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ABSTRACT : Manganese (Mn) nodules in the Arctic Sea have been founded in the Kara Sea and
Barents Sea, but mineral and chemical compositions have been rarely investigated. In this study,
mineralogical and geochemical characteristics of Mn nodules obtained during the Arctic Expedition
ARAOQ7C in northern East Siberian Sea were identified, and then genesis of Mn nodules were
estimated by using these characteristics. Main manganese oxide minerals constituting the manganese
nodule were buserite, birnessite, and vernadite. The Mn nodules generally represent radiated and
massive texture, and the layered texture was developed restrictively. The radiated texture, main feature
of the manganese nodule in the East Siberian Sea, is mainly composed of cuspate-globular
microstructure. Compared with the Mn nodules in Pacific and Indian Oceans, Mn nodules of the East
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Siberian Sea are abundant in Mn, but Fe is too scarce. There was no difference in the chemical
composition and microstructures between outer and inner part of nodule. Therefore, nodules are most
likely to have only one genesis during their growth, and all of nodules indicate the diagenetic in
Mn-Fe-(CutNi+Co)x10 ternary diagram. It is considered that the manganese nodules in the East
Siberian Sea are characterized by high Mn contents because manganese contents in the Arctic Ocean
were mainly resulted from river or coastal erosion and most of them are trapped in the Arctic Ocean.
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Fig. 1. Location of sampling site during the Arctic Expedition ARAO7C and Mn nodules from ARA07C_St01

in the East Siberian Sea.
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Fig. 2. XRD patterns of untreated and heated (100C,
12 h) Mn nodule. Bir; birnessite, Bus; buserite, Pl;
plagioclase, Qz; quartz, Ver; vernadite.
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Fig. 3. Microphotographs of textures in Mn nodules.
(a) radiated texture, (b) massive (inner) and layered
(outer) textures.
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Table 1. Important metal contents and Mn/Fe ratios for bulk manganese nodules from the East Siberian Sea
with Pacific Ocean and Indian Ocean for comparisons

East Siberian Sea (This study)

Pacific Ocean noudles Indian Ocean nodules

Elements #1 #1 (Wegorzewski and (Hein and
(outer rim) (inner layer) #3 #4  mean Kuhn, 2014) Koschinsky, 2014)
Mn (wWt%) 3454 3455 35.74 2856 3475 31.17 3322 309 24.40
Fe (wt%) 1.80 2.08 1.13 234 133 18 176 5.86 7.10
Mn/Fe 16.6 31.6 19.1 122 261 168 204 53 34
Co (ppm) 173 187 174 661 252 204 2752 1500 1100
Ni (ppm) 223 217 171 177 217 379 2307 13200 11000
Cu (ppm) 68 72 54 75 90 157 86 12100 10400
Zn (ppm) 315 221 203 224 250 540 2922 1500 1200
CotNi+Cu (ppm) 464 476 399 913 559 740 592 26800 22500
A oA BEEHFig. 3).
SAME ot oA AEHE WRITI Y] Az
22 718teta gejoll w2l Fd(columnar), #7&
(massive) E  F-7J(cuspate-globular) =2 ©

TR Fig. 4). 7
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Qo] wao] Mok 2ASL YEHoR ¥
R A-TARNE AdEAN THEAL
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westel 49 B4 T EE 259 0ok 49
g nolt zAg wAT, AyzAL A7t W4
A Welde Gele] 94 AFge] Fouk A
zrel AAol HEsih 94 Adyel WS BE

st HATE FEeE "olA dEHe Ate
TEEH R FEG oL, T 2F Aol T
o] TelalA] ¢ko} HA-FAo = I BE3Th
FEEAE T4 LRoAMT BEET
T FA-F umE g ek, o F4ldlA
SjFo g Z4E wAZ 2] AA Az
T Az me JdzH o o]ofUtkFig.
4a, b). HFxHE AP F2 FEEH,
Z7F YA A vl EfEshFig. 4d).
FExAe g FAE T 7 U um-F
mmZ WEIh H- PR AFAH w©y
dA 7P FASHA Uehde 2o Ak
o RS A8k, Al A T

o SR, SATAIAE A e et
A Az o] FARE A2 FARZo0E 9

Fo|A Qo FxZ e A7 i} YAES T
um~F1 ume] oFe 2715 7AW (Fig. 4c), T

Fig. 4. 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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Table 2. Electron microprobe analyses of variance in the each microstructure

Texture MnO FeO CoO CuO NiO SiO, ALO; MgO Na,O K,O CaO TiO,

5712 0.92 0.05 - 0.00 8.77 4.76 1.84 3.26 1.25 2.04 0.07

61.53  0.63 - - 0.00 2.43 L11 2.08 3.15 1.72 2.03 -

5984  0.80 0.01 0.02 0.01 3.27 1.36 2.95 2.00 2.21 1.20 0.04

5635  0.96 0.02 0.03 0.06 4.98 2.08 2.66 223 2.01 131 0.08

6567 024 0.06 0.03 0.04 0.26 0.09 2.46 2.46 1.71 1.96 0.02

4679 271 0.28 - 0.06 9.32 3.77 2.78 1.59 1.99 1.62 0.08

Cuspate- 6141 0.87 - 0.04 0.02 3.52 131 2.54 3.89 1.37 1.94 0.04

globular 5886 075 0.06 - 0.01 1.69 0.66 2.52 1.74 1.75 2.11 0.13

5039  1.63 0.04 0.01 0.05 9.57 5.30 222 1.80 3.10 2.32 0.04

66.12 022 0.04 - - 0.27 0.02 2.77 2.72 1.58 2.10 0.01

5460  1.08 - - 0.06 2.95 1.59 2.74 1.65 2.14 1.61 0.06

59.58 1.3 0.02 0.01 0.06 571 2.61 3.45 2.60 2.56 2.99 0.21

5779 140 0.01 0.00 0.00 8.06 2.68 378 2.35 2.45 2.47 0.14

5505 1.82 0.02 0.01 0.05 8.79 3.47 2.61 1.59 2.51 2.66 0.09

mean 5794 1.09 0.04 0.01 0.03 4.97 2.20 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

5400  1.96 0.01 0.07 002 1209 423 2.59 3.99 222 1.36 2.11

Columnar

6474 048 0.04 - 0.01 1.47 0.46 1.94 6.00 0.94 1.92 0.03

5816  1.12 - 0.02 - 6.48 2.73 2.45 4.13 1.76 2.05 -

mean 5887  1.59 0.03 0.02 0.01 6.33 2.47 2.35 472 1.51 1.82 0.55

Massive 5506 215 0.01 0.09 0.00 9.38 3.46 3.01 1.49 1.82 2.81 0.10

5836 1.0l 0.03 0.03 0.00 5.46 2.02 2.65 4.02 1.67 2.98 0.05

mean 56.71 1.58 0.02 0.06 0.00 7.42 2.74 2.83 275 1.74 2.90 0.08
TAzAT NAxAS0] A o$HA Uepdth  ulRzA ko) 58t 2AAolE Foprs] 9
&l EPMAE ol&3to] Z} mAlx2 Yo s
atstxd At on, I AAE Table 290 AABHAT
ARSI ESS AR 72 ol B2 ¥ 55
ICP &4& Fall 78 B39 bulk 38tx  E3ab7] w2, FA7F 70% o3l 2SS &

J& Table 19 =AISIATE Mno| e 28.6-
34.8 wt%, BT 332 wt%olH, Feo] S 1.2-
2.3 wit%, BT 1.8 wt%ol|t}. ElE Yol AEY
T O sgelA A=E s dxid o] vigtke] Mn
FFe =& %S 7HAARY Fed] S w4
s B Yo 2Aste 78 55 d4AES
¥+ Co 275 ppm, Ni 231 ppm, Cu 86 ppm, Zn
292 ppmo.E Y& 3} Hlaste] dds] wirh
@3] 9123 W layerd] tolE dobR7] s,
#1 A&l thste] o2t} jtol disf 21 e] 71
A4S AN oY, B4 A4 el ol f¢f

3 Zol= UERA] StTH(Table 1),

Lo

2 A} 53 Aog sl o] Enke o] &
3}t Wegorzewski and Kuhn, 2014). MnO<2)
H S H-TAE2(57.9 wt%), T4Z2(58.9
wt%), 22567 wt%)2 ZZ o] WE zlol=
Aol JeRIA itk FeOol Ht 3 w3k -
TAEA(1.1 wt%), T422(1.6 wt%), Id22
(1.6 wt%) 2 H-TdzA oA vz 22 oz
EAEAO, FeOo W7} H-422(0.2-2.7
Wt%), T/3Z2(0.5-2.8 Wt%), IFZ2(1.0-2.2 wt%)

A& T EH 2Fo ME Aol AL §le A
S AGHEN F8 % U4(Co, Ni, Cu)g =

3 BE ZZoA bulk A&} F A}o]E HOJA
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Fig. 5. 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.

gton), O F2 ULSIHE pHZH o
& Aolge wag 5 gl

A= Fig. 59 2tk A%k AlsA A A=H=
A= O o] kg wEel 10-30 wt%2
Mn $HFd 2-14 wt%2] Fe 02 W& WP
TA ¥ kBanerjee et al, 1999). ElH U A2
458 30-40 wt%2] Mn S} 4-7 wt%o] H]
w3 F2 ALl HFE A UK Wegorzewski and
Kuhn, 2014). A EopsldA 4tEE e 1t
&L oF 30-50 wt% 2] B2 Mn TS 7RIt

HHA Fed] ke mlA| 2o #AQlo] ZF 2
wt% ©|3tE ul-¢- B3t o g s 2
ztol & BRIk FAHElolsf oA 4tEE= Witd
o] Mn/Fe ratio= i 204Z EfHJo|A 2=
e Biida e oF qu), A= oF 6vl =2 3
< Holed], o]t xtole FAlMg okl W1t
o] PAAA 9 Ao O dEYgd= &

.
s uE 5 Uh(Table 1).

[m]
™

7

—

kI

1ol g2l

0.

bt e] Aol slstxA 9 A S
AR 57471 (hydrogenetic), <37 (diagenetic),
d7| Y (hydrothermal) 2 E317] Y (mixed- type)
o8 BFE 7 AUk sl HaEE Wiy

Waol 54

(Co+Ni+Cu)*10
o1

Fig. 6. 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.

o] 7]19-& Mn-Fe-(CutNi+Co)x10 A2 X2 &
8] 7 4= UTKBonatti et al., 1972, Fig. 6).
sAEEoRlA HFHE B WSS MnFe
H7} w9 =31 (CutNi+Co)x10 #h2 ml-§- sto} A
4530 £4719 99 =AEH: I8 EE B
3 WS 7] £4 28l o8 FAHE &
71902 wetEh Wiy AHE FAME
ofsl] FH Aol ofA7lA] d4 FFo| Ky
A7} oW (Baturin ef al., 2017), Mn2| 3HEFS
A% Cu, Ni, Co 5 THE 55d49] FHeFo] wj¢-
e AL i o] PAo] dgdde Al #
HEA] G55 gtk A7 tEA 2H o
2 A de FHRAE Zde FUWE(Choi e
al., 2000), ATAGe] G A At o= WG
t}. A dA70A Mn-Fe-(CutNi+Co)x10 A=
5 o83 e 47199 £4971499 JAAE
B TS glvke Bavl 7] sl
(Zhong et al., 2017), 27} Q== I 7t
< 71 o3 AY = Atk sHARL Az
2] 7be) 38k A Apolzt AL YA ek A
& @] s w2t shtel 4es THE ks
do] AH, 1 Fe £4719Y AR Asdnh
SAE ol WA EARAHOR 2
Mn¢| 7192 B3l B3 2743 Fi E A
< 7 Utk S84 W1ty
L EXAHQ A =& AT HrF ZBET}

0% A=9] 5%

H3l= Mno| o 2 938 n|A=H, i
wol ghe Wal7] 59k Mno] F el asiA]
T OEE $9 FES(parmafrost)ol] A ETH
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(Macdonald and Gobeil, 2012). 55312 F<¢
+ Y Mne ES3f Aol X% 7
?ﬂ?} Z2lol oaf BIREM, o5 thi-Eo] H=3]
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