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ARTICLE INFO ABSTRACT

The Adélie Basin is a relatively small (~1600 km2), semi-enclosed continental shelf bathymetric depression
located adjacent to the Wilkes Subglacial Basin, a basin underlying a sector of the East Antarctic Ice Sheet that
contains ~3-4 m sea level equivalent of ice. Located within the Adélie Basin is a ~184 m thick laminated
sediment deposit, the Adélie Drift, ideal for examining regional changes in ice sheet and ocean dynamics. Here,
we examine the ratio of reactive beryllium-10 to reactive beryllium-9 ((mBe/gBe)reaC) in a marine sediment core
obtained from the Adélie Drift to assess these changes during the Holocene epoch (11.7 ka BP to present). The
(2%Be/°Be);eqc record provides insight into changes in freshwater input, primary productivity, and scavenging
efficiency, while removing the influence of particle size on '°Be concentration. During the early Holocene,
(1°Be/°Be);esc ratios indicate increased meltwater discharge from ca. 11.7 to 10 ka BP, as grounded ice retreated
from the Adélie Basin and adjacent bathymetric highs. After ~10 ka BP, beryllium isotopes are influenced by
scavenging efficiency and dilution controlled by ocean currents and accumulation rate, operating alongside
meltwater input, suggesting there are additional factors to consider when using (°Be/°Be)yeqc as a proxy for ice
shelf cover and glacial dynamics.
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1. Introduction

Antarctic ice sheets contain ~58 m sea level equivalent of ice, ~19 m
of which is grounded on bedrock below sea level, as in the Wilkes
Subglacial Basin in East Antarctica (Fig. 1A), and is therefore more
sensitive to marine ice sheet instabilities triggered by oceanic warming
(Thomas and Bentley, 1978; Fretwell et al., 2013; Mengel and

Levermann, 2014; Morlighem et al., 2020). Following the Last Glacial
Maximum (LGM), Antarctic ice sheet retreat was forced by rising sea
level and increased oceanic heat flux (Golledge et al., 2012; The RAISED
Consortium, 2014; Fogwill et al., 2017; Yokoyama et al., 2018), at a time
of pre-industrial atmospheric CO5 concentration (~280 ppm; Kemppi-
nen et al., 2018). Atmospheric CO5 concentration currently exceeds 400
ppm, sea level rise has accelerated from 1.2 + 0.2 mm yr ' between
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1901 and 1990 to 3.0 + 0.7 mm yr ' between 1993 and 2010 (Hay
etal., 2015), and temperatures in the Southern Hemisphere upper ocean
have been increasing since the 1930s (Gille, 2008). With rising sea level
and a warming Southern Ocean, constraining the conditions and timing
during which the Antarctic ice sheets retreated in the past, and the
oceanic response to this retreat, is crucial for informing future ice sheet
melting episodes more accurately (e.g., Golledge et al., 2019; Yokoyama
and Purcell, 2021).

Modern observations show Wilkes Land, East Antarctica is one of the
few regions of the East Antarctic Ice Sheet (EAIS) where retreat has
occurred over the past few decades (Miles et al., 2016; Baumhoer et al.,
2021). The Wilkes Subglacial Basin catchment (Fig. 1B) contains 3-4 m
sea level equivalent of ice which is susceptible to marine ice sheet
instability due to its reverse-slope bed (Miles et al., 2018; Mengel and
Levermann, 2014; Morlighem et al., 2020). The Adélie Basin is a
glacially scoured trough located along the coast of Terre Adélie on the
margin of Wilkes Land (Fig. 1) and is influenced by coastal currents,
local biological productivity, and outlet glaciers draining the Wilkes
Subglacial Basin (Johnson et al., 2021; Expedition 318 Scientists, 2011).
After LGM ice retreated, a sediment drift began to form in the Adélie
Basin (Expedition 318 Scientists, 2011), the laminated sediment of
which provides a unique high-resolution record of sedimentation
responding to changes in atmospheric and oceanic circulation, temper-
atures, and glacial meltwater input throughout the Holocene (Crosta
et al., 2018; Ashley et al., 2021; Johnson et al., 2021).

One way to distinguish glacial processes from other factors is by
using the cosmogenic isotope beryllium-10 (°Be) produced by in-
teractions between cosmic rays and atoms in the atmosphere (meteoric
10Be) and minerals at the Earth’s surface (in situ 1°Be). Exposure dating
of terrestrial rock using in situ 1°Be has proved a critical tool for con-
straining the timing of glacial retreat through the dating of glacial
landforms such as moraines (e.g., Bentley et al., 2006; Jones et al., 2017;
Stone et al., 2003; White et al., 2011; Yamane et al., 2011; Yamane et al.,
2015). However, the use of in situ cosmogenic nuclides is limited to ice
free regions representing ~3% of Antarctica’s surface area.

Meteoric °Be has several applications in glacial environments. It has
been measured in ice cores to reconstruct changes in geomagnetic field
intensity (Wagner et al., 2000) and solar activity (Pedro et al., 2011),
and in sediments to trace depositional processes and evaluate the dy-
namics of Antarctic ice sheets/ice shelves (Scherer et al., 1998;
Yokoyama et al., 2016). An analysis of meteoric '°Be in Ross Sea
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sediments has been used to track the retreat of both grounded marine ice
sheet systems and modern ice shelf systems in the Ross Sea during the
middle to late Holocene, with higher recorded concentrations of sedi-
mentary '°Be indicating greater influence of meteoric °Be under open
ocean conditions (Yokoyama et al., 2016).

Despite its successful application, the use of '°Be in bulk sediment is
associated with several issues, related to the inability to distinguish
which sediment fraction(s) the !°Be is sourced from and the potential
influence of sedimentary processes such as particle size, with smaller
particles resulting in larger meteoric °Be concentration (Wittmann
et al., 2012; Simon et al., 2016), and scavenging efficiency. Measuring
“reactive” 1°Be (1°Bereac) from Fe and Mn oxyhydroxides, which scav-
enge meteoric '°Be from the water column (Von Blanckenburg and
Bouchez, 2014), together with the stable isotope 9Be, sourced from
bedrock via weathering, has been demonstrated to provide a reliable
approach to correct for these effects (Wittmann et al, 2012). In
Antarctica, analyses of marine sediments reveal (*°Be/’Be)yeac varies
across different depositional environments such as sub-glacial, sub-ice
shelf, and open marine (Sjunneskog et al., 2007; White et al., 2019).
Analysis of Pliocene sediments from offshore Wilkes Land revealed
glacial-interglacial variations in (1°Be/°Be)yeac were derived from
meteoric °Be sourced not only from direct atmospheric deposition
during open ocean conditions, but also from ice sheet melt during warm
events leading into interglacial periods (Valletta et al., 2018). This is
confirmed by a study of (1°Be/’Be)yeqc ratios from sediment cores
extracted from Lake Skallen and Lake Maruwan Oike near Liitzow-Holm
Bay, East Antarctica, which show an increase in (*°Be/°Be)yeac concen-
trations at ca. 4.1 ka BP corresponding to late Holocene glacial melt
along the Soya Coast (Sproson et al., 2021a).

The timing of grounded ice retreat along the Wilkes Land margin was
previously shown in a high resolution 10Be record from the Adélie Basin,
Terre Adélie (Behrens et al., 2019). The 10Be data were obtained through
whole rock dissolution of sediments (Yokoyama et al., 2019a), con-
strained by a preliminary age model using novel compound specific
radiocarbon analysis (Yamane et al., 2014) that suggest periods of ice
sheet retreat may have caused increases in meteoric °Be at ca. 9.8 ka
BP, ca. 6.5 ka BP, and from ca. 4 ka BP. However, since the meteoric '°Be
signal may be affected by other variables, such as particle size, which do
not reflect environmental forcing mechanisms alone (Wittmann et al.,
2012; Simon et al., 2016), measuring the (1°Be/9Be)reac in addition to
10Be is vital for recording the history of glacial retreat and/or

Fig. 1. A) Setting of the Adélie Basin near the Wilkes Basin, locations of Sk5S and Mw5S (blue dot, Sproson et al., 2021a), AM02 and GC15 (brown dot, White et al.,
2019), TC04, TCO7, and KC11 (green dot, Yokoyama et al., 2016), U1361A (yellow dot, Valletta et al., 2018), MD03-2601 (purple dot, Denis et al., 2009), and
U1357A (red dot, this study); B) Bedrock topography in the Wilkes and Aurora basins using the IBCSO elevation model (Arndt et al., 2013); C) hole U1357A and
location of hole MD03-2601 (Denis et al., 2009). M, N, and C are used to label the Mertz, Ninnis, and Cook glaciers, respectively. Also labeled are the Adélie Bank
(AB), Adélie Depression (AD), Mertz Bank (MB), and the Antarctic Coastal Current (ACC). (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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depositional processes. Here, we analyze (*°Be/’Be)eqc from the same
Adélie Basin marine sediment core as Behrens et al. (2019) to comple-
ment the already obtained whole rock !°Be data. These new records are
compared with previously published data from Site U1357, local proxy
data from core MD03-2601 extracted from the Dumont D’Urville Trough
(Fig. 1A), and other 10Be /%Be records from around Antarctica (Fig. 1A).
To evaluate the timing of ice sheet retreat and related environmental
processes such as sea ice cover and biological productivity in the Terre
Adélie region of East Antarctica, we will examine three primary pro-
cesses which potentially affect 10Be,cac and *Bereac variations in the
Adélie Basin: basal melt, increased primary productivity, and changes in
the strength of the Antarctic Coastal Current (ACC) and subsequent ef-
fects on advection of meltwater and sediment accumulation rate in the
Adélie Basin.

2. Regional setting

Terre Adélie is located at 142°E — 136°E between Wilkes Land and
George V Land (SCAR, 1992 (updated 2015); Fig. 1B). On the conti-
nental shelf at 66°S, 140°E is the Adélie Basin, a glacially scoured 1000
m deep basin separated from the Adélie Depression (~70 km away) by
the relatively shallow 200 m deep Adélie Bank (Fig. 1C). The Adélie
Basin lies down current of the Mertz Glacier Polynya (MGP), an area of
open water with a high rate of sea ice production, brine rejection and
associated high primary productivity (Campagne et al., 2015). The main
outlet glaciers draining meltwater and sediments offshore and into the
Adélie Basin are Zélée, Astrolabe, and Francais glaciers, but
westward-flowing coastal currents also transport sediment from the Ross
Sea and MGP through a trough in the Adélie Bank (Ashley et al., 2021,
Fig. 1C). The deep bathymetric configuration of the Adélie Basin and its
location adjacent to the Adélie Bank on the inner continental shelf down
current of the MGP results in the formation of a sediment drift in the
Adélie Basin (Expedition 318 Scientists, 2011). Detrital sedimentation
largely results from selective deposition of silts and clays, dependent
upon the initial strength of the coastal current as it flows over the
bathymetric depression (Fig. 2 of Johnson et al., 2021), while biogenic
sedimentation is controlled by seasonally productive diatom blooms
that are also advected and concentrated into the drift by these coastal
currents (Ashley et al., 2021; Johnson et al., 2021).

3. Materials and methods

Marine sediment from hole U1357A (66°24.7991’'S, 140°25.5008'E;
Fig. 1C) was collected during the IODP (Integrated Ocean Drilling Pro-
gram) Expedition 318 at a water depth of 1014.8 m below sea level
(mbsl), penetrating to 186 m below sea floor (mbsf) with a core length of
183.87 m. The laminated sediment lies atop a glacial diamict formed
during the LGM (Unit III, 185.60 to 185.71 mbsf). Sediment deposited
just above the diamict has poorly-sorted sand, clay, and silt content
typical of post-glacial retreat, with diatoms composing about 70% of the
sediment (Unit II, 170.25 to 185.60 mbsf), which quickly transitions to a
laminated diatom ooze with an average diatom content of 90% (Unit I,
0 to 170.25 mbsf) (for more detailed information, see Expedition 318
Scientists, 2011 and Ashley et al., 2021). Here, we measured the 10Bereac
abundance, *Beresc abundance, and (1°Be/’Be)eac composition of sedi-
ments above the diamict to ensure the beryllium signal is not affected by
local detrital inputs (Tessier et al., 1979; Bourles et al., 1989). Our
samples were taken from regular intervals of roughly 800 years to gain
insight into the general trend of beryllium isotope variations throughout
the Holocene.

Beryllium isotopes are divided into five major fractions or phases: (1)
the exchangeable phase, (2) the calcium carbonate phase, (3) Fe and Mn
oxyhydroxides, (4) organic, and (5) residual (containing both alumino-
silicates and biogenic opal) (Bourles et al., 1989). Phases 1, 2, and 3 are
of authigenic origin and contain the “reactive” beryllium. The reactive
phase of beryllium was extracted by leaching the sediment with 0.04 M
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Fig. 2. Results from site U1357: A) (*°Be/’Be)reac ratio; B) °Beyeac concen-
tration; C) 9Bereac concentration; D) Al,03/TiO,, E) Fe,03/Al,03, F) biogenic
MAR (g/cmz/yr) and terrigenous MAR (g/cmz/yr) (Ashley et al., 2021); G)
U/Th; H) SiO2/Al;03. The shaded region denotes the late Holocene during
which we see the greatest environmental changes and increases in 10Be,,c and
(loBe/gBe)reac-

hydroxylamine hydrochloride (NH,OH.HC) in 25% acetic acid at 80 °C
for 6 h (Bourles et al., 1989; Sproson et al., 2021a). Leaching for too long
may attack the unwanted detrital phases of beryllium (the organic and
residual phases) (Bourles et al., 1989; Sproson et al., 2021b). The
leachate was dried down in hydrochloric acid (HCl), perchloric acid
(HCIO4), and nitric acid (HNOs), then diluted to 20 ml with MilliQ
water. A 2 ml (10%) aliquot was taken for %Be analysis, and the
remaining 90% of the leached sample was purified for 1°Be analysis via
solvent extraction (Bourles et al., 1989) and precipitation cleaning
(Sproson et al., 2021a). The %Be aliquot was dissolved in 10 ml of 5%
HNOs, then spiked with 1 ppm indium to correct for matrix effects
before analysis by ELEMENT XR inductively coupled plasma mass
spectrometry (ICP-MS) at the Atmosphere and Ocean Research Institute,
The University of Tokyo (Sproson et al., 2021b). All values were
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corrected according to their full chemistry procedural blanks. The
oxidized °Be samples were pressed with pure niobium and analyzed by
accelerator mass spectrometry at MALT (Micro Analysis Laboratory,
Tandem Accelerator), The University of Tokyo (Yokoyama et al., 2019a;
Matsuzaki et al., 2007). The KNB5-2 standard (*°Be/°Be = 8.558 x
10’12) was used to obtain absolute values (Nishiizumi et al., 2007). For a
more in-depth description of analytical procedures, see Sproson et al.
(2021b). We are using an updated age model proposed by Johnson et al.
(2021) which adjusts the modern carbon contamination of the com-
pound specific radiocarbon dating (Yamane et al., 2019) performed by
Yamane et al. (2014). See Johnson et al. (2021) for a detailed
description.

4. Results

The 9Bereac concentrations range from 2.81 + 0.16 to 9.46 + 0.68 x
10'> atoms g~! with an average of 4.55 x 10'° atoms g~'. The con-
centrations of 10BereaC range from 1.02 + 0.1 to 2.98 + 0.3 x 10°® atoms
g~ ! with an average of 2.09 x 10 atoms g~! (Fig. 2C, B, Table 1). The
range of (1°Be/°Be)reqc is 2.56 + 0.34 to 6.14 + 1.06 x 10~ with an
average of 4.81 x 1078 (Fig. 2A, Table 1).

After post-LGM grounded ice retreat, formation of a laminated
sediment drift in the Adélie Basin commenced, preserving a record of
Holocene glacimarine and hemipelagic processes (Expedition 318 Sci-
entists, 2011; Ashley et al., 2021). Previously published shipboard x-ray
fluorescence measurements from hole U1357A show there is a narrow
range of variability of elemental concentrations in the Adélie Basin
(Expedition 318 Scientists, 2011). High SiO5 content (Fig. 3A) combined
with the lithological classification of Unit I as diatom ooze (Fig. 4;
80-99% diatoms, Expedition 318 Scientists, 2011) indicates an abun-
dance of siliceous diatoms. The relationship of SiO; vs. AlyO3 (Fig. 3A)
display a negative correlation, and the higher values of Al,O3

Table 1

Age, depth, and concentrations of %Bereacs *Bereac, and (1°Be/°Be) eqc for Adélie
Basin hole U1357A. All samples are from Unit I (laminated diatom ooze) except
for sample 20H1W-35_37 which is from Unit II (mud-rich diatom ooze).

Core ID: Age Depth 9Bereac 1%Be,cac (*°Be/’Be);eac
U1357A ¥) (m) (105 at (10%atg™h (1079
g™h

1H1W- 243 0.36 4.95 + 3.27 + 6.62 + 1.06
3537 0.64 0.09

2HIW- 817 7.94 4.64 + 2.85 + 6.14 + 1.06
3335 0.50 0.18

3HIW- 1539 17.48 459 + 2.60 + 5.66 + 0.82
37.39 0.50 0.10

4H1W- 2257 26.96 5.99 + 242 + 4.04 + 0.36
3537 0.14 0.16

6HIW- 2984 45.96 6.35 + 2.98 + 4.69 + 0.62
35.37 0.21 0.30

7H3W- 3729 57.81 332+ 1.54 + 4.66 + 0.79
35.37 0.08 0.22

8H3W- 4515 66.84 3.27 + 1.02 + 3.12 + 0.47
37.39 0.19 0.10

9HIW- 5108 74.46 2.81 + 1.60 + 5.71 + 0.52
3537 0.16 0.05

10H1W- 5817 83.98 292 + 1.62 + 5.56 + 0.50
37.39 0.09 0.10

11H1W- 6508 93.45 4.44 + 1.90 + 4.28 + 0.31
3436 0.12 0.09

15H2W- 7481 132.07 3.06 + 1.73 + 5.66 + 0.48
3537 0.12 0.08

16H1W- 8713 140.96 4.43 + 241 + 5.43 + 0.47
3638 0.21 0.09

17H1W- 9392 150.46 419 + 2.09 + 4.99 + 0.44
35.37 0.17 0.10

18H1W- 10018  160.01 4.29 + 210 + 4.89 +0.37
40_42 0.16 0.08

20H1W- 11742 178.96 9.46 + 242 + 2.56 + 0.34
35.37 0.68 0.15
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correspond to samples at the bottom of the core, suggesting increased
terrigenous content shortly after/during grounded ice retreat. The TiO,
vs. AlpO3 and FeyO3 vs. Al,O3 plots (Fig. 3B and C) display a positive
correlation, suggesting these metals are from the same detrital source
(Young and Nesbitt, 1998).

The highest Al;03/TiO5 and Feo03/Al503 ratios (Fig. 2D and E), used
here as an indicator of change in sediment provenance, sorting, or de-
gree of weathering (Young and Nesbitt, 1998), occur at the bottom of the
core, suggesting that higher terrigenous input occurred at this time,
concurrent with the retreat of proximal grounded ice. Excluding the
bottommost sample, which has anomalously high values of gBereaIC and
Aly03/TiOy, the *Beyeqc is not correlated with the Al,O3/TiO5 ratio after
10 ka BP (R = 0.16, p = .169) suggesting 9Beyeac Was not sourced from
local terrigenous export after this time. The 10Be eac values are positively
correlated to *Bereac (R = 0.39, p = .017), and shows no correlation to
the Aly03/TiO; ratio, suggesting it has a similar source and mode of
deposition as the %Bereac:

Biogenic and terrigenous mass accumulation rates (MARs) presented
by Ashley et al. (2021) are correlated (R2 =0.39, p < .001) with highest
values at ca. 8.2 ka BP, a decrease to lowest values from ca. 4.2 to 3.5 ka
BP, followed by an increase from ca. 3.5 ka BP (Fig. 2E and F). The
variations in biogenic and terrigenous MARs broadly covary with the
(10Be/9Be)reaC variations (Fig. 2). The U/Th ratio (Fig. 2G) can be used as
an indicator of bottom water redox conditions (Kumar et al., 1995;
Francois et al., 1997; Gallego-Torres et al., 2007). During the early
through middle Holocene there is an overall increase in U/Th ratios,
followed by a decrease at ca. 4.5 ka BP. Bottom water redox conditions
may indicate variation in seasonal sea ice extent and duration, changes
in ocean current intensity, and levels of productivity (Kumar et al., 1995;
Francois et al., 1997; Gallego-Torres et al., 2007).

5. Discussion
5.1. Comparison of Antarctic beryllium isotope records

In this section we will compare our beryllium isotope data with that
of previously published Adélie Basin °Be to assess differences caused by
different extraction methods - leaching vs. whole rock decomposition
(Fig. 4). We also compare to other sites from the Southern Ocean and
Antarctica to see if the small, semi-enclosed and isolated Adélie Basin’s
(%Be/’Be)yeqc variations are similar to that of Antarctic lakes, sub-ice
shelf/continental shelf, or an open marine environment (Fig. 1A,
Table 2). Determining which environment the Adélie Basin is similar to
may aid in assessing which mechanisms affect beryllium isotope varia-
tions in the Adélie Basin during the Holocene. We compare our data to
lacustrine (1°Be/°Be);eac (Lakes Skallen and Maruwan Oike; Sproson
et al., 2021a), Ross Sea 10B¢/Be (Sjunneskog et al., 2007), Prydz Bay
(mBe/gBe)reac (White et al., 2019), and the (wBe/gBe)reac of a nearby site
offshore Wilkes Land (Valletta et al., 2018) excluding 10Bereac and
%Bereac Of glacial diamict since the sediments analyzed here did not
include diamict (Table 2).

The °Bereac concentrations are lower than offshore Wilkes Land
values of 16.9-27.2 x 10'° atoms g~! but compare well with Liitzow-
Holm Bay lacustrine sediment values of 2.02-17.2 x 10'° atoms g~!
(Table 2). The Adélie Basin °Be,esc concentrations fall below those of
both offshore Wilkes Land (1.3-12.7 x 108 atoms g’l) and Liitzow-Holm
Bay (0.5-13.6 x 10® atoms g_l) (Valletta et al., 2018; Sproson et al.,
2021a). Compared to the previous results from the Adélie Basin, our
10Be,.ac concentrations are roughly half the whole rock 10Be concen-
trations previously recorded (Table 2).

Based on the comparison of the two data sets from the Adélie Basin
using the age model from Johnson et al. (2021), the discrepancy be-
tween the °Beyese and previously measured whole rock 10Be from the
Adélie Basin (Behrens et al., 2019) appears to be due to different
extraction methods (Fig. 4, Table 2). Behrens et al. (2019) used a whole
rock decomposition method to isolate the 10ge (Yokoyama et al.,
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2019a), collecting all phases, i.e., the exchangeable, calcium carbonate,
Fe and Mn oxyhydroxide, organic matter, and detrital phases, from the
sample (Tessier et al., 1979; Bourles et al., 1989). Here, we used a
leaching agent to extract the 10Bereac representing the exchangeable,
calcium carbonate, and Fe and Mn oxyhydroxide phases (Bourles et al.,
1989; Sproson et al., 2021b), which can account for up to 70% of the
1%Be from the sample (Bourles et al., 1989; Wittmann et al., 2012).
However, the 1%Beey values from this study are roughly half the 10ge
from the previous study (Fig. 4), suggesting the leach was more con-
servative, extracting ~50% of the '°Be from the sample. The greatest
discrepancy between the two records occurs at the bottom of the core
from ca. 11.7 to 10 ka BP (Fig. 4). The lowermost sample of the whole
rock 1°Be is much higher than the 10Be cacs likely due to the influence of
continental detritus released through basal erosion during the local
phase of grounded ice retreat from the Adélie Basin (White et al., 2019;
Ashley et al., 2021). The terrigenous debris from erosion may contain
inherited meteoric !°Be from accumulation of cosmogenic nuclides
during the last warm period prior to glaciation (Graly et al., 2018). After
ca. 8.5 ka BP, the two data sets show some agreement in variability,

Table 2
This study and previous studies’ maximum and minimum values 0f'%Be,c,c and
%Beyeac, NOt including values from glacial diamict.

Max'°Be;eac Min'*Be;eac Max Min
9Bereac 9Bereac
(108 atoms (108 atoms (1015 (1015
gD gD atoms atoms
gh g

This study (Holocene, 3.28 £ 0.10 0.78 + 0.08 11.24 + 1.25 +
continental shelf) 0.23 0.06

Sproson et al. (2021a) 13.64 + 0.52 + 0.20 17.18 + 2.02 +
(Holocene, lacustrine) 0.82 0.10 0.01

&Behrens et al. (2019) 7.81 +£1.51 2.31 +£0.12 - -
(Holocene, continental
shelf)

White et al. (2019) 9.86 + 0.23 1.73 +£ 0.05 ~16.9 ~7.9
(core top, open
marine)

White et al. (2019) 11.1 £ 0.29 2.48 + 0.06 ~42.7 ~18.1
(core top, sub-ice shelf)

Valletta et al. (2018) 12.74 + 1.29 + 0.20 27.21 + 16.90 +
(Pliocene, open 0.17 1.54 0.74
marine)

Sjunneskog et al. 17.7 0.28 - -

(2007) (core top,
continental shelf)

2 Note: Behrens et al. (2019)'°Be values are not “reactive” but'°Be from whole
rock decomposition; this study did not analyze °Be.

decreasing to the lowest 1°Be concentrations in the core at ca. 4.5 ka BP
(Fig. 4). From here, both records show an increase in 10Be until 3 ka BP
where there is a small decrease in values before another increase until
the top of the core (Fig. 4). The largely similar trends, particularly after
ca. 8.5 ka BP, suggest the whole rock 1°Be record from the Adélie Basin is
valid, despite the possibility of having been affected by variables which
do not reflect environmental forcing mechanisms, such as particle size
(Wittmann et al., 2012; Simon et al., 2016).

Lakes Maruwan Oike and Skallen °Be,esc and °Beyesc from the Soya
Coast (Sproson et al., 2021a) have similar values to the Adélie Basin
marine samples, but the 10B¢,ac maximum values have higher concen-
trations than the Adélie Basin °Beyeac (Fig. 5, Table 2). Their sediment
leach was 1 h longer than ours, meaning they may have leached up to
10% more '°Be eac and *Bereac from the sediment samples (Simon et al.,
2020). However, this is not enough to account for the difference in
maximum values. A further explanation is that the lakes are closer to the
glacial source and would have had a more restricted catchment area and
higher concentration of beryllium isotopes. The (loBe/gBe)reac of both
the lake records and the Adélie Basin record increase from ca. 4 ka BP
and again from ca. 2.5 ka BP (Fig. 5), perhaps indicating similar timing
of retreat and related mechanisms, such as increased terrigenous sedi-
mentation and productivity, in both study sites. However, in this lake
study, the Al;03/TiO3 and 9Beyeqc are correlated (Sproson et al., 2021a),
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Fig. 5. Adélie Basin (1°Be/°Be);csc (this study), Lake Skallen and Lake Mar-
uwan Oike (1°Be/’Be)eac (Sproson et al., 2021a). The shaded region denotes
the late Holocene during which we see the greatest environmental changes and
increases in '°Be;eac and (*°Be/’Be)reac.

as opposed to our study (after 10 ka BP), suggesting a non-terrestrial
source for °Beres in the Adélie Basin during the middle and late
Holocene.

Data from Prydz Bay (White et al., 2019) and the Ross Sea (Sjun-
neskog et al., 2007) also show a greater range of values than the 10Be,cac
and °Beyeac from the Adélie Basin (Table 2). In these studies, core top
sediment at varying distances from the coast was analyzed to assess the
relationship between beryllium isotope concentrations and depositional
environment. Prydz Bay (‘°Be/°Be)ieac show higher values in open
marine core tops than sub-ice shelf core tops (White et al., 2019), largely
due to the higher contribution of 9Bereac in the sub-ice shelf environment
(Table 2). Data from the Ross Sea shows increasing meteoric 10Be with
open water conditions (Sjunneskog et al., 2007). In a separate Ross Sea
study, a change in sediment supply from deglaciation and concurrent
increases in diatom productivity and meteoric °Be (Yokoyama et al.,
2016), similar to the resemblance between (1°Be/’Be)eac and biogenic
and terrigenous MAR trends in the Adélie Basin (Fig. 2A, E), suggest
there may be a relationship between increasing productivity and/or
sediment supply and beryllium scavenging.

Wilkes Land Pliocene °Beyeac and “Bereqc (Valletta et al., 2018) have
a greater range of values than the Adélie Basin, as expected (Table 2). As
they were evaluating Be isotope variability across glacial-interglacial
cycles, there would have been greater variability in maximum and
minimum ice extent, hence greater variability in melting and basal
erosion during the transition from glacial to interglacial conditions.
Furthermore, they used a stronger leach, extracting a higher percentage
of 1%Be;eqe and °Beyene from the samples (Bourles et al., 1989; Simon
et al., 2020; Sproson et al., 2021b).

Considering the maximum and minimum values of both 1086, eac and
9Bereac, the above comparisons demonstrate beryllium variations in the
Adélie Basin most closely resemble that of the lake environment, though
with lower maximum values (Table 2; Fig. 5). The lower maximum
values may be due to its more exposed environment, open to influences
such as ocean currents and changes in sea ice extent and primary pro-
ductivity in addition to glacial advance and retreat, whereas lacustrine
sediments are closer to the glacial source with restricted influence from
oceanic mechanisms. The Adélie Basin °Berese and “Beresc are also
similar to those of Prydz Bay open marine core top 10Be cac and *Bereac
values (Table 2), which suggests the basin was not a sub-ice shelf
environment during the Holocene.
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5.2. The 1°Beyoqe vs. “Bereqc relationship

The (°Be/’Be)eac is a more dependable proxy than °Be used
without a normalizing isotope. The relationship between relative
10Be eqc and “Beyeae can be interpreted as follows: (1) a 1:1 relationship
(gray dotted line in Fig. 6) between the relative values signifies the
(*°Be/?Be) eqc variability is largely controlled by extraction efficiency,
scavenging rates, and/or dilution; (2) if the slope is less than one,
additional variability in (1°Be/°Be)yeac reflects an additional input of
10Be eac (Von Blanckenburg et al., 2015), possibly due to variations in
freshwater input (Simon et al., 2016; Valletta et al., 2018; Sproson et al.,
2021a); and (3) a relationship greater than one is caused by additional
%Bereac input relative to 10Be eacs possibly from additional weathering as
discussed below. The relationship of relative 10Be eac VS. “Bereac for
different locations around East Antarctica at sites in the Adélie Basin
(this study), Wilkes Land (Valletta et al., 2018), and Lakes Skallen and
Maruwan Oike (Sproson et al., 2021a), are displayed in Fig. 6. Only
Wilkes Land displays a slope less than one, from which we can infer
additional °Beyeqc variability relative to %Bereac (Von Blanckenburg
et al., 2015), possibly due to meltwater-derived 10Be e input (Valletta
et al., 2018).

The sample from the bottom of the sediment core measured here
displays a >1:1 relationship suggesting additional °Be input when
compared to the rest of the core (Fig. 6, red square), indicative of greater
subglacial input during early Holocene grounding line retreat. Subse-
quently, the Adélie Basin relative 10Be eac VS. “Bereac is very nearly in line
with the 1:1 trendline ca. 10 ka BP, demonstrating glacial retreat was not
the primary mechanism controlling 1986, e and °Beyeqc variations dur-
ing the Holocene. Rather, the 10Be eac VS. *Bereac Were also controlled by
changes in scavenging and/or dilution from the early Holocene. We
have ruled out changes in extraction efficiency since all samples were
consistently leached for 6 h, and there was no change in the strength of
the leaching agent while performing the experiments.

The trend from the Wilkes Land beryllium data (Valletta et al., 2018)
connects two main clusters (Fig. 6); these indicate the glacial periods
when there was little °Bereac transported offshore, and tran-
sition/interglacial periods when there was increased offshore transport
of 1%Beyeac and “Beyeac, interpreted to be sourced from meltwater and
basal erosion, respectively, and delivered to the deep ocean via Antarctic
Bottom Water (Valletta et al., 2018). Yet the high beryllium isotope

2517
2.0 " s
*  Wilkes Land
£ 1.5 .
o A > O« % L. Maruwan Oike
& . “gre Kall
107 7. s % 40y eb8 ° T bslalen
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Fig. 6. Normalized “Be;esc VS. °Bereqe from this study (red symbols), Wilkes
Land (blue circles, Valletta et al., 2018), and Lakes Skallen (green crosses) and
Maruwan Oike (purple crosses), Lutzow-Holm Bay (Sproson et al., 2021a). The
gray dotted line denotes a slope equal to one. A trendline less than one, for
example, the Wilkes Land trendline (blue), suggests additional meteoric 10Be
was provided by glacial melt. The red square outlier represents the bottom-most
sample of U1357A where the highest amount of °Be was measured, corre-
sponding to high amounts of terrigenous input. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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concentrations occur during periods of high productivity, indicated by
the opal and Ba/Al data in Valletta et al. (2018), suggesting higher
beryllium concentration may be due to greater scavenging of available
beryllium.

5.3. Holocene ice sheet dynamics inferred from ( 1033/9Be)mc

In the early Holocene, the (loBe/gBe)reac values increase sharply
from ca. 11.5 to 10 ka BP corresponding with deglaciation from Terre
Adélie continental shelf (Mackintosh et al., 2014) and decreasing 9Bereac
(Fig. 2). Since Bereac is released to the reactive phase through weath-
ering and leaves the weathering zone by erosion, high values of *Beyeac
reflect periods of increased basal erosion (White et al., 2019; Sproson
et al., 2021a). The highest 9Bereac value occurs at the bottom of the core
(Fig. 2C) concurrent with the timing of proximal grounded ice retreat
and a higher percentage of sand, silt, and clay in hole U1357A-Unit II,
and the presence of ice rafted debris (Ashley et al., 2021, Fig. 4).
Additionally, the Al,03/TiOj3 ratio, an indicator of detrital input (Min-
yuk et al., 2014), is at its peak (Fig. 2D), and U/Th, an indicator of
oxygenation (Kumar et al., 1995; Francois et al., 1997; Gallego-Torres
etal., 2007), is at its lowest at the bottom of the core (Fig. 2G) indicating
high detrital input and well oxygenated conditions (low U/Th) due to
glacial retreat. Core MD03-2601, extracted from the continental shelf in
this region (Fig. 1C), contains a record of Holocene glacial retreat
following the LGM. Detrital proxies such as aluminum, thorium-232
content and lithic grain percentage from MD03-2601 show peaks in
the early Holocene, supporting increased bedrock erosion due to glacier
retreat (Denis et al., 2009). Furthermore, the TiO, vs. Al,O3 and Fe;O3
vs. AlyOg relationships show no change in sediment source (Young and
Nesbitt, 1998, Fig. 3B and C).

Between 11.4 and 8.5 ka BP, the U-shaped bathymetric trough of the
Adélie Basin is interpreted to have been characterized by a calving bay
re-entrant glacial system, whereby seasonally open water existed in the
trough, but ice was still grounded on the shallower banks around the
Adélie Basin (Leventer et al., 2006; Expedition 318 Scientists, 2011,
Fig. 7). By ca. 8 ka BP, sedimentary data suggests most of this residual
ice sheet had disappeared due to melt, connecting the Adélie Basin to the
Adélie Depression via a small chasm along the Adélie Bank and opening
the basin to advection of particles via the ACC. This is supported by
increases in biogenic and terrigenous MARs at 8 ka BP (Ashley et al.,
2021, Fig. 2E and F).

The uniform (*°Be/°Be)reac from ca. 8.5 to 5 ka BP indicates stable
conditions during the middle Holocene (Fig. 2A, Table 1). There is less
input of sand and ice rafted debris, suggesting local terrigenous sedi-
ment supply is restricted (Ashley et al., 2021; Johnson et al., 2021),
while 1°Be,, decreases until ca. 4.5 ka BP to its lowest concentration in
the core of 1.02 + 0.1 x 10° atoms g’1 (Fig. 2B, Table 1). The “Bereac
remains consistently low until ca. 3.7 ka BP, decreasing to 3.32 + 0.08
x 10'® atoms g~! (Fig. 2C, Table 1). Detrital proxies from hole
MDO03-2601 in the Dumont D’Urville Trough also show a general
decreasing trend in terrigenous supply until 4.5 ka BP (Denis et al.,
2009; Ashley et al., 2021), and low variation in Chaetoceros resting spore
(CRS) abundance in MD03-2601 suggests limited water stratification
and decreased melt rates/basal erosion due to limited glacial activity
(Denis et al., 2009). Since glacial activity was limited from ca. 8.5 to 4.5
ka BP, it is likely another mechanism was responsible for the small
variations in the beryllium isotopes during this time.

Similarity between the (°Be/’Be),eac and biogenic and terrigenous
MAR trends (Fig. 2) suggest productivity and scavenging may be related
to variations in °Bereac and *Beyeac from ca. 8.5 ka BP (Fi g.7). The U/Th
values were higher during the middle Holocene (Fig. 2G), indicating
increased productivity and an increased supply of organic matter
(Kumar et al., 1995; Francois et al., 1997; Gallego-Torres et al., 2007).
However, the biogenic and terrigenous MARs are not solely a function of
productivity but also represent an indication of current strength and
sediment advection to the site (Johnson et al., 2021), including the
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increase of 1°Beyeae and “Beyeqe at ca. 8 ka BP (Fig. 2B and C) corre-
sponding to the start of particle advection via the ACC into the Adélie
Basin (Fig. 7) and subsequent increases in biogenic and terrigenous
MARs (Fig. 2; Ashley et al., 2021). During the middle Holocene from ca.
8 to 4.5 ka BP, the biogenic and terrigenous MARs are relatively high
(Fig. 2F), indicating a stronger ACC and reduced influence of coastal sea
ice coverage (Johnson et al., 2021). The advection of particles to the
Adélie Basin would have supplied additional particles for the scavenging
of loBere.clc and 9Bereac (Fig. 7). Furthermore, the 9Bere-clc vs. 10Bereac
relationship is 1:1 indicating scavenging/dilution are primary processes
acting on (loBe/gBe)reac during this time, rather than glacial processes
affecting 10Be eac OF “Bereac (Fig. 6).

Environmental conditions began to cool in the late Holocene (from
4.5 ka BP), as indicated by an increase in F.curta sea ice diatom percent
from core MD03-2601 (Renssen et al., 2005; Crosta et al., 2007; Denis
et al., 2009), and Adélie Basin beryllium isotopes are at their lowest
values (Fig. 2, Table 1) corresponding to the sudden increase in coastal
sea ice observed in diatom and organic biomarker proxies (Crosta et al.,
2018; Ashley et al., 2021; Johnson et al., 2021). However, both
(*°Be/’Be)seqc and *Beeac begin to increase from ca. 4.5 to 3 ka BP and
again from ca. 2.2 ka BP, and 9Bereac values increase as well at ca. 3.7 ka
BP before decreasing again (Fig. 2). One possible explanation for
increasing (1°Be/°Be)reac during the late Holocene may be that the
greater sea ice extent acted as an insulator, allowing subsurface water
temperatures to increase due to enhanced Southern Ocean stratification
(Crosta et al., 2007, Crosta et al., 2018; Silvano et al., 2018; Sadai et al.,
2020). Basal melting due to warmer subsurface water may have
contributed to the increase in beryllium isotopes during this period.
However, occurrences of high terrigenous input at site MD03-2601
along with lower CRS abundances suggest episodes of ice advance
were more probable than retreat (Denis et al., 2009).

Another explanation for increasing beryllium isotope values from 4.5
ka BP is that ice retreat in another location rather than local retreat
influenced beryllium concentrations in the Adélie Basin. A decrease in
ice core 8'80 around Antarctica (Masson et al., 2000) and warmer
subsurface water corresponds to the thinning of several ice shelves
around the continent, including the Ross Sea Ice Shelf (Yokoyama et al.,
2016; Ashley et al., 2021). Beryllium isotope records from the Ross Sea
show ice retreat and meltwater influx during the middle to late Holo-
cene, corresponding to ongoing retreat of grounded ice sheet systems in
the Ross Sea which peaked at ca. 4 ka BP (Yokoyama et al., 2019b) and
development of the large modern Ross Ice Shelf cavity (Yokoyama et al.,
2016; Mckay et al., 2016). The Adélie Basin lies along the path of the
ACC which flows past the Ross Sea as it circulates west around the
continent. Compound specific deuterium isotopes at the Adélie Basin
Site U1357 have been interpreted to suggest meltwater input sourced
from the Ross Sea peaked at ca. 4.5 ka BP before gradually decreasing
and stabilizing by ca. 3 ka BP (Ashley et al., 2021). The increase in
(10Be/9Be)reaC (Fig. 2A) may be indirectly due to supercooled water
masses that circulate beneath the Ross Ice Shelf and are subsequently
advected into the Adélie Land region (Ashley et al., 2021). However, as
above, the 1:1 relationship between 10Be,eac VS. “Bereac indicates scav-
enging efficiency has more of an effect on (1°Be/°Be);eqc variation dur-
ing the late Holocene, as opposed to glacial processes (Fig. 6).

A third possibility is that 10Bereac and 9Bereac variations are a function
of scavenging efficiency and dilution, as indicated by the 1°Bejeac Vs.
“Bereac relationship (Fig. 6), as well as biogenic and terrigenous MARs
(Fig. 2F). Though meltwater input sourced from the Ross Sea may not
have contributed to beryllium variations in the Adélie Basin, these
supercooled waters from the Ross Sea are proposed to have triggered
increased coastal sea ice coverage from ca. 4.5 ka BP (Ashley et al.,
2021; Crosta et al., 2018). Enhanced coastal sea ice and longer seasonal
sea ice duration could have led to a background decrease in current
strength and accumulation in the Adélie Basin (Johnson et al., 2021),
supported by low biogenic and terrigenous MARs from ca. 4.5 to 2.2 ka
BP (Fig. 2F). The relatively low (loBe/QBe)reac values from ca. 4.5 to 2.2
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Fig. 7. Schematic of mechanisms affecting Be variations in the Adélie Basin.
From ca. 11.7 to 10 ka BP: Deglaciation from the continental shelf and for-
mation of U-shaped calving bay. Detrital input and meltwater from glacial
retreat are main factors affecting variations of 9Beeac and °Be;eac, respectively.
From ca. 10 to 8.5 ka BP: '%Be,.,. variations largely affected by meltwater input
from ice sheet retreat and icebergs; “Beye,c variations were caused by terrige-
nous debris from basal melt and ice rafted debris. From ca. 8.5 to 4.5 ka BP: the
residual ice on the Adélie Bank retreats by ca. 8 ka BP allowing the wind-driven
ACC to connect the Adélie Basin to the Adélie Depression. Increased influence
from the Ross Sea via the ACC results in increasing biogenic and terrigenous
MARs. Limited glacial activity suggests biogenic and terrigenous material
advected by the ACC may be a factor in Be isotope variations. From ca. 4.5 to
2.2 ka BP increased sea ice coverage results in weaker ACC, decreased biogenic
and terrigenous MARs, and lower Be isotope values. From ca. 2.2 ka BP,
increasing biogenic and terrigenous MARs indicate stronger ACC and reduced
seasonal sea ice extent. The °Beese and “Beyene iS scavenged by particles
advected by the ACC and transported to the Adélie Basin. Base map bathymetry
is from the IBCSO elevation model (Arndt et al., 2013). Early Holocene
grounding line is based on Mackintosh et al. (2014) model output, and modern
groundling line is from the MEaSUREs Antarctic Boundaries program (Rignot
St al., 2013; Mouginot et al., 2017).

<

ka BP (Fig. 2A) may also reflect decreased productivity and particle
availability due to the sudden intensification of coastal sea ice from ca.
4.5 ka BP. Advection of biogenic and terrigenous particles via the ACC
would have been hindered until current speed increased again from ca.
2.2 ka BP, as indicated by increasing biogenic and terrigenous MARs
(Johnson et al., 2021, Fig. 2). Increases in both biogenic/terrigenous
MARs from 2.2 ka BP suggest a stronger current passing through to the
Adélie Basin and an increase in 10Bereac and 9Bereac scavenging particles
(Fig. 7). The greater increase in 10Be,eac and relatively lower 9Beeqc from
ca. 2.2 ka BP (Fig. 2B and C), resulting in increasing (1()Be/9Be)reac
(Fig. 2A), may signify additional meteoric °Be input from episodes of
melting sea ice (Frank et al., 2009).

5.4. Synthesis

During the early Holocene, from ca. 11.7 to 10 ka BP, deglaciation
from the continental shelf and formation of a U-shaped calving bay, from
which icebergs break off, seem to be the main mechanisms affecting
10Be eqc and “Berege in the Adélie Basin through meltwater and basal
erosion, respectively (Fig. 7). After 10 ka BP, the mechanisms affecting
beryllium isotopes shift from glacially-driven variations to current-
driven variations. Comparisons to lake, continental shelf, and open
ocean beryllium isotope records from around Antarctica demonstrate
the Adélie Basin beryllium isotope variations are similar to that of a
lacustrine setting, though with smaller maximum values due to its more
open environment and larger (diluted) catchment. This allows the ACC
to influence beryllium isotope variations in the basin through changes in
current strength and particle advection. The correlation between the
Adélie Basin biogenic and terrigenous MARs with beryllium isotopes
may indicate beryllium isotope concentrations also vary due to changes
in current strength and particle advection (Bahr et al., 2014; Rebesco
et al., 2014). Particularly for the middle and late Holocene, changes in
glacial melt and basal erosion seem to have less of an effect, as indicated
by the 10Be cac VS. “Bereac relationship (Fig. 6). By ca. 8 ka BP, the re-
sidual ice on the Adélie Bank retreats, allowing the wind-driven ACC to
influence the Adélie Basin resulting in increasing biogenic and terrige-
nous MARs (Fig. 7). Limited glacial activity in the middle and late Ho-
locene and the °Bejese vS. *’Beyeqc relationship suggests biogenic and
terrigenous material advected by the ACC may lead to variations in
beryllium isotopes. From ca. 4.5 to 2.2 ka BP increased sea ice coverage
results in weaker ACC, decreased biogenic and terrigenous MARs, and
lower beryllium isotope values (Figs. 2 and 7). From ca. 2.2 ka BP,
increasing biogenic and terrigenous MARs indicate stronger ACC and
reduced seasonal sea ice extent allowing for increased scavenging and
deposition of 1OBereac and 9Bereac in the Adélie Basin (Fig. 7).
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6. Conclusion

In a previously published study of '°Be from the Adélie Basin,
meltwater and glacial retreat is postulated as the main mechanism for
variations in °Be during the Holocene. Our (1°Be/°Be)eac data also
indicate increased subglacial discharge immediately following grounded
ice retreat at ca. 11.7 ka BP from the Adélie Basin continental shelf until
ca. 10 ka BP. However, our data demonstrate glacial retreat, meltwater,
and basal erosion are not solely responsible for variations in 1086 eacs
%Bereac, and (1°Be/*Be)reac following this episode of grounded ice retreat,
after ca. 10 ka BP. Changes in the strength of the ACC, which passes
through the Ross Sea, are suggested to be largely responsible for changes
in biogenic and terrigenous MARs in the Adélie Basin. The similarity
between Adélie Basin biogenic and terrigenous MARs and the
(1°Be/°Be)reac curve suggest changes in availability of scavenging par-
ticles, controlled by biological productivity, and accumulation rate,
dependent upon current strength, are significant additional controls on
10Bereac and 9Bereac variations which need to be considered in future
studies in addition to glacial dynamics.

Overall, the current (loBe/gBe)reac data set from the Adélie Basin is
controlled by scavenging efficiency and the influence of the high *Be eac
at the bottom of the core, but with a higher resolution data set and
integration with a broad multiproxy dataset, it may be possible to better
constrain the influence of climatic, cryosphere, and oceanographic
mechanisms on beryllium isotopes throughout the Holocene. Though we
have improved upon the Adélie Basin whole rock '°Be record with
(loBe/QBe)reac ratios, higher resolution records of (10Be/9Be)reac from the
Southern Ocean would improve estimates of the timing of LGM ice
retreat and variations in other processes which may affect the
(*°Be/’Be)yeqc Of sediments.
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