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Mineralogical characteristics for Arctic

submarine resources
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Mineralogical characteristics for Arctic submarine resources

Purpose and Necessity of R&D

1. New discovery of manganese nodule deposit in the Arctic Ocean

through expeditions in the East Siberian Sea, and to investigate the

characteristics and formation processes of manganese nodules

. Understanding the mineralogical characteristics of marine sediments

to obtain basic data for expedition of submarine resources in the
Arctic Ocean. Investigation of changes in the provenance and
paleo-environment in the Arctic through the vertical variations in

mineral compositions in the core sediments

Contents and Extent of R&D

1. Discovered an area where a new manganese nodule deposit in the

East Siberian Sea, and acquired about 2,000 manganese nodules at
eight station sites. The characteristics and formation process of
manganese nodule in the East Siberian Sea were investigated by
analyzing mineralogical and geochemical features of manganese

nodules.

. Core sediments were acquired at 20 station sites through expedition

in the East Siberian Sea, the Chukchi Sea, and the Beaufort Sea.
Analyzing the mineral composition of bulk sediment, clay-separated
sediment, and ice rafted debris to find out the mineral composition

of the research area

. Analyzing the change in mineral composition in the core sediment,

investigating the changes in the sediment provenance after the last



glacial maximum, and interpreting the paleo-environment

IV. R&D Results

1. Manganese nodules in the East Siberian Sea mainly occur in a
spherical shape of less than 3 cm in shallow continental shelves with
a depth of 200 m or less. The mineral composition of manganese
nodules is composed of manganese oxide minerals such as
todorokite, birnessite, buserite, and vernadite, and silica minerals
such as quartz and feldspar. Manganese nodules in the East Siberian
Sea have a very high Mn/Fe ratio, and are believed to have been

formed by diagenetic process.

2. Marine sediment in the East Siberian Sea, the Chukchi Sea, and the
Beaufort Sea are mainly composed of quartz, feldspar, pyroxene,
amphibole, mica and clay minerals. Clay mienrals are generally the
most abundant in illite, and are composed of chlorite, kaolinite, and
smectite in that order. Some sediments contains gypsum, which is

believed to be formed by the dissociation of methane hydrate

3. The sedimentation period of core sediment in the Chukchi Sea and
East Siberian Sea was divuded into Unit 3 (last glacial maximum),
Unit 2 (deglacial), and Unit 1 (interglacial). Unit 3 sediments were
transported by sea ice and currents from the Kolyma and Indigirka
Rivers. Unit 2 sediments were from the Kolyma and Indigirka Rivers
flowing into the East Siberian Sea as well as from the Mackenzie
River and the Canadian Archipelago flowing into the Beaufort Sea.
Unit 1 sediments were transported by sea ice and currents from
Northern Canada and the East Siberian Sea, but coarse-grained

sediments were derived by sea ice from the Canadian Archipelago.

V. Application Plans of R&D Results

1. Use in the areas of Science and Technology

O Used for research on the Arctic manganese nodule and

paleo-envrionment change in the Arctic



2. Use in the areas of industry

O Used as important basic data for the development of marine
resources in the Arctic Ocean

3. Use in the areas of the decision of policies

O Provide scientific basic data for national policy related to the

development of marine resources in the Arctic Ocean



A1

A 2

Al 4

Al 5

Al 6

AE A B s 1
A DU Q] 7] N BB 5
1 A U Z)s708 B SF 5
2 A 2] 7] NEF FBF e 6
A AFNEGE R L AT 9
T A ST R G s 9
2 A AT FF] ettt sasssessns 13
3 A AT HFEH 21
4 A BA AF s mmmmeeresssses 200 Qi et ssesnes 28
5 A Q OF e 88
A AFNLEE FAST D A7 T 90
A AFMNTG AT BRAIT] e 92
AL ZE AT EL ] e 93



Ao1E ME
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2 3# (Lomonosov Ridge)s 7|ToZ ¢S xdste= 9L 53, My
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& Qojg & Wb, H3p g3k Bk ol e, YA ILE JEF 95 T 4
AA A7 e daEs v 2] uiel vddEAdoew HrkEa 9l
o e wirdy e 1868 ZhetsfellAl HEE A H Ao (Murray  and
Renard, 1891), 7}etaf ¢} ultal=afo] W& thHEo A F&2 A F A9 54
g olale] dF oA wHE ¥ dH(Nordenskjold, 1881; Baturin and
Dubinchuk, 2011; Baturin et al., 2016). 553 Wity AsA g3 e 2
T4 200 m W] tiEE A0 FE FEeI Jlom, AaiA Wy el v

2 54% g4 dAUSEE 712 AR ddE. by, dA7A S8 gkt
o gk A= F JHe G S g IetxAd EA ko] FPHJS E
(Baturin and Dubinchuk, 2011; Baturin et al., 2016), ¥ dH], #& A
g 32 HAHE gk 24 Adye wag v glo sEidete olgtesE g8
20123 ARAO3B Expedition 713t &<t &= sAlHgolso A AE Alm A3
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Ak ARAO3B Expeditionell Al A€ Al loba] ®3bda]e] #3x W9
shar vheke] Wity AgE AFH 7] 918 201619 (ARA07C Expedition), 20181
(ARA09C Expedition), 2019 (ARA10C Expedition) A =}# ] Al w2]o}sl] EAL

oA =FAE HAstan HasiolE A5 "HAME Fd F 53 2,0000 7 9

e
il

a4

=3al= Wl Hs) 3 (Bering Strait)¥ X33 (Fram Strait)S &3] el &
AgF7t a5, s ©lGce coven)dt 4 AE ¢S 2HSE AE
e Fa AAF 715 FFE v R H(Callaghan et al., 2011). &3¢l 7]
sh= AAFA 715 dste] dig FEE AlsE YERuY, oA mg 7S
£ d33t7] SsiAe B89 s 2 asds A sts Aol Aot &
=9 HFHAEES A7 7|5 W3to] gigk 7|H5S EFetn Jow, HAE
FodH de FEFRA, At 24, 7lE, A=V G T U ZHA
(proxy)Z ©]&3F AFEo] F3EA}(Naidu and Mowatt, 1983; Rachold, 1999;
Wahsner et al., 1999; Vogt et al., 2001; Viscosi-Shirley et al. 2003a). & =3
S o &4 VI HAEEC uid A diF9 s @27x10° vy)H e HA
(T430x10° t/y)ell o3 FHFE glow, Vel me Yt Yake] 2¥ W4 W
sti= HA A AHAQA 9SS F=rh(Phillips and Grantz, 2001; Backman et
al., 2004, Darby et al., 2006; Stein et al., 2010; Polyak and Jakobsson, 2011; Park
et al, 2017). S8 §4 71 HAEES U gFoZ2REH F=Ho] 15 3l
i, iR B WAkl o) o] H Y H= Y w2 Wy Edfd] 9|5k Al

Wako 7 3|AstE W E 3 (Beaufort Gyre; BG)9F 53 & (TransPolar
Drift; TPD)®] F+ 7FA] =3+ Al2=®lo] th(Fig. la) (Tremblay et al., 1997; Darby
and Bischof, 2004). H X &%= W& (Bering Strait)S E38f s S<=7}
FHEH, FdE HBITY 4= RHED] dtow sEw Gt ASHy

(Alaska coastal current)®} Al #|g]o} dAere wel 2= A Hgol detF(East

=2
O[Nr

=

Siberian coastal current)E &4 $+th(Naidu and Mowatt, 1983; Royer and Emery,

1987; Weingartner et al, 2005). dEF =S E33 A HH AAEL dlFol ¢



FAE W AYE olsd 7 Jdon, xHE YHEL WY HAS FE 719
2HE W 3o ¥ ZH FoH(Wagner et al., 2011; Darby et al., 2012). Ak

o3 HAHzel ole W Tad s I Wrlde ZdEel= WA

i)
N
ki
)

A

(Laurentide ice sheet), -F&}Alo} ® 4 (Eurasian ice sheet) 5 E=afo] HWAlo] 4l
F 39 H(Andrews et al., 1995; Darby et al,, 2011). M2 $4 7|9 HAHE
S OF Egeta glom, Ao mRY oA v Wake]l A HW 1 & X

et dd HA=ES A ntgel dojma A He, ol W2 =0RD; Ice

Rafted Debris)2t &t WedAlde=2 Az =04 dAE2 FA45 U=,
ArbA o 2 250m o] Fe] ZHI AAELS i WAkl s rt EutE = Ao

2 e A (Darby et al, 2011; Zou, 2016). wleba], B3] sl A& o
A A 7o w2 719A] WAstE Fa 55 WA 9akel nEd &3 sjdel sk

o8& ¥ F vk

7}22 stol = ¢ o] E(gas hydrate)© =3 7F2=7F Afst 539 22 1A JHE
AL, A2 ast AdEeA HlalA EgeA Ry 2E=b qbe o] st whe vzt
sHAl ol WEkEY. H 543 U] R oYY 2dste 559 dTEES
At 7k stol=dolEE dfEAlA, 247AY Hes WEATAL AT2d

stE h&3sls oz G A g (Kvenvolden, 1988; Milkov, 2004; Boswell and
Collett, 2011; Ruppel and Kessler, 2017). o]2]3F o|fF =2 Ea]o] siA3t7 2 1
s dAS B d7AEY IS B glon, Sk 20108 % ot
=355 o83 553 EAZF A EZ A (Paull et al., 2015; Kobayashi et al.,
2016; Jin et al.,, 2018). 20131 4=3)¥ ARA04B Expedition &<t R3] Es] o] t}F1
A% g A (multibeam bathymetric mapping survey)Z =& =4 2k 740 m oA 3
N, 2F 282 moll A 170, oF 420 moll A 1709 ZZ3}2F(Mud Volcano, MV)eo] 1A%
Rom zt AEHIAES FAd wet MVe] A o] Hof 5 th(Paull et al., 2015).

= B E9 420 MV A= ROV (remoted operated vehicle) BHALE =3
AAZEEH] wg HES st o, 2017 3 E ARA0SC Expeditionl] A
420 MVl tigt AEALE AAstgon, MV A&HAQl wg WEY R g
2 2189 (Jin et al, 2018). 3, 2016 +3¥ ARA07C Expedition 7]7F5 <t
2 2] e A L1 (Chukchi Plateau) @A% AbA e v5Rl A5 ©HALE S8 4 oF

600 moll A vl&=(mound) TFE HASA o 20183 ©Alol A FH XAl

)=
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g &5 ®HAME Sete] & 89 A mb= g xE dste], ‘olgk Wi =
(ARAON Mound; AM)'#= ©] &S Fosgieh vhe= F2= mg 30 o3
A Aol EEZJHA FoleE Zoz o AAE=H(Sassen et al, 2004; Paull et al.,
2008; Freire et al.,, 2011; Serie et al., 2012; Somoza et alet al., 2014; Hong et al.,
2017), Wik 720 Asow Qe gdut "AtelA &3 W di7E vy, AM6
ol A AlF3E ARAQTC-Stl39 A += Fo] HA EA wWE slo|=go|EE Q145
t}(Jin and Shipboard Scientific Party, 2018. 2019).

B AFAE HANALY AR ofete rhEEoA F5% o] HARe o)
stol BeA BAL Fastel AV HARe) /94 WaE Fgsgow, o
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43 20131 ARAO3B ®Alol A H 2= 3Saq]
U, #98 d7E @A7A mag v ok Sues 1980 Y BEeEeG 9 @
Zrslel g Qe @A REs Adstn vk 1994de] Foo iy Zoele-2

HE & 9(CCZ) Yo FFT 150,000 km*S %1Hkek o, 20023 ¢+ 75,000 km*e] $-g]
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g5o] FPF A (Lee et al., 1995; Choi et al., 2002)(Fig. 1), & A
© AEEAL A gEo] A, Ad E el digt AES st

mmE——

154

N aael o

Fig. 1. Photographs showing external shapes and surface textures of

manganese nodules from the study area (Lee et al., 1995).
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Fig. 2. Distribution patterns of major clay mineral contents (%) in CYSM. (a)
smectite; (b) illite; (c¢) kaolinite + chlorite. (Koo et al., 2018)

A2 =9 Je AY 3R

E=ele] wrbdd e 18684 FhEtslell A HxE BHH Yo (Murray  and
Renard, 1891), 7hetsf o} nhal=s)9] W& tiHeolM F= 2AH L A )9 5
g o}sle] AR Aol A" #H drh(Nordenskjold, 1881; Baturin and
Dubinchuk, 2011; Baturin et al., 2016)(Fig. 3). &3] #3tdy] A= giFE &
ol o g Asghet A ARE AAsta Qo Feet FEA A
78] BaEA ek shekee] A, H Fd o] FH, Agety E4s F
o] AFRlE AAseE AF7F ¥ vl At (Vereshchagin et al., 2019). 7}2}3)
Py s F2 dwg oz AEE 9 (Fig. 4), ©¥ 9 4202 Mn/Fe ratiost 3E
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Fig. 3. Distribution of ferromanganese nodules in the Kara

Sea (Bogdanov et al., 1995).

Fig. 4. Photographs of morphological type of Fe-Mn
nodule in the Kara Sea (Vereshchagin et al., 2019)
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S8 Fo HAE 7|94 Ay 5= %= (Canada Archipelago), 5o}
g7h-de =7 B fEkaol tisol X% BE AFEol Jdom(Wahsner et al,
1999; Fagel et al.,, 2014), o] &2 ot AHA e A} AF2E 7HHA]7] W&
o, FEsHA AE E3 VLA o] F&siA o842 4 Atk (Rachold, 1999;
Phillips and Grantz, 2001; Patchett et al., 2004; Stein, 2008; Fagel et al., 2014).
Ay 5= des Add olgte] T4 nAd S} A HAGoR 745
] Bolug]7l= ¥AFYE 3Eo] F XS (Phillips and Grantz, 2001; Patchett et
al., 2004). sAlH 2o} AL AzrEgolr] B FrHEgolr| o] A 3¢kt Fretr] el A
AEZ A" (Rachold, 1999; Stein, 2008). &=
oA Tl B FE2A AFES E5d FH dg5E9 Ad 54 Aolm <l
3 A9 (qaurtz), ¥4 (dolomite), 7}& 7 Uo]E(kaolinite)®] $HEFS &3t EHA&E
o] 7AAE g 7 UAvka Bassld

AEFE 7k B FAISE 3 e HAEo] fHoR #EHo J4E F
AAE Wk (Milkov et al., 2000; Kopf, 2002; Bonini, 2012; Paull et al., 2015;
Mazzini and Etiope, 2017). Z1&3}ike AFo] HEZS o] gf=o] =molx gt 4
7 HH 935S wet HAHEo] 374 ols3t & EEee] A ¥ (Mazzini
et al., 2009; Bonini, 2008; Mazzini and Etiope, 2017), 2% A A2l =7|¢} +x %
TEH e FA% HAEC] vy g, F5 7IF T3 ¢ AR A s do
2 AA v 2 (Zoporowski and Miller, 2009; Bonini, 2012; Paull et al., 2015). 3f
A AEFSPEL Fl, hv vt ka6, A Fef, HAanE A=, e B, =
24olal, M, BB, T, H=d 5 ES s gel 2 E AT Milkov
et al., 2000; Dimitrov, 2002; Kholodov, 2002; Hensen et al., 2004; Mazzini et al.,

1=
£L
N
>,
=
o
i)
)
ol
2
=
A

ol

2004; Mhammedi et al., 2008; Mazzini and Etiope, 2017).
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A Mg ots] s A= ARA07C Expedition, ARA0IC Expedition, ARA10C
Expeditionol] Al =3 = it} o] Ao A s g 434 o] HAbst B gd = &
Alwg]olsoll gt 1=tk ARAOTC Expedition 7]17Hs<t Witey] gALE 9]
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2A A B FA R TFETE AR R olsetdA AdE TRER ddd
t}. ARA09C Expedition 71ZF &<t FH53E ofgh mp=o] w3 EAAE =
Figure 7% %t} ARA09C Expedition 7]%F &<t ofgh mh=2] AMO1, AMO6,
AMO7 A B A & & 583, vuE 98 e 27 FAEA S
AMO6¥ AMO7 AFele] ARAQIC-Stl3e Al B A& FolE & 53tk E3 ofef
npE=o A HA  FARE o]ojA = ALl ARA09C-St03 (74 820 m),
ARAQ9C-St08 (4 813 m)ellA E A& o]E At
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Fig. 5. Location map of core site during the ARAO7C Expedition

20179 F3¥ ARAOSC Expedition &<t R ES] GAZE FPH Ut B ES)
HAls 9% EYE X9y o]d ARA04B Expeditionol] 4] A & 1 420 MV S
B oEET A EYze] FESE 5EA4E dolry] 98, WAt s R

A7 EHEZE o 3709 AHAHARAORC-St02, ARA08C-St03,
ARAQ8C-St04) 0. = -8 Hr2=510] B A &S 2 F k.

420 MV opgh2 mh =g mpriA| 2 Aol A" A B2 7bas} 3 H
A &o] E&yo] FAHE Ao dukEth ARASC Expedition %5¢F H 53+ 420
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Fig. 6. Location map of core site during the ARAO8C
Expedition
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Fig. 10. Dredge sampling during the ARAQ9C Expedition
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Fig. 11. Sediment coring by box corer (BC) during the ARA09C
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Fig. 12. Manganese nodule acquired during the ARAO7C Expedition



Fig. 15. Manganese nodule acquired from the site ARA09C-St40
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Fig. 16. Manganese nodule acquired from the site ARA09C-St41
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Fig. 17. Manganese nodule acquired from the site ARA09C-St42

Fig. 18. Manganese nodule acquired from the site ARA09C-St43
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Table 1. Information for the site acquired manganese nodules

Location N of
Study Expedition Water
) Mn Remarks
Area Site depth (m)
Latitude Longitude nodules
ARAQ7C-St01 75.3563°N 173.7641°E 185 11 dredge
ARAQ9C-St38 75.3563°N 173.7641°E 196 410 dredge
ARAQ9C-St39 75.4146°N 173.2346°E 194 257 dredge
ARAQ9C-St40 75.5066°N 173.9313°E 215 334 dredge
ARAQ9C-St41 75.2219°N 173.5572°E 184 162 dredge
East ARAQ9C-St42 75.3158°N 174.3064°E 204 961 dredge
Siberian
Sea ARAQ9C-St43 75.2492°N 174.8375°E 240 172 dredge
ARA10C-St15 75.8004°N 176.3328°E 370 - dredge
ARA10C-St16 75.3052°N 174.2936°E 203 70 Box corer
ARA10C-St40 75.0026°N 177.3775°E 201 - dredge
ARA10C-St41 75.1250°N 176.3405°E 203 9 Box corer
ARA10C-St42 75.1250°N 176.3405°E 201 36 dredge

Table 2. Information for the site acquired core sediment containing manganese nodules

Study Expedition Location Water Length
A Sit depth (m) (cm) Remarks
rea 1e Latitude Longitude ep m cm
. . (BC) 31 Mn
East ARA10C-St16 75.3052°N 174.2936°W 203
o (GC) 285 nodule
Siberian o
Sea ARA10C-St41 75.1250°N 176.3405°W 203 (BC) 32
nodule
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2. ao] HAE A

sA M otel, HAlel, RHES] HALE Tl F 20709 AAHA o HAES
gtk sAH ol tEE-tFAH A Fo] EAEE 201611 ARAOTC
Expedition 7]%F &< F 470 A-FoA T8 Fo| & (gravity corer, GC)} v~ =
o} (box corer, BO)E &3 53 HAES o] &3ttt FA s dSAIH FHA =
< 2018 ARA09C Expedition 713t &<t A3 ARA09C-St03# ARA09C-St089]
A FE FojYE Fd 53 HAES ol &k HA Y ofgp mp=o A
= ARAQ7C Expedition®} ARA09C Expedition 7|7F &<t & 5709 A HAA =
oY & o]&ste HAES 5o (Fig. 19), vuE 98] ofgb mhE= A}
ole §1xs dH ARA0IC-St13el A F5 FoJE A FH 3]

RAES O AFAYGL wx] Egxel 420 MVE FEdth #27] Eg oA
= 20179 ARAO8SC Expedition ¢F @A%x] EdZE wteg} 3719 WAz E F5
stAth 420 MV MVE] FFo2R7Y 3714 471¢] "tasolE AfFH ek om,
HaLE 9l 38 543 4S5 7HA = B3 ARAOSC-St2lol A HrisiolE A F
e

o

= 2
Aol A 1 mollA] 15 m Zol& 7o]E dAusle] APAR o5 di HAE
ol ARAelA =AY 71& L b2 sol=dolE AAE 918 AT A

A A At HAE I T A 28 Fof(working core) = AF-8-51) 0
], Uux] "ure 138 Fol(archived core)® ¢ 4T E W Haslo] $ukaty

oo 24 olgd FARES dAE 3o HAEAN $d3 A4S FiL lem F
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Fig. 19. Sediment coring by a gravity corer (GC) during ARA09C Expedition

Table 3. Site information for sediment core during the ARA07C

Location

Study ) Water Length
A Site depth Remarks
rea Latitude Longitude epth (m) (cm)
. . (BC) 32
ARAQ7C-St02B 76.7463°N 174.3203°E 648
(GC) 345
East ARAQ7C-St03 76.1074°N 172.6548°E 308 (GC) 378
Siberian
Sea ARAQ7C-St05 74.7589°N 170.4555°E 60 (GC) 139.5
. . (BC) 32
ARAQ7C-St07 73.8146°N 169.1941°E 44
(GC) 136.5
. . (BC) 34 Gas
ARAQ7C-St13 75.6800°N 169.7365'W 610
Chukchi (GC) 235 hydrate
Sea Gas
ARAQ7C-St14 75.7034°N 169.7592°'W 635 (GC) 161
hydrate
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Table 4. Site information for sediment core during the ARAO08C

Location

Study Expedition Water Length
. Remarks
Area Site Latitude Longitude | depth (m) (cm)
ARAQ8C-St02 69.3388°N 138.2060°'W 38 (BC) 42
Mackenzie . .
ARAQ8C-St03 69.6984°N 138.3286°W 140 (BC) 50
Trough
ARAO08C-St04 70.2180°N 139.0204'W 407 (BC) 41.5
ARAQ8C-St15 70.7910°N 135.5646°W 420 (BC) 46
ARAQ8C-St16 70.7916°N 135.5595"W 420 (BC) 48
420MV
ARAQ8C-St17 70.7918°N 135.5519°'W 420 (BC) 46
ARAQ8C-St18 70.7896°N 135.5598°W 420 (BC) 52
420MV-
Control ARA08C-St21 70.7845°N 135.5221°'W 420 (BC) 46
site
Table 5. Site information for sediment core during the ARA09C
Location
Study Expedition Water Length
) Remarks
Area Site depth (m) (cm)
Latitude Longitude
ARAQ9C-St03 75.9174°N 170.3189'W 820 475
. A 31 ARAON
ARAQ9C-St04 75.6797°N 169.7388°W 605
221 Mound 06
. ) ARAON
East ARAQ9C-St07 75.7116°N 169.7931°'W 699 444
Mound 01
Siberian
Sea ARA09C-St08 75.7397°N 169.8545'W 813 525.5
. . 33 ARAON
ARAQ9C-St12 75.6639°N 169.7430°'W 588
260 Mound 07
. i 38
ARAQ9C-St13 75.6731°N 169.7391°'W 615 134
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TA°] Hl &5 BlUAlelEe] o m ekl 7 Az He] 10A7 7TA9
Au| & AlArsle] 10A9] B &S ERZIIo|EQ o g H33th HA ol Ex
HUAbol ES EEgIlolES Al9lstal 2 ko w Abesith 245 A9 3
Avks el sutelEs & dhgEEd 92 3ol HAsty] wiel,
AR B A ALY EERTOIE, WUAlolE, HAgto]ES WY o=
ARk 2 vt 2 ok(Fig. 20).

Todorokite (%) = A2/(A1+A2)x100

Birnessite (%) = A3/(A3+A4)x100

Buserite (26) = 100 - (todorokite+birnessite)

(Al 7 A peak-area of untreated

=10 A peak—area of untreated samples; A2 =

samples, A3 = 10 A peak-area of dried samples at 95C; A4=7 A peak area of

dried samples at 95C)
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Fig. 20. XRD patterns of untreated and dried (95C) manganese nodules. The
enlarged graph shows the measured peak area for semi-quantitative analysis. Bir:

birnessite, Bus: buserite, Pl: plagioclase, Tod: todorokite, Qz: quartz.
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Fig. 21. Typical XRD patterns of ARAO8C STI15-5 from the 420 MYV, showing

interpretation of major clay mineral species from the two classical runs (air-dried-black line,

ethylene glycolated-gray line).
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™, 2-3 ecm (s9)7F 7 2keh. & (non-spherical) B3t = & 14102 66
%E A s, 1 5 BAAPE Y Faddo] vt okt v Y Wit = Y
2] F& 3 cm ol&e AVE VHAH, gAY FAF ] A 6 cm o] 2
715 M7 R e Alei A Ehd o] By, warA e B uadd e grkdy

7 Bol RAAAE Aot G BN B AEEd. 7R Wit
[ox]

ol Rl FFo R Rol= FRE JHAI Arh(Fig. 23). BAol wE weo] P

Zhol = FElshA] oy, A" ARA09C-St390 A 7Hd ®@e v 5+d wikd ]}
Hoich tirre] AHAME §* Av)e & @st b ol wAg

g o A7)12 JFEos BFET A9 s' (1 em oldh) 279 @I E 40 %, §°

(1-2 cm) 271 790 %, s* (2-3 cm) 27]& 138 %, m (3-6 cm) 271 25 %,

1 (6 cm ©14) Z71E 0.7 %S 2A 3},
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Tecm

Fig. 22 Image of spherical nodules

)
<

Fig. 23 Image of non-spherical nodules
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Table 7. Morphology of manganese nodule in the East Siberian Sea

ARAO3B ARAQ7C ARAQ9C ARAQ9C ARAQ9C
Type _ST25 _STO1 _ST38 _ST39 _ST40
n (%) n (%) n (%) n (%) n (%)
s'[S]r - 5 (41.7) 9 (2.5) 1 (0.5) 14 (4.3)
s”[S]r 26 (65.0) 5 (41.7) 273 (75.6) 133 (62.1) 291 (90.1)
sS]r 14 (35.0) 2 (16.7) 53 (14.7) 21 (9.8) 5(1.5)
m[S]r - - - 1 (0.5) 2 (0.6)
s’[Elr - - 1 (0.3) - -
s[Elr - - 1 (0.3) 11 (5.1) -
m[E]r - - 8 (2.2) 1 (0.5) -
I[E]r - = 3 1 (0.5) -
sTIr y - - 3(1.4) 2 (0.6)
sYTIr - - - 6 (2.8) 2 (0.6)
m([T]r - 3 9 (2.5) 9 (4.2) 1 (0.3)
I[T]r - - 3(0.8) 2 (0.9) -
sIr - - 1 (0.3) 7 (3.3) 2 (0.6)
s¥IIr - - 3(0.8) 11 (5.1) 3(0.9)
m(I]r - - - 1 (0.5) 1(0.3)
s [Tube]r - - - 2 (0.9 -
m[Tube]r - - - 1 (0.5) -
I[Tube]r - - - 1 (0.5) -
s¥[PIr - - - 2 (0.9) -
Total 40 (100.0) 12 (100.0) 361 (100.0) 214 (100.0) 323 (100.0)
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Table 8. Morphology of manganese nodule in the East Siberian Sea

ARAQ9C ARAQ9C ARAQ9C ARA10C Total
Type _ST41 _ST42 _ST43 _ST16
n (%) n (%) n (%) n (%) n (%)
s'[S]r 1(1.2) 9 (1.0) 1 (0.7) 37 (48.7) 77 (3.6)
s”[S]r 55 (64.7) 736 (85.1) 119 (81.0) 27 (35.5) 1665 (78.4)
s¥[S]r 1 (1.2) 115 (13.3) 17 (11.6) 12 (15.8) 240 (11.3)
m[S]r - - - - 3(0.1)
s’E]r - - - - 1 (0.0)
s[Elr 6 (7.1) - - - 18 (0.8)
m(E]r 5(5.9) 2 (0.2) 1 (0.7) - 17 (0.8)
I[E]r 1 (1.2) = 1 (0.7) - 3(0.1)
sTIr y - - = 5(0.2)
sYTIr - - 1 (0.7) - 9 (0.4)
m([T]r 6 (7.1) 3 4(2.7) - 29 (1.4)
I[T]r 3 (3.5 - 3 (2.0 - 11 (0.5)
s{Ir 1 (1.2) 2 (0.2) - - 13 (0.6)
s¥IIr 3(3.5) 1 (0.1) - - 21 (1.0)
m(I]r - - - - 2 (0.1)
s [Tube]r 2 (2.4) - - - 4 (0.2)
m([Tube]r 1 (1.2) - - - 2 (0.1)
I[Tube]r - - - - 1 (0.0)
s¥[PIr - - - - 2 (0.1)
Total 85 (100.0) 865 (100.0) 147 (100.0) 76 (100.0) 2123 (100.0)
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Fig. 25. Image for cross section of spherical manganese nodule using the microscope
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Fig. 27. Image for cross section of tube type manganese nodule
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Fig. 28 BEI images of microstructure in Mn nodules from the East Siberian Sea. (a) columnar,

(b) boundary between columnar and cuspate-globular (c) cupate-globular, (d) massive.

ICP 4% & 3 9dd 9] bulk 3tstx/4d5 Table 19 =A1e3A . Mne]
S 286-348 wt%, Wyt 332 wt%olW, Feeo] 2 1.2-23 wt%, B+t 1.8

wt2olth Bl Folut = § UE ol AEH = bl v dte] Mn
FHFE = s AN, Fed FH2 wlg- gty w3k uo] EAgeE T8
F4 94258 Hi Co 275 ppm, Ni 231 ppm, Cu 86 ppm, Zn 292 ppmo. & T}
a2 wlaske] FEs] Wk o 93 W layere] ApolE dobr 7] I8, #1
AZol disto] o2tk jytel disl 2 e F7F £4S AAstdod, 55 A4 9
ol Ao Fo& Aol HEhAl g3kt (Table 8).
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Table 9. Important metal contents and Mn/Fe ratios for bulk manganese nodules from the East

Siberian Sea with Pacific Ocean and Indian Ocean for comparisons

Element Unit Nodule 1 | Nodule 2 | Nodule 3 | Nodule 4 | Nodule 5 | Nodule 6
Al % 2.9 3.4 3.0 3.4 2.7 2.9
Fe % 1.8 2.3 1.3 1.9 2.1 1.1
Mn % 34.5 28.6 34.8 31.2 34.5 35.7
Mg % 1.6 1.6 1.6 1.6 1.6 1.7
Ca % 1.0 0.6 0.9 1.0 1.1 0.9
Na % 2.5 1.0 1.5 2.2 2.8 1.8
K % 1.7 1.9 1.8 1.8 1.6 1.8
P % 0.1 0.2 0.0 0.1 0.1 0.0
Ti % 0.1 0.2 0.1 0.2 0.1 0.1
Co ppm 173.9 660.5 252.0 204.0 172.9 186.6
Ni ppm 171.5 177.4 217.2 378.9 222.8 217.4
Cu ppm 54.0 75.1 90.1 156.9 68.1 71.6
Zn ppm 202.5 223.7 250.5 540.0 314.7 221.4
La ppm 18.8 23.1 22.4 26.1 19.0 19.6
Ce ppm 34.3 37.3 34.4 38.1 34.4 32.5
Pr ppm 3.7 4.6 4.3 5.3 4.0 3.9
Nd ppm 15.9 18.5 18.2 22.4 16.4 16.1
Sm ppm 3.4 3.9 4.0 4.9 3.5 3.5
Eu ppm 0.9 1.5 1.3 1.4 0.9 1.1
Gd ppm 3.7 4.5 4.6 59 4.1 4.0
Tb ppm 0.6 0.7 0.7 0.9 0.6 0.6
Dy ppm 3.3 3.8 3.9 5.1 3.4 3.5
Ho ppm 0.6 0.7 0.8 1.0 0.7 0.7
Er ppm 1.7 2.1 2.1 2.8 1.8 1.9
Tm ppm 0.2 0.3 0.3 0.4 0.2 0.3
Yb ppm 1.5 1.8 1.9 2.4 1.6 1.6
Lu ppm 0.2 0.3 0.3 0.3 0.2 0.2

Mn/Fe - 19.1 12.2 26.1 16.7 16.6 31.6

Co+Ni+Cu ppm 399.3 913.0 559.3 739.8 463.8 475.5

>REE ppm 88.8 103.0 99.0 116.9 90.9 89.4
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Aol S8l = Mn #Fol i Fe $Fo] w2 Ads HolW, v

A7t S4HEY 25 2 Mn/Fe HlE YeEltH(Table 9). thad et S/l
Wit Mn @& ZbZF 499%¢F 47.8% o™, Ht Fe 33 ZH2F 22%9 2.4%0]

&
e
e
>
(7
rO
=
o
o2
)
[40

W, Mn/Fe H]¥& 747} 2263 19.90]t). oAl &xiek
Lol Al Mn/Fe H]7F 1.00-4.6191 25 & 8t¥ (Hein et al, 2013, 2015), & A ¥ €]
B = v =& Mn/Fe HE 7FAGL Sl 2ol ERIEo], wefe] Mn
o &Ae] ZEA7F wig- ErheE AS o F Atk (Table 9). AFstEF <] 45, 3
Mn 3F&Fo]l 4.1%, Fe 3FFdo] 31.1%°l™, 15%¢] P& :E3gth AbshE F9
Mn/Fe H]&= 012 wj§- v

DR
(o 9

(i

E

FARRAA AN A sl A #wEEE g vz giFE 3 (columnar)
H-7(cuspateglobular) Z2 o] #ZEITh(Fig. 29). T4x242 H27F A9l H
gatA wjdEo] WAH LR FAE o|FH, H-FAxAL A EAFHY A

o] A& W3R Choi et al, 2000; Koo et al., 2017). FAx2& %7 7o) A7

S} AU #EHEY, - 2H2 e dd Aol A #Ey

1
A7) W=l Ao g FATdHETH(Koo et al., 2017).

Table 10. Chemical compositions of manganese nodules found in major nodule deposits

Elements (%)
Seas Mn/Fe
Mn Fe Si Al Mg Ca Na K P
Porous
49.9 2.2 5.5 2.8 1.8 1.5 2.5 2.0 - 22.6
structure
East
i i L. d
Siberian avere 47.8 2.4 3.8 16 1.1 1.2 1.8 1.3 - 19.9
Sea structure
Fe-oixde layer 4.1 31.1 11.5 3.8 1.2 1.7 1.1 1.3 1.5 0.1
Clarion-Clipperton Zone 28.4 6.16 6.55 2.36 1.89 1.70 1.99 0.99 0.21 4.61
Cook Island 16.1 16.1 7.3 3.01 1.34 1.95 1.84 0.89 0.34 1.00
Indian Ocean 24.4 7.14 10.0 2.92 1.99 1.67 1.86 1.14 0.17 3.42




|ERE ET e

BRIl 3680 ] <015

Fig. 29. The backscattered-electron (BSE) images and elemental maps (Mn, Si, Fe, and P)
of the manganese nodule samples. White boxes indicates the analyzed location within the

nodule. col; columnar, cus-glo; cuspate-globular.
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Wiz 7he] 3lehd A atolE dolr 7] 98 EPMAES o] &3to] Zb mAlx7
el delE BAsen, 2 A3E Table 1001 AASHA T 23732
4 Tx Ul B & E5 EFsH] wiol, AV 70% o]/l AR
A7 dad ZAow FHuste] o] EWHS o]8-319 thH(Wegorzewski and Kuhn,
2014). MnO<9] Hv FF2 H-+3x224(B79 wik), F422 (589 wt%), 34x7
(56.7 wt2%)® FA o] wE zol= A YEhubA FSth FeOo| Wit 35 &3t
- AR wt), FARAA6 wi%), 32 (16 wi%k)Z H-1424d
A vlad Ze go BAEoY FeOo WAZE H-14F4(02-27 wt%), T+

B22(05-28 wt%), HAFF4(1.0-22 wt%) 95 nHHRA H o] g o=

)

o 7

=

il

A1
ay)

i
rlo
M

79 gl A o7 Addy. F8 55 d4(Co, Ni, CwE & 3 BE 2 A

bulk 4Est & AolE wold ggkon, B Fo Y2FAAE vARH
2 Aolde BAT + UATh Mo Fed ol§d Xy 2128 B4 B4z of

el e sgelA AEH= BAGAE vl A= Fig. 59 #h =S 4
AN AEHE G = I Aol Bt wEel 10-30 wt%e Mn gt
2-14 wt%9] Fe gt#Fo g2 Y& H 9o ZA]Et}(Banerjee et al, 1999). e 4]
A e] G5 30-40 wt2%el Mn I 4-7 wt%eo] v wF F& Wl [T

o oF 3050 wi%e] B Mn F%S AT W, Feol dHe ulazAd] w7

Al g]otafoll A bR = ke 9] Mn/Fe ratiors Hyt 2045 e oA A=

F A oh(Fig. 30).
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Table 11. Electron microprobe analyses of variance in each microstructure

Texture MnO FeO CoO CuO NiO Si0o2 Al203 MgO Na20 K20 CaO TiO2
57.12 0.92 0.05 - 0 8.77 4.76 1.84 3.26 1.25 2.04 0.07
61.53 0.63 - - 0 2.43 1.11 2.08 3.15 1.72 2.03 -
59.84 0.8 0.01 0.02 0.01 3.27 1.36 2.95 2 2.21 1.2 0.04
56.35 0.96 0.02 0.03 0.06 4.98 2.08 2.66 2.23 2.01 1.31 0.08
65.67 0.24 0.06 0.03 0.04 0.26 0.09 2.46 2.46 1.71 1.96 0.02
46.79 2.71 0.28 - 0.06 9.32 3.77 2.78 1.59 1.99 1.62 0.08
61.41 0.87 - 0.04 0.02 3.52 1.31 2.54 3.89 1.37 1.94 0.04
Cuspate
-globular
58.86 0.75 0.06 - 0.01 1.69 0.66 2.52 1.74 1.75 2.11 0.13
50.39 1.63 0.04 0.01 0.05 9.57 5.3 2.22 1.8 3.1 2.32 0.04
66.12 0.22 0.04 - - 0.27 0.02 2.77 2.72 1.58 2.1 0.01
54.6 1.08 - - 0.06 2.95 1.59 2.74 1.65 2.14 1.61 0.06
59.58 1.23 0.02 0.01 0.06 5.71 2.61 3.45 2.6 2.56 2.99 0.21
57.79 1.4 0.01 0 0 8.06 2.68 3.78 2.35 2.45 2.47 0.14
55.05 1.82 0.02 0.01 0.05 8.79 3.47 2.61 1.59 2.51 2.66 0.09
mean 57.94 1.09 0.04 0.01 0.03 4.97 2.2 2.67 2.36 2.02 2.03 0.07
58.56 2.82 0.08 - - 5.28 2.45 2.41 4.75 1.14 1.96 0.06
54 1.96 0.01 0.07 0.02 12.09 4.23 2.59 3.99 2.22 1.36 2.11
Columnar
64.74 0.48 0.04 - 0.01 1.47 0.46 1.94 6 0.94 1.92 0.03
58.16 1.12 - 0.02 - 6.48 2.73 2.45 4.13 1.76 2.05 -
mean 58.87 1.59 0.03 0.02 0.01 6.33 2.47 2.35 4.72 1.51 1.82 0.55
55.06 2.15 0.01 0.09 0 9.38 3.46 3.01 1.49 1.82 2.81 0.1
Massive
58.36 1.01 0.03 0.03 0 5.46 2.02 2.65 4.02 1.67 2.98 0.05
mean 56.71 1.58 0.02 0.06 0 7.42 2.74 2.83 2.75 1.74 2.9 0.08
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A Cuspate-globular
(] Columnar
X % ’ Massive
12 A X (O Bulk Mn Nodules
N4 =4  Pacific Ocean
— >><< X X Indian Ocean
> XK A
I X %
v XX +
L XX XK d+H +

Mn (wt.%)

Fig. 30. Mn vs. Fe contents of bulk nodules and manganese oxides from the study area.
Mn nodules data from the Pacific Ocean (Wegorzewski and Kuhn, 2014) and Indian

Ocean (Banerjee et al., 1999) are plotted for comparison.

52 FAego] E(buserite),
o}~ - (asbolan/asbolane), H Ul Alo] E(birnessite), &% Z7}o] E(todorokite), 1
tho]l E(vernadite) 2 ZwUlAbo] E(romanechite) o2 Hixo]  gomH
(Bogdanova et al., 2008), Ad3-7 2 ARl we} 1 F&E A B o7 9l
t} 8ol ArEE= WibdI e dsiA &= Baturin and Dubinchuk (2011)¢]
TEM #4& EW& Chukchi Sea®} East Siberian SeaollA ®7d witdtssp

2= AAA, wgtoele ojxBdow TAES HAF AT Ao FUs L.
2 A E 3 YUH(Choi et al, 2000). EAFEQ FAjgho]E o} sl BlR 2
E

# € (turbostratic) T+%2& 714 & EX & 7)o

IJEAE 7Y XA SEEY AmelM SdEES 7E2A Ze(structural
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defectiveness)®} 2 A (disorder) & <lal o] 4% gom 96-10 Aol 73t 3
AARtE YeERdt(Palhik et al, 2013). WUtholE= 6-MnO22 =271 % &b,
N9 kol 245 A¥ 142 A9 AeE FHMWS wATHChoi et al,

)
9
i

N
=]

AR EES S0 B HEZEYY 2 U EAlske Foled & 4
E82 Qe ko o Fx4 WIS W] widd ol ¥E 45 fsA 4
2 AAgE 53 4o AA"E(Parhik et al, 2013). Aol EE 100T
ojgte] v oA HA E5Eo] 72-74 A WUA|ER W HE wbd, o}
= 200C7HA QbAsiH, HAgeolEet ERRJloJEE AL upe}t
300-400C7kA] ek4&fcH(Pal’hik et al., 2013). o]¢} &2 54 & o] 83slo] unlAg
Al 100C oA Ex8d Alzel tia] XRD #4& AAlstslen, o2 d3E
Fig. 319 A&t} Fig. 3104 Hiz npep o] B olte] o] &%
Aol E HuAte]l E) WUtho|E 5o At 53 A9 4 5 ke
FEEZ FAHEY uAHY AlFEeA 10 A9 IEHL FATE, EEZIIOE
2 ofa&ale ok AoR HFHIUTY TY AIEE 100CE 37 Bt /tEe &
Ao AaoA 10 A9 HME BFE 7 Aow olFHdon FA 5 A9 34
A 35 AoZ olFH Atk WA 10 A9 3| dAoA ELRIlolE, ofakale
A= R om, 10 A FAgolE 7 A2 WHUAIOIE, 245 AY} 142 A9 oF3h
IAAE WuttelER S1EA. of2fdt HAIE v ow FA W ols] Wik
s At AR ES FE O FAGOIE, BUAtelEg BytolER G4
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Manganese Nodule
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20 (CuKoa)

Fig. 31 XRD patterns of untreated and heated (100°C, 12 h) Mn nodule. Bir;

birnessite, Bus; buserite, Pl; plagioclase, Qz; quartz, Ver; vernadite.

Rz P 0 BE EAL 9 AR AAES A8 1679 @} o] $HY
o ATl o] 8H W AFAGelA A AN FH WAE F, RAR A
A% 99 289 2718 mestd 474 23 eme) B SR A4S A4 @
W ARES YRz #3S g9 JFTAZ 29 ¥, AnHe Azadrt XA
2 BAL A PARES NEEAS FAF T £2S ol8ate] @ Aol w

oA 3-57¢] FAEE AFsAT. d¥ W AREL oFA &Y ool AR

ok &3] Wi fAe e FF S 2
7B 7oz ERetdt(Fig. 32). W22 wE 5= v (porous
structure), S7dt(layered structure), 2+3}3 3 (Feoxide layer) 3 #(nucleus) & 4
THZ BRI, gy UFelAe] 9Ad uwE FHi= T (surface zone), €1

O (outer zone; T REXE9] 9| 1/3 949), St (middle zone; T HHA] &9

<4 1/3), Wi d(inner zone; @3] WA Fo] WH 1/3) & /A= 738t
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Fig. 32. Polished-section photographs and sketches of the East Siberian Sea Mn-nodule

samples. P; porous structure, L; layered structure, Fe; Fe-oxide layer, C; nucleus.

Uedosel 34U ARe ERERTIOE, BlAbolE, HAZtolE WuytolE &

o s gEat A, A o e #EE A" 637 FA R Bz

=
_l
-4
N
o
il
[
Yo
=)
Y
oid
i
lo
rEE.
ox
ol
M
>

N Ad, geddis ERERTME
12%, F-AetolE 40%, WUALClE 47%, S+ EXRTIOE 22%, FAdtolE
35%, WUlAtelE 43% =, S/u7F thaddie vste] ExRlolEvE oF 10% B
i, WulAbol Ep BEAglol s Z7; 5%, 4% A Aol A s S R
Zo] WM& fla A =g =AT A3 gadd AREe] ERrTlolES

of B v Ao AHAW F 24 ko] ¥ B2 24 Aoy YEA

-



2 A H(Fig. 33).

AA e WE BF Ay, WRErdor EXREIIO|E 34%, FAgolE 33%, ¥ UA}
°o|E 33%, FZtlolA EXERZIIO|E 15%, FAEtelE 43%, WUlAlo]E 42%, ¢
ol EER2IF0]E 10%, A eto]lE 28%, MUlAlolE 62%, FHA ELEZT}o]
E 2%, F-Aeto]E 51%, MUlAlelE 47% % A = A tH(Table 11). EE & I}o]Ex

0-4%= 7bd wrom iioelx 7bg FRske gy djfela o E
A At vl wulAbe] ES} Aol Ex ZbZ)y el el A 7

=2 ghe Baloy, Al whE St A2 UEhbA] v A ERdA B

Atk £47149 HEE G52 T2 HUHoES 4% ERRIloER T4
He RAow Bnurgdon (Wegorzewski et al., 2015; Khun et al., 2017), W37kt
o] A3} FETA AW ATE TS VE AN H4FEE S gl
oA EEZIlolEgL WulAto] EVE T3 2o ® W5t tHChoi et al., 2000).
TS HA471de] g A E 5= vkt 9 ES F8 el TA H
UlAlol B9} HAglo]lEoln ELZIlo|EE EEEA = Fow R}
(Vereshchagin et al., 2019). wleg}A, 47902 By 7|&E AHRET o) A2

BE 4 240 Aot Atk ot FW AFBEL EFH AFAAe] Aol
A

=

_’ﬂ

B Wa ARE FUF A9 02 43RES AL Y] £ WE
(3]

W oAT Al WEEAD BAGe] By A u
4 8

M xS
oI
[
Ay
*
2

olEV} FRAE AT HH Yo Gy @
Al o3 AdY e AR fHHAY. EERIIESE AT w, v
AbolE, HAEolE, EEgIlolE Ao webd FexAo]l detA= A 9
oF & s Fgets Ao® oAZIT(Choi et al, 2000).

T3, ErzdtolEx dol os Fdd griddelA FH8hH (Kuhn et al,
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texture
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Table 12. Semi-quantitative Mn-oxide compositions of the East Siberian Sea Mn nodules
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Fig. 33. Ternary diagrams of buserite-todorokite-birnessite contents for the Mn
nodule samples depending on (A) internal structure, (B) lamellae depths within the

nodule.
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o

X =d, sidoe] v+ ®elr] FoF Mno F 92 #AasAT dESE 99 &
(parmafrost)oll 4 ¥t} (Macdonald and Gobeil, 2012). &

A 2
gkl gIAT 2w Ak FAd o) vEHM o5

A
:?L_’/

frt
of\i

of 23] 317] Wil (Macdonald and Gobeil, 2012), & Al #lglo}sl @
ol EAA SR =S Mn S UEWeE oE ddd

(Co+Ni+Cu)*10

a 0 1 ] b
£\ Cuspate-globular
[] Columnar Co+Ni+Cu)*10
0.2 0.8 ‘ Massive ( 0 ! u)
i : ) Bulk Mn Nodules 0 0.5
b
; Hydrogenatic o
L] 1
0 0.2 0.4 0.6 0.8 1 0.85 0.9 0.95 1
Fe Mn Fe Mn

Fig. 34. Ternary diagram of Fe-Mn-(Cu+Ni+Co)x10 showing the geochemical relationship
between different genetic types of nodules. Dashed black lines border the three nodule type fields

A: hydrogenetic nodules, B: diagenetic nodules, and AB: mixed type.
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2. A ¥ g o}all (East Siberian Sea) &% ¥ 2 &

7h 3o HAE

ARAQ7C Expedition 713t &<+ E5¢ 0] & FAwEolalel HAsoA F 6
Mol 3ol HAES o] &ttt sAM el 53 o] HAEL F 47) 0]
™, ARAO7C Expedition 717t &<t FA M glols] thH5 o 2RE HXEA A
28 471 A% (ARAO7C-St02B, ARA07C-St03, ARA07C-St05, ARA07C-St07)l
A B5s HAAAA A5 5o HHES F 2/, 834 ARA07C-St13
3 ARAO7C-Stl4ell A 255ty ARAOTC-St03, St05, St07¢] 3 Ax o] FAe
50 - 270 mol™, HA e St133} St14e] FAL ok 650moltl. ARAOTC A
St139] GC el A 7k dtol=dlolErp A E . Bl tg HRE Table
120 A A sFA T

=200m 0|3}
e 200m 0|4

3021

306

60w

MoE 30308

Fig. 35. Map showing the sample location during the ARAO7C Expedition
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Fig. 36. Map showing the major current in the Arctic Ocean

Table 13. Site information of gravity core during the ARA07C Expedition

Station Water Depth Core Depth Latitude Longitude
(cm) (cm)

St02b 648 345 76.75 174.32
St03 308 378 76.11 172.65
St05 60 140 74.75 170.45
St07 44 137 73.82 169.2
St13 610 235 75.68 -169.74
St14 653 161 75.7 -169.76

sol FAMoba) Aol %ai S02b, St03, S105, StO79F A3 ool
S St13, St FRAT FAMels A9e) 4] mol: tAZ A, we
84g ok St02be] AN A4, s grE A 84 Wrh S03e v 3
A3 FAe H3, Sw6e He FAL Wi, SOTE e HA4L W w, 1§
3 Aele) St133 Stid: Ae #H4e WrhFg. 37).

Jb

o
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Fig. 37. Core images acquired during the ARAO7C Expedition

olE o TR, AH wE ol AA Yt defolEr EFEd 71
o] HA B HA 49 %ol Ho) 83 %7tA EF
3, k65 %otk HUAME F AR B HEFEZA, A 9 %olA FHd
30 %= Bt 21 %olH, A& olEx: HA 5 % A 28 %= Hit 11 %, =9
ElolEx= H4 03 % AW 65 %, it 1.7 %olth. ARA0TC-St03, ARA07C-St05,
ARAOQ7C-St073} vl alsle] ARAO7C-St02be} ARA07C-St13, ARA07C-Stl4:= 32
2 W7t et A UEbd T
HAE o9 = 42 ARA07C-St02b3} ARA07C-St13 F 7He] o] H A
ol diste] FaAsdth. dE 4 23, ARA07C-St02b¥= sand’} Hit 2.6 %,

wol EAst= AEGeRA A
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silt7b 3+t 354 %, clay7F B+t 62 %= YEFSTE ARA07C-St13 GC+= sand 3t
3. 1%, silt A+t 314 %, clay Hit 665 %= F o] EF dFfE HER FA45
of A

Contents(%) Contents(%)
0 10 20 30 50 60 70
04 I I 0 I i f
—8— Kaolinite —8— lliite
—@— Sand —— C|ay
100 4 100 +
G
£
o
[
0o
200 4 / 200 -
300 € 300 -

AEZESFY JEBrE vlus|rd 7t stoj=golErE g Fofdl
ARAO07C-St13¢] 7h-&#the] ES} sand®] 2% W-so] fAlstH, deto]E= clay
s} AR AEE dEbdth ARAOTC-St02b B3 7h&E]uo]EE sand$}, detol
E= clay$t fAFe WiskE HRlth ZF o)l dujo]ES} e ubol B9 A aH
Z By FAHol e X ARAQTC-St02b, ARA07C-St13, ARA07C-Stl4: 7}
@ ol e} detolEv whalg g}, wbH 4]o] 2 219 e] ARA07C-St03,
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ARAQ7C-St05, ARAO7C-St07& 7F&gjuolEe} dgtolEe] AaAdAAZ &
Stk WA, AEGES T Jdr AAAS Foje FHd w dEx = A

2 gudn, $4e 2e ;oo ¢ Mol AEYR FUL AAEEE vl
3

Contents(%) Contents(%)
0 10 20 30 50 60 70
07— : 0 : R S
—8— Kaolinite —@— llite
—@— Sand —@— Clay
50 1 50 A
€
£ 100 - 100 1
Q.
Q
O
150 ' 150
200 ~ 200
250 250

Fig. 39. Vertical variation of grain size and clay minerals in core ARA0O7C-St13

. HAE 719A
HAES 71dAE FFe] 98 i A AEZE HlHE £33 ARAQTC
o] AEFE Iy vkt ARA07C-St03, ARA07C-St05, ARA07C-St07-2
Indigirka River, Kolyma River®] HEZ=34d3} A} S 2 Indigirka, Kolyma
dadEch wH, ARA07C-St02b,
ARAQ7C-St13, ARAQ7C-St14+= Indigirka, Kolyma, Mckenzie Rivere] HE#E 3t

Rivere] A<l #Fd AdMes Ao
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&3} fAFSHH | Indigirka, Kolyma, Mckenzie River £lol% t}& 534

o
R84

EEER

el 99 Ao BeAy
St02b St13 St14
e
70 .‘ - 7 .. = L L]
;'R2=0.81 % R?=0.83 & R=0T9
o ® 8
= 60 - .: b * .'-,t E . °
t -
& ,
5 ..
50 - . . -
0 10 20 30 0 10 20 30 0 10 20 30
Kaolinite Kaolinite Kaolinite
St03 St05 St07
70 - k. - - ]
* R?=0.04 $  R=002 i R2=0.01
o) e, ~'. %
Z 60 ”
50 - E E
0 10 20 30 0 10 20 30 0 10 20 30
Kaolinite Kaolinite Kaolinite
Fig. 40. Correlation between the illite and kaolinite
Table 13. Clay minral composition of river sediment in the Arctic Ocean
Rivers Smectite Illite Kaolinite Chlorite
Kolyma River 5 59 9 27
East siberian sea
Indigirka River 3 71 5 21
Chukchi sea River of alaska ; Notak, Kobuk 2 66 1.5 30.5
Beaufort Sea Mckenzie River 5.5 65 17 12.5

Ref. Silverberg(1972): Naidu et al.(1982); Naidu and

_64_
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Fig. 41. Ternary diagram of smectite-illite-kaolinite for ARA07C-St03, St0S5,
St07
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Fig. 42. Ternary diagram of smectite-illite-kaolinite for ARAO07C-St02b, Stl3,
St14
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3. A&l (Chukchi Sea) 3l ¥4 &
7h JZo] HH =
FAATAY AR olgt2EE o]83] Arctic Expedition ARA07C2 ARA09C
Akl A AFHE F 574 T8 Fof(gravity core)E ARESEAT. ¥ 3o T 4
MNe ot mhE= XA, 1E mk= Alo]o] AW OA xfH AT, mF=
T2 Y FZojv= AMI19 ARA07C St13-GC, AM69] ARA09C St04-GCek
ARAQ9C St07-GC, AM7¢] ARAQ09C St12-GColw, A} F¥ Hol= AM63

AM7 Atole] ARAQIC St13-GColt}. ofeh mp=o A F5H 50 HAEZS A

and Shipboard Scientific Party, 2019).

ofehe mhen Ao] ApRolA 5% 3o HAE A4 ofge nhen ;o) ¥4
23} o] ARolA BN ghol wap AMHoR A A %3N wWop 17
U olebe wheEsi e, 44 HAFe] EFWW ohleh moje] HrdNE
ZrElt}(Jin and Shipboard Scientific Party, 2019). 2% Alolo= 3| Ate] <}3] A
Z3 ARdel w54 Ba%o £ART. T owA BAF ARl lem T %
= 23 AL HASo] BEHM, o] HAF H

2F& ¥ (Jin and Shipboard Scientific Party, 2019).

(i

Z2 2 ormo] w3

o dE 38 A
olgle W= FOJ(ARAOTC-St13) HAE AR 43749 Abd =0

(ARA09C-St13) HAE A& 2276 tate] Wz B=

o5 YHE A FER FAEY, BAE FE AT FEY dFEo] A

EA%Y. AT BES 2

A
(felsic minera) ¥} HEFEZ(LEFolE, HYA &g yelE)R FAEH, 34, 7t



0.3-3.0 %°]tH(Table 14).

i
g

[ ARAOSC st12 )

ARA09C
St13

700

Fig. 42. (a) Map showing the locations of Araon mound. The thick arrow represents
Beaufort Gyre (BG) and TransPolar Drift (TPD), and the narrow arrow represents coastal

currents. (b) Sub-Bottom Profiler (SBP) image showing the locations of sediment core of

Araon mound.

ofgt2 wh-= FoJ(ARA07C-St13) ¥4 &2 A1 (ARA0IC-St13) ¥ %=
Hlsto] 32 FE3 JEFES 747 oF 14%, 25% ¥ wWol £ da, 1d

A #Be 32% AA LFH] Uk L= mo] HAEE AW mo HABR
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o] AAtEo] 9o m & (Kocherla 2013; Pierre et al, 2014; Lin et al, 2016; Pierre,
2017), ¥ ATFHHe g stol=golESF Al Foju|gt #AE Thofstr] 13|

A EAHQ AFE Fokel 7 BAE welew Fu] Fol Ak

Table 14. Average content of bulk mineral composition by unit

Core Unit n Qtz Ksp P1 Px  Amp Bt Mus 11 Kao Chl Dol Gyp Fe

1 5 205 41 132 03 07 02 99 382 68 50 10 00 0.1

ARAOSC 2 14 293 44 110 03 05 01 93 298 74 48 30 00 01
~St13 3 24 9225 49 158 02 06 11 49 356 68 63 12 00 02

Avg 43 247 4.7 139 0.2 0.6 0.7 6.9 33.8 7.0 5.6 1.8 0.0 0.1

2 13 23.9 6.2 11.3 0.6 0.6 2.2 7.5 29.5 7.4 3.6 0.8 5.8 0.4

ARA07C
-St13

9 181 46 136 05 06 1.3 9.9 376 64 4.9 0.3 1.9 0.2

Avg 22 215 55 123 0.6 0.6 1.9 85 328 7.0 4.1 0.6 4.2 0.3

Qtz : Quartz, Ksp : K Feldspar, Pl : Plagioclase, Px :Pyroxene, Amp : Amphibole, Bt : Biotite, Mus : Muscovite,
Il : Illite, Kao : Kaolinite, Chl : Chlorite, Dol : Dolomite, Gyp : Gypsum, Fe : Fe mineral

g HE FE =4

AP FZoJ(ARA0IC-St13) EHAE A5l 47HA] F8 HEZE T3S dgolEe
b b geow, I tgom B, sleEuolErt wi, AuElo|ERE sbg
o} dElolE= Hat 654% (45.9-76.7%), YA At 182% (10.7-22.1%), 7}
guolExE Hit 13.6% (7.9-32.7%), 2=2HEo]Ex= St 29% (4.7-1.5%) <] tH(Table
5). 470e] ol mlE= F(ARAO7C-St13-GC, ARA09C-St04-GC, ARA09C
-St07-GC, ARA09C-St12-GC) HA =< HEZE 3 JA] AMH Fo] FHAE A
Tl o] dgpolE YA Jh& Lol E AHEO]E £Oo R AT dtolE
v 489%C A 86.9%7FA EFFE O] Jom it 63.4%°]th YA L 2.6% 00 A
25.4%7MA] EgE o] glom Hit 192%™, 7B YUolEE 81%°lA 31.2%7+A]
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EgFE o low it 146%0lth. e E= 04%14 6.6%7HA4 E9HE o] 9o
it 2.8%°|t(Table 15). A o)} v H0jo) HEZE T & Ao

7b SARE, AP sLool msiA mhe= Solw= dEte]EVE ot A

SPUolEE 2 won, suelEe] F3e fabeith

Table 15. Average content of relative clay mineral composition by unit (%)

Core Unit n lllite Chlorite Kaolinite Smectite
ARAOTC 2 15 63.3 17.4 16.3 3.0
_Stl13 3 10 67.9 18.8 10.2 3.1
Avg 25 65.1 18.0 13.8 3.1
1 4 64.9 22.1 11.7 1.3
ARAQ9C 2 22 61.3 18.7 16.8 3.1
-St04 3 2 65.5 20.6 10.7 3.2
Avg 62.1 19.3 15.7 2.9
1 11 63.3 20.2 13.5 3.0
ARAQ0SC 2 14 61.4 ko). 7/ 16.3 2.7
-St07 3 11 67.0 20.2 10.2 2.6
Avg 63.7 20.0 13.6 2.7
1 4 65.2 20.8 11.9 2.0
ARAQ0SC 2 13 59.5 17.6 20.2 2.6
-Stl2 3 8 66.3 20.7 10.0 3.0
Avg 62.6 19.1 15.6 2.6
1 5 68.4 17.3 10.8 3.4
ARA0SC 2 14 59.1 18.8 19.8 2.3
-Stl13 3 23 68.4 18.0 10.5 3.1
Avg 43 65.4 18.2 13.6 2.9

oF Wriet 77 o Y wEEHISS & F U
(Jakobsson et al., 2000; Phillips and Grantz, 2001, Polyak et al., 2004; Stein et
al.,, 2010; Dong et al., 2017; Park et al, 2017). ®7]¢} 7] E FES= ZEA

(proxy)2A HAE o 235 & daFeExA, dEFERY, Faadd
(Total Organic Carbon, TOC)¥} #Z& #3s A F71%, HE7]Y @ad 5o
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I tH(Naidu and Mowatt, 1983; Rachold, 1999; Wahsner et al., 1999;

) a1

Vogt et al., 2001, Viscosi-Shirley et al., 2003b).

28

719 371A]

k
F3 o5 Y (Polyak and Jakobsson, 2011; Park et al., 2017). &= &j ol

N

fite)
I
i

g, 7 &

RV

¥ A Eo|t}H(Darby et al., 1997;

&l

s

fro!

e E

Polyak et al., 2004; Polyak et al., 2009; Stein et al., 2010).

Fol 9lth(Darby et al., 2006; Park et al., 2017). 7+ 7] 9]

ol leow, fAE A4S W, MnO el

3
=

2

N

0

sl
X
=
of
,uluo
o)
A
e

[y

Jo] t}EFATH(Polyak et al, 2004; Mckay

At

et al.,, 2008; Adler et al., 2009).
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B Aol A B SAplA SAV} 2 gEhbA ek obhe nhes ol H
que e zol HAEH vasel 1 A4S FRANT. ohehe v ol
HHES A= HAHAEY] A WA E g% HaFERAY FEZEZH 55
wgew A el HAE W AANARUNA slEo] FAR A7 Az v)m
gto] Y-S FESA Y (Park et al, 2017). Al AHo] Z2AS o= 49 1, 943
Ao oyl 2, AY awel w8, 2, s Aze] wol Uehle £33 F 3
Mol e ® YA vk(Fig. 43)
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Fig. 43. Correlation of the studied core with PC04/PL04 (Park et al., 2017). (Dark gray color;

brown units, Light gray color; gray units, Striped; Laminated layer with abundant IRD).
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38 AY sRRYE 34, 334, 24, A9 Fol ekt Aol
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HERE T Abd ZojolA detolEVL 67.6%, U Aol 19.2%, 7H&elvo]ET}
10.19%, Z=®Ele] E7F 32% % yEtum k= FojoA = deto]EVF 66.0%, Y
Alo] 19.9%, 7} UolEVF 11.3%, ~HWEFO|EVF 28% = Adgto|EV 9 ZF 744
=o S woln FLyolEVt b ve S wolr &

AN
3
= 3BBemel A= HEAEE 16.3%, A9 27.3%, WA 121%% i Mg 9

T 2 Z& I HAE 33} g Ao] ghiEo] F& o] Fu
T 5 Aelel WA e 3dSo]l FAA EMRTHFig. 25 Jin and Shipboard
Scientific Party, 2019). Hv W E T2 APH F oo A 44%, vl&= 59
A 46%7F FFEel FY T PE =
29.3%, AL 11.0%°] WeAo] 3.0%= Agz WMol gtaFo] s &
UEbdTh mhe = Fo] o] Ag- A
Waolel mpavkA R 7Y A vERdTh JEZE T APE FodA dEte]EVL
61.2%, “UAlo] 182%, 7t&elUelEV} 17.7%, el EVL 29% 2 VERH w)
w2 Fojo e dgpolEVE 59.1%, FUA o] 188%, 7h&EUolETE 19.8%, 2~
Efo] EV} 23% % JhEelUelEVF 53] A dEhdth

Y 12 AReE T2 dAen) SR e= =38 wWuR(Fig. 43, Jin and
Shipboard Scientific Party, 2019). H+ W2 E FF AbH FZojol A 1.9%, v}
SE oA 22%2 AL ¥ WA E] FHEHAUL AMH FofellA] A

& 205%, APEAE 132%o 2 vEhdth AEZE F APA FZojdA detelEVE
68.4%, YA o] 17.3%, 7l=2UolEV} 10.8%, ~WElC|E7} 34%= YERGT vl
w2 Fojo e dgpolEV) 64.1%, YA o] 209%, 7hEEUolETE 12.6%, 29
Elo] E7} 24% 2 ERdT

=
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ARAQ9C St13
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Fig. 44. Downcore profiles of the IRD contents (%), Kaolinite/Illite ratio, Quartz/Feldspar
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ST13 cores.
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o, s el o] ArH(Naidu
and Mowatt, 1983; Wahsner et al., 1999; Darby et al., 2011; Fagel et al., 2014).
=9 ®7led AME=SEd WA g3 2ol WAde F 7jdA F skl
Avet 55 Txo HadERAH S A4 18%, &4 9%, WA 22.9%c°]m, At
g 5T 2E 5 ddzgus A HEJERAL dPolE 529%, HUA
12.9%, 7t=2UolE 19%, ~WElolE 151% % YEFG T (Darby et al, 2011). 74
O TEE =& AQA8A Ao wlg =2 WA g B dYolE FEY hE
g Lpo] E/5 A v 7} wlfg- & Aot
HYEs R #FdH= HAA 24 HAESY HAFSFZHES A9 462%, &4
9.9%, WA 14.6%°M, HEZERGL detolE 65%, FUA 125%, 7h&E] Lol
E 17%, ~9ElelE 55% % YERdtH(Silverberg, 1972; Naidu et al, 1982; Naidu
and Mowatt, 1983; Wahsner et al., 1999; Darby et al., 2011). @1 7} B A &5
g = AYG/FA v9l =2 FhEE Vel E/ YA HE JFRIT
sAH o2 FdEeE QYrIEgE Ao A FE A A 28% A
21.7%, WA 02% o, AEFE2AS deolEx 71%, 5YA 21%, 7F=2v
°o|E 5%, ZHWElo|E 3%olt}. & & Adglo] EV}F 59%. w14
A 27%, FhEElUoelE 9%, ~HElo]E 59%0]th(Silverberg, 1972; Naidu et al.,
1982; Naidu and Mowatt, 1983; Wahsner et al., 1999; Darby et al., 2011). & A]
gopal = FdH = AEE S A9/ ve 2 gyl E/5 YA 1
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& 7HA = Aol 5A ot

=
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Fig. 45. Binary plot of (K / Ch) * 100 and Illite (%), and Q / Fd ratio and Dolomite (%) by
unit.: Values of potential provenance sediments comprising the bulk minerals and clay minerals
are plotted for comparison(Silverberg et al., 1972; Naidu et al., 1982; Naidu and Mowatt, 1983;
Wahsner, 1999; Darby et al., 2011). (K; Kaolinite, Ch; Chlorite, Q; Quartz, Fd; Feldspar, KR;
Kolyma River, IR; Indigirka River, MR; Mackenzie River, CA; Canad Archipelago)
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o

= A B AHEol FE o]EtH(Darby et al, 1997; 2006; Polyak et al., 2004;
2009; Mckay et al, 2008; Adler et al, 2009, Stein et al., 2010; Polyak and
Jakobsson, 2011; Park et al., 2017). o]&3t A5 A E ofgh vtFE9f AW =
of BEHE] 543 vlustd F4 1, 2, 32 22 19 7], W 7], W)l Ag-&s)
= AE AT F Jow, HAs AL FH o HAE A+ Aot AFA
=t 71(LGM, Last Glacial

)
So7lel g 2e FA 5 9

&
N

A sAdstd, T3 1 2, 32 A E2AL A5

o] vt e dREEC] =2 WYY HAES 34 A gAas o
= Al"8E A Eo|t}H(Darby et al., 1997; Polyak et al.,, 2004; Polyak et al., 2009;
Stein et al, 2010). % 32 WEAd=o] Fo] vl w2 AR 534 3
A EHAHzolr, o= W7 HAEe 5AY dAFH(Darby et al, 1997; Phillips
and Grantz, 2001; Polyak et al., 2004; Polyak et al., 2009; Stein et al., 2010; Park
et al, 2017). % 32 defolEst FA o] ko] o, Ay} Ao ko]
S yEhd g w22 detelEe AN 2 AHldol disEe SAcld
(Wahsner et al., 1999; Viscosi et al.,, 2003). 7} Yol E/5 UM -AZolE R &
B o JhEEdolE/s5YA M7 Wyt 584(43.3-1732), HefolEVE o
67.0(49.6-76.71)%= =elvt 7, AH7|27} A3t 7pko]l mAlEvH(Fig. 4). A9/
- Egel A Aed/AdA Bl7E Far 1.1(0.7-1.3), WA o] it 0.9(0-12.00% <21
g7127} 73 7hkel E=AlETH(Fig. 45). 7 EXE F3 Y 3 sAH ol

Aui7 2st B, Belviiel Jae w

=
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rlo
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W7o = ZalEto] = WAto] Aue HX AAZ o= glon, WAy o] A
58 Aol LM Andrews et al, 1995). 4 39 HAEE Fent F3 2
grlz7 Ao dFS v Ao® yeiuARt Wrle= o] ytopxar Fol
Aol F HAES FTuol THEY] Wit Fomiy AFAN FYS B/
ZloltH(Darby et al., 1997; Polyak et al., 2004; Polyak et al., 2009; Stein et al.,
2010). sAMlEotel] HE> F= FZgvh JAY7IEIF A dFES 2 o
2] 2] o) th(Kalinenko, 2001; Wahsner et al.,, 1999). S| #|g]o}ls] th&5HE<o g2
A7 AFAFom FAHY] A= dFee] A"E dxA7E AFFeAY vt
ol oa FdEo] sile]l A= o] afyoel FHRE o] olFstAY, AN
A7F sl 938l olsdte] F9E & JrHCampbell and Collin, 1958; Reimnitz et
al., 1992; Dethleff et al., 1993). weta] 7| sA Hgotsl] tfFao EH2AHE A4
2 HAEo] AeHo] sl FARHAY il o8] olEenom, AFA el
AR Aoz ke vh(Fig. 46a).

Mo

o] sty 7|$7F 2ddtets X7 = Wy WAl FEE X
A E] E Ao wolzxlth(Phillips and Grantz, 2001; Stocker, 2014). 4% 2%
A HE o] o YA AN HAEZ HYY] HAEZ Az7tEv(Fig, 2
3; Phillips and Grantz, 2001). 4 29 HAEL 2 FYld H|steo] =& 7124
LolE, WA A s HRIt S UolE/5UA-dEolE ExE B

Y29 HAES JheguolE/5UA HIZE Wit 1002 (49.4-364.1), detel
b Wit 613 (45986902 Tk 2, ATy|2sl 7, WAAR, AT P
T EAE EE 71 2A @A =AEtH(Fig. 45). A9/ - =R
Ad/AA vl7E Hat 1.74 (09-39), Bl H 19 (0.1-59=2 HEFE v

L
v g 1945 FFL e Ao

]

o

o o]l BE VA AA WA =A
1 21} (Fig. 46).

MEFs A EHAE o] e WA syt FFeo Y g AFow
HE Zdlglol= WAl o8 FE FHENoH, Holuelgl 7] AAAEA
A}F8-¥ tH(Okuitch, 1991; Phillips and grantz, 2001; Stokes et al, 2005; Harrison et
al., 2008; Polyak et al., 2009; Dong et al, 2017). 4 </&4] v &% 7|y} 5o
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o] wj-g- 7] wiel
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ko)

ol thEsl vbehut

1

Tt 64.8 (59.0-70.7) =

:
3

o
[e;
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3
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212} o]
2ol 7}

A3} 7Pkl = HTHFig. 45).
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7] ipo] /5
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2 Roln,

SAH oo elYr|E27 #AI At
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Unit 3
Glacial Period

mp Sea Ice, Current
[—>Sea Ice, Iceberg

Unit 2
Deglacial Period

mp Sea Ice, Current
[—>Sea Ice, Iceberg

Unit 1
nterglacial Period

Fig. 46. Schematic reconstruction of environments in the Chukchi Sea and factors

controlling sedimentation at the Araon mound (white circle). (a) glacial inputs; (b)
deglacial inputs; (c) interglacial inputs. (Black arrow; sea ice and current input, White

arrow; iceberg input, Gray arrow; sea ice input)
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AFA QA At el el f9E » dAW HeARL AR o)

W AYE olFsty] dE7] "ol siolvt Aty #e H

o
o
=
lo
ol
o)
l-llj
o
1A
it}

= At (Kuijpers et al, 2014). stAWF Ay 55 F2o] ZHElo]l= WAL oF
7-8dd A 7] wiEel VIR Hol= FuUl 1 A7l Wakel o gk frdol
35 Ao ® HOtHAndrews et al, 1995). wetA, §49 19 HZHEoA yEh}E
e o UL 2ol WA o] Wako] opd s o -yt
AS Aoz HOtH(Fig. 46¢; Andrews et al., 1995; Tantillo et al., 2012; Kuijpers
et al.,, 2014; Park et al., 2017).
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4. ¥ 79 E & (Beaufort Sea) 3% HAE
7F o] HAE

20139 =3 ARA0AB ®AF ¢t BRI EF O v AS BAE Fd FA
740mel A 37, 282me}t 420mell Al 17§14 ¢ A FH3HAHMud Volcano, MV)e] 7
Row, 7} AFSELS FAd wE MV o]Fo] HoEATE 420 MVAA &=
ROV (remoted operated vehicle) §AME E3l sIAZFHE g WEs AAZ &
Q&+ tH(Paull et al., 2015). B3k 2017 F3E ARAOSC HAAlA] 420 MV el
g AFEALE AR oH, MV A&l we W&y e s et
(Jin et al., 2018).

=

135.34W  135.33W  135.32W
i
=)
pd
e
- 450 442 435 427 420 412
£ |B) Topography (m)

Fig. 47. A) Map showing the locations of sediment core and rivers. Modified from Stabeno et
al. (1995). B) 420 mud volcano in Beaufort Sea. The thick arrow represents Beaufort Gyre, the

narrow arrow represents Alaska coastal current, and the dashed arrows represent Mackenzie River

plume.
B oA A3 Alme 20179 8¥ 26¥HEH 9¥Y 16Y7HA S A A4 AHA
ofg}>3 & ]3] Arctic Expedition ARAOIC ®Aol A AFE Aoz F 8719

ko
W2~ 50](Box Core; BO)ZHE 187719 HAIEE AL o] HAELS 1By
Ed] WAX] 55 e WA &3t 37 2ol (ST02, ST03, ST04), 420
MV We] 470 30](ST15, ST16, ST17, STI8) 18]aL 420 MV T3¢ H|ul 9]
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(ST2D)® FRHET WAL Fo]5e ST02, STO3, STO4s=0 = o
B Wol A rh(Fig. 47). 420 MV :o}E& STI57F 420 MV FAlel 7bga STIS
°] 420 MV F4elA 7pd ek W o] ST21E 420 MVete] wmE 98 9
2o BAG FAolA A HAKFig. 47). DEFZEAL wazolE | em

o7 A 18T FAE F 97 FARE o] &3

s
L
o
lo
il
z

U HERE =

o,

olE, UM Il o] E, ~HElo]E FoR

575 %olA 66.0 %7bA EFFE o] dom At 615 %olvh xUAL 14,
217 %2 it 182 %olH, 7t ol Ex 138 %olA 187 %7HA EgE o o
W, Hit 16.8 %olth. ~HElo|E= 1.5 %ol 65 %7HA EgE ™ Hit 3.6 %otk
(Table 16).

420 MVe] 478 o|(ST15, ST16, ST17, STI18)e] HEHE Fake deto|Ev}
7B wow O tggoR FhgEuelE HuyMo] Wi sHEloEx s A,
olglol Bl Bt 540 %(49.3-57.7 %), Jr&E ol EE HiF 199 %(17.7-22.1 %),
UM L P 191 %(16.7-22.0 %) otk AHElo]EE 34 %ollA 92 %2 WS
ZHAY Hat 7.1 %o|H(Table 16).

vl 5o} H AL HEZFEIGZFE WAA G o] dfo]lE, KUY &t
o|E, ~dEo|EY] FAR it dtolEfE 530 %olA 623 %2 Hit 56.7
%, HUAL 168 %ol A 240 %= Hit 208 %, 7t UolEE 180 %olA 207
%% Wit 189 %oln AWElO|ExE 22 %dA 54 %= W 3.6 %c]tHTable
16).

420 MV e} vlal ol depolE A Jh&E|vo|Ee] e A9 HEHA|
ul ~wElol E 9] e 420 MVYF Blal Fojed Hlmalke] oF 2u] =ul. L3k 420
MVe] HEZFETFS WX 37 4 W mUAME v ghEE Ul EE

A
31 %, Z2¥EolEx 35 % oW, detolEx 75 % SrthH(Table 16).

A

_82_



Table 16. Average clay mineral compositions (%) of study area

Station n Mlite Chlorite  Kaolinite Smectite
St02 11 62.0 18.9 16.4 2.7
Mackenzie trough St03 13 61.9 17.4 16.6 4.1
St04 11 60.5 18.3 17.2 4.0
St15 12 54.9 19.3 20.0 5.8
290 mud volcano St16 12 54.8 18.4 19.4 7.4
St17 13 54.0 19.1 19.8 7.1
St18 13 52.2 19.4 20.4 8.1
Reference core St21 12 56.7 20.8 20.8 3.6

A
]

M

. 9%

HAE 0]

M

(o]
jinss
1=}

= 24 Ay, xS HAge] 294 HAE2 00 %A
6.0 %= H¥t 11 %, 2EE 120 %A 304 %= Bt 202 %, FE= 679 %l
A 876 %= Wit 787 %olty. WMAA GG A ke ST029] =HE HAELS
Bt 11 %, HES 240 %, FES 749 %olth. ST03S =HH HAE 1.2 %, 4
E 224 %, AE 764 %olW, WA TFolA 7 de] 1A% ST04= =HZE H A

==
1.0 %, AE 145 %, FE 845 %oltf. WMAXZFOZRE Ho]AF =

= qee] ¢
< Fasta HES 42 TUHE 29E HAES 1 B2 S Agd u
2 gt Wst= glti(Table 17, Fig. 48a).

420 MV 2904 HAELS 28 %A 90 %= Hyt 45 %, DEE 262 %A
31.8 %% Wi 296 %, HEE 61.3 %olA 709 %= Fi 658 %olH, 43
WMol elw ztol= A ¢tHTable 17, Fig. 3a). H]lal FolE= ¢4 HAEZS
0.1 %A 06 %= it 03 %, DEE 169 %A 206 %= Hit 187 %, AEE
79.2 %14 83.0 %= Hit 81.0 %°]tH(Table 17).

ol



48a). W1l o= YA HAEOl &% EAsta dEC] o Ik vol, 420 MV

¢} AFo]7b ltH(Table 17).

Table 17. Average grain size contents (%) of study area

Station n Sand Silt Clay
St02 10 1.1 24.0 74.9
Mackenzie trough St03 13 1.2 22.4 76.4
St04 11 1.0 14.5 84.5
St15 12 4.5 30.0 65.5
St16 12 5.2 30.5 64.2
420 mud volcano
St17 11 4.3 30.1 65.6
St18 12 4.1 28.0 67.9
Reference core St21 12 0.3 18.7 81.0

stst= A dvebdid. 5 WX Aol Ad 7k STO2HE STO03, ST04 <=2
=

Az AEO e 7+Aast= uhd HE g2 =713t (Table 16).

2 &gt AU sEWA a2t Aol HAEo] WalARoR FdE
% 9Jt}(Stabeno et al., 1995). WA E X Z o] 7|UdXE Lol 7] 9o KT
EdE FdHe A4 HAEEY FAEFE SAS a1 dth detolEx syt
of MAA A A 64 %NA 66 %o TS 7HAY. dE =Tt AP AANA 82 %E

M = s HAH G2k Uw Al BEL 46 %ol A 58 % WAl X 7 E. ok
v 3hS 7F-tH(Table 18, Naidu and Mowatt, 1983). R E3] WA 22w Elo]

Ev A3d A9H Aols HTh 2 AL oF 30 %2 M e s

&

9. F9%, AP AE MRS 5o BoeAs gdel 10 %oldw 4@ =

A} 3k} (Table 18, Naidu and Mowatt, 1983).
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ST16 420 Mud Volcano
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ST21—Reference Core
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Fig. 48. (A) Ternary diagram of sand, silt, clay. (B) Vertical variations of grain size contents of

core STO4, ST18, ST21.
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CABATH(Fig. 49). W AA] =] Hit A

it 4 %= AP ASA WA} dEGE kel 7P =4 8o (Fig.

o

m
R
il
o,
oo
o
M
&
[
il

2o R 4 dvk(Fig. 50). WAA T HAELS (~
HElo] E/ATolE) B7F it 6 (2-10)0]3L, (FFEE Ul E/5UA]) A

(81-105)°lt}. WAA G (=HEle|E/U el E), (FhE&ettol E/51A)e] H7b 7}
9, 879 & 7HAH, WA o] W] <te] =AETH(Fig. 50). 1y, Ab7pulu A
545 (e E/dEolE) H7E 172 Wz =] 2-109] Meut 3, Fh&
guolE/5UA) vl 6002 WA o] 81-105¢] HeRT v s 7HA] W
ol WA =] HAEIdE Ao]lE HItHFig. 50). wekA, WA e HAEE

rlr
o,
4
<o)
w

=

ar
HES] A% e 9FS S & Adu(Stabeno et al, 1995). 18y, HEZ =
54 BeS df HHES] AFo FEHe 2w Wax e 7Hg v szsit o

F HA% Lwwst g WE el s

Ho
o
=
23
N,
o
rlo
i
&
[m
:<I>L_41
i
o
inSs
i
rlr
o
il

2

HH(Table. 17, Fig. 48a). ©l+= 7 st-2FE HojAHA =HE EHAEo]
Aaeta, Add HH48e goldt Ak HARe 543 dX@HOlariu and

Bhattacharya, 2006).
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Table 18. Average clay mineral compositions (%) of major river supplying clays to the Beaufort

Sea
River n lllite Chlorite Kaolinite Smectite Reference
West Kobuk 2 66 27 3 4
of Noatak 2 66 34 0 0
Yukon 6 41 26 12 21 )
Alaska  Kouskokwim 12 60 35 5 o  Naduand
North Colville 20 46 19 9 26 Mowatt
of Kupafuk 10 47 22 15 16 (1983)
Sagavanirktok 10 58 20 12 1
Alaska Canning 6 82 15 3 0
Canada Mackenzie 7 66 15 13 6
vl 420 MV

2~dElo]E o2 Aol7k QIti(Table 16). H3F 420 MVyE &
%A 10 %= Hla Fole] 2 %ol 5 %%t frFor o,
3 %& Wlal Fojrrtl Erh(Table 16). 2Hd HAE HAE HE FaFe ZFH
Bl 50cmZ7bA] A9 dAe AFS oAy WAz o] A5 ol uet Y=
7F W goH(Fig. 48Db).

420 MVelA S/1x1009] Hli= Fit 13(6-16), (FHEElvelE/5UA)e] nlE Hit
105(89-113)9] & 7HA4, B ES R FYH= ZE &, WA G (=HEe|E/d e}
o|E @ 9, ZhEEuol B/ YA 1 87l 7 bt Wb, vlal so)E 420 MV 9
zugto] E/dgto]l E9L Fh&E|tte] E/5 YA uwle] FxvE e vh(Fig. 50). 420

Q]
MVE JESE 3, AeolE dgon AedtolES Bol ¥

RAEde FdHU= & T 7hSgyHelEr sYARY B IS Holx 7ol
$1tH(Table 17, Naidu and Mowatt, 1983).

Hl ol Fol= 420 MV F-2o 91X skA 9k Fig. 5004 A E3dE ghako] wizlx]=;
o] Axte} FAFS L ol WA FoRREH FEE HAEEC Hlnl o7t §X

ol
@ WX fEE A dFL nAn Qe ovar. A= FaHE WA
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1 (Gamboa et al., 2017). webA, vl o]

)

el

420 MVeld = =64 HAE ool Hv 5 %= v

=]
-

ki3

}-0E A & (Ice Rafted Debris), MVel] ¢

S

y

3 ¥,
ATHClark and Hanson, 1983; Yassir, 1989; Baumann et al, 1995;

Hebbeln et al., 1998; Spilhagen et al., 2004).
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Fig. 49. Ternary diagram of major clay mineral groups, illite, kaolinite, smectite. Data

regarding the potential source sediments comprising the major river supplying clays to the

Beaufort Sea. (Naidu and mowatt, 1983) are plotted for comparison.
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Fig. 50. Discrimination plot between smectite/illite ratio and kaolinite/chlorite ratio.
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5 wWE sto]l=golES} A Aol AwA
7}. XRD #4

4 }
EAQte] AdwbAl g AgRolm FE Fke] 93] P, A3)M, A T
5 Sasgadol A 2kE ¥tk (Anthony and John W. et
al., 2003).

Nie wg sto]l=dolE gt AgelM AEdd d714d &3¢ HH=ol
A BAFer, B AFAES] #AES wa 9lti(Sassen et al, 2004, Wang et
al., 2004; Chen et al., 2007; Larrasoana et al.,, 2007; Pierre et al., 2012; Kocherla,
2013; Pierre et al, 2014; Novikova et al., 2015; Lin et al, 2016a; Lin et al.,
2016b; Pierre, 2017; Liu et al, 2019). Hydrate ridge?} 33 =3 5ol g &o]
=dolegt A Marp HHEw wWgy Aae) A wWAYFol dgE sk
Aarel 7192 o3 Aol M #Alol AT, dAe ofH2 M HE3 AN
7] &4 ARolA F3tEe AEtE S EAY vhsdel w=ua Rasiild
(Larrasoana et al., 2007, Pierre et al., 2012; Kocherla, 2013; Pierre et al., 2014,

o]

B

Lin et al.,, 2016a; Lin et al., 2016b; Pierre, 2017).
55 wE stol=golEVE A&EAoR dAERow Ay W wE ddy
El W #AS whar o (Paull et al, 2015, Hong et al., 2017; Kim et al.,
A Wel wE stol=do]E sfgol oaf TAst= WeS thrl2 UEy
w At Zdste] ¥ gEs 713 wE gto]l=YolEY] EAlE AN FE
oA ZEAE GAAN, Ak BE, A Fol AHEE F At (Wang et al, 2004
Pierre and Bayon 2014; Lin et al., 2016). 3}A| %+ W&t slo] =g o] EV} A &4 02
A= S5 wg sto]l=golESt Ay FESHA dAqte RHAEA &
t}.
A5 up= Fol9] Unit 138 Unit 29014 =4 Yebdal Unit 3004 #ast
o AR AfEF o A = YEFUA] eEEth B 420 MV Zoj oAk A = A gk
HHE F55 ojolr= HEA ge=th XRD 4] 28 ZoA g W& Ao

g
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IomlulE Ao 2ke] Apo] & 11.65°200 4 APk M vaE #EE ¢ Qlvk(Fig.
58).

TOPASE o] &3 A= #4 23, ARA vhE=dA e Aae] 3
A9 %R FAEAJT 420 MVelA = oF 1 %R g v o] #nk XRD
slAdol A Aol Fart ByebA yelEth(Fig. 58). 2322 ARA vh=9}
420MV el EAFA = 7E ZolEde HdEA vt EAgteE s 4 7 A

=S

ol
o
=
—
X
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Fig. 51. Typical XRD patterns of ARA07C-St13 (ARA Mound), ARA09C-St13 (Chukchi Slope),
ARAO08C-St15 (420 MV), ARAO8C-St21 (Beaufort Shelf), showing major bulk mineral species.
Gypsum peak of 11.65 26 degree exists in the XRD analysis results of ARA mound and 420
MV.
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2
WAMG o2 Ayt 7 7FA FH B o] ZfRtstar &ZNH
A3HA YERdTl Rhombic & Bl SO3/Ca0O ¥ 7F Hat 1.6°]9, Clusters of bladed
FHl= SO3/Ca0 H]7F Hit 1602 A (Table 19).

o
o
[y
o
g
o
ftl

Table 19. Contnets of SOz, CaO and SO3/CaO ratio

Shape SO3 CaO S03/Ca0
2.1 1.6 1.3
4.5 2.5 1.8
Bladed
3.7 2.4 1.6
5.3 3.1 1.7
Bladed-Average 8=9 2.4 1.6
3.0 1.9 1.5
3.6 A, 1.7
3.6 2.3 1.6
4.0 2.4 1.7
3.9 2.3 1.7
2.8 1.9 1.5
Rhombic
3.3 1.9 1.7
4.9 2.8 1.8
5.2 2.9 1.8
0.9 0.8 1.2
4.6 2.6 1.7
4.0 2.5 1.6
Rhombic-Average 3.6 2.2 1.6
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Fig. 52. SEM photographs of ARAOQ7C St13 sediments. (a) gypsum and clastic minerals (b), ©

rhombic gypsum (d), (e), (f) cluster of bladed gypsum.

ek @ 4 It (Lin et al, 2016, Liu et al, 2019). & Ao+ & 994 &

Heo Systa AAR, J1F LolED vnE Fi Huel /U Fopuud @
o},

Aol astth Aun H=5 Lol f1XskE dEetelM L 4 (Axel Heiberg
Island)®] F4 &(Gypsum Hil)& F3A tlolo] 3] Z(evaporitic diapir)o]™, F=
Mz A=l dth(Pollard et al, 2009). ofeh& wh=¢k 420 MV ] Aaw )
A3 Tt Ul E 5o v H5 71de FEE I f4E 7 ds A2

B2E 5 gk b2 Jgony B39 syl 4w Huzt 34

o Hu

F =53} wuAnw W, Ny, ALetele o Edsst fAeT /)4

o] ZA M ¥= W Hue VE ZoEdAME UdEuA Fed. B FARA
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o= AR Sl MM BB 5AH MR Fo| FHL wolX B
3}

T2 B3 21 2 5 AdkLiu et al, 2019). AT BE A 8T Y

HAHa Sd IS A8 AgEglar, sofe] A9 Alme] A
FHE ZHolol wel EA FF7F dE27] wiel AR A AANAM HHd"E AL of

G B Aol #aAsE Hu dAES v sfol=olEr) @
A¥E ARA whEE=9b 420 MV A RE AR B2 wgh sfo]=go]Eo] feb 4]
o] Aol #EE Ao e

g A4 A @4 94

g stol=dlo|E &AM Mart AAHow FAE = AL T, SHH
&, A AR FA okx gt Qo] WEwh AT FolA R Atk (Sassen et
al.,, 2004, Wang et al., 2004, Larrasoana et al., 2007, Pierre et al., 2012, Kocherla
2013, Pierre et al., 2014, Lin et al., 2016, Pierre, 2017). 3] 3t o)A Ala1 3 A o]
7bedt gy FAd o9 792 st b dubAQl & o] (Hoareau et
al, 2011). 8= AbAlel M a7 23E A= GARE HAEe] 5 el it
de s T/ F AhLin et al, 2016). g FAHNA 7E A= &
2 W gk A o] gl (Sulfate-Methane Transition Zone; SMTZ) ol A He| 2] oo 2] 3]
BdE Fsbrart Aol wbgste] FH Mol AdEd. FHEA2 v AkstEE
A AR ool TR FEET. AN Ast RN FETH 22 AE
719 ghakdo]l GajEA Zgol FEEtHLin et al, 2016). Zg o9 FTEe
Hgt stol=golEVE FAEWA o] wjAl &de] o) F7FE 4 Avk(Ussler
and Paull, 1995). ion exclusion &3}l 23] F713 Zg ol wko 23] wes)
o= olE SHAH A AAM 7L FAH F F UdTtHWang et al, 2004, Lin et al,
2016). 71E A7ES gE2A & ATelME EPMA &4 23 FE A o] wiEA

Lo

grgkth. XRD ¥4 A3 w3 334 9)art 2aEA) e
g sfol=glolEVt FA WA o] ulAl el o) Fe ol TRt F
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