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corrected according to their full chemistry procedural blanks. The 
oxidized 10Be 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 (10Be/9Be 8.558 
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 

1015 atoms g 1 with an average of 4.55 1015 atoms g 1. The con- 
centrations of 10Bereac range from 1.02  0.1 to 2.98  0.3  108 atoms 
g 1 with an average of 2.09 108 atoms g 1 (Fig. 2C, B, Table 1). The 
range of (10Be/9Be)reac is 2.56  0.34 to 6.14  1.06 x 10 8 with an 
average of 4.81  10 8 (Fig. 2A, Table 1). 

After post-LGM grounded ice retreat, formation of a laminated 
sediment drift in the Adelie 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 Adelie Basin 
(Expedition 318 Scientists, 2011). High SiO2 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 SiO2 vs. Al2O3 (Fig. 3A) 
display a negative correlation, and the higher values of Al2O3 

 
 

Table 1 
Age, depth, and concentrations of 9Bereac,10Bereac, and (10Be/9Be)reac for Adelie 
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). 

 

correspond to samples at the bottom of the core, suggesting increased 
terrigenous content shortly after/during grounded ice retreat. The TiO2 
vs. Al2O3 and Fe2O3 vs. Al2O3 plots (Fig. 3B and C) display a positive 
correlation, suggesting these metals are from the same detrital source 
(Young and Nesbitt, 1998). 

The highest Al2O3/TiO2 and Fe2O3/Al2O3 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 9Bereac and 
Al2O3/TiO2, the 9Bereac is not correlated with the Al2O3/TiO2 ratio after 
10 ka BP (R2 0.16, p .169) suggesting 9Bereac was not sourced from 
local terrigenous export after this time. The 10Bereac values are positively 
correlated to 9Bereac (R2  0.39, p  .017), and shows no correlation to 
the Al2O3/TiO2 ratio, suggesting it has a similar source and mode of 
deposition as the 9Bereac. 

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 Adelie Basin 10Be to assess differences caused by 
different extraction methods  leaching vs. whole rock decomposition 

Core ID: 
U1357A 

Age 
(y) 

Depth 
(m) 

9Bereac 

(1015 at 
10Bereac 

(108 at g 1) 
(10Be/9Be)reac 

(10 8) 
(Fig. 4). We also compare to other sites from the Southern Ocean and 
Antarctica to see if the small, semi-enclosed and isolated Adelie Basin s 

g 1) (10Be/9Be) 
 

reac 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 Adelie Basin is similar to 
may aid in assessing which mechanisms affect beryllium isotope varia- 
tions in the Adelie Basin during the Holocene. We compare our data to 
lacustrine (10Be/9Be)reac (Lakes Skallen and Maruwan Oike; Sproson 
et al., 2021a), Ross Sea 10Be/9Be (Sjunneskog et al., 2007), Prydz Bay 
(10Be/9Be)reac (White et al., 2019), and the (10Be/9Be)reac of a nearby site 
offshore Wilkes Land (Valletta et al., 2018) excluding 10Be reac and 
9Bereac of glacial diamict since the sediments analyzed here did not 
include diamict (Table 2). 

The 9Bereac concentrations are lower than offshore Wilkes Land 
values of 16.9 27.2 1015 atoms g 1 but compare well with Lützow- 
Holm Bay lacustrine sediment values of 2.02 17.2 1015 atoms g 1 
(Table 2). The Adelie Basin 10Bereac concentrations fall below those of 

both offshore Wilkes Land (1.3 12.7  108 atoms g 1) and Lützow-Holm 
Bay (0.5 13.6 108 atoms g 1) (Valletta et al., 2018; Sproson et al., 
2021a). Compared to the previous results from the Adelie Basin, our 
10Bereac 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 Adelie Basin 
using the age model from Johnson et al. (2021), the discrepancy be- 
tween the 10Bereac and previously measured whole rock 10Be from the 
Adelie 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 10Be (Yokoyama et al., 

1H1W- 243 0.36 4.95 3.27 6.62 1.06  
35_37   0.64 0.09    

2H1W- 817 7.94 4.64 2.85 6.14 1.06  

33_35   0.50 0.18    

3H1W- 1539 17.48 4.59 2.60 5.66 0.82  

37_39   0.50 0.10    

4H1W- 2257 26.96 5.99 2.42 4.04 0.36  

35_37   0.14 0.16    

6H1W- 2984 45.96 6.35 2.98 4.69 0.62  

35_37   0.21 0.30    

7H3W- 3729 57.81 3.32 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    

9H1W- 5108 74.46 2.81 1.60 5.71 0.52  

35_37   0.16 0.05    

10H1W- 5817 83.98 2.92 1.62 5.56 0.50  

37_39   0.09 0.10    

11H1W- 6508 93.45 4.44 1.90 4.28 0.31  

34_36   0.12 0.09    

15H2W- 7481 132.07 3.06 1.73 5.66 0.48  

35_37   0.12 0.08    

16H1W- 8713 140.96 4.43 2.41 5.43 0.47  

36_38   0.21 0.09    

17H1W- 9392 150.46 4.19 2.09 4.99 0.44  

35_37   0.17 0.10    

18H1W- 10018 160.01 4.29 2.10 4.89 0.37  

40_42   0.16 0.08    

20H1W- 11742 178.96 9.46 2.42 2.56 0.34  

35_37   0.68 0.15    
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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 (10Be/9Be)reac 

 
In the early Holocene, the (10Be/9Be)reac values increase sharply 

from ca. 11.5 to 10 ka BP corresponding with deglaciation from Terre 
Adelie continental shelf (Mackintosh et al., 2014) and decreasing 9Bereac 
(Fig. 2). Since 9Bereac is released to the reactive phase through weath- 
ering and leaves the weathering zone by erosion, high values of 9Bereac 
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 Al2O3/TiO3 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 
et al., 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 TiO2 vs. Al2O3 and Fe2O3 
vs. Al2O3 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 
Adelie 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 
Adelie 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 Adelie Basin to the 
Adelie Depression via a small chasm along the Adelie 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 (10Be/9Be)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 10Bereac decreases until ca. 4.5 ka BP to its lowest concentration in 
the core of 1.02 0.1 108 atoms g 1 (Fig. 2B, Table 1). The 9Bereac 

remains consistently low until ca. 3.7 ka BP, decreasing to 3.32 0.08 
1015 atoms g 1 (Fig. 2C, Table 1). Detrital proxies from hole 

MD03-2601 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 (10Be/9Be)reac and biogenic and terrigenous 
MAR trends (Fig. 2) suggest productivity and scavenging may be related 
to variations in 10Bereac and 9Bereac from ca. 8.5 ka BP (Fig. 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 10Bereac and 9Bereac at ca. 8 ka BP (Fig. 2B and C) corre- 
sponding to the start of particle advection via the ACC into the Adelie 
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 
Adelie Basin would have supplied additional particles for the scavenging 
of 10Bereac and 9Bereac (Fig. 7). Furthermore, the 9Bereac vs. 10Bereac 
relationship is 1:1 indicating scavenging/dilution are primary processes 
acting on (10Be/9Be)reac during this time, rather than glacial processes 
affecting 10Bereac or 9Bereac (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 Adelie 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 
(10Be/9Be)reac and 10Bereac 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 (10Be/9Be)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 Adelie Basin. A decrease in 
ice core 18O 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 Adelie 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 Adelie 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 Adelie Land region (Ashley et al., 2021). However, as 
above, the 1:1 relationship between 10Bereac vs. 9Bereac indicates scav- 
enging efficiency has more of an effect on (10Be/9Be)reac 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 10Bereac vs. 
9Bereac 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 Adelie 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 Adelie 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 (10Be/9Be)reac values from ca. 4.5 to 2.2 
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6. Conclusion 
 

In a previously published study of 10Be from the Adelie Basin, 
meltwater and glacial retreat is postulated as the main mechanism for 
variations in 10Be during the Holocene. Our (10Be/9Be)reac data also 
indicate increased subglacial discharge immediately following grounded 
ice retreat at ca. 11.7 ka BP from the Adelie 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 10Bereac, 

Baumhoer, C.A., Dietz, A.J., Kneisel, C., Paeth, H., Kuenzer, C., 2021. Environmental 
drivers of circum-Antarctic glacier and ice shelf front retreat over the last two 
decades. Cryosphere 15, 2357 2381. 

Behrens, B., Miyairi, Y., Sproson, A.D., Yamane, M., Yokoyama, Y., 2019. Meltwater 
discharge during the Holocene from the Wilkes subglacial basin revealed by 
beryllium isotope analysis of marine sediments. J. Quat. Sci. 34, 603 608. 

Bentley, M.J., Fogwill, C.J., Kubik, P.W., Sugden, D.E., 2006. Geomorphological 
evidence and cosmogenic 10Be/26Al exposure ages for the last glacial maximum and 
deglaciation of the Antarctic Peninsula ice sheet. Geol. Soc. Am. Bull. 118, 
1149 1159. 

Bourles, D., Raisbeck, G., Yiou, F., 1989. 10Be and 9Be in marine sediments and their 

9Be reac, and (10Be/9Be) 
 

reac following this episode of grounded ice retreat, 
potential for dating. Geochem. Cosmochim. Acta 53, 443 452. 

Campagne, P., Crosta, X., Houssais, M.N., Swingedouw, D., Schmidt, S., Martin, A., 

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 Adelie Basin. The similarity 
between Adelie Basin biogenic and terrigenous MARs and the 
(10Be/9Be)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 (10Be/9Be)reac data set from the Adelie Basin is 
controlled by scavenging efficiency and the influence of the high 9Bereac 
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 Adelie Basin whole rock 10Be record with 
(10Be/9Be)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 
(10Be/9Be)reac of sediments. 
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