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ABSTRACT

Reconstructing the advance and retreat of past ice sheets provides important long-term context for
recent change(s) and enables us to better understand ice sheet responses to forcing mechanisms and
external boundary conditions that regulate grounding line retreat. This study applies various radiocarbon
dating techniques, guided by a detailed sedimentological analyses, to reconstruct the glacial history of
Anvers-Hugo Trough (AHT), one of the largest bathymetric troughs on the western Antarctic Peninsula
(WAP) shelf. Existing records from AHT indicate that the expanded Antarctic Peninsula Ice Sheet (APIS)
advanced to, or close to, the continental shelf edge during the Last Glacial Maximum (LGM; 23-19 cal kyr
BP [ = calibrated kiloyears before present]), with deglaciation of the outer shelf after ~16.3 cal kyr BP. Our
new chronological data show that the APIS had retreated to the middle shelf by ~15.7 cal kyr BP. Over this
600-year interval, two large grounding-zone wedges (GZW) were deposited across the middle (GZW?2)
and inner shelf (GZW3), suggesting that their formation occurred on centennial rather than millennial
timescales. Expanded sequences of sub-ice shelf sediments occur seaward of the inner GZW3, which
suggests that the grounding line remained stationary for a prolonged period over the middle shelf.
Grounding-line retreat rates indicate faster retreat across the outer to middle shelf compared to retreat
across the middle to inner shelf. We suggest that variable retreat rates relate to the broad-scale
morphology of the trough, which is characterised by a relatively smooth, retrograde seabed on the
outer to middle shelf and rugged morphology with a locally landward shallowing bed and deep basin on
the inner shelf. A slowdown in retreat rate could also have been promoted by convergent ice flow over
the inner shelf and the availability of pinning points associated with bathymetric highs around Anvers

Island and Hugo Island.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Antarctic Peninsula Ice Sheet (APIS) is currently losing mass
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et al, 2019). Mass loss is largely a response to ocean-induced
melting of marine-terminating glaciers and ice shelves, resulting
in their retreat and flow acceleration and drawdown of the APIS
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(Cook et al., 2016; Rignot et al., 2019). In addition, ice-shelf thinning
and retreat has occurred in tandem with atmospheric warming
since the early twentieth century, which has driven increased
surface melting and propogated collapse through hydrofracture
(Scambos et al., 2004). Whilst these key processes are now well
understood, there remains uncertainty about the future evolution
of the APIS and particularly its subsequent contribution to sea-level
rise. Processes such as marine ice sheet instability and ice-cliff
instability (MISI and MICI, respectively) have been hypothesised
as the main drivers of rapid ice sheet retreat but have not been
observed in Antarctica (MICI) or have been subject to limited
observation (MISI) (Schoof, 2007; Joughin et al., 2014; Favier et al.,
2014; Rignot et al., 2014; Pollard et al., 2015; DeConto and Pollard,
2016). In this context, data on the advance and retreat of the APIS
during previous glacial-interglacial cycles can provide vital insight
into the response of grounded ice to a range of drivers, including
past episodes of atmospheric and ocean warming, and the influence
of a retrograde bed on facilitating rapid retreat. Furthermore,
detailed palaeo-glaciological reconstructions provide information
about key subglacial processes, for example, the role of subglacial
meltwater and sediment deformation in facilitating fast flow,
which help to improve our understanding of glacier dynamics (e.g.,
O Cofaigh et al., 2005; Kirkham et al., 2019; Larter et al.,, 2019;
Greenwood et al., 2021). Ultimately, this evidence can then be used
to validate ice sheet models, thereby improving their ability to
accurately predict future changes (e.g., King et al, 2012;
Whitehouse et al., 2012a, 2012b; Briggs and Tarasov, 2013;
Bracegirdle et al., 2019; Siegert et al., 2020).

Several factors currently limit our ability to accurately recon-
struct past glacier dynamics. Principal among these is reliable
dating of past changes, because without this it is difficult to assess
rates and drivers of change. Accelerator mass spectrometry (AMS)
14¢ dating of calcareous (micro-)fossils is considered to provide the
most reliable ages from Antarctic shelf sediments over the last 40
kyrs (e.g. Andrews et al., 1999; Heroy and Anderson, 2005, 2007,
Hillenbrand et al., 2010a; O Cofaigh et al., 2014), although the
scarcity of calcareous (micro-)fossils in Antarctic shelf sediments
means that alternative dating methods are often applied, e.g.,
dating of the acid insoluble organic matter (AIO) fraction of (bulk)
sediments (Licht et al., 1998; Andrews et al.,, 1999; Heroy and
Anderson, 2007; Hillenbrand et al., 2010a, 2010b; Smith et al.,
2011). The AIO fraction can be “contaminated” by reworked fossil
organic carbon that is eroded and transported offshore by ice
streams and outlet glaciers (Andrews et al., 1999; Hillenbrand et al.,
2010a). This problem is particularly acute in transitional environ-
ments, between grounding line retreat and the onset of seasonally
open-marine conditions, where the input of fresh organic carbon
(from primary productivity in the water column) is low, whilst the
supply of detritus eroded and transported by the glacier, which may
include fossil organic matter, is high (Domack, 1992). To overcome
these limitations, several studies have employed compound spe-
cific C dating (Ohkouchi et al., 2003; Yokoyama et al., 2016).
Additionally, ramped pyrolysis (RPO) C dating ‘splits’ the bulk
sedimentary organic matter into younger, more volatile compo-
nents and older, more diagenetically stable components using
stepped-temperature combustion (Rosenheim et al., 2008). The
younger, volatile components are assumed to consist of autoch-
thonous algal-derived organic matter produced in open water and
this is reflected in radiocarbon ages that are comparable to those
obtained from calcareous (micro-)fossils in the same sediment
horizon (Rosenheim et al., 2008; Subt et al., 2017). The RPO method
offers great promise for establishing robust palaeo-reconstructions
— and in combination with other dating approaches - allows us to
place the recent ice sheet changes into a long-term context and,
ultimately, provide validation for predictive ice sheet models.
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In this study, we apply several radiocarbon dating methods and
detailed sedimentological analyses to reconstruct the glacial his-
tory of Anvers-Hugo Trough (AHT) on the western Antarctic
Peninsula (WAP) shelf (Fig. 1) since the Last Glacial Maximum
(LGM; 23-19 cal kyr BP). AHT is one the best-surveyed palaeo-ice
stream troughs in Antarctica (Domack et al., 2006; Lavoie et al.,
2015; Larter et al., 2019) and this extensive geophysical data
set allowed targeted sediment coring within a known geomorphic
setting.

2. Regional setting and previous work

The Antarctic Peninsula consists of a central spine of mountains,
with a plateau 1800—2000 m above modern sea level, covered by
the APIS with ice up to 500 m thick. Today, the APIS is drained by a
series of marine-terminating glaciers, some of which form floating
ice shelves (e.g., Cook and Vaughan, 2010; Cook et al., 2016). AHT is
oriented N—S and extends from the WAP coast to the edge of the
continental shelf (Fig. 1). AHT is approximately 144 km long and
24—40 km wide and has been eroded by the repeated advance of
the APIS over multiple glacial cycles (Larter et al., 1997; Barker and
Camerlenghi, 2002). Water depths within AHT generally increase
landwards, from 370 to 440 m at the shelf edge to 550—700 m on
the middle shelf (Fig. 2a—b; Pudsey et al., 1994; Livingstone et al.,
2012; Larter et al., 2019). On the middle shelf, AHT is oriented
NNW-SSE and coalesces with a tributary trough extending from
Dallmann Bay (Fig. 1b) (Lavoie et al., 2015), referred to as “Perrier
Trough” by Larter et al. (2019). The rugged inner shelf has water
depths down to 1400 m, e.g., in Palmer Deep, and features
streamlined bedrock, meltwater channels and interconnected ba-
sins (Domack et al,, 2006; Larter et al., 2019). Geophysical data
indicate that the seabed of inner AHT is characterised by outcrop-
ping bedrock, whilst on the middle and outer shelf prograding
sequences of glacigenic sediments, deposited over multiple epi-
sodes of ice sheet advance, occur (Larter and Barker, 1989; Pudsey
et al., 1994). The outcropping bedrock of the inner shelf, including
a sill separating Palmer Deep from the main AHT, features cres-
centic scours, anastomosing channels and northward-shoaling
valleys, eroded by subglacial water flow over multiple glaciations
(see Fig. 1b for location and Fig. 2 in Larter et al., 2019, for detailed
multibeam bathymetry). These features have been associated with
a subglacial lake within Palmer Deep that formed during, or prior
to, the LGM and that experienced several draining events before
being completely evacuated (Domack et al., 2006). Larter et al.
(2019) suggested that meltwater availability facilitated fast ice
stream flow and controlled shear margin positions within AHT. The
submarine geomorphology of the middle and outer AHT is domi-
nated by mega-scale glacial lineations (MSGLs), highly elongated
parallel ridges and grooves formed during ice streaming, and
grounding-zone wedges (GZWs), asymmetrical accumulations of
sediment deposited when the grounding line temporarily stabilises
during episodic ice-stream retreat (Fig. 2) (Pudsey et al., 1994;
Larter and Vanneste, 1995; Heroy and Anderson, 2005; Domack
et al, 2006; Livingstone et al., 2012; Larter et al., 2019). The
extension of MSGLs close to the shelf break provides strong evi-
dence that the grounded APIS extended to this position during the
LGM (Larter et al., 2019). Following deglaciation, icebergs gouged
scour marks into the seabed at depths shallower than ~590 m
below modern-day sea level and overprinted glacial bedforms in
some places, including the outermost shelf (Pudsey et al., 1994;
Heroy and Anderson, 2005). The bathymetric high surrounding
Hugo Island, west of AHT, and extending to the shelf break, is
thought to have hosted a grounded ice dome during the LGM
(Fig. 1b) (Domack et al., 2006; Lavoie et al., 2015). Additional ice
domes also may have existed east of AHT (Fig. 1a; Lavoie et al.,
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Fig. 1. (a) Map of the Antarctic Peninsula showing the location of Anvers-Hugo Trough and other major palaeo-ice stream troughs on the WAP. Gerlache Strait = GS. Regional
bathymetry is from Arndt et al. (2013). (b) Detailed map of Anvers-Hugo Trough. White dashed lines indicate the division of the trough into an Outer Trough (OT), Middle Trough
(MT) and Inner Trough (IT) region. Red circles denote locations of marine sediment cores with published deglaciation ages (from Harden et al., 1992; Pudsey et al., 1994; Nishimura
et al,, 1999; Domack et al., 2001; Yoon et al., 2002; Heroy and Anderson, 2005, 2007; O Cofaigh et al., 2014). Yellow circles denote JR284 core locations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

2015). These ice domes would have constrained and directed ice
flow within AHT (Domack et al., 2006; Lavoie et al., 2015).
Available chronological data suggests that deglaciation of the
outer shelf was underway by ~16.3 cal kyr BP (KC-26 in Heroy and
Anderson, 2007). Note that in this paper, all radiocarbon ages
published prior to 2020 were re-calibrated using the updated
Marine20 calibration curve and a marine reservoir effect of
1230 + 120 yrs (O Cofaigh et al., 2014), to facilitate comparison with
the new ages presented in this study. *C ages indicate that the
middle shelf was free of grounded ice as early as 13.9 cal kyr BP (GC-
1702 in Nishimura et al., 1999). Grounded ice had retreated from
Palmer Deep by ~12.9 cal kyr BP (Site 1098 in Fig. 10 of Domack
et al.,, 2006). By ~8.4 cal kyr BP, the Gerlache Strait on the inner
shelf (PC83 in Harden et al., 1992) was free of grounded ice (Fig. 1).
Except for the outer-shelf minimum deglacial ages, the retreat
chronology of the AHT palaeo-ice stream is largely based on the AIO
fraction of sediments which, as discussed, can be “contaminated”
by reworked fossil organic carbon (Andrews et al, 1999;
Hillenbrand et al., 2010a). AIO ages are therefore often considered
less reliable than those obtained from calcareous foraminifera tests
or other calcareous shells (e.g., O Cofaigh et al., 2014). This study
aims to improve the deglacial chronology of AHT by applying dating

of calcareous foraminifera and the AlO fraction of (bulk) sediments,
together with RPO 'C dating (Rosenheim et al., 2008), with the
application guided by detailed core analysis.

3. Methods
3.1. Geophysical data

Extensive marine geological and geophysical data were
collected during RRS James Clark Ross cruise JR284 in January 2014.
Detailed multibeam bathymetric data were collected using the
hull-mounted Kongsberg-Simrad EM122, and a TOPAS PS018
parametric echo sounder was used to collect acoustic sub-bottom
profiler data (Larter et al., 2019). The JR284 bathymetric data
were gridded along with existing multibeam data sets acquired by
previous cruises of the RVIB Nathaniel B. Palmer, the RRS James Clark
Ross and HMS Protector (Anderson, 2005; Domack, 2005; Lavoie
et al, 2015). Gridding was carried out in MB-System software
(Caress and Chayes, 1996; Caress et al., 2018), with a grid cell size of
30 m (Larter et al., 2019). The bathymetric grid is available from the
UK Polar Data Centre. Bathymetric datasets were visualised and
analysed in ArcGIS (ArcMap) by applying various sun illuminations
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to the data and using 3D Analyst tools to produce bathymetric
profiles over glacial landforms and core sites. During JR284,
bathymetric and sub-bottom profiler data were used to target core
sites to provide the best record of ice-stream retreat in AHT, as
outlined below.

3.2. Geological data

3.2.1. Sedimentological data

Sediment cores were recovered using the British Antarctic Sur-
vey (BAS) 11 cm-diameter gravity corer (GC; NIOZ-type) along two
transects, one running along the length of AHT and the other one
running across AHT (Table 1). Coring was additionally focussed on
three GZWs (GZW 1-3; Fig. 2). Where possible, cores were recov-
ered from the back-slope and seaward pinch-out of each wedge
(observed in the multibeam and TOPAS data, respectively) in an
attempt to constrain the time-interval over which each GZW
formed. A box corer was deployed at most GC sites to recover un-
disturbed seafloor surface sediments.

Magnetic susceptibility (MS), p-wave velocity and density were
measured at 1 cm intervals on un-split whole core sections using a
GEOTEK multi-sensor core logger at the British Ocean Sediment
Core Research Facility (BOSCORF, Southampton, UK). The core
sections were then split, line-scan imaged, described and sampled.
Lithological descriptions were based on texture (clay/silt/sand/
gravel), structure, colour and contacts between under/overlying
units. To refine lithological units and assess sedimentary structures
in more detail, a sub-set of archive core halves were X-rayed at
Intertek NDT (Derby, UK). Shear strength and water content data
were measured every 20 cm down-core to assess sediment
compaction and to help, together with other information, such as
content of biogenic material and absence/presence of stratification,
differentiate between subglacial and glacimarine sediments (e.g.,
Yoon et al., 1997; Domack et al., 1999; Licht et al., 1999; Evans et al.,
2005; O Cofaigh et al., 2005; Smith et al., 2009; Hillenbrand et al.,
2012). Shear strength was measured using a hand-held shear
vane. For water content, 1-cm thick sediment slices were weighed
(wet weight), freeze-dried and re-weighed to determine their dry
weight. Grain size distribution was determined through wet and
dry sieving to separate the mud (<63 pm), sand (63 pm—2 mm) and
gravel (>2 mm) fractions. The (dry) mud, sand and gravel fractions
were weighed, and these weights were converted into percentages.
Biogenic opal, total organic carbon (TOC) and CaCO3 contents are
used in this study as proxies for biological productivity (e.g.,

Table 1
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Domack et al., 1999; Hillenbrand et al., 2010b, 2012; Smith et al.,
2014). Biogenic opal content was measured on a subset of cores
(Suppl. S1) using the automated leaching method of Miiller and
Schneider (1993). Determination of diatom abundance and spe-
cies assemblages was carried out on a qualitative basis through
smear slide analysis. Sediments were described as diatom bearing
(15—30% diatom content), diatomaceous mud (30—50% diatom
content) or diatomaceous ooze (50—100% diatom content), or, as
containing trace (<2%), some (5%) or minor (10%) amounts of
diatoms.

The opal contents, together with TOC and CaCO3 contents, were
analysed at the Alfred Wegener Institute for Polar and Marine
Research (Bremerhaven, Germany). TOC and Total Carbon (TC) were
analysed using an ELTRA CS-2000 and Elementar Vario EL III
carbon-nitrogen-sulphur analyser, with analytical errors of 3% and
1%, respectively. CaCO3 was calculated using the equation CaCO3=
(TC-TOC) x 8.3.

The clay mineral assemblages of a subset of the JR284 sediment
cores (Suppl. S1) were analysed by determining the relative con-
tents of chlorite, illite, smectite and kaolinite on the <2 pm grain-
size fraction using X-ray diffraction at the Institute for Geophysics
and Geology, University of Leipzig, Germany and following the
methodology outlined in Ehrmann et al. (1992, 2011). The clay
mineral assemblages in Late Cenozoic sediments from the Antarctic
continental margin reflect predominantly the source crystalline
rocks and source sedimentary strata, from which the detritus was
eroded, and the transport pathways of this fine-grained terrigenous
detritus (Ehrmann et al., 1992, 2011; Hillenbrand and Ehrmann,
2001; Hillenbrand et al., 2009).

3.2.2. AMS 'C dating

To constrain the timing of grounding line retreat, dates should
be obtained from sediments directly overlying subglacial tills (e.g.,
Licht et al., 1996; Anderson, 1999; Domack et al., 1999; Heroy and
Anderson, 2007; O Cofaigh et al, 2014). Identifying the appro-
priate sediment horizon to date was based on detailed sedimen-
tological and physical properties data. Twenty-seven new ages
were acquired for this study; 7 = carbonate (planktic and calcar-
eous benthic foraminifera), 13 = AIO and 7 = RPO '%C dates. For
dating of calcareous foraminifera, sediment samples were sieved at
125 pum and then dried. ~5 mg of foraminifera were then picked
from the >125 pum fraction and sent to BETA Analytic, Florida, for
dating. Four dates were obtained from planktic foraminifera (Neo-
globoquadrina pachyderma (sin.)), one from calcareous benthic

JR284 sediment core ID's, latitude, longitude, water depth (m) and core recovery (m). BC: box core; GC: gravity core.

Core ID Latitude (°) Longitude (°) Water depth (mbsl) Core Recovery (m)
GC690 —64.337167 —65.489500 584 6.08
BC689 —64.337167 —65.489500 584 0.34
GC691 —64.287333 —65.491500 604 4.10
GC692 —64.243000 —65.478000 578 4.73
BC693 —64.243000 —65.478000 577 0.32
GC695 —64.473833 —65.313000 629 6.74
BC696 —64.473833 —65.313000 628 030
GC697 —64.605000 —65.343333 583 7.24
GC698 —64.700000 —65.233333 607 6.34
BC699 —64.700000 —65.233333 605 033
GC702 —64.254500 —65.371833 560 4.93
GC703 —64.276667 —65.603500 564 3.86
GC704 —63.886833 —65.511333 475 4.17
BC705 —63.886833 —65.511667 476 0.40
GC706 —63.910833 —65.513833 453 2.38
GC709 —64.632333 —65.330333 556 3.59
BC710 —64.632333 —65.330167 555 0.26
GC711 —64.527333 —65.381333 614 5.88
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foraminifera (Globocassidulina crassa) and two from mixed planktic
and benthic foraminifera (N. pachyderma (sin), Cibicides spp. and
Fursenkoina fusiformis).

To constrain the age of post-glacial changes, including the
deposition of laminated diatomaceous ooze, we utilised AlO dating.
While AIO dating of grounding-line proximal sediments can often
yield old AIO ages due to the incorporation of large proportions of
re-worked fossil organic matter (Andrews et al., 1999), several
studies have shown that sediments with high content of biogenic
matter, such as diatomaceous oozes, provide reliable ages (e.g.,
Andrews et al., 1999; Domack et al.,, 2001; Leventer et al., 2002;
Crosta et al., 2007; Hillenbrand et al., 2010a; Smith et al., 2011;
Minzoni et al., 2017). To account for reworked fossil organic carbon
that may cause down-core sediments to yield ‘old’ dates, AlIO dating
of Antarctic marine sediments routinely involves adjusting for local
contamination (Andrews et al., 1999), assuming that the adjust-
ment of ages based on core surface AIO ages is suitable for all
depths and lithologic units in the core. However, in some settings,
even sediment within the same lithological unit can deviate from
this assumption (Rosenheim et al., 2013). A local contamination
offset (= surface AIO age — marine reservoir effect) was calculated
by dating the AIO of seafloor surface sediments recovered in box
cores from the middle shelf (Fig. 1b: BC696, BC699). In addition,
paired dating of the AIO fraction and calcareous foraminifera was
undertaken in two down-core intervals (445 cm sub-bottom depth
in core GC698 and 541 cm depth in core GC695) to test the reli-
ability of AIO ages and suitability of the local contamination offset
for correcting down-core AIO ages. For AIO dating, approximately
10—15 g of wet bulk sediment was submitted to BETA Analytic.

Samples for RPO 'C dating were prepared at the College of
Marine Sciences, University of South Florida, following methods
outlined in Rosenheim et al. (2008, 2013) and Subt et al. (2016). This
involved splitting CO, gas into ~10—25 pmol aliquots, termed
‘splits’, as the sediment was gradually heated and CO, was pro-
duced. The CO, was separated from other gases using a series of
liquid nitrogen and liquid nitrogen—cooled isopropanol traps and
was sealed into pre-combusted, evacuated Pyrex tubes. These Pyrex
tubes contained pre-combusted copper oxide and granulated sil-
ver; this allowed the CO, gas to be graphitised prior to C dating at
the National Ocean Sciences Accelerator Mass Spectrometry Facil-
ity, Woods Hole Oceanographic Institution. RPO '#C ages were
corrected for blank contamination (see Suppl. S2 for details). Where
samples did not contain enough ‘young’ organic carbon to be
captured in a normal RPO aliquot (~10—15 pumol CO,), a composite
RPO technique was applied. This involved applying the RPO method
to two samples of sediment taken from the same horizon; CO,
obtained from the first split over these two runs was combined to
produce ~10—15 pmol CO, for '*C dating (Subt et al., 2017).

All conventional C ages (including previously published ages)
were calibrated in Calib v.8.1.0, using the Marine20 calibration
curve (Heaton et al, 2020) and a marine reservoir effect of
1230 + 120 yrs (O Cofaigh et al., 2014). All ages are given as un-
corrected '4C years or cal. yrs before present (BP: where ‘present’
corresponds to A.D. 1950), quoted as the mid-point of the 2¢ range
and rounded to the nearest decade.

4. Results and interpretation
4.1. Geomorphological context of sediment cores

Near continuous multibeam and sub-bottom profiler data
(Larter et al., 2019) has allowed the glacial geomorphology of AHT
to be mapped in detail, which provides important bathymetric and
stratigraphic context for the sediment cores and aids the
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interpretation of subglacial and transitional sediments. The main
trough is dominated by MSGLs and three well-developed GZWs
(GZWs 1-3). GZWs are likely indicative of pauses during grounding
line retreat (Ottesen et al, 2008; Dowdeswell et al, 2008;
Dowdeswell and Fugelli, 2012) and have often been associated the
presence of past ice shelves (King, 1993; Dowdeswell and Fugelli,
2012; Smith et al., 2019), although others have found no clear
link between GZWs and the presence or absence of an ice shelf
(Simkins et al., 2018). MSGLs extend onto the outer continental
shelf (Fig. 2g and see Fig. 4d in Heroy and Anderson, 2005; Larter
et al,, 2019) and indicate the occurrence and direction of past ice
streaming (e.g., Clark, 1993; O Cofaigh et al., 2002; Heroy and
Anderson, 2005; Larter et al., 2019). In areas shallower than
~590 m water depth (LGM water depth ~470 m), iceberg scours cut
across the seafloor both within the trough and on its flanks
(Fig. 2g—i). They appear to have eroded the MSGLs entirely on the
outermost shelf, although MSGL are preserved in deepwater
pockets. MSGLs are preserved seawards (northwards) of GZWs 1, 2
and 3 and do not overprint them. This indicates that these GZWs
were deposited during post-LGM ice-stream retreat from the shelf
and were not subsequently overridden by a re-advancing ice
stream or reworked by iceberg scouring (Larter et al., 2019). Based
on bathymetric profiles, the crest of GZW 1 is 25 m high and that of
GZW 2 is 33 m high (Fig. 2c—d); here we define GZW height as
vertical height of the crest above the seafloor at the toe of the
wedge. The location of GZW 2 coincides with the location of a
bathymetric high (Fig. 2h). There is a step-like bathymetry on the
mid-shelf caused by the presence of a stacked GZW (Fig. 2e), rep-
resenting three phases of grounding line still-stands, similar to
other stacked GZWs observed on polar continental shelves
(Batchelor and Dowdeswell, 2015; Dowdeswell et al., 2016; Arndt
et al,, 2017; Bart et al., 2017, 2018; Neuhaus et al., 2021). From
north to south (GZW 3a-c), the GZWs are 22, 30 and 20 m high
respectively.

We identify four acoustic units on TOPAS sub-bottom profiles
(A1-4), examples of which are given in two type profiles across
several key core sites (GC690, GC691, GC692, GC697; Fig. 3). The
regional distribution of unlithified sediments and their acoustic
character is the subject of future work and is therefore only briefly
described to provide context for the sediment core datasets. A1 is
the deepest and therefore the oldest unit, representing the acoustic
basement in the area. The character of its upper boundary varies
spatially. Where MSGLs and iceberg scours are present (e.g., Fig. 3c)
the upper boundary of A1 is chaotic, likely because of signal scat-
tering from the grooved surface. Where these landforms are absent,
the top reflection of Al is continuous (e.g., Fig. 3a). Unit A2 is
apparently discontinuous in its occurrence by only being present in
topographic lows and thinning (onlapping) on to highs. It has a
moderate to high amplitude internal character that is weakly and
conformably stratified in some places (e.g., Fig. 3a over GZW3a). A3
is an acoustically transparent unit without internal reflections but
forms a series of well-defined asymmetric wedges with steep
seaward slopes and shallower landward slopes (Fig. 3a and b). A3 is
confined to the area of GZW 3b and 3c where it forms a series of
back-stepping wedges. A4 is the shallowest unit mapped in AHT
and represents the youngest unlithified sediments. It is acoustically
transparent with well-defined upper and lower boundaries; A4 has
a relatively uniform thickness of about 5 m across AHT. For
simplicity, we used a sound velocity of 1500 m/s to convert two-
way travel time (ms) into metres (m) subseafloor depth, in order
to calculate unit thicknesses on sub-bottom profiles. This is
consistent with previous studies in AHT (e.g., Pudsey et al., 1994;
Larter and Vanneste, 1995) and with MSCL-derived p-wave velocity
measurements from our cores.
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Fig. 3. Sub-bottom profiles (TOPAS PS018 parametric echo sounder data) from Anvers-Hugo Trough. (a) N—S profile over GZW 3 (a—c) (see Fig. 2 for location), with log showing
summary of core GC697 (note lithological Units 5 and 7 are combined). (b) Schematic drawing highlighting acoustic units (A1-A4) identified in Fig. 3a. (c) N—S profile over GZW 2
(see Fig. 2 for location), with log showing summary of core GC691 (note lithological Units 5 and 7 are combined). (d) Schematic drawing highlighting acoustic units (A1-A4)

identified in Fig. 3c.

4.2. Lithological units

Lithological units were defined on the basis of sediment
composition, sedimentary structures, X-radiographs and multi-
proxy datasets (Figs. 4—6). Seven lithological units were identi-
fied (dominating occurrences from older to younger deposits): (1)
homogenous diamicton, (2) stratified diamicton, (3) mud alter-
nating with gravel and sand, (4) mud alternating with silt laminae,
(5) bioturbated to homogenous mud with dispersed gravel, (6)
laminated to stratified diatomaceous ooze and (7) bioturbated
diatomaceous ooze (Table 2).

4.2.1. Unit 1: homogenous diamicton

Unit 1 is a homogenous, dark grey, matrix supported diamicton
with sub-angular to sub-rounded gravel sized clasts and is present
in the lower sections of all sediment cores except GC695 and GC697
(Figs. 4—6 and Table 2). Core GC703, recovered from the shallower
western trough flank on the mid-shelf, contains two separate in-
tervals of homogenous diamicton, one at the base and one between
66 and 122 cm (Fig. 4d). Shear strengths typically vary between 10
and 35 kPa in Unit 1, except towards the bases of cores GC690,
GC711 and GC703, where shear strength reaches up to 47 kPa (e.g.,
Fig. 4d). Gravel abundance within Unit 1 varies considerably within
and between cores. Contacts with overlying units also vary from
sharp to gradational. The clay mineral assemblages of Unit 1 are
typically dominated by chlorite with lower contents of smectite and
illite and only trace amounts of kaolinite (<1%) (Fig. 4), although
there is variation between different core sites and within some Unit
1 diamictons. The bases of GC691 and GC698 have very high
chlorite contents (62—64%). Unit 1 of GC690 has high contents of
both chlorite and illite (54% and 37% respectively), whilst the sed-
iments close to the base of GC711 are smectite rich (>40%).

The homogenous structure, predominantly terrigenous
composition (low biogenic opal, TOC and CaCOs; contents), low

water contents, high and variable density values and often high
shear strength values (Table 2), indicate deposition in a subglacial
setting with limited marine influence (e.g., Domack et al., 1999;
Licht et al., 1999; Evans and Pudsey, 2002; O Cofaigh et al., 2005;
Prothro et al., 2018). In most instances, cores containing Unit 1
were recovered from trough areas with MSGLs, features associated
with the deformation of ‘soft’ till at the ice stream-sediment
interface (Dowdeswell et al., 2004; O Cofaigh et al., 2005). Based
on the physical properties of Unit 1, and its association with MSGLs,
Unit 1 is interpreted as a subglacial deformation till with some
alternative explanations (GC706 and GC703). Diatom fragments
likely indicate the incorporation/re-working of glaciomarine sedi-
ments during ice stream advance (e.g., O Cofaigh et al., 2005).
Variability in till shear strength is attributed to processes such as
lodgement, ploughing and shear deformation, all of which can act
simultaneously and are associated with small-scale subglacial hy-
drologic processes (e.g., sediment permeability, dewatering and
meltwater availability) (O Cofaigh et al., 2007; Reinardy et al,,
20114, 2011b; Livingstone et al., 2016; Halberstadt et al., 2018).
Core GC706 (Figs. 2g and 5) was recovered from an area char-
acterised by abundant iceberg scours rather than MSGLs. Given the
geomorphic context (i.e., proximal to iceberg scours) of GC706 and
the fact that iceberg turbates are often indistinguishable from
deformation tills (e.g., Hillenbrand et al., 2005), Unit 1 in this core is
interpreted as an iceberg turbate. Core GC703 contains two ho-
mogenous diamictons, one at the base and one between 66 and
122 cm (Figs. 4d and 5). As with GC706, there are iceberg scour
marks proximal to GC703, albeit not as numerous (Fig. 2h). The
properties of the lower Unit 1 interval in GC703 (high and variable
shear strength, low biogenic and water contents), as well as the
stratigraphic position, are compatible with deposition in a subgla-
cial setting. The upper interval of Unit 1 in GC703 could have been
deposited as an iceberg turbate, or alternatively as a glaciogenic
debris flow deposit, which also shares similar characteristics to
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both deformation tills and iceberg turbates (Hillenbrand et al.,
2005). The location of GC703 on the sloping flank of AHT (Fig. 2f;
1—-1.5° slope) suggests that this core site was likely susceptible to
sediment delivery through debris-flow activity.

The clay mineral assemblage of Unit 1 is typically dominated by
chlorite and likely derived from source rocks exposed on the inner
shelf (Larter et al., 1997; Rebesco et al., 1998) and in Graham Land
(British Antarctic Survey, 1981a, 1981b). Basement metamorphic
and basic volcanic rocks are thought to be the main source for
chlorite in offshore sediments west of the Antarctic Peninsula
(Hillenbrand and Ehrmann, 2001; Hillenbrand et al., 2003; Wu
et al, 2019). Enrichments of smectite (GC711; Fig. 4d) could
reflect increased supply of volcanic detritus from nearby Anvers
Island, where Cenozoic volcanic rocks crop out (cf. Pudsey, 2000;
Hillenbrand and Ehrmann, 2001). The clay mineral assemblage
variability of Unit 1 diamictons within and between cores, is
influenced by the spatial distribution of source rock outcrops in
relation to the palaeo-ice stream flow line or temporal changes in
subglacial transport pathways (Lavoie et al., 2015).

4.2.2. Unit 2: stratified diamicton

Unit 2 is a grey to dark grey stratified, matrix-supported dia-
micton, present in all but three cores (GC691, GC692, GC706;
Table 2). Unit 2 typically forms the basal unit or overlies Unit 1, with
some exceptions. In GC697, Unit 2 occurs both at the base and from
360 to 460 cm core-depth (Fig. 4c). In cores GC702, GC703 and
GC704 there are multiple Unit 2 intervals interbedded with Unit 5
(Figs. 4d and 5) and, in case of GC704, with Unit 3 (Fig. 5). The
thickness of Unit 2 is highly variable, ranging from 10 to 100 cm.
The X-radiographs show that Unit 2 is usually crudely stratified
(Fig. 6b) and can contain coarser and finer sub-units, as well as mm-
scale laminations (Fig. 7). The upper and lower boundaries of Unit 2
are generally gradational, except for the upper intervals of Unit 2 in
GC697 and GC703 that have a sharp lower boundary. The clay
mineral assemblages of Unit 2 are dominated by variable amounts
of chlorite, smectite and illite, with traces of kaolinite (<1%). Like
Unit 1, the clay mineral assemblage of Unit 2 varies within and
between cores.

The decrease in mud content in Unit 2 relative to Unit 1 indicates
an increasing aqueous influence (i.e., marine currents that remove
fine particles while the detritus settles through the water column to
the seafloor and/or winnow sediments after deposition). The
continued presence of coarse sediments suggests proximity to a
sediment source, and deposition of Unit 2 at the ice stream
grounding line or calving line as a glacimarine diamicton, with
some exceptions (Domack and Harris, 1998; Domack et al., 1998,
1999, 2005; Licht et al., 1999; Evans and Pudsey, 2002; Prothro
et al., 2018; Hillenbrand et al., 2005, 2010b; Smith et al., 2011,
2014, 2017,2019). In cores GC711 and GC703 (lower Unit 2 interval)
the clay mineral assemblage of Unit 2 differs from the underlying
Unit 1 (Fig. 4). Change in sediment provenance of Unit 2, relative to
Unit 1, could be attributed to iceberg rafting and deposition of
sediments near the calving line, where icebergs can deposit
detritus with a different provenance, derived from multiple (distal)
sources (Domack and Harris, 1998; Domack et al., 1999; Hillenbrand
et al., 2009).

The stratigraphic position of the upper interval of Unit 2 in core
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GC697 (360—460 cm) differs from most other cores, in that it does
not overly Unit 1. It instead sits between an underlying interval of
Unit 4 and an overlying interval of Unit 5. The normal grading of the
upper part of Unit 2 in GC697 is indicative of sediment sorting
(Fig. 7a). Such sorting could occur at a calving line, where icebergs
melt and/or roll-over producing graded deposits (Drewry and
Cooper, 1981; Powell, 1984). Alternative explanations for the
deposition of the upper part of Unit 2 include grounding line
readvance or glaciogenic debris flows. From the sub-bottom pro-
filer data we can see that site GC697 is situated in a trough location
that experienced dynamic grounding line retreat, with multiple
pauses represented by the deposition of stacked GZW 3 (Fig. 3a).
Therefore, it is possible that following initial retreat the grounding
line readvanced to site GC697. However, based on the sorting
observed, we favour the interpretation that the upper Unit 2 in-
terval in GC697 results from sedimentation at an ice shelf calving
line.

In cores GC704 and GC702 there are multiple Unit 2 intervals
interbedded with Unit 5 and, in the case of GC704, with Unit 3. This
suggests oscillations of the grounding line even at its relatively
stable position on GZWs 1 and 2, respectively, resulting in changes
from grounding line proximal deposition (Unit 2) to more distal
deposition (Unit 5; see below) at the core site, or intermittent
deposition by debris flows in front of the GZW. Finally, the upper
Unit 2 interval in GC703, recovered from the sloping flank of AHT
(Fig. 2h), is considered to represent a glacigenic debris flow. This
unit is sandwiched between two Unit 5 intervals (see below).

4.2.3. Unit 3: mud alternating with gravel and sand

Unit 3 is a laminated to stratified, grey to dark grey mud with
mm to cm-thick sand and gravel layers (Figs. 4a and 6¢). This unit is
exclusively present in core GC704 from the outermost shelf. Sand
and gravel contents vary between individual layers. We interpret
the sand and gravel layers, within an otherwise muddy unit, to
indicate the episodic delivery of coarse material through melt-out
of basal debris (Powell, 1984; Powell et al., 1996). Inspection of
the X-radiographs reveals that the coarser sand and gravel layers
are clast supported, suggesting that fine sediments have been
removed during deposition or winnowed after deposition (Fig. 6¢).
Core GC704 is located near the shelf edge, where high bottom
currents are common (Pudsey et al., 1994; Pirrung et al., 2002;
Hillenbrand et al., 2010b). Sediment core GC704 was recovered
seawards of GZW 1 (Fig. 2a and g) and so the episodic delivery of
coarse material is indicative of an oscillating grounding line at a
generally stable position.

4.24. Unit 4: mud alternating with silt laminae

Unit 4 consists of grey muds that alternate with silt laminae. It is
present in cores GC697 and GC698. Within core GC697, Unit 4 is
234 cm thick and sits between two intervals of Unit 2 (Fig. 4c).
Within core GC698, Unit 4 is sandwiched between Unit 1 and Unit 2
diamictons (Fig. 5). In both cores, X-radiographs reveal that the
laminae are continuous to discontinuous. They are also contorted
and occasionally faulted (Fig. 6d and e), which could be the result of
either coring disturbance or post-depositional deformation caused
by the sedimentation of the overlying Unit 2. Unit 4 additionally
shows dispersed gravel-sized clasts, which occasionally “float”

Fig. 4. Core lithology and sedimentological data versus depth (in meters below seafloor, mbsf) for cores (a) GC704, (b) GC695, (c) GC697 and (d) GC703. Plots illustrate water content
(open squares), shear strength (closed triangles), magnetic susceptibility (MS), biogenic opal (closed squares), TOC (open triangles), CaCOs (closed circles), density, contents of mud
(<63 pm, closed squares), sand (63 pm-2mm, closed triangles) and gravel (>2 mm, open squares). Clay mineral assemblages are also shown where measured. Sedimentary
structures were identified using X-radiographs. Dashed lines indicate the boundaries between lithological units, which are numbered in the boxes on the far right: (1) homogenous
diamicton, (2) stratified diamicton, (3) mud alternating with sand and gravel, (4) mud alternating with silt laminae, (5) bioturbated mud with dispersed gravel, (6) laminated to
stratified diatomaceous ooze and (7) bioturbated diatomaceous ooze. Calibrated AMS 'C ages from this study, with ages in cal. kyr BP (F: foraminifera, RP: ramped pyrolysis, AIO:
acid insoluble organic material) are also shown. Additional core logs are provided in Supplementary S3.
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Unit 4

| Diatomaceous
ooze laminae

Bioturbation

Fig. 6. X-radiographs (negatives) showing examples of the lithological units identified in the sediment cores. (a) Unit 1: Homogenous diamicton in core GC690. (b) Unit 2: Stratified
diamicton in core GC697. (¢) Unit 3: Mud alternating with sand and gravel in core GC704. (d) Unit 4: Mud alternating with silt laminae in core GC698. (e) Unit 4: Mud alternating
with silt laminae in core GC697. (f) Unit 5: Bioturbated mud with dispersed gravel in core GC698. (g) Unit 6: Laminated to stratified diatomaceous ooze in core GC691. (h) Unit 7:

Bioturbated diatomaceous ooze in core GC704.

Table 2

Characteristics of each lithological unit based on water content (%), shear strength (kPa), magnetic susceptibility (10~> SI Units) and biogenic opal, TOC, CaCO5 and diatom

content (%). Values are averages for each core.

Unit Description Cores present Water Shear Magnetic Biogenic TOC CaCO3 Microfossil Interpretation
content strength susceptibility opal (wt. %) (wt. %) content (%)
(%) (kPa) (107 SI Units) content
(wt. %)
1 Homogenous GC704, GC706, GC692, GC691, 17-26  10-35 401-960 2-4 0.1-0.2 1.1-3.2 2-5 Subglacial deformation
diamicton GC690, GC711, GC709, GC698, till
GC703, GC702
2 Stratified diamicton GC704, GC690, GC695, GC711, 18-38 3-17 70-920 1-6 0.1-0.3 0.8-2.3 2-10 Glacimarine diamicton
GC697, GC709, GC698, GC702, (grounding line
GC703 proximal)
3 Mud alternating GC704 32-38 -1 250-680 4 0.1-0.2 1.4-1.8 0-5 Grounding line-
with gravel and proximal, winnowed
sand sediment
4 Mud alternating GC697, GC698 54 9 175 8 0.3 2.3 0-2 Sub-ice shelf plumite,
with silt laminae grounding line-distal
5  Bioturbated to GC704, GC692, GC690, GC695, 17-55 0-10 76-319 2-10 0.1-0.6 0.4-5.6 20-30 Hemipelagic
homogenous mud GC711, GC697, GC709, GC698, deposition, low
with dispersed GC792, GC703 primary productivity
gravel
6  Laminated to GC691, GC695, GC698 76-78  2-5 3-8 28-31 0.8-1 3.5-4.6 80-100 Hemipelagic
stratified deposition, very high
diatomaceous ooze diatom productivity
7  Bioturbated GC704, GC706, GC692, GC692,  37-67 0-9 71-481 5-26 0.2-0.8 0.1-3.7 50-100 Hemipelagic
diatomaceous ooze GC690, GC695, GC711, GC697, deposition, high diatom
GC709, GC698, GC702, GC703 productivity

within and between the laminae and, in some places, contort the
laminae (Fig. 6d). The shear strength values and microfossil,
biogenic opal, TOC and CaCO3 contents of this unit are comparable
to those of Units 1—3, but the magnetic susceptibility values are
considerably lower, and the water content is higher.

The fine-grained nature of Unit 4 suggests its deposition in a
grounding line distal setting (Domack and Harris, 1998). Silt
laminae may be introduced through the lateral sorting of sediment-
rich meltwater plumes by tidal/ocean currents (Jacobs et al., 2011;
Kilfeather et al., 2011; Witus et al., 2014; McKay et al., 2016; Lepp
et al, 2022; Smith et al,, 2017). The predominantly terrigenous

12

composition of Unit 4 indicates deposition in a low productivity
environment, likely associated with the presence of an ice shelf
(Domack and Harris, 1998; Domack et al., 1999; Hillenbrand et al.,
2010b; Kilfeather et al., 2011; Witus et al., 2014; Smith et al,,
2014, 2017, 2019). Intervals of relatively high biogenic opal
(GC697: 11 wt % at 648 cm) and TOC contents (GC697: 0.35 wt % at
688 cm) indicate sporadic advection of biogenic material beneath
the ice shelf from the open ocean (Hemer and Harris, 2003; Hemer
et al., 2007; Post et al., 2014), or periods of higher surface water
productivity in the absence of an ice shelf. The general lack of
coarse-grained material is consistent with a grounding line distal
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Fig. 7. X-radiograph (negatives) of core GC697 illustrating stratification within Unit 2. (a) The whole of Unit 2 (red, solid border; 360—460 cm); including its contacts to underlying
Unit 4 and overlying Unit 5. (b) Illustration of coarser-grained (light blue, solid border) and finer-grained (black, dashed border) intervals. (c) The coarser-grained crudely stratified
intervals often include millimetre-scale laminations (black arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

setting, as most basal debris tends to melt out preferentially at the
ice shelf base within ~1.5—10 km of the grounding line, although
this distance is poorly constrained (Domack and Powell, 2018;
Smith et al., 2019). Rare, dispersed gravel-sized clasts in Unit 4
represent ice-rafted debris (IRD), documenting that a few clasts did
not melt out proximal to the grounding line but were transported
further offshore either within the ice shelf or at its base. In core
GC697, Unit 4 is overlain by graded iceberg rafted diamicton,
deposited at the calving line as the ice stream/shelf retreated
landwards and passed over the core site. In core GC698 Unit 4 is
thin (13 cm) relative to Unit 4 in GC697 (234 cm), which suggests
that any period of ice shelf cover was relatively brief, or that sedi-
mentation rates were much lower.

4.2.5. Unit 5: bioturbated to homogenous mud with dispersed
gravel

Unit 5 is grey, bioturbated to homogenous, diatom-bearing mud
with dispersed gravel. Unit 5 is present in most cores (Figs. 4 and 5
and Table 2) and generally has a gradational lower boundary with
Unit 2 or 1. Water contents and concentrations of diatoms, biogenic
opal, TOC and CaCOs are typically higher than in Units 1 and 2
(Fig. 4), and these values generally increase upwards throughout
Unit 5, whilst shear strengths and magnetic susceptibilities both
decrease up-core. Concentrations of gravel grains (up to 4 cm in
size) decrease towards the top of the unit and Unit 5 typically has a
gradational upper contact with Unit 7 (Fig. 6f). Unit 5 is generally
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dominated by chlorite (~41%), with 29% illite and 29% smectite. The
clay mineral assemblage of Unit 5 is similar between cores.

The fine-grained composition of Unit 5 indicates deposition in a
grounding line distal setting (Domack and Harris, 1998). The
biogenic contents, particularly the diatom component, of this unit
are higher than in Units 1—4, which indicates an increasing open-
marine influence. However, relative to Units 6 and 7 (see below),
Unit 5 is characterised by relatively low biogenic contents (Table 2).
Low biogenic contents are related to the presence of a pervasive ice
canopy, which suppresses biological production (Maddison et al.,
2005; Leventer et al., 2002).

4.2.6. Unit 6: laminated to stratified diatomaceous ooze

Unit 6 is present in cores GC691, GC695 and GC698 and consists
of laminated and stratified diatomaceous ooze (Figs. 4b, 5 and 6g).
There are 83, 68 and 44 laminae of near-pure (80—100% diatom
content) diatomaceous ooze ranging in thickness from 0.1 to 3.7 cm
within cores GC695, GC698 and GC691, respectively. Chaetoceros
subgenus Hyalochaete (Chs), including vegetative cells and resting
spores, dominate the ooze layers. These ooze laminae are generally
olive to olive brown and alternate with layers of grey terrigenous
mud. The biogenic opal content is surprisingly low (28—31%) when
compared to the estimated diatom content from smear slide ana-
lyses (80—100%). This may reflect a sampling bias, whereby mud-
dier sediments were sampled for biogenic opal or, more likely, an
over/under-estimation of diatom/biogenic opal content from the
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smear slide analysis and automated leaching technique, respec-
tively (cf. Pudsey, 2002; Hillenbrand et al., 2010a). Despite this
over/underestimation, which appears to be pronounced in Units 6
and 7, these techniques are still useful for comparing the relative
biogenic contents of sedimentary units. Unit 6 has clay mineral
assemblages that are comparable to Unit 5.

Unit 6 is interpreted to have been deposited in a seasonally
open-marine setting with extremely productive surface waters. Chs
resting spores and vegetative cells dominate the ooze layers. This
subgenus is associated with early spring conditions, when melting
sea ice induces stratification of the water column, concentrating
nutrients in the surface waters and promoting high primary pro-
ductivity (Leventer et al., 2002,2006; Crosta et al., 2004; Maddison
et al,, 2005; Pike et al., 2008). The layers of grey terrigenous mud
are associated with discharge of sediment laden glacial meltwater
from glaciers, ice shelves and icebergs (Leventer et al., 2002;
Maddison et al., 2005). Previously studied laminated diatomaceous
oozes are associated with exceptionally high spring productivity
and mass flux of diatoms to the seafloor; such conditions are typical
of calving bay re-entrants and laminae can represent annual sedi-
mentation (e.g., Leventer et al., 2002,2006; Maddison et al., 2005,
2006). The formation and deposition of laminated diatomaceous
ooze sequences in AHT, and the impact of deglacial processes on
biogenic productivity more generally, is discussed further in a
companion paper Roseby et al. (in press).

4.2.7. Unit 7: bioturbated diatomaceous ooze

Unit 7 is an olive-green, bioturbated diatomaceous ooze with
dispersed gravel-sized grains (Figs. 4, 5 and 6h). Apart from forming
the uppermost lithological unit in all cores, it occurs as a thin
(18—34 cm) interval between underlying Unit 1 and overlying Unit
5 in cores GC692 and GC691 and is sandwiched between two Unit 5
intervals in cores GC690, GC695, GC711, GC697, GC709 and GC698
(Fig. 5). The diatom content of Unit 7 varies, but is always >50%,
with occasional ~3 mm thick intervals of pure diatomaceous ooze.
Unit 7 generally contains a mixed diatom assemblage, but the pure
ooze intervals are dominated by Chs resting spores and vegetative
cells. In cores recovered from the outer shelf, Unit 7 is greyer and
has lower concentrations of biogenic opal, TOC and CaCOs. The
thickness of Unit 7 decreases towards the outer shelf. Unit 7 is
characterised by similar clay mineral assemblages as found in Units
5 and 6 with 17—37% smectite, 20—45% illite, 30—50% chlorite and
0—6% kaolinite.

The high diatom contents and bioturbation of Unit 7, together
with the dispersed gravel grains, which are interpreted as IRD,
indicate a seasonally open-marine setting, comparable to modern-
day environmental conditions on the Antarctic continental shelf.
Variability in the contents of microfossils, biogenic opal, TOC and
CaCOs3 over time may reflect temporal changes in oceanographic
and/or climatic conditions that promote or diminish diatom bloom
events (Maddison et al, 2005; Leventer et al., 2002). Unit 7
generally thins northwards, which is consistent with previous ob-
servations of Holocene sediments deposited in AHT and which can
be attributed to stronger ocean currents on the outer continental
shelf (Pudsey et al., 1994). Glacial discharge introduces sediments to
nearshore regions, as well as meltwater and nutrients that promote
high productivity in coastal areas (Pudsey et al., 1994; Garibotti
et al., 2003; Annett et al., 2015, 2017). These factors additionally
contribute to the offshore trend in sediment thickness observed
and account for the lower biogenic content of Unit 7 in outer shelf
cores (Fig. 4).
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4.3. AMS ™ chronology

4.3.1. Local contamination offset

In order to assess the degree to which fossil carbon influences
the AIO fraction in AHT, we dated two seafloor surface sediment
samples. BC699 and BC696 yielded AIO ages of 2320 + 30 'C yr BP
and 2080 + 30 'C yr BP, respectively. Although older than the
regional marine reservoir (1230 + 120 yrs; O Cofaigh et al., 2014),
the fact that the two ages are similar (separated by only 180—300
years) and not more than 1100 years older than the marine reser-
voir indicates that the influence of fossil carbon is not as severe as
in some other parts of the Antarctic Peninsula shelf (e.g., the area of
the former Larsen A and B ice shelves, where core-top sediments
yield AIO ages of up to 9360—17,300 '“C yr BP; Brachfeld et al.,
2003; Domack et al., 2005; Pudsey et al., 2006).

4.3.2. Downcore ages: comparisons and corrections

Paired dating of the AIO fraction and calcareous foraminifera
was undertaken in two down-core intervals (445 cm sub-bottom
depth in core GC698 and 541 cm depth in core GC695) to test the
reliability of AIO ages and suitability of the local contamination
offset for correcting down-core AIO ages. In core GC698, the two
uncorrected C ages (AIO date is 11,390 + 50 and benthic forami-
nifera date is 11,220 + 30 C yrs BP) are in close agreement and
differ by just 90—250 years. Their similarity implies that the
contamination with fossil carbon during the time of deposition was
almost negligible. Importantly, the dates are from the laminated
and stratified diatomaceous ooze (Unit 6) with a higher biogenic
content (28 wt% biogenic opal content, 0.99 wt% TOC content and
1.3 wt% CaCOs3 content) than the dated surface sediment in BC699
from the same site (21 wt% biogenic opal content, 0.79 wt% TOC
content and 1.1 wt% CaCOs3 content). The similarity in the two ¢
ages at 445—446 cm depth in GC698 is attributed to the high
diatom and TOC contents of the laminated diatomaceous ooze and
is consistent with previous work that suggested that reliable AIO
dates can be obtained from sediments with high biogenic content
i.e., diatomaceous oozes (e.g., Andrews et al., 1999; Hillenbrand
et al., 2010a). Consequently, we follow Hillenbrand et al. (2010a)
by correcting ages derived from diatomaceous oozes (Unit 6) by
subtracting the marine reservoir effect only (i.e., no local contam-
ination offset correction is applied). This assumes that all the
laminated diatomaceous ooze intervals were largely unaffected by
deposition of reworked fossil organic matter, consistent with work
showing that local contamination offset corrections can vary
through lithologic units (Rosenheim et al., 2013).

In contrast, the uncorrected AIO age in core GC695
(541-542 cm; Unit 5) is 13,690 + 30 '“C yrs BP, whilst the planktic
foraminifera derived age is 11,100 + 40 '4C yrs BP (Suppl. S5). The
age-offset between the two ages, even if the AIO date is corrected
for a local contamination offset of 850 yrs, highlights the difficulty
in relying solely on the AIO fraction. In this case, the discrepancy
appears to be a consequence of the predominantly terrigenous
composition of the sample (biogenic opal = 8 wt %, TOC = 0.38 wt%,
CaCO0s3 = 0.65 wt%), which has the lowest biogenic content of all the
dated AIO samples in this study. It should also be noted that the
sample in GC695 was taken from bioturbated mud with dispersed
gravel (Unit 5), which is associated with deposition in a grounding-
line distal setting. This sample is therefore more likely to include a
significant input of reworked fossil carbon than biogenic-rich
sediments. Thus, in this case, the foraminifera date is considered
to provide the most reliable age for the deposition of this sediment
interval and the AIO date is dismissed.

We employed RPO '“C preparation techniques (Rosenheim et al.,
2008), when foraminifera were absent at sediment horizons of
interest, in an attempt to overcome the issues associated with AIO



Z.A. Roseby, J.A. Smith, C.-D. Hillenbrand et al.

dating outlined above. In core GC704 the first CO, split recovered
was dated to 315 + 3.5 C kyr BP using the RPO technique
(Suppl. S4). This date is significantly older than the date of the
second split, which was 13.2 + 0.3 'C kyr BP. The result from the
first split is assumed anomalous and is attributed to an error in
sample processing and the date of the second split is reported for
this horizon. More generally, the RPO C dates of the first and
second CO; splits are typically separated by less than 2 kyr and the
age of the youngest split is reported (Table 3), as we assume that
this represents sediments without contamination by reworked
fossil organic carbon. In core GC690, the RPO '4C age (14.5 cal kyr
BP) is younger than the overlying foraminifera age (15.1 cal kyr BP);
although these dates are within error. Previous studies have
observed that, in some cases, low temperature RPO C ages are
younger than carbonate '“C ages from the same stratigraphic in-
terval (Subt et al., 2016, 2017). The disparity might reflect bio-
turbation, introducing younger sediments to a particular
stratigraphic interval or reworking of ‘older’ foraminifera (Domack
et al,, 1999; Subt et al., 2017).

4.3.3. Criteria for selecting deglacial ages

As previously noted, our dating strategy (and assessment of
‘reliability’) is largely based on previous work (e.g., O Cofaigh et al.,
2014). Thus, in most instances, C ages obtained from calcareous
foraminifera are considered to be the most reliable for constraining
ice sheet retreat, followed by RPO and AIO ages derived from dia-
tomaceous oozes. More generally, deglacial ages are primarily ob-
tained from sediments directly overlying subglacial and/or
grounding-line proximal sediments (Units 5—7). As such, these
dates provide a minimum age of grounding line retreat for each
core site (Fig. 8b). In some instances, “C ages were rejected from
our deglacial chronology because they were derived from ‘unreli-
able’ stratigraphies; i.e., the RPO C age from GC706 was recovered
from sediments overlying an iceberg turbate and is young

Table 3
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(12.2 + 0.5 cal kyr BP), relative to a nearby foraminiferal age (KC26:
16.3 + 0.6 cal kyr BP; Heroy and Anderson, 2007). Similarly, the RPO
14C date from GC704 is also rejected as being too young
(14.1 + 0.9 cal kyr BP). GC704 was recovered seawards of GZW 1, in
an area that must have deglaciated prior to, or around the same
time as, nearby site KC26 (16.3 + 0.6 cal kyr BP). Fig. 8a presents all
14¢ ages generated as part of this study, while Fig. 8b only shows
those relating to deglaciation and considered reliable based on the
criteria outlined above. Note that the majority of ages omitted are
from post-glacial sediments and were primarily obtained to (a)
assess down-core consistency of “C ages, and/or to (b) provide age-
constraints for changes in environmental conditions following
deglaciation (Fig. 8a). These dates, along with quantitative diatom
abundance and assemblage data, are utilised in Roseby et al. (in
press) to discuss palaeo-productivity and palaeoceanographic
changes during the Last Glacial Transition.

5. Discussion
5.1. Depositional environments in AHT during deglaciation

On the basis of our sedimentological and multi-proxy data, we
identify seven depositional environments (Figs. 5 and 9) which
document the retreat of grounded ice across AHT. At the LGM,
grounded ice had extended to, or very close to, the shelf break,
based on the presence of MSGL (Larter and Vanneste, 1995; Larter
et al, 2019) and corresponding subglacial till (Unit 1) in core
GC704. The subglacial tills documented in this study (Fig. 5; GC704,
G(C692, GC690, GC711, GC709, GC698, GC702 and GC703), as well as
reported from previously published cores from the study area
(Pudsey et al., 1994; Heroy and Anderson, 2005), are typically ‘soft’
(shear strength 10 and 35 kPa) and are likely to be associated with a
highly mobile, deforming bed; an interpretation supported by the
proximity of these cores to MSGLs (O Cofaigh et al., 2005). Higher

Site information and uncorrected and calibrated AMS 'C dates for Anvers-Hugo Trough, including sample depth, sampled material/method (AIO: acid insoluble organic
material, F: foraminifera, P: planktic, B: benthic, S: shell and RP: ramped pyrolysis), biogenic opal content of sediment and sediment unit dated. SD: stratified diamicton, hbGM:
homogenous to bioturbated mud with dispersed gravel, bDO: bioturbated diatomaceous ooze, LDO: laminated to stratified diatomaceous ooze, IT: iceberg turbate. All dates are
calibrated in Calib v.8.1.0, using the Marine20 calibration curve. Reported ages are the midpoint between the 2¢ standard deviation.

Core C Lab code Cruise Study Latitude () Longitude () ~ Water  DepthInterval 14Cage (yrs +/-(yrs) MRE(yrs) +/-(yrs) Coretop LCO Mean calibrated age +-(yrs) MaterialMeth Sediment Biogenic
depth (m) (cm) BP) (yrsBP) _(yrs) (yrs BP) od type dated _opal (wt. %)

GCe90 BETA442251  JR284 This study 64337167 65.489500 584 307308 13910 50 1230 120 - - 15100 450 F(P&B) bDO

GCes0 05-134431 JR284 This study 64337167  -65.489500 584 313314 13530 290 1230 120 - - 14500 900 RP hbGM

(el BETA-499883  JR284 This study 64287333 65491500 604 265266 9520 50 1230 120 - 0 9300 350 AlO LDo 31

GCe91 BETA442252  JR284 This study 64287333 65491500 604 285286 11030 40 1230 120 - - 11400 400 F(P) LDo

Geeet BETA499884  JR284 This study 64287333 65491500 604 29252935 11140 40 1230 120 - 0 11500 400 A0 LDo 33

GCe91 0s-134427 JR284 This study 64287333 65491500 604 327328 11260 170 1230 120 - - 11800 600 RP bDO

GCeos BETA-524296  JR284 This study 64473333 65313000 629 161-162 8250 30 1230 120 - [ 7900 300 A0 bDO 30

GCoss BETA-524207  JR284 This study 64473833 65313000 629 240241 11420 30 1230 120 2080 850 10800 250 A0 bDO 20

GCe9s BETA493184  JR284 This study 64473833 65313000 629 324325 1790 40 1230 120 2080 850 11200 200 A0 Lbo 15

GCess BETA493185  JR284 This study 64473833 65313000 629 372373 10860 40 1230 120 - 0 11100 400 A0 LDo 34

GCes BETA493186  JR284 This study 64473833 65313000 629 460.5-461.5 11060 40 1230 120 - [ 11400 400 A0 LDo 31

GCeos BETA-442253  JR284 This study 64473333 65313000 629 541-542 11100 40 1230 120 - - 11500 400 F(P) hbGM

GCoss BETA442249  JR284 This study 64473833 65313000 629 541-542 13690 30 1230 120 2080 850 13500 200 A0 hbGM 8

[ 08-134419 JR284 This study 64473833 65313000 629 580-581 12850 290 1230 120 - - 13600 800 RP bDO

BC696 BETA524208  JR284 This study 64473833 65313000 629 0 2080 30 1230 120 - - A0 bDO 28

[ertd 05-134439 JR284 This study 64605000 -65.343333 583 281-282 11380 210 1230 120 - - 11900 650 RP hbGM

(eeid BETA442254  JR284 This study 64605000 65343333 583 34353445 13580 40 1230 120 - - 14500 450 F(P&B) bDO

GCess BETA499885  JR284 This study 64700000 65233333 607 365.5-366.5 10570 40 1230 120 2320 1090 9300 200 A0 Lo 21

GCege BETA-499886  JR284 This study 64700000 65233333 607 389-399 10420 40 1230 120 - 0 10500 400 Al Lpo 33

GCogs BETA442255  JR284 This study 64700000 65233333 607 445446 11220 30 1230 120 - - 11600 400 F(®B) LDo

GCoss BETA-442250  JR284 This study 64700000 65233333 607 445446 11390 50 1230 120 - [ 11900 450 A0 Lpo 28

BC699 BETA-442248 JR284 This study -64.700000  -65.233333 805 Surface 2320 30 1230 120 - - A0 bDO 21

GC704 05134424 JR284 This study 63.886833 65511333 475 93-94 13180 290 1230 120 - - 14100 850 RP bDO

G708 0S-134609 JR284 This study 63910833 65513833 453 3233 1770 120 1230 120 - - 12200 450 RP m

G709 05-134443 JR284 This study 64632333 65330333 55 232233 10800 220 1230 120 - - 11000 750 RP hbGM

GC700 BETA442256  JR284 This study 64632333 65330333 55 284.5-285.5 14410 40 1230 120 - - 15700 400 F(P) hbGM

G711 BETA-442257  JR284 This study 64527333 65381333 614 346.5-347.5 14260 40 1230 120 - - 15500 400 F(P) hbGM

PC-23 NBP-0201  Heroy & Anderson 2007  -64.098445 64277570 533 306 1170 81 1230 120 11600 900 s sD

PC-24 NBP-0201  Heroy & Anderson 2007 ~ -64.046476 65207234 557 190 14020 110 1230 120 15200 1000  F(P&B) sD

PC-25 NBP-0201  Heroy & Anderson 2007 ~ -63.949026  -65.883094 438 20-30 14450 120 1230 120 15800 1000 F(P&B) I

KC-26 NBP-0201  Heroy & Anderson 2007 ~ -63.991068  -65.355262 530 248-252 14880 200 1230 120 16300 1200 F(P&B) sD

GC-02 KARP 98/99  Yoon et al. 2002 64291822 63962335 400 70 12840 85 1230 120 3000 1770 11200 600 A0 hbGM

GCdg D172 Pudsey et al. 1994 64.443000 -65.148000 547 290 13110 120 1230 120 3200 1970 11500 700 A0 hbGM

GCs1 D172 Pudsey et al. 1994 64313000 65450000 575 210 12730 130 1230 120 1500 270 13100 600 A0 hbGM

GC1702 THIG Nishimura et al. 1999 64387146 64779050 522 195198 14320 50 1230 120 2340 1110 13900 500 AlO hbGM

ODP-1098C ODP Leg 178 Domack et al. 2001 64786142 60556385 1012 41924194 12250 60 1230 120 1260 30 12000 400 A0 Lpo

PC-83 DF86 Harden et al. 1992 64671912 62.996757 393 7085 10240 250 1230 120 2760 1530 8400 1500 A0 hbGM

15
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Fig. 8. (a) Calibrated AMS 'C ages for JR284 and previously published cores versus distance along AHT. The positions of cores off the main trough axis were projected onto the
centre line at the same latitude in order to calculate their distance along the trough. Colours of symbols indicate the different sediment types dated. (b) Reliable dates that constrain
the timing of grounded ice retreat. (c) Calculated grounding-line retreat rates for the AHT palaeo-ice stream and bathymetric trough profile. This incorporates data from this study,
Heroy and Anderson (2007; KC26) and Domack et al. (2001; ODP Site 1098). GZWs (1—3) are discussed in the text. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

shear strengths (up to 47 kPa) in some cores could indicate the
presence of ‘sticky-spots’, although in most cases the downcore
increase in shear strength likely reflects general compaction and
dewatering processes (e.g., Halberstadt et al., 2018). As grounded
ice began to retreat from its maximum position and prior to the
establishment of seasonally open marine conditions, a complex and
highly variable succession of ‘transitional’ sediments was deposited
(Figs. 5 and 9; Units 2—5). Directly at the grounding line, sediment
was likely derived from the seaward advection of the deformable
sediments and rain out of basal debris in a confined sub-ice shelf
cavity. This is observed as stratified diamictons (Unit 2) in cores
GC704, GC702, GC695, GC709, GC697 (Fig. 5). Stratification was
probably the result of a variable sediment flux as well as (tidal-)
current activity, which would have modified grain sizes as detritus
was settling through the water-column (i.e., before it was depos-
ited) and after its deposition on the seabed by winnowing (Fig. 9a).
Remobilisation of sea-floor sediments by grounding line oscilla-
tions (advance and retreat) and tidal pumping was probably also
important in controlling the sedimentary signature (Drewry and
Cooper, 1981; Powell et al., 1996; O Cofaigh et al., 2005; McKay
et al., 2016). In cores GC702 and GC704 there is evidence of inter-
mittent deposition of relatively coarse (Unit 2) and fine (Unit 5)
sedimentary units. This could represent oscillations at a tempo-
rarily stable grounding line, where the depositional environment
changes from grounding line proximal to a more distal position, or
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the intermittent transport of unsorted sediment down the ocean-
facing fronts of GZWs 1 and 2. The presence of Unit 3 in GC704
reflects strong current activity over the outer shelf, including
winnowing.

A notable observation is that the thickness of transitional sedi-
ments (Units 2—5) imaged in the TOPAS profiles and found within
the cores from AHT is highly variable. While it is not possible to
resolve all lithological units within the TOPAS data, we can identify
a moderate to high amplitude acoustic unit with continuous to
discontinuous, interbedded reflectivity (e.g., Fig. 3; A2). Acoustic
unit A2 is composed of units of laminated diatomaceous ooze (Unit
6) as well as transitional sediments. A2 appears thicker in bathy-
metric lows e.g., seawards of GZWs 2 and 3b (Fig. 3), and, therefore,
the accumulation of sediments that comprise A2 could be the result
of grounding line still stands. At other sites, such as GC692 and
GC690, the transitional interval is virtually absent (Fig. 5). This in-
dicates faster grounding line retreat over the outer shelf and be-
tween GZWs, providing insufficient time for the accumulation of
thick transitional sediments. Focussing of transitional sediments in
bathymetric lows is also likely to be an important factor, including
at core site GC695, where we observe relatively thick transitional
facies in the absence of a GZW.

Immediately downstream of the grounding line, melt/rain-out
of debris from the ice shelf base will have continued to dominate
sedimentation, depositing a wide-range of grain-sizes from mud to
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Fig. 9. (a—b) Schematic diagrams showing the depositional environments and processes at the ice stream grounding line (a) and calving line (b) at core site GC697 (M=mud,
S=sand, G=gravel, D=diamict). (c—g) Schematic diagrams (not to scale) of grounding line retreat in AHT since the LGM (~23-19 cal kyr BP), including logs illustrating the deposition
of lithological units observed in the JR284 sediment cores and their environmental settings. (c) Outer shelf grounding line position at the LGM. (d) Grounding line retreat from the
outer shelf (core site KC26) at 16.3 cal kyr BP. (e) Grounding line retreat from core site KC26 at 16.3 cal kyr BP to core site GC709 at 15.7 cal kyr BP. The grounding line environment
(red box) is shown in detail in Fig. 9a. (f) Grounding line retreat from core site GC709 at 15.7 cal kyr BP to a position seawards of Palmer Deep prior to 12.9 cal kyr BP, with the calving
line assumed to be located at site GC697. The grounding line environment (red box) is shown in detail in Fig. 9b. (g) Grounding line position after 12.9 cal kyr BP. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

gravel, and in some cases larger cobbles and boulders (Units 2 and
3) (Drewry and Cooper, 1981; Powell, 1984; Powell et al., 1996;
Domack and Harris, 1998; Smith et al., 2019) (Fig. 9a—b). As the
grounding line continued to retreat, the coarser-grained proximal
sediments are replaced by finer-grained plumites (Unit 4; GC697
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and GC698) (Powell et al., 1996; Evans et al., 2005; Kilfeather et al.,
2011; Witus et al., 2014; Smith et al., 2017) (Fig. 9). Deposition of
these laminated sediments likely occurred beneath an ice shelf, as
suggested by the low biogenic content (Domack and Williams,
1990; Powell et al., 1996; Smith et al., 2017). In core GC697, the
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laminated muds are overlain by a sorted stratified diamicton that
we attribute to deposition at the calving line (Fig. 9b). A similar
stratigraphy is also seen in core GC698 (laminated muds overlain by
stratified diamicton), although both units are thinner relative to
GC697. The transition from sub-ice shelf to open-marine sedi-
mentation represents the final phase of ice retreat in AHT and is
characterised by the deposition of biogenic-rich muds with
iceberg-rafted debris and diatomaceous oozes (Units 5 and 7)
(Fig. 9b). In several cores (GC691, GC695, and GC698) a unit of
laminated diatomaceous ooze occurs above the subglacial and
grounding-line proximal sediments. It is interpreted to have been
deposited during a period of extremely high productivity. Further
investigations into the palaeo-productivity and palaeoceano-
graphic changes in AHT following grounding line retreat are dis-
cussed in a companion paper (Roseby et al., in press).

The most prominent geomorphological features in AHT are the
three well-developed GZWs. GZWs form during still-stands in
grounding line retreat, with the volume of a wedge being
controlled by sediment flux and the duration of the still stand (e.g.,
Alley et al., 1989, 2007; Larter and Vanneste, 1995; Dowdeswell and
Fugelli, 2012; Dowdeswell et al., 2016; Bart et al., 2017). The for-
mation of a GZW has usually been associated with the presence of
an ice shelf (e.g., Larter and Vanneste, 1995; Dowdeswell and
Fugelli, 2012; Smith et al., 2019), although this is not always the
case (Simkins et al., 2018). With the exception of cores GC698 and
GC697, which include sub-ice shelf sediments deposited distal from
the grounding line, direct evidence for the existence of an extended
ice shelf in AHT during post-LGM deglaciation is absent. The most
expanded sequence of laminated mud/silt (Unit 4) occurs in GC697
and is 234 cm thick, indicating either high sediment supply or that
GC697 was in a sub-ice shelf position for an extended period of
time. The latter interpretation is compatible with the location of
GC697, seaward of GZW 3c. AHT becomes constricted by shallow
banks around Anvers and Hugo Islands, providing lateral pinning
points which would favour ice shelf formation as well as providing
shelter from wind, waves and currents (Fig. 2a) (Powell, 1984). The
fact that comparably thick sub-ice shelf and calving line sediments
were not recovered in other cores might suggest that (a) an
extended ice shelf did not develop seawards of core site GC697, or
(b) episodes of ice shelf cover were relatively short-lived and thus
only characterised by coarse-grained, grounding line proximal
facies (i.e., Units 2 and 3), (c) or that our understanding of the
signature of ice shelf cover in the sedimentary record is incomplete
(Smith et al., 2019).

5.2. Timing of grounded ice retreat in Anvers-Hugo Trough and
regional comparisons

Grounded ice in AHT had extended to near the shelf edge at the
LGM, and its subsequent retreat was punctuated by a series of still-
stands documented by the presence of GZWs. Unfortunately, it was
not possible to constrain the timing of APIS retreat from the shelf
edge in AHT due to the lack of datable carbonate as well as complex
sediment stratigraphy (gravelly sandy muds/iceberg turbate) in
cores GC704 and GC706, respectively. Previously published fora-
minifera C ages from cores KC-26 and PC-24 (Fig. 8; Heroy and
Anderson, 2005, 2007) indicate that grounded ice began its
retreat sometime prior to ~16.3 cal kyr BP (Fig. 9c—d). The mini-
mum time of grounded ice retreat across the mid-shelf is well
constrained by dates from cores GC711 and GC709, indicating that
glacimarine sedimentation on the middle shelf had begun by
~15.7 cal kyr BP (Figs. 8b and 9e). In Palmer Deep, AIO '“C ages from
rhythmically interbedded diatomaceous ooze and pebbly mud
directly overlying subglacial till at ODP Leg 178 Site 1098 indicate
that grounded ice had retreated from the inner shelf by 12.9 cal kyr
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BP (Figs. 8b and 9f-g) (Domack et al., 2001).

The overall pattern of deglaciation for AHT, with initial groun-
ded ice retreat from the shelf edge sometime before 16.3 cal kyr BP
and grounding-line retreat from the middle and inner-shelf areas
by at least 15.7 cal kyr BP and 12.9 cal kyr BP, respectively, differs
from previous studies (Pudsey et al., 1994; Heroy and Anderson,
2005, 2007). Specifically, the dates generated for this study sug-
gest that the mid-shelf deglaciated earlier than in previous re-
constructions (i.e., ~13.9 cal kyr BP at site GC-1702; Nishimura et al.,
1999). Some earlier studies had suggested an even later deglacia-
tion of the mid-shelf (e.g. PC-23: 11.6 cal kyr BP, Heroy and
Anderson, 2005), which posed problems for an apparent ‘early’
deglaciation of Palmer Deep by 12.9 cal kyr BP (Domack et al.,
2001). However, our new deglacial ages confirm an earlier retreat
from the mid-shelf and help place recent retreat of the APIS in a
longer-term context.

The revised timing of grounded ice retreat within AHT is largely
consistent with the general deglaciation pattern of the WAP shelf
(based on minimum age constraints on deglaciation; Fig. 10) and
supports the idea of a north-south trend, whereby grounded ice
retreated earlier in troughs in the NE than troughs in the SW (Heroy
and Anderson, 2005; Livingstone et al., 2012; O Cofaigh et al., 2014).

5.3. Rate of grounded ice retreat in Anvers-Hugo Trough and
regional comparisons

Based on our revised retreat chronology, calculated grounding
line retreat rate across the outer and mid-shelf is 123 m yr—,
slowing to 28 m yr~! from the middle to inner shelf (Fig. 8c).
However, given the low spatial resolution of dated cores, there
could be considerable variability between sites. In comparison, 10%
of marine-terminating APIS grounding lines retreated at rates faster
than 25 m yr ! between 2010 and 2016 (Konrad et al., 2018)
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Fig. 10. Minimum ages for grounded ice retreat versus distance (normalised to % of
trough length) along palaeo-ice stream troughs around the Antarctic Peninsula (see
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suggesting that post-LGM retreat rates on the outer shelf were
considerably faster than current trends. We interpret the calculated
retreat rates to reflect changes in bathymetry. AHT deepens from
the outer to middle shelf and then shallows landward to a rougher
seabed before deepening into Palmer Deep on the inner shelf
(Fig. 8c; Fig. 2D in Livingstone et al., 2012). The rougher topography
of the inner AHT shelf is likely to have resulted in greater basal drag
just upstream of the grounding zone and provided more opportu-
nities for the grounding line to pause on local pinning points (Larter
et al., 2019). Furthermore, the topographic setting of the inner to
middle shelf would have also resulted in highly convergent flow.
Such convergent flow, which is documented by a pattern of
streamlined bedforms (Larter et al., 2009), would slow down
grounding line retreat (Fig. 2a) (Gudmundsson et al., 2012). Trough
narrowing is also likely to have played a part in slowing down
grounding line retreat by increasing lateral drag and promoting
still-stands (Jamieson et al., 2012, 2014). In addition to a bathy-
metric control, we also note that Antarctic warming during the last
glacial to interglacial transition was achieved by ~15 ka (Cuffey
et al., 2016); this warming could have also been influential during
the initial retreat of grounded ice over the outer and middle shelf by
15.7 cal kyr BP.

The cross-shelf profile of AHT resembles that of Belgica Trough
into its Ronne Entrance tributary trough on the Bellingshausen Sea
shelf, where an along-trough slow-down in grounding line retreat
was also inferred (Hillenbrand et al., 2010b; Larter et al., 2014).
Theory suggests that marine ice sheets that rest on a retrograde
seabed are inherently unstable (i.e., MISI; Mercer; 1978; Schoof,
2007), and it appears that the landward sloping bed of the outer-
mid shelf facilitated rapid grounding line retreat in AHT. Fast
retreat rates in the outer-mid parts of Marguerite Trough (~80 m
yr~! across a 140 km-long section of the outer trough) were also
attributed to a reverse bed slope there (Jamieson et al., 2012).
Comparable retreat rates following the LGM were calculated for
Drygalski Basin, western Ross Sea, and Dotson-Getz Trough, west-
ern Amundsen Sea Embayment, where mean grounding line retreat
occurred at a rate of 76 myr~ ! (23—317 myr~ ') and 18—70 m yr—,
respectively (McKay et al., 2008; Smith et al., 2011; Livingstone
et al., 2012). In contrast to AHT, grounding line retreat in Dry-
galski Basin and Dotson-Getz Trough was slower over the outer to
middle shelf and accelerated towards the inner shelf. In Dotson-
Getz Trough this increase in retreat rate is associated with a
steepening of the reverse bed slope over the inner shelf (Graham
et al., 2009; Smith et al., 2011).

While the presence of GZWs in AHT provides clear evidence that
the grounding line paused on at least three occasions during its
retreat, it has not been possible to accurately date individual wedge
formation. The only firm conclusion is that GZW 2 and stacked
GZW 3 on the mid-shelf must have been deposited over a period of
~600 years, between 16.3 cal kyr BP (date from core KC-26) to
15.7 cal kyr. BP (date from core GC709). Whilst crude, the timing
suggests that the wedges formed over hundreds rather than
thousands of years and punctuated in a period of rapid grounding
line retreat, similar to palaeo-ice stream retreat in Marguerite
Trough (Jamieson et al.,, 2012, 2014). Deposition of GZW 2 and
stacked GZW 3 within a period of ~600 years is consistent with
estimates for the timing of GZW formation in the eastern
Amundsen Sea Embayment based on sediment flux rates and GZW
volume (potentially as little as 120 years, Graham et al., 2010; >600
years, Jakobsson et al., 2012), but contrasts with the stacked GZW in
Whales Deep Basin, eastern Ross Sea, which formed over 3700
years (Bart et al., 2017). It should be noted that the Whales Deep
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GZW is substantially larger (140 m thickness; ~543 km> volume)
than those identified in this study (e.g., GZWs 1, 2 and stacked GZW
3 have heights, which approximate thickness, on the order of tens
of metres), implying that the duration of grounding line still-stand
may account for the difference in GZW size.

6. Conclusions

This study has used extensive new marine geological and
geophysical data to reconstruct the glacial history of AHT, one of the
largest palaeo-ice-stream troughs on the WAP shelf. Existing re-
cords indicate that the expanded APIS advanced to, or close to, the
AHT continental shelf edge during the Last Glacial Maximum (23-
19 cal kyr BP), with deglaciation of the outer shelf by ~16.3 cal kyr
BP. Our new chronological data shows that grounded ice had
retreated to the mid-shelf by ~15.7 cal kyr BP. During this 600-year
interval, two GZWSs (GZW 2 and 3) were deposited, suggesting that
these landforms were formed over timescales of centuries rather
than millennia.

Although based on limited age data, calculated retreat rates
suggest that grounding line retreat in AHT was faster across the
outer and middle shelf and slower towards the inner shelf. Such
variability appears to have been driven by the bathymetry of AHT,
and specifically the transition from a relatively smooth retrograde
seafloor on the outer and middle shelf to relatively shallow, rugged
bedrock on the inner shelf. Variations in the rate of grounding line
retreat are also apparent in the distribution and thickness of sedi-
ments deposited between the time of grounding-line retreat and
the onset of seasonal open-marine conditions. During fast ice
stream retreat from the outer to middle shelf the main source for
glacigenic debris was rapidly retreating, so there was insufficient
time for thick deposits to accumulate. More generally, and in line
with previous studies, we show that transitional deglacial sedi-
ments are highly spatially and temporally variable, not only in
thickness but also sedimentological characteristics. This results
from spatial variability in depositional processes, grounding line
retreat rate, as well as sediment focussing into bathymetric lows.
Finally, we conclude that the scarcity of calcareous micro-fossils
continues to be a persistent problem for the radiocarbon dating
of key environmental changes on this part of the Antarctic conti-
nental shelf. However, we also have shown that the use of a careful
sampling strategy, which is guided by detailed sedimentological
and multi-proxy information (e.g., Heroy and Anderson, 2005;
Hillenbrand et al., 2010a,b, 2012; Smith et al., 2011, 2014), together
with the application of different *C dating methods, which target
different types of sediments and carbon-bearing material, provides
reliable chronological frameworks for reconstructing Antarctic Ice
Sheet retreat since the LGM. Further investigations into the palaeo-
productivity and palaeoceanographic changes in AHT following
grounding line retreat will be discussed in a companion paper
(Roseby et al., in press).
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