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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.

Key words: authigenic fraction, neodymium isotopes, rare earth elements, authigenic calcite, Arctic freshening
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2|74 7]1F A 2] Hsks 7P 1zbehA| wrgst
=oll= @A SAT Y A 7] 2d3 28
= ' B2k =3 (Arctic amplification) FAF9] A2 ¢F
1TH(Screen and Simmonds, 2010). ©]&3F 1= 9]
3h= SR} FHE 7F 7] Al oFs} 2 A EV) R
A3E B9l TRE=E ZIATE R ST 299
714 o3} R A= THKim et al., 2014; Cohen et al.,
2020). o]t YoM B 715 A28 $4714] HE
Fde otk AL e5d A AHF 7|eHskE 2o
HY3F] o]afjsl= o] A olth 12y 4] dofl &3t
At T 7152 A AI2"- Y 71 A HEdS ol
sl7]of| Al o= 57517 ol A Wst7]-717]
Z7] Adto] A2 2] 1137 E-(paleoenvironmental
reconstruction) H2] P @ Qo] 73211 Qlch

204]7] $HHELE A 31 A5 A(icebreaker) 7|8F F4]
AR & B8] Aol ElAE 2ol 9 855 7HssHAl
St o5 53l THA Walr] B9 sk e EY At
74 &s] JggE o] gt I Fol A W] B89
3, & A8 Sl 249 Hidke A A A v ek d
s A2 iy AF FA = Aok ek oY
3+ W2to| A Geibert et al. (2021)2 EZE W 7+ *°Th
(*°They) 5= 7| 2-& 74 &, Marine Isotope Stage (MIS) 4
9} MIS 6 5 AX A)7](Z2Z+ 2F 70,000~62,0001 A 2 oF
150,000~131,000d H)5<k, 55380171 A 5ol 23] 2]
Fof aptE]o] AR = 0 fo ol Goke & F43H el &
ke FRA QN 7HdS v|o| A Ao Aljtsh B 17]%
Ao 2 32 dezich

o] 7Hd& £Z2 2l wiEo] A Heqlet. e Eedt &
7ol A= A& E7FsE Y 755 mIEH o] 3 A
71E ti¥isks Walr| E8 20N HEH o8 AEHT =
ALAo] HAIA Q] Wk o 2 A E Q3 (Spielhagen ef al.,
2022), 2tdow A Gd) 7S A 9 7 ol
© 2 A Z3 A =Ao] ALEeE 2 o] ¥EE
A Ao A Z|7} ek Walr] et G S8l EX=
FAE T W5o IE R EHE g5 S=2 ARt
Hof, 3 doll 234 lem FA|9] & Fo] FA == A
E]Z(ultra low-sedimentation) 273 A gtcH(Polyak et
al., 2009; Jang et al., 2013). 0| X H SHZH O Z =5 A
1M oA, 4= doll A 4] Ao B AR 717 2
£ 7532 T HASe] dxste o vy 34 =1
ks 2743] REFsHR] Zskar, AH4le] Aol PAjH e
2 fH3d 4 24vE A9 o= fiysts I
Al 5 (biased signal)& A Y 7IsAdo] Att(Jang et al.,
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2023). wEkA W] EAHEA Y §3F A= AAE
8t 7Hd O AR o 2 sjAste AL WRHER LS
2 QHEZF sttt o]2e &4 A2 AE 71 A4
A= dAstAY Had 5= Qe A2 18 78R
(archive) 2] B /& 7}t A|71gct.

A} 3-E(authigenic minerals)S A& AR o] R 7
o2 OJZ3IA] %11, -EHE A A F(sediment-water
interface) = B34 el Qolrh A, B 1 Ua
x3] 59| stk BL B 74 fA) et 243
FHEE EAS BRES 5 Sk webA] AE 7Y AAXA
O] Aot Hzo] Algte= A B A 7gof|A, AP
B2 7|1E 718 S BA 5= Qe 783 g V)
SE2 882 7+ dHang et al., 2023). o] & 2 =
Tolx= FA 18 Eof A-8H Al 7HA] 2 Q1 =
AFE A5t A s g FAF o= (1) A
2.3 (authigenic fraction)?] Y| 2T HE(Nd) THJLE S
831 T15)|9F <3t B (Haley et al., 2008; Jang et al., 2013),
(2) A £-3 3 EF Y (rare earth elements, REE) £
Hee 53 Hol A d = A3 AUE
27 (Jang et al., 2024), (3) %7] 2H Wil BAF(inorganic
authigenic calcite crystals)E 831 ®W3}7] B3] @
3} 9l 2hkast A4 7 All(Jang et al., 2023)F =2H
02 welala, BF 34 18 2 Aol $HS A
AskaA} g,

2. JFHE=0 Fol 3 N2 TIAXI=Z MO EY

2.1. XFHEE0| HO|Q Hd =t

AHEE D A A2 S 7Y dEE =2 dA
A Y RHdetritus Z-2 detrital grains)e} B2, 4 243 U
of| A 8 Sl F=F(interstitial/pore water) 2] 3}t A
B2 RE AEA - AZsHA, 71E dA 290 ¥
9 P2 AEstHA s FRH et FE B W
S AES L} OS2 FE HF-EHE AR E
= 2 okl I35 S0 FAEH, 714 oA B
2RHE B A E = A FEL EE

N EA oA FAEE dHEAI AAYF=E L A
A AR RE AU ARAEHE 9)9k(Fe-Mn oxy-
hydroxide coating), AFA W3l A (authigenic calcite) X
o}2}alL}o) E(aragonite), 38 A (authigenic pyrite), 213
X (authigenic apatite), H|-&2}0]E(zeolite) S| STt 9]
Z At AslaieE gu2 g4 W AR oA S
H ol B ISTERE JER Y49 Nd 994
228 = glon, o|2gt guks Z3sk= A £
(authigenic fraction) 2] X|&}st AL T3|joF &3t 4~1] 7|
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2 33} 2 H-dof FHI5HA Z-8-E ol gtHRutberg et
al., 2000; Piotrowski et al., 2005). 3+ 2}BA eRAMS 3
2 A A FA19 s Aka FRleA 2T Ha %
A2 REE 5= Qlof, 7 B e HsE F35)
= ANAR &8 7hsAdol FEEAL Qltk(Jang et al,
2023). 53] & =EollA 1L2ks}= vk o] 7] 71 A}
A e ARAE EA R Bt AR &%=
ATHE AE 719 B4 71 50] AldtE= =4 54 &
730l 2 B M= 7HsAdS AR

2.2. Tr4E 20| 08 TIAXEM 2= E3F

APFEC] AT AE 719 AXNAE Bgste
Qo= FEHE= o]f=, 11 B0 F71A19 AEu A
& Ao ARA o R FeEA gethe ol At
A 1). &, Zdg 238 210] fAE = A AFE
9 2P QRS T S Ee 355 I8 249 5
Aee EAS 7SS o euz, AE AL o] AstE
AU AE 719 E49 HEo] EFL AHAE EF &
739 3}t FAEE HeH o= AlFd o Ut o]t
EAL& 53] Wepr] B at o] ged), FAkash ®
=LA B IR A8 AE 7Y AR 715 F
wlo] Wsl7] S A I -840 FEHAY
(Jang et al., 2023).

A g S8 I FU 5590 2R 22 &4
A BE 7Y AXNRS E O A7 R4 Ee d 9
of 24 1 cm FA|9] & F0] ZH == FAEH 7o
X (Polyak et al., 2009; Jang et al., 2013), W] & Z-2 A}
B 717E 2= 755 Y PIEE diT EE Sl tiE
Sk e AIZE 771 2 2 ARk tiRsHA] XSt

31(Polyak et al., 2009), Ao dA|H o2 S EA
279E A9y oz 7188 740l tkJang et al.,
2023). WHE QTR D AYY YR HPH A2
2710 A B9 HAE-37) ATHES A 34
AT 5 leug, B4 AEA Y A Al P EA|
Y= Hoh SA % &7 JEE A 5 St

E3F AYFE, 53] At 4EE wuh2 A E AR
Bgol|lA W sl Be I ERE oo FHYaE
2 229 5 7] gZoll, Al FA1Y =3EHe
EAS HESI= 7S ERE €82 4 UtHRutberg et al.,
2000; Piotrowski et al., 2005; Haley et al., 2008). T}gt 2}
ABES] AT BHEL2 BE EF oA YA ¢
U= Ao] oflzl, FH FA1Q 23} A, 4lsiehd =
A, dZE=, EE AR 3T L olF 54 WE o fo o
2 g2hd 4= Qlth(Jang et al., 2018). wEhA AAYFE 7]
B8 7122 ST ol 2 BB i AY AR
9] P S HE 7S A A ESk= Ao] Fas)

HAI
(=]
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2.3. Tred=E E4{9]
AEFE L A 4 et 24 Fejol wet &
= o] g BR, B4 F3o = A7 A
ek Ao] Fasich Ut AR e
ol AV B2S A4 Ao R RE Befshe do
Exo g £217 A ZEW(sequential leaching)o| ARE-
THBayon et al., 2002; Gutjahr ef al., 2007). o] ¥
S ol AAE Azt MgCl, -89, TAH A&
3t ofrM| EXHacetic acid), 18|31l Fe-Mn Atsk4s
3o Mejn 422 e stol =2 Aojal Ak
b &3 89 (hydroxylamine hydrochloride dis-
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(a) Saline conditions (normal)
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(b) Freshened conditions (extreme)
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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 (6'°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).



solved in acetic acid)& TAZF o2 Zg35lo], HI-2-A]o]
A2 e HHE dEes oA eR £ &3k 7]
Ho|t} Fe-Mn 4t3lAtsHzEof 2%E Nd % REE= =2
ek S §E DAA SR BT, 5Y £
oA &aliEA| b ARshe FAE 718E HEA £
(silicate-bound detrital fraction)} E1}& 0 2 FLRE T}

SHA, At HA3 A7 S/ ol weh, ©H4HE % Fe-Mn 41st
FAE 5 R 28 T S Este T S e
8531 QItKWilson et al., 2013)(1H 2). o= A& &8
Sk, A& 2U(PH, =5, A9 55, BH A7) A8 A7
o M3 52 AR Y HorolnE, B4 Azl
NS 2 sp] 9ls) HPEE A FZo] 8 ETHWilson er
al.,2013; Jang et al., 2017). Z, A& SHE B B0 we}
Uro] AMSE &= 9) O, REE 5 2= 52 = A ¢S }=nt
ZAFFEA 7] (Inductively Coupled Plasma Mass Spectrometry,
ICP-MS) o] 83 2471t Nd 591914 2490 9, o] 2
18 3 2u}E I8 T (ion exchange chromatography)E &
I Nd & thE i E A a2 RE Z2- A7 (Pin and
Zalduegui, 1997), Go|-2-3} ZA7FE A 7] (Thermal Ionization
Mass Spectrometry, TIMS) =tk E7| S =28E&8t=
o} AZE A 7] (Multi-Collector Inductively Coupled Plasma
Mass Spectrometry, MC-ICP-MS)E- 0]-835}] 594 v
£ A 2aEel1Y 2).

S, A4 el AAAe] Aol Eel ohd
2ol9 Hedo] 44HTh BYE ARE 63 um AF o]

(density separation)S F3l ol2talLto| EQ}F WIS FE
A FE3a1, AR E)7(Scanning Electron Microscopy,
SEM) &2 53l 274 Fell, 3 22 2 2P (overgrowth)
AR 52 HESI AE 7Y gAete] & 9 A4 71
5 Itk B =wolA =2lske AlollAlE ol
FEieHa-FEste ASe AA A aliA ARA
A ez &8s

22E A HellA AAAE 7k dREA71(Gas
Source Isotope Ratio Mass Spectrometry, GS-IRMS)E
o] 43t ok BhAAkA 4 v)(61°C, §"°0) BT g,
SeA%Eg R YAE R3] (Inductively  Coupled
Plasma Atomic Emission Spectrometry, ICP-AES)E &
Mg, Ca 5 914 55 248 Faolod B4 A 94
o] 3ot 243 4B B4 L Bk o FLHKIY 3).
Ok AP BN 7182 A ol % Bl A B &
4 HAY G S e, FES £, SEM &
Zh da 24 9 S91Ea 2SI AESke Y
o] Zasirt. ojef o] AAYFE B Y F= FF
o F4 WAUS w2t A= o AAE 2 HF5 Ak
a8, ofsh ArojlA 1 AS 7F AT AHIE2 ol e
HEA S F HoEh
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Preparation ]

-{ Sediment leaching F

[ Nd purification ‘ \ Chemical analysis ‘

¥
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{ subsampling
at every
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Extraction of ¢
authigenic

sediment fraction

sediment
grinding

Nd purification

Nd isotope
analysis

e ey

Authigenic fraction —=

Residual fraction —"

« Authigenic extraction
using HH-solution

+Nd isotope using TIMS
or MC-ICP-MS
* REE using ICP-MS

« Column chromatography
for separating Nd from
matrix

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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2 7197 4 Ao e F2 Nd/Nd B|7F &85
t}. o] “Nd7} e BER Y4 F kel Sm (Aha}
)9 YAMS B 25 E A7t et -2 E= vt
], Nd 9P ESRAEA olelet Nde] 2718 B
7F7 9% 71% BAALE A7 tholch whetA,
"Nd/'"Nd vl 719 B-9] 27] Sm/Nd v]9} 2|28t
AZke] GaFE T Wik Thl Aol BT
NA/Nd B 9] HEE EL e 2] wjie], o5
oS v|nstr] Y5 YA S 2 chondritic uniform
reservoir (CHUR)®]| T3t HA}E 10,0008) 3§t eng ZLOZE
F&ASFcHJacobsen and Wasserburg, 1980). £, eng 7HS
7)Y E49] AAeHA vjAE vtgsta e, dntHog
2 WE 7Y B ARUE P2 AHeE w2 S
Hol=wh, edfjd EAZ = U 242 W2
= 2t= 3] dtk(Frank, 2002).

o] 3t 7] £ Nd T 47 Aol= T3k} 4
2 B9 Sk TREE 82 W A B0 g
oF Nd 91814 2L Ae AE BHoIN Aok 2
E9lele Buje] dgo) 2] uol, 7 o] b4 e}
A3k o) BE Aol ¥liA F HEGTHFrank
2002). E3F 34> U] 82 Nd2] A5 Al7H(residence time)
© oF 300-10009 02 A A7H sheF B A7H oF
1,500 8 2.t} ZoNTachikawa et al., 2003), A2 TFE2 5
AL 24 FE¥S A G BA B Y= AR F
HE= Nd S99 242 FAE 5 vk A= 2
H WEAZHY] G2 AoHA e 5SS AS<(North
Atlantic Deep Water, NADW)+= -2 eyg ZH(SF — 13.5)
7re v, 38 SIS 9 @R B0 JTS Wi b

W I ATHHOR EL ey 7S HATHEF 0-—
4)(Albaréde and Goldstein, 1992 and references therein;
Albaréde et al., 1997). 359 end T2 TH XA ZEE
IaEE B AR 241} s =8 WS}l wet AlzE
Aow gdepg = glom, o] Whgst= A £ W ena

= 9 7|¥A%} olF HRE FHste £HER
(quasi-conservative) |3}t AR = &8E 4+ QUoh
(Rutberg et al., 2000; Frank, 2002).

G2 o] HT A ena ATHY AL 7HeAHS E
o7 YR S olch. T sfof 23 B, S ulx]
2 Z o ®)3}7](Last Glacial Maximum, ca. 26.5-19.0 ka
BP)E 233t Hl5}7] B¢t A 2|74 454 <8 ¥sk=
HEHOR $-55 sk TE 9 gha T H(67C)
U 4 3FFH|(Cd/Ca) 5 FFE 7IREY] AXAE F3
34 = o] Yth(Boyle, 1992; Charles and Fairbanks, 1992).
2y o] 23t AE 719 AXAE g BE A W,
A4 471 2o, Ak BE AT 5o g we 4
Slol, sl4ee) 7| gt 48 wisks Eddom AFT 4 9
£ 57] A3k} 2 AR} WAl Ar|Elo] gk ol
witoll A WHjokel Nd $91914 24e Bojaek 7149 4
549 59 =S B U 988 AnE ATt
Y FE B golA Folehs R ena® NADWEY, Q1
EFHEEGE AN AR 22 e EAS AA E
557t T s gol7] e, o9 end 24 A
AT AT <o AA 7] =E vtge o= Qo). w2t
A FHlE, S5 EHAS 7 A5 Bl =4 A
ena A0 BA SR AN BB YE 24 7k
FOo= HIlsh= A9, o= NADWO| IR /¢ B

-+ Density separation }-- ’

SEM analysis ‘ ’ Chemical analysis ‘

Wet sieving R N
(>63 pm) ’ Physical separation ‘
¥ -

Carbonate

~~~
U \
2 3 Calcite
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>
{
Density \
separation SPT Solution
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(2.89 g/em’)
SEM analysis 2 . ,’--~
« Authigenic carbonate (s
crystal under H
r.y : Aragonite /‘ M
Geochemical microscope 1 (2.93 g/cm?)
1

analysis g
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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 (6"*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).



A AFAS = W 719971 oFeE S-S AAE 4= ek
o]t Yzl 7|¥kste] Rutberg er al. (2000)2 HEHA
& A8l EAE ol Azt 4kl wukE IS
3104 APAIAL ena® BAISIATL MIS 2 9 4 B afo.
Z FY%E NADW O ggFo] MIS 1 9 30 v} ##|3] 2+
23S AASHATH

Rutberg et al. (2000) ©]Z, Piotrowski et al. (2005)+= &
A F-FRF A G Y s 71 F ol A A ena B4 Al
ZHel =5 o, v Jish7] Autel] A% 34719
sho] MaE B AL FATAT o) 5L B 7194
2201 9T 719 A2 HHhE 7)o w7} stelels] A
(Heinrich events) Y TA71=- @ 474 8l Dansgaard-Oeschger
cycles)T} 22 A | (millennial-scale) Q] F4 3 25
719 A5 5251 AR AAISHT ol= A4
Nd 92 v7F712Q1 Wst7]-71) 7] HakEgt oy
o}, Th7] 715 ol 2 Sjo) 43 AT 215k He]
£ fEFS Hojz,

o olzigt H2E B3 B 70w SyE .
Haley et al. (2008)2 59 B-=H]| 2 2 1=43 3f&(Lomonosov
Ridge) A5 ZoJ(PS2185 H ACEX, 424 1051 ¥ 1250
m; 19 4a)of| A A enaS BASFA, 2HA 1,5008 |
o] Az B Z2=2=(Arctic Intermediate Water)2] 7] 2
kel il g =S s e e A= RU Ao 4 [ A e 2 S o e
(Eurasian Ice Sheet)] ¥gdi} dA1E @74d FE
o] A4 oA WYsH= H4 vl (brine rejection)T}
W B9 3547 F U, o2 A BT 55
9 ena ol AR 2 WRFe 2 HMINZISS Al

(b)

HH17-1085-GC| &
/ s o

i 'nd
§ PS72/410-1 4
* T4 (

PS2185& ACEX

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).

A8ttt

Jang et al. (2013)2 o|2|3t FI& AE=8l "Wz
I g|&g(Mendeleev Ridge) E|H & HoJ(PS72/410-1, =4
1,808 m; 13 4a)of| 2851, oF 76,0001 HEE Aol
o2& A ena T 71EE TEIFATHAH 5). ©] 7]
Eof A= Al XS] T3 eng o1 HFO] FRIE U =
2 eng 'WFOE O] HZk= vl =-712} H)/AH(Barents-Kara
Ice Sheet)9] 529} dAAIE FetAlo 71 39 74
< A A3}, o]+ Haley et al. (2008)9] 59 B3] 715
T YAt B2 W32 ey WO 29| ¥l 27E}
o]= WAk (Laurentide Ice Sheet, LIS) 7Y @7} A&
A2 YIS W5t AL 2 A= it

ol A= HHE W A £ Nd 5994 £49]
A 39 7|19, WA 7Y B 1Y, 2L S %
WIS S48t o] A oE S8 ¢ S HoE
ot 53] A4 exa 7152 AE 71 A AIRFS] A4t
HEo| AgtEl= SA] el A E FHH 771
A3t ARE AT 5= Aok FHollA, Wby 553809
& 9 £33 H3E BYshe b 383 B AR F
7HE Tk ohat YA ena S 0lA = JE EF9 A8,
A Ndo] = 7FeA, sl AAIFolAe da ng
9 I+ 9F 52 I HET d87f QUth(Wilson et

al.,2012; Abbott et al., 2015; Jang et al., 2018).

3.2. TRUN SIES 24 IIEIS B3 S11N Bt
A O SIS M3} AT
Hage 44 I vorE $9194 v Yol

REE A2 B9 ujj€l(fractionation pattern)2 E3f 3|
<HEGE ofu 2} QI i & A oA WA= 3 F
3t A\ A|(regime) 9] £ A Aot 523 A|3st JHE
Als3tct A2 o 3k 33 AAl= Wl frofst=
HA T} FEO TR, LA o5 AR WA Aol
o o FEHTE A& S A gAY S FE R
A, &5, 34, A § FAE FEY Salet HRE=
HHH, EJZQF 7|9t frool A= MEA At FERE oY
2 B, QA 718 2 S 71 RAE 5 TRt
HhEAd AdEo] T3t BHgof| oA Tl 4= ok =3
At 22 BYES Z3ete o] Ak 7% S
o] PAEo] Ao R A F3} S FAstL, 0|2
¢I8 REEE 33t <4 FEY &8li7t £X1E = ok
o|AE F3ol| Fofsk= FE Y WY Aol
Az FHE= & AEY 247 REE £ ol 9F
< 1] 4= Qti(Bayon et al., 2020).

a4 9 F=<= W REES] 78742 pH, 43tk 4],
a2 §& /7] 577] Rte E3A F4e vl wztst



THUBS T3t 2A12 Sot

Al HF-8-35l2 Z(Elderfield and Greaves, 1982; Elderfield,
1988; Sholkovitz et al., 1992), A7t ASl=ALSHE A
A 2 W= ZE REEY R|geHE] 7|52 & A&
= 3% FAY 1LRE T3 B4 BEE 5 ok
(Bayon et al., 2020). o] gt Z|3}e}2] AU Zof 2etst
o] Bayon et al. (2020)2 A AlIA 8 HF sk A&
W A7t Ak AtekE 289 REE HlolB & 3 SlsHA
248, 719A Y A FeHE BT skekE F3t
AAE A2 o2 WS 5 Y= 2L 7Ie|=eRl ez A
Q& Z4(concavity index, ©]3} C)E =43} tHBayon
et al., 2020).

o] |4 Bayon et al. (2015)°] &Jsf HHE A|A sHd
o A E(World River Average Silt, WRAS)2] REE %t
3] FF3Hnormalization, o} A} N2 2 #7])% REE
wjElo)| A 3 =5 (Light REE, LREE; La, Ce, Pr, Nd) &
Z(®E)3]E(Heavy REE, HREE; Ho, Er, Tm, Yb, Lu) tj
H] 2718 & 2(Middle REE, MREE; Sm, Eu, Gd, Tb, Dy)

=X 12 =0 =2 T2l 7

o] A& 2l B3 (enrichment) J=5 8502 TFs}
St 2|22 ofefj o] A& u}} AXkE th(Bayon ef al., 2020).

Cr = Gdy = (L > vo7,)""

Bayon e al. (2020)2] 8913 dlol 2.4 Ao u}
=29, Cle 719 45 33 AAle] w2t &5 54
HAE Yehdth 49 G4 F3follAl frefiet dwgxt
AEAteE £ A2 1.2~2.0 919 CIE Holw,
B A 718F oA et £82 2.0~2.59 & e
U= H8S HEelthBayon et al., 2020). 3HH, C1 > 2.5&
Z3}5he 2erHe] MREE 23k 1 21708 o 51 2
X Aol A WEE Holuhs SO 2, Bayon
al. (2020)2 3}3153-29] A3l F3Hoxidative weathering
of sulphide minerals)7} 93] AYPE = FHolA F2
B4 5= ke 7HES AT | 6).

o|Zgt CI 7|¥ke] 3t AlA| T 7152 AL SA Hs
¥ 97l AEHUA chsstel A5 S Astat
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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 MgCO; 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).



3 AFsks 583 X|3lE E2 FEuky 9t} Jang et
al. (2024)2 B= AHLE(Svalbard) = 25 o) &5
A BE3t A|3= FOJ(HH17-1085-GC, 424 322 m; 19
4b)2] AR E-2S Felste] 7HA oF 16,300W HHE AR
o] o]2& REE W% 7|5& B43t3ch A 23, A
Hl2 j55 HH 2] A 232 24 Ayl ZA CI
Fhol 2.5 ol A &AH 0 &2 fA8tg or, 5 EF
o] AP EA Al7]ofl= Hdf 3.8 Goh= FHHA
MREE #3} 2155 Yet it 13 6). ©]= Bayon ef al.
(2020)0] Atet F3FE A3t F37E S-A|SE B )
o= "=, Jang et al. (2024)2 21 FAA QL HAY
£ 0 2 wlsto] o5t 3 A o A3} 2H8-S A|A|EH T
TAZQ AR QltHAE AuE, IR 37
oA thEHste] gt SEo kel FEE 71AA
ok }7(glacial abrasion) 7|REFS wlASHA] E45t
o] ¥hg- EHF o] Z AA% FE ANES A& A0

—

of

et Hheshu A g At T3 A+
ol A E ke FRA 0= A3k

i

CH

)t Torres et al., 2017). ©]2]gF AH3
FEE WA 2 PP Zpolof mhet #1314 F
REE, 53| MREES At 402 go| gl 4 B2
9] 2P H A L3l (preferential dissolution)7} 2Z1E 4= )0},
|2 <lal HAE MREE 38} 4157} ok sl 2 3534
2 AgE o] A FAEE A APzt Al4EhE 1)
qheof] =2 CI gto] 7154 4= Slvh= Adgolth(Jang et al.,
2024).

Uol7} Jang et al. (2025)2 212 2= FH s 25T
(Hornsund) T] @ 2=9] E|F&E Fo] 7| Z(HH19-878-GC,
4 125 m; 719 4b)y& B8, $7] E2A) o|F W5t
@7 wsjo] e C1o) AERE FAec. T2EE 7
e2TL 7| wste] uje} ol wrere] A7} 24 =
o2 FEslAY oo ke 2 AAeHE o] E3a)
A 7| EF= a0 2(Osika ef al., 2022), A CI 7|2
o] o|2|gt W}t HA R 2] W 1 ¥S}o] wizdsHA vt
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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).



THZIZ Tialst 2AIS S8t 3T 127 20| 1122 L)

8ol BANEUHTY 6). o] FAX Ak} Fob} Wt
o W7l FEot AN OB ABHS A, AL
2 HHE o A4 2319 REE sj5lo] 3 3] Wstel
A-F5 o8 FAH5He 7] skt ANAE B

T = AR

3.3. THEA Wk ZEH 24
CIAS} O EXALAS} S1AF
3178014 AL B s} o], A exg 71 2L T 1
8] Bot B T 49 AL AAHE 8] 7
sketa =7 & Al EstHthHaley et al., 2008; Jang et al.,
2013). v @4 F o R Sl vzl el
Halixl= slid Wet7] EfZSolA F-35 nlgka o] 7+
22 JAadts AMS 2AR, it gadtEte A
gHAQl d& HE ool HERS Aolghs AlZto] A4
Sk} o] H gt Q14 o] M eH& A|AIFE A o] Geibert et al.
0212, o] 52 *'Thy = FU& TAZ EF WP
A7) Fet B8 GRE 0%l 717k A Taest A
B fAchs 7S Atstde: o] 7HS o s & g
oA BE0] EVFT 85 AAES ZAR 75 9l
£20 7 dholEo X X = E3F O L (Spielhagen et al., 2022),
Wsl7] F< B89 7 0 itk A Bads
S7|AIZIE. o] Jang et al. (2023)2 A= A o=
g =33 77] 719 AP wefA ARPAE 283 A
2 A3k HIRS =Ysto] o] =Rl Agd 2A
£ AAISHLA} 5H3
Jang et al. (2023)2 AE=3f W AL s A5 =2
0](PS72/410-1, 541 1,808 m; 13 4a)2] Hls}7] E|ZZ0|
A A A = AAAR stol|l A £7] 71 gHitd 23
< B9 o= Z23IrIE 3). SEM £4 A3}, 29
H gt AAA| oA = B (tabular) 278 ohd W A4
TZ(foliated ultrastructure) 5 A& AT THEE= )
g2 E4o] EelEglen, o= g 2YAIE0] s
AE AR e 27] 355 A #7182 A
H A A FEYS T 3 ofgkartte)
E= e 3 47 SEolA AREE oW o]
FRZolA = ERIER] ekl 7 Azl A= alA &
o] I Fel == TEE I o|23 AE P2 of
gharpo| E7} sl A of) Hsl AthA o2 T& 354 2
oA FAEAAY £/ B9 FIFS o A L 7}
573 AARITE o]ofl Jang et al. (2023)2 U= 25 F
3 Wefj A1} ofgfarto| EE FESE F, d4-EAE A A
B Ee 27 355 2 Bk A o2 vigste 7|
SE2A A Welild 2RAE AEste] X|3tet 24
9 18 H-of &8st

Sot Yokl E=0l

02 o

ook |

=]

lo

¥0 o o (@

o|2|3t AP WA 9 AHE2 B35l S B
AMY Z3te 9 BE AN E JAEC 9y
ZoAe 4 F7tl W B4t Z3ke et /7]
Eafiol] W2 CO, 7= Qs A &8i7F S3E &
o} v ) 5559 -9 el Aol sl vlwd]
gk Z3} 270l FAEHH, o]= F& EHEL FE {UE
A} ZEERE U8l 7718 Eolloll @2 pH 7ot g4k
Bt A o= ARtE7] e 2 sf4 Tk utterstrom
and Anderson, 2005). Jang et al. (2023)2 PS72/410-1 =
ool A YA HHefAlo] AR EFSHE AgdHoe
A, 283 A W] Fet A A FHEL TR
g o] @Ae} FASIAY B R fEolSitk= H
= TAR, 5T Aol oA el 23} 2o A
712 FAE RS 7R3 AASHAT. ol=e 212 &
o] AxtollA B WA AAAZ) vlud] ALHoE
AEEE R o2 Sj4E 4= Qlok. ot o] AP/ At
Fol i AT S =2 AR = Yuj= ohn, 1§
A BHELS {AY] vt 23t%, Y%, pH, DIC £
3, Asteh 21 9 35 &4 HAE o 7o o3 =3
g 4 ek

4 A B4 A} 3% o7 (stadial periods)Ql
MIS 4-3 2 MIS 2 A]7]of| FAE A a4 Aut
< ®sl4(Low-Magnesium Calcite, LMC; MgCO; < 4
mol%) 2] £ H3l vk, E2A4] 9 MIS 3 W ofzHy7]
(interstadial) A]7]ofl+= mt1d|% ®8ll4)(High-Magnesium
Calcite, HMC) o] 9-A|s}A 4t& 5= B2 F/do] &
AEATHIH 5). W34 & MgCO; TS A Al FA
9] Mg/Ca H|o] o3 =2 2HE= Ao UA Sltt
(Hardie, 1996; Ries, 2010). & thoFe] 200 m o]5} =1
+= 2F 5.0-5.1 mol/mol ~&2] Mg/Ca H|E Ho| tjoF 7t
zto|7h ufj-g- 2, o]eh T2 =2 Mg/Ca ZAA=
HMCU ofztaito] E9} -2 Bhito] LA8HA JHE
TH(Stanley, 2008; Lebrato ef al., 2020). E3F A X514 o
% A4l MgCa vl sig Ao 24 A7 89l
(~76,000) Woll A F-om| gt WS} flo] FHsHA A=
S B Z(Lebrato et al., 2020), W}3}7] 52 = EX] EF
EolA LMC7} 3= 3lth= A2 3= tf=] Mg/Ca B]7}t
AA ] W2 FA7E S HF7HA i = o] s 3tet
ZAE JHARAZS AAITHIang er al., 2023). AA=
B 71 8 5P Mg/Ca Hl= vjfl1%] ZH(Mackenzie
River) 0.382 £ 0.101, |} 7H(Lena River) 0.526 + 0.245,
2 H 7KOb River) 0.334 £ 0.026 mol/mol 2, dfj5=Hc} of
ZF 3 A3l 2 7k B olth(Reeder et al., 1972; Huh et
al., 1998; Vorobyev et al., 2019). wWatA] Jang et al.
(20232 37| E<t Mg/Ca H]7} W& 4} 719 B4}

= ot

o

o]
=

)
o

]
%S A




B3 024 99150 AW A48 Me/Ca ]E 22
I, 3 AT LMC7F 34 E Ao = siAstqich

o7 LMC7} A= MIS 4-3 9 MIS 2 A]7]9] &}
A el e] Qb Abs E91814 WI(510) A —4.5%
7HA] RolA)= ghe BHtha™ 5). Wallade] 60 gk
B A 0] Ak B 24T 428 B H
SHAITE, F 11500l Dah= A4 a4 e 60 MEEe
Woi7]-7] a4 LE Wstes Ay ojgi,
o]o]| Jang et al. (2023)2 5= P59t g7 LRt )
S o] W e 690 g ZHEThe ol FEajol(—
20.5%0; Cooper et al., 2005), |G AEE A} 7|9 T4
783 A34E 49 202 Aasian 4 59
4 S BeT P-ale B A Au W 2
AlAKmass-balance calculation)o]] W=, MIS 2 % MIS
43 ok MR Aol 242 oF 41% 1 37%2) T
7} B3 9E 7R Alo] A H 9tk Jang ef al., 2023). o]
£ A EF ASS7 GEE 000 € g7t ol e,
ABT oF 20% WLle] 7]4x(brackish water) A H2-2
o] gtth(Jang et al., 2023). o] Aif= 713 A HE
SN fE55ol e A o2 AES 5= UH =8
2 W) E e Aeste, & st 7MY §55 Aol
= A BE5E 235 At

T, A NS Qb B B4 HIEUCRs
MIS 2 717t 53F +5. 7%l Bote T2 gk HAtH1H
5). ol @l 55 4559 §&F 79 4ax(dissolved in-
organic carbon, DIC) @ AAA §F39] HH §°C Zto]
247} 1.26%0 B 1.44% +F A viud o v &2
Zro]lthMackensen, 2013). R34 erAld o] §8C g A
A ZA] A4 W DICY] 994 24& Wtgste=, 7]
£ &oll, viet Aks), ghibg o, Weld2E 5 ElAE-
Fa%AA Aol heret B 3] FF
& % glck el -$71% 9 vk ksl AL Andom
C7} FHE @S DIC AR ao| FFste] 24 ghat
o] 6°C & WAL WaEeE 283H(Chow e .
2000; Loyd and Smirnoff, 2022), 2j44] €Atg &3 &
Al oI & o] 5°C g AWst7] olgekHitchon
and Krouse, 1972). BbH W et A Z-2(methanogenesis)
2 7MHE Ba FHEA(PO)E vgez Megoz v
23t =4 WE DIC AYTE Ot 4ROz 2w
Ao 2 WA 4= §len, o]t DICERE JHH
YA ol 2 67°C gho] 712E 5= ok Fadt
e WeBAZH-E f71E 28l oA &4 A
A aH|E AL, o] % FAE, -7 ARHE, SHAHE 5 diA
LA EAH02 ol g 238 F =gk 4
2 3173 9] @) dA|of sfdstcH Torres et al., 2020; Loyd

and Smirnoff, 2022). ©|& B}¥ OS2 Jang et al. (2023)
MIS 2 A1719] & A el 6C g, B3 A3
o] Aba n 3 w282 Rkt 7t o g9
22 S

olefet Zake Wely] Bt B33 AE47t 714 A
%S Wk ope} et Ak 12 BA0] EALS B
shot 2 MRS B9 AR EA A2, AE 79 )2
o] AlgtE= A Al EFolA AgFE 716 Tl
S8 97, AR 27 W Bas WsE Beels )
$4T eS| B 2 988 WolET,

4. ZE Y AIAEE

£ SR =Rl AR 719 AR 2 go] AleHE
4 9l 3R] 187 B AT ABHE A8k} 24
o ZHe §-84E A 7HA THEAQ AT AEE B 1
skt

A, EA=0] A 8o 28 Nd 94 =
FH QAR FFEE 249 7|93 de <3 Wt
£ WgsteE, AE 71 AR FHo] vhysty] 4%
A Al 2EolA A 18] 7Y ASE FAS=
fragt 77] A5 AAAZ B2 5= Sl A=
th(Haley et al., 2008; Jang et al., 2013).

=4, A8 £89] REE 25 X|4(Ch)= W5t 7|44
ntE e} AAH FIFE AlS T3] dFS v = $
o, Wsto] AX-SE e HE S4F 38t F3 AA4 9
A3 FA st &8 o 2ol A o= CI
7FSA] At oA et A S35 1Yo AAE #
7¥ote 83 AXAR EE 7Fe S HojEthJang
et al., 2024, 2025).

AR, 771 719 A s 28A19 da =244 ¢

ot

A g7t obd 714 AEi e m, FAlofl et 44 1z gt
Aol = 7Fe S AAISHATE of= & g3t 7
1 §3% AEolgte Adhd #5E 23EA AEske
FAloll, AHFEC] AE 71 AXRE 7]15 Fis Het
T 5 Qe 18 VISEE B8E g SS Hosed
(Jang et al., 2023).

o] o] AT AHES AMYFE A5} £Ao] 54| 1L
2 B dFolA BE 719 AXAE Hedshe /g
ALH S BojEoh &5 o W2 A9% 71 A AdE
ez 3 A= 43 o AR T A7} 0] Fo
Rk, SA] Wt AF, 72 24 W3] Aga Alkek
A, 283 A ATA ehagskale] dA o gigt o]F S
G AT 4= S A2 7| E
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ZHAe =

o] k= IR FAR) 9 AP g S=AT
o] A ol 423 A-l(No. RS-2024-00336841).
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