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Constraining East Antarctic Ice Sheet (EAIS) evolution during the Holocene is important for exploring the
forcing mechanisms behind ice sheet retreat and to constrain numerical ice sheet models that aid
predictions of future sea-level rise. Beryllium (Be) isotope analysis of bedrock and marine sediments have
offered unparalleled insight into Antarctic ice sheet history since the Pliocene, but much of EAIS remains
poorly studied. Here, we report the reactive (authigenic) '°Be abundance, °Be abundance and '°Be/’Be
ratios of Antarctic lake sediments, for the first time, from Lake Maruwan Oike and Lake Skallen along
Soya Coast of Liitzow-Holm Bay, East Antarctica. Beryllium isotope records reveal melting of local glaciers
associated with higher subglacial erosion between ~4.1 and ~3.6 ka BP. Comparison to marine records
from the Antarctic continental shelf suggests this was part of a circum-Antarctic phenomena that led to
widespread glacial discharge from other sectors of the East and West Antarctic Ice Sheet. We suggest the
incursion of relatively warm Circumpolar Deep Water (CDW) into Liitzow-Holm Bay during the Late
Holocene led to frontal and basal melting of ice sheets along the Soya Coast, supporting the notion of
Antarctic ice sheet instabilities as a contributor to global sea-level rise since the Mid Holocene.
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1. Introduction

The EAIS is the largest continental ice sheet on Earth, with a
volume equivalent to ~53 m in mean sea-level spanning a vast
continental area from ~45°W to ~168°E (Fig. 1A) (Fretwell et al.,
2013; Lythe and Vaughan, 2001). The EAIS responds to feedbacks
associated with changing ice elevation, planetary albedo and at-
mospheric circulation (DeConto and Pollard, 2016; Pollard and
DeConto, 2009) and can strongly influence global sea-level,
oceanic temperature and circulation (Flower and Kennett, 1994).
Although the EAIS is considered to be relatively stable when
compared to the West Antarctic and Greenland Ice Sheets, its
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retreat history since the Last Glacial Maximum (LGM) suggests
deglacial pulses from the Lambert/Amery glacial system, ~18 kyr
ago, and in Mac. Robertson Land, ~14 kyr ago, followed by more
widespread recession between ~12 kyr and 6 kyr ago (Mackintosh
et al., 2014). However, the evolution of the EAIS during the Mid (8.2
ka BP to 4.2 ka BP) and Late (4.2 ka BP to present) Holocene, and its
potential contribution to global sea level is not well constrained
(Gehrels, 2010). Diatom oxygen isotope records (8'®Ogiatom) Suggest
an increase in glacial discharge from Prydz Bay and Adélie Land
since ~4.5 ka BP (Crespin et al., 2014; Crosta et al., 2018), but vast
areas of East Antarctica remain poorly studied. Further contribu-
tions are required to determine the evolution of the EAIS during the
Holocene and the mechanism by which it changed, such as
atmospheric-driven melting, ocean-driven melting, ice sheet in-
stabilities and/or ice shelf instabilities, if we are to better constrain
the numerical modelling of its response to present-day and future
climatic change (Bentley et al., 2014; DeConto and Pollard, 2016;
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Fig.1. (A) Map of Antarctica displaying the location of EDML (EPICA Dronning Maud Land) and DF (Dome Fuji) ice core drilling sites (Masson-Delmotte et al., 2011) and JPC24 (Prydz
Bay), MD03-2601 (Adélie Land), U1357A (Adélie Land), TCO4 to KC11 (Ross Sea) and ODP 1098 (west Antarctic Peninsula) marine sediment cores (Behrens et al., 2019; Crespin et al.,
2014; Crosta et al., 2018; Pike et al., 2013; Yokoyama et al., 2016) relative to Liitzow-Holm Bay, Dronning Maud Land (red square). (B) Ice velocity (Mouginot et al., 2012; Rignot et al.,
2011), satellite imagery (Bindschadler et al., 2008), radiocarbon dates and total cosmogenic nuclide (TCN) dates (Kawamata et al., 2020; Mackintosh et al., 2014; Yamane et al., 2011)
for Liitzow-Holm Bay. (C) Location of Lake Maruwan Oike and Lake Skallen (red squares) along the Soya Coast. Maps were made using Quantarctica from the Norwegian Polar
Institute (Matsuoka et al., 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Mackintosh et al., 2014).

The cosmogenic isotope °Be is produced by the interaction of
cosmic rays with oxygen and silicon in silicate minerals at the
Earth’s surface (“in situ” production), or oxygen and nitrogen in the
atmosphere (“meteoric” production), which subsequently deposits
to the Earth’s surface via precipitation or dust (Lal, 1991;
Willenbring and von Blanckenburg, 2010). In-situ 1°Be is produced
in glacial erratics and bedrock after the retreat of overlying ice,
allowing calculated exposure ages to determine past ice sheet

elevations and the timing of deglaciations (e.g., Johnson et al., 2014;
Jones et al., 2017; Kawamata et al., 2020; Lilly et al, 2010;
Mackintosh et al., 2014; Nishiizumi et al., 1991; Small et al., 2019;
Spector et al,, 2017; Yamane et al., 2015; Yamane et al., 2011).
Meteoric '°Be is deposited to marine sediments directly from the
atmosphere after ice shelf retreat, which has been utilised to
constrain the timing of the Ross Ice Shelf collapse (Scherer et al.,
1998; Sjunneskog et al., 2007; Yokoyama et al., 2016), or from
Antarctic meltwater during warming events, revealing periods of
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high meltwater discharge from the Wilkes subglacial basin
(Behrens et al., 2019; Valletta et al., 2018). Together these applica-
tions of the Be isotope system have provided unparalleled insight
into Antarctic ice sheet history since the Pliocene.

When meteoric °Be is normalised to the stable isotope “Be,
released from silicate minerals during weathering, the resulting
10Be/?Be ratios of the reactive (authigenic) phase of fluvial and
marine sediments reflects the ratio of freshwater inputs to silicate
weathering flux, and has been used to quantify runoff, erosion rates
and denudation on both a regional and global scale (Rahaman et al.,
2017; von Blanckenburg and Bouchez, 2014; Von Blanckenburg
et al., 2015; von Blanckenburg et al., 2012; Wittmann et al., 2012).
When applied to lacustrine sediments, from Laguna Potrok Aike
(Argentina) and Lake Hovsgol (Mongolia), the authigenic 1°Be/’Be
record has been used to reconstruct local hydrological conditions
and climate induced variations in runoff and sediment input since
the LGM (Choi et al., 2014; Kim et al., 2012). Despite this potential,
Antarctic authigenic '°Be/’Be records remain sparse, having only
been applied to marine sediments from the Ross Sea (Sjunneskog
et al., 2007), offshore Wilkes Land (Valletta et al., 2018) and Prydz
Bay (White et al., 2019), and have yet to be measured in Antarctic
lake sediments.

We report '°Be abundance, °Be abundance and '°Be/°Be ratios
for the reactive phase of sediments from Lake Maruwan Oike
(sample code: Mw5S) and Lake Skallen (sample code: Sk5S) posi-
tioned along the Soya Coast of Liitzow-Holm Bay (Fig. 1), East
Antarctica, to test the applicability of Be isotopes as a proxy for
meltwater discharge and subglacial weathering since the Mid Ho-
locene. Beryllium isotope records are combined with major
element abundances from the literature and a new age-depth
model to explore the sources and timing of Be input to the Soya
Coast. Finally, the 1°Be/°Be ratios from Lake Maruwan Oike and Lake
Skallen are compared to Mid-to-Late-Holocene paleoclimatic re-
cords from the Southern Hemisphere to explore potential envi-
ronmental implications.

2. Regional setting

Liitzow-Holm Bay (Fig. 1B) is a discharge point for one of East
Antarctica’s major drainage basins (Anderson et al., 2002; Rignot
et al., 2013) which includes the Shirase Glacier and a number of
smaller glaciers (Miura et al., 1998; Verleyen et al., 2017). Several
islands and ice-free peninsulas are situated within the bay,
composed primarily of granites, metabasites, and gneisses with
beds of marble and quartzite (Tatsumi and Kizaki, 1969). Carbon-14
ages of fossil shells in raised beaches can be divided into either pre-
LGM (33—40 ka BP) or Holocene (<7 ka BP) ages (Mackintosh et al.,
2014; Miura et al., 1998; Takada et al., 2003) and suggest the EAIS
retreated to the Ongul Islands and northern Langhovde by 30—46
ka BP with subsequent post-LGM retreat to Skallen and Skarvsnes
during the Holocene (Fig. 1B). These interpretations are supported
by 26Al and '°Be exposure ages of glacial erratics (Kawamata et al.,
2020; Yamane et al., 2011) which suggest the Skallen and Skarvsnes
peninsula became ice-free between 10 and 5 ka BP (Fig. 1B).

Sawagaki and Hirakawa (1997) have described the evidence of
past sub-glacial meltwater flow channels and erosional bedforms at
Rundvagshetta and Skallen. After the ice-retreat events of the Ho-
locene, a number of freshwater and saline lakes became situated on
ice-free peninsulas along the Soya Coast (Imura et al., 2003; Kudoh
and Tanabe, 2014). Lake Maruwan Oike (hereafter L. Maruwan
Oike) is situated on Rundvagshetta (Fig. 1C), a rock headland at the
southwest margin of the Rundvag Glacier (Takano et al., 2015). Lake
Skallen (hereafter L. Skallen) is 1180 m long and situated in central
Skallen (Fig. 1C), a 14.1 km? ice-fee coastal area of rocky hills close
to the Skallen Glacier (Takano et al., 2012). Both lakes are marine
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relict lakes fed by meltwater from a relatively large catchment of
snow and ice located on the coastal side of their respective pen-
insulas (Kudoh and Tanabe, 2014). Lakes Maruwan Oike and Skallen
are separated from the open ocean by sills (outflow points) with
respective heights of 8 m (Institute, 1984) and 9.64 + 0.02 m above
mean sea level (AMSL), having been isolated by glacio-isostatic
uplift at 3471 + 90 cal yr BP and 2940 + 100 cal yr BP, respec-
tively (Takano et al., 2012, 2015). Prior to isolation, sediments from
L. Maruwan Oike and L. Skallen record marine conditions extending
back to 6010 + 140 cal yr BP and 5295 + 133 cal yr BP, respectively
(Takano et al., 2012, 2015). Both lakes have a reported ice-thickness
of <2 m.

3. Material and methods
3.1. Core sampling and description

Sediments were collected using push-type corers (diameter, <
8 cm) during the 47th Japanese Antarctic Research Expedition
(JAREA47; from December 2005 to January 2006 for the field survey).
The corer equipped with a core-catcher is believed to have pene-
trated to the bedrock of L. Skallen and 156 and 360 cm of core were
recovered from lakes Maruwan Oike and Skallen, respectively. The
cores were cut into 3—10 cm intervals and stored at 0 to 4 °C for
geochemical analysis (Shiraishi, 2007; Takano et al, 2010)
and —20 °C for microbiological analysis (Watanabe et al., 2013).
Both cores generally consist of a laminated microbial mat with silt
and clay layers interspersed with thicker layers of aluminium-rich
mud or fine sand (see Fig. 2; Takano et al., 2015; Takano et al.,
2012). We selected samples every 4 to 20 and 10 to 40 cm,
equating to an average of a sample every 300 and 370 cal yr BP, in
lakes Maruwan Oike and Skallen, respectively (Table 1).

3.2. Beryllium isotope analysis

The technique for separation of reactive Be from sediments is
based on Bourles et al. (1989). In brief, ~0.1 g of dried and crushed
sediment was leached using 2 ml of 0.04 M hydroxylamine hy-
drochloride (NH,OH—HCI) in 25% acetic acid for 7 h at 80 °C. The
resulting leachate was dissolved in 14 N HNOs3 + 12 N HCIO4 (4 ml:
2 ml), evaporated to dryness, and then dried to ~1 ml using 14 N
HNOs3 + 9 N HCI (4 ml: 2 ml). The resulting solution was diluted to
20 ml using deionized (Milli-Q™) water, of which a 2 ml aliquot
was sampled for the measurement of reactive °Be abundance. The
remaining solution was spiked with 1 ml of a 0.097 mg/ml °Be
carrier in order to accurately determine °Be sample concentrations
from the measured '°Be/°Be ratios. Beryllium was purified using
two solvent extractions of acetylacetone in the precedence of EDTA
(Bourles et al., 1989) followed by the precipitation of Be(OH), with
NH4 (Kohl and Nishiizumi, 1992). The resulting hydroxide was dried
in a quartz vial and converted to BeO using a microwave ceramic
crucible for 5 min (Yokoyama et al., 2019¢). The BeO powder was
mixed with niobium (Nb) and inserted into a copper cathode ready
for the measurement of reactive 1°Be abundance (Yokoyama et al.,
2019¢).

The reactive °Be abundances were measured by a National
Electrostatic Corporation (NEC) accelerator mass spectrometer
(AMS), of 5 MV terminal voltage, at the University of Tokyo (UTo-
kyo), Micro Analysis Laboratory, Tandem accelerator (MALT)
(Matsuzaki et al., 2007). Absolute values were obtained using the
KNB5-1 standard ('°Be/’Be = 2.997 x 10~'; Nishiizumi et al., 2007)
with a typical beam current of 2—5 pA (°Be’®0~; Yokoyama et al.,
2019c). The natural authigenic ®Be abundances were measured
using a Thermo® ELEMENT XR high resolution inductively coupled
plasma mass spectrometer (HR-ICP-MS) at the Atmosphere and
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Fig. 2. The reactive °Be abundance, '°Be abundance and '°Be/°Be ratios (this study) alongside lithological descriptions, Al,03/TiO, ratios and SiO,/TiO ratios (Takano et al., 2012,
2015) for Lake Maruwan Oike (A) and Lake Skallen (B). Diagram of Al,03 vs. SiO5 (C), Al,05 vs. Fe;03 (D) and Al,O3 vs. TiO, (E) for Lake Maruwan Oike (Takano et al., 2015) and Lake
Skallen (Takano et al., 2012).
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Ocean Research Institute (AORI), UTokyo, after spiking with 5 ul of
indium (1 pg/g) solution to correct for matrix effects (Knudsen
et al., 2008; Sproson et al., 2021). The calculated authigenic °Be,
19Be and 1°Be/?Be ratios (Table 1) for L. Maruwan Oike and L. Skallen
are presented in Fig. 2 along with bulk major element profiles (SiO»,
Al,03, Fe;03 and TiO,) previously determined using X-ray fluo-
rescence by Takano et al. (2015) and Takano et al. (2012),
respectively.

3.3. Age-depth model

Four samples from L. Skallen, at a mid-depth of 215, 255, 295
and 335 cm, were chemically prepared for radiocarbon (14C) mea-
surement of organic carbon following procedures presented pre-
viously (Yokoyama et al., 2007). The ratio between C/>C was
quantified using Accelerator Mass Spectrometry (AMS) at the
University of Tokyo (Yokoyama et al., 2019b) and final radiocarbon
ages are presented in Table 1. New radiocarbon ages were compiled
with ages previously obtained from L. Maruwan Oike (Takano et al.,
2015) and L. Skallen (Takano et al., 2012) sediments. Previously,
radiocarbon ages were converted to calendar ages using the cali-
bration program Calib Rev (Stuiver et al., 1998) and the Marine09
and IntCal09 calibration curves (e.g., Hughen et al., 2004; Reimer
et al., 2009). However, classic approaches to age-depth modelling
assume no uncertainty for the depth value of dated intervals. As an
accurate age model is vital for determining the timing of Be isotope
variations new calendar ages (Table 1) and a new age-depth model
(Fig. 3) was calculated using the modelling routine, Undatable,
which used the Bayesian 4C calibration software, MatCal, to take
into account depth uncertainties of 10 cm (Table 1) and analytical
uncertainty associated with ¥C measurement (Lougheed and
Obrochta, 2019). Calendar ages were recalibrated using the
SHCal13 and Marinel13 international calibration datasets (Hogg
et al., 2013; Reimer et al., 2013) for the terrestrial and marine sec-
tion of each lake, respectively (Verleyen et al., 2017). A respective
marine reservoir effect (AR) of 1300 yr and 1100 yr for marine stage
sequences of lakes Maruwan Oike and Skallen was used, based on
14C dating of core-top samples and the flesh and shells of living
marine benthic organisms (Hayashi and Yoshida, 1994; Ingolfsson
et al.,, 1998; Miura et al., 2002). Undatable was run for 10° itera-
tions for both cores using a Gaussian SAR uncertainty factor of 0.1
and a bootstrapping percentage of 40%, due to the high number of
age reversals found in L. Maruwan Oike (Fig. 3).

4. Results
4.1. Be isotope records for L. Maruwan Oike and L. Skallen

The [°Be]reactive and [°Be]reactive Of sediments recorded here
(Table 1) range from 2.02 to 1718 x 10 atoms/g
(mean = 7.24 x 10" atoms/g; ¢ = 3.25) and 0.52 to 13.64 x 10%
atoms/g (mean = 3.1 x 10% atoms/g; ¢ = 2.54). The [*Belreactive
values generally fall below Antarctic estimates from offshore
Wilkes Land of 16.9—-27.2 x 10" atoms/g (Valletta et al., 2018) but
compare well to values of 8—42.8 x 10" atoms/g in Prydz Bay
(White et al., 2019) and 5.9—32.7 x 10" atoms/g in other bodies of
water draining glacial systems such as Baffin Bay, offshore
Greenland (Simon et al., 2016). The ['°Be] eactive Values compare
well to other Antarctic regions such as offshore Wilkes Land and
Prydz Bay at respective values of 1.3—12.7 and 0.15—11.1 x 10%
atoms/g but far lower than values recorded in paleolake sediments
from the Antarctic Dry Valleys of 0.03—150 x 10° atoms/g (Valletta
et al., 2015). We compile new Be isotope records with previously
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recorded major element profiles (Takano et al., 2012, 2015) to
identify key trends and elucidate the major controls on Be isotope
variation.

Since the formation of L. Maruwan Oike and L. Skallen around
5400 years ago (Fig. 3), deposition of silt and clay layers with
greenish-greyish organic-rich laminations have recorded subglacial
weathering processes and local meltwater inputs from nearby
glaciers (Takano et al., 2012, 2015). The Al,03/TiO, ratios in L.
Maruwan Oike (Fig. 2A) and L. Skallen (Fig. 2B) indicate higher
weathering rates and detrital inputs under brackish to lacustrine
conditions (<62.5 cm) and marine to lacustrine conditions
(115—355 cm), respectively. However, Al,03/TiO; ratios also show a
negative correlation to SiO/TiO; ratios (green diamonds in Fig. 2),
an indicator of marine productivity, in L. Maruwan Oike (Fig. 2A)
and the marine section of L. Skallen (Fig. 2B) suggesting Al,03/TiO>
ratios may be controlled by the relative mixing of a freshwater,
subglacial, endmember (High Al,03 and TiO;) and a marine end-
member (Low Al,03 and TiO;) (Fig. 2E). The mixture of these two
endmembers in L. Maruwan Oike and the marine section of L.
Skallen is illustrated by the relationship of SiO; vs. Al;03 (Fig. 2C)
which is defined by high biogenic silica and diatom abundance
relative to low terrestrial Al inputs under marine conditions
(Takano et al., 2012, 2015). The reduction in SiO; to ~30 wt% in the
lacustrine section of L. Skallen is caused by low productivity under
anoxic conditions. This mixing trend is also reflected in SiO/TiO;
ratios (green diamonds in Fig. 2), a relative indicator of the biogenic
component of lake sediments, which record seawater incursions at
87.5 and 127.5 cm in L. Maruwan Oike and at 285 cm in L. Skallen,
with generally higher ratios under marine conditions (Fig. 2A and
B).

Reactive Be (black circles in Fig. 2) is positively correlated to
Al;03/TiO; and Al,03/Fe;03 ratios in L. Maruwan Oike above 23 cm
(I°Belreactive = 0.53 ALO3/TiO + 3.9, R? = 0.51; [*Be]reactive = 4.77
Al;03/Fe;03 + 4.98, R? = 0.57) and L. Skallen ([*Be]seactive = 0.39
ALLO3/TiO3 + 1.73, R? = 0.43; [°Be]reactive = 2.16 Al,O3/Fe;03 + 3.92,
R? = 0.32) suggesting [*Be]reactive in sediments is largely controlled
by the relative amount of Be released during weathering, as pre-
viously shown (Simon et al., 2016; von Blanckenburg and Bouchez,
2014; von Blanckenburg et al., 2012; Wittmann et al., 2012). In L.
Maruwan Oike, [°Be]reactive gradually increases from 4.81 x 10"
atoms/g at 87.5 cm to 14.13 x 10'° atoms/g at 56.5 cm along with an
increase in Al,03/TiO, and a decrease in SiO,/TiO, indicating peak
subglacial weathering and freshwater discharge during the
brackish transition from marine to lacustrine conditions (Fig. 2A).
In L. Skallen, [*Be]reactive is generally high (5.86—8.15 x 10'> atoms/
g) between 155 cm and 325 cm at times of high Al,03/TiO; ratios,
indicating more intense subglacial weathering during this time, but
with a superimposed trough in [°Be]reactive at ~285 cm caused by
the incursion of seawater, as indicated by high SiO,/TiO; ratios
(Fig. 2B). The [mBe]mmve values (dark grey circles in Fig. 2) are
positively correlated with [*Be];eactive (R = 0.64), Al,03 (R? = 0.4)
and TiO; (R? = 0.43) in L. Maruwan Oike and [°Be]reactive (R* = 0.3
when excluding samples at 235 and 325 cm) in L. Skallen sug-
gesting a similar terrestrial source.

4.2. Age-depth model

According to the new age-depth model for cores from lakes
Maruwan Oike and Skallen, respective sedimentation began at
4,945%231 and 5,412+133 cal yr BP (Fig. 3), similar to previous es-
timates of 4807 to 5204 and 5293—5559 cal yr BP (Takano et al.,
2012, 2015) and consistent with other lakes along the Soya Coast
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Table 1
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Depth, 'C age, calendar age and beryllium isotope measurements for Lake Maruwan Oike and Lake Skallen.

Depth (cm)  Mid-depth (cm)  '#C age (yr BP)® 20

Calendar age (cal yr BP)"

[IOBe]reactive 20 [gBe]reactive 20 1OBE/QBE (1078) 20

(10® atoms g~ 1) (10'5 atoms g ')

Lake Maruwan Oike (MWS5s)

o2 - - s
2—4 3 — — 4974:;830
4-6 5 — — 879313;9
6-8 9 - - 1612743
14-16 15 - ~ 2285784
18-20 19 - — 2749747
22-24 23 - - 308421
26—28 27 e — 32701»%%(7)
30-32 31 - - 3325718
38-40 39 - — 3378°2%0
43-46 445 - — 34197228
49-52 50.5 - ~ 3502283
55-58 56.5 - - 36097214
61-64 62.5 - — 3703+180
67-70 68.5 - - 3801713
75—-80 77.5 — - 3899f¥;
85-90 87.5 - - 395333
95-100 97.5 - — 40047449
105-110 107.5 — — 4058t§2(7]
125-130 1275 - - 4163758
150-156 153 - - 4945723
Lake Skallen (Sk5S)

30-40 35 - - a1
70-80 75 - - 115432
110-120 115 - — 1841fié§
150-160 155 - ~ 25447282
170-180 175 - - 2758738
190-200 195 - - 3063338
210-220 215 4665 60 34434311
230-240 235 - - 37687239
240-250 245 - — 39547283
250—-260 255 5240 70 4]31133
270-280 275 - - 4305%2(;
280-290 285 - - 4376734
290-300 295 5405 50 44663‘3
300-310 305 - — 4505328
320-330 325 - ~  484572%
330-340 335 5820 50 4975+233
350-360 355 - - 5300122

7.98 059 17.18 010 464 0.37
527 055 — - - -

3.92 039 1024 006 3.83 0.40
5.83 032 - - - -

0.52 020 2.02 001 257 1.01
2.71 037 863 015 3.5 0.48
465 024 861 013 539 0.36
3.17 036 7.93 028 4.00 0.60
3.37 024 1143 013 295 0.24
3.65 037 851 013 429 0.50
511 061 928 008 551 0.70
9.39 025 — - - -

13.64 082 1413 001 965 0.59
6.43 044 11.87 009 542 041
3.60 043 6386 002 525 0.64
3.48 039 828 001 420 0.47
1.81 008 481 003 3.77 0.20
1.79 036 — - - -

1.63 031 522 006 3.11 0.63
1.70 034 274 000 623 1.25
1.57 042 - - - -

2.32 039 506 004 459 0.80
2.59 058 6.16 007 421 0.99
2.19 037 626 003 351 0.61
1.95 029 7.06 007 277 0.43
1.61 051 687 005 235 0.77
2.72 043 640 011 424 0.75
228 025 586 005 3.88 0.45
3.34 021 632 002 529 0.34
1.73 047 440 003 3.92 1.10
153 037 521 004 293 0.74
1.07 036 352 003 3.05 1.06
1.14 024 383 003 298 0.66
153 020 524 003 293 0.40
148 036 815 007 181 0.46
123 029 646 006 1.90 0.46

@ Measured in this study.

b Calculated using'“C ages from this study and Takano et al. (2012; 2015) using undateable

(Rudd, 2019; Rudd et al., 2016; Verleyen et al., 2017) and surface
exposure ages (Fig. 1B) which estimate the Skarvsnes and Skallen
peninsula were deglaciated by ~5 ka BP (Kawamata et al., 2020;
Yamane et al., 2011). Diatom assemblages, biogenic opal-A and
molecular analysis reveal a transition from marine to lacustrine
settings in L. Maruwan Oike, between 50 and 65 cm, and L. Skallen,
at 185 cm (Takano et al,, 2012, 2015). Using our new age-depth
model, this corresponds to an age of 3,493%257 to 3,744"1%8 cal

yr BP and 2, 8727492 cal yr BP for L. Maruwan Oike and L. Skallen,
respectively (Fig. 3). This is similar to previous respective estimates
for lakes Maruwan Oike and Skallen of 3382 to 3560 and 2800 to
3063 cal yr BP (Takano et al., 2012, 2015).

5. Discussion

5.1 [9Be]read,~ve records terrestrial inputs and subglacial weathering
processes

The stable isotope °Be is concentrated in silicate minerals and
released during weathering (von Blanckenburg and Bouchez, 2014;
Wittmann et al., 2012), displaying a similar relationship in lakes to
other weathering products such as Al, Fe and Ti (Choi et al., 2014).
The [°Be]eactive records (black circles in Fig. 2) from lakes Maruwan
Oike and Skallen display a similar trend to Al,03/TiO, (red squares
in Fig. 2) and are positively correlated to Al;03/TiO, and Al,Os/
Fe,05 suggesting °Be is terrestrially sourced from local freshwater
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Fig. 3. Undatable age-depth model for Lake Maruwan Oike (A) and Lake Skallen (B) based on 'C dates from this study (Table 1), Takano et al. (2015) and Takano et al. (2012). The red
line, blue broken line and black broken line represents the median, 16 confidence and 2 confidence intervals, respectively. (For interpretation of the references to colour in this

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

inputs (see section 4.1).

Titanium, Al and Fe are considered to be relatively immobile
during weathering processes and the relative abundances of these
elements in sediments have been used to indicate changes in
weathering provenance and depositional history (Young and
Nesbitt, 1998). The relationship of Fe;03 vs. Al,03 (Fig. 2D) and
TiO, vs. Al,0O3 (Fig. 2E) for L. Maruwan Oike and the marine section
of L. Skallen display a weathering profile (Fe;03 = 0.46 Al,03 + 1.88,
R? = 0.88; TiO; = 0.07 Al,O; + 0.09, R* = 0.91) indicative of
moderately weathered and sorted material sourced from the same
catchment area draining an identical underlying bedrock (Brown,
2002; Young and Nesbitt, 1998). The lacustrine section of L.
Skallen displays an elevated abundance of Fe,0s3 relative to Al,0s,
which may suggest a switch to more anoxic conditions (light brown
squares in Fig. 2D). Widespread anoxia in the cyanobacteria-rich
saline L. Skallen is supported by higher MnO, MnO/Fe,03, total
carbon, total nitrogen and total sulphur under lacustrine condi-
tions, high levels of which are not recorded in the Chaetoceros-
based diatom-rich freshwater of L. Maruwan Oike (Melles et al.,
2012; Minyuk et al., 2014; Sapota et al., 2006; Takano et al., 2012,
2015).

Despite anoxic conditions, the TiO, vs. Al,O3 relationship re-
mains relatively constant, although slightly enriched in TiO, likely
due to delivery of more fine-grained material under lacustrine
conditions in L. Skallen (Minyuk et al., 2014; Whitlock et al., 2008),
suggesting a consistent weathering provenance throughout the
deglacial history of both lakes (Fig. 2E). The Al,03/TiO; ratios of
both L. Maruwan Oike and L. Skallen (red squares in Fig. 2) will
therefore reflect the relative levels of subglacial weathering in-
tensity, with preferential removal of Al from bedrock under higher
physical and chemical weathering rates, and detrital input (Young
and Nesbitt, 1998). This implies °Be inputs to both lakes are
sourced from an identical catchment area throughout their history
related to the subglacial weathering of the nearby Rundvdg and
Skallen glaciers, displaying elevated weathering rates and detrital

inputs from 1 to 5 cm and 19—77.5 ¢cm in L. Maruwan Oike and
115—235 cm and 325—355 cm in L. Skallen (Fig. 2).

5.2. The [ ’OBe]reamve of lake sediments reflects local meltwater
inputs

The cosmogenic nuclide °Be is produced in the upper atmo-
sphere and deposited to the ocean where it mixes with fluvial °Be
leading to a'°Be abundance of 170—2000 atoms/g with an average
abundance of 770 + 80 atoms/g in South Atlantic surface waters
(Brown et al., 1992; Frank et al., 2009; Ku et al., 1990; Kusakabe
et al., 1987; Measures et al., 1996). Incursions of seawater, as evi-
denced by high SiO,/TiO5 ratios, in L. maruwan Oike and L. Skallen
under marine conditions would therefore introduce marine °Be to
underlying sediments. However, the ['°Be]reactive records of both
lakes are not correlated with SiO,/TiO, ratios, instead displaying
some of their lowest °Be abundances during periods of highest
SiO,/TiO; values (Fig. 2A and B). As direct atmospheric fallout of
19Be to L. Maruwan Oike and L. Skallen is negligible (see section 4.4
for more details), another source is needed to drive ['°Be] eactive tO
higher values. The [1°Be];eactive Values are positively correlated with
[°Be]reactive (R? = 0.64), Al,03 (R? = 0.4) and TiO; (R = 0.43) in L.
Maruwan Oike and [°Be] eactive (R = 0.3 when excluding samples at
235 and 325 c¢cm) in L. Skallen, whilst being negatively correlated to
the relative amounts of biogenic opal-A (Takano et al., 2012, 2015),
suggesting ['°Be]reactive is largely controlled by subglacial, fresh-
water, inputs.

The “Be abundance of Antarctic ice sheets ranges from 5 to
8 x 10% atoms/g (Baroni et al., 2011; Raisbeck et al., 2007; Raisbeck
and Yiou, 1985), several orders of magnitude higher than seawater,
and largely controls the '°Be abundance of Antarctic marine sedi-
ments through meltwater discharge (Behrens et al., 2019; Valletta
et al,, 2018). The ['°Be]seactive Of sediments from L. Maruwan Oike
and L. Skallen are therefore most likely controlled by the relative
amounts of meltwater input from the nearby Rundvdg Glacier and
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gradient of this relationship above or below one indicating super-
imposed variability in [°Be] or ['Be], respectively (Von
Blanckenburg et al., 2015). The relationship of relative [1°Be]reac_
tive Vs. relative [°Be]reactive for L. Maruwan Oike (black circles in
Fig. 4B) and L. Skallen (grey squares in Fig. 4B) are largely defined by
slopes equal to one. This suggests the 1°Be/’Be ratios of L. Maruwan
Oike and L. Skallen are generally controlled by extraction efficiency,
scavenging efficiency or dilution, with no dominant control from
10Be or 9Be variability. Despite these general trends, both lakes
deviate towards a [1“Be] eactive VS. [?Be]reactive relationship similar to
marine sediments from offshore Wilkes Land (open diamonds in
Fig. 4B) defined by a slope less than one (dashed line in Fig. 4B),
corresponding to peak '°Be/’Be ratios in L. Maruwan Oike, at

3609121 cal yr BP, and L. Skallen, at 3,768%%59 cal yr BP (Fig. 4A)
indicative of an excess influx of 1°Be to both lakes. At offshore
Wilkes Land this relationship is interpreted to reflect the retreat of
the glacial margin during Pliocene warming events introducing
additional '°Be through meltwater discharge (Valletta et al., 2018).
It is therefore proposed that the rapid rise in '°Be/?Be ratios be-
tween 4.1 ka BP and 3.6 ka BP recorded here (Fig. 4A) is likely due to
a release in meltwater during the retreat of the Rundvdg and
Skallen glaciers.

Skallen Glacier, respectively (Fig. 1C). Both L. Maruwan Oike and L.
Skallen display a single peak in [°Be]eactive at respective depths of
56.5 cm and 195-235 cm, suggesting enhanced meltwater
discharge at this time (Fig. 2A and B). This is generally associated
with higher terrestrial input of 9Be, Al,03, Fe;03 and TiO, associ-
ated with enhanced subglacial weathering along the Soya Coast.

5.3. High °Be/°Be ratios reveal local meltwater discharge between
4.1 and 3.6 ka BP

The ratio of the meteoric cosmogenic nuclide 1°Be to the stable
isotope ?Be in the ocean, recorded in the reactive phase of marine
sediments, has been proposed as a flux proxy of terrigenous input,
whereby shifts in fluvial discharge, and therefore weathering flux,
will result in shifts of °Be/?Be ratios (von Blanckenburg and
Bouchez, 2014; Von Blanckenburg et al., 2015). The °Be and °Be
abundances recorded here are largely controlled by the respective
freshwater discharge and subglacial weathering of nearby glaciers,
suggesting the °Be/°Be ratio of the reactive phase of Antarctic lake
sediments may also be used as a flux proxy of terrigenous input in a
similar manner to marine sediments and temperate lakes (Choi
et al,, 2014; Kim et al., 2012; Simon et al., 2016; Valletta et al.,
2018). When compiled onto the new age depth models presented
here (Fig. 3), both L. Maruwan Oike (black circles in Fig. 4A) and L.
Skallen (grey squares in Fig. 4A) display a similar variation in
19Be/9Be ratios through the Mid to Late Holocene. The °Be/Be
ratios of Lake Skallen increase from 1.8 to 2.9 between 4.8 and 4.6
ka BP, remaining constant for ~300 years, before increasing again
from 2.9 to 5.3 between 4.3 and 3.8 ka BP simultaneously with an
increase from 3.1 to 9.7 in L. Maruwan Oike between 4.1 and 3.6 ka
BP (Fig. 4A). Both lakes undergo a rapid decline in '°Be/°Be ratios to

5.4. Estimating denudation rates and meltwater flux from Be
isotopes

Previous work by von Blanckenburg et al. (2012) and von
Blanckenburg and Bouchez (2014) created a conceptual scaffold
for the '°Be/?Be system at the Earth Surface and in the oceans.
Concerning a river and at steady-state, if there is sufficient contact

pre-excursion values by ~2.8 ka BP before gradually increasing to-
wards present day values (Fig. 4A).

Previous Be analysis of marine cores from the Atlantic and Pa-
cific have shown the relationship between relative [1°Be]reactive and
[°Be]reactive cOncentrations are largely controlled by extraction ef-
ficiency, scavenging efficiency or dilution, with changes in the

10Be/°Be (1078)

time between river particulates and river water as expected in
subglacial systems of the Shirase and Soya Drainage Basins, the Be
isotope ratio of the dissolved phase of river waters, (1°Be/°Be)giss, is
equivalent to the isotope ratio of reactive phase of river waters,
(1°Be/’Be);cac, defined by the following ratio (von Blanckenburg and
Bouchez, 2014):
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Fig. 4. The °Be/°Be ratios (A) and relative '°Be vs. relative °Be relationship (B) for Lake Maruwan Oike (black circles) and Lake Skallen (grey squares). Values from offshore Wilkes

Land for Pliocene interglacials (Valletta et al., 2018) are displayed using open diamonds.
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reac iss

(1036) <]°BE> i (1)
9 |79 =
Be reac Be diss D- [938] . (fSBe +f;Be>

parent

10
where Fn.yBe describes the flux of meteoric 1°Be received by the river

basin (in atoms/m?/yr), D is the denudation rate (in kg/m?/yr),

[938] . is the °Be concentration of the river basins parent rock

paren

(in atoms/kg) and f:e%i +f ;gﬁ is the fraction of °Be released from the
parent rock during weathering (von Blanckenburg and Bouchez,
2014; von Blanckenburg et al., 2012). Equation (1) is applicable
for describing the Be isotope ratio of lakes with a surface area far
lower than the area of the surrounding catchment area (von
Blanckenburg and Bouchez, 2014) such as L. Maruwan Oike and L.
Skallen which have a relatively small area (0.21—0.25 km?) relative
to the surrounding Soya Drainage Basin (10° km?) (Kudoh and
Tanabe, 2014; Nakamura et al., 2016).

Unlike precipitation dominated lakes described in equation (1),
the Antarctic catchment area is dominated by meltwater flux from
local glaciers and, following Behrens et al. (2019), F:vBe therefore
becomes Tyt * Pice * [“)Be] e giving the following equation defining
the 1°Be/°Be ratio of glacially terminating lakes:

<1OB€) <1OBE> et * Pice* []OBe] ice @)
9 “ 1\ -
Be / reac Be J4iss  D. [936} . (frgBe +f;Be>

parent

eac iss

where T, is the total amount of meltwater released from glaciers
(in cm3/yr), pice is the density of ice (0.9 g/cm?) and [wBe} is the
e

ic
meteoric '°Be concentration of the ice sheet (in atoms/g) (Behrens
et al,, 2019). Given the area of the lake, Ay, (in cm?), the sedi-
mentation rate, Ry (in cm/yr), and sediment density, ps.q (in g/

cm?), the 1°Be concentration of the reactive phase of lake sedi-

ments, [mBe]
se

defined as follows (Behrens et al., 2019):

; (in atoms/g), at the time of deposition can be

10 - Telt * Pice * [1036} ice
[ B e] _ 3)
sed Apasin * Rsed * Psed

and the °Be concentration of the reactive phase of lake sediments,
[936] ’ (in atoms/g), at the time of deposition can be defined as:
se

9 9Be 9Be
b- [ Be] parent ) (freac i )

Apasin *Rsed * Psed

(4)

2]

sed

Using a pgeq of 2 g/em® (Verleyen et al., 2017), [936] of

parent

4.2 x 10?? atoms/g for mafic rocks (von Blanckenburg et al., 2012),
the underlying lithology of the Soya coast, a global frge%i + f;gi of 0.2
_of 5 x 10*
ice

atoms/g (Raisbeck et al., 2007), a respective Apqsin of 0.25 km? and
0.21 km? (Kudoh and Tanabe, 2014) and R4 of 0.1 and 0.06 cm/yr,
calculated from the new age-depth model, for L. Maruwan Oike and
L. Skallen we can use equations (2)—(4) to determine the meltwater
flux (T,,e;c) and denudation rate (D) needed to produce the '°Be/?Be
ratio, °Be abundance and °Be abundance recorded in the reactive
phase of L. Maruwan Oike and L. Skallen during the Holocene.

(von Blanckenburg and Bouchez, 2014), a [wBe]
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The most striking variation in the '°Be/’Be ratios of L. Maruwan
Oike and L. Skallen occurs between ~4.1 and ~3.6 ka BP (Fig. 4A). A
denudation rate of 0.32 and 0.15 kg/yr and a meltwater flux of

18.4 x 10" and 8 x 10" cm?/yr gives a [wBe]sed. [gBe} and

sed

10Be/?Be esc comparable to measured values at 4, 058”:3% and

4,305722% for L. Maruwan Oike and L. Skallen, respectively
(Table 1). A denudation rate of 0.8 and 0.18 kg/yr and a meltwater

flux of 15.2 x 10'? and 18.4 x 10" cm?|yr gives a [wBe] ot [9Be]

sed

and mBe/gBereaC comparable to measured values at 3, GOQf%%ﬁ and

3, 7683213? for L. Maruwan Oike and L. Skallen, respectively
(Table 1). This suggests a respective increase in the annual flux of
meltwater of 730 and 130% and eroded material of 150 and 20%
between ~4.1 and ~3.6 ka BP to L. Maruwan Oike and L. Skallen,
respectively. Although the calculated meltwater flux is relatively
small, if the nearby Shirase glacier, which has a contemporary basal
melt rate of 5.7 Gt/yr (Rignot et al., 2013), experienced the same
level of enhanced melting at 3.6 ka BP it would signify a significant
contribution to glacial eustacy during the Late Holocene.

5.5. Atmospheric or oceanic forcing as a driver of Antarctic
variability

Beryllium isotope data from L. Maruwan Oike and L. Skallen
indicate increased glacial melting along the Soya Coast from 4.1 to
3.6 ka BP and from ~2.8 ka BP to the present (Fig. 5A). This compares
well to 3®0gjaom records (Fig. 5B) from Prydz Bay, Adélie Land,
George V Land and the west Antarctic Peninsula (Fig. 1A) which
decrease from ~5 ka BP to the present due to the input of §'%0-
depleted glacial meltwater (Crespin et al., 2014; Crosta et al., 2018;
Pike et al., 2013). Centennial events of low 3'®0giatom at ~4.2 ka BP,
~3.2to 2.3 kaBP and 1.9 to 0.9 ka BP in Prydz Bay, ~4 ka BP, ~3 to 2.5
ka BP and ~1.8 ka BP in Adélie Land and George V Land, and ~4.3 ka
BP and 2.5 ka BP to present on the west Antarctic Peninsula (Fig. 5B)
compare well to periods of peak glacial meltwater release recorded
here (Fig. 5A). This is further supported by a release of meltwater
19Be from the Wilkes subglacial basin (Fig. 1A) between 4 and 2 ka
BP and from ~1.5 ka BP (Fig. 5C) (Behrens et al., 2019). At the same
time the Ross Ice Shelf began to retreat at ~5 ka BP, reaching its final
configuration by ~1.5 ka BP (Fig. 5D) (Yokoyama et al., 2016). Taken
together, these studies suggest circum-Antarctic glacial discharge
since ~4.5 ka BP indicating a common driving mechanism for
Antarctic climatic change during the Late Holocene.

Explanations for melting of marine terminating glaciers on the
Antarctic Peninsula and Wilkes Land often invoke atmospheric
warming from increased El Nino-Southern Oscillation (ENSO)
variability and a greater occurrence of La Nina events relative to El
Nino events since ~5 ka BP (Crespin et al., 2014; Pike et al., 2013).
Lacustrine records from Ecuador (Moy et al, 2002) and the
Galdpagos (Conroy et al., 2008) indicate a stepwise rise in ENSO
variability at ~4.2 ka BP and 2 ka BP (Fig. 5E) around the same time
as higher 1°Be/°Be ratios in L. Maruwan Oike and L. Skallen (Fig. 5A).
However, despite the observed cyclicity in Antarctic ice core re-
cords indicating millennial scale warming events linked to internal
oscillations within the climate system (Masson et al., 2000), 5'80
records from the EPICA Dronning Maud Land (Fig. 5F) and Dome
Fuji (Fig. 5G) ice cores, closest to Liitzow-Holm Bay (Fig. 1A), indi-
cate a general cooling trend from ~4.5 ka BP (Crosta et al., 2018;
Masson-Delmotte et al., 2011) with no evidence of warming at the
time of high 1°Be/?Be ratios (Fig. 5A). This suggests a rise in surface
air temperature and moisture delivery over Antarctica linked to
movements of the South Pacific Convergence Zone (Pike et al.,
2013), teleconnected to ENSO circulation via the Amundsen Sea
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low-pressure region, is unlikely to be the main cause of meltwater
discharge to the Soya Coast.

Alternatively, a recent modelling study suggested an increase in
Southern Ocean subsurface water temperature from ~6 ka BP, due
to higher summer insolation at high latitudes and enhanced up-
welling of CDW onto the Antarctic continental shelf, caused ice
front and basal melting leading to the observed variation in
3'804giatom records from Prydz Bay, Adélie Land, George V Land and
the west Antarctic Peninsula (Fig. 5B) since ~5 ka BP (Crosta et al,,
2018). The Southern Hemisphere Westerlies winds (SWW)
reached their southernmost position from ~6 to 2 ka BP (Fig. 5H)
(Voigt et al., 2015) and core SWW intensified from ~5 ka BP (Fig. 5I)
(Lamy et al., 2010), comparing well to an increase in '°Be/’Be ratios
between 4.1 and 3.6 ka BP in L. Maruwan Oike and L. Skallen
(Fig. 5A). This suggests variations in the SWW, possibly linked to
ENSO variability as previously discussed, could have pushed the
Antarctic Coastal Current further south whilst also increasing the
penetration of warm waters into the Southern Ocean (Delworth
and Zeng, 2008; Voigt et al., 2016). This would have led to warm-
ing and increased intrusion of the CDW onto the Antarctic shelf
(Crosta et al., 2018) leading to the melting of glaciers along the Soya
Coast. This is supported by foraminifera abundance data in marine
sediment cores from the eastern part of Liitzow-Holm Bay which
indicate the incursion of warm, CaCO3-saturated and nutrient-rich
CDW waters during the Late Holocene (Igarashi et al., 2001).

The transition from the Middle to Late Holocene at 4.2 ka BP is
marked by widespread drought conditions in mid-continent North
America, the Mediterranean, the Middle East and parts of Asia and
drier climate regimes in Africa and South America often associated
with societal upheaval and the collapse of civilisations (Walker
et al,, 2012). A recent compilation of low-latitude sea-level re-
constructions indicate that a 3—4 m of global sea level equivalent
ice sheet melting occurred during the Mid Holocene, terminating at
around 3 to 4 ka, due to the retreat of the Antarctic and/or
Greenland ice sheets (Yokoyama et al., 2019a). This study supports
the notion of meltwater contribution to sea-level rise from the EAIS
between 4.1 and 3.6 ka BP.

6. Conclusions

The reactive '°Be and °Be abundance of sediments from L.
Maruwan Oike and L. Skallen along the Soya Coast of Liitzow-Holm
Bay, East Antarctica, were measured to determine the meltwater
and weathering response of the Rundvadg and Skallen glaciers to
climatic change during the Mid to Late Holocene. When compared
with previously analysed elemental abundances, Be isotopes
appear to be controlled by freshwater and terrigenous inputs from
nearby glaciers with little influence from atmospheric or marine
sources. Both lakes record a substantial increase in °Be/’Be ratios
between ~4.1 and ~3.6 ka BP reflecting a <730% increase in melt-
water flux over this period. This coincides with evidence of glacial
discharge to Prydz Bay, offshore Adélie Land, the Ross Sea and the
west Antarctic Peninsula indicating glacial melting along the Soya
Coast was part of a circum-Antarctic phenomena. Echoing previous
studies, we suggest a southward migration and intensification of
SWW and deepening of the Circumpolar Trough led to the up-
welling and incursion of relatively warm CDW to Liitzow-Holm Bay.
This may have been compounded by higher subsurface warming
under increasing insolation at southern polar latitudes during the
Late Holocene.

Finally, despite elucidating the deglacial history along part of the

BP to 3.6 ka BP corresponding to the most dramatic rise in '°Be/°Be ratios recorded in
this study. Dashed lines represent a 2nd order polynomial best fit to the data.
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Soya Coast in this study, L. Maruwan Oike and L. Skallen form a
small part of the larger Soya and Shirase drainage basins, and the
Rundvag and Skallen glaciers only represent a fraction of potential
meltwater flux to Liitzow-Holm Bay. Analysis of Be isotopes in lake
sediments from Lake Yumi Ike, Lake O-lke, Lake Ura Ike, Lake
Higashi Ike and/or Lake Nishi Ike on the Ongul Islands and Lake
Mago Ike, Lake Kobachi Ike and/or Lake Oyako on the Skarvsnes
peninsula (Fig. 1B) would allow the reconstruction of meltwater
history further north along the Soya Coast. Moreover, Be isotope
analysis of marine sediments from Liitzow-Holm Bay, such as those
collected during the 22nd and 23rd Japanese Antarctic Research
Expeditions (JARE-22, 1980 to 1982; JARE-33, 1991—1993), would
help constrain the meltwater history of the Shirase Glacier and the
timing and extent of CDW incursion during the Holocene. Together
this would provide a better understanding of EAIS response to
oceanic forcing and help constrain the potential contribution of
Antarctic glacial retreat to global sea-level during the Mid to Late
Holocene.
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