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Abstract. The East Antarctic Ice Sheet discharges
into the Weddell Sea via the Coats Land ice margin. We have
used geophysical data to determine the changing ice-sheet
configuration in this region through its last advance and fe-
treat and to identify constraints on its future stability. Meth-
ods included high-resolution multibeam bathymetry, sub-
bottom profiles, seismic-reflection profiles, sediment core
analysis and satellite altimetry. These provide evidence that
Coats Land glaciers and ice streams merged with the palaeo-
10 Filchner Ice Stream(@1 during the last ieg advance. Retreat
of this ice stream from 128060 to 8480 cal. yr BP resulted
in its progressive southwards decoupling from Coats Land
glaciers. Moraines and grounding-zone wedges document
the subsequent retreat and thinning of these glaciers, loss
15 of contact with the bed and the formation of ice shelves,
which re-advanced to pinning points on topographic highs
at the distal end of their troughs. Once fully detached from
the bed, the ice shelves were predisposed to rapid retreat
back to coastal grounding lines. This was due to reverse-

o

2 bed slopes, the consequent absence of further pinning points

and potentially the loss of structural integrity resulting from
weaknesses inherited at the grounding line. These processes
explain why there are no large ice shelves frem 75.5 to 77° S.

1 Introduction

The Weddell Sea captures the drainage of about one-fifth
of Antarctica’s present-day continental ice volume. Recent
studies of the submarine and subglacial topography of the
Weddell Sea have revealed features in the geometry of the ice
and seafleey that make the West Antarctic Ice Sheet (WAIS)
catchments prone to grounding line instability and ice-sheet
drawdown. These include (i) grounding depths of about 1000
to > 1200 m below sea level on a bed with locally reversed
slopes, (ii) ice close to floatation inland of the grounding line
and (iii) a large subglacial basin upstream of the present-day
grounding line (e.g. BEDMAP 2, Fretwell et al., 2013; Ross
etal., 2012).

Less well known is the configuration and geometry of the
East Antarctic Ice Sheet (EAIS) catchments draining into
the Weddell Sea, altheugh-itisknewn—that-some of thesg
also have ice streams with subglacial basins upstream of the
grounding line (e.g. Bamber et al., 2006; Rippin et al., 2006).
Understanding these catchments is important because uncer-
tainties remain about the Last Glacial Maximum (LGM) ice
extent, the timing and nature of deglaciation through Termi-
nation 1 and the Holocene and the key processes determining
the present configuration and future stability of the EAIS in
this region. There are currently three main data sources. First,
field data on ice-sheet history based on glacial geomorphol-
ogy and cosmogenic isotopes in the interior mountains (Pen-
sacola Mountains and Shackleton Range; Fig. 1a, b) show
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Figure 1. Location maps of the Coats Land margin, East Antarctica. (a) Map of Antarctica with ICESat-derived drainage basins (http:
/ficesat4.gsfc.nasa.gov/cryo_data/ant_grn_drainage_systems.phpl:£l) and MEaSURE:s ice velocities (Rignot et al., 2011). The study area is
the south-western part of Antarctic Drainage System 4. To the south of the study area, Antarctic Drainage System 3 discharges into the Thiel
Trough and Filchner Ice Shelf via the Bailey Ice Stream, Slessor, Recovery and Support Force glaciers. To the north Antarctic Drainage
Systems 5 and 6 discharge into the ice shelves of Dronning Maud Land. The black star is the Penascola Mountains. (b) The continental shelf
and glaciology of the eastern Weddell Sea showing the multibeam-bathymetry coverage (for survey details see text); regional bathymetry
is from IBCSO v. 1.0; Arndt et al. (2013). Hfj. is Heimefrontfjella; TM is Theron Mountains; SR is Shackleton Range; RG is Recovery
Glacier; Wh is Whichaway Nunataks; LIR is Lyddan Ice Rise. Also shown is the location of offshore glacial landforms described in Larter et
al. (2012) and Ardnt et al. (2017). Labelled boxes show the locations of Figs. 1c, 4a and 5a. (c¢) Detailed map showing multibeam-bathymetry
coverage in glacial troughs of the Coats Land margin and eastern Weddell Sea and the MEaSURE:s ice velocities of regional glaciers and ice
streams. The location of datasets shown in Figs. 2, 3 and 7 is marked by labelled boxes. Labelled white circles with a black borders show the

locations of sediment coring sites. VB is Vahsel Bay.

only a minor thickening or no change in the ice-sheet thick-
ness at the LGM (Bentley et al., 2010; Hein et al., 2011;
Hodgson et al., 2012). Linked to this, some models of the
ice-loading history (Whitehouse et al., 2012a) show subsi-
dence in the western EAIS driven by a prediction of lower
accumulation rates during the glacial period (Parrenin et al.,
2004) and a gradual thickening after the LGM. Data from
further north (Heimefrontfjella; Fig. 1b) have been used to
support the latter (Hattestrand and Johansen, 2005), but the
evidence remains undated. Second, modelling of palaeo-ice
thicknesses in Coats Land based on ice core data suggests ini-
tial thinning from the LGM followed by re-thickening over
the last Ska (Huybrechts et al., 2007). Third, marine geo-
logical data suggest a major advance of grounded ice from
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Coats Land towards the continental shelf break in the Wed-
dell Sea; however, there is limited empirical evidence on the
timing and nature of the subsequent retreat (Hillenbrand et
al., 2014, 2012).

It is clear, therefore, that there are insufficient data to un-
derpin robust assessments of mass balance changes on mil-
lennial timescales over this significant region of Antarctica.
As a result, estimates of the sea-level equivalent volume of
LGM ice build-up in the Weddell Sea range from 1.4 to 3m
(Le Brocq et al., 2011) up to a maximum of 13.1 m (Bassett
et al., 2007), with the contribution from the palaeo-Filchner
Ice Stream (pFIS) possibly being as little as 0.05 to 0.13 m
(Whitehouse et al., 2017). This wide range of uncertainty
limits the accuracy of modelled estimates of sea-level con-
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tributions from the Weddell Sea ice catchments, which is be-
ing addressed by a range of studies. These include develop-
ing new constraints on glacial isostatic adjustment based on
GPS measurements of uplift and horizontal motion (White-
house et al., 2012b), studies of the ice-sheet history in interior
mountain ranges and nunataks (e.g. Heimefrontfjella, Theron
Mountains, Shackleton Range and Whichaway Nunataks;
Fig. 1b) based on cosmogenic isotope analyses of glacially
deposited material (e.g. Hein et al., 2014), radiocarbon ages
on organic deposits that record ice absence (e.g. Thor and
Low, 2010) and studies of the ice sheet where it discharges
into the Weddell Sea. This paper addresses the last of these
by studying the marine geomorphology of the main glacial
outlets of Coats Land (Fig. 1). Our aims were (i) to under-
stand the nature and timing of the LGM ice advance from
Coats Land and how it interacted with the pFIS occupying
the Filchner Trough; (ii) to identify how and when the ice
retreated; (iii) to describe the physical constraints on the sta-
bility of the current ice margin based on its submarine geo-
morphology and ice-sheet geometry and account for the ab-
sence of ice shelves south of 75.5°; and (iv) to assess how
these will influence the future stability of the ice margin, in-
cluding its largest extant ice-shelf system consisting of the
Brunt Ice Shelf (BIS) and Stancomb-Wills Glacier Tongue
(SWGT) (Fig. 1).

Site description

The study area is the south-western part of Antarctic
Drainage System 4 (as defined by Zwally et al., 2012)
(Fig. 1a). Here, the EAIS discharges into the Weddell Sea
via the Coats Land ice margin: 600 km of marine-terminating
glaciers, glacier tongues and ice shelves along the Luit-
pold and Caird coasts between the Filchner and Riiser-
Larsen ice shelves from 74 to 77° S. From north to south the
main glaciers include the Stancomb-Wills Glacier, Dawson
Lambton Glaeier, Hayes Glacier, “Lichte Glacier”[@%, Mann
Ice Stream, Weldon Ice Stream, Mosley Ice Stream and the
Lerchenfeld and Schweitzer glaciers. These discharge into
the Brunt Basin, Dawson-Lambton, Caird, Lichte, Moller,
“Hoffmann” and Albert troughs, and an unnamed trough in
Vahsel Bay, respectively (quotation marks denote unofficial
names). The Stancomb-Wills Glacier and Dawson Lambton
Glaeier form glacier tongues extending 250 and 20 km from
their grounding lines. Ice shelves include the BIS, which is
formed from a series of unnamed glaciers extending from the
grounding line and pinned to the bed at McDonald Ice Rum-
ples (75°28' S, 26°18’ W). Together with the SWGT, it forms
a continuous floating ice mass with a number of large cracks
and chasms and a melange of icebergs and sea ice at the
grounding line (Anderson et al., 2014). At the southern limit
of the study area the Lerchenfeld and Schweitzer glaciers
feed a small (30km long, 10-20km wide) ice shelf main-
tained through lateral buttressing in Vahsel Bay (Fig. 1b).

www.the-cryosphere.net/12/1/2018/

2 Methods

Multibeam-bathymetric surveys of accessible troughs were
carried out on the RRS James Clark Ross cruise JR244 in
February—March 2011 and combined with data from JR97 in
February—March 2005 and JR259 in February—March 2012.
These surveys include the bathymetry presented in Figs. 2,
3, 4 and 7d and multiple ship tracks along the margins of
Filchner Trough and BIS. The data were acquired with a
hull-mounted Kongsberg-Simrad EM 120 multibeam echo
sounder operated in a 1° x 1° degree configuration, emitting
191 beams at a frequency of 11.25-12.75kHz. The system
acquires data at a resolution that allows for gridding with cell
sizes of 10-70 m, dependent on water depth. Port and star-
board beam angles were typically 68°, resulting in a swath
width of up to 5 times water depth. Additional multibeam
data were acquired by the R/V Polarstern using Hydrosweep
DS1 (expeditions ANT-VIII/S (1989/90), ANT-1X/3 (1991),
ANT-X/2 (1992) and ANT-XII/3 (1995)), DS2 (ANT-XVI/2
(1999)), DS3 (PS82 (2013/14) and PS96 (2015/16) systems.
These surveys include the bathymetry presented in Fig. 7a
and ¢ and ship tracks in the eastern Weddell Sea. These
data were processed in CARIS HIPS/SIPS. The EM 120
multibeam data were ping-edited in the UNIX-based MB
System' (http://www.mbari.org/data/mbsystemf¥) and all
datasets were gridded together using MB System and QPS
Fledermaus. Final gridded datasets were produced with cell
sizes ranging from 35 to 40 m. This ensured that the highest-
resolution grid was obtained whilst ensuring that each cell
included multiple seafloor soundings. Minimal interpolation
of the grids was then performed to fill small holes (up to
6 grid cells in one direction) in the data. Visualisation and
morphological analyses were carried out in QPS Fledermaus
and ArcGIS software.

The multibeam data were supplemented with regional
bathymetry from the International Bathymetric Chart of the
Southern Ocean (IBSCO; Arndt et al., 2013). In the region of
the BIS and SWGT a new 500 m regional grid was produced
from all available sea floor depth data. This included (i) pix-
els from IBSCO that directly overlaid source data, including
single-beam echo sounder depth surveys; (ii) depth measure-
ments from historical ship tracks inland of the present ice-
shelf front, currently at its most advanced position since at
least 1958 and probably since 1915 (Anderson et al., 2014);
(iii) pixels from BEDMAP2 (Fretwell et al., 2013) that over-
laid source data inland of the grounding line; and (iv) 38 un-
published BAS seismic soundings acquired in 2004 from the
BIS-SWGT. Several assumptions of ice density were made
to convert these seismic soundings to depths; the top 30 m
of ice was assumed to be a firn layer with a mean density
of 750kgm™3, giving a seismic velocity of 3.2kms~!. Be-
low this the ice was treated as a solid with a seismic veloc-
ity of 3.7kms~!. The seawater cavity was modelled with a
seismic velocity of 1455ms~! based on a mean depth of
600 m, salinity of 35 ppt and temperature of —1 °C. The seis-
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Table 1. Radiocarbon dates on calcareous (micro- and macro-) fossils and bulk sediments from sediment cores analysed in this study and a compilation of previously published ages
that track the southward migration of the Filchner Ice Shelf. Down core 14¢ dates were corrected using a marine reservoir effect of 1260 = 100 years (core top age from GC630; Delta R
value of 860 (1260 minus the global marine reservoir of 400 years)). Radiocarbon dates were calibrated with Calib v7.0.2, using the Marine13 calibration dataset (Reimer et al., 2013).
bF is benthic foraminifera, and pF is planktonic foraminifera. Other potential regional marine reservoir corrections (MRC) could be applied that would typically make the calibrated
ages older, including a core top age from southern Filchner Trough (GC599) of 530 &= 50 yr BP (Delta R value of 130 (530 minus the global marine reservoir of 400 years)).

Core ID  Publication code Depth  Material dated l4c age s1B3c  s'%0 20 error  MRC Cal. yr BP 20
(cmbsflEE]) (yrBP)  (13C/12C %o) (1o error)  £100 Min Max  Mean
GC626 Beta-447014 60 Mixed bF > 43500 0.9 4 - 1260 - - -
GC626 Beta-447015 80 Mixed bF, pF 31310 0.2 3.8 200 1260 33737 34542 34140
GC630 Beta-447011 0.5 Bryozoan 1260 1.2 39 30 1260 - - -
GC630 Beta-447013 40 Bivalve, coral/bryo fragments 30950 -33 3.8 190 1260 33463 34210 33837
GC630 Beta-447012 100  Mixed shell (bryozoan, petropod) 21990 1.2 35 80 1260 24519 25343 24931
BC570 Beta-433170 0.5 Bulk organic 4280 (—24.4) 30 1260 3198 3375 3292
BC570 Beta-310042 1 Bulk organic 5730 (—23.9) 30 1260 5052 5281 5187
GC569 Beta-433168 0.5 Bulk organic 5540 (—24) 30 1260 4823 4996 4899
GC569 Beta-433169 40.5 Bulk organic 6980 (—25.8) 30 1260 6455 6639 6550
GC569 Beta-310043 90 Bulk organic 6760 (—26.4) 40 1260 6228 6406 6317
GC569 Beta-310044 190  Bulk organic 5230 (—26.7) 40 1260 4397 4648 4509
GC569 Beta-310045 277  Bulk organic 4620 (—24.7) 30 1260 3598 3803 3693
GC569 Beta-310046 386 Bulk organic 12790 (—26.7) 60 1260 13255 13514 13382
G2 CCAMS-87464 80-85 bF 12235 (30) 1300 12628 13067 12848
43-6-1 CCAMS-95858 28-31 DbF 9760 (25) 1300 9380 9729 9555
GC569 Beta-310046 386 Bulk organic 12790 (—26.7) 60 1260 13255 13514 8483P
aG7 CCAMS-95867 0-5 ©bF 9040 (100) 1300 8379 8972 8676
4PS1621 HD-13276 18-27  Barnacle shells 8790 (45) 1300 8175 8527 8351

a Previously published ages (Hillenbrand et al., 2014; Supplement tables). b With Beta-433168, 4899 core top age subtracted.
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mic soundings were acquired with a 400 m 12-geophone ca-
ble with take-outs every 30 m, connected to a Bison seismo-
graph. Standard seismic high-explosive 200 g charges were
initiated by electric detonators. The network of 47 seismic
data points were screened for interference from the internal
structure of the ice shelf with 9 outliers discarded from the
analysis. Point datasets were combined and then re-gridded
using the “Topo to Raster” tool in ArcGIS, with an output
cell size of 500 m.

Seafloor sediments were investigated using sub-bottom
profiles along the long axes of the surveyed glacial troughs,
a seismic-reflection profile and sediment cores.

Sub-bottom profiles were acquired with a hull-mounted
Kongsberg Simrad TOPAS PSO018 sub-bottom parametric
echo sounder with secondary chirp pulse frequencies be-
tween 1.3 and 5 kHz.

Seismic data were acquired using a high-resolution air gun
seismic-reflection profiling system consisting of a single GI
gun, firing in true GI mode with generator and injector vol-
umes of 45 and 105 in3fiH, respectively, producing a signal
of 100 Hz dominant frequency. A 16-channel streamer with
a channel spacing of 6.25 m, with an active section of 100 m,
was used for recording the data. Data processing included
frequency filtering (15-350 Hz), gain, velocity analysis (ev-
ery 50 CMPs), NMO correction, coherency filtering, stack-
ing, time migration, bandpass, white noise removal, dip fil-
tering and FX deconvolution as described in Hiibscher and
Gohl (2014).

To determine the nature of the bed and the sedimentolog-
ical record of glaciation, sediment cores were collected with
a combination of a 3-12m x 110 mm gravity corer (P. Smit,
Netherlands) and a 300 mm square box corer (Duncan &
Associates). Cores were split and described at the British
Antarctic Survey, UK, following standard methods (Smith et
al., 2011). Shear strength was measured on the split cores
using a handheld shear vane. Sediment slices of 1cm were
weighed, dried and used to calculate water content. Dried
samples were then disaggregated and passed through 2 mm
and 63 um sieves to obtain gravel, sand and mud fractions.
To establish a chronology, calcareous (micro-)fossils were
picked from the 63 um to 2mm fraction and, if sufficient
in volume, were submitted for l4c dating at Beta Analytic,
USA. Where microfossils were absent the acid-insoluble or-
ganic fraction was dated. Dates were calibrated with Calib
v7.0.2, utilising the Marine13 calibration dataset (Reimer et
al., 2013) and a marine reservoir effect of 1260 £ 100 years,
(core top age from GC630; Delta R of 860 (1260 minus the
global marine reservoir of 400). Other reservoir ages or sur-
face corrections have also been applied in this region (e.g.
Hillenbrand et al., 2014, 2012; Stolldorf et al., 2012), Ta-
ble 1.

Interactions between ice shelves and the bed were studied
using ICESat surface altimetry (Zwally et al., 2012). All geo-
physical data are archived in the NERC Polar Data Centre.

www.the-cryosphere.net/12/1/2018/

3 Results

Ice from Coats Land discharges into the Weddell Sea via a se-
ries of glaciers and ice streams with velocities ranging from
less than 100 to over 500 myr~! (Fig. 1c). These glaciers
terminate in a series of deeply incised W- to WNW-oriented
glacial troughs, approximately 50 km apart and extending up
to 40 km from the present ice margin towards the Filchner
Trough. The troughs share a number of common glacial geo-
morphological features including marked reverse-bed slopes,
over-deepened basins, moraine complexes, streamlined land-
forms and grounding-zone wedges (GZWs), described be-
low.

3.1 Glacial troughs with reverse-bed slopes,
over-deepened basins and sediment infills

All surveyed glacial troughs are characterised by reverse-bed
slopes ranging from moderate (e.g. Moller Trough, which
deepens by 100 m along a 34 km profile; Fig. 2c, e) to steep
(e.g. Albert Trough, which deepens by 450 m along a 26 km
profile; Fig. 3c, d).

Over-deepened basins are present in all troughs with the
deepest basins being at the eastern limits of the surveys, clos-
est to the modern ice front. In some cases, large, deepssingle
basins were observed extending under the modern ice front,
for example in the Albert and Caird troughs (e.g. Fig. 3b—
d). In other cases, such as the Hoffman, Moller, Lichte and
SWGT troughs, there are a series of two or more deep basins
becoming progressively more poorly defined with increas-
ing distance from the eeas (Figs. 2, 5). Some of the deep
basins appear—te—have marked moraines on their seaward
side, for example in Caird and Albert troughs (Fig. 3b, c, e).
Other deep basins are separated by bedrock sills, for exam-
ple in Dawson-Lambton Trough, where the deep basins have
complex morphologies that appear to be bedrock controlled
(Fig. 3a).

The volume of sediment infilling in the troughs and deep
basins is variable with troughs downstream of the lower-
velocity glaciers (<250myr~'; Fig. 1c) typically charac-
terised by ice-moulded bedrock and low volumes of sediment
(Hoffmann, Mdller and Lichte troughs; Fig. 2a—c). This was
confirmed by gravity and box cores, which only recovered
18 cm of diamicton in Moéller Trough overlain by 40 cm of di-
atomaceous ooze (BC608) and 47 cm of sediments in Lichte
Trough (GC613), or did not recover any sediments (box
core BC606 and gravity cores GC609 and GC610; Fig. 2c).
In contrast, troughs downstream of higher-velocity glaciers
(>250myr~ 1), including the Albert and Dawson-Lambton
troughs (Fig. 3a—c) and the Brunt Basin (Figs. 4, 5), con-
tain high volumes of sediments. In Albert Trough a sediment
drape is present in the 900 m deep inner basin. A box core
from this basin (BC566; Fig. 3c) consists of a gravelly mud
unit overlain by a diatomaceous ooze with abundant drop-
stones. A similar sequence was found in a 4.08 m long grav-
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Figure 2. Geomorphology of glacial troughs downstream of low-velocity glaciers (<250myr~1): (a, b) Hoffmann Trough, (¢) Méller
Trough and (d) Lichte Trough, with labelled examples of streamlined landforms, moraines and bedrock terrain. Sediment core locations are
marked by white circles with associated core numbers. Background image is an Envisat synthetic aperture radar image from 21 February 2011
to show the position of the ice front during the survey (cruise JR244). (e) Long profiles down the central axis of the troughs showing rugged
but generally landward-dipping geometries; profile locations are marked with white dotted lines in panels (a), (c) and (d).

ity core (GC569; see Fig. 3c for location, Fig. 6 for core log)
which included a glacial deposit of stiff, greenish-grey grav-
elly mud and clasts below 3.88 m overlain by laminated di-
atomaceous muds and oozes with occasional sand layers.

3.2 Moraines and moraine complexes

Arcuate ridges of several kilometres in length and up to
35m in height are present in Albert, Caird and Hoffmann
troughs (Figs. 2a, 3b, c). These ridges are transverse to the
long axis of the troughs, typically symmetric and steep-
sided in cross profile (Fig. 3e). There is no acoustic pene-
tration of these features on sub-bottom profiles, suggesting
that they consist of coarse, diamictic and/or compacted ma-
terial. The most extensive ridges occur at the western end
of the trough basins (e.g. Albert, Hoffmann and the Lerchen-

The Cryosphere, 12, 1-17, 2018

feld/Schweitzer glacier troughs; Figs. 2a, 3c, 7¢). The dimen-
sions, morphologies and locations of these ridges, transverse
to the former ice-flow direction, indicate that they represent
terminal push moraines formed during an advance or read-
vance of grounded ice in the troughs (e.g. Ottesen et al.,
2005). The smaller ridges found at topographic highs and/or
narrow trough sections between trough basins (e.g. Hoff-
mann and Caird troughs; Figs. 2a, 3b) most likely represent
recessional moraines formed during minor still stands of the
retreating grounding line.

3.3 Streamlined landforms

A variety of elongate streamlined landforms also occur in
the troughs. These range from long, low amplitude, straight
ridges, to arcuate ridges separated by depressions (e.g.

www.the-cryosphere.net/12/1/2018/
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seismic-reflection profile BAS101-s116 along the strike of the large grounding-zone wedge (GZW) in (a) Dawson-Lambton Trough, (b) Caird
Trough and (c) Albert Trough, with labelled examples of streamlined landforms, moraines (arrowed and labelled “M”) and GZWs. (d) Long
profiles down the central axis of the troughs showing landward-dipping geometries; profile locations are marked with white dotted lines in
panels (a), (b) and (c). (e) Cross profiles over prominent ridge features interpreted as moraines; profile locations are marked with solid white
lines in panels (b) and (c¢). Sediment core locations are marked by white circles with associated core numbers.

Dawson-Lambton and Albert troughs; Fig. 3a, c¢); dimen-
sions are 1-3 km in length, 5-10m in height and 200-500 m
in width with elongation ratios of up to 10:1. The sub-
dued morphology of the ridges and rare sub-bottom reflec-
tions in TOPAS profiles indicate that they consist of unlithi-
fied sediments. We interpret these trough-parallel landforms
as subglacial lineations formed by fast glacier flow over a
deformable bed (see King et al., 2009; o) Cofaigh et al.,
2005). Shorter elongated, landforms consist of rounded to
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blunt-nosed hills with a tapered (seaward) end up to 70 m
high and 1.8 km long (elongation ratios < 5: 1), usually in
the inner and middle parts of the troughs (Figs. 2d, 3c).
Sub-bottom profiles do not show penetration through acous-
tic basement, indicating that these features are likely formed
in bedrock. These landforms are interpreted as subglacially
moulded réche moutonnée, whaleback forms and small crag
and tails (see Livingstone et al., 2015; Nitsche et al., 2013).
In Albert Trough, glacial lineations extend throughout the
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Figure 4. (a) Bathymetry of the McDonald Bank, a topographic high that rises to ~ 220 m (water depth) under the Brunt Ice Shelf between
the Brunt Basin and the Filchner Trough in the eastern Weddell Sea. The south-east part of the McDonald Bank consists of a ca. 75m
high ridge of sediments with internal truncated reflections (seismic profile 5; Elverhgi and Maisey, 1983). At its highest point, this ridge
makes contact with the Brunt Ice Shelf; Three-dimensional images of grounding-zone wedges (GZWs) in (b) Dawson-Lambton Trough and
(c) Albert Trough. Black arrows in (b) point to glacial lineations; insets show cross profiles of the GZWs.

trough and curve northwards, where the trough widens into
the Weddell Sea Embayment (Figs. 4c, 7c), suggesting that
past ice flow was deflected northwards to where the Albert
Glacier joined the pFIS in Filchner Trough.

3.4 Grounding-zone wedges and topographic highs

Relatively wide (2-40km), subdued, asymmetric ridges and
topographic highs occur offshore of the Caird and Albert
troughs (Fig. 7) and inshore within the Hoffmann, Dawson-
Lambton and Albert troughs (Fig. 2a, c¢). These features are
up to 100 m high and have the steep seaward-facing slopes
and gentler landward slopes typical of GZWs (Dowdeswell
and Fugelli, 2012; Graham et al., 2009). These typically form
at the grounding line of a retreating ice mass when it pauses
for periods of several decades up to a few thousand years (Al-
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ley et al., 1989; Dowdeswell and Fugelli, 2012). The widest
GZWs or recessional moraines are found > 20 km north-west
of Caird Trough, marking a series of at least five grounding
line positions (Fig. 7a). There are similar GZWs, marking at
least three grounding line positions north of Albert Trough
(Figs. 4c, 7d), the northernmost two of which (Figs. 7d, 1
and 2) are oriented transverse to past ice flow in Filchner
Trough (Fig. 7d, red arrow).

The GZW within the Dawson-Lambton Trough was stud-
ied in detail. Its gently dipping upstream side (~ 1°) and
much steeper downstream side (7-9°) (Fig. 4b) indicate
that it was deposited by a seaward-thinning glacier, and
the presence of lineations and notable absence of plough
marks suggest that ice was fast flowing and probably already
near to floatation (see Batchelor and Dowdeswell, 2015).
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Figure 5. (a) Submarine geomorphology under the Brunt Ice Shelf
and Stancomb-Wills Glacier Tongue (BIS-SWGT) showing that the
Brunt Basin consists of a NNW-oriented glacial trough beneath the
BIS and SWGT, separated from the Filchner Trough by the McDon-
ald Bank. This image was compiled from multiple data sources, in-
cluding multibeam and single beam bathymetric data incorporating
historical ship tracks inland of the present ice-shelf front, the In-
ternational Bathymetric Chart of the Southern Ocean data (IBSCO;
Arndt et al., 2013) and seismic surveys of the depth to the seabed
from the surface of the BIS—-SWGT. Black arrows depict contem-
porary ice-flow directions. (b) Data density including locations of
ship tracks (solid black lines offshore), historical depth soundings
(dots on the SWGT) radar surveys (solid back lines over the inland
ice) and ice-shelf seismic survey points (dots on the BIS).

An along-strike seismic profile shows multiple architectural
units. These include dipping reflections in a bank at the west-
ern side of the wedge consistent with development through
lateral progradation. Along-trough progradation can be in-
ferred from the top sets and discrete units in the internal ar-
chitecture of the GZW (Fig. 8a). The base of a sediment core
recovered from the crest of the GZW (GC630, Fig. 9a) con-
sists of a sandy mud containing large clasts, calcareous ma-
rine micro-fossils, low water content and high shear strength
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Figure 6. Sediment core log for GC569, a 4.08 m long gravity core
from the deep basin in Albert Trough (see Fig. 3c for location).
The core consists of stiff, greenish-grey gravelly mud and clasts
below 3.88 m, overlain by laminated diatomaceous muds and oozes
with occasional sand layers. The latter indicates open water marine
sedimentation over the site or possibly advection of nearby diatom
blooms under an ice shelf.

consistent with glaciomarine sediments. This is overlain by
a thin layer of structureless diamicton, interpreted as a sub-
glacial till formed by grounded ice. The upper unit of the
core consists of gravelly sands and sandy muds. A second
core on the seaward side of the GZW (GC626, Fig. 9b)
is characterised by a sequence of sandy mud and normally
graded gravel to muddy sand, interpreted as debris flows,
likely generated from glaciomarine sediments reworked by
ice grounded on the crest of GZW.

A topographic high occurs to the west of the Brunt Basin
(Figs. 4a, 5). Named the McDonald Bank, it forms part of
a 100-400m high ridge of glacial sediments with internal
truncated reflectors (seismic profile 5; Elverhgi and Maisey,
1983) rising to within ca. 220 m of present sea level. Sur-
face altimetry of the BIS shows that the McDonald Bank
deflects the flow of the SWGT to the north and BIS to the
south. Back stresses create a series of upstream concentric
pressure waves in the ice shelf. This area of deformation is

The Cryosphere, 12, 1-17, 2018

20

25



3

10 D. A. Hodgson et al.: Deglaciation and future stability of the Coats Land ice margin

recessional
moraines

'30-m high

asymmetric # ;
moraine ridge\" g

(b) =
Depth (m) g2
440 —_l » O
450 2,
460
470
480
490
0 Distance along profile (km) 12km

TROUGH

FILCHNER

Figure 7. Detail of landform assemblages west of the Coats Land glacial troughs indicating connections to the main ice stream advance and
retreat in Filchner Trough. (a) A series of five GZWs marked by numbered dashed lines and recessional moraines marked by arrows > 20 km

north of Caird Trough with cross profile in (b); profile

across three of the GZWs, where the location of profile is marked by the white

dotted line in (a). (¢) Landforms in Vashel Bay formed by extension of the Lerchenfeld and Schweitzer glaciers. The approximate trough
margins, based on the bathymetry, are marked with black dotted lines. (d) Landforms west and north of Albert Trough showing lineations
(labelled “M”) trending parallel to past ice flow in Filchner Trough (red arrow) and across-flow GZWs marked by numbered dashed lines.

known as the McDonald Ice Rumples (75°28' S, 26°18’ W),
which cover an area of approximately 3 x 3 km? (Fig. 10).
Apart from the Lyddan Ice Rise (north of the SWGT), the
deformation of the BIS at the McDonald Ice Rumples is the
only evidence of ice being in contact with the bed beyond
the grounding line. This can be attributed to differences in
water depth, with the McDonald Bank being less than 220 m
from the surface while the topographic highs formed by the
GZWs in Dawson-Lambton and Albert troughs are at 380
and 450 m, respectively (Fig. 4b, c). These differences in wa-
ter depth constrain the potential of these topographic highs
to act as pinning points for advancing ice,

3.5 Chronological constraints

The timing of ice advance and retreat is not well constrained
by our data.

Mixed microfossil ages of ca. 3440G,cal. yr BP (at 80 cm
core depth) and > 43 500 '*C yr BP (at 60 cm depth; Table 1)
were found in the gravity-flow deposits sampled at the base
of the GZW in Dawson-Lambton Trough (GC626, Fig. 9b).

The Cryosphere, 12, 1-17, 2018

This suggests that glaciomarine sediments from Marine Iso-
tope Stage 3, and predating the last ice advance, were present
and being reworked during the progradation of the GZW.

A radiocarbon age of 24999 ,cal. yr BP (Table 1) from a
calcareous microfossil in the glaciomarine sediments, im-
mediately underlying the diamicton on the crest of the
GZW in Dawson-Lambton Trough (100cm in GC630,
Fig. 9a), provides a minimum age constraint before the on-
set of the last ice advance. The older microfossil age of
ca. 33800 cal. yrBP is found in the overlying sandy mud
at 40 cm core depth can be attributed to the continued re-
working and progradation of Marine Isotope Stage 3 (MIS3)
glaciomarine sediments.

In terms of ice retreat, a basal date from GC569 in the deep
basin in Albert Trough (Fig. 6) gave a bulk acid-insoluble
organic age of 13382cal. yr BP (Table 1). Subtracting the
4899 yr surface age of the core yields a minimum corrected
age of 8483 cal. yr BP. The presence of mixed ages (rang-
ing from 3693 to 6550 cal. yr BP) in the diatomaceous ooze
above 3.88 m indicates that this date must be treated with
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Figure 8. Seismic and sub-bottom parametric echo sounder profiles over GZWs on the Coats Land margin. (a) Seismic-reflection profile
BAS101-s116 along-strike of the large GZW upstream of the deep basin in Dawson-Lambton Trough (location shown in Fig. 3a). This shows
that the GZW consists of up to 80 m of unconsolidated stratified sediment units over a rugged bedrock surface (black dotted line). Prograding
strata are indicated by red lines, together with lenticular bodies and faults. Onlapping basin fills are marked by yellow arrowheads. Thickness
bar on y axis calculated with 1.6-2.0kms~!. (b) TOPAS sub-bottom parametric echo sounder profiles over the GZW Albert Trough (for
locations see black dotted lines in Fig. 3a, c). These show generally impenetrable upper reflections and ponded sediment in depressions and
the locations of coring sites GC630 and GC626. (c) in Dawson-Lambton Trough. VE is the vertical exaggeration and TWT is the two-way

travel time in seconds (y axis).

caution due to sediment mixing and/or varying contributions
of reworked fossil carbon.

4 Discussion

Observations in the vicinity of present-day grounding lines
are typically difficult to obtain in Antarctica (De Rydt and
Gudmundsson, 2016). One way of addressing this is to study
the bed geometry along coastlines exhibiting various stages
of ice retreat. Applied here, this approach has revealed many
of the features constraining the regional dynamics of the
Coats Land ice margin. Below we describe what these glacial
geomorphological features reveal about the ice sheet during
the last maximum ice advance, the modes of yetreat and the

www.the-cryosphere.net/12/1/2018/

influence of the bed and ice geometry on future regional ice-
shelf and ice-sheet stability.

4.1 Last maximum ice advance

The MIS3 marine microfossils incorporated in the reworked
sediments of Albert and Dawson-Lambton troughs and else-
where in the Weddell Sea (Hillenbrand et al., 2014) suggest
widespread seasonally open water before the last main ice
advance. This, in addition to previous advances, has con-
tributed to the erosion of the 450-900 deep gtroughs and
trough basins along the Coats Land ice margin. The stream-
lined landforms in bedrock, moraine complexes trending
NNW from Albert Trough (Fig. 4c), GZWs north of Albert
Trough (Fig. 7c) and the NNW-trending trough under the

The Cryosphere, 12, 1-17, 2018
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Figure 9. X-ray images, lithology, shear strength, water content and grain size analyses for sediment cores. (a) GC630 from the crest of the
GZW in the Dawson-Lambton Trough. The core consists of stratified pebbly/sandy muds at its base (137.5-90 cm) overlain by a massive
a muddy diamicton (90-55.5 cm) and then a sequence of gravelly sands and sandy muds (55.5-0cm). Shear strength generally increases
downcore, reaching a maximum of 12kPa. (b) GC626 on the distal side of the GZW. The core consists of a sequence of a sandy mud
at its base (90-75cm) with dispersed foraminifera throughout, overlain by normally graded foraminifera-bearing gravel to muddy sand
(75-22 cm). Above this (22-0 cm) is a homogenous sandy mud, with dispersed gravel grains in the top 5 cm.

BIS-SWGT show that ice flow from Coats Land was redi-
rected by the pFIS, contributing to a regional ice advance
in the Filchner Trough sometime after 24908 cal. yr BP
(GC630). In Filchner Trough, this ice advance has previ-
s ously been dated to sometime after 11 800 cal. yr BP (Arndt
et al., 2017). It followed evidence of an earlier ice advance
prior to 27500 cal. yr BP (Arndt et al., 2017), which was
characterised by subglacial lineations and drumlins extend-
ing to within approximately 40 km of the shelf break (Fig. 1)
10 (Gales et al., 2012; Hillenbrand et al., 2014; Larter et al.,
2012). Combined, the evidence suggests that streaming ice in
the Coats Land troughs, together with the major ice streams
feeding the pFIS (Bailey Ice Stream, Slessor and Recovery
glaciers) and lower relative sea levels, may have contributed
15 to the drawdown of the interior ice sheet. This would pro-
vide a mechanism for the minor thickening, lack of change
or even thinning seen in the hinterland (Bentley et al., 2010;

The Cryosphere, 12, 1-17, 2018

Hein et al., 2011; Hodgson et al., 2012; Parrenin et al., 2004;
Whitehouse et al., 2012a).

4.2 Ice retreat

The large volumes of glacial sediments in the Filchner
Trough and downstream of the higher-velocity Coats Land
glaciers have been reworked into a number of landforms
that document the retreat of grounded ice. The first group of
landforms includes features oriented transverse to the pFIS,
the best examples being the previously described GZWs in
Filchner Trough (Arndt et al., 2017; Larter et al., 2012)
and beyond Albert Trough (this study, Fig. 7d). The second
group of landforms is oriented transverse to the ice streams,
glaciers and ice shelves discharging from Coats Land. These
include the GZWs beyond Caird Trough (Fig. 7a), Lerchen-
feld Glacier (Fig. 7¢), terminal moraines at the seaward end
of the deep basins and at trough narrowings, and the within-
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Figure 10. (a) Surface altimetry of the north-eastern part of the Brunt Ice Shelf and the McDonald Ice Rumples showing the deformation of
the ice shelf where it is deflected around the McDonald Bank (Fig. 5). (b) An oblique aerial photograph of the McDonald Ice Rumples in

2017, facing NNW (credit: Jan de Rydt, BAS).

trough GZWs. These landform assemblages suggest at least
four phases in the ice retreat across the inner shelf.

The first phase was the southward migration of the pFIS
ice front in the eastern Weddell Sea and the progressive loss
of contact between the Filchner Ice Shelf and Coats Land
glaciers from 12848 to 8351 cal. yr BP. The timing of this
southward migration is consistent with “scenario B” of Hil-
lenbrand et al. (2014) for regional deglaciation, with sedi-
ment age constraints from this, and other studies, tracking
an approximate north-to-south migration of the Filchner Ice
Shelf (Table 1). This began with core G2 off the Dawson-
Lambton Trough at 12 848 cal. yr BP, followed by core 3-6-1
off Caird Trough at 9555 cal. yr BP, core GC569 in Albert
Trough at 8483 cal. yr BP (this study with the surface correc-
tion applied), core G7 off the Lerchenfeld and Schweitzer
glaciers at 8676 cal. yr BP and core PS1621 south of Vahsel
Bay near the Filchner Ice Shelf front at 8351 cal. yr BP (all
core locations in Fig. 1c). At some point during this south-
ward migration the pFIS lifted off the bed and became an
ice shelf, resulting in the preservation of subglacial lineations
and drumlins in Filchner Trough (Fig. 1b; Larter et al., 2012).
Landforms associated with grounded ice and quasi-stable
ice-margin positions, such as GZWs, are therefore rare in the
main Filchner Trough; the exceptions are one GZW land-
ward of linear iceberg furrows on the outer shelf (Larter et
al., 2012), and one stacked GZW on the outer shelf, deposited
after 11 800 cal. yr BP. (Arndt et al., 2017). However, chrono-
logical control and survey data are exceedingly sparse over
most of the trough (as shown by Fig. 1b, c).

www.the-cryosphere.net/12/1/2018/

The southward-migrating Filchner Ice Shelf front resulted
in a loss of buttressing and a shift in the orientation of
the Coats Land glaciers that initiated their retreat. This
second phase of grounded ice retreat was punctuated by
grounding line halts at the trough narrowings (e.g. Fig. 3b
and e) and topographic highs, the formation of GZWs and
moraines at the seaward end of the deep basins in the troughs
(e.g. Fig. 3e). The period of grounding line stability pro-
vided by the progradation of the GZWs was likely short-
lived, possibly in the region of a few hundreds to thou-
sands of years (based on estimates elsewhere: Batchelor and
Dowdeswell, 2015; Dowdeswell and Fugelli, 2012; Jakob-
sson et al., 2012), and would have been dependent on sedi-
ment flux rates (Graham et al., 2010; Livingstone et al., 2016)
and water depth.

The third phase involved development of subglacial cav-
ities, loss of contact with the bed and the formation of ice
shelves along the Coats Land ice margin. The absence of ice-
berg plough marks and recessional moraines in the troughs
with soft sedimentary substrates suggests that this phase of
ice retreat was controlled by thinning to form ice shelves and
not retreat of grounded calving ice fronts.

Based on the landform assemblages in the troughs and
modern analogues around the nearby Dronning Maud Land
ice margin we infer that, during the fourth phase, the newly
formed ice shelves extended, to the shallower, outer parts
of the troughs. Here, at least some of them would have re-
grounded on topographic highs and on inner trough GZWs.
In the latter case, the re-grounding may have reworked at
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least part of the sediments comprising the GZWs — for ex-
ample the prograded structures on the surface of the GZW in
Dawson-Lambton Trough (Fig. 8a), and the gravelly sands
and sandy muds overlaying the structureless diamicton in
GC630 (Fig. 9a). However, once the ice shelves thinned to
the point where mechanical contact with the bed was fully
lost, the reverse-bed slope and consequent absence of further
pinning points, likely resulted in their rapid retreat back to-
wards the modern coastal grounding line where a rising bed
stabilises the ice sheet. These processes, in particular the loss
of contact with the bed, explain the absence of large extant
ice shelves between 75.5 and 77° S.

4.3 Future behaviour of the ice sheet and ice shelves

The submarine geomorphology, ice-sheet geometry, and
deglacial history of the Coats Land ice margin provide con-
straints on the future behaviour of the ice sheet in this region.

First, it is clear that loss of the connection between the ice
shelves and the bed had a threshold impact on ice-shelf sta-
bility. The geomorphological evidence suggests that current
absence of ice shelves south of the BIS (75.5-77° S) can be
attributed to loss of contact with the bed, with the reverse-
bed slopes (Figs. 2e, 3d) depriving retreating ice shelves of
further pinning points.

This failure to reconnect with the bed is exemplified by the
behaviour of the SWGT and the Dawson-Lambton Glaeter
Tongues, which are essentially “failed ice shelves”. Histori-
cal records show successive extensions of these glaciers over
the last 100 years have been of insufficient extent or thick-
ness to re-establish contact with the topographic highs at the
distal ends of their troughs. These have included a temporary
> 10km long ice tongue in front of the Dawson-Lambton
Glaeier surveyed during the 1958 International Geophysical
Year (Admiralty Charts, British Antarctic Survey Archives),
and an extension, then substantial calving, of the SWGT
sometime between 1915 and 1955 (Thomas, 1973). The
latter shows that the SWGT remains predisposed to large-
scale calving events despite potential lateral buttressing from
the Lyddan Ice Rise (Fig. 1b) and McDonald Ice Rumples
(Fig. 10).

In this context the BIS can be considered close to failure as
connection with the bed is limited to a very small (3 x 3 km)
part of the McDonald Bank. This represents about 0.03 %
of the surface area of the BIS~SSWGT using the 27 950 km?>
estimate of Humbert et al. (2009). Here the limited contact
with the bed makes the ice shelf particularly vulnerable to
only moderate changes in ice draught. A surge event in 1971
(Thomas, 1973) is consistent with a thinning of the ice shelf
and a temporary loss of contact with the bed. As a result, ice-
shelf velocities accelerated from 400 to > 700 ma~! between
1968 and 1982 (Simmons and Rouse, 1984), immediately
preceded by the formation of rifts upstream of the ice rum-
ples in 1968 (Thomas, 1973). This behaviour is supported by
an ice-flow model which shows that temporary loss of me-
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chanical contact with the bed simulated for the 1971 local
calving event can explain both a near-instantaneous 2-fold
increase in ice velocities over a large section of the ice shelf
and a subsequent decrease once contact was re-established,
(Gudmundsson et al., 2016).

Second, the extant glacier tongues and ice shelves con-
sist of ice which loses its structural integrity when flowing
across the grounding line (King et al., 2018). For example,
at the grounding lines of the Stancomb-Wills Glacier and the
unnamed glaciers feeding the BIS there—is—a—sharp change
in surface gradient, forming a “hinge zone” at the transition
between the interior grounded ice and floating ice masses.
The change in gradient ferms-afeature-known as the Brunt
Icefalls (75°55'S, 25°0' W; Fig. 5), which-extends for about
80km. Here, the ice-sheet fragments into a melange of ice-
bergs af the grounding line (Anderson et al., 2014). These
meteoric icebergs then “fuse” together with sea ice with
falling and drifting snow layers bridging the space between
them to form a structurally heterogeneous ice shelf. Although
sea ice has plastic (and therefore stabilising) properties (Hol-
land et al., 2015), the meteoric ice units are more prone to
fracture (Kulessa et al., 2014). However, observations on the
BIS have shown that rifts preferentially skirt the edges of
the incorporated icebergs and slow their rate of propagation
when forced by the stress field to break through them (King
et al., 2018). It is still not known whether the heterogeneous
nature of these ice shelves will make them more or less vul-
nerable to break-up once detached from the bed.

A relatively stable ice-sheet configuration is reached once
the calving fronts of ice streams and glaciers have retreated
to the coastal grounding line. Here the bedrock rises above
sea level within ca. 10 km from the coast, and the ice streams
and glaciers calve directly into the Weddell Sea. This stable
configuration is consistent with an ice-sheet model that sug-
gests stability of the Coats Land ice margin during the last
interglacial (DeConto and Pollard, 2016).

5 Conclusions

Widespread open water was present in the Weddell Sea
before the LGM, with MIS3 marine microfossils of
34100 cal. yr BP and > 43 500 '“C yr BP being incorporated
in the sediments of Adbert-and-Dawson-Lambton groughs and
elsewhere (Hillenbrand et al., 2014).

Sometime before 2490 cal. yr BP (most likely between
34464 and 27 500 cal. yr BP) and possibly sometime there-
after (most likely after 11800 cal. yr BP), Coats Land
glaciers and ice streams advanced and were diverted north-
wards, flowing parallel with the pFIS and contributing to
major ice advances in Filchner Trough. This, together with
lower sea levels, may have contributed to regional drawdown
of ice, in part explaining the minor thickening, lack of change
or even thinning in the interior ice sheet.
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Ice retreat consisted of the southward migration of the
pFIS ice front and the loss of contact with the Coats Land
ice streams and glaciers. This resulted in a-ess of but-
tressing and a progressive north-to-south deglaciation of
the froughs between 12 848 (Dawson-Lambton Trough) and
8351 cal. yr BP near the present Filchner Ice Shelf front.
The retreat of grounded ice up the troughs was punctuated
by grounding line halts at the trough narrowings and topo-
graphic highs, as well as the formation of sedimentary fea-
tures such as GZWs and moraines at the seaward end of the
deep basins in the troughs.

Loss of ice contact with the bed formed ice shelves, and an
absence of iceberg plough marks suggests that this was con-
trolled by thinning and not by calving. The extensien of the
ice shelves to the shallower, outer parts of the troughs may
have resulted in their re-grounding on some of the within-
trough GZWs and topographic highs.

Subsequent retreat of these ice shelves was governed by
the interaction between the ice and the bed. Once the ice
thinned to the point where mechanical contact with the bed
was fully lost, the reverse-bed slope and consequent ab-
sence of further pinning points resulted in rapid retreat to the
present-day grounding line. These processes explain the ab-
sence of large extant ice shelves between the BIS and Filch-
ner Ice Shelf.

The fact that ice shelves are absent along much of the
Coats Land ice margin suggests that loss of buttressing has
been more important than atmospheric or ocean temperatures
in determining where ice shelves have survived in this region.
At the BIS-SWGT, contact with the bed at the McDonald Ice
Rumples is therefore critical to maintaining the ice shelf in
the future.
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