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a b s t r a c t

The Lambert Glacier-Amery Ice Shelf system (LGAISS) is the largest outlet glacier system in East
Antarctica but its response to past climate variability is poorly constrained. In this study, we explore its
dynamics over the last ~520 thousand years using new high-resolution sedimentary records retrieved off
Prydz Bay. Episodic occurrences of iceberg rafted debris indicate a dynamic ice sheet throughout this
interval, while changes in clay mineral compositions provide detailed evidence on the waxing and
waning of the LGAISS. Our data indicate that advance and retreat of the LGAISS was sensitive to oceanic
forcing, but also responded to local summer insolation when insolation peaks combined with interglacial
sea level high stands. Subglacial bed topography may have played an additional role in modulating the
LGAISS behaviour, which could explain sectoral differences in the response of the East Antarctic Ice Sheet
to climate change. Overall, our records indicate that the LGAISS advanced more extensively during
previous late Quaternary glacial periods than during Marine Isotope Stages 2 and 4. Furthermore, the
LGAISS retreated more significantly than present during Marine Isotope Stage 13, and only moderately
during Marine Isotope Stage 7, which suggests that the duration of warm climatic states could be a key
factor affecting the dynamics of the East Antarctic Ice Sheet.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The East Antarctic Ice Sheet (EAIS) contains a sea level equiva-
lent of ~53 m, of which around a third is marine-based ice (Fretwell
et al., 2013). Although ongoing climate warming is not expected to
induce complete collapse of the EAIS, marine margins of the EAIS
with landward-deepening beds appear susceptible to ice loss
(Schoof, 2007; Cook et al., 2013; DeConto and Pollard, 2016; Scherer
et al., 2016; Golledge et al., 2017a; Wilson et al., 2018; Blackburn
et al., 2020), with significant implications for future sea level rise.
The dynamic response of the EAIS to climate change is gaining
increasing attention, but it remains uncertain due to complex
subglacial topography and the potential for different behaviour in
different EAIS sectors (Golledge et al., 2017a; Pittard et al., 2017;
arine Geology, Tongji Univer-
Morlighem et al., 2020). Given discrepancies in future global sea
level projections (e.g. Golledge et al., 2015; DeConto and Pollard,
2016; Bakker et al., 2017; Edwards et al., 2019), better constraints
on past changes in the EAIS are required to provide calibration
targets for modelling studies.

Repeated advance and retreat of marine-based margins of the
EAIS have been inferred in different periods of the geological past
from sporadic proximal Antarctic records (e.g. Naish et al., 2001;
Grützner et al., 2003; Williams et al., 2010; Passchier, 2011; Cook
et al., 2013; Patterson et al., 2014; Wilson et al., 2018). These
studies indicate that the EAIS was dynamic and capable of
responding to a spectrum of climatic forcing. However, high-
resolution records are scarce due to a lack of suitable sediment
sequences and difficulties in age model construction. This situation
limits our ability to constrain the forcing factors that contributed to
past advance and retreat of the EAIS. In particular, high-resolution
records that span multiple late Quaternary glacial-interglacial cy-
cles from sites proximal to the EAIS are rare, despite the fact that
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similar ice sheet boundary conditions to the modern day and
relatively well-constrained evidence on global sea level and cli-
matic forcing make this interval a critical target for exploring EAIS
dynamics (DeConto and Pollard, 2016; Wilson et al., 2018). Hence,
better geological constraints from this period could significantly
improve projections of future global sea level rise.

In this study, we present high-resolution proxy records of ice
sheet dynamics, including iceberg rafted debris (IRD) and clay
mineralogy, from two well-dated gravity cores, ANT30/P1-02 (P1-
2) and ANT29/P5-03 (P5-3), retrieved from the continental rise off
Prydz Bay, East Antarctica (Fig. 1A). In combination with previously
published sedimentological and geochemical analyses on cores
from this region (Wu et al., 2017, 2018, 2019, 2020), our major goal
is to reconstruct the dynamic behaviour of the Lambert Glacier-
Amery Ice Shelf system (LGAISS) and to explore its forcing during
the late Quaternary. The LGAISS originates in the Gamburtsev
Mountains of central East Antarctica, with ice thicknesses of
~2500 m in the Southern Prince Charles Mountains and ~400 m at
the seaward edge of the Amery Ice Shelf (Shipboard Scientific Party,
2001). It is the largest marine-based outlet glacier system in East
Antarctica, draining ~15% of the EAIS, equivalent to ~8 m of global
sea level (Rignot et al., 2019). Therefore, its dynamic behaviour is
linked to changes in the mass balance of a significant portion of the
EAIS. There have been two Ocean Drilling Program (ODP) expedi-
tions (Legs 119 and 188) to this area, and a number of studies have
demonstrated dynamic behaviour of the LGAISS since at least the
Oligocene (e.g. Ehrmann, 1991；; Hambrey et al., 1991; Hambrey
and McKelvey, 2000; Grützner et al., 2003; Passchier et al., 2003;
Junttila et al., 2005; Passchier, 2011). To date, however, there has
Fig. 1. (A) Environmental setting of the core sites. Pie charts show clay mineral compositio
based on Shipboard Scientific Party (2001). ACC: Antarctic Circumpolar Current. ADZ: Ant
Channel. PCF: Prydz Channel Fan. PG: Prydz Gyre. Inset map shows the bedrock elevation of
records. EAIS: East Antarctic Ice Sheet. EDC: EPICA Dome C ice core (EPICA Community Memb
the LGAISS catchment. The red box indicates the region shown in Panel B. Sediment core sit
Schlitzer, 2014; http://odv.awi.de). (B) Geological setting of the LGAISS after Mikhalsky et a
Group and Pagodroma Group outcrops in the Northern Prince Charles Mountains is indica
referred to the Web version of this article.)

2

been no study constraining the LGAISS dynamics across multiple
late Quaternary glacial-interglacial cycles, and this study fills this
crucial gap.

2. Regional setting

Prydz Bay is the largest embayment around East Antarctica with
an area of around 80,000 km2. It is situated between 65�E and 80�E,
facing the Indian Ocean sector of the Southern Ocean, at the
seaward terminus of the Lambert Graben, which is occupied by the
LGAISS (Fig. 1). The LGAISS is a rock-walled marine-based glacier
system that occupies a long and relatively thin embayment with a
number of significant pinning points (Fretwell et al., 2013; Pittard
et al., 2017). In the present day, the LGAISS is grounded ~500 km
upstream from the seaward edge of the Amery Ice Shelf (Shipboard
Scientific Party, 2001).

The Lambert Graben is Mesozoic or older in age, but the un-
derlying geology of the Prydz Bay region reflects the Pan-African
Prydz Belt of late Neoproterozoic to early Cambrian age (Fig. 1B).
Metamorphism and magmatism at this time was linked to the final
amalgamation of Gondwana, which brought together an Archaean
craton in the southern Prince Charles Mountains and several Neo-
proterozoic terranes to the north (Wilson et al., 1997; Boger et al.,
2001; Liu et al., 2006; Van Leeuwen et al., 2019). As such, most of
the basement is composed of medium-to high-grade Precambrian
metamorphic and intrusive igneous rocks (Trail andMacleod, 1969;
Mikhalsky et al., 2001), with isolated exposures of Paleozoic
granite, mafic dykes, Permian sediments, Paleogene volcanics, and
Oligocene and younger sediments near the coast (Tingey, 1991;
ns of marine surface sediment according to Borchers et al. (2011). Current systems are
arctic Divergence Zone. ASC: Antarctic Slope Current. CoC: Coastal Current. PC: Prydz
Antarctica (Fretwell et al., 2013) and the location of relevant sediment core and ice core
ers, 2004). WAIS: West Antarctic Ice Sheet. The area enclosed by the black dotted line is
es and references are listed in Table 1. Maps were generated with Ocean Data View (R.
l. (2001), Ehrmann et al. (2003), and Van Leeuwen et al. (2019). The location of Amery
ted. (For interpretation of the references to colour in this figure legend, the reader is
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Webb and Fielding, 1993; Hambrey and McKelvey, 2000; Ehrmann
et al., 2003). Sedimentary rocks are exposed sporadically along the
flanks of the Lambert Graben, stretching for a distance of ~500 km.
Some of the best-documented sediments are those of the Permo-
Triassic Amery Group and the Neogene Pagodroma Group, which
are both exposed in the Northern Prince Charles Mountains
(Fig. 1B). The Amery Group sediments are fluvial in origin andmore
than 2000 m thick, comprising sandstones and siltstones with a
kaolinite matrix (Webb and Fielding, 1993). The glaciomarine
Pagodroma Group sediments comprise four geographically sepa-
rated formations, namely the Mount Johnston Formation; the
Fisher Bench Formation; the Battye Glacier Formation; and the
Bardin Bluffs Formation (Whitehead andMcKelvey, 2001; Ehrmann
et al., 2003). The clay assemblages of the Mount Johnston Forma-
tion and the Fisher Bench Formation are similar, being dominated
by illite and chlorite. In contrast, sediments of the Battye Glacier
Formation additionally contain significant kaolinite and smectite.
The Bardin Bluffs Formation has the greatest kaolinite concentra-
tions, relatively low illite and chlorite concentrations, and lacks
smectite (Ehrmann et al., 2003).

The continental shelf in Prydz Bay slopes landward, with water
depths ranging from ~200 to 400m over the continental shelf break
to ~600e1000 m over the inner shelf (Fig. 1A; Shipboard Scientific
Party, 2001; Fretwell et al., 2013). Repeated advance and retreat of
the LGAISS in the past has left a series of glacial geomorphic fea-
tures in this region, such as grounding zone wedges, glacial de-
pressions, and mega-scale flutes and lineations (Leitchenkov et al.,
1994; Domack et al., 1998; Passchier et al., 2003; Theissen et al.,
2003; Hannah, 2006; O’Brien et al., 2007). The SE-NW orientated
Prydz Channel (Fig. 1A), with a width of ~150 km, a length of
~200 km, and a water depth of ~600 m, represents the largest
product of glacial erosion across the continental shelf and serves as
the major drainage pathway for ice streams derived from the
LGAISS (Shipboard Scientific Party, 2001). The Prydz Channel
probably formed during the late Miocene to early Pliocene when
the LGAISS periodically began to expand to the shelf break, leading
to the development of the Prydz Channel Fan as a trough-mouth fan
that extends to ~2400 m water depth on the continental slope
(Shipboard Scientific Party, 2001; Passchier et al., 2003).

Average sedimentation rates of the late Quaternary (<780 ka)
succession on the Prydz Bay continental slope and rise range from
0.7 to 1.3 cm/kyr at ODP Sites 1165 and 1167 (Theissen et al., 2003;
Junttila et al., 2005) and at several gravity core sites, including
ANT30/P1-02, ANT30/P1-03, and ANT29/P4-01 (Tang et al., 2016;
Wu et al., 2017) (Fig. 1A). Marine surface sediment in the region is
characterised by a high illite content and low chlorite content,
while a high smectite content is found mainly around Kerguelen
Table 1
Sediment cores used or referred to in this study.

Site Longitude (�E) Latitude (�S) Water depth (m)

ANT30/P1-02 72.94 65.01 2860
ANT29/P5-03 72.96 65.99 2576
ANT30/P1-03 73.02 65.99 2542
ANT29/P4-01 70.69 64.94 3162
ODP 1165 67.22 64.38 3538
ODP 1167 66.23 72.29 2354
ODP 739 75.05 67.16 412
ODP 742 75.24 67.33 410
ODP 738 82.79 62.71 2253
ODP 744 80.59 61.58 2307
AND-1B 167.09 77.89 935
IODP U1361A 143.89 64.41 3454
TN057-6-PC4 8.98 42.93 3751
ODP 1090 8.90 42.88 3702
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Plateau, and kaolinite is rich in glacial-aged sediments on the
continental shelf offshore of the LGAISS (Borchers et al., 2011)
(Fig. 1A).

The ocean current system around Prydz Bay is complex (Fig. 1A)
and is summarised based on a number of studies (Nunes Vaz and
Lennon, 1996; Bindoff et al., 2000; Yabuki et al., 2006; Mathiot
et al., 2011). The Antarctic Coastal Current flows westward over
the shelf, bringing in cold waters from the east. The Antarctic Slope
Current also flows westward, driven by the Southern Easterly
Winds, but over the continental slope. Between the Antarctic
Coastal Current and the Antarctic Slope Current, the clockwise-
rotating Prydz Gyre mainly flows over the continental shelf.
North of the Antarctic Slope Current, the cyclonic Antarctic Diver-
gence Zone represents a series of mesoscale eddies that form under
the shear stress of the SouthernWesterly and EasterlyWinds. It can
also intrude onto the shelf, thereby supplying water from the
relatively warm and salty Circumpolar Deep Water (CDW), which
subsequently interacts with shelf waters and can potentially lead to
bottom water formation. Further offshore, the Antarctic Circum-
polar Current flows eastwards and connects the Southern Ocean
with the other ocean basins.
3. Materials

This study used two gravity cores ANT29/P5-03 (P5-3) and
ANT30/P1-02 (P1-2) that were collected during the 29th and 30th
Chinese Antarctica Expeditions onboard R/V Xuelong in 2012e2013
and 2013e2014, respectively (Table 1). The southern core P5-3 is
located at a water depth of 2576 m on the lower Prydz Channel Fan,
and the northern core P1-2 is located on the continental rise near
the lower margin of the Prydz Channel Fan at a water depth of
2860 m (Fig. 1A). In these locations, sediment supply is dominated
by pelagic deposition and downslope transport from the proximal
shelf (Passchier et al., 2003; Junttila et al., 2005). Sediment prove-
nance is therefore expected to be sensitive to the dynamics of the
LGAISS. Some geochemical and sedimentological analyses have
been conducted previously on core P1-2 (Wu et al., 2017, 2018,
2019, 2020), while data from core P5-3 are reported here for the
first time.

Based upon visual description, smear slide inspection, and wet
sieving, sediment from the two cores primarily consists of silt-clay
with a minor coarse fraction (63e2000 mm) and sparsely distrib-
uted dropstones (>2 mm). Two distinct sediment facies alternate
throughout the cores, separated by gradual transitions: a diatom-
bearing (10e25%) mud with an olive/light brown colour and
weak bioturbation, and a diatom-barren (<10%) silty-clay with a
grey colour and no bioturbation (Fig. 2). Core P1-2 contains six
Core length (cm) Data source

624 This study; Wu et al. (2017; 2018; 2019; 2020)
313 This study
599 Wu et al. (2017); Tang et al. (2016)
421 Wu et al. (2017)
e Passchier (2011)
e Passchier et al. (2003)
e Hambrey et al. (1991)
e Hambrey et al. (1991)
e Erhmann (1991)
e Erhmann (1991)
e McKay et al. (2012)
e Wilson et al. (2018)
e Teitler et al. (2010)
e Martínez-Garcia et al. (2009)
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diatom-bearing units (S1eS6) and five diatom-barren units (D1-
D5), while only four diatom-bearing units (S1eS4) and three
diatom-barren units (D1-D3) occur in the shorter core P5-3. Car-
bonates are generally absent, except for intervals with <15 wt%
carbonate (Wu et al., 2019) that are composed of planktonic fora-
minifer Neogloboquadrina pachyderma (sin.) (Nps) at 86e177 cm
and 214e246 cm in core P1-2, and at 56e145 cm and 172e201 cm
in core P5-3 (Fig. 2). No obvious hiatuses were found throughout
the cores.

In addition to these two cores, other sediment cores referred to
in this study are shown in Fig. 1A and/or listed in Table 1. It should
be noted that core ANT30/P1-03 which spans the last ~500 kyr
(Tang et al., 2016; Wu et al., 2017) is located very close to the site of
core P5-3 (Fig. 1A), but we used core P5-3 in this study because core
material from core ANT30/P1-03 was unavailable.
4. Methods

4.1. Experimental methods

The major experimental methods used in this study were
measurements of IRD abundance and lithology, and clay miner-
alogy. In addition, in order to derive a reliable age model for the
new core P5-3 by inter-core correlations, colour reflectance mea-
surements, XRF geochemical scanning, AMS 14C dating, and mag-
netic susceptibility logging were also conducted on core P5-3.
Except for magnetic susceptibility, such data were previously
published for core P1-2 (Wu et al., 2017, 2019). The AMS 14C dating
and the magnetic susceptibility logging were conducted at BETA
Analytic Inc., Miami, USA and at the First Institute of Oceanography,
State Oceanic Administration, Qingdao, China, respectively. All
other measurements were performed at State Key Laboratory of
Marine Geology, Tongji University, Shanghai, China.

Magnetic susceptibility (kappa volume specific, with C and F
sensor) was derived from non-destructive physical parameter core
scanning using a GEOTEK Multi-Sensor Core Logger (MSCL) on
whole cores at 0.5-cm increments. Detailed methodology and
parameter settings for the MSCL were described by Weber et al.
(1997).

Colour reflectance was measured using a Minolta spectropho-
tometer CM-2002 at 1-cm increments. To prevent oxidation, the
cores were tightly sealed immediately after collection and stored
below 2 �C for less than a month. Cores were then split into two
halves and the working half was covered by a thin transparent film,
which was adjusted to tightly fit the smooth split core surface,
before measurement once the cores had reached room tempera-
ture. The Minolta spectrophotometer CM-2002 provides quantita-
tive measurements of the visible light spectrum from 400 to
700 nm and automatically transfers it into the CIE La*b* colour
space (Nagao and Nakashima, 1992). All spectra were measured
relative to a black background and a standard white plate made
with barium sulphate under a standard illumination. In this study,
only the colour parameter a*, which represents colour changes
from green to red, is used.

Core scanning X-ray fluorescence (XRF) measurements were
obtained on the split core surface of the archive half of each core
using an AVAATECH XRF core scanner. The split core surface was
covered with a spex certiprep 3532 Ultralens foil (4 mm thick) to
protect the probe of the scanner from contamination and to avoid
desiccation of the sediment. A Pd filter was placed in front of the
Fig. 2. Lithological comparison between sediment cores P1-2 and P5-3. (A) and (D):
core images. (B) and (E): lithological logs. (C) and (F): sediment facies. Facies S1eS6
and D1-D5 represent diatom-bearing units and diatom-free units, respectively.
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incoming X-ray beam and measurements were taken at 1-cm in-
crements with a size of 1.5 cm� 1 cm. Each corewas triple-scanned
for elements from Al to Ba at 1 mA and at different tube voltages
(10 kV, 30 kV, and 50 kV) with 30 s counting time. Further technical
details on the XRF core scanner are described in Richter et al.
(2006).

Clay mineral analyses were carried out on the <2 mm fraction,
which was separated based on Stokes’ settling velocity law, after
removal of carbonate by treatment with 0.5 N HCl (Liu et al., 2003,
2007). Analysis was performed on oriented mounts using a PAN-
alytical X’Pert PRO diffractometer with CuKa radiation and Ni filter,
under a voltage of 45 kV and an intensity of 40 mA. Three XRD runs
were performed, following air-drying, ethylene-glycol saturation
for 24 h, and heating at 490 �C for 2 h. Identification and inter-
pretation of clay minerals were conducted according to a
comprehensive comparison of three multiple X-ray diffractograms
obtained under different measurement conditions (Liu et al., 2003,
2007). Semi-quantitative calculations of the parameters for each
peak were carried out on the glycolated curve using MacDiff soft-
ware (Petschick, 2000). The relative contents of each clay mineral
species were estimated mainly according to an area of (001) series
of basal reflections (Holtzapffel, 1985). Kaolinite and chlorite were
discriminated according to the relative proportions given by a ratio
of the 3.57 Å and 3.54 Å peak areas (Holtzapffel, 1985).

Iceberg rafted debris is defined here as theweight percent of the
154e5000 mm non-biogenic fraction in the dry bulk sediments
(Passchier, 2011). It was measured at 2-cm intervals following
procedures described by Wang et al. (2013). Briefly, 10e15 g dry
sediments were soaked in deionised water for 2 days, and H2O2 was
added if necessary to help disaggregate the sample. The samplewas
then wet-rinsed through a 63 mm mesh, and the >63 mm residue
was dried under 55 �C and sieved through 154 mm and 250 mm
meshes. Since the >250 mm fraction is rare or absent in most of the
samples, we did not measure it specifically, and weighed the entire
154e5000 mm fraction (after removal of carbonate if necessary).
The mass accumulation rate (MAR) of IRD was calculated according
to Teitler et al. (2010) and Patterson et al. (2014) as follows:

IRD MAR¼ IRD wt:%� LSR� DBD

where IRD wt.%, LSR, and DBD are the IRD weight percent, linear
sedimentation rate, and dry bulk density, respectively.

The lithologies of IRD grains in core P1-2 were identified and
counted under a binocular microscope at 4-cm increments, based
on the >250 mm fraction (Wang et al., 2013). The >154 mm fraction
was used when grains >250 mmwere scarce. More than 250 grains
were counted for each sample. We identified and counted quartz,
crystalline rock fragments, and mafic rock fragments. Chert, garnet,
mica, and feldspar were also identified and counted, but those data
are not shown here because of their low concentrations and
discontinuous occurrence (Figures DR1 and DR2). The crystalline
rock fragments include granites andmetamorphic rocks, but we did
not distinguish them further because of the small grain sizes. Im-
ages of IRD grains were obtained using a camera installed on a
microscope and using a field emission-scanning electronic micro-
scope (FE-SEM, TESCAN Mira 3, Czech), and the elemental
composition of IRD grains was analyzed using energy-dispersive
spectroscopy (EDS, Oxford Ultim Max40). The samples were
coated with gold before FE-SEM and EDS analyses.

The lithologies of 20 dropstones (>5 mm) from core P1-2 were
also identified and sorted into three groups i.e., granites, meta-
morphic rocks, andmafic rocks (Figure DR1). The granite groupwas
identified based on a mineral composition of mainly quartz, feld-
spars (plagioclase and/or orthoclase), and mica (muscovite and/or
biotite), with minor hornblende and a lack of an orientation
5

structure. The metamorphic rock group was identified mainly
based on the presence of an orientation structure and/or typical
metamorphic minerals such as garnet, while the mafic rock group
was identified based on its (crypto-)crystalline structure and dark
colour.

Radiocarbon (14C) dating was performed on shells of the
planktonic foraminifera N. pachyderma (sin.) (Nps) (>154 mm size
fraction) from four intervals of core P5-3 (i.e., 60e62 cm, 82e84 cm,
114e116 cm, and 204e206 cm), using Accelerator Mass Spec-
trometry (AMS). The 14C ageswere calibrated to calendar ages using
the Calib 7.0 program (Stuiver and Reimer, 1993) and the Marine 13
radiocarbon age calibration curve (Reimer et al., 2013) with a ma-
rine reservoir age of 1300 yrs (Domack et al., 2001).

4.2. End Member Modelling Analysis on the clay mineral dataset

End Member Modelling Analysis (EMMA) is an inversion algo-
rithm that aims to construct physical (linear) mixing models which
express the input data as mixtures of a limited number of end-
members (EMs) with realistic compositions (Weltje, 1997). It has
proven to be a powerful tool for decomposing sediment composi-
tional datasets (e.g. grain size, elemental geochemistry) into their
constituent end-members. There are various algorithms for EMMA
(e.g. Weltje, 1997; Dietze et al., 2012; Paterson and Heslop 2015; Yu
et al., 2016), which typically produce similar results for the same
dataset (Paterson and Heslop, 2015). In this study, the algorithm of
Weltje (1997), which has been coded as an R-based program ‘RECA’
(Seidel and Hlawitschka, 2015), was used and a three-EM model
was selected (see Section 6.1) to decompose the clay mineral
dataset of both sediment cores (N ¼ 466). Parameters input to
‘RECA’ to compute the three-EM model solution were as follows:
number of end-members¼ 3; convexity threshold¼�6; number of
iterations ¼ 100; weighting exponent ¼ 0.5. We also ran the same
clay mineral dataset (N ¼ 466) using the EMMA algorithm of
Paterson and Heslop (2015), which has been made as a MATLAB®-
based software ‘AnalySize’, and obtained the same results as those
from ‘RECA’, supporting the robustness of our results.

5. Age models

5.1. Radiocarbon ages

For core P5-3, one AMS 14C age falls into Marine Isotope Stage
(MIS) 2 (27,625 yr BP at 60e62 cm), and another falls into MIS 3
(42,067 yr BP at 82e84 cm), with the caveat that the latter age is
close to the 14C dating limit (~43,500 yr) (Table 2). Deeper samples
from 114 to 116 cm and 204e206 cm are older than the 14C dating
limit (~43,500 yr). This observation is similar to findings from core
P1-2, where samples at 136 cm and below were beyond the 14C
dating limit (Table 2). Based on the AMS 14C ages, linear sedimen-
tation rates for core P5-3 were 1.4 cm/kyr for the 83-61 cm interval
and >2.2 cm/kyr for the 61-0 cm interval. The latter sedimentation
rate represents a lower limit based on an assumed core top age of
zero, because the core top could have been lost during coring. These
sedimentation rates are slightly lower than similar 14C-based esti-
mates for core P1-2 over a similar interval (i.e. 3.3 cm/kyr between
115 and 0 cm).

5.2. Age model for core P1-2

Oxygen isotope stratigraphy is typically used to construct age
models for marine sediment cores on orbital timescales, but poor
carbonate preservation limits the application of this technique in
the Southern Ocean (Pugh et al., 2009; Weber et al., 2012; Xiao
et al., 2016). In our recent study (Wu et al., 2017), export



Table 2
AMS 14C dating results on N. pachyderma (sin.) from cores P5-3 and P1-2.

Sample code Core Depth (cm) AMS 14C age (yr) Reservoir corrected 14C age (yr) Calibrated agea (yr BP) Data source

BETA 381540 P5-3 60e62 24750 ± 100 23450 ± 100 27625 ± 183 This study
BETA 381541 P5-3 82e84 39050 ± 390 37750 ± 390 42067 ± 554 This study
BETA 381542 P5-3 114e116 >43500 e e This study
BETA 381544 P5-3 204e206 >43500 e e This study
BETA 395571 P1-2 92e94 24710 ± 110 23410 ± 110 27443 ± 223 Wu et al. (2017)
BETA 400276 P1-2 114e116 34050 ± 240 32750 ± 240 36661 ± 355 Wu et al. (2017)
BETA 400277 P1-2 136e138 >43500 e e Wu et al. (2017)
BETA 395573 P1-2 162e164 >43500 e e Wu et al. (2017)
BETA 395574 P1-2 226e228 >43500 e e Wu et al. (2017)

a A reservoir age of 1300 yr was applied (Domack et al., 2001) and calibration used Calib 7.0 program (Stuiver and Reimer, 1993) and Marine 13 calibration curve (Reimer
et al., 2013).
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production records in sediment cores retrieved off Prydz Bay were
found to be closely coupled with global climate change. We
therefore aligned the export production records of three Prydz Bay
cores (P1-2, P1-3, and P4-1; Fig. 1A and Table 1) to LR04-d18O
(Lisiecki and Raymo, 2005), using a dynamical programming
technique (Lisiecki and Lisiecki, 2002), to derive age models on
orbital timescales (Wu et al., 2017). Radiocarbon dating on the
upper parts of the cores was consistent with such alignment (Wu
et al., 2017). For core P1-2, we use the age model from Wu et al.
(2017), which indicates that it extends back to ~523 ka (MIS 13)
with an average sedimentation rate of ~1.2 cm/kyr (Fig. 3AeB).
5.3. Age model for core P5-3

The age model of the new core P5-3 was constructed by
matching geochemical and sediment property records of core P5-3
to their counterparts in core P1-2, in combination with the 14C
dating constraints. Specifically, alignment was made by simulta-
neously matching the XRF scanning Ba/Al, Ca/Al, magnetic sus-
ceptibility, and colour (a*) records (Figure DR3), which are
regionally comparable in different sediment cores (Pugh et al.,
2009; Weber et al., 2012; Wu et al., 2017, 2019). Visual identifica-
tion and matching of features between the two cores provided age
controls (i.e., pattern matching age controls) for core P5-3 (Table 3).
Some age controls can be identified in multiple sediment property
records, while some are only robust in a particular record. We
identified 14 pattern matching age controls in total, while the two
AMS 14C age control points are also morphologically compatible in
the sediment property records (Figure DR3).

The age controls from pattern matching, in combination with
the AMS 14C ages and an assumed core top age of zero, were used to
derive the age model of core P5-3 by linear interpolation (Fig. 3A).
Considering the orbital-scale resolution of our records, we suggest
that the assumption of a core top age of zero is acceptable, as it is
only likely to introduce an age uncertainty of several thousand
years. On this age model, the four records of core P5-3 (i.e., the XRF
scanning Ba/Al and Ca/Al, a*, and magnetic susceptibility) match
well with their counterparts in core P1-2 (Fig. 3CeF). According to
the age model, core P5-3 extends back to 330 ka (MIS 9). The
sedimentation patterns were similar between cores P5-3 and P1-2
(Fig. 3B), with both cores showing higher sedimentation rates
during the transitions from glacial to interglacial periods, and
similar average sedimentation rates (0.9 cm/kyr for core P5-3,
1.2 cm/kyr for core P1-2). These sedimentation rates are similar
to those estimated for gravity cores P1-3 (1.1 cm/kyr, Tang et al.,
2016; Wu et al., 2017) and P4-1 (0.9 cm/kyr, Wu et al., 2017) and
the core top units at ODP Sites 1167 and 1165 (0.7e1.3 cm/kyr,
Junttila et al., 2005; Theissen et al., 2003) (Fig. 1A), reflecting
regional sedimentation patterns of Prydz Bay during the late
Quaternary.
6

6. Results

6.1. Clay mineralogy and EMMA

Clay mineralogy is consistent between the two sediment cores
(Fig. 4), supporting that the data are robust and that both sites were
influenced by similar clay sources through time. Illite content varies
between 42 and 73% with an average of 58%. The illite records show
prominent glacial-interglacial variations, with higher values during
interglacial periods and lower values during glacial periods.
Kaolinite content varies between 10 and 31% with an average of
18%. The kaolinite records also show glacial-interglacial cyclicity,
with higher values during glacial periods (although muted during
MIS 12) and lower values during interglacial periods. Smectite
content varies between 4 and 38% with an average of 17%, and
chlorite content varies between 4 and 13% with an average of 8%.
Neither of those records shows consistent glacial-interglacial vari-
ability, although the smectite record shows some similarity to the
kaolinite record. The highest smectite content and the lowest
chlorite content both occur during MIS 12, corresponding to the
glacial period with unusually low kaolinite content.

Summary statistics of the clay mineral dataset show that illite
dominates the clay mineral composition, followed by lower but
comparable levels of kaolinite and smectite, and minor chlorite
(Fig. 5A). In EMMA, the minimum number of EMs required for a
satisfactory approximation of the data is estimated by calculating
the coefficients of determination (R2) (Weltje, 1997). Fig. 5B shows
the R2 values for each clay mineral species for models with two,
three, or four EMs. The mean R2 of all clay mineral species,
weighted by abundance, increases with increasing number of EMs
(q) (Fig. 5C). The two-EMmodel (mean R2 ¼ 0.91) shows low R2 for
both smectite and chlorite, while the three-EM model (mean
R2 ¼ 0.984), which represents the inflection point of the q-mean R2

curve (Fig. 5C), shows low R2 only for chlorite (Fig. 5B). Previous
studies suggest that the true number of EMs for a dataset should
correspond to the value of q at the inflection point in the q-mean R2

curve (Prins et al., 2002). In addition, to determine the suitable
number of EMs in this study, the requirement for reproducibility of
chlorite can be removed because it comprises only a small fraction
of the data set (e.g. Stuut et al., 2014). The goodness-of-fit statistics
thus demonstrate that the three-EM model provides the best
compromise between q and R2.

The resulting compositions of the modelled EMs 1e3 are
respectively illite-, kaolinite- and smectite-rich, although illite is a
major clay mineral species in all three EMs (Fig. 5D). Consequently,
their temporal distributions (Fig. 4FeH) are similar to those of the
illite, kaolinite, and smectite abundances (Fig. 4AeC).

6.2. Iceberg rafted debris

Iceberg rafted debris content varies between 0.1 and 43.3 wt%



Fig. 3. Age models and sediment property records of sediment cores P1-2 and P5-3. (A) Age-depth models of cores P1-2 and P5-3. Age control points for core P5-3 are from
Figure DR3 and Table 3 and for core P1-2 are from Wu et al. (2017). Age uncertainty was estimated using a bootstrap algorithm according to Xiao et al. (2016). (B) Linear sedi-
mentation rate (LSR). (C) Magnetic susceptibility (MS). (D) Colour axis a*. (E) XRF core scanning derived Ca/Al and (F) XRF core scanning derived Ba/Al. Red and blue records are from
cores P1-2 and P5-3, respectively. The original magnitudes of the records in (CeF) have been diminished by normalisation to facilitate core-to-core comparison. Glacial intervals are
shaded grey and labelled with MIS numbers according to Lisiecki and Raymo (2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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with an average of 4.7 wt% in core P1-2, and between 1.0 and
29.4 wt% with an average of 8.1 wt% in core P5-3 (Fig. 6A). The IRD
MAR varies between 0.002 and 0.245 gcm�2kyr�1 (average 0.045
gcm�2kyr�1) in core P1-2, and between 0.003 and 0.198
gcm�2kyr�1 (average 0.061 gcm�2kyr�1) in core P5-3 (Fig. 6B). For
the last 330 kyr, the average IRD content and IRD MAR of the more
proximal southern core P5-3 is slightly higher than that of the
northern core P1-2 (8.1 wt% versus 4.8 wt%, and 0.061 gcm�2kyr�1

versus 0.050 gcm�2kyr�1, respectively). In core P1-2, IRD mostly
occurs during late interglacial and early glacial periods, with single
7

peaks during MIS 13-12 and MIS 11-10 transitions, and double
peaks during MIS 9-8 and MIS 7-6 intervals. In core P5-3, there are
also IRD peaks during late interglacial and/or early glacial periods,
but this core additionally displays higher IRD content during in-
terglacials. In general, both cores record low IRD content during
transitions from late glacial to early interglacial periods.

The IRD in core P1-2 is predominantly composed of quartz
(>85%), crystalline (granitic and metamorphic) rock fragments
(average ~5%), and mafic rock fragments (average ~0.4%)
(Fig. 6CeF). Similar to previous observations from Prydz Bay shelf



Table 3
Age-depth control points for core P5-3.

No. Depth (cm) Age (ka) Sources

1 61 27.6 AMS 14C
2 83 42.1 AMS 14C
3 6 2.6 XRF Ba/Al; XRF Ca/Al; MS
4 15 6.0 XRF Ba/Al
5 97 62.4 XRF Ca/Al; MS
6 111 80.6 XRF Ba/Al; MS
7 141 107.8 XRF Ba/Al; XRF Ca/Al
8 147 119.2 XRF Ba/Al; a*; MS
9 163 128.8 XRF Ba/Al; a*
10 179 140.1 XRF Ca/Al
11 203 186.1 XRF Ba/Al; XRF Ca/Al
12 221 219.6 XRF Ba/Al
13 227 228.1 MS
14 249 251.1 a*; MS
15 293 314.9 XRF Ba/Al; a*
16 311 330.0 XRF Ba/Al; a*

Note: MS, magnetic susceptibility.
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sediments (Domack et al., 1998), two varieties of quartz are
distinguishable in core P1-2. There is a clear quartz, which is usually
angular to subangular (Fig. 7AeC), and a slightly reddish iron-
stained quartz, which is typically subrounded to rounded
(Fig. 7DeF). Higher proportions of iron-stained quartz compared to
clear quartz (Fig. 6CeD) generally correspond to intervals with
higher IRD abundance and IRD MAR (Fig. 6AeB) and coincide with
low proportions of crystalline andmafic rock fragments (Fig. 6EeF).
The lithologies of the 20 dropstones (Fig. 6G) include granite (55%),
metamorphic rocks (30%), and mafic rocks (15%), and their tem-
poral distributions appear random.

7. Discussion

7.1. Proxies for LGAISS dynamics

Both IRD and clay mineralogy have been widely used to infer
past changes in Antarctic Ice Sheet dynamics (e.g. Junttila et al.,
2005; Hillenbrand et al., 2009; Passchier, 2011; Weber et al.,
2014; Patterson et al., 2014; Wilson et al., 2018). Ice rafted debris
provides unambiguous evidence for the calving of debris-bearing
icebergs from dynamic ice sheet margins, which is significant
because the Antarctic Ice Sheet loses ~50% of its mass by iceberg
calving (Depoorter et al., 2013). At proximal sites, clay minerals in
the fine fraction are mainly derived from continental inputs and
reflect weathering processes and source provenance (Ehrmann,
1991; Junttila et al., 2005; Borchers et al., 2011). Hence, fluctua-
tions in clay mineral assemblages have been proposed to provide
constraints on past changes in ice volume and/or grounding line
position, including in the Amundsen Sea (Hillenbrand et al., 2009;
Sim~oes Pereira et al., 2020) and the Prydz Bay region (Junttila et al.,
2005; Passchier, 2011; Borchers et al., 2016). For both IRD and clay
mineral records, a careful consideration of sediment provenance
and transport processes is required in order to associate variability
with the dynamics of a specific glacier system.

7.1.1. Iceberg rafted debris
Coarse sediments in high-latitude marginal settings typically

indicate the deposition of IRD, but could also result from bottom
current winnowing of the fine fractions of the sediment. These two
types of coarse fraction can be distinguished by comparing the
coarse fraction content to the sorting parameter of the fine fraction
(Passchier, 2011). Peaks of the coarse fraction that coincide with
well-sorted sediments are likely to reflect a concentration of coarse
material following winnowing of fine-grained sediments by high
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energy bottom currents, whereas peaks linked to poorly sorted
material likely record IRD events superimposed on the background
hemipelagic sedimentation (Passchier et al., 2003; Passchier, 2011;
Patterson et al., 2014). In core P1-2, there is a positive correlation
between the IRD MAR (Fig. 8D) and the sorting parameter of the
<154 mm fraction (Fig. 8F) (r¼ 0.62, N¼ 312), with almost every IRD
peak corresponding to a peak in the sorting parameter, which in-
dicates poorer sorting. In addition, in both cores, similar downcore
patterns between the IRD abundance and IRD MAR (Fig. 8D and E)
indicate that the IRD records were not significantly affected by
variations in sedimentation rate that could reflect sediment win-

nowing and/or focusing (�O Cofaigh et al., 2001). We therefore
conclude that the IRD records provide a robust signal of iceberg-
derived inputs.

Since relatively warm sea surface temperatures restrict iceberg
transport from more distal parts of East Antarctica (Teitler et al.,
2010; Passchier, 2011; Cook et al., 2014), IRD records in Prydz Bay
are expected to predominantly reflect changes in the proximal
LGAISS. Indeed, argon-argon dating of IRD grains in Prydz Bay in-
dicates a local origin for core top sediments (Roy et al., 2007),
although some Pliocene IRD at ODP Site 1165 (Fig. 1A) was far-
travelled from Wilkes Land and may have been linked to ice
sheet destabilisation in the Aurora Subglacial Basin (Williams et al.,
2010; Cook et al., 2014). While we are unable to fully constrain
possible changes in IRD supply from Wilkes Land to Prydz Bay
during the late Quaternary, the different phasing of IRD occurrence
at our sites (Fig. 8DeE) compared to Site U1361 (Fig. 1A; Fig. 8C;
Wilson et al., 2018) argues against a significant IRD source from the
distant Wilkes Subglacial Basin. In addition, the lithology of the IRD
and dropstones in core P1-2 supports a local origin because the
assemblage of quartz, granite, metamorphic rock, and mafic rock
(Fig. 6G) is consistent with the coastal geology of Prydz Bay
(Fig. 1B). In particular, iron-stained quartz, which is abundant when
IRD MAR is high (Fig. 6D), was likely derived from the Permo-
Triassic fluvial red beds of the Amery Group in the Lambert
Graben (Webb and Fielding, 1993; Domack et al., 1998, Fig. 1B). We
therefore interpret our IRD records in terms of local dynamic
behaviour of the EAIS in the Prydz Bay sector.
7.1.2. Clay mineral provenance
In the high-latitude Southern Ocean, typical clay mineral as-

semblages of illite and chlorite reflect physical weathering under
polar conditions (Chamley, 1989; Ehrmann, 1991; Borchers et al.,
2011). Illite is derived from the erosion of acidic rocks such as
gneisses, granulites, and granites (Chamley, 1989; Ehrmann et al.,
2003), while chlorite is derived from low-grade chlorite-bearing
metamorphic and basic igneous source rocks (Chamley, 1989;
Hillenbrand et al., 2003). These clay species may be deposited
widely along the continental shelves of Antarctica and redis-
tributed offshore by ocean currents (Borchers et al., 2011). In our
downcore records, illite and chlorite are the dominant and minor
clay species, respectively, consistent with their distributions in
surface sediments (Fig. 1A) (Borchers et al., 2011) and in other
sediment cores from the Prydz Bay region (e.g. Junttila et al., 2005;
Borchers et al., 2016). Their relative abundances are likely linked to
the predominance of illite-versus chlorite-producing source rocks
in the Prydz Bay sector of East Antarctica (Ehrmann, 1991; Tingey,
1991).

In contrast, smectite and kaolinite are products of chemical
weathering. Source rocks in East Antarctica contain high feldspar
contents (Tingey, 1991), in principle making them suitable for
kaolinite formation (Borchers et al., 2011). However, this process
requires intense hydrolysis and only occurs under warm and humid
conditions (Chamley, 1989), such that Quaternary occurrences of



Fig. 4. Time series of (AeD) clay mineralogy, (E) kaolinite/illite ratios (note reversed axis), and (FeH) end-members EM1-3 from the three-EM model (see Fig. 5) in cores P1-2 (red)
and P5-3 (blue). Glacial intervals are shaded grey and labelled with MIS numbers according to Lisiecki and Raymo (2005). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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kaolinite in the polar regions must be recycled from old successions
(Junttila et al., 2005; Hillenbrand et al., 2009; Borchers et al., 2011).
In our study area, the Permo-Triassic fluvial sandstones of the
Amery Group (Fig. 1B) comprise iron-stained quartz within a
kaolinite matrix (Webb and Fielding, 1993), making them a likely
source for both the iron-stained quartz in the IRD fraction and the
kaolinite in the fine fraction (Ehrmann 1991). In addition, the
Neogene Battye Glacier and Bardin Bluffs Formations of the Pago-
droma Group, which are also exposed on the western flank of the
Lambert Graben (Fig. 1B), contain significant kaolinite proportions
(averaging 24% and 54%, respectively), which may have been
originally derived from the erosion of Amery Group rocks
9

(Ehrmann et al., 2003). However, outcrops of the Pagodroma Group
only cover a limited area in the Amery Oasis. In either case, these
kaolinite-rich sediments could have been eroded by the ice sheet
and deposited on the shelf, before being reworked and transported
offshore. Indeed, kaolinite-rich sediments are a substantial
component of the Oligocene and younger successions on the Prydz
Bay continental shelf. For example, Oligocene sediments from ODP
Sites 739 and 742 on the outer continental shelf (Fig. 1A) contain up
to 60% kaolinite, while the overlying Plio-Pleistocene sediments
comprise ~20% kaolinite (Hambrey et al., 1991). These compositions
may be indicative of a major subglacial source of kaolinite in the
Lambert Graben, while also suggesting that erosion of the



Fig. 5. End-member Modelling Analysis on clay mineral compositions of the core sediment (N ¼ 466). (A) Box-whisker plot of the clay mineral contents. The top and bottom
whiskers show the maximum and minimum values, respectively. (B) Coefficients of determination (R2) for each clay species in models with two, three, or four EMMA-derived EMs.
(C) Mean coefficients of determination (R2) for all clay species, weighted by abundance, in models with 1e4 EMs. The three-EM model (highlighted by a red circle) was selected as
the best model to interpret the dataset. (D) Clay mineral compositions of the modelled EMs from the three-EM model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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continental shelf during LGAISS advance (e.g. O’Brien et al., 2007)
could enhance the offshore transport of kaolinite.

Smectite forms by hydrolysis in a range of environments char-
acterised by slow movement of water (Chamley, 1989), but in the
Southern Ocean it usually relates to volcanic environments
(Ehrmann,1991; Petschick et al., 1996). In the study area, the Battye
Glacier Formation on the west flank of the Lambert Graben
(Ehrmann et al., 2003) (Fig.1B) and the Kerguelen Plateau (Borchers
et al., 2011) (Fig. 1A) both represent potential sources of smectite.

In an illite-chlorite-kaolinite ternary plot (Fig. 9A), our down-
core samples fall along a binary mixing line between modern slope
sediment (illite-rich) and glacial (and somemodern) shelf sediment
off the LGAISS (kaolinite-rich), with interglacial samples richer in
illite and glacial samples richer in kaolinite. In an illite-kaolinite-
smectite plot (Fig. 9B), it is evident that sediments from Kergue-
len Plateau must have contributed smectite to the core sites,
10
especially during interglacial periods and MIS 12 (Fig. 4E). Overall,
three distinctive sources of clay minerals can be identified, with
illite-rich, kaolinite-rich, and smectite-rich sources corresponding
to the three EMMA-derived EMs 1e3 (Fig. 9). The three EMs are
therefore used to represent the average compositions of the three
sources.

Of particular interest here is the kaolinite-rich source, or EM 2,
which we suggest is derived from erosion and reworking of Amery
Group and Pagodroma Group sediments by the LGAISS. The possi-
bility of kaolinite-rich sediment input by the westward-flowing
Antarctic Slope Current seems unlikely, because there is no
known source of kaolinite in the regions east of Prydz Bay. In
addition, oceanic transport from upstream should be linked pre-
dominantly to smectite supply from the Kerguelen Plateau (i.e. EM
3), as indicated by the smectite-rich characteristics of both the
surface sediment (Borchers et al., 2011) and the sediment



Fig. 6. Records of (A) IRD abundance (154e5000 mm fraction) and (B) IRD MAR from cores P1-2 (red) and P5-3 (blue), and lithological compositions of (CeF) IRD and (G) dropstones
from core P1-2. Labels in (G) are: Grnt, granites; Mafic, mafic rocks; Meta, metamorphic rocks. Glacial intervals are shaded grey and labelled with MIS numbers according to Lisiecki
and Raymo (2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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sequences from ODP Sites 738 and 744 (Fig. 1A) (Ehrmann, 1991).
Based on the assumption that the transport of kaolinite to the
continental slope mainly reflects reworking of sedimentary suc-
cessions beneath the LGAISS, we propose a conceptual model that
relates temporal variability in the abundance of kaolinite-rich EM2
to the dynamic behaviour of the LGAISS (Fig. 10), which is similar to
a previous model for the Amundsen Sea region (Hillenbrand et al.,
2009). During cold glacial periods, the LGAISS advanced north-
wards, which shortened the distance between the LGAISS
grounding and calving lines and the continental slope, thereby
enhancing the transport of kaolinite-rich EM2 to the core sites
(Fig. 10B). Enhanced subglacial erosion of kaolinite from the con-
tinental shelf as the ice sheet expanded may have further added to
the signal. During warm interglacial periods, the LGAISS retreated,
resulting in reduced erosion of the shelf and an increased distance
between the LGAISS margin and the core sites, and hence a sig-
nificant reduction in EM2 supply to the continental slope and rise
(Fig. 10A).
11
Because of the wide distribution and high abundance of illite in
the study area (Fig. 1A), we take the illite-rich EM1 to represent the
relatively stable background sedimentation and use EM2/
(EM1þEM2) to infer the grounding line behaviour of the LGAISS.
We suggest that the EM2/(EM1þEM2) ratio (Fig. 11D) is a superior
proxy for LGAISS dynamics than conventional clay mineral ratios
(e.g. kaolinite/illite) (Fig. 4E) because each clay mineral species has
multiple sources (Fig. 5D). In particular, using this ratio excludes the
effect of dilution by Kerguelen-sourced EM3 (Fig. 9). There is also
no correlation in downcore records between the EM2/(EM1þEM2)
ratio and the sortable silt mean grain size (McCave and Andrews,
2019; Wu et al., 2020) (r ¼ 0.09, N ¼ 146) (Figure DR4). This
observation suggests that the EM2/(EM1þEM2) ratio is also inde-
pendent of local bottom current speeds, with the caveat that sort-
able silt is an imperfect flow speed proxy in this setting. Therefore,
an increase or a decrease in the EM2/(EM1þEM2) ratio is inter-
preted in terms of advance or retreat of the LGAISS, respectively
(Fig. 10).



Fig. 7. Two varieties of quartz in the IRD fractions of core P1-2. (A) Angular to subangular clear quartz from core depth 114e116 cm (MIS 3). (B) and (C) Scanning electron microscope
image and energy-dispersive spectrum of angular clear quartz from core depth 114e116 cm. (D) Subrounded to rounded iron-stained quartz (labelled I) with minor angular to
subangular clear quartz (labelled C) from core depth 346e348 cm (MIS 8). (E) and (F) Scanning electron microscope image and energy-dispersive spectrum of rounded iron-stained
quartz from core depth 346e348 cm.
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7.2. Dynamics of the LGAISS

7.2.1. Iceberg discharge through glacial-interglacial cycles
The temporal pattern of an IRD record is a mixed signal that is

ultimately determined by debris-bearing iceberg discharge but is
further modulated by transport processes. Therefore, in addition to
ice sheet dynamics, IRD records can reflect factors such as the
debris content of icebergs, distance from iceberg source areas,
ocean current pathways, and sea surface temperatures (Cowan
et al., 2008; Teitler et al., 2010; Williams et al., 2010; Passchier,
2011; Cook et al., 2014; Weber et al., 2014).

Today, large Antarctic ice shelves such as the Amery Ice Shelf
usually lack basal debris, because most debris melts out close to the
grounding line before calving (Death et al., 2006; Patterson et al.,
2014; Smith et al., 2019). The operation of such basal melting
processes could potentially explain the low IRD content and IRD
MAR in our records during deglacial and early interglacial periods,
including the Holocene (Fig. 8DeE). Although the LGAISS also
contains significant sand-sized englacial and supraglacial debris,
we suspect that warm ocean conditions during interglacials could
have led to most of the IRD being released before such icebergs
reached the core sites (e.g. Passchier, 2011). Rapid depletion of the
IRD content of icebergs during their northwards transport could
also help to explain the higher average IRD MAR and greater
interglacial occurrence of IRD deposition in core P5-3 compared to
core P1-2 (Fig. 8DeE). Despite the minimal IRD content during
deglacial periods, the combination of high sedimentation rates and
an elevated silt fraction (Fig. 8GeH) indicates that meltwater
plumes were well developed and that intensive iceberg calving and
glacial retreat were occurring at these times (Joseph et al., 2002).

Prominent peaks in IRD abundance and IRD MAR at our core
sites mostly coincided with interglacial to glacial transitions and
12
early glacial periods, when Antarctic temperatures were declining
and local export production was decreasing (Fig. 8A, D, and 8E).
Therefore, in this setting, IRD deposition was predominantly asso-
ciated with advance of the local ice sheet margin. Later in glacial
intervals, IRD content was generally lower, which may have been
linked to colder Antarctic temperatures that restricted icebergs
from calving and/or reduced melting during transport. At such
times, icebergs may have survived transport to more distal loca-
tions at lower latitudes, such as Site TN057-6-PC4 in the southeast
Atlantic (Fig. 8B, Teitler et al., 2010).

Overall, the temporal pattern of IRDMAR at our core sites during
the late Quaternary is similar to the Pliocene record at Prydz Bay
ODP Site 1165 (Fig. 1A), in which relatively high IRD MAR also
coincided with an advancing and/or advanced LGAISS (Passchier,
2011). However, it contrasts with Pliocene (Patterson et al., 2014)
and late Quaternary (Wilson et al., 2018) IRD records from Site
U1361 offshore of the Wilkes Subglacial Basin (Fig. 1A). At Site
U1361, higher IRD deposition occurred mainly during deglacial
periods (Fig. 8C), as a consequence of accelerated calving from
retreating marine-terminating outlet glaciers, with only minor IRD
deposition during ice margin advance (Patterson et al., 2014;
Bertram et al., 2018; Wilson et al., 2018). In addition, a long term
decline in IRD content over the last ~500 kyr was observed at Site
U1361 (Wilson et al., 2018) (Fig. 8C), whereas no long term trend is
seen in our IRD records (Fig. 8DeE). The Prydz Bay core sites and
Site U1361 are located at similar distances from the EAIS margin
and in similar latitudes, and likely experienced similar oceanic
forcing, as indicated indirectly by local productivity records
(Fig. 8CeE). Therefore, these results highlight regional differences
in dynamic iceberg discharge from the EAIS and/or variable local
influences of ice shelf processes on IRD input to sediments.



Fig. 8. Comparison of IRD records from the Southern Ocean. (A) Antarctic temperature proxy from EDC-dD (EPICA Community Members, 2004). (B) IRD MAR (250e2000 mm
fraction) from core TN057-6-PC4 (Teitler et al., 2010) and alkenone-based sea surface temperature (SST) from nearby ODP Site 1090 (Martínez-Garcia et al., 2009). (C) IRD
abundance (250e2000 mm fraction) and XRF scanning-derived Ba/Al count ratio from IODP Site U1361 (Wilson et al., 2018) (see Fig. 1A for core location). (D, E) IRD abundance and
IRD MAR (154e5000 mm fraction) from cores P1-2 and P5-3, and normalised stack of Export Production (EP) records from Prydz Bay, derived from cores P1-2, P1-3, and P4-1 (see
Fig. 1A for core locations) (Wu et al., 2017). (F) Sorting parameter (<154 mm fraction) in core P1-2. Red dashed line indicates a value of 1.5, which separates poorly sorted and well
sorted sediments (Folk andWard, 1957). (G) Silt/clay ratio in core P1-2 (Wu et al., 2018). (H) Linear Sedimentation Rate (LSR) of cores P1-2 and P5-3. Glacial intervals are shaded grey
and labelled with MIS numbers according to Lisiecki and Raymo (2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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7.2.2. Retreat and advance of the LGAISS linked to sea-level
variability and oceanic forcing

While the IRD records indicate dynamic behaviour of the LGAISS
throughout the last 520 kyr, they only reflect transient events of
dynamic iceberg discharge from the calving front (e.g. Patterson
et al., 2014; Wilson et al., 2018) and provide limited insight into
ice dynamics during interglacial periods when IRD fluxes from the
LGAISS were generally low. In contrast, the clay mineralogy, plotted
as the EM2/(EM1þEM2) ratio (Fig. 11D), shows clear glacial-
interglacial variations from which we can further infer retreat
and advance of the LGAISS.
13
Temporal variations in the EM2/(EM1þEM2) ratio (Fig. 11D)
correspond closely with changes in global sea level (Fig. 11B) and
local productivity (Fig. 11F), indicating retreat of the LGAISS during
interglacials and advance during glacials (Fig. 10). During the late
Quaternary, glacial-interglacial sea level variations reached up to
~130 m (Waelbroeck et al., 2002; Spratt and Lisiecki, 2016), pre-
dominantly controlled by the Northern Hemisphere ice sheets
(Lisiecki and Raymo, 2005). Such in-phase behaviour of the LGAISS
and the Northern Hemisphere ice sheets on orbital timescales is
consistent with the operation of climatic teleconnections between
the southern and northern polar regions (e.g. Naish et al., 2009;



Fig. 9. Clay mineral provenance for downcore samples in cores P1-2 and P5-3 compared to surface sediment samples from Borchers et al. (2011) and modelled end-members (see
Fig. 5). (A) Chlorite-Kaolinite-Illite plot. (B) Smectite-Kaolinite-Illite plot. EM: End-members from EMMA analysis.

Fig. 10. A conceptual model to explain the relationship between the dynamic behaviour of the LGAISS and clay mineral compositions in the sediment cores. Panels (A) and (B)
represent interglacial and glacial scenarios, respectively. Blue seafloor colour represents EM1 (illite-dominated, see Figs. 5D and 9), which is derived from multiple local and more
distal sources and represents background clay mineral sedimentation in the study area. Yellow colour represents EM2 (kaolinite-rich, see Figs. 5D and 9), which is supplied by the
LGAISS. The transition between blue and yellow represents variable mixing proportions of EM1 and EM2. In detail, EM2 is eroded from subglacial sources, transported by the ice
sheet, and deposited near the grounding line due to local ice melting and subglacial meltwater inputs. Buoyant melt plumes and iceberg rafting can carry EM2 further towards the
continental slope and rise. Not to scale. ASC: Antarctic Slope Current. BMP: Buoyant melt plume. CDW: Circumpolar Deep Water. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Pollard and DeConto, 2009; Clark et al., 2020). Ice sheet models
suggest that global sea level change influences the contact between
seawater and marine-based Antarctic Ice Sheet margins, with sea
level rise increasing the sensitivity of the ice sheet to climate
forcing (Tigchelaar et al., 2019). Furthermore, the consistency
14
between the EM2/(EM1þEM2) record and local productivity
changes (Fig. 11F), which reflect sea ice coverage and nutrient
supply from upwelling CDW (Wu et al., 2017), suggests that oceanic
mechanisms could have provided a direct local forcing that led to
interglacial ice loss from the LGAISS.



Fig. 11. LGAISS dynamics over the past 520 kyr in a global climate context. (A) 65�S summer insolation (Laskar et al., 2004). (B) Global sea level reconstructions from Waelbroeck
et al. (2002) (blue) and Spratt and Lisiecki (2016) (black). Purple dots with error bars indicate discrete sea level estimates from Batchelor et al. (2019). (C) Modelled time series of
Antarctic Ice Volume change from Pollard and DeConto (2009) (blue) and Tigchelaar et al. (2018) (black), plotted as standard deviations from the mean. (D) Clay minerology (EM2/
(EM1þEM2) ratio; note reversed axis) of cores P1-2 (red) and P5-3 (blue). Solid lines are 3-point running means. Black dashed lines indicate values that could reflect grounding line
positions linked to pinning points (see main text). (E) Detrital neodymium isotope record (εNd) from Site U1361 offshore of the Wilkes Subglacial Basin (black) and local productivity
record based on Ba/Al count ratio from XRF scanning (green) (Wilson et al., 2018) (see Fig. 1A for core location). Higher values of εNd and Ba/Al indicate inland retreat of the ice sheet
and higher marine productivity, respectively. The black dashed line indicates the core top εNd value. (F) Normalised stack of Export Production (EP) records from Prydz Bay, derived
from cores P1-2, P1-3, and P4-1 (see Fig. 1A for core locations) (Wu et al., 2017). (G) Southern Ocean sea surface temperature (SST) from alkenones at ODP Site 1090 (Martínez-Garcia
et al., 2009). The black dashed line indicates the core top SST. (H) Antarctic temperature proxy from EDC-dD (EPICA Community Members, 2004). The black dashed line indicates the
core top (modern) dD values. Grey bars indicate glacial intervals and are labelled with MIS numbers (Lisiecki and Raymo, 2005). Yellow bars indicate intervals of maximum local
summer insolation within interglacials. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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In particular, retreat of the LGAISS during each deglacial period,
as indicated by decreasing EM2/(EM1þEM2) ratios (Fig. 11D), could
have arisen from the combined effects of enhanced CDWupwelling
and reduced sea ice cover. Enhanced CDW upwelling (Anderson
et al., 2009), associated with strengthened or southward-shifted
Southern Westerly Winds (Menviel et al., 2018), could have sup-
plied warm deep waters to the continental shelf, inducing basal
melting of Antarctic ice shelves and marine-based ice sheet mar-
gins (Hillenbrand et al., 2017; Clark et al., 2020). In addition, sea ice
15
retreat would have contributed to the release of deeply-
sequestered CO2 from the Southern Ocean (Anderson et al., 2009;
Ferrari et al., 2014; Jaccard et al., 2016), leading to global climate
warming, which would have been regionally amplified by a
reduction in albedo (DeConto et al., 2007; Timmermann et al.,
2009). On their own, however, our data cannot fully disentangle
the relative influence of sea level change versus ocean forcing
mechanisms, and indeed the twomay have operated synergistically
(Tigchelaar et al., 2019).
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7.2.3. Retreat and advance of the LGAISS linked to local insolation
Considering the detailed structure of the clay mineralogy record

within interglacial periods, some discrepancies arise between the
EM2/(EM1þEM2) ratio (Fig. 11D) and global mean sea level
(Fig. 11B), local productivity (Fig. 11F), and Southern Ocean tem-
peratures (Fig. 11G). For example, the EM2/(EM1þEM2) ratio dis-
plays lower values towards the end of MIS 11 than at the start,
lower values during MIS 7.1e7.3 than MIS 7.5, continuously low
values during MIS 5, and also low values during MIS 3 that are
comparable to full interglacial values. These observations may
indicate that other controls, additional to global mean sea level and
oceanic forcing, operated to influence retreat of the LGAISS. It is
striking that low values of the EM2/(EM1þEM2) ratio mostly
occurred when global mean sea level high stands coincided with
local summer insolation peaks forced by precession (Fig. 11A). Our
data therefore provide the first geological evidence for modulation
of late Quaternary EAIS dynamics by local summer insolation,
supporting the recent modelling results of Tigchelaar et al. (2018)
(Fig. 11C).

It has been well documented that precession-paced local sum-
mer insolation played an important role in EAIS evolution during
intervals prior to the Quaternary when atmospheric CO2 and global
temperatures were higher than today (e.g. Grützner et al., 2003;
Patterson et al., 2014). For example, Grützner et al. (2003) showed
that local summer insolation controlled the LGAISS dynamics dur-
ing the late Miocene (7.0e7.5 Ma), while strengthened precession
cycles in the IRD record from Site U1361 during the late Pliocene to
early Pleistocene (3.5e2.5 Ma) were attributed to local summer
insolation forcing acting on the EAIS in the Wilkes Subglacial Basin
(Patterson et al., 2014).

For the LGAISS, our new records demonstrate that the role of
local summer insolation during the late Quaternary was most sig-
nificant when maximum insolation occurred within interglacial
periods (Fig. 11A and D). Since local summer insolation determines
local annual maximum surface air temperatures (Tigchelaar et al.,
2018), we propose that local summer insolation led to additional
ice loss from the LGAISS by inducing both atmospheric and oceanic
warming. In the case of atmospheric warming, enhanced surface
melting and elevated meltwater production may have induced a
positive feedback that led to additional basal melting by stratifying
the surface waters and warming the sub-surface ocean (Phipps
et al., 2016). Since these mechanisms appear to have been effec-
tive only when superimposed on a background of sufficiently high
global mean sea level and temperatures, our results suggest a
threshold in the ability of the EAIS margin to respond to atmo-
spheric forcing under late Quaternary boundary conditions.

7.2.4. Role of subglacial pinning points
In addition to various climate forcing factors, ice sheet model-

ling studies have suggested that bed morphology can also play a
significant role in the EAIS evolution (Taylor et al., 2004; Golledge
et al., 2017b; Pittard et al., 2017). In particular, subglacial pinning
points can affect grounding line migration, leading to the potential
for decoupling between ice sheet geometry and the instantaneous
climate forcing (McKay et al., 2016; Golledge et al., 2017b; Pittard
et al., 2017; Wilson et al., 2018). For example, it was suggested
that basal pinning points in the Wilkes Subglacial Basin may have
restricted complete collapse and contributed to variable ice margin
retreat during interglacial climate warming (Wilson et al., 2018),
while the bathymetry played a dominant role in the Holocene
retreat of the ice sheet in the western inner shelf of the Ross Sea
(McKay et al., 2016). Although the Lambert Graben has a different
geometry from the Wilkes Subglacial Basin and the Ross Sea inner
shelf, being a thin and elongated graben, our clay mineralogy re-
cord contains features that suggest its dynamics may also have
16
been influenced by basal and/or lateral pinning points. Specifically,
the effect of pinning points could help to explain differences in the
retreat patterns between MIS 11 and MIS 9, as well as the general
recurrence of particular EM2/(EM1þEM2) ratios through the re-
cord, in particular ~0.58, 0.38, and 0.18 (Fig. 11D).

During MIS 11, the EM2/(EM1þEM2) ratios suggest that the
LGAISS experienced a two-phase retreat (Fig. 11D), corresponding
to two peaks on the summer insolation curve (Fig. 11A). In contrast,
duringMIS 9, therewere also two summer insolation peaks, but the
LGAISS only experienced a retreat phase linked to the first insola-
tion peak, while the second insolation peak was associated with a
lower plateau on the EM2/(EM1þEM2) record (Fig. 11D). These
differences are not readily linked to differences in climate forcing
(Fig. 11), but the EM2/(EM1þEM2) ratios for each of these time
periods occur repeatedly throughout the records. For example, the
EM2/(EM1þEM2) values during late MIS 9 (0.58) are similar to
those during MIS 7.5 and in early parts of multiple glacial periods;
the values during earlyMIS 11 (0.38) are similar to those duringMIS
7.1e7.3 and at the core top; and the values during late MIS 11 and
early MIS 9 (0.18) are typical of most of the peak interglacials. Since
these recurring positions of the LGAISS are not directly related to
the climate forcing (Fig. 11AeB and 11F-H), and do not appear to be
replicated in the Wilkes Subglacial Basin (Fig. 11E) or in modelled
Antarctic ice volume time series (Fig. 11C), they may represent
pinning points on the bed or margins of the LGAISS.

Considering that the inferred retreat of the LGAISS differed be-
tween interglacial periods (Fig. 11D), we suggest that either the
pinning points evolved due to glacial erosion by the LGAISS, or that
subtle differences in the combinations of climate forcing between
interglacials allowed the LGAISS to stabilise at different pinning
points. Given the lack of a long-term trend in the EM2/(EM1þEM2)
ratios, and the multiple occasions on which the system returned to
particular EM2/(EM1þEM2) ratios (dashed lines in Fig. 11), we
consider the latter scenario to be most likely. Retreat beyond each
pinning point probably required a threshold to be crossed, which
could be achieved by a combination of the timing, magnitude, and
mechanisms of climate forcing. As such, our record indicates that
both global and regional climate forcing, and local bathymetric
features, may combine in a complex manner to determine past and
future ice sheet dynamics.

7.3. Implications of differences between individual glacial and
interglacial periods

Having discussed the range of possible controls on the late
Quaternary dynamics of the LGAISS, this final section focuses on
specific differences between individual glacial and interglacial pe-
riods and their implications.

At the glacial maxima of MIS 12, MIS 10, MIS 8, and MIS 6, the
EM2/(EM1þEM2) ratio consistently reached high values of around
0.9 (Fig. 11D), indicating that the LGAISS advanced to a uniform
northern limit, presumably constrained by the bathymetry of the
continental shelf (Fig. 1A). This observation is consistent with time
series of modelled Antarctic ice volume (Fig. 11C), and with the lack
of long term trends in our IRD records (Fig. 8DeE). In contrast,
during MIS 4 and MIS 2, the EM2/(EM1þEM2) ratio did not reach
such high values (Fig. 11D), which suggests a more restricted
advance of the LGAISS. This inference is consistent with indepen-
dent evidence that the LGAISS did not advance to the outer shelf of
Prydz Bay during the Last Glacial Maximum (Domack et al., 1998;
O’Brien et al., 2007), and provides confidence in the ability of our
approach to resolve past changes in the advance and retreat of the
LGAISS. The Site U1361 sediment provenance record (Fig. 11E;
Wilson et al., 2018) could also be interpreted to show more limited
ice sheet advance in the Wilkes Subglacial Basin during MIS 4 and
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MIS 2 than during previous glacial intervals, whereas the total
Antarctic Ice Sheet volume was probably similar to earlier glacials
(Fig. 11C). We therefore suggest that the EAIS and the West Ant-
arctic Ice Sheet may have responded differently to the climate
forcing during these periods. Restricted glacial expansion of the
EAIS could reflect a combination of its slow growth and the short
duration of the global sea level low stand during these periods
(Domack et al., 1998), but it may also have been influenced by local
effects such as sediment accumulation near the grounding line
(Wilson et al., 2018).

Another important observation is that most peak interglacial
periods of the late Pleistocene (except MIS 7) had slightly lower
EM2/(EM1þEM2) ratios than the Holocene core top (Fig. 11D),
suggesting a more retreated LGAISS than today. This observation is
consistent with the behaviour of the EAIS in the Wilkes Subglacial
Basin inferred from Site U1361 (Fig. 11E; Wilson et al., 2018), and
with evidence for warmer Antarctic (Fig. 11H; EPICA Community
Members, 2004) and Southern Ocean temperatures (Fig. 11G;
Martínez-Garcia et al., 2009) at these times compared to the pre-
industrial Holocene. Hence, our new record adds to a growing
body of evidence supporting a link between regional warming and
EAIS margin retreat (Passchier, 2011; Cook et al., 2013; Mengel and
Levermann, 2014; DeConto and Pollard, 2016; Wilson et al., 2018;
Blackburn et al., 2020).

The highest interglacial EM2/(EM1þEM2) values occurred dur-
ing MIS 7 (Fig. 11D), indicating a more muted response of the
LGAISS during this recent interglacial, as also inferred for the ice
sheet in the Wilkes Subglacial Basin (Fig. 11E; Wilson et al., 2018).
We therefore suggest that less extensive retreat of the EAIS margins
may have been a general feature of MIS 7, potentially linked to the
short duration of Antarctic warmth during this interglacial
(Fig. 11H). A muted EAIS response during MIS 7 appears to be in
better agreement with the recent ice sheet modelling study of
Sutter et al. (2019) than with some previous studies (Fig. 11C;
Pollard and DeConto, 2009; Tigchelaar et al., 2018).

The response of the LGAISS to moderately warm climates can
also be explored during MIS 3, when the EM2/(EM1þEM2) values
were actually lower than during MIS 7 and similar to Holocene
values (Fig. 11D). The implied retreat of the LGAISS at this time
seems hard to explain given the lower local productivity (Fig. 11F)
and cooler Antarctic temperatures (Fig. 11GeH) during MIS 3 than
MIS 7, and is inconsistent with modelled changes in total Antarctic
Ice Sheet volume (Fig. 11C). However, a retreated state is also
supported by the lack of iron-stained quartz in the IRD fraction
during this period (Fig. 6D). Recent modelling work suggests that
grounding line retreat and decreases in Antarctic Ice Sheet thick-
ness may have occurred during millennial events within MIS 3
(Blasco et al., 2019), while another recent study proposed that
global sea levels during MIS 3 may have been 30e40 m higher than
previous estimates (Fig. 11B) (Batchelor et al., 2019). In light of
evidence that the Northern Hemisphere ice sheets may have been
more limited in extent during MIS 3 than previously thought
(Hughes et al., 2015; Pico et al., 2016; Dalton et al., 2019), and given
the strong forcing of global sea level on the Antarctic Ice Sheet
(Pollard and DeConto, 2009; Tigchelaar et al., 2018, 2019), modelled
Antarctic ice volumes during MIS 3 (Fig. 11C) may have been
overestimated. Hence, higher global sea levels during MIS 3 may
imply more extensive retreat of the EAIS at this time.

Globally, a range of paleoclimate archives also record values
during MIS 3 that are comparable with those during full in-
terglacials, such as the Zr/Rb ratio and mean grain size of quartz in
Chinese loess (Chen et al., 2006), the aeolian flux to the northwest
Pacific Ocean (Hovan et al., 1991), the magnetic susceptibility in
Siberian Lake El’gygytgyn (Melles et al., 2012), and the manganese
content and foraminiferal abundance in the Arctic Ocean (Xiao
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et al., 2020). However, records that reflect the dynamic behaviour
of the EAIS during MIS 3 are rare. Whether there was a similar
retreat of the ice margin in the Wilkes Subglacial Basin at this time
is unclear due to age model limitations at Site U1361 (Wilson et al.,
2018); the plotted provenance record would suggest no retreat, but
comparison to the Ba/Al record indicates that the moderate Nd
isotope peak at ~85 ka could potentially fall within MIS 3 (Fig. 11E).
Hence, further studies will be required to establish whether retreat
during MIS 3 only occurred in Prydz Bay or was a more widespread
feature of the EAIS.

Surprisingly, the lowest EM2/(EM1þEM2) ratios occurred dur-
ing late MIS 13 (Fig. 11D), which suggests that the most substantial
retreat of the LGAISS may have occurred at this time, in contrast to
modelled Antarctic ice volume (Fig. 11C). Although the low EM2/
(EM1þEM2) values coincide with a local summer insolation peak
(Fig. 11A), this period was a luke-warm interglacial (Fig. 11H; EPICA
Community Members, 2004) that was characterised by lower
global sea levels (Fig. 11B), cooler Southern Ocean sea surface
temperatures (Fig. 11G), and lower local productivity (Fig. 11F) than
more recent interglacials (e.g. MIS 1, 5, 9, and 11). Records from the
Amundsen Sea suggest that the extended duration of warmth
during MIS 15-13 may have led to substantial retreat of the West
Antarctic Ice Sheet (Hillenbrand et al., 2009), although cycles of
glacial advance and retreat in the Ross Sea during MIS 15-13 appear
to have been similar to other late Quaternary cycles (McKay et al.,
2012). Here we suggest that the extended MIS 15-13 warmth, in
combination with local summer insolation forcing, could have led
to extreme retreat of the LGAISS duringMIS 13, either directly or via
dynamic oceanic feedbacks (e.g. Phipps et al., 2016). However, this
hypothesis awaits further testing with longer sediment records
spanning MIS 15-13, as well as previous luke-warm interglacials,
from the EAIS margin.

8. Summary and conclusions

In this study, we provide high-resolution IRD and clay miner-
alogy records from two gravity cores retrieved from offshore of
Prydz Bay to investigate the dynamics of the LGAISS over the past
520 kyr. Major conclusions are drawn as follows:

(1) Iceberg rafted debris (>154 mmcoarse fraction) wasmainly of
local origin and records major advances of the LGAISS during
recent glacial periods, while deglacial retreat of the LGAISS is
indicated by simultaneously elevated silt/clay ratios and
sedimentation rates. Together, these data indicate that the
LGAISS showed highly dynamic behaviour throughout the
past 520 kyr.

(2) Changes in clay mineralogy were also associated with the
dynamic behaviour of the LGAISS. On orbital timescales,
advance and retreat of the LGAISS occurred in phase with
global mean sea level, indicating a temporal link to the
waxing and waning of the Northern Hemisphere ice sheets.

(3) The LGAISS was sensitive to a range of oceanic forcing factors
throughout the late Quaternary, including ocean tempera-
ture, CDW upwelling, and sea ice extent. It may also have
responded to peaks in local summer insolation forcing dur-
ing warm interglacial periods, which hints at a limited
additional influence from atmospheric forcing. Our data also
supports the idea that pinning points on the basement could
play a role in modulating the migration behaviour of the
LGAISS.

(4) The LGAISS appears to have retreated most extensively dur-
ing MIS 13, and only retreated moderately during MIS 7,
which suggests that the duration of warm climate states
could be a key factor affecting the dynamics of the EAIS.
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