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ABSTRACT: The Arctic Ocean underwent extreme environmental changes during past glacial periods, including widespread freshening,
oxygen depletion, and extensive sea-ice and ice-shelf coverage. These environments pose major challenges for conventional
paleoceanographic reconstructions based on biogenic proxies such as foraminifera and diatoms because biological productivity and
preservation can be severely limited. Furthermore, in the ultra-low-sedimentation-rate settings characteristic of the central Arctic Ocean,
short-lived organisms may not fully represent the long-term environmental conditions recorded by a given sedimentary interval. This review
examines the potential of authigenic mineral geochemistry as a complementary approach to overcome these limitations, focusing on three
representative case studies. First, neodymium isotope ratios preserved in authigenic Fe-Mn oxyhydroxide fractions of marine sediments have
been applied to reconstruct episodic meltwater discharge events and associated paleoceanograhic circulation changes in the Arctic Ocean.
Second, rare earth element patterns in authigenic sediment fractions can reflect oxidative sulfide weathering linked to glacial abrasion, providing
a potential proxy for tracing past glacial dynamics and terrestrial chemical weathering in polar coastal environments. Third, elemental and
stable isotope analyses of authigenic calcite crystals suggest that Arctic deep waters during stadial periods were brackish and characterized
by severe oxygen depletion. Collectively, these studies highlight authigenic mineral geochemistry as a promising approach for complementing
biogenic proxy records and improving our understanding of Arctic glacial dynamics, hydrological variability, deep-water redox conditions,
and glacial ocean carbon cycling.
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A ARA 7|15 A2 Q] ¥ 7P 13etA wrgst
= 55t @A 343 o A di7] 243t 27
= "B ZZ(Arctic amplification)' @AFS] SR 2 &
A lth(Screen and Simmonds, 2010). o] &3 1= 2]
2Hg ¥iske SA9 9= 1t 7|2 Sl of s 9 A EV) R
EMESE Sl WEEE ZERE BRbt S = A 99
714 oI} AZAFEKKim et al., 2014; Cohen et al.,
2020). o|Hg FHollA B= 715 A28 4714 ¥HE
FFE et A2 o5d A ATF 7|FHskE 2o
A 3] o]sfist= o BAoltt. 2yt 4] ol EX3E
A #S 7152 A A|2" 9] 71 AR HEAS ol
sl7)of Al o= E5Es}7] wlioll, 1A Wekr]-1H 7]
ZF7] Zdte] Az =x] 134 E-Y(paleoenvironmental
reconstruction) AF+2] P QAJo] 2= 11 Qlch

204]7] SHHELE A3 7 H(icebreaker) 7|8 S|
AR A& B8 A8l El&E 2019 85L& 7 5H
Sk, o5 3l WA Wehr] B sk 2 B A
7} gEs] JggEl o] gtk I Fol A= W] SS9 1
$7, 5 QR ol 2409 Wske A A7 S 2 Y
A< 2ka} A Bl Sl A7 A2 Aol gtk o)
5t WEko)| A Geibert ef al. (2021)2 EZE Y| 749 »'Th
(P'Thy) 5% 7| &S 274 2, Marine Isotope Stage (MIS) 4
9} MIS 6 % 23 A17|(ZH2F 2F 70,000~62,000 A L oF
150,000~131,000%] ) 5t E-3j7} A ) o] o3} 9]
Fol 2ptE]o] GRE 0ol Bohe & B3 ol 4

= w5 7HS Yo A R o] Aljtel 5= 117|158
Al & o7& 4ozt

o] 7Hd& &7H4 ¢l vtEof A Hstyict. & g3 2
o= A&l E7FsT Y 55 vt o] s Al
71& Hst= Wohy] EAEoA 1HEH o AEdtt=
Atdo] AAA Rl Wk = A|A| = 13 (Spielhagen ef al.,
2022), 2pA o2 b @d} 7ML A Y TR/ olE
22 AFA] Z3 A =Ao] ALEH U e o] HHE
A AHar9] o 2|7} ik W] 58t T E= EA=
FAL T U5 HdE HAE 350 S22 ARt
=of, 3 doll AA lem FA|9] EjFZFo] FHEE= FA
E| & (ultra low-sedimentation) 73 ¥ AJgIcH(Polyak et
al., 2009; Jang et al., 2013). o] X H SHA O Z =5 A|
ST S0 A, 4= doll A A b 2R AR 717k 2
= F5sd e HASe] &St - WY 2 =3
Auks 27435 BEFSHA] Zotar, AH4le] Aol dAjAL
2 fe3d 54 20vE Ao g diyste HEd
X5 (biased signal)E AT 75Ado] Uct(Jang et al.,

¢

g

2023). w2bA "Wsl7| EHENAY {35 4HE AAE
@3t 7 O] AR A vEE o 2 At A2 WHER S
2 AAE7F asiet o]#g BA) 142 AE 71 A
AE dASAY Bad 5 Qe M2 183 7SS
(archive) 2] B @/3-& 7}aHA| A 71ttt

ZHAY33-E(authigenic minerals)2 A& ARG of] - 2
o2 9E3IA] &, F4-EAHE A A E(sediment-water
interface) = 3= Holl A Pojub= A, T2 4 94
23] 5o stk B4L Bo 29 fA) Ffat 247}
FHEE B4 BRED 5 Uk wEbA] AE 71 AXRE
o] Aitolut o] AljtE = SR B2 2H oA, A8
=22 7|E 7159 IS A 5 e 8% g 7|
S5 &89 7 thJang et al., 2023). o] & 2F =
TollAe A 18 B0 A8H Al 7HA] dEA ] 2
AFE A58t At Qs AR FAF = (1) A
. Z)(authigenic fraction)?] H|2THE(Nd) 5HYLE &
|3 o <=8k E-(Haley e al., 2008; Jang et al., 2013),
(2) Ay £33 3 EF YA (rare earth elements, REE) £
HeE 53 ot A 2 FIFE AEEE fAUS
ZZ&|(Jang et al., 2024), (3) F7] ARy W4 AAA|(inorganic
authigenic calcite crystals)E 83t ®3l7] B3] @<
o} 9 hakash @A} 779 Ael(Jang ef al., 2023)2 S3H
o2 wojaki, BF FX T BY AT WAL A
Al 8}aLA} gt

2. JFHZ=0| FO| I N2t TIAXI=Z M2 EY

2.1, XPHEE0| o9 sy &2t

ABFE U A RS S 7Y HEE S Al
A R detritus B-2 detrital grains)e} &2, & 74 U
of| A 9 S F=r4=(interstitial/pore water) 2] 315t A
2o zHE AEA JA-QAsHAY, 7|1E dAF 2| 1
9 P2 AWEshHA Y4E F&2Y5ke FE B bt
4 AES R ol EE FE H-EHE BAR E
£ 2ol 355 S0l FAEH, 71 4R A B3
2HHE & B E = A EA FET EET

g B4 2o A= dEAA AHEFE E A
A AEeEE AU AS4eHE 92 (Fe-Mn oxy-
hydroxide coating), AFAYA] "Wl 4 (authigenic calcite) U
ol2}1 o] E(aragonite), 34 A(authigenic pyrite), 213]
4] (authigenic apatite), A|-&2}0]|E(zeolite) S-©] ST} 9]
T AU AL o2 P4 D AR oA S
R [ RICIUERERE
E2 23 5= 9lon, ofelet uhe Teehs A4 1Y)
(authigenic fraction) @] 2| 3}8t A w3 &3k 4=3] 7]¢Y
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2 F3} 27 Bl FE LA EE-E ol gkth(Rutberg et
al., 2000; Piotrowski et al., 2005). T+ A4 ebalbed
E2 A A FA1 g Aba F9UA AT A =
A TET 5= o], o8 ST TS HILE F45)
= AXNARZ &E ThsAdol FEEL itk(Jang ef al.,
2023). 53] & =04 1&sh= vket 2ol 771 714 &}
A e ARAE ETF o R Bt A E4%h=
A2 A= 71 2 7|1 50] AgtEl= F4] 54 3
7oA 1187 B 2L 7HsAd = Azt

2.2. TrEE=0] 18 TIAXEN 2= &3E

AgFEC] AeZA AE 71d AXNAE Bgst= o
¢to g FEE= o=, I BAo] f71A19 Ao A
= A ARR ez FeHA gethe Holl At
g 1). &, F83 A5k 270] fAH = A ABFE
9 Y A2 FH e B 3=y 38 20 F
e EAS 7SS ¢ leuz, AE A o] AstE
Av A& 719 849 HEo] EFT A E A &
79| X3}ty YRS HebH o g A|lFe 4= Qlot. o|=gt
S 53] Waty] B3 Zo] @4e3), FAkesh
= 3L BT HEE s AE 7Y AR 715 F
dlo] dhAisly] 41 A I F-840] TR
(Jang et al., 2023).

EAgo] SEE R T 5590 X9k 22 &l
Ale A= 719 AR E O E A RAET 2 d
ol 44 1 cm FA9] EHFo] S == FAEZ 2
A|(Polyak et al., 2009; Jang et al., 2013), B| 2L & Z-2 AY
710 2§55 TY vE L AT Aol ti&
Sk ek A7 720 3 24 AN ti¥sHA] st

31(Polyak et al., 2009), Ao X Ao Z G2AH EH
279E Adgyoz 7188 7HsAo] YitkJang et al,
2023). WFA AAPFE D AYY A8 AEE A3
Z70] fA%= B¢t FAE-RA 422e-S s 34
A ¢ glenz, £ AEA Y A AR R EA|
o o BT 87 AR S AT 5 ok

E5 AT, S5 AU ASHE ek B4 W 4
oIH FH S EL BRFERE ool 9T
HH FAEST 5 ) gheol, PA fAe) Az
B85 HESte 7I15EE €8 4 AUtHRutberg et al.,
2000; Piotrowski et al., 2005; Haley et al., 2008). TFat 2}
AFEY] P HESE 2E FHEY S04 FYsSHA €
oAub= Ao] oflzl, W FAQ 23} A, 4tslehe =
A, ¢, EEAE 35 L olF &4 Wd o i o
2t 22bd o= Sltk(Jang et al., 2018). wEkA] AFE 7]
v 8 7155 A e diolle 2 3E e A R
o 94 A} RE 5A4S B FESRE Hol FRal

[o

oH

dl

AHgFE DAY AEE SR EA ol et &
252 whlo] TRz, BN Bao] e A A
& 4ake o] FRaIT) WY ASpAelE Tjeke
Toh A4 2olS A4 HRomRE Belshs g

1E2 02 +212 FJ=H(sequential leaching)o] AR
£kth(Bayon et al., 2002; Gutjahr et al., 2007). ©] v
2Hg ol AAE 13 MgCl, 9, BHAd A&
£ 93t olM|EAHacetic acid), 18] Fe-Mn AtSk
13HE 799 A2 855 913t sto| =S4 obdl H4td

A

F &3 8% (hydroxylamine hydrochloride dis-
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(a) Saline conditions (normal)

Seawater. & Biological materials
# # . . ° * 0

-
Authigenic materials
precipitation

Sediments

(b) Freshened conditions (extreme)

Seawater Biologi rials

”
Authigenic materials

Sediments precipitation

Fig. 1. Conceptual diagram illustrating the potential formation and preservation of biogenic materials and authigenic minerals
under contrasting seawater salinity conditions. (a) Under normal saline conditions, biological materials are produced and deposited
on the seafloor, and authigenic calcite formed from seawater-influenced fluids may record high Mg/Ca ratios and heavier oxygen
isotope compositions (5'¥0). (b) Under strongly freshened conditions, biological productivity and/or preservation may be limited,
whereas authigenic minerals can form at the sediment-water interface or within pore waters under favorable geochemical
conditions. Authigenic calcite formed under such conditions may record low Mg/Ca ratios and lighter 60 values. The authigenic
calcite crystal image used here is presented as a representative example of crystal morphology and is reproduced from Jang et al. (2023).
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solved in acetic acid)E ©AIZ O 2 Z-{3}o], HI-2AJ0|
A=z o HAE HEES oo B35k 7
Ho|t}. Fe-Mn AFsl=418HE0) 24HE Nd 2 REE= &2
npAgf 2hlA 8E dAolA gder EeEn, Y =
Aol A Gal=A| gl BFSh= A 716 HEAE 28
(silicate-bound detrital fraction)} Z3}&4 o 2 JLE =T}

SHA, At H2 1} A2 B/ o ek, ©ATE 2 Fe-Mn 413t
FAEE 5 R 28-S I St Ik e
5] QIt(Wilson et al., 2013)(Z1H 2). o] =4S A&
SHE, & 2(pH, &%=, A9 55, ¥R AITh2 A A&
O e =5 A3 = WA Wgpo|BR, £4 A9
A E)dS gl 98l R E2 A5l 27 EthWilson ef
al.,2013; Jang et al.,2017). &, A& SN L —L.;é;‘ EZ'}Oﬂ a2}
Upro] AR 4= 9L, REE 5E5 72 fEATS ez}
ZAZFE A 7] (Inductively Coupled Plasma Mass Spectrometry,
ICP-MS)E o|-§3l| 743t} Nd 59| 4 419 ¢, o]
w3 I 2okE I3 1 (ion exchange chromatography) & %
S Nd & thE M EY A Yoz RE 28] FAgE 5(Pin and
Zalduegui, 1997), & o]-23} 2gE- 4 7](Thermal Ionization
Mass Spectrometry, TIMS) =t HE7| = 28ES8t=
o} 2 FE A 7] (Multi-Collector Inductively Coupled Plasma
Mass Spectrometry, MC-ICP-MS)E 0] 85}o] T ¢4 H|
= 39 24AHIY ).

T, AP Wl AR B eols BEHo) ofd
2% 2oy AT HHE ARE 63 um AE o]
&3l 524 AF(wet sieving)sto] Bl = o] o] =HA
235 -ﬁ_'—a]ﬂ <, AAAn] A stollA 771 719 2REAE

oz
nz

2)(density separation)S 3| ofgtaiLto|ES) HiEA B
ARS- BT, FAPARIAR|7(Scanning Electron Microscopy,
SEM) ¥eks 53l 27 S, 1 224 % 7-d overgrowth)

OB =9 Aesie] P& 7|9 Jzete] LE @ A 719
ARE Q‘?_]_‘é‘_r;]- B l"——-r—OﬂA-] lr__,]O].___ /\]-B]]Oﬂk]‘— o]a
ot ek I

A

(¢} =

4 gL %%SFME}.

w2 A el 2RAe 7k AFEA7(Gas
Source Isotope Ratio Mass Spectrometry, GS-IRMS)Z
o3k Q1Y Thav Ak F91914 H|(6°C, §"°0) B3} 3,
S Eer=nr GAPYEES7](Inductively  Coupled
Plasma Atomic Emission Spectrometry, ICP-AES)E &
& Mg, Ca 5 %A B BAS Wasto] ] gha] 44

o] shet 24T} 48 $AS BYSHe ¥ S EHI 3).
EREENS A 7152 28 1T 89, A2 i &
] W] ke W 5 glome, BEA Be, SEM B

B B 24 9 9 BHULE S T AR B
ol Wasith. olo} o] TR AL At BB B5
o 4 AUZ wret A2 T2 AX 8 4F A
273)0, o5t Aol LAY 7} AT A S ol T
HEA e g BelzTk

CH2 A
3.1. T4 HIQOE SHAA HI 2ME Sot ol
A HQ|

o /e

Yot Ee AN N, Nd, “Nd, "N,

L9t 2 Mstti(Jang ef al., 2023)(2F 3). o]F Az B H6Nd, 5Nd, 'ONd S ofg] Zolas sk, 134
Sediment N N - — 5 - -
subsampling ’ Preparation ‘ :—-{ Sediment leaching F-I ’ Nd purification ‘ ’ Chemical analysis ]
' i i
. 1 1
Grinding § ::123::';”“"9 : . i
1-cm interval : |
= ‘ 1 :
E::;]?;::i:f sediment i Authigenic fraction — |
sediment fraction grinding : :
1 1
1 1
‘ : Residual fraction —-' i
‘ i I+ Column chromatography |« *Nd isotope using TIMS
1 «Authigenic extraction I for separating Nd from or MC-ICP-MS
Nd isotope \ i using HH-solution P mairix -REE using ICP-MS

analysis

Fig. 2. Schematic workflow for authigenic Nd isotope and REE analysis from marine sediments. Sediment cores are subsampled
at 1-cm intervals, followed by grinding to homogenize each sample. The authigenic Fe-Mn oxyhydroxide fraction is selectively
extracted via mild leaching using hydroxylamine hydrochloride in acetic acid (HH) solution. The leachate is then split for two
analytical pathways: REE concentrations are directly measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
while Nd isotope ratios require an additional purification step using column chromatography to separate Nd from matrix elements
prior to measurement by Thermal Ionization Mass Spectrometry (TIMS) or Multi-Collector Inductively Coupled Plasma Mass
Spectrometry (MC-ICP-MS). The analytical procedure summarized in this workflow follows Jang et al. (2017).
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W 797 24 AFoAE F2 Nd“Nd W7 H4H
th. ol N7t 22 JEF U4 F stel 'YSm (Ahat
22) 9] MY BT 25 E A7l whet -S4 E= vt
H, "MNdE o F9dazA ol NS F7HE ¥
7t7] 9% 71& S HYAaRE AREEY] wiZo|th A,
NA/Nd H)E= 7)Y ER 9] 7] Sm/Nd 4|9} 2| 23}
AlZre] G A wrggich ohat A oA TEE=
Nd/Nd B)o) ¥igE Zo e 2] g, o] F ®rk
514 vwstr] Y5 Ao 2 chondritic uniform
reservoir (CHUR)®]| T3t HX}Z 10,0008 3t eng FHO 2
FFstcH(Jacobsen and Wasserburg, 1980). =, eng 42
719 249 XHeHA v vtgste g, dutdor 3
S WE 7Y B AFYE EF2 AYEoR w2 @
Hol= v, e thEAZ = 3 EEE 12
e 2= 73] YUtk(Frank, 2002).

o]23t 7] £ Nd FH 24 2ol= F3ket A
= 39 Yo r IFEHE & € YA 2o AEH
th Nd 994 242 AL A& oA A o&34
E91Y4 F80 Fao] 27| whizol, FH s 4 TRt
A A2 dAgo] T 2jolE H|wA F HEJTH(Frank,
2002). E3 34 W) | Nd 9 A)F Al7H(residence time)
& oF 300-100090.2 A A7 ik £ A7k oF
1,500 2t} ZoNTachikawa et al., 2003), X2 T2 FH
AN 24 FEES A= Y A E= A= AR
HE= Nd 5994 245 A 5 ok AAIZ o8
H HEA2HY] FFE At e EUA Y S (North
Atlantic Deep Water, NADW)= W2 eyg 7H(SF —13.5)&
ZH w3 SHbE W AR B aEe W g

BY O AR E2 e W2 EATHEF 0~—
4)(Albaréde and Goldstein, 1992 and references therein;
Albaréde et al., 1997). 359 engd ZH2 FH X ZAZEEH
SEEe T AES 24T sl =8 HItof whEh AIZE
Aom gdeb o glom, o] Hhgsh= AHY 28 W e

< 9 7|9A% o]F BRE FATh= £HEZ
(quasi-conservative) |3}t A2 E8F £ Urt
(Rutberg et al., 2000; Frank, 2002).

FHF2 o) E A exa AW HE 7S B

T tEA I s Golh. BA Y =8 59, 53] vh]|
o Zof) "W3}7](Last Glacial Maximum, ca. 26.5-19.0 ka
BP)Z 3 5] Foke] @ A7 A4 28 Mk
AEHoz §35 vish 49 v F9l9a v(670)
U 924 H|(Cd/Ca) T FEE 719 AARE F3)
3|4 =] o] gtk Boyle, 1992; Charles and Fairbanks, 1992).
a2 o] EF AE 71 AAAE s AE A #El
A f71E 2o, A BE A 5o fFE e &
U0, S0 7| ¥t 2 HIkE =Y os HEE 9l
= 7] A2t 2ARHe] Fa o] A7) e o] gt o]t
ol A RIS Nd 5 242 BiAd 719 A
59 FY A=E Brkste b 783 RS Alsdh
S FA el A Folohs B2 ena® NADWEL,
= HEGE AN A2 gL e S ZA E
AST7E W #Fol7] wizel, oY ena 2 A
AT ST <o AA 7| =5 vtge 4= ok w2t
A G, 58] dHiA S 19 A5 B EA A
xa Bho] SUHFY 24N BhHYP 2A e
Fo2 Wakshs 39, ol NADWS| @iof 9 Ei

-{ Density separation }

’ SEM analysis ‘ ’ Chemical analysis ‘

Wet sieving A N
l (>63 um) I ’ Physical separation ‘
v

Carbonate
picking

Density
separation
SEM analysis

Geochemical
analysis

SPT Solution

+ distilled water Mu—_—_p

(2.89 g/em?)

crystal under
microscope

-
o N
Calite % I
(2.71 g/em?) \\ 7l
~—
i\

« Authigenic carbonate (e

« Stable isotope using
GS-IRMS

«Major elements using
ICP-AES

Fig. 3. Schematic workflow for geochemical analysis of authigenic calcite crystals within marine sediments. Sediment samples
are first wet-sieved at 63 um, and carbonate grains are manually picked under a stereomicroscope. Density separation using sodium
polytungstate (SPT) solution diluted with distilled water (2.89 g/cm?) further distinguishes calcite (2.71 g/cm?) from aragonite
(2.93 g/cm®). The mineralogical identity and authigenic origin of isolated crystals are confirmed by scanning electron microscopy
(SEM), which reveals distinctive inorganic textures. Geochemical analysis includes stable isotope ratio measurements (5"°C and
§'%0) by Gas Source Isotope Ratio Mass Spectrometry (GS-IRMS) and major element concentrations by Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP-AES). The physical separation procedure, analytical workflow, and SEM images

summarized here are based on Jang et al. (2023).
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A AT A4S & W 7197 S UASE AAE 5= ok
olgat Yeo] 7]ulate] Rutberg ef al. (2000)L GET)A]
& Al A E oo At ARl4tElE wuks s
Shol AAA eneE BATSIAT, MIS 2 9 4 B3k Hee
2§ NADWE] ko] MIS 1 % 3] ]3] EA|3] 7+
23S AlASHATH

Rutberg et al. (2000) o], Piotrowski et al. (2005)+= &
ERDASEE BEEEL T ZER P F PRI
THIES ol bl Waly] o] 23 414 /]2
she] Mok BUE ST o152 BrhHF | A
2091 9T 719 A5 HThE 7)o =7} sjel 3] AR
(Heinrich events) 2 ©-A7IE- @477 =8 Dansgaard-Oeschger
cycles)} 28 A ¢ (millennial-scale) 2] F2 3 EHHL
7% RE T} Bxo MERLS AN AT ol A4
Nd 59194 H7Fa5714 1 Watr]-7H4) 7] HskEgt opy
2k ©57] 715 o] U oo 4 AL FH5H Hlo]
= fa%S HoErh

o|F o3t HL2 B3l HA 7|5oz SHTh
Haley ef al. (2008)2 %9} B3] 27 Ww=4A3 3lj&)(Lomonosov
Ridge) A3 ZoJ(PS2185 ¥ ACEX, $4] 1051 ¥ 1250
m; 1% 4a)ofl A A enasx EAISEA, THA 1,500%F
of] 42 = ZZ4(Arctic Intermediate Water)2] Z7] 2
o} 39 BeUsielch 1 23, Wabr] ek g2t At
(Eurasian Ice Sheet)®] Wda} AAH @FLd FH4i=
o] A" YA LAYt= F< vljE(brine rejection)t
W B9 5347 S YA, 012 ) BF 53
$9 eng At0] A OR & WFOR HIAHZS Al

HH17-1085-GC) ;

HH19-878-GC

Fig. 4. Location maps of sediment cores discussed in this
study. (a) Map of the Arctic Ocean showing the locations of
cores PS72/410-1 (yellow star, Mendeleev Ridge, western
Arctic Ocean) and PS2185 & ACEX (orange star, Lomonosov
Ridge, central Arctic Ocean). The black box indicates the area
enlarged in (b). (b) Enlarged map of the Svalbard Archipelago
showing the locations of cores HH17-1085-GC (cyan star,
northern Svalbard continental shelf) and HH19-878-GC
(magenta star, Hornsund Fjord, southern Svalbard).

A8k

Jang et al. (2013)Z o2t HLS A& W4
= 33 (Mendeleev Ridge) E|Z & Fo{(PS72/410-1, 4]
1,808 m; 1 4a)of] 285}, oF 76,0000 HFE FA o]l
o|2= A ena B 71ES FEIIATHIH 5). ©] 7]
o= Al Z 9] T3 eng o1 B1EO] ERIESUTE =
L eng WBFO 2 9] W= uldl =712} WAk Barents-Kara
Ice Sheet)®] 5|9 AAH FetAlot 719§ 74
= AA|5tH, o|= Haley et al. (2008)%] %4 553 7]1%
= X3 W2 W2 eng WO R O] W= =HlEL
o|= " XK Laurentide Ice Sheet, LIS) 7] @7} A=
2 FUE A= Hrgste A2 A

ol A7+ EHE W A £ Nd 59194 £40]
A 19 719, B4 719 g9 7, 28 s %
WIS FAol= b Aty oz &89 5 IS Hofe
o} 53] A ena 7152 AE 719 AARFE] AAto|nt
HEo] AgtE= A 1 BN E FHA 771
23et ARE A5 5= Atk FHollA, W7 B389
T2 9 &3 IS BYste Ul 528 Hek AR F
7HEeh ok A ena B4 0A= JE B9 A4,
B4 Ndo| B9 154, S AARNHY Aa wE
9 I F 5= M FEZ Ba7} Yt Wilson et
al.,2012; Abbott et al., 2015; Jang et al., 2018).

HgEe] Ay Bae verdE FAUL ¥ o
REE ZA4tke] B g8 (fractionation pattern)S 53l Sl %F
SRR ok} QI TS Aol s Sy &
3} A A (regime) o] SA4d& A A8 S8 Aot JRHE
Aot A= T oF8Hy 3t AlAl= el st
PA} FE=Y T/, 223 o5 A WA &pol
of S FEE A& S0l FAE FHY S F=H
A, &x, 314, M4 5 A B Selet BeEe
g, B2 7|9 oM e A AEE BEE oY
2t gAY, AL 7lE 2 S V1Y A E 5 e
HHEAg 2ol T3 I ofl A BAT 4= Uk =3 A
At 22 FePdEs Edshe Aol sk B At
o] A= AR A T3 eS FAstaL o=
Qs REEE 3t 74 B2 &7t 42 + o
olAH 3ol Fofste FE 27T WY Aol
A= FH5= §& A2 =43 REE £98 Fof 9%
< u]2 4= Qlth(Bayon et al., 2020).

3= o ¥ Wl REES] 718742 pH, Atolehed AH,
23 §E 7157 2RE Bk FA4l Hi-- migdst
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Al WS-8l Z(Elderfield and Greaves, 1982; Elderfield,
1988; Sholkovitz et al., 1992), A7t ALslpAlstE & A
A £ W= =8 REEY A|3}eHs] 7|52 & &
= T FAY 1R 33 EAS MET & o
(Bayon et al., 2020). o]2|3t 2| 2}5H4] w| AU Zof 2Hetst
o Bayon et al. (2020)> A A|lA =8 A3 b EHE
W A7t 4bkaeAtkelE 72 9] REE HlolEl & F 915t
24 AL, 719 9 A Fehe] 54 at oehe] F3t
AAE A2 o2 WHE o Yle 2L 7| =Rl e 24
Q& Z)4=(concavity index, ©]3} C1)E =3} tHBayon
et al., 2020).

o] A== Bayon et al. (2015)°] 9J3| HHE A|A sHd
Yo+ A E(World River Average Silt, WRAS)2] REE o]
)8l EFE3Hnormalization, o}2]HA} N2 #%7]|)¥ REE
WjEloj| 4] 3 =2 (Light REE, LREE; La, Ce, Pr, Nd) 2
Z(&)3)EHF(Heavy REE, HREE; Ho, Er, Tm, Yb, Lu) tj
H] 7+ E X (Middle REE, MREE; Sm, Eu, Gd, Tb, Dy)

9] Atz ¢l EsHenrichment) =5 8tz 02 A3}
g A # 2 ofef o AL whet ALFETHBayon et al., 2020).

Cr = Gdy = (Ld%y = vo7)""

Bayon et al. (2020)9] 913t glofE] £4] Zxto] ot
29, Cle 719 45 33 AA w2t 125 A
HAE Uehdich 4t G419 S3tollA figt At
Argkritehs 292 tiA 2 1.2~2.0 H 99 CIE HolH,
HAY 718k FHoA Fef 282 2.0~2.59] S UE
W= A8 EelthBayon et al., 2020). 3+H, C1 > 2.5
Z 3= 490 MREE £3h= A 2724 o3 sbd £
A A7) gubAQl M5 Hlojue 99 L=, Bayon et
al. (2020)2 3}31-3-59] A3} F3Hoxidative weathering
of sulphide minerals)7} &3] AYPE= FHoA F=2
F4% 5 Stk HS AT 6).

o|#gt CI 7|¥ke] F3} A|A| T 7|52 22 A &
% o HEEHA EYEI A S A} &
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Fig. 5. Downcore variability in geochemical records from sediment core PS72/410-1 (Mendeleev Ridge, western Arctic Ocean),
including authigenic exq (Jang et al., 2013) and MgCOjs content, §'°0, and §"°C of authigenic calcite (Jang et al., 2023). The right
panel shows the Marine Isotope Stage (MIS) stratigraphy. Pink arrows indicate freshwater intrusion events recorded in authigenic
end, With low values reflecting input from the Laurentide Ice Sheet (LIS) and high values from the Eurasian Ice Sheet (EIS). Blue
shaded intervals indicate stadial periods (MIS 2 and MIS 4) characterized by Low-Magnesium Calcite (LMC) precipitation, reflect-
ing freshwater intrusion into the Polar Deep Water (PDW), consistent with eng. The orange dashed line represents the tentative
"0 line expected under normal PDW conditions, with negative excursions from which reflecting PDW freshening. The green
arrow marks the present-day §"°C value of dissolved inorganic carbon (DIC) from PDW in the western Arctic Ocean. The positive
§"C excursion during MIS 2 is interpreted as evidence of deep-water anoxia associated with microbial methanogenesis. This

figure was modified from Jang et al. (2023).
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3k AZFshe 983 A3e 2 FEU QJr). Jang et
al. (2024)& B-= »dhil2(Svalbard) & 852 S50
A BESF A3 Fo|(HH17-1085-GC, 44 322 m; 19
4b) 2] ZHY HE& Faste] ZHA 2F 16,300 AHE A
of o|]2+= REE ¥F 7|5& B4ttt At 2o, A%
Hi2 155 EH 2] A 232 S22 A Ayl 24 CI
Fhol 2.5 oAk A&H 07 fAEt9g o, 5 &5
o] YA EA A7l Hdf 3.89] ahe FHE<
MREE 23} A52 Uehith1d 6). o] Bayon ef al.
(2020)°] Atet F3lFE Ast F37F SAGE B B
el MR, Jang ef al. (2024)2 1 FA|Z QA #AY
0 2 vsto] ogh -4 9 Ak} 28-S A| A 5T
FAZ QA ARsEHE JAIAE AuE, 4] 3
oA thEHete] gt SO FukElE FEE 71AH
ok 3H(glacial abrasion) 7|9HekS mIAEHA E&5k
o] uhg FHF o] Z AT FE JAES AE N ¥
3ot Calmels ef al., 2007). o|ZA =25 7|4, £9]
FHE S z3she S YT T2 A4 g7] F Ak

“

oz
nz

4 g0} vhEStH A FEYE 48 F3E A& 5 9L
o, o] I AAPH ik FAH o7 A3k F
3+ 8 7-& FAT 4= i Torres et al., 2017). o] 2§t AHA
270004 e W4 9 YA Ajolo] ek sl 5
REE, §3] MREEE A& 22 o] 3hi-dt= & F&
9] 2 A L3|(preferential dissolution)7} 218 4= 3191,
o] 2 I3l F/JE MREE £3} A&7} At 34~ & 3=
2 gl A FAEY A4 AU ASAIEE T
afo] & CI glo] 7158 4 Qlche Agolch(lang er al.
2024).

Uol7} Jang et al. (2025)2 AHHIE 2= Y s 22T
(Hornsund) I 2 2= 9] E|AE Fo] 7| Z(HH19-878-GC,
41125 m; 19 4b)S £A4J510, 7] E2A] o]F W5t
§7 Wisjo] uhE Clo) M54 S FAsSc. Z2EE 1)
QEEL 7|5 walol ukeh ol BeHel A7 S4B
o FEsAG s $Eo 2 AR o] 33t
A 7| 2HL a0 2(Osika ef al., 2022), A CI 7|12
o] olelet Wt AN 13 B T wislo] HiZelA ot

F

[oZ

5 —
S eco’?gary cht)x ’ ancient marine FeOx
_ g SUTIEE Ddanon 1 via sedimentary rock weathering
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Fig. 6. (La/Gd)n versus (Gd/Yb)x plot of leached Fe-Mn oxyhydroxide (FeOx) fractions from Svalbard sediment cores
(HH17-1085-GC and HH19-878-GC) compared to global river data (Bayon et al., 2020). REE abundances are normalized to
the World River Average Silt (Bayon et al., 2015). The concavity index (CI) increases as the slope of the data array steepens toward
the upper-left, reflecting greater relative enrichment of middle REE over light REE and heavy REE. Svalbard samples from both
cores cluster within or near the sulfide oxidation field (CI > 2.5), with samples corresponding to periods of enhanced glacial activity
plotting at the highest CI values (orange ellipse). This figure was updated after Jang et al. (2024).
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S3Fo] SARYTHIY 6). ol FHA 418t F3brt et
o) AT AyHoz AFVE AN, AnHe
2 HAE ) A4 B2 REE Helo] 34 34 Wk
H-3E ol FAsHs 57] Xsle AN 28

T AF= AR

3.3. THEN ols ZEH 2
CHAoH I RHARASE BAL
317804 Absl 2 ufeh o), A ey 722 T 1
s7] Bak Bslze) Yo 49 A AAske 27 A
3ska A& Al 53l tH(Haley et al., 2008; Jang et al.,
2013). 28y B F-4Y FEY ASSel Bzl G
HefAl= slid Watr] EFFolA 555 nldti o] 7+ A
0% AFEGE UG AR, e oshurts A
A AR WE So] HERS Holehe AZto] S
ahoict. ol 2jgt Ql4lo] AEHL A A3 o] Geibert et al
(2021)Z, 0|52 P'Thy 5= 4L ZAZ B4 WP
A7] & 5307 AR E 0%l 7k & 43t A
B Sth= 7HdS AjbstGTh o] 7Hd-E o ds] & '
oA BE0] E7FT H3F 4RSS ZAR IR ol
£0 7 ghol5o XX &= §9F O L(Spielhagen et al., 2022),
Hsl7] F¢ 5819 2 el g A desds
S7IA R o] Jang et al. (2023)2 A& YAJO=R
B Y22 77] 719 A Weid 2PAE &8 A
& A &He HIHE TUshe] o] =R B A
£ At} 513
Jang et al. (2023)2 53 WA oz sfiEg AJF: 2
o](PS72/410-1, 5~ 1,808 m; 13 4a)2] W5}7] E|ZZ9
Al 54 AE T AAER]F stolA F7] 71 A 23
= =322 EYSIHUTE 3). SEM 4] 23}, &7
H gt Ao A= il (tabular) 278 ohd W G4
TZ(foliated ultrastructure) 5 A& 7} L& = FE)
g2 E4o] ERlE e, o= g AAAIE0] sia-F
AL AAF Be 27 35 A Frjdez A
H AP A FEYS SR 3HE ofgkaruo]
E= WAt o A7 S AEE e, Fof F
ARZNAE IR Gk GF A 2olAde a4 &
A I P == TEESIT o3 AE 2 of
Zhalto| E7L dbafj Ao vl At o2 o4 354 2
oA FAERAAY &4 1Y FFS o ZA L8k 7
5SS AJARSEE) o]of Jang er al. (2023)2 U B EF
3l Wl s} oletitol 28 TR H, sla-HHE 77
B EL 27) 334 B4 BT R0 dshs 7]
sEaA 44 deld 29AE Austel Asfe 2
0 397 B elo] Fgatgck

==

olEE AR WA A BIe 43 B
Y Tohw R 0E 2B BAAL Qe A 3

oM 4 St TE gk Z3hE Hast 7]
Eflofl I CO, T7H= Q& A 37t SXE 5=
of Z2u A 55919 9 WefAof s HlwA G2
gt 323t 27 0] FAHY, ol= B2 HAEYL W F71E
A7 TEEE A3l 771E Eafioll o pH A9t @AY
L7} A o 2 AJgte] 7] g o 2 A thJutterstrdm
and Anderson, 2005). Jang et al. (2023)2 PS72/410-1 2
ofo| A AP HsfAo] AR EAFHE AEHohe
A, 29aL A Wshr] w2t i A Y EHAER T
g ghgol ALt FAREAY B W &0tk A
= AR, AEF3] Al EF0lA WaliA 23t 2H0] B
712 FAE RS 7FsdS AL ol=e 21 2
o Zutol| A 24 WA AAPA|7F v wE] AL
S EE iR ez i E 4= Qlk. ot o] = AP/ et
Fol & €T £ 2 JAETh= Yul= o, 1 3
At HES A9 gAY 23, g%, pH, DIC =
g, At 27 9 54 &4 WA o R o =3
g 4 gk

Az 24 B4 A3} BT op7|(stadial periods)2]
MIS 4-3 2 MIS 2 A7)0 A8 A1 el 4-e Aot
dl¢s W84 (Low-Magnesium Calcite, LMC; MgCOs < 4
mol%) 9] 443 HQl ¥, E=A] E MIS 3 W oxH7]
(interstadial) A]7]ofl= ut1d|4s ®8ll4)(High-Magnesium
Calcite, HMC)o| -A|5HA| AFEE= t22 Q3 o] &
AHATHTH 5). F3l4 & MgCO; TS WA Al FA
9] Mg/Ca v 93] 2 A== ACRE 48A Ut
(Hardie, 1996; Ries, 2010). @] thF2] 200 m ©]3} 41
+= 2F 5.0-5.1 mol/mol ~%2] Mg/Ca H|E Ho|H tjoF 7t
atolzt wi-g- Zar, o]¢f Z2 & Mg/Ca oA =
HMCU olztafo] EQ} -2 gRitdo] AsHA HHH
t}(Stanley, 2008; Lebrato et al., 2020). T35t 2 X]71ZF o
& ASTY Mg/Ca Hl= 3 A9 £4 AIZF ¥9]
(~76,000) WollA] F-2Ju|gt W3} glo] FdsHA A= %1
© T Z(Lebrato et al., 2020), }3}7] 52 2= BX|
£l LMC7} 34 = k= A2 35~ i8] Mg/Ca 8|7t
AA ] W2 FA7HAF 7] i A= o] sl 3kt
2L IAANFHES A AISHHTang ef al., 2023). AAZ
5 ¥ 58 5159 Mg/Ca H]= w7l 2] ZH(Mackenzie
River) 0.382 = 0.101, 1} 7H(Lena River) 0.526 + 0.245,
2 B ZKOb River) 0.334 + 0.026 mol/molZ, sfj=Xt} o
2k g A5l W2 ghE B QIth(Reeder ef al., 1972; Huh et
al., 1998; Vorobyev et al., 2019). WatA] Jang et al.
(2023)& W5}7] B9k Mg/Ca B} W& $4F 719 T}

30 Mo ok rm

h



632 s

23 43ez 350l HH 4A9 MgCa v1E 229
3,71 AT LMC7H AR 202 st

Yo7} LMC7} AFZ 5= MIS 4-3 2 MIS 2 A]7]o] =}
A A o] by Ak F9 4 B|(6'°0) JA] —4.5%
7HA) GolAle gk BYtHR 5). Wi 60 e
A A FA19] Ak TR 2T 2% A HEY
SHAITE, oF 11 %0 9ok 24 Wall4e] 60 WEEe
W2 54 SE MsTe R sy ofg,
ol Jang et al. (2023)2 5= st 2 51471 Lt 3
S o) oS S 610 ZhE et Mol FEajl(—
20.5%0; Cooper et al., 2005), S| ATE 34 719 T4
7t 83 454E 498 AR AHsidT Ak 5919
2 H)E Z83 g-dfae 29 A=Y 7N AR o
AlAH(mass-balance calculation)of] W2, MIS 2 U MIS
43 S MBI 8] 2130l 217 oF 41% W 37%¢) T
7 EFE S 7HsA 0] AXE AekJang et al., 2023). ©]
L ghA] B3 M35t QRE 0% <] 9 Bt opel,
B oF 20% W9 7]4(brackish water) A H2S
O] gtth(Jang et al., 2023). o|H3t Ak 7153 A HE
AN E FEFol THEAH o2 HET 5= R =238
2 W 7de Agste, &4 gt M 555 Aol
= AR IES X35A Attt

T, A4 Helale) o ke B9 H(R0)E
MIS 2 7|7t &3F +5.7% 9 Edhs w2 42 BAtH( 1™
5). ol Ar) B3 Azse] §ER|ekidissolved in-
organic carbon, DIC) @ AAA §-3F39] HHF §°C Zto)
22} 126% R 14405 +24 A% R o e B
Zrolth(Mackensen, 2013). A4 iG] 67°C e 3
A FA FA4 W DICY] 594 244 REFstE R, /7]
= 529, wiet Ats}, gA &3, We g 5 EAE-
FIAANA Dok thpt SAST B GES
&% 9tk e 5712 W e Aksh 3e Aukg e
PC7h BRI FAE DIC ATl FEste] A Tat
dol §°C e W= Wiko g Z-gslm(Chow ef al.,
2000; Loyd and Smirnoff, 2022), 244 eAtE &3 o
A] o] A &2 o 6°C & AWsr| o FrkHitchon
and Krouse, 1972). ¥ Het A28 (methanogenesis)
2 e B BUUA(C0E oz degoz
E3o2H Z5 DIC ARLE PCrL AdH oz 554
x40 WS 4 glos), ol2fe DICR R 24w
AP Aol e &2 61°C ghol 7124 £ itk Fa%
Ao MR EL 712 2o BN St
A 28|31, o] F ALY, A g7 ASHE, S 5 A
A7 AHOR olg 20T ¥ BTl Za
3 374 9] @) A o) sfgStcK Torres et al., 2020; Loyd

and Smirnoff, 2022). o|& HIE S & Jang ef al. (2023)
MIS 2 21719 S A 9l 6°C ke, 23 dge
O] Abas uZa) weh g A-g-S Rkt et 2kl 2H o
22 st

olelat Ak Wal7] ek BAF W34} 714 e
S Wik ohzh Zet Ahs 17 BH] $RSS 271 A
sjot 2 AAE F3) AN HEA A, A4S 719 715
o] AlgtE= FA| sl oA AYFE 7|8 FZH ol
S B, sl 27 9 Bhadel WslE Heleh o)
&3 2ok prdo] E 4 QS HoEr

4. 2 A XA
=2

T =RollAE AE 719 AXRY] Aol AtE
FA 12 B AFollA AAFE A5k 24
o] Zt= fF84e Al 7HA &4 A ARRIE 3l
skt

A, A E9] AP Eof £8H Nd 4 Hl=
TH AARREH FHEe 249 7|9 a5 o8 W}
£ vrdstag, BE 7|9 AR Fuo] WAty $&
A Al &F0lA A 19 7| ¥3} AsS FA s
fagt 771 Agket ARz &8 5= ol A=
th(Haley et al., 2008; Jang et al., 2013).

EA, A8 £89 REE 25 X4(Ch)+= W3te] 71413
ntE ot AAE FIFE AL T3] IS vHEE 4= 3
o, Wste] Axl- e} A" SA4F 35t F3}F AA 9
WIS A5kt 882 4 5ol FRIHIIH o= CI
7FSA At oA Ws A F3E o AAE 3
7¥ohe 83 AXAE S 7HsAe EolEth(Jang
et al., 2024, 2025).

AR, 771 719 A aliA 2AAS) A
MY FHEa B4 W] ¢ AESE AS
A Gg7tobd 7| el e w, FAlof ARt 4bas 1k ot
ol A= 7Fs/d= AASHA ol= & g3k 7Hd
o 533 AFEolghe ANt BES 2354 d¥ste
S, AHEFEC] BE 719 AAXAY 715 FuE Het
T4 e 8 7S8R B8 5 ASE HoET
(Jang et al., 2023).

olAte] AT AFASS AT Asket BAo] FA) 1L
87 g Aol AE 7)Y AANE Relels fT
AT ds 2ot &% 9 W2 A99 1 AE AdE
ez 3t A A3 s AR T A7} o] Fof
kA, 2] Wt As, 2 84 ¥3) A Ak
A, 23 A A ghaegtate] AAo tigl ol E
5L A 4= S Ao E 7|t Erh

Lo

iy

> W
N oox
e we




A =

o] k= ARSI S AP o= =T
ko] A 9L whol 52348 A7¢)(No. RS-2024-00336841).
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