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보고서 초록

위탁연구과제명 북극해 해저자원의 광물학적 특성 연구

위탁연구책임자 조 현 구
해당단계 

참여연구원수
해당단계 
연구비

연구기관명 및
소속부서명

경상대학교 지질과학과 참여기업명

국제공동연구 상대국명 상대국연구기관명 

요약 연구결과를 중심으로 개조식 자이내
보고서
면수

목적

북극 망간단괴의 특성과 형성과정을 규명

해저자원 탐사를 위한 기초자료로서 퇴적물의 광물학적 특성을 파악

결과

동시베리아해 망간단괴는 수심 내외의 얕은 대륙붕에서 주로 이하의 구형으로 산출됨

망간단괴는 토도로카이트 버네사이트 부서라이트 버나다이트 등 산화망간광물과 석영 장석 등 규산염광

물로 구성됨

동시베리아해 망간단괴는 가 매우 높으며 주로 속성기원에 의해 형성된 것으로 판단됨

탐사 해역의 광물 조성은 석영 장석 휘석 각섬석 운모류 점토광물로 구성됨 점토광물은 일라이트가

녹니석 카올리나이트 스멕타이트 순으로 풍부함

일부 퇴적물에서 자생 석고가 확인되며 이는 메탄 하이드레이트의 해리에 의해 형성된 것으로 판단됨

활용계획

과학기술 및 산업계에서 북극의 망간단괴 및 고해양환경 변화 연구에 활용

북극해 해양자원 개발과 관련된 국가 정책 결정에 과학적 기초자료 제공

색  인  어
각 개 이상

한  글 북극해 동시베리아해 척치해 망간단괴 광물 조성

영  어
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요   약   문

제    목Ⅰ

북극해 해저자원의 광물학적 특성 연구

연구개발의 목적 및 필요성Ⅱ

북극 동시베리아해의 망간단괴 탐사를 통해 북극 망간단괴 부존 지역을 새롭

게 발견하고 북극 망간단괴의 특성과 형성과정을 규명

북극해 해저자원 탐사를 위한 기초자료 획득을 위해 해양 퇴적물의 광물학적 

특성을 파악 코어 퇴적물 내 광물 조성 변화를 통해 퇴적물의 기원지 및 고환

경 변화를 추적

연구개발의 내용 및 범위Ⅲ

동시베리아해에서 새로운 망간단괴 부존 지역을 발견하고 개 정점에서 천여

개의 망간단괴를 획득함 망간단괴에 대한 광물학적 지화학적 분석을 실시하

여 동시베리아해 망간단괴의 특성과 형성과정을 규명

동시베리아해 척치해 보퍼트해 탐사를 통해 개의 정점에서 코어 퇴적물을 

확보함 벌크 퇴적물 점토 분리 퇴적물 및 빙설쇄설물의 광물 조성을 분석하

여 연구지역 전반의 광물 조성을 알아봄

코어 퇴적물 내 광물 조성 변화를 분석하여 마지막 최대 빙하기 이후 퇴적물

의 기원지 변화를 추적하고 고환경 변화를 해석함

연구개발결과Ⅳ

동시베리아해 망간단괴는 수심 내외의 얕은 대륙붕에서 주로 이
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하의 구형으로 산출된다 망간단괴의 광물 조성은 토도로카이트 버네사이트

부서라이트 버나다이트 등 산화망간광물과 석영 장석 등 규산염광물로 구성

된다 동시베리아해 망간단괴는 가 매우 높으며 주로 속성기원에 

의해 형성된 것으로 판단된다

동시베리아해 척치해 보퍼트해 해양 퇴적물은 주로 석영 장석 휘석 각섬석

운모류 점토광물들로 구성된다 점토광물은 일반적으로 일라이트가 가장 풍부

하며 녹니석 카올리나이트 스멕타이트 순으로 구성된다 일부 퇴적물들에서

는 자생 석고가 확인되었으며 이들은 메탄 하이드레이트의 해리에 의해 형성

된 것으로 판단된다

척치해와 동시베리아해 퇴적물의 퇴적 시기는 유닛 마지막 최대 빙하기

유닛 퇴빙기 유닛 간빙기 로 구분되었다 유닛 퇴적물은 동시베리아

해로 유입되는 콜리마 강과 인디기르카 강 퇴적물들이 해빙이나 해류에 의해 

유입된 것으로 보인다 유닛 퇴적물은 콜리마 강 인디기르카 강 보퍼트해로 

유입되는 맥켄지강과 캐나다 군도로부터 함께 공급된 것으로 보이며 로렌타이

드 빙상의 융해에 의하여 다량의 빙운쇄설물들이 유입되었다 유닛 의 경우

세립질 퇴적물들은 캐나다 북부와 동시베리아해로부터 해빙과 해류에 의해 공

급되었으며 조립질 퇴적물들은 캐나다 군도로부터 해빙에 의해 유입된 것으로 

여겨진다

연구개발결과의 활용계획Ⅴ

과학기술 분야 활용

북극 망간단괴 및 고해양환경 변화 연구에 활용○ 

산업계 활용

북극해 해양자원 개발에 중요한 기초자료로 활용○ 

국가정책 결정에 활용

북극해 해양자원 개발과 관련된 국가 정책 결정에 과학적 기초자료 제공○ 
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영 문 요 약 문

I.  Title

 

Mineralogical characteristics for Arctic submarine resources

II.  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  

2. 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 

III.  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.

2. 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 

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

investigating the changes in the sediment provenance after the last 
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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

Used for research on the Arctic manganese nodule and ○ 

paleo-envrionment change in the Arctic
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2. Use in the areas of industry

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

Provide scientific basic data for national policy related to the ○ 

development of marine resources in the Arctic Ocean
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2013 ARA03B 

, . 1980

. 1994 -

(CCZ) 150,000 km2 , 2002 75,000 km2

(MOMAF, 2003). 90 ~2000

(Lee et al., 1995; Choi et al., 2002)(Fig. 1), 

, , .

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)



- 15 -

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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Fig. 5. Location map of core site during the ARA07C Expedition
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Fig. 6. Location map of core site during the ARA08C 

Expedition

Fig. 7. Location map of core site during the ARA09C Expedition
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Fig. 8. SBP data of ARAON Mound structure

Fig. 9. Location map of core site during the ARA10C Expedition
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Fig. 10. Dredge sampling during the ARA09C Expedition
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Fig. 11. Sediment coring by box corer (BC) during the ARA09C

Fig. 12. Manganese nodule acquired during the ARA07C Expedition
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Fig. 13. Manganese nodule acquired from the site ARA09C-St38

Fig. 14. Manganese nodule acquired from the site ARA09C-St39

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

Fig. 17. Manganese nodule acquired from the site ARA09C-St42

Fig. 18. Manganese nodule acquired from the site ARA09C-St43
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Study
Area

Expedition
Site

Location
Water 

depth (m)

N of
Mn 

nodules
Remarks

Latitude Longitude

East 
Siberian 

Sea

ARA07C-St01 75.3563 N˚ 173.7641 E˚ 185 11 dredge 

ARA09C-St38 75.3563 N˚ 173.7641 E˚ 196 410 dredge

ARA09C-St39 75.4146 N˚ 173.2346 E˚ 194 257 dredge

ARA09C-St40 75.5066 N˚ 173.9313 E˚ 215 334 dredge

ARA09C-St41 75.2219 N˚ 173.5572 E˚ 184 162 dredge

ARA09C-St42 75.3158 N˚ 174.3064 E˚ 204 961 dredge

ARA09C-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 1. Information for the site acquired manganese nodules

Study
Area

Expedition
Site

Location
Water 

depth (m)
Length 

(cm)
Remarks

Latitude Longitude

East 
Siberian 

Sea

ARA10C-St16 75.3052 N˚ 174.2936 W˚ 203
(BC) 31

(GC) 285
Mn 

nodule

ARA10C-St41 75.1250 N˚ 176.3405 W˚ 203 (BC) 32
Mn 

nodule

Table 2. Information for the site acquired core sediment containing manganese nodules
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Fig. 19. Sediment coring by a gravity corer (GC) during ARA09C Expedition

Study
Area

Site
Location

Water 
depth (m)

Length 
(cm)

Remarks
Latitude Longitude

East 
Siberian 

Sea

ARA07C-St02B 76.7463 N ˚ 174.3203 E˚ 648
(BC) 32

(GC) 345 

ARA07C-St03 76.1074 N˚ 172.6548 E˚ 308 (GC) 378

ARA07C-St05 74.7589 N˚ 170.4555 E˚ 60 (GC) 139.5

ARA07C-St07 73.8146 N˚ 169.1941 E˚ 44
(BC) 32

(GC) 136.5

Chukchi 
Sea

ARA07C-St13 75.6800 N˚ 169.7365 W˚ 610
(BC) 34

(GC) 235
Gas

hydrate

ARA07C-St14 75.7034 N˚ 169.7592 W˚ 635 (GC) 161
Gas

hydrate

Table 3. Site information for sediment core during the ARA07C
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Study
Area

Expedition
Site

Location Water 
depth (m)

Length 
(cm)

Remarks
Latitude Longitude

Mackenzie 
Trough

ARA08C-St02 69.3388 N˚ 138.2060 W˚ 38 (BC) 42

ARA08C-St03 69.6984 N˚ 138.3286 W˚ 140 (BC) 50

ARA08C-St04 70.2180 N˚ 139.0204 W˚ 407 (BC) 41.5

420MV

ARA08C-St15 70.7910 N˚ 135.5646 W˚ 420 (BC) 46

ARA08C-St16 70.7916 N˚ 135.5595 W˚ 420 (BC) 48

ARA08C-St17 70.7918 N˚ 135.5519 W˚ 420 (BC) 46

ARA08C-St18 70.7896 N˚ 135.5598 W˚ 420 (BC) 52

420MV-
Control 

site
ARA08C-St21 70.7845 N˚ 135.5221 W˚ 420 (BC) 46

Table 4. Site information for sediment core during the ARA08C

Study
Area

Expedition
Site

Location
Water 

depth (m)
Length 

(cm)
Remarks

Latitude Longitude

East 
Siberian 

Sea

ARA09C-St03 75.9174 N˚ 170.3189 W˚ 820 475

ARA09C-St04 75.6797 N˚ 169.7388 W˚ 605
31
221

ARAON
Mound 06

ARA09C-St07 75.7116 N˚ 169.7931 W˚ 699 444
ARAON

Mound 01

ARA09C-St08 75.7397 N˚ 169.8545 W˚ 813 525.5

ARA09C-St12 75.6639 N˚ 169.7430 W˚ 588
33
260

ARAON
Mound 07

ARA09C-St13 75.6731 N˚ 169.7391 W˚ 615
38
434

Table 5. Site information for sediment core during the ARA09C
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Fig. 20. XRD patterns of untreated and dried (95 ) 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 ARA08C ST15-5 from the 420 MV, showing 

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

ethylene glycolated-gray line).

μ
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Fig. 22 Image of spherical nodules

Fig. 23 Image of non-spherical nodules
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Type

ARA03B
_ST25

ARA07C
_ST01

ARA09C
_ST38

ARA09C
_ST39

ARA09C
_ST40

n (%) n (%) n (%) n (%) n (%)

s1[S]r - 5 (41.7) 9 (2.5) 1 (0.5) 14 (4.3)

s2[S]r 26 (65.0) 5 (41.7) 273 (75.6) 133 (62.1) 291 (90.1)

s3[S]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)

s2[E]r - - 1 (0.3) - -

s3[E]r - - 1 (0.3) 11 (5.1) -

m[E]r - - 8 (2.2) 1 (0.5) -

l[E]r - - - 1 (0.5) -

s2[T]r - - - 3 (1.4) 2 (0.6)

s3[T]r - - - 6 (2.8) 2 (0.6)

m[T]r - - 9 (2.5) 9 (4.2) 1 (0.3)

l[T]r - - 3 (0.8) 2 (0.9) -

s2[I]r - - 1 (0.3) 7 (3.3) 2 (0.6)

s3[I]r - - 3 (0.8) 11 (5.1) 3 (0.9)

m[I]r - - - 1 (0.5) 1 (0.3)

s3[Tube]r - - - 2 (0.9) -

m[Tube]r - - - 1 (0.5) -

l[Tube]r - - - 1 (0.5) -

s3[P]r - - - 2 (0.9) -

Total 40 (100.0) 12 (100.0) 361 (100.0) 214 (100.0) 323 (100.0)

Table 7. Morphology of manganese nodule in the East Siberian Sea
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Type

ARA09C
_ST41

ARA09C
_ST42

ARA09C
_ST43

ARA10C
_ST16

Total

n (%) n (%) n (%) n (%) n (%)

s1[S]r 1 (1.2) 9 (1.0) 1 (0.7) 37 (48.7) 77 (3.6)

s2[S]r 55 (64.7) 736 (85.1) 119 (81.0) 27 (35.5) 1665 (78.4)

s3[S]r 1 (1.2) 115 (13.3) 17 (11.6) 12 (15.8) 240 (11.3)

m[S]r - - - - 3 (0.1)

s2[E]r - - - - 1 (0.0)

s3[E]r 6 (7.1) - - - 18 (0.8)

m[E]r 5 (5.9) 2 (0.2) 1 (0.7) - 17 (0.8)

l[E]r 1 (1.2) - 1 (0.7) - 3 (0.1)

s2[T]r - - - - 5 (0.2)

s3[T]r - - 1 (0.7) - 9 (0.4)

m[T]r 6 (7.1) - 4 (2.7) - 29 (1.4)

l[T]r 3 (3.5) - 3 (2.0) - 11 (0.5)

s2[I]r 1 (1.2) 2 (0.2) - - 13 (0.6)

s3[I]r 3 (3.5) 1 (0.1) - - 21 (1.0)

m[I]r - - - - 2 (0.1)

s3[Tube]r 2 (2.4) - - - 4 (0.2)

m[Tube]r 1 (1.2) - - - 2 (0.1)

l[Tube]r - - - - 1 (0.0)

s3[P]r - - - - 2 (0.1)

Total 85 (100.0) 865 (100.0) 147 (100.0) 76 (100.0) 2123 (100.0)

Table 8. Morphology of manganese nodule in the East Siberian Sea
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Fig. 24. Image for cross section of spherical manganese nodule

Fig. 25. Image for cross section of spherical manganese nodule using the microscope
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Fig. 26. Image for cross section of non-spherical manganese nodule

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.
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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 5.9 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

REEΣ ppm 88.8 103.0 99.0 116.9 90.9 89.4

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
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Seas
Elements (%)

Mn/Fe
Mn Fe Si Al Mg Ca Na K P

East 
Siberian 

Sea

Porous
structure

49.9 2.2 5.5 2.8 1.8 1.5 2.5 2.0 - 22.6

Layered
structure

47.8 2.4 3.8 1.6 1.1 1.2 1.8 1.3 - 19.9

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

Table 10. Chemical compositions of manganese nodules found in major nodule deposits
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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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Texture MnO FeO CoO CuO NiO SiO2 Al2O3 MgO Na2O K2O CaO TiO2

Cuspate
-globular

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

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

Columnar

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

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

Massive

55.06 2.15 0.01 0.09 0 9.38 3.46 3.01 1.49 1.82 2.81 0.1

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

Table 11. Electron microprobe analyses of variance in each microstructure
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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.
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Fig. 31 XRD patterns of untreated and heated (100 , 12 h) Mn nodule. Bir; 

birnessite, Bus; buserite, Pl; plagioclase, Qz; quartz, Ver; vernadite.
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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.
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Classification n
Mineral composition (%)

Todorokite Birnessite Buserite

Internal 
texture

Porous structure 43 12 47 40

Layered structure 20 22 43 35

Lamellae 
depth

Inner zone 12 34 33 33

Middle zone 27 15 42 43

Outer zone 15 10 62 28

Surface zone 9 2 47 51

Total 63 16 45 30

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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Fig. 34. Ternary diagram of Fe-Mn-(Cu+Ni+Co)×10 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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Fig. 35. Map showing the sample location during the ARA07C Expedition 
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Fig. 36. Map showing the major current in the Arctic Ocean

Station
Water Depth

(cm)
Core Depth

(cm)
Latitude Longitude

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

Table 13. Site information of gravity core during the ARA07C Expedition 
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Fig. 37. Core images acquired during the ARA07C Expedition
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Fig. 38. Vertical variation of grain size and clay minerals in core ARA07C-St02B
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Fig. 39. Vertical variation of grain size and clay minerals in core ARA07C-St13
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St02b                  St13                 St14

St03                  St05                 St07

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

 East siberian sea
Kolyma River 5 59 9 27

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  Mowatt(1983); M Wahsner(1999)　
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Fig. 41. Ternary diagram of smectite-illite-kaolinite for ARA07C-St03, St05, 

St07

Fig. 42. Ternary diagram of smectite-illite-kaolinite for ARA07C-St02b, St13, 

St14
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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.
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Core　 Unit n Qtz Ksp Pl Px Amp Bt Mus Il Kao Chl Dol Gyp Fe

ARA09C
-St13

1 5 20.5 4.1 13.2 0.3 0.7 0.2 9.9 38.2 6.8 5.0 1.0 0.0 0.1

2 14 29.3 4.4 11.0 0.3 0.5 0.1 9.3 29.8 7.4 4.8 3.0 0.0 0.1

3 24 22.5 4.9 15.8 0.2 0.6 1.1 4.9 35.6 6.8 6.3 1.2 0.0 0.2

Avg 43 24.7 4.7 13.9 0.2 0.6 0.7 6.9 33.8 7.0 5.6 1.8 0.0 0.1

ARA07C
-St13

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

3 9 18.1 4.6 13.6 0.5 0.6 1.3 9.9 37.6 6.4 4.9 0.3 1.9 0.2

Avg 22 21.5 5.5 12.3 0.6 0.6 1.9 8.5 32.8 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

Table 14. Average content of bulk mineral composition by unit
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Core Unit n Illite Chlorite Kaolinite Smectite

ARA07C
-St13

2 15 63.3 17.4 16.3 3.0

3 10 67.9 18.8 10.2 3.1

Avg 25 65.1 18.0 13.8 3.1

ARA09C
-St04

1 4 64.9 22.1 11.7 1.3

2 22 61.3 18.7 16.8 3.1

3 2 65.5 20.6 10.7 3.2

Avg 62.1 19.3 15.7 2.9

ARA09C
-St07

1 11 63.3 20.2 13.5 3.0

2 14 61.4 19.7 16.3 2.7

3 11 67.0 20.2 10.2 2.6

Avg 63.7 20.0 13.6 2.7

ARA09C
-St12

1 4 65.2 20.8 11.9 2.0

2 13 59.5 17.6 20.2 2.6

3 8 66.3 20.7 10.0 3.0

Avg 62.6 19.1 15.6 2.6

ARA09C
-St13

1 5 68.4 17.3 10.8 3.4

2 14 59.1 18.8 19.8 2.3

3 23 68.4 18.0 10.5 3.1

Avg 43 65.4 18.2 13.6 2.9

Table 15. Average content of relative clay mineral composition by unit (%)
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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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Fig. 44. Downcore profiles of the IRD contents (%), Kaolinite/Illite ratio, Quartz/Feldspar 

ratio, Dolomite contents (%), and Gypsum contents (%) for ARA09C ST13 and ARA07C 

ST13 cores.
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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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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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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. 
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　 Station n Illite Chlorite Kaolinite Smectite

Mackenzie trough

St02 11 62.0 18.9 16.4 2.7

St03 13 61.9 17.4 16.6 4.1

St04 11 60.5 18.3 17.2 4.0

420 mud volcano

St15 12 54.9 19.3 20.0 5.8

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

Table 16. Average clay mineral compositions (%) of study area
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　 Station n Sand Silt Clay

Mackenzie trough

St02 10 1.1 24.0 74.9

St03 13 1.2 22.4 76.4

St04 11 1.0 14.5 84.5

420 mud volcano

St15 12 4.5 30.0 65.5

St16 12 5.2 30.5 64.2

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

Table 17. Average  grain size contents (%) of study area
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Fig. 48. (A) Ternary diagram of sand, silt, clay. (B) Vertical variations of grain size contents of 

core ST04, ST18, ST21.
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River n Illite Chlorite Kaolinite Smectite Reference

West 

of 

Alaska

Kobuk 2 66 27 3 4

Naidu and 

Mowatt 

(1983)

Noatak 2 66 34 0 0

Yukon 6 41 26 12 21

Kouskokwim 12 60 35 5 0

North 

of 

Alaska

Colville 20 46 19 9 26

Kuparuk 10 47 22 15 16

Sagavanirktok 10 58 20 12 10

Canning 6 82 15 3 0

Canada Mackenzie 7 66 15 13 6

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

Sea



- 88 -



- 89 -

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.

Fig. 50. Discrimination plot between smectite/illite ratio and kaolinite/chlorite ratio. 
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θ

Fig. 51. Typical XRD patterns of ARA07C-St13 (ARA Mound), ARA09C-St13 (Chukchi Slope), 

ARA08C-St15 (420 MV), ARA08C-St21 (Beaufort Shelf), showing major bulk mineral species. 

Gypsum peak of 11.65 2 degree exists in the XRD analysis results of ARA mound and 420 θ

MV. 
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Shape SO3 CaO SO3/CaO

Bladed

2.1 1.6 1.3

4.5 2.5 1.8

3.7 2.4 1.6

5.3 3.1 1.7

Bladed-Average 3.9 2.4 1.6

Rhombic

3.0 1.9 1.5

3.6 2.2 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

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

Table 19. Contnets of SO3, CaO and SO3/CaO ratio
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Fig. 52. SEM photographs of ARA07C St13 sediments. (a) gypsum and clastic minerals (b), © 

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