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II.

SUMMARY

. Title

Development of Marine Black Carbon Tracing Technology as an Indicator of

Human Activities

Purpose and Necessity of R&D

Climate Change Response and Antarctic Environmental Protection
The rapid increase in black carbon concentrations in Antarctica, driven by
growing human activities, highlights the urgent need to develop accurate

measurement and management technologies.

. Strong Climate Forcing of Black Carbon

Black carbon exhibits a warming potential 460 - 3,000 times greater per unit
mass than CO, and its reduction can vyield immediate climate mitigation

effects.

. Need for Understanding Marine Carbon Cycling

Dissolved black carbon (DBC) represents a highly refractory carbon fraction
that serves as a long-term reservoir in the ocean, making it critical for

quantifying the global carbon budget.

. International Policy and Cooperation Imperatives

Global organizations such as UNEP, IPCC, SCAR, and ATCM have identified
black carbon management as a priority issue, emphasizing the need for robust

scientific evidence.

. Preservation of Economic Value

Safeguarding Antarctica’s annual economic value—estimated at USD 276 billion

—requires establishing a foundation for sustainable tourism and fisheries.

III. Contents and Extent of R&D

1.

Quantitative Analysis of Dissolved Black Carbon (DBC)

DBC concentrations (0.10-2.71 pM) were measured in seawater from Marian
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Cove and Maxwell Bay using the BPCA method, revealing their spatial and
vertical distributions.

2. Temporal Variation of Sedimentary Black Carbon (SBC)
Repeated sampling at identical stations in 2019 and 2023 quantified a 2.8-fold
increase in sedimentary black carbon over four years, indicating the growing
influence of human activities.

3. Bioaccumulation of Black Carbon in Antarctic Krill
Black carbon was quantified in krill tissues for the first time globally,
revealing up to a 4.5-fold difference in concentrations among regions.

4. Source Apportionment and Tracing Technology Development
Carbon stable isotope (6"C) analysis combined with a Bayesian mixing model
was applied to quantify the relative contributions of fossil fuel, C3, and C,4
biomass sources.

5. Measurement of Black Carbon Fluxes
Sediment traps measured downward fluxes of 0.05-0.06 g m™? d', providing the

first estimation of black carbon removal rates in Antarctic coastal waters.

IV. R&D Results

1. Distribution Characteristics of Marine Black Carbon
In Marian Cove, surface DBC concentrations were elevated due to glacial
meltwater input and strong stratification, whereas Maxwell Bay exhibited a
more uniform vertical distribution owing to offshore mixing.

2. Quantitative Evidence of Increased Human Activities
Over the past four years, sedimentary black carbon increased 2.8-fold and
fossil-fuel-derived contributions tripled, coinciding with a 2.3-fold rise in
tourist numbers, demonstrating a clear anthropogenic influence.

3. Validation of Krill as a Biological Indicator
A 45-fold difference in black carbon concentrations between Antarctic
Peninsula krill (0.09 pmol g™) and South Orkney Islands krill (0.02 pmol g™)
reflects region-specific contamination levels.

4. Establishment of Source Apportionment Technology
The MixSIAR Bayesian model quantified source contributions of 16% fossil
fuel, 67% Cs biomass, and 10% Cs biomass, providing a scientific basis for
setting policy priorities in emission management.

5. Acquisition of Comparative Data from Both Polar Regions

Comparable black carbon concentrations in Antarctic Marian Cove (256 mg g™)

_6_



and Arctic Kongsfjorden (253 mg g™') indicate the pervasive, global-scale

influence of human activities.

. Application Plans of R&D Results

. Publication in International Scientific Journals

Three manuscripts for SCl-level journals are currently in preparation,
strengthening international academic visibility and enhancing Korea’s leadership
in polar science.

. Submission of an ATCM Policy Document

An Information Paper titled “Black Carbon Monitoring in King George Island”
was submitted to the Antarctic Treaty Consultative Meeting (ATCM),
contributing to improved environmental management and reinforcing Korea's
leadership in Antarctic governance.

. Establishment of an International Collaboration Network

Collaborative research with Chile and Norway has been expanded, and Korea is
taking a leading role in the SCAR Expert Group on Black Carbon as an
emerging international research hub.

. Development of a Long—-term Monitoring System

A standardized protocol for repeated sampling at identical stations was
established, enabling the acquisition of 5-10 year time-series data to be

shared through the Southern Ocean Observing System (SOOS).
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T dd ¥, 3#A g DBC (310 kDa)= 9 do= 108 o] Apo] &1, 2)
olF & R4 w=/ £3st= d-2> E(centennial timescale)¥} wi-$- <Hg3t It
Z(>10° year timescale)o] &<. A Ex2F DBC7F 7] Ao FAdL 3kl 3) A
A mAYSE £F5 FEs, AAE ToAL AR FRo] A oR A& FAkstn
AE e Ade] 7 a3Ads Fedstatt

- o] A4 Y vAa o3 RO Hyusls Hd3AFT. DBCE ¢Y HESA =
2 7HAg 71 29 DBCY 4 ¢3S gttt 2R ol & EdE
7|F Wt Ayl oA DBCY A&s © Ags] oF 7lsatA o & A=
= 3l%e] DBCE 27] £ 48t 54 53 3 a5 /g 5 g

1}, Nature Communications® EJHF X A (2022)

- X Hokkaido University2] Yuichi Kuramochi 4 9178 ] Nature Communications

of Hxd ATE HHYG A9 DBC #xE Hx=E AAHoz ZAEI . HH
HdH dejEd g F 5070 A 2F5FE As7tA] DBCE S48kt

- T8 AT A%=E+ D 79 22 A8 DBC w&7F HEHE 1520 upM) > A%
(1.2-15 yM) > FeiHF1.0-1.2 pM) o2 74, ol AZ <3 Wk dX3S
91, 2) 3 Z2ad: 51525 uM) > F5(1.2-15 uM) > AF(1.0-1.3 uM)
o7 A EFolA FAstet div]l Hze] DBC 9 9dS &9, 3) A AA: A
3l DBC w=9 217] 4t4 o] &3(AOU)S 29 dadA . I AApol &3
Hof Al AAES S, A wWF F=H 2= 0.040-0.085 PgC (1994



1 .
o] d4= DBC7F 93] &7 AFEH= Aol ofyet sz AAHL =
HojFEoh A gAE S AA= DBC A7/ Alzbs 2,000-4,000d 6.2 TEA
, ol MC A8 (>20000) B EA Hoh o] BUdA= elE DBCO A&3 A

FHS AR B dTE GFAdAR SR BE 2% Fdsd @ AT

S~

-

=)
)

t}. ACS ES&T Letters®] =% DBC 9+ (2021)

- 1= Old Dominion University®] Patrick Hatcher @4~ -7+® o] ACS Environmental
U=
=

dr

Science & Technology Lettersell @ x3t A= d= tl&F %A DBCe Al +F
S YA T == (Prydz Bay)dlAl AHAT ARE

(dense Shelf Water, DSW)7} DBCE A3l= +&3t+ WAUSS H3lch

A WAANG R = 1) %% DSW: Prydz Bay® DSW+ DBC %7} 25-30 p
M=z dut 1557(1.5-2.0 UM)EE} 50% oS g2, 2) 45 5 DSW7F =
AN A2 AF HAAstHA DBCE %, At F52FS 001-002 PgCE F4 3)
Fasl 319 2T oA FEEE DBC7F DSWE a8l w2A A= o]Fste] 7]

91

of ATE WdF Y £8 E5% SHDSW FA4I A7)l DBC 7] Al

2@ 42 $9 HelETh Bt ofdR MAUZC] fenm, Yo A A
]

= 2o ¢l ds) oA

g dWE 5P AT

7}. Atmospheric Chemistry and Physics®] =2& A5 (2025)

% Lanzhou University 2] Zhang Zhenming »<+ A-7-Elo] ACPo| 23%3 HA A
T Y97 v dME g9E A EZR 2EYs T SNICAR (SNow, ICe,
and Aerosol Radiation) =23} Polar-WRF (Weather Research and Forecasting) &

Wg Afete] B3 B 2UskR 53 Agdoldsal

Fo AT ARRE 1) EABAY: BN FE 50 ng g Al BT EAGAY
e oxatel Bl EY gle)elA 16 W m? el AlEeld(d = ¥
el A 14 W m?2 59, 2) & 2ol & F w(<30 el A Bk mw
9 = zlo] 7 B ¥ BA (R2>085)Z & 31 ZE F=(>100 cm) Aol A
SR a7t 25-41% ©] F& @91, 3) v=w 3 9 Zalel A olde &
galet 7N E AEAEL FAS ZASE FHE 50% ol FuHsE AL
gelst ot

_5"_



N

el

2 B9

=)
=

)

g 7Fell A

6(‘)]:

3

g7

i
)

B

_o]

lez mddo] ¥

fiTe)

B0

]

3

-

N

)

7}7F 7hs skt

2

i

ol

X

o

gl

A (2022-2025)

=
=

o d% &
d] Federico Santa Maria Technical University 2] Francisco Cereceda-Balic <~

ATFE L 20204 FE A

3}
or

dl Federico Santa Maria ™

4
- 3

.

)

—_
file)

fvze)

N

B

M oy
mi_ ]
1
M- Ho
OL HL i
] ™~
™~ G2
il i
i —
)A
hin 5
n iy
T
W)
gl -
P Bo
0 H
= w_
-
Nlo !
1__/I ..
i
Tox
jm}
"
An =
) =y
o =
oy I\
% o
ol
T
- M-
o o
= o o
B BN

o
o
el

;OU
JJo

o

14 3}

| =

Sl

o

ekl

[e))]
H

WILE == SNICAR Edo

gl

3) SNICAR #

o

—_
o

o

o

= Al

2023'd ECA59 713 ¢

YL

JiAR
fife)

ol

ol AT = 9

7} (2020)

3

i

e
T

t}. Science of the Total Environment]

-3

Chilean

Paradise Harbour,

7}

Deception Island,

A% (King George Island,

474

3 7tsk sl

81:1]'

<

T =
=

|

1) A3 %% King George Island 9771 ¥ (55-8 ng g )

H
> Deception Island #3334 (3-5 ng g !) > Paradise Harbour (2-3 ng g} >

oF
=

Antarctic Territory)oll A £ 7} 23}

-
R

7b A=

3

oz

- Fa

277

A2 % 5ng g A LHET} 0.859] A

0.657FA] 7+ A

gl

Fol 24% 7+

S

-
T

0.75% °F 12% 4. 10 ng g "ol Al

F7F g3l AFEE 10-50 mm F

o] &(12-2

—_L
=

=5
“

F:

BL
o
or
o
]
oF
TR
o
‘Dro

mX
~
o

o

gl
)

B

oo A

?.

5
ol

—_
o

Jjo
—_—

olo
gl

fvze)
ol

2=
Hr

™
)

_52_



4289 F4 2 74 47

7}. Arctic Monitoring and Assessment Programme (AMAP) H 314
- B=o]ALs8] (Arctic Council) 4t AMAPS 20153 2021d0] Ed7HE 3 37}
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1 9Jt}. Radl Cordero 41789 Nature Communications =%(2022)& ATCMol A
= [e)

Zb Qg Eo] =Y7kE AR =olE FUEUTE AMAP HuA = H=0]Abs] 9
Fairbanks A191(2017) 0.2 o]o]d 3 92So xad 71% 2y 84S o2t} o
oAy 7R AU A wetd SAR AF FEE 5 ASS HelEn
o 48 A E B BAsE e ShE wE UEd 2AE A9 g,
A Ao T olojA A et AR Jui FHUFAE T HH B ole Y
o] REzw ATCM 5 =43 90| g% #3tate] wroigo] Agha ot} o= <
T Aol Ak A s A A st
AARE BB AT AR A deEh B ATe A7 2710 E B AAE Aok

gk 1) AR FA AEd A AR E ), o (ATCM ), g
oz
H

ARECAEE A, AR AR HRAE ZRAE Aol EEAA Fr1H o
2 AT A 43 B, 2) ATCM A XA (Information Paper) Al&: A4 F3F

d3E wid ATCMel AlEste] gk=o] ztobd 7]oj 5 7pAIgtstar FA] =2

& 3) =8 Hin =3 fFkeEelset usdede] Ay At BHaste =
W AR kg F.4) A8 B Fo WA AR A5 avfste] A8 ¥
dooleR AR AAl= AT A A delEs Sdgtsta, $5 AT it ghho|
= frysth AAE Zd A7EHE Nature =% 23 & ZH o4to] 3w F71EHA
.

715 g w34 e 7o

o] wde Aol WA HA 7|5 nde B ES ¥ty gloy 2 B
do] EAgth. ACP 20254 <d++ E7ME a7 2d AAd wet 50% o]

o
7] wWZeltk. IPCC AR6%= =4 =72 HAMGAE  FAd "medium

confidence” F4F H-o 514t}

AR R QT mde dok X dTE B mdde] 1ud dFe Fre ol
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Hlalste] 2d gebvy FY. 2) E= 53 2d s V& A X RdS JE =
A Fol] AIAAE(A-5 km)=Z Wedol =2 g3 AY BAL 53] =} 243
| (Shared Socioeconomic

B
H 71elg # Qon, @ HgAt F ARE Felss swe] Ak =¥ 43 ¢

2. %A B 2 WEgF 9 AAA

7F A=A EYAH e o4
- =9 ¥d9Y vEYa B4 I HAY AdAFES gFE IA4 Fe A Nature

Communications 2022+ F#-7]=-23<0 F¥, PNAS 2024¢ "o -5U-29 X~
¥ 3, Nature Communications 2022% dE-nja-xZapx~ dHolty, dd F7lE+=
FA AT =& vE&Y EPAAS HATetr] oy, bgYgd A Aol 244

o] 7] wjFolt}t, malk A gHE k&R AlA Al FElskt. Nature/Science ©f U] E

2 Z2Y ol E UFEE T4 9 dFE Asdg

- o A FY d8: g A A A4 FEe AoFoRE Aol 54
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S A R R AT EAl WY Ak R eTE @Fe] Fmab: #A FEATE A
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“
4 BEdz A48n MOU A4 7 EUE 54 4% Robg wdald, #hol

2 Nature/Science F1131y, 4 BEUE F& AApol Estste] IA414 A &

Boole@ AFe W Ao o7k credit FH7F Yot AU How e =A
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a7F ojg@l. SCARSF WMO (World Meteorological Organization, Al Al 71471 +-)7}
st oS At oy, FAH ZR2EF RS 318 Folr)k ole AA
71315 on gt 2ES Atets =7l 7o oA guads g5

- W 53 9% d=2 553 BokllA ARE Efetal Ao sUsgEdS
ISO, IEC (International Electrotechnical Commission, =A% 7]71& 9 43]) 5 <A
FEst 7ol A 2ds] Egsty, wheA, txEdo], wE g & okl =4l &
T TR 430l %“jr. FAATAE SCAROA &3t glo] Aol g Eo
At}

- AARE 92 AT B2Ed dEh 2 dTe FA4 B9 54 w4 28 RS
A BxE xFeel gtk 1) 228 A g $2001, 01, 1, 10 pg LY
o] DBC ®FE4& Axdte] 37 502 AS@EFEFZHTATY). olF A
A 7 HuE FEIY g4 TTEEAE AQ 2) xTAYAA(SOP) E AR
ANA-BA-AA2-E4-QCY A AAFS ZAsl ZAst. F= wWiwd Azsto]
SCAR $IAFolEd] AlA]. 3) ISO 3#F Ak ISO TC146 (Wl7]&) H=+= TCl147 (72
of "SA Y EHIHE SN Al A FE A o] ZRAE 2y 9
ISO &+ /IEe 5-7d 2859, & A7 6d3 A7]7F gtol A4 F5 AIH
ISO £+ 23 7l ol =59 7edS FA4 R A %= AV|7E |9y, #d
S Auet Mulz= 59 7|vte] " AAA JHA = s ojdow FAH
t}.
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Azl ANARAe e 454 el

e EE R EV e VEREIEE

=
A 28 7heA W A

ATCM®] WP, IP A43& 9lgk Ats SR

1. d7AY
- B o= 2023-2024\ ‘a*l Ut 7 224 (King George Island)®] wha]etAivwh
(Marian cove, MC)9} W ~dvk(Maxwell Bay, MB)ollA 3 & A (2l 2-1a). A}
SoAENE= ZﬂlT:(South Shetland Islands)®] o Wkl 2 =<dvbe 224 3}
YA (Nelson Island) Abolell #1x]shH, 212 #E(~500 m)= &3 BA~H= &)
% (Bransfield Strait) s+ d&& ZstA W=t
- Wadnke Aol 14 km, F 6~14 kme] UAE FJ 2 2E=(fjord)E ©]FH, 2~ v

% (Fildes Peninsula)9} W&o w& WA Fejsh W o=m Zesto] Qdrt. mt

gjobAnte miadubo] FZo|n] ulE W= (Barton Peninsula)®t 98 WF=(Weaver

Peninsula) Akelell 912 gheh(29 2-1b). whg]bARE Wete] FFs e He=sg,

Aol ¢F 45 km, & ¢F 15 km, W 4 120 molt}. wlEtdart 9 ¢ £
Q]

°f 45%7} =44 ‘Biﬁ‘r.
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-
T
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-
Tha
Thow
i

A

O

k:

I

EY712(DBC) ¥ &&7]1'4(DOC)

vk Qb awky} WAdgk O] DBCO 9, WX B £kl ik Ao d3oew 2023
d 12958 20249 2€ 71 Wl AHE s A EA DBCE #Astdt slg Al
© vk etant of 370 A Aadyk o 470 AR 378 5ol M(ES 0 m,

T, b0 m, AZ; 100 m) AAEHJT(TH 2-1b). 2 A& CTD FH|(SBE

911 Plus, Seabird Electronics)E& AF&3te] FAEHA o™, 34 Al5% Niskin H &

Abgatel AHAHAT A EHES AR AH A 10% AAHHCDH FFTE5 AHE-sh

o

Ntﬂl

AbA 2 & AFR3 T
DBCS] ¥7r4 2 474 2xe FJrtskr] S8, M%7 @604 10-20 L] 3
—)': /\]E% /\]_;‘(j_ Odv/]\‘%(ZlSOOC, 6/‘]{1—) %E]/E’]% .éEiZ](GF/F %Ei, 0.7 pm, 47 mim,

Whatman)oll o ¥}3tar, o]$ 6 N HCIZ pH<27tA] 4HAd skttt &&/7184 &
A& AEe AP d4E 47 mm GF/F ZHE o33 25 At A SA1 A3 = 3
o AAFE sge AP A4 40 mL SEHA W) s Ee] A dA7hA P
(-20°C) H#E AT

g 29712 2 F f7Es

A& U E297}E(sedimentary black carbon, SBC)S #4317 93 %= FHAHE

Az whelbant W 1570 Aol A AAHAT FrHA o2 AHA 2 A A vl
HAEYN 55 2~

£ S8 20199 L& BN AHAR whetavt f 535 F
Ht= F29 g 2= (Kongsfjord) W 7 A-delA AMHAE 335 HA=
H 2-2; 2-3). mhEjQbAR W 5 HAE AlRe Adre 91X =,

sto] AFH AT AHED 25 H4= AEe A48 FH22 5 02 ecmE AF

sto] IUA FHo| A i, BA A7 -20°Co Al Bas ok



o

S8.B5W

Weaver
Peninsula

BR20'S

G225

Maxwell Bay

[29 2-2] 20239 whe]etant W 5 HAE A5 AFH BA

THAS™N
5.9 »
TN Kongsfjorden
kt.!l] . ‘BiB o
ST
- .
ity St.d »
(2]
2 Ny-Alesund 5‘.5,.. S.LI
THANN DS
-
Svalbard
THESN

Ed7ME Y~
% &7} (total black carbon, TBC) &8 22+ the|W 7} mig|etawt 27 A H (714
o FF, ko)l Hf AFd HAE EFfS AREste] AT AEE A5t

)5
FAFATHIY 2-4). NHE EAL 20 cm®] VFY @rﬂﬂoﬂ AExAZ 1 em 2
19 DERE PAG FHE Agstel gtk AGE 9FY B 1L f
AE WAl ARE AHIDD. 209 HAZ SAL o 25 m Lol WA
o

H 26 s AR AFH F FIFEHAHIH 2-5).

L\
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= o
el
Eo

Tx =
My / (A x t)

_63_

1 Atsade



7hoele B AAA R W S5 B4
- DBCE #lAl =379} 2 5 A 2Hbenzene polycarboxylic acid, BPCA) WH S AFE-3}]

A 7FslE At BPCA W2 ERPY}
2 WA 18 (B3CA-B6CA)Z AFSA71E ol a4 U §EEdIES BA5

71 98] o3¥ @<= Priortity PolLutant (PPL) Z#HE& o]&3lo] uAFEW
(solid-phase extraction, SPE)2. & 189 1 mL &% £22 X3t &5 W =4
St sFSIYh v5d HAY9L s4dx8ta, 1N S AA

3 F oNBeE §ERATHIY 2-6). §FH ARE AAZL FF/1F o gt

- BPCA =452 Sunfire C18 94 A=A (35 pm; 2.1 x 150 mm; Waters)¥} 7|2 7]
£35S A8 uAlT AAZ2vE 189 (high performance liquid chromatography,
HPLO)= 8 % AZFs=E At HPLCO 4] %71& Dittmar et al. (2008)°l ©] &l
:'

Bag 24 e Fustdt (2™ 2-6). o5 A= 4 mM HEFEURFEE

st&, 50 mM A EAMUGER, 10% WEeE&E s, o5 B 100% WE-E
S o] &3te] EA3kth BPCA 4tsle} AL FHoz FaEgon WA Qx=
3% wgko]2lth. SPE-DOMO R E 2] DBC % &2 46-53% M=, o] B
S3 dx89 tH(Dittmar et al., 2008; Nakane et al., 2017).

|
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BX

44 7)
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gl 2 A FEE A
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715

3

S

o

ki3

(1:Dell A4

& E

m

A

14 HPLCZ &

S

s

jond

iz
]
i
gl

ol

N

CTO-375 ®

- SBC=

Asl Ak =7kl a2

=
=

e AmeEs st 0A

)=}
RS

tRATH( 2" 2-7).

o

A

~
W
4

B/

o

1< tH(Gustafsson et al., 2001).

S

Al 7131 375°Col A 24X 7F A A&

—_

]

3} 7]

to] Abs AlA

S
gl

918l 1 N HCIZ A 2] = At

=
=

A A

B

o] 7]

zk

<
T

]

o

o))

=
=

+0.63 mg g )¥ ¢

=(5.311.4°141 6.1

Had 3

o] H el

0.35 mg g'® ZAAL o],

}= 5%

Y

A tHWulandari et al., 2023). SBC 274 9]

5

- DOC %% TOC-L #4]7](Shimadzu, Japan)® =

1070 Al =7t

KR
=
stk =4

42-45 yM DOC; Miami University)

PN
T

&

SR L e

Az EA(

o}

my

71
100 mg<]

|

o

3}

b 5% elvlee

Q%

<
T

?:51_

(Sedimentary organic carbon, SOC)= 1 N HCIZ F7|&4AE A A

At

]

T
all
=K
xr
Th
{
o
Mﬂ
Ho

oj
T

o

;Of

cul

} 9 th(Bayesian Mixing Model in R;

235‘

=
T

=
=

7l &
MixSIAR, version 3.1.10; Stock et al., 2018). MixSIAR = dlo] A

3} 7]

HAE

ANe]
o=
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AbgstATt o]

=
=

#el R 3§7) A (Stock et al., 2018)¢] &+ %= (Gelman-Rubin)

K

ToR

o
oF
Ho

o

A 2 (-29.5+2.

A
Ay

= WA A EEHA oW, Cs (-27.5£1.0%), Cs (-15.0£1.0%), 3}

5%)5 839 tH(Wang et al., 2022; Katz et al., 2024).

Ay A
3t

23!

s}
ol

F71 $la Bdel A

B3
fiTe)
M
Ao

]
LO

pu—

0

Np

7

4%

=

o

1.01 m] gt

KN
T

A ekgk

3 A7 uig d 23

1. =94 54

-0.14-1.81°C, 9%+ 336-342 psu, WEE 269-275 kg m™ HH =

ke
T

o}
-

=

ol

A (Yoo et

No
B

B

Ho

]
(-

oo

MC-01° 4]

e vk (L 3-1b). o= X

=

il

3

Z

= 9&=(33.7 psw7t #

22!

QPam ] 20~30 m A AN Fg

2]

}

Fslem, 40 m o]/l

S

H

=0
O -

el

374

(¥ 3-1c¢).

o] 22 03-1.9°C, 9X+ 34.0-34.3 psu, WEE 27.2-275 kg m*2 ¥

2 yeyo(2d 3-1d-19).

=
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A

EAo, o]

3

S

Z(pycnocline) ©]
S BAH(ZY 3-1f).
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Density (kg m)

Salinity (psu)

Temperature (°C)

250

"iTS

270 2

6.5

-
| B

333 336 139 342 345

D500 05 1.0 1.5 2.0

Marian Cove

— MC-01
— MC-02
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el |

W

5,

0

"
FA

60

41

B0 4

100~

1(b)

m
=
i

40 -
60 -

40 -
G0 -

() yadagg

80 -

Bl =

100 =——
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27.0

6.5

=
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34.2 345

333 336 339
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500 05 1.0 L5 2.0
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60 il
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ol

() yudagy

£0 -

RO A

104

1e)

100 -

(dy

[ O
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H

il

T

o

- whe)

1] MC-01 %

S AH 18 3-2a). o] A9

)
—

KM

i

ol A &A%

3L =
rs

1
T

MC-02 785 ol A

o)

% DBC

A
it

A w(2d 3-1b), o] 3h

™

3

)

ol

]S

H

Adol =2 Fo=z HuHA(Khan et al, 2016;

=
¢}

7}

Z ]
T =

714 el 7|7+ ®
2017). whebAl Wete] 3l HANA ol

KeN
=]

mK

3

Lol

il
o
i)
&

N
Mo

o UhELbA) ekskoh el

B (1d 3-2b),

WS

9/]

A, W 4 3e

)

DBC$%}F A}

Rhell A 9]

o

w0 vk vl
R CEIE

{ DOC pool WA DBC7F #}A]

&l

H]

1 wid #k(45~50 uM)el

9]

gl
DBC/DOC H]|

=

-
R
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0 i

40 |

[

04

A5

o},

A

A B

DBC #
It

b

— o

DBC (M)

0005 1.01520253.0
P A= 1

(&)

0005101:5202530
P -

20 1

40 |

4

20 4

40 1

60 o

B 4

100 -

4

oS
R

DBC/DOC H]&& 0.17-398% (Ht

wol 44 ke E3 AHAA

=
e,

[e)

et =
SEERRE:

etk

sha A

DO () CYERCTMMT ()

-

4
o

0 {1 [

0 40 600 80100 1

PR O
LR

8

20
Al

vl

MC-01
MC-02
MC-03

B

(b}
U UL s

0 20 40 60 B0 100

I 3 o 1} 4

L
40

il

MEB-01
MB-02
MHB-03

() ME-04

S

&4 (DOC),

_68_



. ol Aot Wi 9 &4

- mpg oAty W Adubo A BZ=¥ DBC %+ 7247 0.10-2.71 uM (H++ 1.23+1.09

d

=
R eds 95(007-030 tMEY =2 FES BATGE 3-1; 1" 3-3).

= Al
nhelebawtal wlidvbe] Giok Wl BEI QA9)H RUAR A, /1A £

dFe AgHom Wi '8H°4%’% wd @t DBC/DOC ¥l& oA

17-3.98%, Wit 1.98+1.59%)¢} W~ AwH(0.82-5.20%, v 2.72+1.56%)° A &
= 2H0.85-2.48%) H W& F(0.10-0.50%)° HlE iAoz =A YERLT.
o= Wa §15el 93 DBC/F EF0® FEH AL, 9% Ayl 14 2 9

, T ZY==wH0.35-1.54 nM)

o]l‘f

=5

=

94 QxB)e JFL W AR AHHEh =@, T e DBC/DOC vE

(0.8-1.5%)llA Wl dAgsfal she H|

A .
AdE HEhH, ol A =Wt R B A g
[e) X KR

L =

(wEa)), 1.6-1.8% (HA8)), 1.7-22% GhUctEA)E, F= dActrtt
A =& $£5S% ®219th. % (open ocean)d] 7A-¢, oA %(1.2-1.8%),

el 3 &

o Helow, o= sl wHF
I FAY kel o3 DBCO] 34 % EallE gk of2fg Hjal A=, v

Qhawba} mzsivte]l @3 vjol A% Juso® e DBC/DOC M&E Hol
=S
[}

[ 3-1] vhelekantst ‘?HZ:%]UJ@]HQ 4= FE4&DOBC), &<+ H#F7194(DOC)

DBC/DOC Hl& % A& A-oke] H

EE

-

R

A

rob

=i
o =,

Geography Site Sample DBC DOC DBC/DOC  Ref.
(uM-C) uM-C) (%)
Antarctica . 0.10-2.71 40 - 69 0.17 - 3.98
Peninsula Marian cove SWo (123:109)  (60£10) (198<159) D

QW 0.65 - 2.70 40 - 79 0.82-5.20

Maxwell bay (153+075)  (60+12)  (2.72+1.56)

1)

0.35-14 41-94 0.85-2.48

East Antarctica Prydz Bay SW 079+03D)  (57+13)  (1.36:038) @
Alatna Pond MW 0.30 33 0.40 (3)
East Antarctica Lake Bonnev East
McMurdo Dry — poie y MW 0.12 33 0.40 (3)
Valleys
Lake Joyce MW 0.22 42 0.50 (4)
Von Guerrard Stream MW 0.07 53 0.10 (4)
Lake Bonney West
Lobe MW 0.10 33 0.30 (4)
Arctic Bering basin - shelf SW 0.74 - 2.77 45 - 9% 16-26 5)

(124:077)  (63+19)  (1.80+0.39)
. 115-146 71-83  16-18
Chukchi Sea SWo (130£016)  (75+6)  (1.7+0.10)

QW 0.87-1.63 49 - 73 1.7-22

Canada basin (1124031)  (60+10)  (1.83+0.19)

o)
5)

. 071-078 40 -63 12 18
Open Ocean Atlantic SWo o (061£002)  (G7+19)  (1.18+0.35)

0.58 - 0.63 42 - 81 0.8-15

Pacific SW (076£0.03)  (G1:11)  (1.53+0.28)

(6)
(6)

Note. SW, Sea water; MW, Melt wawter; (1) This study, (2) Fang et al., 2018, (3) Khan

et al.,, 2016, (4) Khan et al., 2017, (5) Fang et al., 2021 (6) Wagner et al., 2019
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DBC (uM-C)

DBC : DOC (%)

[2% 3-3] sl &EE7HE(DBC) % &

v
{ This study Eastern Antarctica Western Arciic Crpen Sea

1.38+0.21 0.27£0.27 1.22+0.01 0.69£0.11

1: 2352052 0.51+x0.43 1.79x0.09 1.35+£0.25

MC MB B AP LBEL LI VGS LBWL BS Cs CB Al Pacific

N

a7 g £&87]e4 8](DBC:DOC)

OC 5%t ZAF Al7]el wet 318 Apol &

= # 3-7a). 2023 ZAlol M= TOC s%=7F 495-200 mg g™
92 vehyon HFEe 9614388 mg g'® ZAHATHZY 3-4). 53 MC-13
Aol HHEH20.0 mg gHol, MC-01 AHoA H457k4.95 mg ghHol #ZE ]
oo A7 s Yl 43 20199 A A E TOC 271 3.97-168 mg g
= 811£3.82 mg g'® 2023dol wla] tha EgtHaY
3-4). FAllE MC-14 ZAedA Hi 55168 mg g™, MC-01 A HA &
(397 mg g7t SAEA F A7) BFNA AFHRE A g MC-13 2
MC-14 A9l TOC F=7F iAoz =oka, Wd <k AHMC-0DA 7+
wokth A9 wuE 9 BAE 201939 A~dulE FAveEde] 3 HAHEI
ME TOC HX7F 499-105 mg g (B 7.49+1.82 mg g )= vreb}, mhel it
Hop dwbdo=w e s Bt

et

§ 3-4). olsh 2o i o)
3Hg]ﬂ94 %7]% A@’&/‘é 63:%, X‘]%‘- ZH -f—’r Z:}v/]\" :LE]_I’_ I:IC]?‘)—]_ ‘IC')I‘EH L= __a_}\o], 7]%94
9B H7)E f9] AL zolo] 7elstE Aow A HT
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55 _|Mean=9.61+ 3.88 Marian Cove, 2023
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30
25 _|Mean=8.11=+ 3.82 Marian Cove, 2019
‘oo 20
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E 15+
) -
s 10
SE
0 —
MC-01 MC-02 MC-03 MC-04 MC-05 MC-06 MC-07 MC-08 MC-09 MC-10 MC-11 MC-12 MC-13 MC-14 MC-15
30
)5 Mean =7.49 + 1.82 Kongsfjorden, 2019
oo 20
on
g 15
@) -
8 10
=5
KF-01 KF-02 KF-03 KF-04 KF-05 KF-06 KF-07
Station
[29 3-4] 2023, 2019w Qbawk 2 2019 =98 249 HAE f #4¢
LT 71 ' A(TOC) 3
.

=t = 3

M w5 A=E=E dAS zolE vERUTh 20239 ZAMA] SBC F%+&
: 72 mg g2 YERETHLE 3-4).
20231 8] A5, MC-06~MC-10 -3FollA Fdid o= w2 st 3o, o
= mhEleh awkel FAR AAoA Y EAFE FA FUHE ovdth ol e 2 X
= W3 U5 dFoR A% mAYdA F4, 2E FAH 1A wEA (A
+QF, Ad BH7] 5)o] 71 7F BEgH o #ge AR et 20199 E_A}OH
1 SBC %7} 033-1.87 mg g WAZ 202330 ws] A3 wretom, Htgk
0.92+047 mg g'oZ EAHArh o= 2023 HiFgtel oF 36% Feoz, 49
F SBC #%7F oF 2.8 F7kek Ao & e THLE 3-4).

e ® AAE B Awbte 3430 29(20199)9 53 HHES SBC
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Fx7F 215-311 mg g, Wit 253+1.82 mg g'® WERY, Pl kA vH(20199) )
= 84 g, 20239 vhEkawtat fAE FES Bolth olE 55 A9l 20199
& 7154 Aot et gAY W] ol o AsiA dFe w2 A
Z M Eti 2™ 3-4)
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SBC (mgg™)

SBC (mg g™)

SBC (mg g™)

i Mean =2.56 £ 0.72 Marian Cove, 2023
3 4
2
14
0 -
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i _Mean =0.92+ 047 Marian Cove, 2019
3 4
2
1 - - - . . . -
0 -

MC-01 MC-02 MC-03 MC-04 MC-05 MC-06 MC-07 MC-08 MC-09 MC-10 MC-11 MC-12 MC-13 MC-14 MC-15
i _Mean 2.53+ 1.82 Kongsfjorden, 2019
3 4
2
i
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KF-01 KF-02 KF-03 KF-04 KF-05 KF-06 KF-07
Station

[2%] 3-5] 2023, 2019} wmhe] kAt 2 2019 F-ve=2d BHAE f #4949
EHIHE(SBC) w3

Ayt oz, 20239 vhEfgkante] B s SBC sk o 3ozt Q194 v
b

s =
7l AH S7he wgstH, TAVaEdY FARRE FEo] =ER Ao

&
ofy
1o
N
2
)
et

W7t o= d= dibA ol = w4 A91A 29y by

b 7FshE AL e AAFRET

2023 ¢] SBC/TOC Ml&-& 17-43% (F3t, 29+9%) =, 201999 7-27% (H++ 1245

20)°l Bls oF 25H] =2 S Ko, EU7E % STk wAFSAT ol =9
™

Aol FH71%kA pooldl A A5 H]%O] 24 Zedes olve,

i
M

WE AI9A da wiEde Asi e AvE sAEc(E 3-6; 19 3-To).
Ao 2= 202399 A MC-01, 03, 10 F7rolA Az os =e Hgo] A&
Hlom, o Wik EFIE FHo] &udhS HojFErh v, 20194 =
A AHANA Fe FES FAEI L, MC-11 ZHAMwE kel Z717F Yehy =
A gQle] g g3Fo] AFA R EAGASS AAST vl g o R A
B3 xubble F49 2 2d9(20199)9] SBC/TOC Hl&& 20~56% (i 36+£12%)
2, uhEetavtRt =8 FEg B ol dEY At W deRt A7tEE
HE Ul 7kl e S5 Ao Q9 wiEE AEIFeR AdF LA &
72 Fholl AHAA FFS woky] WEoz A H
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al
35 Foue=d ¥ U A ez AL 10 RARe $ES By
ool WF Ak Ma=E 94 9% /9 BC FHo] BuatA dojuk A9
& AAbst, 574 eE2E 2 BC AR AUA Fage stefate o on gl

oh ettt EH7|E A S 2 EYgE ZY s
- B Ao = mlEetawt Fod MHx" F e 5HAQA HHE EH(Trap-1,
Trap-2)= ©ol&3slo] & A =

o
£ 7IFa e, o= F AR 3t HA SA4 mAg Aol = ‘}"38}‘3}. ol e gk Fk
& v QbAarto A oo ®Hary AEA HH A HE e e FoemE dRIFAT
(F A= ZY2: 227-2369 g m? dY TOC 282 005-024 ¢ C m? d; Khim
et al.,, 2007).

[ 3-2] 2023 w}e]¢tA vk Sediment trapol Al =49 ZTH7]e4A 2 B2 Zg~

Trap TOC BC Total mass flux TOC flux BC flux BC/TOC
(ug mg!) (ug mg™) (g m?dh (gm?d") (gm?dh -
Trap-1 10.7 4.60 11.8 0.13 0.05 0.43
Trap-2 16.2 4.24 13.3 0.22 0.06 0.27
Mean 13.4 4.42 12.5 0.17 0.06 0.35
SD (1) (3.89) (0.25) (1.09) (0.06) (0.00) (0.11)
o

e Z82s= 5 E 3F 2 Aol7f #EE R ko™ Trap-194 005 g m™
2

d’!, Trap-2°14 006 g m? d'2 FA3F =55 HAY. ol EY7Ee A4l
A Fe]l 7 Aol A vk A FAHL &S vttt a8y FH7IeAs gy
E71E ] AU 79 EE YERU = BC/TOC vl &A= S5 xfol7b 1=

t}. BC/TOC Hl&2 Trap-1914 043 (43%), Trap-2014 027 (27%)Z el
Trap-17} Trap-2 HEth =2 0§ BT ol Tdd 9 YAz 7]
AUA 71t Ao wEl A e AdS5S Mgt 53] Trap-17F Al
FTHETA HF Qe fAE L lee nEE o, siE AHAA TOC =7 &

HAow gEoe &8t BC/TOC Hl&o] A4 Ut A4S d4 719 &4
[©)
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o) 4EF BF, 11 e AAA Ak Y SelA MEHE TR 477
9GP W YL AT
2 Bz BagEds % EYRY A
S maAsEe) @i g 5994 SAEU0L A BAAL Fetelt b AgH

o

. Cy A& mpolema= -22% 14 -30% Helel §°C #= dERH, o= Cy 2
E(-10%1 A -14%0)e] #¥ +E ¥ tH(Bender, 1971; Cerling et al., 1997). 34 9=
A 7143 Ax F T BH weE d8) o W §%C MeE o
B, Mg e -248% A HA7F=9 B9 -39.1%7HA HE dERdT
- upg]kAawt Ul B A Z9] §%C-BC a2 2023 -27.3% A -22.6% BWHAE EW
o Hargke -253+1.6% = WEFETE 201939 = - 255% 14 -20.1% <21
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24 HAHEZL -208%°A -179% ®ee §"C-BC #H& EAoW HAFgS
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Mean =-25.3+ 1.59 Marian Cove, 2023
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Mean = -24.4 + 1.40 Marian Cove, 2019
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&3t RA(MiIxSIAR)Z Ad&stst A3 st dg 7o =7 201999 6% A1 2023
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Contribution (%)

7N 7k AHE ol Cy #dll BC HA Y AHH AAS wkgEth 559 ot
zZE7he] 29 2 AMHYE AuiEteE Cy A E(eF 60%)S tatE AbEe] 8 AR
o]™ (Edwards et al., 2010), "Black Summer” 3}A4 TA] &3 A7]= w4 7]
s Bl F5 dHFoR olEdte W= ks wet w#e G f+d BCE HA

A Z th(Magalhdes et al., 2024).

20199 Ty o Ed(AdntE) HAHEL Cy vho]l v 53%, Cs; vpo] w2~ 33%,
st AR 13%9] 7l=E Kol nlojevs AArt BCO F8 dALYS Ul
o} 20199 o & AlMlg o}, 53] ofFElofel A WA 7] EA AHER oF 72 x 10°
ha7l 24 % o, Ygdsdr #3548 o252 57 2E A9 7jd9] ulo]
Ul dA AR ASES BHY AAT A7) olss FAA AT (Pulimeno et al,
2024). stA dAm J]odx 13%= T dol= R d(Longyearbyen)¥ wHlHl =R
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_]
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Ao B GPS NPT 20199 2w PR £ AW o 60% F7H9
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HgE 719 EY7E(BCO) HA ol AA AstEHi JdSs BT I AU A
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# AER 89 5 Aee NP 2A% ok
100 - 100
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