that reflect changes in ice flow direction, grounding line
position, location of fast and slow ice areas, and retreat pattern.
The GCI is related to the existence of a paleoice stream and forma-
tion of MSGLs in a partially mapped cross-shelf trough. The GCII is
characterized by streaming ice in the trough and shallower middle
shelf on the right flank of the trough. The streaming ice in the trough
resulted in sediment deposition and the partial burial of MSGLs by
glacial lobes. The ice on the flank of the trough was accompanied
by the formation of at least three grounding zone wedges (GZWs),
as result of slower ice between the fast-streaming ice. The GCIII is
characterized by thinner ice than the previous glacial configurations,
and ice streaming only in the cross-shelf trough, with further ice
grounding and sediment accumulation on the glacial lobes. Slower
ice in the northern flank of the trough and shallower middle shelf,
stabilized to form three to four GZWs at different water depths,
implying continued thinning of the overriding ice for the wedges.
The GCIV is associated with fast grounding line retreat and high
rates of near grounding line calving. It is related to the formation
and retreat from GZW05 and perhaps the shallowest glacial lobe in
the trough area, as well as probably GZW06, all perhaps occurring
within the same glacial cycle although further studies are needed to
resolve the timing of these events. The identification of several differ-
ent ice flow configurations indicates a dynamic ice sheet margin with
varying glacial conditions and retreat modes. If GZWs were formed
during different glacial stages or cycles, then the inferred diminishing
ice thickness for consecutive grounding zone wedges suggests that
the margin of the Antarctic ice sheet has evolved to a less extensive
coverage of the continental shelf through successive cycles.

• We observe that this part of the EAIS margin holds morphological
features similar to those found in the Amundsen Sea sector of the
West Antarctic Ice Sheet (WAIS) where they are associated with ice
sheet and ice stream expansion and subsequent retreat or collapse
(e.g., streamlined features such as MSGLs, iceberg furrows, GZWs,
plough marks, and seafloor scouring). The association of these fea-
tures in our study area suggests the possibility of rapid grounding
line retreat and high rates of near grounding-line calving, indicating
that the EAIS margin can behave as dynamically as the WAIS margin.

• We find evidence of sediment deposition in the formof ridges subpar-
allel or oblique with respect to coeval glacial lineations, described as
esker-like ridges, consistent with the existence of R-channels in the
formation of the glacial (glacial) lobes described in the trough area.
This observation, along with morphological evidence of erosion
surrounding drumlins south of the esker-like ridges, indicates the
presence of an organized subglacial hydrological system during the
last stage of formation of the glacial lobes. The spatial association of
these features with a network of deep incisions on the bedrock of
the inner shelf suggests a genetic link. We hypothesize that sediment
could have been transported through a network of bedrock-incised
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subglacial channels toward the margin of the ice sheet. It is possible
that this subglacial hydrological system was at least intermittently
connected to the Aurora Basin, including the possibility of recurrent
subglacial outburst flooding events; further studies are needed to
test this hypothesis.
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