Paleo-glacier Reconstruction using

cosmogenic nuclides
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[. Title

Reconstruction of Quaternary glacial behavior and paleo-environmental changes in the
vicinity of the Ross Sea through analysis of Cosmogenic Radioactive Nuclides (CRN).

Il. Purpose and Necessity of R&D

Ice sheets diminish when the rate of ice loss through calving and melting surpasses the
accumulation of new snow and ice from fresh precipitation. The Antarctic Ice Sheets,
particularly the East Antarctic Ice Sheet, hold immense reserves of frozen water. Given that
Antarctica contains more ice than any other region on Earth, a complete melt of its ice
sheets would raise global sea levels by approximately 60 m, causing -catastrophic
consequences for low-lying coastal cities and communities worldwide. The Antarctic ice sheets
and their ice shelves have demonstrated significant sensitivity to post-Last Glacial Maximum
(LGM) temperature increases, with recent global warming accelerating their thinning and
retreat. Understanding the historical behavior of Antarctic ice sheets and ice shelves is crucial
for assessing the cryosphere's role in the climate system and forecasting future sea level
changes under warming scenarios. This study emphasizes the Ross Sea and the Ross Ice Shelf,

home to the largest volume of ice on Earth.

A pivotal tool in sedimentary research is meteoric °Be, a cosmogenic radionuclide
produced in the atmosphere by the interaction of cosmic rays with nitrogen and oxygen.
Deposited onto the Earth’s surface and incorporated into sediments, meteoric '°Be provides
valuable insights into past climatic and environmental conditions. In paleoglacial
reconstruction, °Be serves as an accurate proxy for deciphering ice sheet dynamics, sediment
residence times, and erosion rates. As Antarctica plays a central role in regulating global
temperature and sea levels, the study of '’Be in Antarctic sediments holds exceptional

significance.



In paleoglacial studies, meteoric 10Be is instrumental in reconstructing the timing and
extent of glacial advances and retreats. Antarctic sediment cores often retain continuous
records of past glacial activity due to '°Be's sensitivity to changes in ice cover,
paleoceanographic shifts, and sediment transport dynamics. During glacial maxima, when ice
sheets expand, '’Be deposition decreases significantly due to ice shielding, resulting in lower
concentrations in sediments. These periods are also associated with reduced influxes of
Circumpolar Deep Water (CDW), which transports '°Be/’Be-enriched waters to Antarctic
peripheral seas. In contrast, interglacial periods see an increase in '°Be/’Be concentrations in
the marginal seas. By analyzing these concentration variations in sediment cores, researchers

can reconstruct the history of ice sheet dynamics over millennial timescales.

Meteoric °Be also significantly enhances the study of sediment transport and ice sheet
melting processes. Sediment cores from subglacial lakes, fjords, or continental shelves in
Antarctica often carry distinct '°Be fingerprints, revealing variations in glacial erosion rates,
sediment fluxes, and basal melting of ice sheets. Furthermore, the deposition of meteoric 10Be
is influenced by solar activity, atmospheric circulation, and geomagnetic field strength,
providing a high-resolution record of historical climate fluctuations. When combined with
other proxies, such as stable isotopes, radiocarbon, and sedimentological evidence, 10Be data

significantly improve the reconstruction of past climatic conditions in Antarctica.

Antarctica’s ice sheets profoundly affect sea levels, oceanic circulation patterns, and Earth's
albedo. By decoding the historical behavior of ice sheets using '°Be, scientists can enhance
climate models and refine predictions of future changes. This is particularly vital as the world
faces accelerating climate change, with the stability of Antarctic ice sheets emerging as a

critical factor in global environmental dynamics.

In conclusion, meteoric °Be is an indispensable tool for unraveling the intricate history of
glacial activity, ice sheet dynamics, and paleoclimate, especially in Antarctica. Its ability to
trace sediment provenance, erosion rates, and atmospheric processes makes it central to
understanding the interplay between cryospheric changes and global climate systems.
Continued research on '°Be in Antarctic sediments will provide crucial insights into the
stability and future behavior of ice sheets, aiding in global efforts to address the challenges of

climate change.

[II. Contents and Extent of R&D

This report includes the following research topics.
- Perform experiment for extracting meteoric '°Be from marine sediment.
- Meteoric °Be concentration change with depth
- Reconstruction of the ice shelves and glacier behavior and paleoclimatic environment

- Submission of the result to the journal



IV. R&D Results

This report includes the following researches and developments.

1) We used the meteoric '°Be analysis in Ross Sea continental margin sediment core

(RS15-LC47).
2) We interpreted variation of meteoric 10Be during different climatic episodes.

3) We analysed elemental data from the sediment core and compared them with the 10Be

records.

4) The '“Be record from the sediment core was compared with organic geochemical and

magnetic susceptibility record from the sediment core.

V. Application Plans of R&D Results

The analysis of authigenic '’Be in marine sediment cores has been widely applied across
diverse climatic and marine research settings and is anticipated to become increasingly

valuable in future studies.
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Meteoric "BeE FZ3dl+ W o2& Selective hydroxide precipitation (Tera et al.,
1986), Hydroxide precipitation with EDTA (Ditchburn and Whitehead, 1994) or with
fluoride (Tera et al., 1986), Solvent extraction with acetylacetone (Bourles et al., 1989),
Ion exchange chromatography (von Blanckenburg et al., 1996), Fusion method (Stone,
1998) So] 1o, 2018l Jeong et al. (2018) Stone? Fusion ®%¥ 3} Bourles® leaching
W o] A HES AFE-3te] Hybrid method for extracting meteoric '"Be& 738} (18
2).

T2 7] FollA AAFE Beol ¥ HAE 2 dHE EAske= 49 ‘authigenic’©]
gk A gt shAIRE )ixpe] Az Wiite] EAehs A9 tiE % 7] Sl TEd EF
B Ao el EAEtal e RO 2R ‘detrital’olglar ek 7] Foll FAE "Bed &
Aol Aol BH oM detrital ‘BeS AAsFo ok &3 'Bed) 7S & 5 A Hrh

At 109 Bt shH T} 9 B A EoA authigenic BeS F&3le]s A8 dAFE0] 43
H ATk Wittmann et al. (2012) ‘Selective chemical extraction’ < AF&3}9] reactive
authigenic BeS %3} t}t. Magnesium Chloride, 2FAHEE ZA71A] kel mr2o] AHS A}
4ot SAE leachingZ 4 & AAH S|SE A= T4 44 (calcium carbonate) 2
2]e] HAHEE (exchangeable, amorphous oxide, organic, and silicate residual)S F=3d}+=
4401 t}. o] % amorphous and crystaline FeO-MnOol|A FZ&% #lEF<2 authigenic A& 2

Hokth 21 9 leaching WA &5 WEFS detrital i, S RO 5o & FH
i 21,] Az Yol ABAE wEEo|gtar A3t Selective chemical extraction W
Stoned] E#3F fusion W ©d Ion Exchange chromatography 2 AF&3] S0l % B
Q)e] JoleEs 243 AAY & ke Aol AUtk

fo & o oE‘: LI

¢}

i

Y

22 7] Eol| o)k vFow Qlef A W FolA in-situ FE O] FFHFE F4
7F 271 o] WHEolAH, o] & F& TR Axd ARdS v 5 ok 53], 10d o4
Wrlek 7] side] whEE Al 2ADA A= vbr7E Zh2E 1,380,000 2 717,000
'Bew} BAlo] F2 ALg¥rh(Lal, 1991; Gosse and Phillips, 2001). ¥4, 351 7] o] 5]
o FHY faEs A7 = “Beyt 31501 AdiA oz Wkt wlg- e MC (5,7301) 7t
AREETE o2 3k Be-Al, Be-C9| #oj& &E&3 A= Il &3] o]Folx ko,
Al 7% A3 o+ =2 2A8= ?J6H Be-Al 97+ T2 w¢ 2o =& JAE 7t
A= AA el A X sﬂﬂoighﬂr(Di Nicola et al., 2012; Oberholzer et al., 2008; Strasky et al.,
2009). °] 7l&2 AA J& TR AFE HESte] dow FH T BE S ATlA 2
¥o] FHo] Ans AN 5 A st

d

=
o
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1g soil

N/

B, F fuming
8M HNO; 1 ml
(270 °C, dry down)
Be

Leaching
(0.04 M NH,0OH-HCl
+ 25 % HOAC) 20 ml

(95 °C, 6 hr)

ﬁ sn.

v s.n.

K removal
Hclo,
Precipitated KCIO,
BeF,

F fuming
14N HNO; 4 ml
+ 12N HCIO, 2 ml
(240 °C, dry down)

ﬁ 5.n.

Be extraction
Hot DI water
(170 °C, 3 hr)

(240 °C, ~30 ml)

N/

N

Dissolving
14N HNO; 4 ml
+ 9N HCl 2 ml
(240 °C, ~2 ml)

Fusion
Propane gas torch
(400~1000 °C, 5 min)
K,BeF,

\/

N

ICP sub-sampling
DI water ~20 ml
Sub sampling (0.5 g)

Flux
Pt crucible
(Sample + Na,SO,
25g + KHF, 0.5 g)

M residu@

N

ICP MS

9Be concentration

Spike
9Be carrier
~038 g

Redissolve
1 % HNO; 25 ml
(170 °C, 15 min)

N

Precipitation
Cy5HsN; O, (pink)
NH,OH (yellow)
Be(OH),

&7

Dry down

Qz crucible
(80 °C, dry down)

N~

Oxidation
Furnace
(800 °C, 10 min)
(BeQ)

N

Targetting
Niobium (Nb)
(1 part)

AMS
10Be/?Be ratio

19 2. Hybrid method for extracting meteoric ’Be(Jeong et al., 2018).
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2021 WHE metfstus A 204 authigenic “Be #2317 98] Wittmann et al.
(2012)1 A Aokgt  selective chemical extraction WS AHE8taL Utk AZo] A= Ao ¢
2L A271¢F Bed] 52343 #AIE AAE] A8 AES A7) A 200 um oo F& JAE
S AAGATE oF 05-1g9 AM=ZS AFsla authigenic 'Bes %3517 93] wAEE b3
A oFS AFE-3}o] leaching A AFTE Leaching 3488 5 ©AZ AT 1) IM 93t 145
(MgCl)& AF&3le] exchangeable “Ex” %S F=3%th 2) 05 M HCIZ reactive
amorphous oxy-hydroxide “Am-Ox” Al#S FE3} 3) 1M slo]==2olnl gakd(
NH,OH x HCl 1M HClol| 5211)S AF&3F9] crystalline oxides “X-0x” AES F=3It} 4)
0.01IM HNOs¢} 10M HoOo5 AFESF] f-71 8L F=3lt) 5) 28M HF 9} 14M HNO; = A8-3)
o silicate residue®t F7ITtH ¥ 3).

1-3 D‘rﬂloﬂﬁ FZ9 EAEL authigenic BeZ o] AAH, o] 2 &3 5 AXA AL dxd A
S 10ml H9= «]“/\] 712 o] ¥ Imly BEZE H#ste] ICP-MSInductively Coupled

Plasma-Mass Spectrometer) 2 ‘BeS #4383ith YA 9ml &9dolli= Beo] dtfzol ko

w9~ 2 7] wjel 1010.29 ppm FEE 7H "Be spikeE Wil 3 Felo|EolA HxAIZ T

sl dx® AMES HClol| =9 5 ol (Bio-Rad, AG 1 x 8) % %o](Bio-Rad,
AG-MP #%l) mgt ZdS AHEete] Bes F=3th o HA A te s HClS AHE:

ol g Folert goleg A AAG T niwe] BeE #%F. Be(OH)E pH 7-8 ¥
91014 NILOHE Algate] Az oM, o] A8 Milli-Q B2 AXaia 94 Fejste]
ARG Aje) nfolete] 313k 0 H Be(OH)i= 11 7o) ]3] BeOZ Agsir). 2

T AZE2 AMSE =457 938 AE(Cs) o]=% ZAKsputtering) Ao Sol0 = o}
Hofstn, o] & #fa] A ] L 7}b ook gk Hg 1500TC 9] ioniserol A Whe= Al o] =4
o] Al o3| 7tdE MEFol AA WE F AEE AHEL Folof gt} 12y BeO ©]
23k 54o] ofste=, o] @ H(Nb FE Il ez Egete] A AR ol
ol AlEe AHEES AVHAEES =] HEAQ ¥ Hi(beam current)E ¥& T AT

(1% 4).

|l
N
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Sample

+10 ml 1M MgCl,
(overnight shaking at room
temperature)

1, Exchangeable Fraction

Residue 1
+10ml 0.5 M HCI

. Amorphous Oxy-Hydroxide
Fraction

Residue 2
+ 10ml 1M NH,OHxHCI
(Hotplate heating at

80°C for 4 h)

3. Crystalline Fraction

Residue

. a8t al Geochronology A& A 9] Y E A= =259 authigenic Be &
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1.2 4215 AE

“Be 3% A4S meltishn $RAFE AL APUNA FAAt 4P Kol
3 Nishiizumi7} A& & 7IRke 2 2 < AR&stal Jth(Kohl and Nishiizumi,
1992; Seong et al., 2024).(Rhee et al., 2019; 1% 4} 5). 441 2 7|0kt A|8 & Fa1 Zo}
SAH2507710 um) =7]9] A gk A=t}

o o
frt
(i)
2
(i, ol
053
1

1§ A o® a5k HClE °]&

AlS g+ 344 Be?t Al> NH,OHE 3l 217t BeOH¥} AIOH el A A
. o]% Z+zF 8002 900 C ol A 15%-7F calcination A7 BeO%t AlO & E]Z wH=o]&Fth AMS
SAo) At ez A=sr] 98l Bl Al%F Al BeO$F Nb, AlO9F Ags 419 A&

- 1
=2 HE AEE ARSI

e A9 AERE &47] 98 HF 9 HNOso| A5 &89S Abgato] 2541474
S|® Eool glo] A olele] AM, R T& Fof gloEth 4-53] wHE T Sk
Ao A S o] &3l AFFEE AT

T4 A9 o B0ge AHEEHA v, AIE Ulel= "Beol glomm, <9l ow A &
9] “Be carrierg 2o} 'Be/'Be] Hl&S AT & e Fduz vrED YA1Y P9 A2 5
A A Well ol o Ak FFEQY] WEel carriers WEE WolFA= @ou
PAVTAL Bl ERAE PALY] FE ARtE] SsiAE ARZE A e TAlY S HER
SAske= 8ol Bastth Ags =ol7] S8 o] HF9 HNO; E3-84& *}%’3}"4 %
AIZE 7rgEfErh o] &) dRE oy Badt F o]F Be Ao wet Al A AEE
= Adste] b o r Aeset) o] &2 e HEVF $hrHo] glorng hds] Ax
T Ao HNOsE o83 53t ICP-AESE A48Ttk 549 Be/Al9] €9 A 11
= HFE A7 &F7] f1a HCIO.E ol&all F& del5H, o] #45 $3] Beol BeF @ H
= JAE=4d BASHAL BeCl F2.2 343t 15 R9] Bes F=38H7] 98 ol ug 24
= AHgete] et w9 HClS o] &3 tE ol ol A AAZH Al 5 <
Al cation exchange column A4 Bes 343 o el

o]-&

N'—E
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[ ¥ +
150~200g Cation column BeOH AIOH
medium sand (HC) precipitation precipitation
(250~500 pm) i (BeCl, + NH,OH) (AICI, + NH,OH)
v Anion column v )
Leaching (HCl) Gel cleaning Gel cleaning
(HCI +H,05) 7 1 1
v F fuming Gel drying down Gel drying down
Leaching (HNO; + HCIO,) Be(CH)., NH,CI Al(OH)s, NH,CI
(HF + HNO,) 7 1 I
I e s
Calcination Calcination
Magnetic mineral 5 ICP AES_ BeO Al,O,
; Al concentration i
separation 1 1
! - i Targeting Targeting
20~50 g SiO; ICP sub-sampling Al target, Nb powder, Cu target, Ag powder,
i) ~8 ml Cu pin Cu pin
Carrier spike i ! i
(°Be abundant HNO,, || Dissolution AMS AMS
1.000 ppm, ~0.28.9) (HF+ NG 1°Be/*Be ratio 2BAI27A ratio

Geochronology 2 &2 9] in-situ Be/Al 2% T2 &3

st
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387 A LU (KIST) ] 6MV Tandetron AMSE o] 83te] 7z} AlZ o] 1'Be/Beg]
ATk (276). A HAGoNHE A5 HF A4S BAY FYdS 93]
07KNSTD 2®itt= MZ(5-1, 5-2, 5-3)2 Ab&3s, Z17+e] A ¥ H|&(Nominal ratio)<

2709 x 10", 8558 x 102 6.320 x 10 o]t}

Be F&2740lA doJx BeO FH] A AMSe AZ Ao 503t & A= Al
Z& A&l Beol Hl AF, Bed] ROI (Region of Interest), ’Be/’Be H]& 5% 7|02 &
9e AXA Frh MES FAEE SNICS(Source of Negative Ions by Cesium Sputtering)
= Cs HHAE 70T ooz 7tdal] 54 e Cs 5715 A6, S2e] 9 T49 Cs
Aabe F 74 715 ok A HAE 1500 TR 7FE 9 ol oyl A9l FEste] d-AE W
ot Cs™ = o]23t¥ = IAollA parabolicdt o] upo]AelA B tpem o]RHlo] Htt
Aol Bl S5 Aol Cs™9 o]2Rls AFAIA Cs 2AME AT F HAl= g A
E FEe Yo] Ho 7] witel o] &3E A &2 Cs 5717F $2HM T4 Cs 2 Sk
@A A Cs'olHle] BHAlE wie] BeO7} ‘JrJJ'ﬂ o] T4 Cs HomFH HAAE &

1 Be-09] FEjz AZo] WA Hrh B3l AZ L o] QitolA] Fof Q= FFo T ZHolE
AEE ] o8] o]Quo]A o] TAS Fso] FEHT

FZ% Be-OF v F#E3k o] 2 2 A25L Low Energy Magnetoll 5] Magnetic Mass
SeperationS E3a}, A o] 25¢1 ‘BeO #21-¢}F 26¢1 'BeO, 18]31 5 U491 'BO E21&
s etk ey e dEs Ad FA dAs el REEH oUAE il xle PE
o)af whe b Al A} 3 o] Magnetic Mass Seperation©| 4] Bouncing Pulse Injection
Magnet> Az £ A7+ 2=t} Bed Uo] B7] wio] Aoz & F9) /\]
& o, Aol 2591 ¢ }L} E2HBeO)7F Avz 4= & A4S dolFd ‘Bes

A&k gjelulo] #A(faraday cup)S =3 7 @ch bl PBee oFo] 27| wjio] Atz
2 70 AZES wp Ao Aol B9 Yt BAH(BeO, YBO)ZF Aubd & e A9S 2
F1 YBe g 7+A8k= GIC (Gas Ionization Chamber) 2 o]l A ko] wha} =4 A|7ko]
271 wjel o]y g F A Fo BAH

:LilOU‘

Low Energy Magnets &3t A4 952 745718 S36kAl ==l Tandeton 7+
715 29 7SS At rE ZEal qivh 7)) ke Bkl k= Aol &
o= 45MV7E A8 ok g A FY7EA, 094 45MVE 71H5E Be-Ov T49 <%
Hazol o =AM 7FE7] Lol AAA = Stripping Ar 7FA9F F=381aL, o= A A
| 3to] Be?' o} 09 9xt2 Egduh 7k57]9 2w A= Alejol7] wjito] Be*' & At
Hog F=¢ 2 el 3 ¥ o hSsiA dh

Ay

o, o2

X

7H:E Q2SS High Energy Magnet®] 4% #Alol] o8] Aapdz e =4 =&
A A Bk “Beo] 7% AMSQ] #ekel GIC7HA] o) &3dta, s oz dfo] 2 “Beo] 74

O Wol Hlua 7 ofe] sfejdle] oA SH ¥t Low Energy Magnet] =k
o 9&] ‘Beo] oL S o] szejuo] o] v Wiz Eoi7t Be o2& el
o] Hol| Y3 FAZH L ojuje] HFZ o]gate] “Bed HAA MFE A 5= ok
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Zro

o

jgo}n

Bel ‘Bed} #FdEo| &t GIC7HA ol8d 4 ed], ol 55 U290 'Bx ]
A dct 'B2 B AN DALE A9A B F 199% 4 EAsteg S|k Boky F
A9 "Be Ao A] wk=A] A A 5 o]of 3htl “Bed} "B Electrostatic deflector (ESA)o
2= Energy Absorbing Foil (SizNy)& £33l Be*' o4 Be!' &, B oA BY2 zt7 HA =

24 @Al Hm &wrh st ol FAAY S o W BN dduH o R dankgol
@ol Be''oll & £X7F ¥ ZAaste] ESAQ B F8lda JF IR wy Uyl AAE

ol# A F3&% "Bel HEAHo=E GICH Eo]7t d-ofo] 2FEHCHyy) 7F=9t whe-aln HALE
WESH= SigNy foiloll A AAE R & "By} YBeo] 9di= Axke] wele] th2 7] wjie] GIC

o] 4] AA7NE Fal sTUAE TR 2y AUk

GICoI %5 “Beo] A5t sefdlo]l Hold 245 WAFE A4tste] AL Beo] 7)
s} 37 “Be/’Beo] &2 Adgko] YoA k. X8 SiaN, foil & Eaiv] “Beo] 2e
Abo] A BSA HolAq B Eao] wasy] wel Asw e nee A g8 i
=A% 2UTE AZRYE 9L BAXE Agde] R,

dr

u)\
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& 6. KISTS 6MV Tandetron AMS. “Be/'BeZ =2 45}0|

?Iol 45MVILAl Jt=50HK
Be*'2 &0t & AJ| M0 SisNy foil2 0lEdl 1Y 2 S5dL 2SR BS MA

of & & RULH
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1.4 Authigenic ‘Bes%¢} authigenic “Be/’Be H]& A2k

9ol AT s Bl AMSE 4% WEE 54 54 A¥e
o} obA A3k vle} o], Fusion H = 9] authigenic AEWHS F538}17) -H?i leaching
}4& APt webd ool Abgetd Agapgel Fa g authigenic "Bents -3}
7] 9814 authigenic A=} detrital A&o] 5% L5 o)3l+= total ‘Be?] HXEZE ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectrometer)S %3 =4d a7t A
=tk AMS 232 & BefBe v &3 ICP-MS Z#& & authigenic "Bed] %< o] &
3ol authigenic "Be®] %74 #ntE 3 5 Al HSith

FEAZAA HEHF
authigenic Be/’Be H] &<
d "Be w994 %atoms/g) S

5o L}E}‘)’ T Q71w BlaA Azt

493 7]1F AFEL authigenic Bed] 9 HLHT}

Hof gt} 53] EHA =Y ASAE Aol &
HAE kel Arv s 38k Akl o &)
e} A 7HS 7HA = authigenic "Be/’Be H]

523k 9= A Fo A= meteoric 'Beol AAES A FABH] el @2t

AFEE 9 o] T A Ao A %3 meteoric "Be =9 A<l vl A7) HsE)

o] #AH A= oo thate] meteoric “Be T ZEIAS FALE 7E AFE

o)A meteoric 'Be Fx9] HAFA = oF 106 atoms/gol™], 48l sl 7449 meteoric

UBe »%9] H45x= ¢k 108-109 atoms/g® H2E AHScherer et al., 1998, Sjunneskog
et al.,, 2007; Arnold, 1956; Goel et al., 1957; Merrill et al., 1960).

1.5 In-situ "Be, ZAlx %9} in-situ "Be/’Be, PAI/ZAl H]& AL =EAY=A

In-situ Al¢] 4 -$-9l% authigenic Bee] AX43 fARHAl ICP9F AMS9] 23E5 BE5F
ggafof 3l Ale] 4$- ICP-AESE 53] ppm @92 44 “Ale] 522 %7]9
ShE o A BAgste] date] MeE F3h Bed A5 vEE dal e
Z dolF7] wiito] F714<el =4 glo] Beel 9A AFE +& 4 vk
9

AMSE E3 249 5992 v8("Be/Be, BAFADS M-S A2 AR s
ato] B9k FAYARY MEE 7 5 Utk o] HAHNA AE T FAHJAY carrierol] A
T B DA S ekl AIATOZN process blankE AL g &7 GAARR
BEO Bty H9Us 92 AM5EE Aate = gk o]2A ezl B %AH Nt A&
AGe) 1x A% 5o A AR, $FAE AT 5 Qe FH A 2y RS i)
o A Aol el S-FAFE FAUL A A FS 1T 5 o, oF T =EAUE
ZAE 4= Qi

T3 T A S AME e R 7F dFo] Az A F wigb)e 93t BudrE &
E3 HAe] wEFH o] 1 AHVE AHHE FAHAEA, S =F 71 Tl xHe]
AF A=A, 2 Wate] ARz Q8] A HANEA T 955 wd Aok



A2 A ATASE F3A} £

2.1 P =7 A

228E dFAZF(AABW) Y & 23] F ok 40%E A48 (Orsi et al, 2002), ==
URPSRE =1 Dl,:—oﬂ/\ﬂ 1) 0}7} 2k cgmo] RIERSES

T8 HA=2=2 de3A ArHAnderson et al.,
7] e Ag Wby - 7] F7] w<
o™ (Yuan et al.,, 2017), ©]+= ©] A<
& Hel= d 2544 dS AALEL

o)
S
[y
:'5
o
e
)
[3u
mY‘u
Fl
fr
[
:‘.’:
1o
ol
o,
ot
o
N
N
ol
02
I

H A AFES maE] Aol s gt U ke A FEARS olsfiske A9

S HFZ-A17]13 vk (Nishimura et al., 1998; Jacobs et al., 2002; Chow and Bart, 2003;
Bart and Owolana, 2012; McKay et al., 2012b; Halberstadt et al., 2016; Anderson et al.,
2019; McKay et al., 2019; Silvano et al., 2020). £3] AH=UAHWAIS)S] FTH e} g ¢
T7F 4% FE% 9o (Pattyn and Morlighem, 2020), ANDRILL 1-B ZojolA=5 7 1
Ma &<F 2839 ®alr]-717] F717F 7155w, 4 7|5 T o] o] Wyt
ol gt Wl Wsly] F¢ke A HAE U= 2 e® ®HtK(Naish et al, 2009).

227 Z(Ross Embayment)oll 4] WAISS] ARy S8 F7]= 2 41,0002 #AAZ
7]&71(obliquity) F=71°l ol8 =-dE Qo ollgt F7]= F7] BEd2 % 2(mid-Brunhes
transition) 7F4] A& S AFTHOhneiser et al.,, 2023). 1|5 X 1 Ma &<F WAIS9]
Aol gk WEe A= F53HAE AND-1B H4 & 7o) 71238 Yalr]-17] F7)=
el WS e AdEieh A 3R F=714 WEkE AJALEE ol 27k sk AR 7
AAap A dAEE Ao w2 Wt McKay et al, 2012b).

N

Tk 22d)] A9 F7] FEo|2EA %ﬂ%‘r(l\/{ld Pleistocene transition; MPT) &<t}
o] o] A<l sjFeA WstE AYoH, o= BAN- A sa% % A dE
S-9], Konfirst et al. (2012)+= o}F=Als] #]7] ot}(Amundsen Sea Low)2] A3tz Q& MIS
16 o] el =23 =%HRoss Gyre)o] &FHlom oj& Qla] Wsl <A HA=o| 23z
SHFE S-S Ak tH(Wang et al.,, 2022). AND-1B2] HAA 7] &8 Xt 3 Ma <t a9

A4 N ®97F 53] Z7HEl e (Naish et al, 2009), MPT s<F ®3}e] &7o] A o
o ykSS HojFEtHMcKay et al., 2012b).

ey o] Aol A o] WAt Wste] #gk A S 3 HAEY A V|ES g
sk dlol w2 oy witel X AN doll Aty = A9vF gk o A, d= S A
Aol 54 AQelA = AEZQ1 187 7|50 Fetrh 22dfolA 24 diREe] HA=
ol tFE Aol AHAFNLH, o] A oAM= W7t HAFo AHHE Tt w
A ti5 AP B g5 o]9le] HA V5E "ete Al A5HQ usd Tss Aled

eae #oh

7] 7199 “Bex @=ale Wald HAEoA HA A G Wad/NEe] g8ks >
ek o @8] AFeE 2 9tH(Yokoyama et al., 2016; Valletta et al., 2018). 121} ®
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o] Aats AEe] FHsta HA BgE Friste, v7] 7199 “Be 2lart #4421
olye}l JAF 7] (Kretschmer et al., 2011; Wittmann et al., 2012)9} &2 TS Q40f 23
FFE WS T Ades LHsfoF sk olF AAst] A AFAES EV]ElA ] 7149
"BeZ F&st= d 9 97 Aslitatgo] 298 W34 “Beeaes S48, WA w0l

A obA EIRRE FYE b 9949 ‘Bepwes 7 E43 3K (von Blanckenburg et al.,

2012; Wittmann et al., 2012).

2 A7) BHE YBern, B B ("Be/ B, HATHA 2 §7] A1 AX2 84
slo] I o5 AT DA Mo} o= g A dAel M FFL FRHow B8
= Aolt}
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7} RS15-1.C47 5.9

20151 FHbgte]l A& SAATFA(KOPRD Y IBR/Aron 520l 93] =289 33
5 Ao A RS15-LC47 (70°50'45.33"S, 175°4'11.34"E)7o] A&7} 4] 2417Tmol A A
=) Ar) o] o= Cape AdreolA] @& o2 oF 148km "ol Al o, Scott 2 Wilson & 2r

oz ZA A A A BN FHEAHRLH. 7).

(w) ssewo MSA

(Jeé&/m) XNy Je.lemqsag

oy 7. Aol RSI5-LC4A7¥ Bollen et al (2022)o 4 A3k RS15-L.C42 &
sole] $1A A=, (@ETOPOL A AlAl A 2dg 7wtoe =3t F43 Ay
H (https://www.ngdc.noaa.gov/mgg/global/). HFZH71(LGM)e & % A&
1 Aok (Green et al, 2022), F= AAMT(ASC), F=45T(AABW), =
ZT(CDW), 19 & 52T HSSW), Wa(ISW) (Smith Jr et al., 2012). (b)
7] Zgo|~EA HIMPT) o]F mdgy d=o od& Ry W3t (Pollard
and DeConto, 2009) (¢) =43 U5 &F(DSW)e FAHAE = Fo= FAE
S (Morrison et al., 2020), 17 A FA] & ST 5 Fol &4 35ty
of HHE 3o U HASH MEAS 2 7tsAdol IS HolFEth (d) A E

dolAde =28 ¥H @9 Z2 2~ (Morrison et al., 2020)

o, Mo

{0

[¢]

N o

e
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A 283 A7 Edd S AHE o, 1165cm ZlololA] ]
[e=]
-1

o (3 Aol A HEF| 2w} o}

oA
32 ot
2 g

S15-LC47 ¥4 &

At7IE A7l $18l RSI5-LC4A7T HA = Fole] MS #s ¢l 30)(RS15-LC42:
Bollen et al., 2022)¢] MS 3 AAIHTHZ™ 7). Bollen et al.(2022)2> 2 AT X9 LA <]
RS15-LC42 ¥4 & FojolA RPI 79k Ati7]& A&t & A5+ RSI5-LCAT §4&E =
o] Fdg A AEAW A EAA] BM HH(773ka)oll =4S w33l

MS 32 = 79 A Wet 2 7] FU 0 =2 AREAE HolBE T 59
o] MS #5 v tHKim et al., 2020; Sunghan Kim et al., 2018a). €wh4 o2 wls} &%

2o e 9 YAk eld) g A
o F =09 M

S
lem A0 2 A&

¢

PA7F FH-ske] 1H7] HAEZRT & MS 3 29
ARG AEe B S g 5 Ak 7 Zole] MS @
=23} fo]E & QAnalyseries 2ZE$ o] (Kotov and Pilike, 2018)Z A}
A A A

, Al AAE 8k MS gt ko] VRS ARt 8).

(2) 1OBercac, 9Bercac I;‘l(mBe/gBe)rcacg)/] Eﬂ%

+

Bereae (4911 atoms/g)e] ¥ % 3.79E+09 + 1.15E+07¢ A 556E+07 + 6.65E+05
A= 7AW, HF e 148E+09 + 558E+060]th ¥ "Bere, = 1.18E+17 + 1.6E+1691 A
203E+16 + 3.82E+14 A}olo] kS 7bAW, W zkS 6.76E+16 + 1.85E+15¢] T} “Be/*Be
H]&(H9]: atoms/g)S 6.26E-8 + 1.29E-99l| A 1.77E-9 + 247E-11 ¥ & 714", A
& 2.16E-8 + 596E-10°]1t}. “Bereac?t (Be/Be)reacd] FZololl we HEe FAS H S
Hth o] e F7] ZEolnEAR Z5E FUtee A S Ko, 550-781ka 1t
off A 7h vk ZE HATHE 9).
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1% 8. RS15-LC47 HAE 3ol b4 (Lithology). (a) AFH F37+e] 35-(750-550 ka)
o g o] e WY ¥ wA Fele welve R wEor SFA Lk (b)
RSI5-1L.C47 2 RSI5-LC42 HAE =:ole] 7] #F&MS) #e 9F 3 (Wiggle
matching). A o2 FAE AZAMHE 72t Fo]¢ MS #& dA4ste] doly AE 319 4
WA BHoFEr 7 oFo] BT nAggAeR vk MS gho] ##EHASH, o= whA
A Z(Purple box) 2. & AFEETh () RSI5-LC47 @ RS15-LC42 HAE 309 <3 %
g MS #%, A8 ®HHLLSR), 28 AdF FHEMAR). (d) LR-04 §"O(Lisiecki<}
Raymo, 2005)¢} EDC 6D 712 (Jouzel 1, 2007)¢] A=% Ad 4339 %0 2 < =
AL 2.
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(@) MS (SIx 10%)  (b) (“Be/'Be),.. (x 10°) (c) LR-04 5"°0 (%o)
0 100 200 0 2 4 6 3.0

4.0 5.0

Age (ka)

Mo 40 4
EDC 8D (%o)

a2y 9. “Be/Be W& Ax wstel oixk&e Wl “BefBe wl&9 W3
(downcore variation)”} ™ A& (magnetic susceptibility)oll sl z#jZ 2 e
o w3 A29 A FEEY 6%0 (LR-04 600, Lisiecki®t Raymo, 2005)9¢
EDC 8D 715 (Jouzel 9, 2007)& @7 #AlAste] ¥ 5994 @A (Marine
Isotope Stages, MIS)E R o]t} o] gz 2 &da2 E 2= A "BefBe H]
&3 Ao AABAZS Het, MISY AzHE a2 olsists d 7]oldh
}.
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3 WMEF 59

e

LR e EopolnEA WA A%

[e)
T
<; ) E_ﬂj\——o_H" 1Be o O

Ao HEE sAYAR V5 2o A9 A ek & 7hzh
Sjunneskog et al., 2007; Yokoyama et al., 2016)3} ‘ITA]'S}U:], WAl ol B A B BaEe gk
Bty =) ole A9 34 o] HlEE sHdL T 43S VS AARET 2248
Aol A Z4E "Be & EEA H TRV F% 5x1o5 atoms/cm®% M4, 107 %
Valletta et al.,, 2018) .t} F x}8l= =t} o]&= HWal-a|F B2 &l #zd 'Be %= %%01

W7l FAwozs AYE f glom, 7 AT BaI Uee BRI

’

[

rz r
of{
|l
(o
mlo

G o5 F9 sctel A Be/Be nl&o] MTS WA S50 93 1183 Be ¥H
ol 71918 Aoz Atdk(Valletta et al., 2018). 7H47] &9t #25 "Be Fx9] 7} A
= &87 7 9 w2 FREC 71 28y gy fFEReRE Y] St B @l
ohdol M #BEE "Be FHE Ayl BESEstE ol o)d dAFE] o3 A4t

(Sjunneskog et al., 2007; Valletta et al., 2018).

L5 7] f50 gal a5d 22 "Be 2% 2 AL v
2= A tH(Behrens et al., 2019):

dlo
oK
i
tlo

S
>,
i)
9,
-,

10 10
‘/Tmeltpice Beice + BefluzAb

10
Bepe=
CRs AbSRpsed

(Behrens et al., 2019)

2282 FY5 = 11719 2 WeHLand, Nickerson, Sulzberger, Swinburne, Withrow,
Ross West, Ross East, Drygalski, Nansen, Aviator, Mariner)2] W&l &8 (Tha), A4
o o] AZF viE=, 714 g8 L WA B o] AAFE A THRignot et al., 2013). Alitel = E
AE WE 25 g/em®(E AT Haghet Wk 2% 0.9 g/cm®(Behrens et al., 2019)& %83}
=3

Z2g] A WA (AL 4.9x10° km*Z 2HF E 2 (Comiso et al., 2011), Z28]2] Ht
7] “Be ®7 gro®Z 45x10° atoms/cm?(Lal, 1987)& Ab&3th 228 x9e] 2%Ph 7)ut
A F4E 0.07 cm/yr(Bettoli et al., 1998)% #-&3&to] AAls Ayl 23] EZ &4 Be
X 89x107 atoms/g o2 YERTEH

o]+ Sjunneskog et al.(2007)°] A<t

obsk oF 15x107 atoms/g @3 F A8lG 2po] S Ko
, 2o} v1Ee] =g A s 34

o, & B¢k o] 7} gl O] AR &8 71949
B2 HHES gt A8 ALY 5= do, "Berea 7 FAHNM T3} 22E
ghd =41 =4=(Circumpolar Deep Water) % ©] tH(Jeromson et al., 2024).

S5 T S7F HA 7154 (“Be/Be reac & *J%O Fa Q]I &8+
7F 7P B AelA (“Be/'Be reae HlECl 7HE =4 UEE Ao ® ATt 2y g
FH vt 57 7MY S5 AY, 53 U #F AYdA BE Y YR B2
(“Be/’Be )reac®s E.QITHSjunneskog et al., 2007, Jeromson et al., 2024).
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(1) (“Be/’Bercac =HEH FF8 184 9 udld A

-

(""Be/"Be)seac Hl&& 550-781ka T-7rol Al 717 vhe ks yehdth o] 77+ MPT(57]
ool 2EA M%) $7] & g, e Wl 2o w SAA I 9, 10)
(Clark et al., 2006; Bol'Shakov, 2015, Daruka and Ditlevsen, 2016; Ford et al., 2016;
Herbert, 2023). ©] Al71= 5 7He] % gs] 5= SAMIS 25-22 3 MIS 22-16)% Y5+
NF Ax"e] FAG AEAL Gtk MIS 16& Hr) Wabes ®e) A7) nFHn,

MIS 22014 MIS 167}+A¢] 713t &<t 715
HEA 7S A o] A7l B P e
(CDW) 9] fdo] gt vre (“Be/’Be)e &
e W7l 7 skel whe)l water columne] -

g9, 10).

pRd

MIS 16 o]%, 53] MIS 14-11 &< “Bee. o} (10Be/’Be>reac e dA3 Flete] Add
B 7] 71748 JERdT) o] e o] A7) Fok S EHY § = HE H&Y T

Agtek, MPT Z54F 712k} vlaste], MIS 16 o] % ‘é% FH A7) 4 (ASL) ] HHA
I} 723 F3Eo] s AAZ o= Al E AulA FH(Hillenbrand et al., 2009). ©]#] &k
Avgles g FH A7 e 3 o5 54 AFFe gEAIAo R FUbE o

o
I o

—

H 2 (Be/'Be)wae 70l o1& 717tH L 4wk 37] Zefo] ~EA|(>250ka)oll A BEH 7
oh B Aol M o] 7zHS "33 dAlR EAX oY o= A% A& 73ty
9] =& ("Be/Be)reae Bl &S WYERATH IR 9). = 53 o] gk o]d AFERE
MIS 16 olﬁe AZE 7] 712kE AA e, ol Mg WAHWALS)S] A S 7
o5

5.

fz
a
rlr
LY

_

Hillenbrand et al.(2009)2 olt=Als|ol A AL} SX719 & =,
15-13 &<t WAIS &3 7bFed& Atk o5 MIS 16 o5 ¢ el 57} ojed
NE FLES = Juka Bokal, 621 -478ka 713F SoF A& YA §4]7]9 %@ &
2ol 715 BE3Y o9} FAFSHA Scherer et al.(1998)2 L5
g 7IWko & MIS 11 §<F WAIS 39 7Fsds Bugrh o= W4 %4 7
of /i &Y = #FHol gtia SAETh Hearty et al.(1999) % Kindler and
Hearty(2000)+= 570-390ka 713t Afo]o] o ¥&= Wal &5 ARdS Yehlle 235 Hx3)
th WAIS 53¢ ARt Al719] EUA= A7 4 Akl 7108 4 AAIRE MIS 16914
MIS 1174A1€] 71312 o8t &3 7hs/del el 7Hg w=eho] B2 A|7|& ol gtk

MIS 14-11 &<t #2E “Bereac 9t ("Be/’Be)rac®l S7HE WAIS &l digh 21542l &
A AlgstA= FARE W il fad F71Ad 2343 218 dEpdith 250ka o] %
("Be/"Be)seacts @A S7FatH MS ¥ o) AeS BAtHd 11). 17] 5 v A
Ao g mEegh ol e A 223, ofw=Aldl, g v T ds T A Aol A
H3HA A+ ¥ At Howe and Pudsey, 1999; Steig et al., 2012; King et al., 2022; Yi et al.,
2023; Lamy et al., 2024). o]&| g+ mEegt shd=A] ?-)F S stk Tl Al F3F
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Interglacials after 250 ka (MIS 7,5 and 3)
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108a/%Be Variation in R$15-LC42 and RS15-L.C47

er RS15.LC42
f"\ - Rs15-Lc47
i
kN
5r ! \
[
Foi A
I \ § 5
: ! . i
4 Z N\ ! J Y
T ! VL J} )
Ke) / \ A i \./' ! / \ ’
i ! \ ! \ N S -
o I} \ ] \ W N\ 'J
@ 3l / \ I \ ] N R !
T / \ | X1 g \ I
3] / - i f / |
o ! V.~ 3 \
- / N/ i !
\ \
J i} /
\.
2r 1e \ |,.'
i L b
W
\f
1,
100 200 300 400 500 600 700 800
719 “Be/f’'Be 7] 2 H|al

o]

19 12, RS15-LC47# RS15-1L.C42 A E 592 d7]

_37_



) “Be/’Be?t that&

S o] §4 A& (Magnetic Susceptibility, MS) 7] =& W &}7]19} 71 7] Apo] o] Fg)
g HstE HolFH, o) ¢ A4 HAE d4d o] BT 45AES v
S HAE W 2] 2=, 53] AE(magnetite) ¥ 2> H I FEQ] sEE A3
1o} F= x4 Wstel RztsiA whE
dnkA o 5 %‘6}71 F = A7) F v dEkdT o)
MAYUS 71e] 52 #Alel 7]t

ofstulw o|& <laf thgk YA 2714 HA
o] Aol A= 4 Y YAHcoarser fractions)7} © o] x3le
H&o] FolA HM, o]= MS A ST olelgk A A o] FHG 29 Y=
a17] Eke] v 3 5 2Rk ghAe] Aot R, P 7] Fetel= dlFUt
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) 'Be/’Be#} Barium Excess
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