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ABSTRACT: This study documents spatial variations in authigenic 9Be and 10Be concentrations and 10Be/9Be ratios in different glacial
settings in the Weddell and Ross seas, Antarctica. Weddell Sea surface sediments have the lowest 10Be and highest 9Be concentrations,
and most depleted 10Be/9Be ratios, as compared with other regions, indicating 9Be enrichment from the recently collapsed Larsen Ice
Shelf (LIS) B and reduction of 10Be supply due to blockage by the un-deglaciated LIS C. Local 10Be deposition varies across the open
marine Ross Sea, which is more affected by seasonal sea ice persistence than ocean currents. Higher 10Be/9Be ratios in the western Ross
Sea and higher 10Be concentrations in the eastern Ross Sea correlate with higher sea ice concentrations and changes, and vice versa
in the central Ross Sea. The higher sea ice concentration not only blocks atmospheric 10Be and dust deposition during the frozen sea-
son, but increases the dust flux and supply of Be isotopes during the sea ice melting season. Thus, the spatial distribution of Be isotopes
in surface sediments of the Antarctic oceans can be used as a proxy for sea ice dynamics and sedimentary environments.
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1. INTRODUCTION

The meteoric 10Be produced in the upper atmosphere by
cosmogenic spallation reactions becomes attached to dust and
aerosols, and is deposited in sediments via dry and wet
precipitation (Thor and Zutschi, 1958; Beer et al., 2012). The
stable isotope 9Be is transported to the oceans by riverine or
glacial processes after weathering of Be-bearing minerals, and
its spatial distribution varies with proximity to terrestrial sources
(Bourles et al., 1989). Before being deposited on the ocean floor,
Be isotopes become attached to particles or dissolved in
seawater (authigenic) and are mixed in the ocean for ~1000 yr,

depending on the site-specific conditions. Beryllium isotopes
can trace local dust inputs, sediment pathways, and regional
changes in water fluxes to the oceans (Brown et al., 1992a,
1992b). However, in ice-covered oceans, glacial advances or sea
ice can block authigenic 10Be precipitation onto the ocean floor,
while the 9Be supply continues from terrestrial sources via ocean
currents. The 10Be concentration of oceanic sediments increases
abruptly in open marine conditions and vice versa (Scherer et
al., 1998). 10Be/9Be record of marine sediments has been a
faithful proxy to study deep marine circulation patterns (von
Blanckenburg et al., 1996) and continental sedimentation to
ocean basins (Willenbring and von Blanckenburg, 2010; von
Blanckenburg and Bouchez, 2014; von Blanckenburg et al.,
2015), as the ratio can circumvent the issues relating to grain
size dependency and retention behavior. Be isotopes are subject
to reworking but have different pathways than other cosmogenic
radioisotopes (e.g., 14C) (Sjunneskog et al., 2007), and hence can
compensate for uncertainties associated with chronology and
can illustrate changes in earth surface processes. Despite
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several advantages over traditional isotopes, the present
understanding of the of Be isotope variability in different
environmental settings has remained unclear. Moreover, in
dynamic glacio-marine environments, like Antarctica, the complex
characteristics of glacial and glacio-marine sediments do not
offer easily interpretable environmental or chronological signals
(Sjunneskog et al., 2007).

Previous studies on sediment records of Antarctic oceans
using Be isotopes have revealed several glacial–interglacial
transitions (Scherer et al., 1998; Sjunneskog et al., 2007; Yokoyama et
al., 2016). These studies focused mostly on the transitions from sub-
glacial or sub-ice shelf settings to open marine conditions,
particularly for the most recent glacial and current interglacial
periods. However, none of these studies have documented the
spatial variability of meteoric 10Be deposition. The hypothetical
calculated 10Be concentration is uniform for the Ross Sea (~9 ×
107 atoms/g; Field et al., 2006; Heikkilä, 2007; Willenbring and
von Blanckenburg, 2010), but reported 10Be concentration
records for the central and eastern Ross Sea have local offsets
that are two orders of magnitude higher than these calculations
(Sjunneskog et al., 2007; Yokoyama et al., 2016). Lower 10Be
concentrations characterize the area near the edge of the Ross
Ice Shelf (RIS) as the sea ice blocks meteoric fallout. Other
studies of Ross Sea sediments have also identified a local
contamination offset (LCO) of old carbon, iron, and diatoms
supplied via different atmospheric and oceanic pathways
(Cunningham and Leventer, 1998; Wang et al., 2014; McGillicuddy Jr.
et al., 2015; Prothro et al., 2020).

The LCO of old carbon (i.e., 14C-depleted carbon) transported
by ocean currents has been observed in surface sediments of the
Ross Sea (Hillenbrand et al., 2010; Prothro et al., 2020),
implying that 14C ages in this region need to be corrected for the
LCO, as well as the reservoir effect. McGillicuddy Jr. et al. (2015)
modeled the iron supply to the Ross Sea via intrusion of
circumpolar deep water and melting of sea and glacial ice, in
order to identify the major productivity control on phytoplankton
blooms in Antarctica. This showed that the major productivity
control was melting of sea ice rather than other factors. Modeling
of the iron supply from dust also confirmed the effects of sea ice,
which limits the iron supply from dust in the southwestern Ross
Sea (Wang et al., 2014). The variations in the spatial distribution
of these elemental and isotopic proxies in the Antarctic
sediments can be used to trace 10Be pathways, especially in relation
to the sea and glacial ice coverage. 

The LCO of Be isotopes reflects a deviation from the estimated
10Be flux or enhanced 9Be flux due to proximity to glacial sources,
which are largely the result of local sea ice and changes in
exposure to atmospheric fluxes due to changes in the cryosphere.
The sea ice persistence on the Arctic Ocean not only dominated

the 10Be fallout, but also transported it to the North Atlantic
during the past 12.3 Ma (Eisenhauer et al., 1994; Frank et al.,
2008). In the Southern Ocean, the export of 10Be from the ice
covered areas around the Antarctic margin likely resulted in
high 10Be deposition rates in the Antarctic Circumpolar Current
system, in particular during the glacial stages of the Late Quaternary
(Kumar et al., 1995; Frank et al., 2000). The settling and scavenging
rate in the water column can cause the LCO, as well as blocking
of the atmospheric 10Be supply by the presence of sea ice, partial
dissolution of the detrital terrigenous particles, reworking or
redistribution of the marine sediments (Frank et al., 1995; von
Blanckenburg et al., 1996; Frank et al., 2002; Sjunneskog et al.,
2007; Frank et al., 2009; von Blanckenburg and Bouchez, 2014).
Combined 10Be/9Be ratios and 10Be concentrations can be used
to correct for the offsets caused by different sedimentation rates,
particle sizes, sediment storage, and water mass mixing
(Eisenhauer et al., 1994; Simon et al., 2016; Valletta et al., 2018).

This study investigates authigenic 10Be and 9Be concentrations
and 10Be/9Be ratios of surface marine sediments in various
glacial settings in Antarctica: non-glaciated areas (Southern
Ocean; SO), post-LGM-deglaciated areas (RIS; 20–10 ka;
Lowry et al., 2020), recently deglaciated areas (Larsen Ice Shelf
[LIS] B; AD 2002; Shepherd et al., 2003), and non-deglaciated
areas (LIS C; AD 2017). We also examined how the LCO of
authigenic 10Be and the 10Be/9Be ratio vary across the open
marine areas of the Ross Sea by comparing surface isotope data
with sea ice persistence or extent. Documenting the LCO of 10Be
on the ocean floor would improve its applicability to sedimentary
and paleoenvironmental studies, such as phytoplankton blooms, in
Antarctica.

2. STUDY AREA

The Ross and Weddell seas have the largest ice shelves in the
world (Fig. 1a). Paleoenvironmental information is recorded in
sediments in this region, which were influenced by ice advances
and retreats during glacial–interglacial periods. The RIS drains
both the West and East Antarctic ice sheets (WAIS and EAIS)
into the Ross Sea and has maintained its present open ocean
state since ca. 10 ka (Lowry et al., 2020). Local outlet glaciers that
drain Marie Byrd Land and Victoria Land also flow into the
Ross Sea. The Weddell Sea also contains several ice shelves fed
by both the WAIS-EAIS (Ronne-Filchner Ice Shelf) and the
Antarctic Peninsula (LIS A, B, and C), within the largest
embayment of Antarctica.

We collected sediment cores on several R/V Araon cruises by
the Korea Polar Research Institute (KOPRI) in 2013 (Weddell Sea),
2015 (Ross Sea), and 2019 (Ross Sea). LIS B and C drain
Antarctic Peninsula glaciers into the Weddell Sea, and recently
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collapsed in 2002 and 2017, respectively (Fig. 1b; Shepherd et
al., 2003). We obtained sediment cores from the collapsed area
of LIS B (GC17) and the sub-ice shelf area of LIS C (GC16B box and
14A) during the 2013 cruise (Jeong et al., 2018; Jung et al., 2019).

The RIS front occurs near Ross Island (RI), and we collected
four sediment cores around RI and the Mackay outlet glacier
(GC71, 72, 82, and 83; Fig. 1c). Another three sediment cores
were collected from the Northern Drygalski Trough, which is
located offshore of the RIS near Coulman Island (CI; GC04,
05B, and 06). This location was affected by the LGM advance of
the RIS and outlet glaciers (Tucker-Aviator) draining Northern
Victoria Land, and transitioned to an open ocean state earlier

than RI. The other three cores were collected much further
offshore of the RIS, on the continental slope and rise of the SO
(LC42 in the Central Basin; LC47 in the Adare Basin; LC48 in
the Adare Trough; Fig. 1c).

3. METHODS

3.1. Beryllium Isotope Analysis

Approximately 2 g samples were collected from the top
surfaces of the cores (0–1 cm). The samples were dried and
disintegrated in a ceramic mortar to remove grains larger than

Fig. 1. (a) Map of Antarctica and its ice shelves. (b) Topographic map of the Antarctic Peninsula and LIS A, B, and C. Green circles are the loca-
tions of the sediment cores. (c) Topographic map of the western Ross Sea and Southern Ocean (AT = Adare Trough; AB = Adare Basin; CB
= Central Basin).
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fine sand, which can cause a grain size dependency error. Only
clay and fine silt particles were combusted at 450 oC in the
furnace to remove organic materials by oxidation. We used a
hybrid method for extracting authigenic Be and preparing samples
for 9Be concentration measurements by inductively coupled
plasma mass spectrometry (ICP-MS) and 10Be/9Be ratios by
accelerator mass spectrometry (AMS) installed at Korea Institute
of Science and Technology, Seoul (Jeong et al., 2018).

We agitated ~1 g of each sample for 6 h in low-concentration
acetic acid (25%) and diluted hydroxylamine hydrochloride
(0.04 M) to extract authigenic Be (Bourles et al., 1989). Aliquots
were sub-sampled for measurements of the 9Be concentrations
in the Korea Basic Science Institute (KBSI), Seoul, Korea. We
mixed ~0.4 g of 9Be carrier (~1000 ppm 9Be with a low 10Be
content in concentrated HNO3) into the residual samples for the
AMS measurements. Samples were dried down in Pt crucibles to
be mixed with KHF2 and Na2SO4 (Stone, 1998). These reagents
react with Be to make it water-soluble, whereas other cations are
insoluble, while heating the crucible. We agitated the fluoride
cake in Milli-Q water to collect the dissolved Be and precipitated
and removed the K with HClO4. Beryllium was recovered in
HNO3 and then precipitated as BeOH in a NH4OH solution.
The samples were then calcinated to BeO and mixed with Nb
powder for the AMS measurements.

3.2. Spatial Correlation of Be Isotopes

We compared the Be concentrations and 10Be/9Be ratios to
determine the LCO for Be in the Ross Sea. Summer sea ice
concentrations were compared with Be isotopes using correlation
analysis. The R2 values of linear regressions and Pearson’s
correlation coefficients were used to quantify the correlations.
Given that both sea ice concentration and persistence might be
important, we also applied kernel interpolation to the data to
compare it with the monthly sea ice extent and persistence in
Antarctica (Fetterer et al., 2017). The kernel interpolation is a
version of the inverse distance weighting method that combines
locally fitted piecewise linear functions, which is based on the
Delaunay triangulation (Mühlenstädt and Kuhnt, 2011). It is an
alternative method to the Kriging technique, with minimal
roughness properties in two dimensions, which is advantageous
for a small number of samples with non-stationary behavior.

4. RESULTS

4.1. Beryllium Isotope Variations in Different Glacial 

Settings

The authigenic 9Be concentration was calculated from the

ICP-MS results, and then the authigenic 10Be concentration was
calculated using the 10Be/9Be ratio obtained from the AMS
measurements (Table 1). We measured three standard samples
(07KNSTD 5-1, 5-2, and 5-3; Nishiizumi et al., 2007) during
each AMS measurement (n = 15). The correlations between the
reference and measured standard values showed a high
correlation with R2 > 0.999. We normalized all the data with
respect to the 07KNSTD sample 5-1 (2.709 × 10−11), and deducted
the 10Be blank based on fourteen full procedural blanks (0.52–
5.29 × 10−14 in 10Be/9Be (Tables 1 and 2).

The recently uncovered Weddell Sea LIS B (GC17) and C
(GC16B box and 14A) cores have higher 9Be concentrations
than the other regions (2.89 ± 0.72 × 1016 atoms/g), but the lowest
10Be concentrations (2.72 ± 2.31 × 108 atoms/g) and authigenic
10Be/9Be ratios (0.47 ± 0.29 × 10−8) (Fig. 2). Around the LIS,
the earlier collapsed LIS B has higher concentrations of both
Be isotopes than the later LIS C. 10Be/9Be ratios are also
higher for LIS B, but are still much lower than the open
marine regions.

The SO cores (LC42, 47, and 48), which are farthest offshore
and have not been covered by the RIS, exhibit variable results for
both Be isotope concentrations. LC42 has the lowest 9Be and
10Be concentrations, similar to those of CI. The highest 10Be
concentration occurs at LC47, which is an order of magnitude greater
than the other cores, and a similar pattern was observed for the 9Be
concentrations. The extreme and mean 9Be concentration (2.03 ±
0.82 × 1016 atoms/g) of SO cores is lower than the Weddell Sea
cores, but higher than the other embayment regions. The SO
cores have the highest 10Be concentration (9.22 ± 5.47 × 108

atoms/g) and authigenic 10Be/9Be ratio (4.36 ± 0.97 × 10−8).
The CI cores (GC04, 05B, and 06) have the lowest 9Be (1.10 ±

0.10 × 1016 atoms/g) and 10Be (4.04 ± 0.95 × 108 atoms/g)
concentrations of the Ross Sea cores. Their 10Be concentrations
are higher than the Weddell Sea cores where recent ice shelf
collapse has occurred, while the 9Be concentrations are much
lower with little spatial variability. Authigenic 10Be/9Be ratios of
the CI cores are lower than the offshore regions (i.e., SO) and
higher than onshore areas (e.g., RI) (3.69 ± 0.70 × 10−8). 

The RI cores (GC71, 72, 82, and 83) have lower 9Be
concentrations (1.86 ± 0.16 × 1016 atoms/g) than most offshore
SO cores. Their 10Be concentrations (6.09 ± 0.31 × 108 atoms/g)
are also lower than the offshore cores, but higher than the CI
cores. Both Be isotopes show a lower statistical variation of their
concentrations than in the other regions and their 10Be/9Be
ratios show the lowest values and accordingly smallest statistical
variability (3.28 ± 0.25 × 10−8). Across the western Ross Sea (WRS),
9Be concentrations are higher near the edge of the RIS (RI cores)
and tend to decrease further offshore (CI cores), similar to the
10Be concentrations. In contrast, 10Be/9Be ratios across the WRS
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Table 2. Chemical process blanks

Blank code Carrier conc. [ppm] Carrier mass [g] AMS 10Be/9Be Ratio [1E−14] 10Be counts in blank [1E5 atoms/g]
kuba006 1018.1 0.3936 3.573 ± 0.299 17.571 ± 1.475
kuba007 1018.1 0.3929 2.198 ± 0.361 10.789 ± 1.774

KUBkM1601 1053.6 0.3733 0.474 ± 0.125 2.170 ± 0.654
KUBeBkM1603 1053.6 0.3924 0.208 ± 0.150 1.162 ± 0.503
KUBeBkM1604 1053.6 0.3980 0.552 ± 0.548 3.127 ± 1.106
KUBeBkM1605 1053.6 0.3958 0.135 ± 0.128 0.763 ± 0.539
KUBeBkM1606 1053.6 0.4007 0.152 ± 0.024 0.866 ± 0.567

KUBkM1903 1047.8 0.4027 0.495 ± 0.122 2.705 ± 0.999
KUBkM1904 1047.8 0.4083 0.365 ± 0.122 2.021 ± 0.464
KUBkM2001 1047.8 0.3903 0.847 ± 0.076 4.373 ± 0.798
KUBkM2002 1047.8 0.3878 0.616 ± 0.027 3.158 ± 0.731
KUBkM2003 983.6 0.3926 2.301 ± 0.539 11.217 ± 1.165
KUBkM2004 983.6 0.3912 1.015 ± 0.232 4.928 ± 1.067
KUBkM2005 983.6 0.4845 4.710 ± 1.028 28.330 ± 2.782

Fig. 2. Conceptual source models of the terrestrial 9Be (green squares) and authigenic 10Be fluxes (red circles), and the results of the auth-
igenic 10Be, 9Be, and 10Be/9Be analyses. Colored boxes are the mean values of each region.
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appear to be higher on the outer shelf than in the inner Ross
embayment.

4.2. Beryllium Isotope Variations in Open Marine 

Conditions (Local Contamination Offsets)

Local Contamination Offsets (LCO) of Be isotopes appear
among the open marine conditions on the Ross Sea. WRS cores
(RI and CI) have low 9Be and 10Be concentrations as compared
with the central (CRS) and eastern Ross Sea (ERS; Figs. 3 and 4).
In contrast, 10Be/9Be ratios across the WRS are higher than
those in the CRS. According to the latitude or distance from the
edge of the RIS, 9Be concentrations in both the WRS and CRS
are higher near the edge than further north, especially in the

CRS. 10Be also appears to decrease moving toward the onshore
WRS, whereas it tends to increase across the CRS and ERS. 10Be
concentrations along the ERS not only increase to the highest
value near its edge, but also show the largest gap between the
onshore and offshore regions.

Both the 10Be concentrations and 10Be/9Be ratios were compared
with local summer (DJF) mean sea ice concentrations by simple
linear fitting and a Pearson’s correlation analysis (Fig. 5). Surface
10Be concentrations in the Ross Sea generally have a positive
correlation with the sea ice concentration (R2 = 0.06 and ρ = 0.26),
except in the WRS (R2 = 0.67 and ρ = −0.82). The correlation
coefficients for the CRS and ERS are higher as compared with all
the data (R2= 0.11 and ρ = 0.34, and R2 = 0.97 and ρ = 0.98,
respectively). 10Be/9Be ratios in the WRS and CRS also exhibit a

Fig. 3. Surface concentrations of 9Be and 10Be, and 10Be/9Be ratios on the Ross Sea seafloor from south (S) to north (N) along each sector (a:
Yokoyama et al., 2016; b: Sjunneskog et al., 2007; this study). The blue bars are the mean sea ice concentration during the Austral summer
at each core location.
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positive correlation with the sea ice concentration (R2 = 0.57 and
ρ = 0.75), but the WRS has a poor correlation. However, both
the 10Be concentrations and 10Be/9Be ratios along the WRS coast
are relatively uniform, which accounts for the poor correlation
(Fig. 5). The kernel interpolated graphical distributions show
that Be deposition and sea ice variations differ between the
WRS coast and the CRS and ERS regions (Fig. 4).

5. DISCUSSION

5.1. Spatial Variations of Be Isotopes in Different 

Glacial Settings

9Be in the ocean is supplied by glacial and/or riverine sediments
that are weathered from terrestrial rocks and, therefore, records

Fig. 4. (a) Location of sediment cores in the Ross Sea (Sjunneskog et al., 2007; Yokoyama et al., 2016; this study). (b–d) Surface 9Be and 10Be
concentrations (atoms/g) and 10Be/9Be ratios and their kernel interpolated results. (e) Kernel interpolated results of surface 14C dating reveal-
ing the old carbon LCO (Prothro et al., 2020). (f ) Sea ice concentration and extent during summer (Fetterer et al., 2017). Early opening of sea
ice is mainly due to the katabatic wind (black arrow; TNBP = Terra Nova Bay Polynya; RISP = Ross Ice Shelf Polynya; Sedwick et al., 2011).
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the proximity to glacial melt-water sources or the sediment
sources and transport (i.e., ocean currents) to ocean basins
(Bourles et al., 1989; Brown et al., 1992a, 1992b; Sjunneskog et
al., 2007; Valletta et al., 2018). 10Be in the ocean is supplied by
wet precipitation or dust particles from the atmosphere. Ice
coverage and ocean circulation can affect the depositional patterns
of Be isotopes. We compared the 9Be and 10Be concentrations
and 10Be/9Be ratios to examine the differences in the modern
sedimentation environment in the Weddell Sea (recently collapsed
or sub-ice shelf setting), SO (non-glaciated open marine setting),
and Ross Sea (deglaciated open marine setting; Fig. 2).

In general, the surface marine sediments collected from the
Weddell Sea have the lowest 10Be and highest 9Be concentrations as
compared with the other regions (Fig. 2). This is because the
10Be supply had been blocked by the LIS B until 2002 when it
collapsed, or the 10Be supply is still blocked by the LIS C. In
contrast, 9Be is supplied via sub-glacial melting under the sub-
ice shelf, leading to abundant input of 9Be in this region. Grain
size data for Weddell Sea continental slope sediments also reveal
that ice-rafted debris is the dominant component in these
sediments (Diekmann and Kuhn, 1999), suggesting the higher
inputs of 9Be are due to sub-glacial melting and partial dissolution

of ice-rafted materials. However, considerable variation in Be
isotopes was observed between the LIS B and C, which reflect
their different glacial settings—recently deglaciated (LIS B) and
non-deglaciated (LIS C) (Fig. 2). The large input of sub-ice
shelf-sourced 9Be and restricted supply of authigenic 10Be due to
sea ice coverage results in extremely low 10Be/9Be ratios as
compared with the other open marine settings.

Three cores from the SO yielded variable results (Fig. 2). Both
10Be and 9Be concentrations in the LC42 and LC48 cores have
similar concentrations to the other open marine settings, while
the LC47 core (Adare Basin) has significantly higher
concentrations. 9Be concentrations are higher than in the sub-ice
shelf setting (LIS), even though LC47 is distant from glaciated
regions and the continental area. Both high 10Be and 9Be
concentrations imply that the Adare Basin is an ideal setting for
the redistributed delivery of isotopes into the sediments. This is
consistent with the high sedimentation rates in the Adare Basin
during the late Pleistocene as compared with the other cores
(Ohneiser et al., 2019). 10Be/9Be ratios are also highest of the
studied cores, which reflect the limited influence of the
Antarctic cryosphere.

The RI cores (GC71, 72, 82, and 83) have relatively uniform

Fig. 5. Scatter plots, best-fit linear regressions, and R2 and Pearson’s r values (ρ) for the sea ice concentration versus the 10Be concentration
and 10Be/9Be ratios in the Ross Sea. Dashed lines represent 95% confidence limits of the linear fits. Different colored data reflect each sector
of the Ross Sea (red = western; green = central; blue = eastern).
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10Be and 9Be concentrations, despite their different outlet glacial
sources, ice flow lines, and topographic settings. This indicates
there is a similar sedimentary environment around RI. The CI
cores (GC04, 05B, and 06) also show little difference in 9Be
concentrations, although they were sampled along the northern
Drygalski Trough with different outlet glacial sources (Figs. 1c
and 2). However, 10Be concentrations and 10Be/9Be ratios vary
significantly along the Drygalski Trough. The uniform supply of
terrestrial 9Be suggests stable sedimentation is occurring below
sea level, whereas there is a variable supply from the atmosphere
(10Be). This implies that local offset effects can occur, controlled
by the surficial environment, such as sea ice coverage, rather
than ocean circulation (Fig. 2).

Compared with the RI region, 9Be concentrations are about
half those on the CI seafloor. Given that both regions are located in
front of outlet glaciers, the terrestrially sourced 9Be may be
being affected by lithological differences in the source area
rather than by ocean circulation or continental proximity. In
addition, the RI cores are located more proximal to the RIS than
the CI cores, and the higher 9Be flux might be due to its proximity
to a larger glacial source. The LCO of authigenic 10Be is marked
within the CI region, and greater than that of the RI region.

10Be concentrations in the post-LGM-deglaciated areas (RI
and CI) are generally higher than in recently deglaciated (LIS B)
and non-deglaciated areas (LIS C), but lower than in non-
glaciated areas (SO) (Fig. 2). Different glacial settings cause
variable 10Be inputs due to the cryospheric effects, even though
secondary scavenging, mixing, and reworking have occurred.
However, 10Be/9Be ratios exhibit more consistent trends with
different sedimentary environments or the secondary reworking
than 10Be concentrations. 10Be/9Be ratios are lowest in the LIS
area and highest in the SO. In general, SO waters have a slightly
higher 10Be/9Be ratio (10 × 10−8) than global average deep-water
(~8 × 10−8; von Blanckenburg and Bouchez, 2014). However,
the lower ratios (3.5–5.4 × 10−8) measured in this study are
consistent with those (0.5–5.0 × 10−8) measured near the East
Antarctic continental margin (Wilkes Land), which is affected
by a higher terrigenous 9Be input (Valletta et al., 2018). Lower
10Be/9Be ratios for the deglaciated areas (Ross Sea) and near the LIS
also reflect glacial input and proximity to the continental region.

Our compiled 10Be data from marine sediment cores across
the Ross Sea are with lack of modern local sedimentation rate
which can affect the dilution of 10Be deposition. Some of the
reasons why we cannot at present correlate our Be isotope data
with sedimentation rate are: i) First of all there are no studies
mentioning recent sedimentation rate in the Antarctic Oceans.
All the studies concerning sedimentation are primarily based on
provenance and how geomorphology controls sedimentation. ii)
wherever sedimentation rates can be calculated, they are based

on coarse chronological records. Hence obtaining a recent
sedimentation rate would lead to significant errors. iii) Except
for the dilution effect of sediments, partition coefficient and
grain size also affect the concentration of 10Be. Since our results
on 10Be are corroborating the 10Be/9Be, the particle size retention
behaviour and dilution effect can be ignored. Hence any possible
effect of sedimentation rate on Be isotope concentration can be
analyzed only if modern sedimentation rates are obtained.
Nevertheless, no significant fluctuation of dissolved Pb concentration
in the lateral and vertical transect across the Ross Sea show that
much more homogeneous or stable deposition of particles are
proceeded through the water column than expected (Gerringa
et al., 2020). 10Be/9Be data would compensate for the sedimentation
rate correction, but additional sediment trap studies would
develop our discussion in near future.

5.2. Surface Local Contamination Offsets of 10Be in 

Open Marine Setting (Ross Sea)

Open marine regions are also affected by seasonal sea ice
extent or persistence. Unlike an ice shelf, seasonal sea ice stores
meteoric 10Be fallout during the winter, ice-covered period, and
then releases 10Be if seasonal melting occurs. We compared our
seafloor Be data for the WRS with the CRS, ERS, and sub-RIS
(Sjunneskog et al., 2007; Yokoyama et al., 2016), which used the
similar, conventional analytical method (Figs. 3 and 4a). Mean
10Be concentrations in the WRS are 2–3 times lower than those
in the CRS and ERS. 9Be concentrations in the WRS are an
order of magnitude lower than in the CRS, while the 10Be/9Be
ratio in the WRS is ~4 times higher than that in the CRS.

10Be concentrations in the open marine Ross Sea region are an
order of magnitude higher than in the sub-RIS cores, which
have the lowest 10Be concentrations in the region. 10Be/9Be ratios
are also lower in the sub-RIS cores, as compared with the Ross
Sea, which reflects the ice shelf barrier to meteoric 10Be deposition.
In contrast, 9Be concentrations tend to be higher near the RIS
regions, and are even higher in the sub-RIS area. The sub-glacial-
derived 9Be is an order of magnitude higher in concentration than at
the LIS (Fig. 2), which is related to the proximity to and scale of
glacial activity.

The decrease in the 9Be LCO along the CRS, from the edge to
the outer area of the RIS, is due to a melt-water flux from the
RIS (Figs. 3 and 4b). The WRS cores also have higher 9Be
concentrations near the RIS (i.e., RI cores) than in the open
ocean regions (i.e., CI cores), which reflect the proximity to the
melt-water flux from the RIS. However, the much lower 9Be
concentrations in the WRS as compared with the CRS is
because the latter is affected by the proximal flux from Victoria
Land outlet glaciers rather than the distal RIS. The 9Be
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concentrations in the WRS, where only local outlet glaciers
occur, are lower than elsewhere in the Ross Sea (i.e., RIS), and
also one order of magnitude lower than in Wilkes Land, East
Antarctica (Valletta et al., 2018), and half that of the LIS region
(Fig. 2).

10Be LCOs show the greatest variations in the ERS and CRS,
but little variation in the WRS (Figs. 3 and 4c). A maximum 10Be
concentration (~3 × 109 atoms/g) has been reported for the
outer ERS, but the homogeneous 10Be across the Ross Sea and
hypothetical concentrations of the Antarctic oceans (~9 × 107

atoms/g) that are two orders of magnitude less than this maximum
suggest that other processes are involved (Field et al., 2006;
Heikkilä, 2007; Willenbring and von Blanckenburg, 2010a; Yokoyama
et al., 2016; Valletta et al., 2018). Our low 10Be concentrations for
the WRS (~5 × 108 atoms/g) are still higher than the hypothetical
concentrations, but show the least deviation amongst reported
data for the whole Ross Sea. Therefore, it can be inferred that the
WRS has the most stable depositional conditions, with little
contaminations of 10Be and 9Be by reworking. This is consistent
with the small LCO of old carbon materials in the WRS,
whereas CRS cores are highly contaminated by old carbon (Fig.
4e; Prothro et al., 2020). The small 9Be LCO, limited advection
or reworking of surface sediments, and low melt-water flux in
the WRS suggest it has the most stable depositional conditions
in the various Ross Sea sectors.

10Be concentrations in the CRS and ERS tend to increase
toward the outer shelf, which is unlike the WRS where the
concentrations decrease toward the outer shelf and exhibit little
variability. In the case of the CRS, it has been proposed that the
lower 10Be concentrations are due to higher annual sea ice
concentrations (Sjunneskog et al., 2007). The similarly lower
10Be concentration pattern in the ERS, which is near the RIS
edge, is due to the sub-ice conditions (Yokoyama et al., 2016). In
both cases, sea ice extent would have a negative correlation with
10Be deposition, as it acts as a sea surface barrier. However, both
the CRS and ERS have positive correlations between the
observed sea ice concentration and 10Be deposition (Fetterer et al.,
2017; Figs. 4f and 5), which are also related to changes in sea ice
extent (Figs. 4 and 5). The RIS Polynya (RISP) and Terra Nova
Bay Polynya (TNBP) remove weakened sea ice during summer
from these to other regions, which results in early opening (i.e.,
ice-free conditions) of the mid-WRS and CRS (Sedwick et al.,
2011; Fig. 4f). The RIS front and Terra Nova Bay only receive
10Be from in situ sea ice melting and direct fallout during the
summer. Sea ice in the outer CRS and ERS becomes highly
concentrated by the two polynya and delivers substantial
amounts of 10Be to the seafloor when it fully melts. As such, high
10Be concentrations occur near the sea ice “cemetery” in the
outer Ross Sea. This is consistent with the 10Be export or

transportation which are controlled by sea ice extent changes
and ocean currents in Arctic and Antarctic Oceans (Eisenhauer
et al., 1994; Kumar et al., 1995; Frank et al., 2000, 2008). The
only difference is that the sea ice extent and its cemetery
location is more affected by the Polynya wind rather than the
ocean current in the bay-shaped Ross Sea. Our extraordinary
elevated 10Be concentration at the location of LC47 (Southern
Ocean; Fig. 2) also corresponds well with the location of the sea
ice cemetery.

The WRS coastal cores tend to have a negative correlation
between 10Be and sea ice concentration (R2 = 0.67 and ρ = −0.82),
but the limited variations in the Be data preclude a robust
evaluation of this correlation (Fig. 5). Furthermore, the very low
9Be concentrations in the WRS were due to a different
depositional environment. The 10Be/9Be ratios exhibit a positive
correlation with sea ice concentration (Figs. 4d and 5). Although
the correlation coefficient is very low (R2 = 0.01 and ρ = 0.11),
due to the limited variations of 10Be in the WRS, the higher and
lower sea ice concentrations and 10Be/9Be ratios of the WRS and
CRS, respectively, are clearly evident on a scatter plot (Fig. 5).
10Be/9Be ratios in the CRS (R2 = 0.52 and ρ = 0.72) and the
entire Ross Sea (R2 = 0.57 and ρ = 0.75) have a better positive
correlation with sea ice concentration as compared with the 10Be
concentrations.

The higher 10Be concentrations in the ERS and higher 10Be/
9Be ratios in the WRS correspond to higher summer mean sea
ice concentrations and extent changes, which highlights the
different effects of sea ice and the ice shelf (Figs. 4 and 5). Our
findings are consistent with the larger diatom blooms and
higher iron and nitrate supply near the WRS coast and outer
ERS that is the result of summer sea ice loss (Cunningham and
Leventer, 1998; McGillicuddy Jr. et al., 2015). The ice shelf acts
as a permanent barrier to meteoric Be isotope fallout during
glacial periods or in glaciated regions, whereas sea ice is only a
seasonal barrier and diffuser during the warm melting season,
especially in the sea ice “cemetery” region. The graphical
comparison with the kernel interpolated isotope records and
correlation analyses show that seasonal sea ice persistence is the
major control on the LCOs of authigenic 10Be concentrations and
10Be/9Be ratios (Figs. 4 and 5). Scavenging and secondary reworking
of the marine sediment may have a minor influence on the
seafloor Be data, but our measured and compiled data for different
glacial and open marine settings show that the LCOs for Be are
mainly controlled by sea surface cryospheric conditions.

6. CONCLUSIONS

Significant differences in seafloor sedimentation conditions
are recorded by Be isotopes in sub-ice shelf (high 9Be and low
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10Be), recently collapsed ice shelf (high 9Be and 10Be), and open
marine settings (a complex spatial distribution of Be isotopes).
Although the same open marine conditions may have existed
for thousands of years, Be isotope concentrations and 10Be/9Be
ratios have regional variations due to LCOs.

The WRS has the lowest 10Be and 9Be concentrations as compared
with the CRS and ERS. The low 9Be concentrations near the
WRS coast are due to its distance from the large-scale RIS and
proximity to small-scale, localized, Victoria Land outlet glaciers.
The low 10Be concentrations are more similar to the hypothetically
calculated results as compared with other areas of the Ross Sea,
which suggests that the WRS coastal region has the most stable
sedimentation conditions in the Ross Sea. However, the WRS
seafloor has higher sediment 10Be/9Be ratios, when the low 9Be
concentrations are taken into account. The higher 10Be concentrations in
the ERS and higher 10Be/9Be ratios in the WRS correspond to
higher summer mean sea ice concentration and changes, which
highlights the different effects of sea ice and the ice shelf on the
Be systematics.

The RIS acts as a barrier to meteoric 10Be fallout during glacial
periods or on glaciated regions, while 9Be is supplied in glacier-
proximal regions. The different glacial settings result in variable
10Be/9Be ratios of seafloor sediment, with high ratios in open
marine settings and low ratios on recently collapsed or sub-ice
shelf areas. Sea ice also acts as a potential barrier to meteoric
10Be fallout, but is a two-sided concentrated diffuser during
warm melting seasons, particularly in the sea ice “cemetery”. Further
Be isotope studies could be used to infer changes in the
sedimentary environment and past environmental conditions
related to climatic and oceanic current changes around Antarctica.
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