Investigation of glacial meltwater distribution in

the Amundsen Sea using noble gases
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I. Title

Investigation of glacial meltwater distribution in the Amundsen Sea
using noble gases

II. Purpose and Necessity of R&D

Due to the global climate change, substantial environmental changes
occur around the Antarctica. Such an examples is the rapid melting
of ice shelves. Half of the melting in ice shelves is attributed to the
basal melting, resulting from the interaction between relatively warm
Circumpolar Deep Water and ice shelves (Rignot et al., 2013). The
glacial meltwater in the Amundsen Sea is alleged to provide iron
into the ocean and enhance the primary production (Arrigo et al.,
2015). The meltwater is also considered to be responsible for the
freshening of the Antarctic Bottom Water in the Ross Sea
(Nakayama et al., 2014). The change in the bottom water formation
rate may result in a significant change in global climate. Most of the
previous studies on glacial meltwater distribution relied on a few
tracers such as temperature, salinity (Jenkins, 1999), and oxygen
isotope in water (Ostlund and Hut, 1984). Due to the limited number
of tracers, those approaches were able to estimate only either
submarine glacial meltwater or meteoric water. For a precise
estimate of various water masses, including glacial meltwater, it is
necessary to add additional conservative tracers such as noble gases
for the estimation.

III. Contents and Extent of R&D



In this study, a suite of noble gases was used for precise estimation
of glacial meltwater in the Amundsen Sea. To establish the
necessary analytical facilities and skills for noble gas measurements,
we developed three different analytical methods: the ones with a
conventional noble gas mass spectrometer, with a on-board mass
spectrometer, and with isotope dilution method. The provided choices
will increase the use of noble gases as tracers of glacial meltwaters.

The addition of noble gas tracers provided a mean of precise
estimation of glacial meltwater. Unlike previous methods which
considered 3 water masses due to the limited tracers, the new
method using noble gases included various potential source waters
around ice shelves. As a result, the new method was able to identify
glacial meltwater by surface melt run-off from the one from
submarine basal melting.

IV. R&D Results

1. Automated analysis of five noble gases
- automated separation of noble gases using two cryogenic traps
- Optimization of the ion source and detectors for each noble gas

- Fully automated analysis of the five noble gases within 3 hours

2. Development of on-board mass spectrometer

- Integration of a quadrupole mass spectrometer and silicone
membrane inlet

- A vacuum preparation line equipped with manual cryogenic traps
and getters

- Simplification of the conventional analytical steps into two steps:
sample collection in a vial and injection through the membrane

- The analytical time was shortened to <10 min per sample, allowing
investigation over a large area with less resource.



3. Development of precise measurement system using isotope dilution
method

- Acquisition of minor noble gas isotopes (Ne-22, Ar-36, Kr-86)

- a vacuum line for in-line gas extraction and gas separation

a triple—filter quadrupole mass spectrometer

I

. Precise estimation of glacial meltwater

- The five noble gases were used as tracers for an Optimum
Multi-Parameter Analysis (OMPA)

- The additional tracers were used to define various potential source
waters

- Glacial meltwater input through surface melt run-off was separated
from the one from recent basal melting.

- The residence time of the meltwater was calculated from the
comparion with O-18 method.

V. Application Plans of R&D Results

- The several analytical options developed in the study can be used
in different field settings in hydrology, volcanology and
oceanography.

- The new precise method to identify glacial meltwater will be
applied to investigate spatial and temporal wvariation of glacial
meltwater around the Antarctica.
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Ar 38 55 500 1200 1000 1000
CcO2 45 55 500 1200 100 100
Kr 34 55 500 1200 1000 1000
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" Ar, Kr, Xe ' &E Trap ‘Kr, Xe’

U-Trap
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volume QMs
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Heating (100 °C)
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Gas measurement section Gas preparation section Sample release section

a9 10 A=Ak AFEA TS o83 =24 7IAl 24 AL
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2.3.1 Composite tracer method

=9 Hetgals EEXE AHs] fstel B ATelA AR EHAA
composite tracer method= F 7FA FAX o] Fx =2 WIgIlae HF&
Asbstch 7 712 3 (mCDW, SMW)7F "ot shhe] FA KX)ol
g et AR o2 A7k vl (foww)e & T AU

Xubs = fSJJDV x XSJJW—"_ (1 - fS]lf[I/V) X Xm CDW

wehx SMWe] Bl % (fw) & obel o} o] gejgit),

f o Xabs - Xm cDw
SMW — —
X SMW X, m CDW

A% mCDW, WW, SMW Al 7k ¢ =37k &5td wj= 99 Homs 7

ztol HlFT& A F fl7] "Ee F 7R 242 (X, XHE 283 o
b AL i FHA2XH AA @3 mCDW, WW 7 39 wdt &
Sto] ol o FAAUXNY 2 oA FHA2AXYL el gt Aol
g Tk ylE g eet.

2 2
X wWw X, mCDW )

2 1
wm i (X)bs Xm CcD W) (X()bs - Xm cD W’)( 1
X ww X, mCDW

A9} ol SMW, mCDW7F &4 we] ysyws Tabd Wakgslde vES
o vlamwel vl S E38te] =43 = 9lth(Jenkins, 1999).

X IQ/V W XT?L cCDW
) )

2,1 2 ) B 1 vl
1/)5411 w (X SMW X, m CD W) (X SMwW X, mCDW X 7 Xl
ww mCDW

2,1
wmiz

Ssnw =
§uw

o
ot

o 2 A A0 (Tomezak, 1981)2 #53t 342 540 Fod 7]+
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ol ogt At g ofgol AVIda HSE AAbsteE EAHolth
OMPAE Aldst7] fsiM = 7Hd WA Ed9A &2 71d59 7Ids=o] 7}
A3 de FAA 5AS Aot HolA & 7] Udae A0 &
dS TAA FAAESY BSHES Wt o] W #SHES P # AHeteE )
s EFHE Asbeth. 71d79 vFE AAtstr] A 71dge] ¢ B
o @2 FAXE ALEste] FAAGAAC] dHLHAS AT, Ay
e ot ZldFEEY BleS Aren. oju, Zzbe] s HlF > 0 Bt
2HS 7 Sloh e 71 vl 32 lolgke Algkao]l AT o] 7 Al
270 ot A 1A EA BEGE 719 sl vsxe wol #5 % d4
As TET RS non negative least square & ©]&3 si(x)E T+ of
A3t zkake] 4ol

Gr=A+ R

OMPAE ALg314 nilel 71948 FRa7198 m-149 FH42% W5z A
AL /1953 A4 EQow o Fod B G mxn, 7195 MF A x
Eoaxl, BEGOR oFold A Ax mx1e] YA oA W} 12 nG
A9l AR QAR ARRES AT W4 12 FrhRh vl UEd 9

o) g AA Aol AHgE ALw A ol 2T,

| Tweow  Tww  Taasw Tsuw  Tour | [ T
Snepw  Sww o Saasw  Ssuw  Ssur Sobs
3 3 3 3 3 3
He, cpw” He yy " He g g5y " He sy " He gy | | fmcow He
4 4 4 4 4 i 4
He,,, cpw ' He yy ' He 4 4 gy He sy He gy | | F He,,,
Ne,, cpw Neww Negaow Nesyw Nesiyr Faasw|= Ne, | T2
Ary cpw Arww ATgasw Arsyw ATsur Fsuw Ay
Krycpw Krypw Krqasw Krsyy Krgg | L fsum KTy
Xe,cow Xeyw Xeqagw Xegyw Xesun Xe s
1 1 1 1 1] | 1
olul ALgE FAAEL BE Wt Az tEr] Wpd, 74 FA4E B,
EEEAE olfad EHAA Bast Ak ofdel ®EHA G, AR G,
AR EASGT 95 54 Aol 2 AolE molt FAAE /9% Al
o Aol Ty Bk wHel 4 oA} & FAAE w4 Akl A
g wolmath Wiy FAxET oA AFE FRAE S| T2
W&o 7Pdete] EMg 0 B 528 EAS =AY u A= bE 2
—9—_]' emaxf"— ‘4"‘1:6 62/emax% 7}%5(]?'1— *}%E}Q(Tomczak, 1989 7]’%j] 83%(“7)
S o Er/]_
= T- - .

w(Gx—A)=R
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AM|-9-31 non-negative least square %+
5 o8N AYWAA

oA AF iz MEe AHTAYES
—lg 6H'4 :FLS]'

s o u) e E #xe A7|(R'R=
(Gx-A)"Wi'w(Gx-A))7F A&7 & 84 x5 AE3o)
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311 20119 A7) A BE

29169 AF 9L He) = FZA thrlek ZlAugkel os) w79t
zstE FHEAY(= -1.8%)¢ Ml EEE E S THBenson and Krause,
1980). 6°'He F4lo] A AF= 713 slF oA d7|no 8u) 7t =&
§Hezts Holx= wWMEZYe dFo] FFHEU(Lupton and Craig, 1975
Lupton, 1983; Hohmann et al, 2002; Winckler et al, 2010), CDW7} Y=o &

of fFEol FAE7] dol ME7Q] AFS THLY] "ot

AN 7S TR BEE ARen Fio FAALS ¥
X °

T % [}
(¥ 15). 4007600m FAlolA 7Hd =2
u LN

A versth F3A ‘Heol see FUHAT SHew #asE

o = =
HAe FZoA §FHert =S WE 7] Qo] ofd tE 7] Y9 Heol A&l
GoldtE AL E=sktl Kim et al. (2016)2 “Hed} ‘Heo] A BA LA F=
(3007600m) <] #=3kro] 7] §°Hedt 2L 1.384x10°%¢1 A $lo) Eol:= AL

gelgnt olZ lal mCDWel 7] &< Heel ASolA Fd=a #e] He
S ZTolA di7] sl 1A age o8 AdETGE A %

al, 2016; 3.3 H). SMW7} A &|delA @ o di7]7]1¥ He (‘He/'He”
1.34x10 %<& FFDol7] wiol|(Schlosser, 1986; Hohmann et al, 2002; Hahm
et al, 2004) AT FZo] SMW7F Fd¥dthE AL JA&s 5+ Ak

ne
X
%0,
=
o
8

@

1
shizol o] 0%l 7T 4ol AolAES Hed ol £
#=3=t} *He, ‘Hedl ] & 5+ A

A¥FE A ugew <l

bubble injection©

pEHow Eo ¢
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Fol &g Fold7] wiiol bubble injection®® Heo] t] &3 W X3}%o0]
de FgHFgor olFetA ¥rh(Hamme et al, 2019). CDWe| He %A #3E
st defol oew ofAle] ek WHE Fe1E0l2 mCDWE 3 el
AE AE §'Heol AAREAA AT & glrh ojw] Hxst el Ae AT
o] mCDW7} SMWeF EsiA F7h4 9] Hes 7] witel “Heol A4 #x
oA B 4 dE A go] FFolA 6Heol =tk Ne 94 Hedt FAMS &
A EAEs Bk ARt Ned th7]7F 3 7oy, siEeld WE=NH
= o

F7H49 FHEE Hewt 9o ha@ A8ty wu7zE K7 W
A
(¢}
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o

=
3

jab)
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AgEAHoR A% 20183 ESA VA ot WakgsS
2018 ofF Al EEufel A AFEAHE ol & && EZAVIAE S
A% & BEZAVIAY sRE o] &34 Kim et al. (2016)e] AAlE W ol
wet Wetgalre] x5 FAHY ofAls] -9 Dotson Troughs whet
EEA7IAY 25 el 734 d99 FHolA AFH v #xE &<
ot
Dotson Troughs webA 71 2e 4o+ AF L3 ® olAo] 10%E L}
BT SHA W SF A dE EStE o] 20% ol =2 EEXE EAYh
of A= HWotrt Z& uf, el lFol 738 Jdd dFol T3 suEHE A
< oujgith, xFoAE WIERYH FFwe dFo] VAuEHS T LAY
= AL 8 + dv WEga++= Dotson Trough?d] T5& uet gHFEHo =
FEHE BEXE vk 52471419 s E Atg o R Hekgsae ExE F
AAS ), 7]E] AFNA AFE3E W (composite tracer method; Jenkins et
al., 1999)7 zpo]lH & glet7] fal A, &AL E ol &3 WekgdlTe &+
X & vugt, FA4lo] 200mET &S #FHol| A composite tracer method<]
A= AR =7 U] wZol] EFolA Hekgsla EEs Hud 5 gl st
ARk, FTAA = Wekgalae Exe HEoZiH UgsEdos Wa-gs)
F7F wA Y7 A A 8dth Composite tracer method= oRE-Als] Z2|uk
W2 5012 mCDWel &3td Wetgeias FAsta, =2A47IAE o83
WU SRS FFRA e 9o CDWel 49l WagssE Astdt). o
ggk 7 Wy Atole] xol®E QIs|A BEAVIAE ol &s FAS Wetg Tt
o =2 @s EAth
Dotson Ice Shelf SkollA A-& W3Fo] g IsjoldS 559 AJoA &
*a T AFAA 7HF E=d o] mCDWZF Dotson Trough ujH-ol A]
TE9 ASS W FYHL AEY FTFoE Yts A3 YA FHKim
et al, 2016). &4 714 4 A5 FAZ WG AFolA] Wag3l5] T
A3 FA4 5 QAR composite tracer method® FA 3 W358 4= <}
dol 43t
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2 10% o3tz oAl
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3.2.1 OMPAo°l Al&3F 7|45

i
rlo
)
)

CDW+ E=89) o= = qe] giEFToE
AT COWE disE A= 4T o z2FFe &3] mCDW7E Htt
(Padman et al., 2003; Gordon et al., 2004). vi\d o}FAs] Zz v} YEZ E9]
2= CDWO <ol dtx7] wjiEo] mCDWe E5A4<S vl o=t (Wahlin et
al.,2013). ofAs] ZEv WFE Eol2 mCDW FolA X dito] 7H4
=2 #AS5HS & V197 M AA A Aoz Jhg et ek mCDW

T EALS 7MY 2 dEo =2 9,10 H AH800m Kt e 4
Ao A #AS7kS FdsiA AR T

A5 vtEojxE WWE mCDWET &3 & o] vt} Nakayama et
al. (2013)ol A A AIS WH I} Fo] v Jio] 7P v

< #5He oE 7l
Aok B A E9d Wwetal 7Hg S dnh webd a4 T a2 93
o] ¥rar dASA FAH= 7, 84 Ao #4 2000300m ¥=ghe st F
Aatel SAdger AU WWe & =847 A= 2504 A= o
ZI-eF 71A agke] At Fae WPl ol wEek Fbe 5AS A A
ojth. stAIRE sjRo]l wrEAAHA 7]-F T AutE e 5 7] wWEel
Sall= FFel ol=2A X & s v =2 TIAlE Aol os AREHAY
Fool A geutgol FofsiA] 7] wWEel WW7F rEEoixl 5 wshr) dojut
A ks Aoem /‘Eﬂ%r/} o} 2hA %%*éﬂiﬂ TEE A5EE

F(<100m)ol A= WW B} 23 §E3a7E w3 die] W2 v 3
7F EA46tE AS & 5 At (Figure 5). Figure 49 T-S diagramel|l A= o] <
e 7R ARk Aol HaskA] gob Hld ARt ESA 7| A-AR
diagramoll 5l SMW, mCDW, WW7} A3 A<l &3+& & uf A7]= 478 9
ol 5 o] %EJU}. ‘ﬂ 7HA 7 AP A £Fs S dS5Ho] Al
T Skl wr== A <ol R xsjorgtth A E 9 Foll EAlstE &

S®E XF 5 HH TA BS5ghe] ddEgew
: Oév‘i«—% Ao A4 7 Al 1 71k s e el =2d7A F



mCDWel SlsiA4 =& W3-e SMWe ez #uel sj5sh 42tk mCDW7
WehE wold SMWsh MY W, @ mEEu ol WaE SMW= Yol s
AAWA ol "asith webd SMWel £mt Waheh mCDWehel @m,

g, SMWe mCDW7F &3td of 2x=w®stryt n#sd ol 29 effective
temperatureE A& THO'= effective temperature, ©s= freezing point, ¢ =
specific heat capacity of ice, c,= specific heat capacity of seawater, L =

latent heat of fusion).

ll

Al 7}A &35 1193 effective temperature™= &, A&, EEANLS o] &3}

FA3% SMW 2x¢ X 3ltt(Jenkins et al., 2007). wzbA o] AfoA] 2&
A dS #=3 Jenkins et al. (2018)9] A AF&3 -95TE SMWe &x=
ALE-glt) =ol

etz =& JAo = Aloldl AW F7|7F adlE 28 A ¥
= F7EEE 7 T VA FEE FAEH, | o}7} FARCR
T2 Fdow 23] =5 H=THSchlosser, 1986). =2 F¢o
= 71A7F &8l= 7] Wit SMW7E &3t &7 A l:C7} tﬂi}‘w}_ o]
PG E&d71Ae &t ti7]e] Estate]lE Qs B84
9] %ﬁz}i A}%@ °1E‘r SMW £ ﬁwﬂxﬂt = ‘%18}5'_0%011*1 7] &

o

W= Watdl o+ blue icest =EH A HIEAIR A3 H4A =7 &
ghith o] 7 4 FEYe TR WitE RWRH Hdu Wit & 95
et xS wEl Z2AY gde 1Y = ok ol Als] el s W
St W &2+ Eo] #=H A tH(Kingslake et al., 2017). ofEAls] =
giro] "Wale] FHolA =2 T uuy I Solot w94yl 9L AHolda
7V4E A 01 = surface melt runoff(SMR)Z 2|3t} SMRE ¥

2

=

2

2 S99l U5 @il SRS $e 0Tl b 7
ojt}, 3k HF 7]’ =50 WEoj ol 7] it 9E-S Opsuz A7)
SMRS H&le TS 5= @1 719 71A g st ] Hrh SMRe] th7] =2
Fsheo] glvkar 7FAsta, SMRe| B&A4 VA= 5432 0C, OpsudlA *3}
T
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¥ 3 OMPAo] Ag¥ 7|99k 71959 42 54, 7]A%E mol kg' &9
£ A&l YERTh

mCDW 0.73 34.6 2.968 1.974 8.472 1.653 3.944 0.912
+0.04 +0.01 +0.003 +0.01 +0.06 +0.007 £0.03 +0.05
WW -1.85 34.1 2.846 2.036 8.957 1.738 4.185 0.6369
+0.03 +0.007 +0.08 +0.02 +0.08 +0.007 +0.01 +0.002
-0.91 33.86
AASW +0.56 +0.11 2.378 1.781 8.120 1.717 4.251 0.6618
SMW -95 0 34.996 25.732 89.277 4.587 5.598 0.4272
SMR 0 0 2.917 2.185 10.084 2.230 5.553 0.9047
weight 111.8 1412.2 28.7 25.7 25.6 11.8 2.9 6.4
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322 OMPAZ Artg 7994 3

19 212 OMPA= ALMe BE 7|de #X8 Hody 2, 99 &%
oA B 4 gxo] Z& FACH00m)elA 90% o]l mCDWe]™ Dotson
Trough® W&t Mooz FdAvh(1d 21). ¥e b= & - 101 AA
S AL A AHAA AZe mCDW 912 WW7F BExdls AS & &
t} |= AASW7F 50% ©]/& AAsta itk SMWE W& 3 7+ 7¢
7hE 10 A A 2 Fol 7HE FA %I, 4007 600m 4] ol A 7}
=2 S vgdlg F2 500 m Ao mCDWeF WW Alol & th &5t
A WA U7EA TH A" o] 4007500m Al = oF 0.3%9] SMW7F 4] =
< a7 15904 7T Al e FAlelA Tt

_&
_‘E 3

O
= Adast AT xFoME F2 AASWIH
AH= FFed SMR Al TF3oISMWell Wiw 7k &

ne
ol
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i
o
H
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oy
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AHgEl EAIAYL OMPAC = 42, A%, 6714 28474 (He, He, Ne,
Ar, Kr, Xe)7} FAA R ALY, SMWE Dotson Troughd T5& wef
s SHow fEEh
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3.2.3 Composite tracer method® #A4F3F SMW ¢} H] L

6714 =24 71215 OMPAS] FHAZ o]gstdA 7|E dgolM dA3 7]
TR U g2 7|des A4S ¢ Y By, 2dA47IA= e, e
A kgl ojetA 7] wiol vE i 22 mCDW, SMW, WWelel &

of &A= AASWE SMRO 3L 3

M
ke
il
Y
2
o)
1_.
i
N
N,
o
il

= o
>
Ll
-4
M

rfo

=
ot SMWE +3x & AAlsteE o WH I ofwl Zolrh =R &St
oj T
methodE ©] &34 ol-ANZE FUE FTE AT
Composite tracer method: =, A& &£F44A F 274 FAAES o] &3
) )=2]
H

¢}
Al mCDWeF WWe] &3t&Eo] SMW7F drtut 4o =2 ALbkgtt, o

k<R
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M 6 & AF/Mdotdol| M =&et sfeltst/|sd

8474 AFEAH Y Al~E 245 38H(Stanley et al., 2009)
> 715 o]&3t E&A7|A 24 (Kulongoski and Hilton 2002;
Visser et al., 2013; Manning et al., 2016)

T2, g o83 Welgal4 4 (Jenkins, 1999; Jenkins et al., 2018)

A F4(Ostlund and Hut, 1984; Randall-Goodwin,
2015; Meredith et al., 2017)
H A pH F FA4H(Tomezak and Large, 1989; Biddle et al., 2017; Beaird et al.,
2018)
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