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Application of cosmogenic nuclides dating to the
glacial and paleoclimatological study
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SUMMARY

I. Project Title

Applications of CRN (Cosmogenic Radioactive Nuclides) beryllium-10 for

glacial-marine sediment study

II. Objective and Importance of the Project

Our study area, Ross sea and Ross ice shelf, have responded sensitively to rapid
climate changes during the Holocene and their thickness and extents have been
decreased. Since the Ross ice shelf is much more larger than any other ice shelves in
Antarctic Peninsula, the need for monitoring of ice shelf reponses and predicting of
future collapse of Ross ice shelf comes up.

Two types of CRN “Be (meteoric “Be, in situ ’Be) are very useful for tracking
climate changes. First, meteoric “Be is produced by reaction between nitrogen and
oxygen atoms in atmosphere and then, removed 'in atmosphere by adsorbing onto
particles in atmosphere or dissolving in rainfall, and consequently deposited in surface.
With the behavior of meteoric “Be, it is possible to reconstruct ice shelf history and
paleo—climate, so meteoric ’Be analysis in glacio-marine sediments can be effective.

Unlike meteoric “Be, in situ °Be is produced within mineral lattices of rocks
from reacting between cosmic rays and nitrogen or oxygen, which is used for
exposure age dating. Exposure dating method using in situ '’Be has been widely used
for glacier landform. The method is very useful because inference of past-glacier
movement would be possible from the results of exposure dating. Moreover, with in
situ MC, age obtaining from data is not apparent exposure ages but real ages.

Therefore, the purpose of this study is reconstructing ice shelf history and

paleo—climate from amphibian cosmogenic data of meteoric °Be and in situ “Be.



[lI. Scope and Contents of the Project

This report includes the following research topics.

- Review previous works which cover method for extracting meteoric “Be.

- Perform experiment for extracting meteoric "Be from marine sediment.

- Perform experiment for extracting in situ '’Be from erratics.

- Perform experiment for extracting in situ “C from erratics..

- Analyze “Be and “C concentration through AMS (Accelerator mass spectrometry)
measurement.

- Reconstruct Larsen C ice shelf history and paleo—climate based on meteoric °Be
concentration change with depth and exposure age dating result using in situ '°Be
and in situ C

- Submit the result to the journal
IV. Results of research and development

This report includes the following researches and developments.

1) We developed chemical method for extracting meteoric “Be. Previous study had
taken methods of Stone and Bourles and this study took their advantages for
increasing accuracy and reliability and contracting the process.

2) We gathered glacial-marine sediment samples at regular intervals from LC42 and
LC48 of Ross sea and extracted meteoric "Be. Results were all analyzed with AMS
and ICP-MS measurement. Discussions are going on with those results for research
paper.

3) In-situ studies with the glacial erratic boulders or bedrock on the land near the

Terra Nova Bay is being proceeded..
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$-FA FE F9Ya "Be(H7]: 1.387x1000) =L qUAE sl §FAlo] A
28 AAE B 942 7] T4 ) ukS-(spallation)S Eél A A (meteoric Be)
A Axel e FEY A Yol 3, 78, dFAAF &S T3l AAAGn situ
"Be)dtH(zzd 1). th7] FolA A D “Be(meteoric Be)x= WA o] &2 AL <ol
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T U, 25, UF 5o AEE A, BAH Yot Aol o8| B H e
48 4+ A 28 A% olA A4 in sit "Be Wt & Sol @ wjEo] @
BEA o ol g ALH O SN wBHBE 7Y AT Fo] A&HoZ YA
CRE R

Meteoric "BeE FZ3l= W 02 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) 5°] Ao Bourles et al.,°] 19891 #|<t3t leaching W ol 7Hg ®ol
AR R = o]l 7R Wol AMEEHA e FAIAL Ad AGFE F3 Hybrid method
for extracting meteoric ""Be(Jeong et al., in preparation)& 7l%3le] meteoric "Be& F
3= d o] B &&% <l 1998 9] Stoneo] A A g Fusion WW ¥ authigenic A&
| #138] Bourles®] leaching WS &3tk vl ) o] RuMgM= M2

= ol &3t ATANGR] oA FAS5E LCA29E LC48] HEs S =
AH st EA o 1 AaE w3t

LA BAF 5 Aol T e Y 2
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all
%
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(Accelerator Mass Spectrometry)s "Be/’Be?] H| &S =A 3517 wfol detrital “Be A
B AAsFoloF 4&3 'Bes] z+S o 5 A Hrh
I WEES FEE Aoz A3 Bourles®t Stoned] A W2 oo 7)
Ho

%2 AL ) FE4

g = 4 Y= HEE o]l tE2t= Holth Bourles et al.9] 45
A ARl leaching A& o]&3te] WEF9 authigenic phaseE T alHE L A =3+
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authigenic phase?l A& 23] & 4 glv= HA7F 1o, leaching ¥ ©] Stone
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Slow nucleons

140¢
394 9 HKr

EECI

Atmosphere

I 1 $FolA #old Eojee 12 $FA(primary cosmic ray)< A9 A7 HS
AA FEAY FAEAY FHE AFE FYET o2 Qs FAAH 24 574
(secondary cosmic ray)< W75 54 9 A 54 daet d@NbgS o
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Bourles et al (1989) Stone (1998) Jeong (in prep.)
- Solvent extraction - Leaching < 53l
with acetylacetone - Fusion authigenic phaseWrS
g | GA A2l leachingS | - Flux®} torchs o] &3 | &
%38l authigenic phase®} | Z ZAE &3 A7]= | - Leachingdt acid=+H-H
detrital phase®] Beg # | W Fusiong %3 Bes =
g, &= WY o F&
- meteoric  ’Bed -l L 9o gaam Al - Auth‘igfenic phase ]
A7 | A 23k authigenic phase o 5870 BeWts +&
WS FE2T 5 AL e - Aol mEAQ A
- F=3 authigenic | - AZ AAZ gAY
. phase®] A# =7k oz | 7] wiel  authigenic | wa
- AH oz 3ol B | phase®t detrital phaseZ}
st Algte] edf A¥ | £%H
% 1 Bourles et al. (1989) ¢} Stone (1998)¢] meteoric 'Be F&WH-S v wslo] 747t
S A3 Jeong et al. (in preparation)®] hybrid extraction method.
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discard

ﬁmamm

0.5 - 1g §01I. Ppt Be(OH)s
Spike with with NH,OH
~250 ug 9Be :
% redissolve - 0.1 M % %
C;;:xgiﬂgr Dry to expel Ignite to
1 part NapSO4 B, fluoride BeO for AMS
% /
supernatant
Fuse Ppt KCIO4
3 - 5 minutes with HCIO4
% ﬁ/g’;natant % KQ:?*
R, resigue
Digest cake: dim:,' 2
Hot Ho0
~ 3 hours
fluoride Be extraction

o by KHF2 fusion

discard
3= AU o] A ol Fo A= Stonel
< Algehs Ade FHH R dF

skl S48 oF Ak (Stone, 1998).
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A3 R APusd g 2 2o

A 1A 2o B2 HEE FEYNS 08T 2w
LC42, 482] A& £A

1.1 2o A7 MXz

14 Ao azedigtue] WEE F5 WS Bourles et al. (1989)¢] leaching
W 3} Stone (1998) fusion WHE 7jwtoz zhzlo] Wl S R Aoz AAS 3o
Mgk vk QeH(L® 4). F e 7 TAolo A HA A dEA = FEES %‘@ﬂoi
AR 1 g AZES FEIh T3 HYE Y detritale] &3S =] 9
& AWZS AFsty] A detrital 7] Yolgtn AR E F& AAE(YA Z7] >200 uym)S

fetel AR,

g
s &9t X ]ﬂﬂr. ]3?, A 7]
EstRon o= 500 CTo A7l §F=Eo] HAT AN o] AEE A7 st
Atk ZAdiEFe] AdE AES pyrex vialo] Eishal o] % A4S o] &3 HEFE FES
A= ICP-MS(Inductively Coupled Plasma-Mass Spectrometer)®t AMS (Accelerator
Mass Spectrometer) 4l ZtzF &4t JEH 2 WS THIE 5),

JH’

AMZo] FAE o] & authigenic "Bed ¥9 FEF37] &) A4S HEE AR

Fall=h 0.04 Me] datstol =540l (NHOH « HCDH 3 25 % oAl
EZHHOAC)S =& Hs 20 ml golsth 95T BEHER 6AZESt 7HE st
leachingS Al A1 50 ml Cornging tube® THAl %7 2500 rpmo. 2 587 AR &
ANATH I &S AYds FTHs 7AEe vEE A &7 Hol 260 T ol

(o

4 AF AmieF ON9] G 4F 2 migt 4 o £9S 2 ml
olgt7} & w712 7tdsledh. &S 7l R3$ 50 ml Cornign tubeoﬂ SAE T
Z7 o]lgd HAZ Ho} BF FHAFEE. AMSE 237 “BefBeol v &=

OIN m
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o ICP-MSE
S ICP-MS® =437 9af Ate
1™ 9% = 15 ml Corming tubedll
Science Institute)oll 4] ZA 3t} ]
AeFstm Aol

i Hd

N

wHol Su TGS

Jaf Fojof "Bee] 4S& - 4= vk A
20 mI7hA] 440 3| A A
St 7] 2 A dA Y (KBSI - Korea Basic

1t

A Zo = Beo] A9 9l ‘Bewt 9= carriers
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1g soil

N/

B, F fuming
8M HNO3 1 ml
(270 °C, dry down)
Be

Leaching
(0.04 M NH;0OH-HCI
+ 25 % HOAC) 20 ml

(95 °C, 6 hr)

ﬁ s.n,

M s.n.

K removal
HClo,
Precipitated KCIO,
BEF4

F fuming
14N HNO;3 4 ml
+ 12N HCO, 2 ml

ﬁ 54,

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

(240 °C, dry down) (240°C, ~30 ml)
Dissolving 4 Fus:nnt :
14N HND 4 | mpane gas Qrc
P LT 2 vl (400~1000 °C, 5 min)
(240 °C, ~2 ml) K;BeF,
_ Flux
ICP sub-sampling Bt crucible

DI water ~20 ml
Sub sampling (0.5 g)

(Sample + Na,S0,
259 + KHF; 0.5 g)

Y residu@ N
Spike
: ICP MS _ *Be carrier
Be concentration ~0.38 g

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

N/

Precipitation
Ci5H1sNz0; (pink)
NH,OH (yellow)
Be(OH);

N/

Dry down

Qz crucible
(80 °C, dry down)

N/

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

7

Targetting
Niobium (Nb)
(1 part)

7

AMS

18Be/®*Be ratio

19 4 Hybrid method for extracting meteoric '’Be (Jeong et al., in preparation).
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Abol]l ol gl ym A AEo= Beo duHko] wl¢- A7) wjio] “Beol A< glu
] EH%EL%OL E409 Be AHglolE 4ojFojoF AMSE =4 4= vk oF 04 g9 7
o E7Yel &7]a stEEolEdd A WA AxAlAEH. Adxd 1A AE

o] Na,SOs2F KHF.Z Z+7} 05 g, 2 g® Wil 2z HojFErh A28 T2 (CGHy) 7= &
2= o]g3lo] 2F 40071000 °Colld @A RE =1 fusion Y-S Al &3l Na,SO,4
= Al Ti, Fe9 wr&3sto] vl+84d S4S vrEoll™ Ca, Ba9t WA whg& 997 Be

3 AFEA @A AEuh o] BASE RE o]BAR AAJ Hm Be & KHFS w3
S 2o KBeF,el Jelz 484 247 wsoldich stdo] Bupd waje] 7o)z}
w3 Esh o) vhete] @A AT

100 ml HER WA WP BAUE Y RS
Y 2-3 A7 A% HdaFE o 74

o
+ ol & ol YAk Fe, Al, ¥ Ti & HFT&4 ) = 54

o Bes F&E3tH, Fe, Al, & Ti 2 ofF w =W Ho oA Ao g =74 E 7
o] et HfE o] &ste] WEES HEBVARZ EF &1 F §90] 30 ml %=
FS uj7bx 7L Ett. 898 50 ml Corning FEO &7 3 AR 7] 2500 rpm
o =2 57 AR A7IA AT HE ZHREe 50 ml Corning FH.O wrepdit) FE5HE
mebdl TR HEANS Yol KCIOwE AAHES St FEE oA dAEe 7)ol
2500 rpm o2 573 dAEE AlA KS AlASFL BeF,ol FHZ H2 F5HS 100

% “’Bej 3 =
AMS FAeo] golaixity BA 1% At 256 mlE ¥ Ed3

3k 50 ml Cornigng tubedl =71 & wlEg =8N (CisHi5N302)=
oo mgdg =g Ame] MtE o ¢ e WlERA A HE &
) = 3} T :;L

ol AFH e sel b EHOH(NH40H>

7} %131”5‘}74] Hm AAEe 7] ] 2500 rpm &2 53t ?ﬂ”"‘f"*ﬂ A AFH wpctol] wlerA
A JH e Be(OH);, AHES d5 F AUtk 2 FHY AEE A9 =7HYe &4 &
T AFuE EHolEd ol SEHOE &7 SHdUERE AMATH AxH AEE
800 CTo A7]1-&FZNA 1023F ASAIA AFstlE E(BeO)o] FHE wHEo]FTh
HEHoZ AMSE =Hs3sl7] Y3 =S A4 (Cs) o]2Weol ZAl(sputtering)oll A
wolxo®m W yetof at] witel AAE de veS g 7] dEEVF Fofof &
oh =3 1500 T2 o] 2uto]l A (oniser)dl Al U= Alg oWl ZAlo] & 7tEd
AMZo] fA WadE ¢ AxsE =R Folof &t stA Y BeO+= o|xl 54 o] &=Fet
7] wjioll Yol H(Nb) 55 7FHFE 111 H&E 4]0 BAlo® whEolof A& dHd ke
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1.3 AMS &3
Ao st dATAKIST)S] 6MV Tandetron AMS(1¥ 6)E o] &3}

of z} A= Be/fBeo] &S Tttt BA FYdS 98] 07TKNSTDO ~®iti= 4
F % 571, 52, 53% Ar&stdoem Zze] AAE v&e 2709E-11, 8.558E-12,

o
w
D
S
@
—
\)
o

= AZS o3 Bed W AR, “Beel ROI (Region of Interest),
T VTR RS AXA " AES A& SNICS(Source of
Negative Ions by Cesium Sputtering):= Cs H¥AAE 100 C o|do g 71¥sle] FA4 9
2. Zwol ® F49 Cs 9= 1500 T2 799 2] Feel oo
At FEstH dHAE WESEL Cs+7F HWAA A yef o] &Hlo] Huh FA9
lof] &= 4o Cs'9 o]2WS AFAIA Cs ALE A3t FHAl= e A
EFEE W] Hol 9l7] wiitel ol=stHA #2 Cs 717F $AHE™ T4 Cs ¢
o

c}.

HHF FEHAAA BeOo FHZ Aol AE B2 AMS| A& A 5o
o}
&

o i
i

S SHAl FASHA "t Cs'ol=ilo] BplS w BeOZ7F U4oH o] 49 Cs Wtozi
B AAE AA WM BeOo @Hls AlFe]l Wil Hrh Ba AEe olevelq o
= FFow dojz JiEdHd ols) ojeitolAe FHL Frste] FEHT)

o] a2 4 A5 Low Energy Magnetoll 4] Magnetic
Mass SeperationS A A ®rt} o]& Za) A eko] 252 BeO &2t} 2691 'BeO, 1
I FEUR YBO BAE A28 wEk B9 HAR g2 AFs AW Eag 92}
= "o FElE oUAE @ xly gize o) we] yrbA "k =3 o] Magnetic
Mass Seperation®]| 4] Bouncing Pulse Injection Magnets ©]-&3slo] & ko] whz} =214
oz F9% dEh olF B3 Bed ¥o] BY] "ol Audoz g A AF
o] 2591 YA EA("BeO)7t Avtd 4= dv AYS dolFH Bed @A 3= e dol
A (faraday cup)e FolFth "Be o] H7] wlio] Aoz 71 AztEet dAFo)
26°1 A BA2('BeO, "BO)7F Avkd & 9= Age HojFH "Beg A= GIC
(Gas Ionization Chamber)i ZHA fnk AEFel wel o AINEEH SA o] =57 uiE
of o] x4 F9 AIZFS Fol BAHo] Hrh
Low Energy Magnets 33 x4 AAELS 7ME571E e Al HadH
Tandeton 7F7]= 29 7HES sievs gnlE Z2a o 7H&5719] odda 292 1
thesoln Tk 45 MVE Aol Atk ddol A FU7HA, 004 45 MVE 7H%
¥l Be O 5949 8 Fxzo oaf =WA AHYA U= Stripping Ar gas®t &35+
EAE AR st o]2 & Be*'oF 09 WxZ vt @t shEv)e] gk ey
= Aeo]7] wio] Be*& AUHor 5 Ee I 3 H o 1EEA "

iy
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7o) U Y9AELS High Energy Magnet?] 124 ¥ AAdo| o&] Az =4
Zt=7) 24 "k “Beol 49 AMS wal GIC7HA 7HAl 8 "Beo] A5 o]
o A&7 wiEo] 1 okwke] Hz o] How FAdte WolEtl Low Energy Magnet
of A4 F9lol o "Beol E& A o HY o] o] Al WHEZ E9% "Be
o] &2 o] Holl B3| FA3} i ojufe] WFE o] &3te] ‘Beo UA MFE
AL 4 Qo

Bed ‘Bext @@ Eo] g} GIC/HA Y H2E % we 7l 535929 “Be
s A ®rh 'B2 B A EALARE AAA B F 199% EAlEtER S B
by YL 29 “Be ZHAoA wr=Al A AHojof Frh “Bedt B2 Electrostatic
deflector (ESA)°l ¢+ Energy Absorbing Foil (SisNy)< =335t Be? o)A Be''®, B¥
oA BYZ 7t7t AAE 2704 4A HY &=t fasted ol AU sy o ©

7ol

& B AdH o dawge] ol Be'l Hh‘sﬂ S£27F o zHaesko]l ESAS Mol i
Slela e gxz we YA foh o8 FEE “Bed HEFAH SR GICH Eo7t
O] AH-EHCHy) 7F2=ob sty AAE WA Hedl SNy foiloll A AAEA &

ﬂlﬂl[‘

B3} "Beo] 2l At sjelo] ttE27] wj&o] GICY 4719 #A7E E3] 55942

FhHoz 2ol HE + 9

GICAA HAE=9 “Bedl 7 H = HAFZ Aaksto] A& Beol ¢t 7 °Be/Be
o] njg=z Aol oA #rh Ak SisNy foilS AXn “Beo] ZrEEAlo] AA
ESA oA e &40 &7 wie] 232 U HE&S B8 AZS 45 Yee

B wel B FA foh
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1.4 Authigenic *Bex %%} authigenic °Be/°Be H] & A4t

Ao AEAAHE A AMSAA HIEES S48 H=d 54 A= “Be/Be )
2 Yehdrh o]d A9 Fusion WHI= €] authigenic A& %S leaching sl
fusionA]7] &= hybrid WAooz HWEFES F=d7] ditol old authigenic ¥
detrital A¥°o TEE EF ZAHG ok 3= ICP-AES (Inductively Coupled
Plasma-Atomic Emission Spectrometer) =% o] A=At} wels AMS A3z U2
"Be/*Be ¥] &3 ICP-MS ZA 32 1} authigenic ‘Be?] %< o] &3} authigenic “Be]
SF7HA ZukE 8 = A FHATH™E 7).

AUAE A ENA HBAEFS 83 7FE ATELS authigenic "Be ©d FErUE=
authigenic "Be/”Be W] &S A sl= A o] vt 53 159 A4 Aol &
A "Be H9UA Fatoms/g)HE AHES AS HAE A A7 sige 3st AR
of ot Wsol YEd & Q7] wWide] vlwA Ak wep A ;e A=
authigenic ’Be/’Be Wl &S & AF&3th @4 authigenic "Be/Be Bl &S #4317 ¢

l AMS =4S FH|Fo|n ICP-MS&E =4 % authigenic "Be 32 & o] authigenic
"Be/’Be ¥l &< AlMbe = A Hoh

T3 E7F v523 A Ao A9 meteoric "'Be2]l AAES A FAE] w
Fo| Ao Ywr) HS3 e AT A YJolA F53 meteoric "Be vE9F 2 H F
e 4 gtk FEA9e SGEAE Folo] thEte] meteoric 'Be TE ZR2utd
AbsE 71E AFEol A meteoric Be HEol HAFX7F ¢k 10° atoms/golH, &
F 3 A A9 meteoric "Be %9 HuA 7 ¢k 10°-107 atoms/g® BEE
(Scherer et al., 1998, Sjunneskog et al, 2007; Arnold, 1956; Goel et al., 1957, Merrill
al, 1960). o1&13t s FHAE F2=A 57 44 Sr g wat meteoric 'Bed %

A er EA8E AT G4 Id Tl 9

= o
Z= o)
AN il

H]

BN

£ go R oof

My R
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Stone (Fusion) Bourles (leaching)
Extraction
method
Y Be (Auth.) ‘I. 9
g % °Be (Auth. + Det.)| + °Be (Auth.)
Y & (¢4uth- + .lkt') /
Measure
-ment
AMS ICP-AES ICP-MS
Jeong (leaching+fusion)
Extraction
method
10
Be (Auth.
- (Auth) o op (Auth.)
Be (Auth. )
Measure
-ment
AMS ICP-MS
a7 O]{ A9 Stone®] fusion HJ‘?&% A}-&-st 75‘%’* authigenic 4 l‘%JJr detrital A&
?31}94 2] Fo 2% authigenic ’\3%‘3}—% F=3} /\P*‘lc‘:}
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A 2 A LC 42, 48 X eje) Wme} HH AT} B

_L4

o]zl ATolA & C WE sldzo] HHE 2ol @ "Be v 4 ARE ol &
&) diamicton ¥ Aol vEl}E Fo] HeHolA T10° atoms/g AEE YER}a
diamicton®ll A sandy gravelly mud® ¥ 2 4o] vty AA A A A E ~107 atoms/g &
2 "Be ¥=7F #5389 245 B § AJAHE 2, 19 8). oY HAF W= W
dobeel A\ FAAA Wete] FE= A WG offol g MY A T
AL ougitta Y3 th(Domack et al, 1999; Evans et al, 2005 Jeong et al, in
prearation). ©]% “Be vxi: AH F718tdr}t 63cm FEol A 4x107 atoms/g® F =3t
o F W3 glo] 1 S FASTL 33em FolA oAl 3 6x107 atoms/gE “Be
T S 2P en mo] AR ol E 10° atoms/goE F7FE AT

G sFFoE & Zolo wt "Be wE7F WElsE olf& WEol FHSI
AA S FE A=l F 9= meteoric "Be?] %ol WEsly] wjEolth (1Y 9). WY A
Ao Wgol os] dolA | e t7] FolA gA =] I s meteoric “Be
A 9 gl 7p2ukE olgiol YA gk sl AR =REA] FeA HER YBe v =
AtAl A dEtdth 715 7F WEete] ’lEo] $E k] AlAetd efd AL A
2 3] %(open marine) Aol =% meteoric 'Beo] WHolgtis FofEo HP?SH
A Al G m JHEe A= H4E = A7) el WEol B2

o

o

T 1R o o oL

o
]

iz ol N o 2
§
K

N

ov]
1)
off
k1
il
)
ol
ol
)
= of\
N
N
ot
)

)

o o

ol
-
)

N
-

ox OE sl R rr
u
3
A
Ir
hall
(0]
o

S oo
N 2 o
=
~

)

IR N O 18
r M o 1o

349 nt2 ofgfol Fol7] wiio]l A®ati e WA F
(compacted) diamicton®] 84 ¥t} Diamictone t}Fdk Y=} =
=23 E A EZ utdo] # Hs7F Fe A7) 9 ‘”X}l‘f—lﬂ
7], A JdAE A 2RAIE F do] WEkA
=a e met Wk $El(deglaciation) 7} Al 2h
A A =W A Estar = WAl ofaf bt
© (uncompacted) diamicton®] ¥ % % A1} sandy gravelly mud % ©] fﬂ”%‘ﬂr "] o] 13
Zieggel wep oo A7 WG9 offel] HX|sHA =W Wate] &g JEFOo R HE
=

rlrﬂﬂ
\-JJN
K
2,
1o,
jQ
E
0Q
=
o
&
5
B
5
Q
N
S
=
o
o

Hol ol whe} Jx A7|7F & HAEES vl&o] FAHom asty dAHo=m s
o A= & 3FAH H sH(fining-upward) 74 &o] YEFETH(Domack et al., 1999). Wsle] J3Fo
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AT wpA e 7 W
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A ol & (bioturbation) %7}
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I 2 #E C WEAYY dAYEAE FodA] A4S
authigenic ’Be?] =,
Authigenic o 3}
Depth (cm) “Be &&= (atoms/g)
(atoms/g)

3 9.16. E+07 2.21. E+06
3 5.271.E+07 1.02.E+06
13 457 E+07 1.76.E+06
18 4.29.E+07 3.01.E+06
23 3.33.E+07 1.15.E+06
28 3.82.E+07 9.34.E+05
33 5. 78 E+07 1.75.E+06
38 3.69.E+07 8.56.E+05
40 3.81.E+07 1.64.E+06
43 3.98.E+07 1.30.E+06
48 3.73.E+07 1.07.E+06
53 3.31.E+07 1.39.E+06
58 3.62.E+07 1.22.E+06
63 3.88.E+07 1.39.E+06
68 2.49.E+07 8.49.E+05
73 219.E+07 1.08. E+06
33 2.07.E+07 1.15.E+06
93 1.89.E+07 1.04.E+06
103 1.88. E+07 1.00.E+06
113 1.97.E+07 1.12.E+06
123 1.77.E+07 9.49.E+05
133 1.73.E+07 1.13.E+06
143 1.38.E+07 8.86.E+05
153 1.23.E+07 8.67.E+05
163 1.14. E+07 8.18.E+05
173 1.35.E+07 9.34.E+05
183 1.06.E+07 8.90.E+05
193 1.46.E+07 8.46.E+05
197 1.00.E+06 8.68.E+04
203 1.31.E+06 2.85.E+05
213 1.02.E+06 1.86.E+05
223 5.79.E+05 1.37.E+05
233 1.52.E+06 2.97.E+05
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() LGM/Deglaciation

(e) Deglaciation/Holocene

Sedimentany bedmck

across continental shelf

Ceforming bed of soft i with drumlinsineations
D mainky within shell troughs produced by last ioe
whee! low snd s slreaming

Owvarconiobdated Gl depostad acroes

shelf during advance of APIS and the LGM (Evans etal, 2003)

Proximal < > Distal to ice sheet

Glacial: under the base of Deglacial:

thick Ice Shelf.
Due to the overlying ice

shelf compacted diamict

is formed.
Diamict? wide range of

poorly sorted terrigenous

sediment

grounding zone.

The transition region
between the fully
grounded ice sheet and
the free-floating ice
shelf.

Uncompacted diamict
can be formed.

Sub-floating ice
shelf : fining -upward
due to the calm
environment below the
ice shelf.

13 9 (Evans et al,, 2005) ®HAt(ice sheet) 0. 2B 7}7ta Hoj o] wlg} WH3atat= & A4

31

Open marine:

no interruption. There
is little shaking, so
claly is dominant.
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3 H = FFZ(Lonc Core; LC)ZEHE 9
AHE-5 B 243 meteoric "Be ¥ %9

= 2 HOITHIE 3). T3 o] A
=

ghol Q= ol=t Aol

x o R

AEs
ATl LC482 68° 53.9203 S 171° 99488 E LC429] Hl&] o] <&l X3 o]
3207 me] A HelA 1491 cm] EFHAES FS5sAtH™ 10). A £ A3+
38 F%3 LC429 489 authigenic “Be/’Be?] H|&, authigenic “Bed] H%=,
o nAA7] Wste] Hla E4S JASFJATHE 4, 29 11, & 5, 19 12).

LC 42¢ 48 % Open marine ZEIQl @A HAF2 1 m o] o]H7HA sandut
sandy mud’} A£Eth LC 429 ¢ 1 m H27-A = 4#te] @7)7} ZolA W sandy
mud®} silty mud’} YEFY I LC 489 4% mudol 7M7FE 4AF 2712 7 4ASHA "
o] LC 42%= ¢ 1.8 m7HA] w228 sand F°] Y42 IRD (Ice-Rafted Debris)7}
el 7 2o 2 sandy mudEF silty mud Z°] ¢F 4.6 m7FA| YEFY T ALo]ALo] o
IRD7F yetytizh oF 64 m7bAl silty mud®b mud %°©] laminations ©]FH <A %<l
Sol yYetdth o2 e 7bAA Al JAVE FolAIH oF 8 meoll o]28 °F 06 m F
A sand, sandy mud S°l YEFYI F7A & IRD So] Alo]Alold] vpERTTE ThA] ¢F
93 m 74 ¢F 1.1 m¥ FA9 siltet mud®) lamination ¢ YEFY I ©]% sandy mud
¢} sand Fo| A &HHM Ato]Ate] IRD Fof yepde LC 482 °F 3 m7HA silt Fo]
2™ 34 m AHAA sands¥ 7 IRD (Ice-Rafted Debris)7} YERdTh 1 do=
mudZ°] ¢ 39 m7FA YElUE=dH 36 m ol IRD7F e oF 11 m7bAl silty
mud®} sand Fo] WHEEoO] UElUn F WsE Holx oy FHEie IRD Fo] 1
EhueE AL sed = 9tk ¢F 11711.6 mol o297 silty mud Z°] YEYI 12 m
o] HolAoF sandy silt o] WERATE oF 126 molA FA2=H A mud Fol YERLH
1R EE vAl IRD 9F sand Fo] YERYE RS B ¢ Qlth

At Ao A EAHA ] YelhvE BG5S 2t IRDEY silty mudE e WHES
sub—floating ice shelf®] 274 & At AFto|A ois] Byt W7 A &40z
st A FZolel 9 X7} grounding line, sub-floating ice shelf, calving zone°l| $ X
IRD, null zone, IRDZ ¥ #}o] wl# A ®FtH(Domack et al, 1999; 19 13). LA A}7]
stE B3 A 4 Ay mEW st AN VEReEE o] Ao oy
SS & F Utk AN o] g HH g bR LC429F 48 R uEhual gle
, FAES] Aol= Qs o] RV dRelE Eet Ao 54 AHE oot BA
A5 rARE ARl e E AS B 7 AoH(E 14).

LC42%= LC480 wls| E A &o] 2v] 7t =4 vHEld= 23S E 4 3l 10Be/9Be
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¥ 3 e A9 SYEAE FZojodA EASE 17]F Wslel
of W& 374 W3l B4 u,
i o] =] o 3 10
57 o -r]_ ] <] o1 4 meteoric °Be
W 3 347 %% (atoms/g)
A= e
Glacial w4k o} L. ~10°
diamicton
Sub-floatin
) & g oz silty clay 4x107
ice shelf
Seasonally | W% #ot silty clay, 7
. 6x10
open marine | ©} sand
Open
b DEEEY sand ~10°
marine
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¥ 4 LC 429 meteoric Be ¥4 A3} F(F2A A= 9Beo] A delgto] =& AE).

Depth 10Be/9Be Ratio 9Be Concentration 10Be Concentration
Decay corr

4.79.E+08
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¥ 5 LC 489 meteoric Be &4 A%,

10Be/9Be Ratio 9Be Concentration 10Be Concentration
Depth Age

Decay corr Decay corr

3.50.E-08 7.63.E+08
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2585374

3.70.E-09

3.78.E-11

1.35.E-08

1.61E+16

6.57.E+07

6.71.E+05

2.39.E+08
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s =2 - | 0 |0 5000
H 0.03
® 0.06
100 100 100 009
= 0,11
H 014
200 200 200 B 017
\3 H0.23
300 300 300 =028
< E 034
400 400 400
7 m 0.40
500 500 - 500 - ® 048
’ 5054
600 600 ' 600
| E 0.60
E 0.62
700 700 700 5 .0.63
* B 0.71
< - 826cm o
0.78 Ma 0.80
8085
\ ®0.91
1000 1000 1000
] & : E 097
® E 1.02
1100 3 1100 + 1100 ¥ 109
1200 1200 1200
1300 1300 1300
LC42 1400 1400 1400
Grain size LC 42 LC 42 LC 42 LC 42
inti 9Be Conc. 10Be Conc. i Paleomag. age
description icie i i 10Be/9Be Ratio g.ag
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& S E 0.E+00 1.E+16 2.E+16 3.E+16 O.E+D S5.E+8 1.E+9 0E+0 2EB8 AESB 6.E-8 Paleomag_ age
o @& gl d|l @ _
0 1 a | 00—
T 100 100 $ 814
Grain size * 026
description | 200 200 +0:35
+ 044
300 300 053
L | 060
400 400 430 tm ﬁ%i‘
0.78 Ma 079
500 500 = : 0.868
I L . " 4 M N __p99Ma m
= 1600 oo 800 e e 600 - ; S TS R
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700 700 207 .Ma | & +23
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800 800 Tt
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e e 1 e et R R L e Sl s e 178 Ma----- W80
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1200 1200 211
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1300 1300 228
4 237
1400 1400 & 246
LC 48 253
% ¢ & 2.59
1500 1500 10Be/Ie
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LC 42 LC 48

— Grain size .
dti:trri!pst}?:n 9Be Conc. 10Be Conc. 10Be/9Be Ratio description 9Be Conc. 10Be Conc. 10Ee/9Ee Ratio
BEEEg ZlElg
i y
Bl=|8e E g Bloa %1 OE+001E+16 ZE+16 3E+16 DE+0 LE+E 1E+8 0f+0 2E-B 4E-8 GE
N . 1 @ R o . g
- - 2 B ) = + i P
— o0 = 00 S » = a
+ 4 4 Il i
200 00 11. 200 00 - aa 100 4—— 100 —— 100 ;
¥ H_ a b : Fi
200 300 — 200 = {300 ¥ | 4
|~ A \ ? h ¥
. w A 200 i | s h
T e 5 o ! ? 700 + 200 w5 200 i
- g { 400 4 i f
{ ! '.I 4 ' [
/ — : / ol o
500 500 * 500 i - 500 T-_ * P
é - & 200 200 L 200 - b oo -
600 600 ! & 00 4— oo + - 3 -dt
+
- 4 | 5 826 cm 4 | -
9700 00 + 700 1% 700 - — .78 Ma - @ + H «n
4 #* + + i 400 £ a0 | +M_ 400 L |
=x 200 + o ' o - ¥ | _d ‘.. o :
=000 e g 800 {1 e o | | le* 1 3L I A O Ll
3 .l'l. - '-— |ﬂ- t ’/. W
= 300 300 > 30 300 ol A 7
" o o 500 500 & 500 e — 5o e — 330cm
+ " 1M 1090 | B | e = 0.78 Ma
1000 1000 % oo ' 0o - » 8
+ | +0 — e
) .\. 5 +B + R
. 1100 t 100 S8 1100 g i ~ Y b
600 ¥ €00 ——m €00 —n—
J -,
1200 | | | 1200 200 1200 T & |F < -
o = sl = 3 > 3 3 3
¥ 14 LC 429} 489 ZAytE nAzr] wsh w40 o3 dAdf 54 ZAyz »Agd Ay e dE g2 g g 2 dew %
o o o 5 = & w3
AEom 10Bes] F9 wAAY] Weh Aul 54 AN Mo Wl g, BUstel Hes 4 2 Hoz wAs



A 32 ZAE

0@l 2 SYEAE Fo] 27F4] LC429 LC48 A °F 30 cm
olo] WE meteoric 'Be?] FEE E3 17]F BUS ALt o] I
H.

_]

o
Bes FZst= WS 1989 Bourles®] authigenic Be¢] leaching %3 Stoned]
70 A 3k

19981 Fusion el Ay @S A5t FiE2e 243 Uy &= &8
v otk SA43 AdRRE fEe 22d A9 WEe JAket ar|sE stz
A W =oE st vk dA7A AgE WES s 2
D HMEES FE5= Jdudoz 21839 Bourles®t Stone] A @w2olA e 7174
T Aol 77 FEdAle WEE Aol thEU Bourles® -9 @A <l leaching
23S ol g3l wWAF authigenic phasets E@sie] il A =3d o™ Stoned] 7
S AFS 434717 8 HAZEAS AR 9] detrital AE7MA FE38HE fusion
WAl S o] &3kt o] S 98] At AT A fusion A S & authigenic A H3} detrital
AES 25 Zoulo] 234 “Be/Bes 43 F 3% ‘Beo wXx 347 leaching
WA 0 2 authigenic AES WE FE319 Bedl v 4L T 2AS sFAt o
H ot H3ek Ay dajolA #AsE 2AE Folil 7HAasA7]7] 9180 leaching S F 3
] H

authigenic BeWre] F%3} o] Beg =9l fusion ¥ &3S ) M= 29 =

He A

‘Ll

2) 45 HAY EAS vgoR 22 WFo 17|F A4 9AE HH4sHr] 9.
Meteoric Be 42 74 =
] *ﬂmﬁ} A 2

AR qo] oyt ANE T ZAE wold @ Al wa #7140
= A7 ZA W Ao Hol 77t fAolA ATAA-FIAA WE T o)
O

o g0l ANE A

43



1

:A_u

20174 A1
AT 53
o4

G (%)

1 Q7|0 &

94 Faus

qa T
.I]L )

Wy o ﬂg%
A %

o W g
T W H N T gr T
o T o 5o NN
o ® T o

W T

=

X

()

—
— il
= 2
o py &e

T T

=
oNp 7 oo 0 5
o

o W oA

AR EE

CEEE 4

2 o
F . °F 4 7o
%% %%%
o o
o o o o B
—
&
X .9 .
- o 5 o P2 o oR o
CEE SR 7 Qoo W KR
o OF MBS ES o N W B A

T

2 in situ "Be 2 in situ “C
44

)

-
R

o

%)

1

1=
=

[e)
IT

A
p 4

i

o =
T

tl:f:sl_

e Y

"Be(meteoric "Be) <]



ol

040
el

ol
B
0
il

774

T

5 &

ol d Aol A A

oo

"o

=l A4

=
=

o A

oo

0

]

10 m 9]

mK

ko3
T

 AlEEs

]

%

7}

0
=0

ol
=~

R

3l in situ '"Be

YA

<
T

3)

A= 2

o
il
il

r

EEE:

=
=

=1
=

Aoz A

&=
==

24 7% 94 A

=

I} AMS

Lol

ﬁo
B

45



Ao e

| - —

Arnold, J. R. (1956). Beryllium-10 produced by cosmic rays. Science, 124(3222),
584-585.

Balco, G., & Schaefer, J. M. (2013). Exposure-age record of Holocene ice sheet and
ice shelf change in the northeast Antarctic Peninsula. Quaternary Science Reviews, 59,
101-111.

Bamber, J. L., Riva, R. E., Vermeersen, B. L., & LeBrocq, A. M. (2009). Reassessment
of the potential sea-level rise from a collapse of the West Antarctic Ice Sheet.
Science, 324(5929), 901-903.

Bentley, M. ]J., Hodgson, D. A., Sugden, D. E., Roberts, S. J., Smith, J. A., Leng, M.
J., & Bryant, C. (2005). Early Holocene retreat of the George VI ice shelf, Antarctic
Peninsula. Geology, 33(3), 173-176.

Bentley, M. J., Hodgson, D. A., Smith, J. A., Cofaigh, C. O., Domack, E. W., Larter,
R. D., Roberts, S. ], Brachfeld, S., Leventer, A., Hjort C., Hillenbrand, C-D. &
Evans, J. (2009). Mechanisms of Holocene palacoenvironmental change in the

Antarctic Peninsula region. The Holocene, 19(1), 51-69.

Bourles, D., Raisbeck, G. M., & Yiou, F. (1989). °Be and “Be in marine sediments and

their potential for dating. Geochimica et Cosmochimica Acta, 53(2), 443-452.

Brachfeld, S., Domack, E., Kissel, C., Laj, C., Leventer, A., Ishman, S., et al. (2003).
Holocene history of the Larsen—-A Ice Shelf constrained by geomagnetic paleointensity
dating. Geology, 31(9), 749-752.

Buizert, C., Martinerie, P., Petrenko, V. V. Severinghaus, J. P., Trudinger, C. M.,
Witrant, E., Rosen, J. L., Orsi, A. J., Rubino, M., Etheridge, D. M., Steele, L. P,
Hogan, C., Laube, J. C., Sturges, W. T., Levchenko, V. A., Smith, A. M., Levin, I,
Conway, T. J., Dlugokencky, E. J., Lang, P. M., Kawamura, K., Jenk, T. M., White, J.

46



W. C.,, Sowers, T. Schwander, J., Blunier, T. 2012. Gas transport in firn:
multiple—tracer characterisation and model intercomparison for NEEM, Northern
Greenland. Atmospheric Chemistry and Physics, 12, 4259-4277,
doi:"’.5194/acp-12-4259-2012.

Cofaigh, C. O., Davies, B. J., Livingstone, S. J., Smith, J. A., Johnson, J. S., Hocking,
E. P. et al. (2014). Reconstruction of ice-sheet changes in the Antarctic Peninsula

since the Last Glacial Maximum. Quaternary Science Reviews, 100, 87-110.

Davies, B. J., Hambrey, M. J., Smellie, J. L., Carrivick, J. L., & Glasser, N. F. (2012).
Antarctic Peninsula ice sheet evolution during the Cenozoic Era. Quaternary Science

Reviews, 31, 30-66.

Ditchburn, R. G., & Whitehead, N. E. (1994). The separation of 10Be from silicates. In

Third workshop of the South Pacific Environmental Radioactivity Association 4-7.

Domack, E. W., Jacobson, E. A., Shipp, S., & Anderson, J. B. (1999). Late Pleistocene
- Holocene retreat of the West Antarctic Ice-Sheet system in the Ross Sea: Part 2—

sedimentologic and stratigraphic signature. Geological Society of America Bulletin,

111(10), 1517-1536.

Dupont, T. K., & Alley, R. B. (2005). Assessment of the importance of ice shelf

buttressing to ice sheet flow. Geophysical Research Letters, 32(4).

Evans, J., Pudsey, C. J., OCofaigh, C., Morris, P., & Domack, E. (2005). Late
Quaternary glacial history, flow dynamics and sedimentation along the eastern margin

of the Antarctic Peninsula Ice Sheet. Quaternary Science Reviews, 24(5), 741-774.
Goel, P. S., Kharkar, D. P., Lal, D., Narsappaya, N., Peters, B., & Yatirajam, V.

(1958). The beryllium-10 concentration in deep-sea sediments. Deep Sea Research

(1953), 4, 202-210.

47



Hodgson, D. A., Bentley, M. J., Roberts, S. J., Smith, J. A., Sugden, D. E., &
Domack, E. W. (2006). Examining Holocene stability of Antarctic Peninsula ice
shelves. Eos, Transactions American Geophysical Union, 87(31), 305-308.

Ingolfsson, O., Hjort, C., & Humlum, O. (2003). Glacial and climate history of the
Antarctic Peninsula since the Last Glacial Maximum. Arctic, Antarctic, and Alpine

Research, 35(2), 175-186.

Kohl, C. P., & Nishiizumi, K. (1992). Chemical isolation of quartz for measurement of
in situ produced cosmogenic nuclides. Geochimica et Cosmochimica Acta, 56(9),
3583-3587.

Kulbe, T., Melles, M., Verkulich, S. R., & Pushina, Z. V. (2001). East Antarctic
climate and environmental variability over the last 9400 years inferred from marine

sediments of the Bunger Oasis. Arctic, Antarctic, and Alpine Research, 223-230.

Lal, D. (1991). Cosmic ray labeling of erosion surfaces:< i> in situ</i> nuclide
production rates and erosion models. Earth and Planetary Science Letters, 104(2),
424-439.

Lavoie, C., Domack, E. W., Pettit, E. C., Scambos, T. A., Larter, R. D., Schenke, H.
W., Yoo, K. C., Gutt, J., Wellner, ]J.,, Canals, M., Anderson, J. B., & Amblas, D.
(2014). Paleo-ice flow directions of the Northern Antarctic Peninsula ice sheet based

upon a new synthesis of seabed imagery. The Cryosphere Discussions, 8(5),

5321-5360.

Merrill, J. R., Lyden, E. F., Honda, M., & Arnold, J. R. (1960). The sedimentary
geochemistry of the beryllium isotopes. Geochimica et Cosmochimica Acta, 18(1),
108-129.

Pudsey, C. J., & Evans, J. (2001). First survey of Antarctic sub -ice shelf sediments

48



reveals mid-Holocene ice shelf retreat. Geology, 29(9), 787-790.

Pudsey, C. ]J., Murray, J. W., Appleby, P., & Evans, J. (2006). Ice shelf history from
petrographic and foraminiferal evidence, Northeast Antarctic Peninsula. Quaternary
Science Reviews, 25(17), 2357-2379.

Rignot, E., Bamber, J. L., Van Den Broeke, M. R., Davis, C., Li, Y., Van De Berg, W.
J., & Van Meijgaard, E. (2008). Recent Antarctic ice mass loss from radar

interferometry and regional climate modelling. Nature Geoscience, 1(2), 106-110.

Rignot, E., Casassa, G., Gogineni, P., Krabill, W., Rivera, A. U., & Thomas, R. (2004).
Accelerated ice discharge from the Antarctic Peninsula following the collapse of
Larsen B ice shelf. Geophysical Research Letters, 31(18).

Scherer, R. P., Aldahan, A., Tulaczyk, S., Possnert, G., Engelhardt, H., & Kamb, B.
(1998). Pleistocene collapse of the West Antarctic ice sheet. Science, 281(5373), 82-85.

Shepherd, A., Wingham, D., Payne, T., & Skvarca, P. (2003). Larsen ice shelf has
progressively thinned. Science, 302(5646), 856-859.

Sugden, D. E. Balco, G., Cowdery, S. G., Stone, J. O., & Sass HI, L. C. (2005).
Selective glacial erosion and weathering zones in the coastal mountains of Marie Byrd
Land, Antarctica. Geomorphology, 67(3), 317-334.

Sjunneskog, C., Scherer, R., Aldahan, A., & Possnert, G. (2007). °Be in glacial marine
sediment of the Ross Sea, Antarctica, a potential tracer of depositional environment
and sediment chronology. Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms, 259(1), 576-583.

Stone, J. (1998). A rapid fusion method for separation of beryllium-10 from soils and
silicates. Geochimica et Cosmochimica Acta, 62(3), 555-561.

Tera, F., Brown, L. Morris, J., Sacks, I. S. Klein, J., & Middleton, R. (1986).

49



Sediment incorporation in island-arc magmas: Inferences from 10Be. Geochimica et
Cosmochimica Acta, 50(4), 535-550.

Von Blanckenburg, F., Belshaw, N. S, & O'Nions, R. K. (1996). Separation of 9Be

and cosmogenic 10Be from environmental materials and SIMS isotope dilution
analysis. Chemical Geology, 129(1), 93-99.

50



KI-

A YL|CY,

0] EIA]
ATa0N

2.

st TN 2

F

L|Ct.

__OH_

13 Of

o

0l
0{0

o




