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a b s t r a c t

Following the Last Glacial Maximum (LGM; ca. 23-19 calibrated [cal.] kyr before present [BP]), atmo-
spheric and oceanic warming, together with global sea-level rise, drove widespread deglaciation of the
Antarctic Ice Sheet, increasing the flux of freshwater to the ocean and leading to substantial changes in
marine biological productivity. On the Antarctic continental shelf, periods of elevated biological pro-
ductivity, often preserved in the sediment record as laminated (and sometimes varved) diatomaceous
oozes (LDO), have been reported from several locations and are typically associated with the formation of
calving bay re-entrants during ice sheet retreat. Understanding what drives the formation and deposition
of LDOs, and the impact of deglacial processes on biogenic productivity more generally, can help inform
how Antarctic coastal environments will respond to current and future ice sheet melting. In this study
we utilise a suite of sediment cores recovered from Anvers-Hugo Trough (AHT), western Antarctic
Peninsula shelf, which documents the transition from subglacial to glacimarine conditions following
retreat of an expanded ice stream after the LGM. We present quantitative absolute diatom abundance
(ADA) and species assemblage data, to investigate changes in biological productivity during the Last
Glacial Transition (19-11 cal kyr BP). In combination with radiocarbon dating, we show that seasonally
open marine conditions were established on the mid-shelf by 13.6 cal kyr BP, but LDOs did not start to
accumulate until ~11.5 cal kyr BP. The ~1.4 kyr delay between the onset of seasonally open marine
conditions and LDO deposition indicates that physiographic changes, and specifically the establishment
of a calving bay in AHT, is insufficient to explain LDO deposition alone. LDO deposition in AHT coincides
with the early Holocene climatic optimum (~11.5 e 9.0 kyr) and is therefore explained in terms of
increased atmospheric/ocean temperatures, high rates of sea and glacial ice melt and the formation of a
well-stratified water column in the austral spring. An implication of our study is that extensive bathy-
metric mapping in conjunction with detailed core analyses is required to reliably infer environmental
controls on LDO deposition.
© 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/).
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1. Introduction

The transition from the Last Glacial Maximum (LGM; 23-19
calibrated [cal.] kyr before present [BP]) to the current interglacial,
here referred to as the Last Glacial Transition (LGT; 19-11 cal kyr
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:rosebyz@tcd.ie
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2022.107503&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2022.107503
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.quascirev.2022.107503


Z.A. Roseby, J.A. Smith, C.-D. Hillenbrand et al. Quaternary Science Reviews 294 (2022) 107503
BP), represents a period of rapid climatic changewhen atmospheric
and ocean temperatures (at ~400mwater depth) around Antarctica
warmed by as much as 8 �C and 1 �C, respectively (Liu et al., 2009;
Cuffey et al., 2016). This warming, together with global sea-level
rise, drove widespread deglaciation of the Antarctic Ice Sheet. The
increased flux of freshwater to the ocean led to further sea-level
rise and changes in marine biological productivity, as well as
changes to regional and global ocean circulation (Denton et al.,
1991; Pollard and DeConto, 2009; Schofield et al., 2017;
Bronselaer et al., 2018; Brown et al., 2019). On the Antarctic con-
tinental shelf, periods of enhanced biological productivity are often
preserved in the sediment record as laminated (and sometimes
varved) diatomaceous oozes (LDO). LDOs have been reported from
several locations (Leventer et al., 2002, 2006;Maddison et al., 2005;
Stickley et al., 2005; Peck et al., 2015; Hillenbrand et al., 2010) and
are typically associated with the formation of calving bay re-
entrants during ice sheet retreat (Leventer et al., 2006). Calving
bays are thought to form when grounding-line retreat within the
deepest part of a trough or embayment outpaces ice retreat on the
shallow trough margins, creating a bay flanked by grounded ice on
three sides. Glacial meltwater is focussed into the calving bay,
stratifying and stabilising the water column, and concentrating
nutrients within the surface waters; this promotes high diatom
productivity (Leventer et al., 1996, 2006; Domack et al., 2006).
Similar LDOs have also been described within Holocene age sedi-
ments (e.g., Denis et al., 2006, 2010; Alley et al., 2018) long after the
grounding line has retreated, which suggests that different, or
additional processes are involved in their formation. Understand-
ing what drives high productivity and deposition of LDOs, and the
impact of deglacial processes on biogenic productivity more
generally, helps to inform how Antarctic coastal environments will
respond to current and future ice sheet melting. For example,
changes in biological production and the community composition
of phytoplankton associated with ice sheet melting, exert a strong
influence on oceanic CO2 uptake, with diatoms promoting greater
CO2 uptake than other phytoplankton groups (Brown et al., 2019).

In this study we continue our multi-faceted investigation of the
history of Anvers-Hugo Trough (AHT), western Antarctic Peninsula
(WAP) (Fig. 1) following the LGM. Previously we established the
timing of ice retreat based on detailed sedimentological and
chronological information from a suite of sediment cores recovered
in 2014 (Roseby et al., in press). In this paper we focus on a subset of
these cores and present quantitative absolute diatom abundance
(ADA) and species assemblage data to investigate changes in bio-
logical productivity in AHT during the LGT. We investigate the
processes that drive elevated phytoplankton productivity and
promote LDO deposition and preservation, in the context of the
existing calving bay model, environmental proxy data and detailed
bathymetric information.

2. Study area

AHT is an approximately 144 km long and 24e40 km wide
palaeo-ice stream trough, extending northwards across the WAP
shelf (Fig. 1). The morphology of the trough varies along its length,
deepening gradually landward over the outer and middle shelf,
before shallowing landward from the middle shelf and then
deepening again into Palmer Deep on the innermost shelf (Fig. 1c)
(Pudsey et al., 1994; Domack et al., 2006; Larter et al., 2019). The
glacial geomorphology of AHT has been recently described by
Larter et al. (2019), and the history of post-LGM ice retreat by
Roseby et al. (in press). Following the LGM, grounded ice had
retreated from the outer shelf by ~16.3 cal kyr BP (Heroy and
Anderson, 2005, 2007). The middle and inner shelf were free of
2

grounded ice by ~15.7 and 12.9 cal kyr BP, respectively (Domack
et al., 2001; Roseby et al., in press).

The near-surface ocean circulation of the central WAP includes a
northeast flowing current along the shelf break, associatedwith the
Southern Boundary of the Antarctic Circumpolar Current (ACC), and
a generally southwest flowing current along the WAP coast, the
Antarctic Peninsula Coastal Current (Moffat andMeredith, 2018). In
places, the southern boundary of the ACC promotes incursions of
relatively warm and nutrient-rich Circumpolar Deep Water (CDW)
onto the shelf (Hofmann et al., 1996; Martinson et al., 2008; Moffat
and Meredith, 2018). On the WAP shelf, CDW underlies Antarctic
SurfaceWater (Smith et al., 1999; Klinck et al., 2004; Meredith et al.,
2008). Today, the flux of CDW onto the WAP shelf varies over time
and is linked to westerly wind stresses over the continental slope,
which is in turn linked to ocean/atmosphere variability in the
central Pacific Ocean (El Ni~no-Southern Oscillation; ENSO) and the
Southern Annular Mode index (Jacobs, 2006; Steig et al., 2012;
Paolo et al., 2018). Upwelling of nutrient-rich CDW promotes
diatom-dominated productivity and thus has an important impact
on the WAP ecosystem (Pr�ezelin et al., 2000). Furthermore, in-
trusions of warm CDW are considered to be the most important
process for driving past (Peck et al., 2015; Hillenbrand et al., 2017)
and recent ice shelf and tidewater glacier retreat along the margins
of the Antarctic Peninsula Ice Sheet, West Antarctic Ice Sheet
(WAIS) and East Antarctic Ice Sheet (Rignot and Jacobs, 2002;
Pritchard et al., 2012; Miles et al., 2013; Cook et al., 2016; Paolo
et al., 2015).

3. Methods

This study uses sediment cores (gravity core ¼ GC, box
core ¼ BC) as well as bathymetric and sub-bottom profiler data,
collected from AHT during James Clark Ross cruise JR284 in January
2014. In a companion paper (Roseby et al., in press), we identify
seven lithological units (Units 1e7) in cores recovered from AHT,
reflecting the transition from grounded ice to deposition in a
seasonally sea ice-free marine setting. These units are (1) homog-
enous diamicton, (2) stratified diamicton, (3) mud alternating with
gravel and sand, (4) mud alternating with silt laminae, (5) bio-
turbated to homogenous mud with dispersed gravel, (6) laminated
to stratified diatomaceous ooze and (7) bioturbated diatomaceous
ooze (Fig. 2). Here we focus on post-glacial sediments, and partic-
ularly the LDO deposits (Unit 6), which were recovered in cores
GC691, GC695 and GC698 (Fig. 2). We present and interpret
detailed diatom analyses (outlined below) before we discuss them
alongside age, magnetic susceptibility and biogenic opal data from
Roseby et al. (in press) to aid with sediment characterisation and to
map the distribution of LDO across AHT.

3.1. Absolute diatom abundance and species assemblage analysis

ADA and relative diatom assemblage data were obtained from
cores GC695 and GC697 (Fig. 2) to determine marine productivity
and palaeoenvironmental conditions following deglaciation of AHT
and to compare cores with (GC695) and without (GC697) LDO.
Samples were analysed every 10e20 cmwithin and below the LDO
in core GC695, with the aim of investigating changes in biological
productivity during the LGT. While not the focus of this paper,
samples were analysed every 40 cm above the unit of LDO in GC695
to make broad inferences about middle to late Holocene climate
variability in AHT. To determine the composition of individual
laminae, detailed quantitative ADA and diatom assemblage ana-
lyses were carried out on individual laminae within a 20 cm long
interval of the LDO in GC695. This section was chosen on the basis



Fig. 1. (a) Map of the Antarctic Peninsula showing the location of Anvers-Hugo Trough (JRI ¼ James Ross Island, Gerlache Strait ¼ GS), with inset map of Antarctica (APIS ¼ Antarctic
Peninsula Ice Sheet, EAIS ¼ East Antarctic Ice Sheet, WAIS ¼ West Antarctic Ice Sheet). Regional bathymetry is from Arndt et al. (2013). (b) Detailed map of Anvers-Hugo Trough. The
orange dashed line shows the position of the along-trough bathymetric profile shown in Fig. 1c. Yellow circles denote JR284 core locations, and the locations of KC-26 on the outer
shelf (Heroy and Anderson, 2007) and ODP Leg 178 Site 1098 in Palmer Deep (Domack et al., 2001) are also shown (red circles). Overview of ocean circulation patterns on the shelf
discussed in the text are presented (APCC ¼ Antarctic Peninsula Coastal Current, SBACC ¼ southern boundary of the Antarctic Circumpolar Current). Dashed red arrows illustrate the
upwelling of Circumpolar Deep Water onto the shelf (ocean circulation according to Moffat and Meredith, 2018). (c) Bathymetric profile of along-trough transect (orange dashed line
in Fig. 1b), including the position of ODP Site 1098. The positions of JR284 cores are also indicated. (d) Southern part of the along-trough bathymetric profile shown in Fig. 1c (note
different scales). (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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that it was representative of the entire LDO unit, the laminae were
continuous, horizontal and clearly separated; allowing for samples
to be extracted from individual laminae. Samples were analysed
every 10e20 cm throughout the depth interval from 203 to 363 cm
in core GC697. Diatom counts were focussed on sediments depos-
ited following ice-stream retreat from the site (Roseby et al., in
press), with the aim of identifying palaeoenvironmental changes
during the LGT and investigating mechanisms influencing the
spatial extent and thickness of LDO deposits. The settling technique
of Warnock and Scherer (2015) was used to prepare quantitative
diatom slides; permanent slides were made using Norland Optical
Adhesive. Quantitative slides were examined at � 1000 magnifi-
cation on an Olympus CX31 microscope, and identification of the
various diatom species was based on taxonomic literature (e.g.,
Johansen and Fryxell, 1985; Medlin and Priddle, 1990; Armand and
Zielinski, 2001; Armand et al., 2005; Scott and Marchant, 2005;
3

Cefarelli et al., 2010). Due to the dominance of Chaetoceros subg.
Hyalochaete (Chs) resting spores and vegetative cells, a minimum of
400 valves or a maximum of 10 transects were counted, initially
including Chs, which provided information about the total assem-
blage and ADA, and subsequently excluding Chs, to evaluate the
contribution of minor species to the total assemblage (Leventer
et al., 2002). The percentage contribution of Chs to the total
assemblage was obtained from the total counts (including Chs) and
the percentage contribution of all other species were from Chs free
counts. Chs counts stated in this study combine resting spores and
vegetative cells. Following diatom counts, ADAwas calculated using
the equation ADA¼N/(A*F)*B/M, where ADA¼Number of diatoms
per unit mass expressed as millions of valves per gram (mvpg),
N ¼ Total number of diatoms counted (expressed in millions), B¼
Area of bottom of beaker (mm2), A ¼ Area per field of view or
transect (mm2), F¼ Number of fields of view or transects counted



Fig. 2. Core panel summarising the distribution of lithological units in JR284 cores from Anvers-Hugo Trough. Also shown are magnetic susceptibility values (MS), biogenic opal
contents and AMS 14C dates (black; in cal. kyr BP; see Suppl. S1) for the cores (AIO: acid-insoluble fraction of organic matter; F: calcareous foraminifera; RP: ramped pyrolysis;
Roseby et al., in press). AMS 14C dates in blue indicate uncorrected AIO ages of pristine surface sediments (0e1 cm) from box cores recovered at gravity core sites GC695 (BC696) and
GC698 (BC699). Blue shading highlights the magnetic susceptibility minimum marking the presence of a thick laminated diatomaceous ooze (LDO; Unit 6) interval in several cores
(GC691, GC695 and GC698) and a thin homogenous diatomaceous ooze interval in others (GC692, GC690, GC711, GC697 and GC709). (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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and M ¼ Mass of sample (g) (Scherer, 1994).

3.2. Morphotypes considered for counting

Thalassiosira antarctica morphotypes T1 and T2 are identified
and counted separately. These two types of T. antarctica are
distinguished based on their size, coarseness of areolae and the
absence or presence of marginal “shoe-like” processes (Villareal
and Fryxell, 1983; Taylor et al., 2001; Buffen et al., 2007). The two
morphotypes, T1 and T2, are considered to dwell in relatively cool
and relatively warm waters respectively and are thus important
environmental indicators (Villareal and Fryxell, 1983; Buffen et al.,
2007). We also observe a ‘domed’ and ‘flat’ morphotype of
T. antarctica T2. Whilst T. antarctica T2-domed is similar in form to
Thalassiosira scotia, expert taxonomists note uncertainty around
this species (Johansen et al., 1985) and thus a visual description (T2-
domed) is assigned. T. antarctica T2-domed and T2-flat are sepa-
rated in the hope that this treatment will allow any differences in
their environmental adaptations to be identified. Eucampia
antarctica valves are separated into symmetrical (E. antarctica var.
recta) and asymmetrical (E. antarctica var. antarctica) morphotypes.
The symmetrical morphotype is the polar variety, tolerating sea ice,
whilst the asymmetrical morphotype is associated with relatively
warm sub-polar environments (Fryxell, 1989, 1990; Leventer et al.,
2002; Allen, 2014). Symmetry/asymmetry cannot always be
defined if the diatom frustule is not orientated in broad girdle view
and so we combine the symmetrical, asymmetrical and unknown
morphotypes into E. antarctica (total) for statistical analysis. We
also note the number of flat (intercalary) and pointed (terminal)
valves. When winter sea ice is more extensive and the amount of
sunlight reaching surface waters is reduced, E. antarctica undergoes
less cell divisions and produces shorter chains with fewer flat
(intercalary) valves relative to the number of pointed (terminal)
valves, and vice versa (Fryxell, 1989; Fryxell and Prasad, 1990;
Leventer et al., 2002). The ratio of pointed (terminal) to flat
(intercalary) valves, the “Eucampia index”, is used as an indicator of
winter sea ice (Fryxell and Prasad, 1990; Kaczmarska et al., 1993).
Photomicrographs of common diatom species within core GC695
are provided in the supplementary material (Suppl. S2). The diatom
assemblages of the sediments were additionally investigated using
a Hitachi TM3000 scanning electron microscope (SEM) at the
British Antarctic Survey. For SEM analysis, ~0.5 � 0.5 cm ‘cubes’ of
sediment were extracted from the sediment core and split,
exposing a clean sediment surface to be imaged by the SEM.

3.3. Statistical techniques

Principal component analysis (PCA) was carried out on the
diatom assemblage counts, excluding Chs, to identify those diatom
species that characterise down-core variability in assemblage
composition. The diatom data were screened, so that any diatom
species that comprised less than <0.5% of the diatom assemblage
was removed prior to PCA analysis. Zonation of the core was
established through unconstrained hierarchical cluster analysis.
The R package ‘stats’was used to carry out PCA and cluster analysis.
Cluster analysis was carried out on significant indicator species
identified in the PCA analysis (species with scores > ±1 standard
deviation on one or more of the first three PCA axes), using the
diatom counts that excluded Chs. Unconstrained cluster analysis
was preferred over stratigraphically constrained cluster analysis, as
the former allowed comparison of diatom assemblages within and
between cores and identification of intervals of similar environ-
mental conditions. The distance matrix and cluster analysis were
computed using a Euclidean distance dissimilarity measure and
Ward's agglomeration method, respectively. The R package
5

‘NbClust’ was used to propose the optimal number of clusters for
our data (Charrad et al., 2014).

4. Results and interpretation

4.1. General properties of laminated diatomaceous oozes

Cores GC691 (209e320 cm), GC695 (323e546 cm) and GC698
(313e449 cm) contain LDO units, which correspond to prominent
magnetic susceptibility minima (Fig. 2). Initial smear slide and SEM
analyses confirmed that the laminations consist of alternating
layers of grey diatomaceous ooze, but with a significant proportion
of terrigenous sediment (hereafter referred to as ‘terrigenous’), and
olive, olive grey and light olive brown diatomaceous ooze (hereafter
referred to as ‘biogenic’) (Fig. 3). We note that the terrigenous
laminae are still diatom rich, although the abundance of diatoms is
lower relative to the biogenic laminae. The terrigenous layers are
typically fine-grained but occasionally contain gravel (e.g., GC695 at
415 cm depth; Fig. 3). The gravel is attributed to deposition of
iceberg rafted debris. Boundaries between biogenic and terrigenous
laminae are generally sharp in the middle of the LDO units and
gradational and/or bioturbated towards the top and bottom. There
are 83, 68 and 44 biogenic laminae ranging in thickness from 0.1 to
3.7 cm in the three LDO units of cores GC695, GC698 and GC691,
respectively (Fig. 4). The thickness of the individual laminae does
not change systematically throughout an LDO unit. Acoustic sub-
bottom profiler (TOPAS) data reveal that acoustically stratified
facies, which is most prominent at bathymetric low points, corre-
sponds to the LDO units at sites GC691, GC695 and GC698 (Figs. 1
and 5).

Analyses of individual laminae in GC695 revealed that the total
abundance of diatoms is higher in orange/brown biogenic laminae
(mean ¼ 1576 mvpg, SD ¼ 887 mvpg) than in the grey terrigenous
laminae (mean ¼ 577 mvpg, SD ¼ 399 mvpg) (Fig. 6; Suppl. S3).
Whilst Chs dominate all laminae (82-99%), the species composition
of the biogenic laminae varies, as based on the Chs free counts.
Individual biogenic laminae have relatively high abundances of
Corethron pennatum, Fragilariopsis curta, Eucampia antarctica (to-
tal), Thalassiosira antarctica T2-flat, Thalassiosira antarctica T2-
domed, and Fragilariopsis kerguelensis. The grey mud laminae
contain a more diverse species assemblage (Fig. 6).

4.2. Statistical analysis of diatom assemblages

Quantitative diatom data for GC695 and GC697 are illustrated in
Fig. 7 (Suppl. S4). PCA of the sediments in cores GC695 and GC697
(excluding GC695 laminae counts) revealed that the first three axes
(PCA1-PCA3) explain 80% of the total variance, capturing the pri-
mary ecological gradients within the assemblage data (Suppl. S5).
PCA1 explains 52%, PCA2 17% and PCA3 11% of the variance (Fig. 8).
The three principal component axes were used to identify signifi-
cant species to be included within the cluster analysis. Species with
scores > ±1 standard deviation (s) on Axis 1 were T. antarctica T2-
flat, F. curta and T. antarctica T2-domed with positive scores, whilst
those with negative scores were E. antarctica (total) and
F. kerguelensis (Fig. 8). On Axis 2, species with positive scores >þ1 s
were C. pennatum and F. curta and those with negative scores < -1 s
were E. antarctica (total), F. kerguelensis, T. antarctica T2-flat and
T. antarctica T2-domed (Fig. 8a). On Axis 3, species with scores >þ1
s were E. antarctica (total) and Rhizosolenia spp. and those with
scores < -1 s were F. kerguelensis, Actinocyclus actinochilus and
F. curta (Fig. 8c).

Unconstrained hierarchical cluster analysis was used to define
two main clusters, hereafter referred to as Diatom Assemblage 1
and 2 (DA1 and DA2), in cores GC695 and GC697 (Fig. 9). To identify



Fig. 3. (a) Line-scan image and (b) X-radiograph (negative) of LDO interval from 410 to 440 cm depth in core GC695 showing ‘biogenic’ (olive/dark layers) and ‘terrigenous’ (grey/
light layers) laminae. Darker shades on the x-radiograph generally indicate higher biogenic content, while lighter shades indicate higher terrigenous content. (c) SEM images of
biogenic laminae (i, ii, iv) and terrigenous laminae (iii). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Thicknesses of biogenic laminae in the LDO sections of cores GC695, GC698 and GC691. Note lack of correlation between the thickness of a lamina and its stratigraphic
position.
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assemblage changes in more detail, these two clusters were further
subdivided into DA1a, DA1b, DA2a and DA2b (Table 1). Although
Chs had been excluded from the data used as an input for cluster
analysis, it is important to note that Chs is the dominant species
within all cluster groups, varying in relative mean abundance from
51 to 89% (Table 1).
6

DA1 is characterised by higher ADA and contribution of Chs than
DA2 (Table 1). Chs is associated with meltwater-induced stratifi-
cation in the early austral spring that concentrates nutrients in
surface waters and supports high primary productivity (Table 2;
Leventer, 1991; Leventer et al., 1996, 2002, 2006; Crosta et al., 2005;
Maddison et al., 2005). In broad terms, DA1 is indicative of highly



Fig. 5. (a) Bathymetric map showing the TOPAS parametric sub-bottom profiler tracklines and JR284 core locations in the mid-shelf section of AHT (mbsl: metres below sea level).
Red shading indicates the presence of acoustically stratified facies observed within the TOPAS data. (bed) TOPAS profile across core sites GC695 (b), GC698 (c) and GC691 (d; see
Fig. 1 for location), including core locations and thickness of Units 6 (LDO; laminated to stratified diatomaceous ooze) and 7 (bioturbated diatomaceous ooze). To convert thicknesses
of our unlithified sediments units from two-way travel time (ms), on the TOPAS profiles, to metres (m) we used an acoustic velocity of 1500 m/s. (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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productive surface waters, with sea and glacial ice melt providing
stratification and nutrients that support intense diatom blooms,
and DA2 is indicative of periods of reduced productivity. Whilst the
ADA of sediments is primarily linked to surface productivity, it is
acknowledged that diatom assemblages can be influenced through
advection by currents, opal dissolution, physical remobilisation,
bioturbation, grazing or dilution with other sediment components
(e.g., Shemesh et al., 1989; Cunningham and Leventer, 1998).

DA1a is characterised by the highest ADA (525million valves per
gram sediment, mvpg) of all assemblage (sub-)cluster groups, a
high Chs content (mean ¼ 81%, standard deviation (SD) ¼ 22%) and
high relative abundances of sea ice associated F. curta
(mean ¼ 19.7%, SD ¼ 4.8%; Tables 1 and 2) and C. pennatum
(mean ¼ 7.5%, SD ¼ 10%; Tables 1 and 2). Note that statistical
analysis of all species except Chs is based on diatom counts
excluding Chs. Like Chs, C. pennatum is a species associated with
well-stratified surface waters (Table 2; Crawford, 1995; Leventer
et al., 2002; Stickley et al., 2005; Alley et al., 2018; Zú~niga et al.,
2021). Sediments captured within cluster DA1a are interpreted to
have been deposited during a period of seasonal sea ice formation,
with high rates of meltwater input and the formation of a well-
stratified water column in the austral spring.
7

DA1b is characterised by abundant T. antarctica T2-flat
(mean ¼ 28%, SD ¼ 2%) and T. antarctica T2-domed (mean ¼ 18%,
SD ¼ 5%). The abundance of Chs (mean ¼ 89%, SD ¼ 10%) remains
high, however the ADA decreases relative to DA1a (282 mvpg;
Table 1). T. antarctica T2 is associated with relatively warm, open
coastal environments and is a summer/autumn blooming species
(Table 2; Villareal and Fryxell, 1983; Maddison et al., 2005, 2006;
Stickley et al., 2005; Buffen et al., 2007; Spaulding et al., 2020),
therefore, DA1b is associatedwith a sea ice-free summer/autumn. A
decline in productivity associated with sea ice melt during depo-
sition of DA1b, is inferred from the reduced ADA relative to DA1a
(Table 1). In this study, T. antarctica (T1, T2-flat and T2-domed) are
separated. T. antarctica T2-flat and T. antarctica T2-domed appear to
fill a similar environmental niche with only minor variations in
their abundance relative to each other (Fig. 7). Based on our PCA
results, the greatest distance between thesemorphotypes is on Axis
2 (Fig. 8). Axis 2 differentiates between species associated with sea
ice and stratified surface waters in the late spring to early summer
(F. curta and C. pennatum) and assemblages linked to open water
conditions in the summer/autumn (T. antarctica T2). The
T. antarctica T2-domed morphotype sits closer to F. curta and
C. pennatum along Axis 2, relative to the T. antarctica T2-flat



Fig. 6. Line-scan image and quantitative diatom data for the LDO interval from 420-440 cm depth in core GC695. ADA (absolute diatom abundance in millions of valves per gram,
mvpg) and Chaetoceros (Chs; total ¼ vegetative and resting spores). Percentages were calculated from diatom counts including Chs. The percentages of the species Fragilariopsis
curta, Corethron pennatum, Thalassiosira antarctica T2-flat, Thalassiosira antarctica T2-domed, Eucampia antarctica (total ¼ symmetrical, asymmetrical, and unknown morphotypes)
and Fragilariopsis kerguelensis were determined from Chs-free counts. Blue shading highlights data obtained from biogenic laminae. (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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morphotype, indicating that T. antarctica T2-domed is more
tolerant of sea ice, cooler sea surface temperatures (SSTs), lower
light levels and/or fresher surface waters from greater melt-water
input.

DA2a is characterised by the highest percentage contribution of
open ocean species F. kerguelensis (mean ¼ 33%, SD ¼ 8%). On the
Antarctic continental shelf, F. kerguelensis has been used as a tracer
of CDW incursions (Table 2; Zielinski and Gersonde, 1997; Allen
et al., 2010; Peck et al., 2015). F. kerguelensis is coarsely silicified
and can therefore be preferentially preserved in seafloor sediments
underlying low productivity surface waters (�Swiło et al., 2016) or
being exposed to bottom waters highly undersaturated in respect
to silica (Warnock and Scherer, 2015). Thus, the environmental
interpretation of DA2a in cores GC695 and GC697 will be consid-
ered further when palaeoenvironmental changes in AHT are dis-
cussed (Section 5).

DA2b has a high percentage contribution of F. kerguelensis
(mean ¼ 26%, SD ¼ 5%) and is also characterised by a high per-
centage contribution of E. antarctica (total) (mean ¼ 18%, SD ¼ 8%).
E. antarctica (total) is dominated by the symmetrical polar variety
that tolerates sea ice (Fig. 7 and Table 2; Fryxell, 1989; Fryxell, 1990;
Leventer et al., 2002; Allen, 2014). A high abundance of sea ice
associated E. antarctica var. recta is at odds with abundant open
ocean species F. kerguelensis. Like F. kerguelensis, E. antarctica is
heavily silicified and can be preferentially preserved in sediments
(Allen, 2014). Where these species have previously been observed
together, in the absence of more fragile sea ice diatoms, preserva-
tion bias has been assumed (�Swiło et al., 2016). Therefore, as with
DA2a, ADA and other sedimentological data will be used to assess
the likelihood of preservation bias vs. a true signal of palae-
oenvironmental conditions when palaeoenvironmental changes in
AHT are discussed.
8

5. Discussion

5.1. Environmental conditions following grounding line retreat (15.7
to <13.6 cal kyr BP)

Following the LGM, the AHT ice stream retreated from the shelf
edge sometime before 16.3 cal kyr BP (Fig. 1; KC-26; Heroy and
Anderson, 2007) and from the middle and inner shelf as early as
15.7 cal kyr BP (Fig.1; GC709; Roseby et al., in press) and 12.9 cal kyr
BP (Fig. 1; ODP Site 1098; Domack et al., 2001), respectively. In core
GC695, the stratified diamicton (Unit 2; 674-605 cm), deposited
immediately after grounding-line retreat, has a low diatom abun-
dance (<0.02 mvpg) suggesting limited marine influence,
extremely low biological productivity and a high terrigenous input
(cf. Licht et al., 1999; Minzoni et al., 2015). The diatom assemblage
(DA2b) is characterised by high percentages of Fragilariopsis ker-
guelensis (mean ¼ 26%) and E. antarctica (mean ¼ 18%) which tend
to be elevated when productivity is low or dissolution is high (e.g.,
Allen, 2014; �Swiło et al., 2016). The diatoms in this unit likely derive
from either the subglacial till, having been previously deposited in a
glacimarine setting and overridden by advancing ice (�O Cofaigh
et al., 2005), or they were advected beneath an ice canopy by
ocean currents from a seasonally open water setting (cf. Zielinski
and Gersonde, 1997; Allen et al., 2010; Peck et al., 2015). The
stratified diamicton (Unit 2) is overlain by bioturbated to homog-
enous grey mud with dispersed gravel (Unit 5) (Fig. 7a). Unit 5 is
fine grained, indicating deposition in a grounding line distal setting
(e.g., Domack and Harris, 1998) and is characterised by a high
percentage of the open ocean diatom species F. kerguelensis
(mean ¼ 33%, SD ¼ 8%) (DA2a). Like in the underlying unit, ADA is
low (<0.03 mvpg) which we associate with the presence of a
pervasive ice canopy (perennial sea ice or ice shelf). The very low



Fig. 7. Core logs, AMS 14C dates (in cal. kyr BP; AIO: acid-insoluble fraction of organic matter; F: calcareous foraminifera; RP: ramped pyrolysis; Roseby et al., in press), quantitative
diatom data, magnetic susceptibility (MS), and biogenic opal content (closed squares) for cores GC695 (a) and GC697 (b). ADA, totalChaetoceros subg. Hyalochaete (Chs) abundance
and the relative abundances of Fragilariopsis curta, Fragilariopsis kerguelensis, Thalassiosira antarctica T2-flat, T. antarctica T2-domed, Eucampia spp., Corethron pennatum and
Actinocyclus actinochilus (a) are shown. Eucampia spp. is divided into E. antarctica var. recta (white; symmetrical), E. antarctica var. antarctica (grey; asymmetrical) and unknown
(black; if the valve was not oriented in broad girdle view). Samples with counts of <400 whole valves are indicated by open circles and samples with counts of >400 whole valves
are marked by black circles. Diatom assemblage clusters 1a, 1b, 2a and 2b are shown on the right-hand panel.
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ADA in the lowermost samples from core GC695 is comparable to
ADAs in both subglacial tills recovered from Marguerite Bay (~1.5
mvpg; �O Cofaigh et al., 2005), Herbert Sound (0.7 mvpg; Minzoni
et al., 2015) and in sub-ice shelf sediments deposited under the
Larsen B Ice Shelf (~0e0.6 mvpg; Domack et al., 2005; Sa~n�e et al.,
2011; Rebesco et al., 2014). The units of stratified diamicton (Unit
2) and bioturbated to homogenous grey mud with dispersed gravel
(Unit 5), were deposited between grounding line retreat from the
middle-shelf (15.7 cal kyr BP) and 13.6 cal kyr BP (Figs. 7 and 10a;
Roseby et al., in press).

Deglaciation of the Antarctic Peninsula Ice Sheet following the
LGM, and the Antarctic Ice Sheets more generally, has been
attributed to both global drivers, including sea level rise resulting
from deglaciation of Northern Hemisphere ice sheets (e.g., Denton
9

et al., 1991), and more regional drivers, such as ocean and atmo-
spheric warming (e.g., Domack et al., 2001; Shevenell and Kennett,
2002; Bentley et al., 2014; Weber et al., 2014; Hillenbrand et al.,
2017). It was likely the interplay between global and regional
drivers that drove grounding line retreat in AHT. For example,
although the high percentages of F. kerguelensis in the basal sedi-
ments from core GC695 are likely influenced by preferential pres-
ervation, it is also possible that their presence is indicative of
incursions of CDW onto the AHT shelf (cf. Allen et al., 2010; Peck
et al., 2015). Coeval with rising global sea-level, ice core records
indicate that warming of West Antarctica began around 20 kyr
(WAIS Divide Project Members, 2013), which has been attributed to
orbital forcing as well as potential bi-polar see-saw effects (Blunier
et al., 1998). A southward shift of the Southern Hemisphere



Fig. 8. Graphical representation of principal component axis (PCA) 1, 2 and 3 from the quantitative diatom assemblage analysis of cores GC695 and GC697. (a) Plot of species
relationships along PCA 1 and PCA 2, open circles represent diatom species > ±1 standard deviation along PCA 1 or 2. (b) Plot showing relationship between core samples along PCA
1 and PCA 2, open circles represent samples > ±1 sd along PCA 1 or 2. (c) Plot of species relationships along PCA 1 (x-axis) and PCA 3 (y-axis), open circles represent diatom species
> ±1 sd along PCA 1 or 3. (d) Plot showing relationship between core samples along PCA 1 and PCA 3, open circles represent samples > ±1 sd along PCA 1 or 3.
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Westerly Winds (SHWW) has been inferred in numerous re-
constructions (Anderson et al., 2009; Kaiser et al., 2005; Buizert
et al., 2018). This is thought to have driven enhanced Southern
Ocean upwelling, a rise in atmospheric CO2 (Anderson et al., 2009)
and further warming of Antarctica until ~14.7 kyr (WAIS Divide
Project Members, 2015; Pedro et al., 2016). It is also possible that
a more southerly position of the SHWW and a stronger ACC cir-
culation (Wu et al., 2021) helped to drive greater volumes of
warmer CDW onto the WAP shelf (e.g., Shevenell and Kennett,
2002), including AHT, thereby transporting F. kerguelensis to core
site GC695. Whilst incursions of warm CDW were potentially
important in driving the initial ice retreat, there is currently a
dearth of proxy records for CDW upwelling for the early part of
deglaciation (16.3e12.9 cal kyr BP) in AHT and this should be the
focus of future work.
5.2. Onset of seasonally open marine conditions (>13.6 to
~12.5 cal kyr BP)

Between 585 and 560 cm depth in core GC695 a bioturbated
diatomaceous ooze is present (Fig. 7a; Unit 7), characterised by
DA1b, with high contributions of Chs (mean ¼ 88%, SD ¼ 10) and
the remainder of the assemblage dominated by Thalassiosira
antarctica T2-flat (mean ¼ 28%, SD ¼ 2) and T. antarctica T2-domed
(mean ¼ 18%, SD ¼ 5) (Fig. 10b). Relative to the underlying unit, the
10
ADA increases in this interval to ~77 mvpg, which suggests
increased productivity, consistent with the elevated abundances of
Chs. A Ramped Pyrolysis date from Unit 7, at 580 cm, implies that
seasonally open marine conditions were established at core site
GC695 by 13.6 ± 0.8 cal kyr BP (Figs. 2 and 10b; Roseby et al., in
press). Grounded ice had retreated from nearby Palmer Deep by
ca. 12.9 cal kyr (Domack et al., 2001, 2006), triggering a subsequent
increase in ADA (Sjunneskog and Taylor, 2002), blooming of
T. antarctica T2 (Taylor and Sjunneskog, 2002), iceberg rafting
(Domack et al., 2001) and a low d18Odiatom signature (Pike et al.,
2013). The latter indicates increased glacial discharge, caused by
enhanced melting of glaciers from the time of grounding line
retreat until 12.1 cal kyr BP, and attributed to upwelling of CDW
(Pike et al., 2013).
5.3. Expansion of sea ice and reduced productivity
(~12.5e11.5 cal kyr BP)

At 560 cm depth in GC695 (~12.5 cal kyr BP based on age-depth
model; Fig. 11), there is a transition from bioturbated diatomaceous
ooze to bioturbated to homogenous grey mud with dispersed
gravel (Fig. 7). The diatom assemblage (DA2a) is characterised by
high relative abundances of F. kerguelensis, and the ADA is ~9 mvpg
(Fig. 7a). Relative to the underlying sediments (Unit 7), there is a
decrease in ADA, Chs, T. antarctica (T2-flat), T. antarctica (T2-



Fig. 9. Dendrogram of the unconstrained cluster analysis of quantitative diatom
assemblage data from cores GC695 and GC697. Cluster analysis was carried out on
diatom species > ±1 sd along PCA 1, 2 and 3 (Fig. 8 and Suppl. S5). The distance matrix
and cluster analysis were computed using a Euclidean distance dissimilarity measure
and Ward's agglomeration method, respectively. We identify two main clusters,
Diatom Assemblage 1 (blue shading) and 2 (orange shading). To identify assemblage
changes in more detail, these two clusters were further subdivided into 1a, 1b, 2a and
2b. (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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domed), and an increase in Fragilariopsis curta. We additionally
detect the highest abundance of Actinocyclus actinochilus (11% at
552 cm depth) observed within GC695 in this interval (Fig. 11). A
decrease in Chs is indicative of a shorter duration and/or weaker
stratification of surface waters, likely a result of reduced input of
meltwater to the mid-AHT shelf (Leventer, 1991; Leventer et al.,
1996, 2002, 2006; Crosta et al., 2005; Maddison et al., 2005),
whilst lower ADA indicates reduced diatom productivity relative to
underlying sediments. Reduced abundances of T. antarctica (T2-flat)
and T. antarctica (T2-domed) and an increase in F. curta and
A. actinochilus suggest a longer duration and/or higher concentra-
tion of sea ice cover. An extended sea ice season with earlier sea ice
advance, would curtail the T. antarctica T2 growth season and
support a higher abundance of sea ice associated F. curta. A. acti-
nochilus is associated with cool waters (�2 to 2 �C; Zielinski and
Gersonde, 1997) and sea ice, with maximum abundances being
associated with more than 7 months per year of sea ice cover and
ice-free conditions in the summer (Armand et al., 2005). There is an
upward transition to the LDO unit at 542 cm depth. A planktic
foraminifera sample at 541 cm depth in GC695 indicates that the
Table 1
Mean and standard deviation for significant diatom species (>±1 sd along PCA 1, 2 and 3; F
Results capture all samples from GC695 and GC697.

DA Chs (%) ADA (mvpg) Act. act Cor. pen Total.Euc

1a (n ¼ 10) Mean 81.0 524.5 3.0 7.5 1.9
SD 21.7 661.0 2.6 9.8 1.2

1b (n ¼ 14) Mean 88.5 281.8 3.6 2.1 2.8
SD 10.1 325.4 2.3 1.6 2.5

2a (n ¼ 8) Mean 53.4 89.0 5.7 1.2 4.1
SD 19.4 130.6 3.8 1.5 3.8

2b (n ¼ 6) Mean 51.2 31.1 2.6 0.3 17.5
SD 18.1 31.2 2.6 0.4 7.6
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period of low primary productivity, associated with a limited
growth season and low meltwater input, had ended by
11.5 ± 0.4 cal kyr BP.

Roughly coeval with the period of low productivity over the
mid-shelf part of AHT, the d18Odiatom record from Palmer Deep in-
dicates a reduction in glacial discharge between 12.1 and
11.5 cal kyr BP (Pike et al., 2013). A decrease in frontal or basal
melting of glaciers or ice shelves feeding into AHT would act to
reduce water column stratification and nutrient input. In turn, this
could have contributed to the relatively low diatom abundance
observed in GC695 during this interval (Martin et al.,1990; Dierssen
et al., 2002; Leventer et al., 2006). On the inner shelf, thick se-
quences of laminated, Chs-dominated sediments were deposited in
Palmer Deep ~12.9 cal kyr BP to 11.7 cal kyr BP, associated with
meltwater input, stratified surface waters and high primary pro-
ductivity (Domack et al., 2001; Sjunneskog and Taylor, 2002). In-
jection of meltwater and nutrients into the near-shore region was
sufficiently high to promote seasonal, elevated diatom productivity
in Palmer Deep until 11.7 cal kyr BP, despite a reduction in glacial
meltwater discharge (Pike et al., 2013). After 11.7 cal kyr BP sedi-
ments in Palmer Deep are more homogenous, interbedded with
turbidites and have decreased diatom abundance (Domack et al.,
2001; Sjunneskog and Taylor, 2002). Domack et al. (2001) asso-
ciate the transition from laminated Chs-dominated sediments to
more homogenous sediments at 11.7 cal kyr BP in Palmer Deep to
climatic cooling, although Sjunneskog and Taylor (2002) have
suggested that the reduction in diatom abundance was also related
to increased sediment flux or reduced meltwater input.
5.4. Peak post-glacial primary productivity in Anvers-Hugo Trough
(~11.5e11.2 cal kyr BP)

Between 542 and 325 cm depth (11.5e11.2 cal kyr BP; Fig. 2),
core GC695 contains an interval of LDO (DA1a and DA1b) with
elevated ADA's throughout (298e2606 mvpg) (Figs. 6, 7a and 10d).
Deposition of sediments in distinct laminae is associated with ep-
isodes of extremely high productivity, rapid sedimentation of di-
atoms and suppressed bioturbation by benthic organisms
(Smetacek, 1985; Alldredge and Gotschalk, 1989). Biogenic laminae
with species indicative of spring (Chs and F. curta), late-spring/
early-summer (C. pennatum) and summer to autumn (T. antarctica
T2-domed and T2-flat) blooms are observed. Deposition of thick
LDO between 11.5 and up to 11.2 cal kyr BP at site GC695 can
therefore be explained in terms of seasonal sea ice cover over the
region, with high rates of meltwater input and the formation of a
well-stratified water column in the austral spring, and open water
conditions lasting from summer to autumn. Diatom assemblages
with elevated Chs and seasonal sea ice diatoms, including F. curta,
are common during Late Pleistocene glacial/interglacial transitions
and are associated with seasonal melt back of sea ice (Hartman
et al., 2021). Terrigenous laminae have a lower ADA than the
ig. 8) and absolute diatom abundances (ADA) for clusters DA1a, D1b, DA2a and DA2b.

Frag. cur Frag. kerg Rhizo. spp. Thal. ant T2-flat Thal. ant T2-domed

19.7 13.5 1.5 16.9 11.5
4.8 7.7 1.3 6.9 3.9
14.7 9.2 2.7 28.1 18.1
4.0 3.8 2.9 2.2 4.5
13.5 33.3 4.7 7.2 3.1
4.7 8.0 4.1 4.0 1.6
4.7 26.4 7.8 14.2 5.5
2.7 4.6 5.1 7.2 3.0



Table 2
(Palaeo)ecological conditions of significant diatom species in GC695 and GC697, with corresponding references.

Species Environment Reference

Chaetoceros
subg.
Hyalochaete
(Chs)

Stratified surface waters. The formation of heavily silicified resting spores,
triggered by environmental stresses such as nutrient depletion, facilitates rapid
sinking and transfer of Chs to the seafloor.

Hargraves and French (1983); Leventer (1991); Leventer et al. (1996),
2002, 2006; Crosta et al. (2005); Maddison et al. (2005); Stickley et al.
(2005)

Fragilariopsis
curta

Found in fast and pack ice as well as stratified waters adjacent to the sea ice Garrison (1991); Leventer (1992), 1998; Taylor et al. (1997); Zielinski
and Gersonde (1997); Cunningham and Leventer (1998); Armand
et al. (2005); Esper and Gersonde (2014); Peck et al. (2015)

Corethron
pennatum

Stratified surface waters. Mass export likely occurs when stratification breaks
down in late austral spring/early summer.

Crawford (1995); Leventer et al. (2002); Stickley et al. (2005); Alley
et al. (2018); Zú~niga et al. (2021)

Thalassiosira
antarctica T2

Warm, open coastal environments. Resting spore formation is associated with
environmental stresses at the end of the summer. Previous work on annually
deposited LDO found that T. antarctica T2 resting spores are deposited near the
top of terrigenous laminae, indicating blooming in late summer/autumn.

Villareal and Fryxell (1983); Maddison et al. (2005), 2006; Stickley
et al. (2005); Buffen et al. (2007); Spaulding et al. (2020)

Fragilariopsis
kerguelensis

Open ocean environments. Coarsely silicified and resistant to dissolution. On the
Antarctic continental shelf, F. kerguelensis has been used as a tracer of CDW
incursions.

Burckle (1972); Leventer (1992); Zielinski and Gersonde (1997);
Crosta et al. (2005); Allen et al. (2010); Esper et al. (2010); Cefarelli
et al. (2010); Esper and Gersonde (2014); Peck et al. (2015); �Swiło
et al. (2016)

Eucampia
antarctica var.
recta

Polar variety, tolerates sea ice Fryxell (1991); Leventer et al. (2002); Allen (2014); �Swiło et al. (2016)

Eucampia
antarctica var.
antarctica

Sup-polar variety Fryxell (1991); Leventer et al. (2002); Allen (2014); �Swiło et al. (2016)

Fig. 10. Schematic diagram showing distinct environmental changes in AHT during the LGT. The sediments and diatom assemblages deposited during each stage are shown. Also
indicated is environmental information from various proxy data (see text for references). (a) Deglaciation of the middle-AHT shelf by 15.7 cal kyr BP. (b) Onset of seasonally open
marine conditions from 13.6 cal kyr BP to ~12.5 cal kyr BP. (c) Expansion of sea ice and supressed productivity from ~12.5 to 11.5 cal kyr BP. (d) Peak post-glacial productivity and
deposition of laminated diatomaceous ooze from 11.5 to 11.2 cal kyr BP.
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biogenic laminae and a mixed diatom assemblage (Fig. 6). The
influx of terrigenous material is thought to be associated with
surface and basal melting of icebergs, glaciers and ice shelves
(Leventer et al., 2002; Maddison et al., 2005).

LDO deposition is attributed to a period of enhanced glacial
discharge, sea ice melt, surface water stratification and nutrient
input. Elevated productivity after 11.5 cal kyr BP coincides with the
12
onset of the early Holocene climatic optimum observed across the
continent in ice cores (~11.5 and 9.0 kyr; Masson et al., 2000). The
James Ross Island ice core record indicates that between ca. 12.8
and 9.2 kyr temperatures there were warmer than present day (by
up to 1.3 ± 0.3 �C) (Fig. 11; Mulvaney et al., 2012), leading to glacier
retreat on the Antarctic Peninsula (>11-~8 kyr; Kaplan et al., 2020).
Similarly, SST reconstructions from Palmer Deep indicate enhanced



Fig. 11. Distribution of lithological units and diatom assemblage clusters (DA1a, D1b, DA2a and DA2b) in core GC695 against age (muted at 13 cal kyr BP). (a-h) magnetic sus-
ceptibility (MS), biogenic opal content, absolute diatom abundance and relative abundance of Chaetoceros subg. Hyalochaete, Fragilariopsis curta, Fragilariopsis kerguelensis, Tha-
lassiosira antarctica T2-flat, Eucampia antarctica var. recta, T. antarctica T1 and Actinocyclus actinochilus for core GC695 (CDW: Circumpolar Deep Water, SST: sea surface temperature).
(i) d18Odiatom as a proxy for glacial discharge at ODP Site 1098 (Pike et al., 2013). (j) TEX86-derived SST record from ODP Site 1098 (Shevenell et al., 2011). (k) Temperature anomaly
(�C) data from the James Ross Island (JRI) Ice Core (Mulvaney et al., 2012). (l) Relative sea-level (RSL) curves based on coral records (Fairbanks, 1989). MWP1b: Meltwater pulse 1b.
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warming between ca. 11.8 and 9.0 cal kyr BP, associated with high
annual insolation (Fig. 11; Shevenell et al., 2011; Etourneau et al.,
2013). This is consistent with increased glacial discharge into
Palmer Deep between 11.5 and 9.0 cal kyr BP (Fig. 11) based on
d18Odiatom data (Pike et al., 2013). Atmospheric and oceanic vari-
ability during this time is thought to be driven by a southerly shift
in the SHWW (McCulloch and Davies, 2001; Mayr et al., 2007;
McGlone et al., 2010; Shevenell et al., 2011; Peck et al., 2015). This
southward SHWW shift probably brought warmer air masses to the
WAP and increased CDW upwelling, which delivered relatively
warm water and nutrients to AHT, further promoting primary
productivity (Shevenell and Kennett, 2002; Bentley et al., 2009;
Shevenell et al., 2011; Peck et al., 2015). We also note that the LDO
deposition at site GC695 is coeval with global meltwater pulse
(MWP) 1b centred at 11.3 cal kyr BP (Fig. 11; Bard et al., 2010;
Fairbanks, 1989), which possibly intensified deglaciation of mid-
inner shelf areas. LDOs are only deposited at site GC695 during
the initial stage of the early Holocene climatic optimum, with ADA
decreasing after 11.2 cal kyr BP. We suggest that seasonal sea ice
concentration decreased in AHT through the early Holocene cli-
matic optimum, as demonstrated by decreasing abundances of
F. curta also after 11.2 cal kyr BP, removing a source of meltwater
that would induce surface water stratification and high produc-
tivity. LDO was deposited at mid-shelf site GC695 more than 1.4
kyrs after grounded ice had retreated. Grounding line retreat and
the potential establishment of a calving bay setting does not
coincide with the observed high diatom production between 11.5
and 11.2 cal kyr BP and is therefore not considered as the primary
driver of these conditions. Thus, LDO in Antarctic continental shelf
sediments should not automatically be regarded as unequivocal
evidence of a calving bay setting.

As previously noted, there is a transition to more terrigenous
sediments/lower ADA in the Palmer Deep record after ~11.7 cal kyr
13
BP which Domack et al. (2001) link to climatic cooling until
~9.1 cal kyr BP. Sjunneskog and Taylor (2002) suggest that reduced
ADAs could also reflect reduced glacier frontmelting or the opening
of the oceanic connection between the Gerlache and Bransfield
straits due to grounded ice retreat (Fig. 1), leading to increased
supply of terrigenous detritus and dilution of diatoms, as well as
triggering a change in surface ocean currents, inhibitingmeltwater/
stratification associated productivity. Deglaciation along the WAP
coast during the early Holocene climatic optimum could have
delivered vast amounts of sediment-laden meltwater to Palmer
Deep. This input would explain reduced ADA in Palmer Deep
through dilution (from increased sediment input), and would also
have potentially promoted surface water stratification over the
middle shelf of AHT from 11.5 to 11.2 cal kyr BP.

Cores GC691 and GC698 bear an LDO unit at 320-209 cm and
460-313 cm depth, respectively, with onset of deposition by
11.5 ± 0.4 cal kyr BP (GC691; AIO age) and 11.6 ± 0.4 cal kyr BP
(GC698; foraminifera age) (Fig. 2; Roseby et al., in press). These
dates are comparable (within error) to those constraining the onset
of LDO deposition at site GC695. AIO ages for the corresponding
intervals in cores GC691 and GC698 suggest these diatomaceous
ooze laminae were deposited throughout the early Holocene cli-
matic optimum up until ~9.3 cal kyr BP (Fig. 2). Within these LDO
units, there are fewer laminae than in the LDO at site GC695, with
68 and 44 biogenic laminae deposited over ~2000 years in GC698
and GC691, respectively. Like GC695, these laminae are interpreted
to represent high productivity events, rapid sedimentation of di-
atoms and suppressed bioturbation by benthic organisms.
5.5. Holocene environmental variability (~11.2e0 cal kyr BP)

The uppermost unit of core GC695 (Unit 7: 345 cm-surface)
includes three diatom assemblages: DA1b (345-260 cm), DA2b
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(260-145 cm) and DA2a (145-0 cm). Deposition of bioturbated
diatomaceous ooze (DA1b) between 325 and 260 cm (11.2 and
~10.9 cal kyr BP; the latter age is inferred from the age-depth
model; Fig. 11) is dominated by T. antarctica T2-flat and
T. antarctica T2-domed (Fig. 7a), indicative of warm, open water
conditions. We also observe a decrease in the abundance of Chs and
C. pennatum after 11.2 cal kyr BP, which together with reduced
F. curta and ADA, indicates a decrease in winter sea ice concentra-
tion, spring sea ice melt and associated surface productivity relative
to the period from 11.5 to 11.2 cal kyr BP (Table 2).

DA2b (~10.9-~7.1 cal kyr BP) is characterised by high percent-
ages of F. kerguelensis and E. antarctica (total), with an overall
reduction in ADA to ~70 mvpg (Fig. 11). A notable feature of this
interval is a peak in E. antarctica at 162 cm depth (~7.9 cal kyr BP).
E. antarctica is predominantly present as the symmetrical cold-
water and ice-tolerant morphotype (~76% E. antarctica var. recta),
although we also see a small increase in the asymmetrical form
(E. antarctica var. antarctica) relative to the underlying sediments.
Cooler SSTs at this time, as indicated by abundant E. antarctica var.
recta, is coincident with expansion of Antarctic Peninsula glaciers
at ~8-7 kyr (Kaplan et al., 2020). Whilst the relative percentage of
F. kerguelensis in GC695 between ~10.9 and 7.1 cal kyr BP indicates
incursions of CDW, there appears to have been minimal mixing
through the pycnocline proximal to site GC695; allowing for cool
SSTs and seasonal sea ice formation (c.f., Allen et al., 2010).

DA2a (~7.1 cal kyr BP to present) is characterised by, relatively
high abundances of F. kerguelensis, which peak at ~6.0 cal kyr BP
(32%). After ~6.0 cal kyr BP, F. kerguelensis decreases, likely due to a
decline in CDW advection. Relative abundances of T. antarctica T1
and sea ice-associated F. curta and A. actinochilus increase in core
GC695 after ~4 cal kyr BP (Fig. 11). While we have low confidence in
our age model after ~8 cal kyr BP, reduced CDW and increased sea
ice conditions after ~4 cal kyr BP is consistent with numerous proxy
records from Palmer Deep and the WAP shelf e.g., Lallemend Fjord
and Marguerite Bay (Fig. 1), indicating cooler ‘Neoglacial’ condi-
tions with more extensive sea ice after ~3.9 cal kyr BP (Shevenell
et al., 1996; Domack et al., 2001; Taylor et al., 2001; Sjunneskog
and Taylor, 2002; Taylor and Sjunneskog, 2002; Etourneau et al.,
2013; Peck et al., 2015).

5.6. Controls on laminated diatomaceous ooze accumulation

Laminated or varved, diatomaceous oozes have been recovered
and analysed from several East Antarctic sites (e.g., Finocchiaro
et al., 2005; Denis et al., 2006; Maddison et al., 2006, 2012;
Stickley et al., 2005; Leventer et al., 2006; Alley et al., 2018), the
Amundsen Sea (Hillenbrand et al., 2010; Smith et al., 2011; Lamping
et al., 2020), the South Shetland Islands (Milliken et al., 2009) and
Palmer Deep (Domack et al., 2001; Leventer et al., 2002). Controls
on the accumulation and preservation of LDO include water depth,
trough/basin geometry and duration, stability and prevalence of
environmental conditions that promote high levels of productivity,
e.g., duration of calving bay re-entrants (Stickley et al., 2005;
Leventer et al., 2006). An advantage of our study area is that it is
extensively surveyed (Larter et al., 2019), making it possible to
investigate the distribution and characteristics of LDO in the
context of this detailed bathymetric information.

Cores GC691, GC695 and GC698 contain a unit of LDO, charac-
terised by a magnetic susceptibility minimum, deposited from
~11.5 cal kyr BP. Although core GC697 does not contain LDO (Unit
6), a magnetic susceptibility minimum at 260 cm depth occurs at
the same stratigraphic level as the LDO unit in GC695 and, similarly,
the homogenous diatomaceous ooze (Unit 7) layer in GC697 in-
cludes DA1a and peak ADA (812 mvpg) (Fig. 7b). The dominance of
Chs, F. curta and C. pennatum within the LDO unit of GC695 and at
14
260 cm depth in GC697 indicates that these intervals represent
similar palaeoenvironmental conditions. A Ramped Pyrolysis date
from 280 cm depth in core GC697 (Fig. 2) indicates deposition of
Chs, F. curta and C. pennatum dominated diatomaceous ooze after
11.9 ± 0.7 cal kyr BP (Fig. 2). This age is comparable (within error) to
the AMS 14C dates constraining the onset of LDO deposition in
GC691, GC695 and GC698 and suggests that these sediments record
the same high productivity event. Furthermore, a magnetic sus-
ceptibility low spanning <10 cm core depth characterises the base
of Unit 7 (bioturbated diatomaceous ooze) in cores GC690, GC697,
GC709, and GC711 and the boundary between Units 5 (homoge-
nous grey mud with dispersed gravel) and Unit 7 in GC692 (Fig. 2).
A Ramped Pyrolysis date from just below the magnetic suscepti-
bility minima in GC709 yielded an age of 11.0 ± 0.8 cal kyr BP
(Fig. 2), also comparable (within error) of the AIO date constraining
the onset of Chs, F. curta and C. pennatum dominated diatomaceous
ooze deposition in GC697 (11.9 ± 0.7 cal kyr BP) and GC695
(11.5 ± 0.4 cal kyr BP). These magnetic susceptibility minima are
therefore considered to represent the same productivity event;
deposited as a thick, laminated sequence at sites GC691, GC695 and
GC698 and as a thin, homogenous sediment drape at sites GC692,
GC690, GC702, GC711, GC697 and GC709. The bathymetric context
of the cores with the magnetic susceptibility minima differs, with
core sites GC691, GC695 and GC698 recovered from bathymetric
depressions in AHT compared with the slightly more exposed po-
sitions of most other sites. Seafloor bathymetry, in addition to up-
per ocean conditions, is considered a key control on LDO
accumulation (Fig. 5). Specifically, bathymetric depressions likely
act as a focussing point for any bottom-current mobilised diatoms
that have been exported to the seafloor and diatoms settling
through the water column. Therefore, in regions of varied ba-
thymetry, reconstructions of productivity based on diatom
assemblage data should be based on investigations of a network of
cores from different water depths and geomorphological settings to
gain an accurate perspective on surface water productivity.

The LDO units in cores GC691, GC698 and GC695 are spatially
and temporally variable (Fig. 4). Within the LDO unit of core GC695
down-core changes in the dominant species are observed in the
assemblages (Fig. 6), associated with export of diatoms at different
times of the year and/or under different environmental conditions.
We also see a variability in thickness of individual biogenic laminae
and the nature of their boundaries with terrigenous laminae. In this
respect, these laminations do not resemble the varved deposits of
Palmer Deep and Iceberg Alley on the East Antarctic continental
shelf (Maddison et al., 2005; Stickley et al., 2005). Those varved
sequences are composed of alternating layers of diatomaceous ooze
(spring) and terrigenous laminae (summer/autumn) deposited
annually. Within each varve, there is typically a gradation between
diatomaceous and terrigenous laminae, from pure Chs ooze,
through an increasingly diverse assemblage of diatom ooze, to
more terrigenous-rich deposits (Maddison et al., 2005; Stickley
et al., 2005). As discussed above, the thickness of individual
laminae in the LDOs from AHT is likely related to the growth rate
and duration of diatom blooms, which, in turn, are associated with
surface water conditions (e.g., stability of the upper ocean). The
nature of the boundaries between biogenic and terrigenous
laminae (sharp vs. gradational) likely reflects interannual vari-
ability in surface water conditions (e.g., an abrupt breakdown of
stratification versus a gradual weakening of the stratification).

Between core sites GC691, GC698 and GC695, we observe a
different number of diatomaceous ooze laminae deposited over
different time-intervals. Cores GC691 and GC698 bear units of LDO
containing 68 and 44 biogenic laminae, deposited from 11.8 ± 0.6 to
9.3 ± 0.4 and from 11.9 ± 0.5 to 9.3± 0.2 cal kyr BP, respectively. Like
in GC695, these LDOs are associated with extremely high
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productivity during the austral spring, when surface waters would
be stratified due to meltwater input. We note that the lack of
quantitative diatom assemblage data from cores GC691 and GC698
implies that we cannot fully resolve palaeoenvironmental condi-
tions at the time of LDO deposition. However, age data from these
cores indicate that, in contrast to site GC695, LDOs were deposited
at sites GC691 and GC698 over the duration of the early Holocene
climatic optimum. At core site GC695, LDOwas only deposited from
11.5 ± 0.4 to 11.2 ± 0.2 cal kyr BP (Fig. 2). We interpret the end of
LDO deposition at site GC695 to result from a decline in seasonal
sea ice concentration in AHT through the early Holocene climatic
optimum. We do not see an offshore trend in the number or
thickness of ooze laminae, as GC691 and GC698 are comparable and
the furthest apart, so do not consider proximity to land and a glacial
source of meltwater, nutrients, and sediments as the dominant
factor in explaining the spatial variability observed. We would also
assume that atmospheric and oceanographic (i.e., bottom currents)
conditions would be comparable between sites due to their prox-
imity and the similar water depths of sites GC691, GC698 and
GC695 (604, 607 and 629 m below sea level). Thus, the lack of LDO
at GC695 after 11.2 cal kyr BP most likely reflects spatially and
temporally variable sea ice and/or grazing conditions, although we
cannot completely rule out local bathymetric factors or dating-
related uncertainties in the observed differences.

6. Conclusions

This study used quantitative diatom abundance and assemblage
data in sediment cores recovered from AHT, WAP shelf, to recon-
struct palaeoproductivity and related palaeoceanographic changes
following the LGM. The data indicate that AHT experienced several
distinct environmental phases during the LGT and Holocene,
including a period of enhanced biological productivity associated
with deposition of LDO. Seasonally open marine conditions were
established at core site GC695 by 13.6 cal kyr BP, with development
of a more persistent sea ice cover in AHT at ~12.5 cal kyr BP. Be-
tween 11.5 and 11.2 cal kyr BP, more than 1.4 kyrs after grounded ice
retreat, a thick LDO was deposited at mid-shelf site GC695 during a
period of high diatom productivity. The 1.4 kyr offset between
groundling line retreat and deposition of LDO means that the
calving-bay model does not adequately explain high diatom pro-
ductivity in AHT. A corollary of this is that LDO in other Antarctic
continental shelf settings should not be considered as unequivocal
evidence for calving bay settings. Deposition of LDO within AHT is
explained in terms of increased atmospheric/ocean temperatures,
with high rates of sea ice and glacial ice melt and the formation of a
well-stratified water column in spring. This period of elevated
primary production coincided with the onset of the early Holocene
climatic optimum (~11.5e9.0 kyr; Masson et al., 2000). Sea ice
concentration appears to have played a vital role in promoting
seasonal diatom blooming over the mid-AHT shelf. A decline in
seasonal sea ice concentration after 11.2 cal kyr BP removed an
important source of meltwater to the mid-shelf, reducing produc-
tivity and restricting LDO deposition at site GC695 to the start of the
early Holocene climatic optimum. High productivity and LDO
deposition over the duration of the early Holocene climatic opti-
mum at sites GC691 and GC698 most likely reflects spatially and
temporally variable sea ice and/or grazing conditions. The use of
multiple sediment cores in combination with extensive bathy-
metric mapping of AHT demonstrates that remobilisation and
focussing of diatoms into bathymetric low points played an
important role in the distribution and thickness of LDO deposits. In
regions of varied bathymetry, reconstructions of productivity based
on diatom assemblage data should be based on investigations of a
network of cores from different water depths and
15
geomorphological settings to gain an accurate perspective on sur-
face water productivity. Finally, while not the main focus of this
paper, low-resolution sampling above the LDO unit in core GC695
indicates that following the early Holocene climatic optimum,
surface waters cooled (as indicated by a peak in E. antarctica var.
recta) to ~7.9 cal kyr BP. After ~6.0 cal kyr BP the relative abundance
of F. kerguelensis decreased, likely due to a decline in CDW advec-
tion. Finally, our diatom assemblage data indicates cooling,
consistent with ‘Neoglacial’ conditions, after ~4 cal kyr BP.
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