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Mineralogical-geochemical Characteristics of Manganese Nodules in
the Deep Subseafloor Sediments at Site U1371 in the Western South
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Abstract : Manganese nodules were recovered within the deep subseafloor sediments (118.22 mbsf) at Site
U1371 during International Ocean Discovery Program (IODP) expedition 329 from the South Pacific Gyre
(SPG). Because most manganese nodules exist on the seabed surface, nodules present in deep sediments are
uncommon. Therefore, the growth origin of manganese nodules was identified through mineralogical and
geochemical analyses. The manganese nodule was divided into the concentric layer outside the manganese
region and the inner part of the phosphatized region consisting of manganese oxide minerals and carbonate
fluorapatite (CFA) minerals, respectively. The two-dimensional element distribution analysis of Mn, Co, Ni,
Sr and Cu, Zn with low Mn/Fe ratio confirmed that manganese nodules were formed predominantly by a
hydrogenetic process and a biogenic process in certain manganese layers. As a result, the manganese nodule
was continuously precipitated in SPG environments of oligotrophic open paleoocean conditions and rapidly
buried with siliceous ooze sediments when the SPG changed to a eutrophic environment. It has been confirmed
that manganese nodules found within deep subseafloor sediments could be used as a new proxy for the
reconstruction of paleooceanographic conditions.

Key words : Manganese nodule, South Pacific Gyre, deep subseafloor sediments, international ocean
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|7} B %31 Q)i Hein et al. 2000). 7k 2oy A
a7h FHe AR I Wl HHEY gl A
AeliA FollA =2 o] =r tiF-2 sfiAwe] 9
Zol= EAS 712t Glasby et al. 1997; Hein and Kos-
chinsky 2014). & AA| A} IR Hefg S A<
(South Pacific Gyre, SPG)2] o] AJ22](U1365, U1366,
U1369, U1370)0]14 sijAmo] 91213k m7hu) ek 7} o
Q1= tH(Shiraishi et al. 2016). ¥} Thdof <= mm A4}
= YR AlGA sfA Holl 2T 4= Al S
T A ASFY 350 AEES] Ager s &
7 zd7E A&E2 o s FEHA A Eo aEs]A]
o7 3= Ao 2 U4 A ¢JtiHein et al. 2000). TH|&
Al FAEEE SFAS Aol f1A8k= U371 A
oJof|A] 118.22 meters below seafloor (mbsf) 2] w2 z].&
HellA EZEZolA W =dE ¢S5k tD Hondt
et al. 2011). E|XZof wiEsH Yrivz2dy]= &3] 4=
== FEi7F of 7)ol 1960-1970 AT+ theket A4}
=9 F& TSl dA7F AGEHA o iR WA E
ojuf IAE FolE 0]85ke] 0.2-10 mbsf oA 253
oA AEHE AlgE 97519 (Banerjee et al. 1991;
Cronan and Tooms 1967; Heller et al. 2018; Heye et al.
1979; Mel’nikov et al. 2016; Pattan and Parthiban 2007,
Usui et al. 1993) AFEZ S0 ojEd Friz=cy] o
F= =59 tiIto and Komuro 2006; Usui and Ito 1994).
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A F2E 7 A Foj| A EAETKIto and Komuro 2006).
w2 Aellde FAEEE SRRl M2 shs)
H g7 zgae] gk Aeiehy S48He 9
sto] g7 z=gta) o] Ay 9 A miEEE A
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o= Holele dE 2 egHstel A st sty

2. A8

Ho] AR

2 Atol A AREE 72T FAEEY 2
)] A Zol 4 A ZE A ZHA] AR (International
Ocean Discovery Program, IODP) 329z} B[S E3
U1371 A1Z=2]2(163°11.0365°W, 45°57.8502°S)](Fig. 1)
HolA EAE AlFaol(118.22 mbshollA 255t
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depaigeln) shel Jarom S4719 Hage 49
o] AgEn FARe] VAR sl NG oo WS
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Fig. 1. Bathymetry map of SPG (modified after D’Hondt et al. 2011), and location of deep subseafloor manganese nodule

sampling site (yellowish star mark)
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al. 2011). A|Z214 U1371 EA=2 AR Unit 1 (0-104
mbsf) 2] A AYZ3} SHE Unit 1T (104-130 mbsf) 2] ¥
F FER FAEI%= Aol RIS

e SES TIPS

Wb ze)el Fune] YobENE 10jA R (Hole
UI371F, 118.22 mbsf):= IODP 329} BHAtol|A] 4=¢fu] A
EFo|(Hydraulic Piston Corer, HPC)E o]-&3}o] AEH
o]% 234l JOIDES Resolution (J/R) AlAtol|A] ol&
Aig Ame} kg AR ek olF 24e A
R B A7} A9 0] 7-10°C o AL Alem 1
Elgich. o zgle] YRR Sklsh] Sla) -
= AskE ) QIS 28-S Whe o] R
of| A MEZL AF sl X-A S-HEA|(X-ray diffractometer,
XRD)& ZIegstglon] 40 o|xbed 254 Foks 9]
3 Wrizda el Aekdo] thsf] nio]A= 3 (micro
X-ray fluorescence, pu-XRF) 48 4385} th

X-A 3]&(X-ray diffraction, XRD) 4

XRD FE244S HsiA = AFolA 0.5 mm 2
73 2] wpolA 2 E(dremel) S ©]-85ko] X-A1 3]HRA] Al
25 3ot A7l AYdS FAIsH] el 2
AE2E AlASHL W] Al&TkS ©F 20 mg A5 ske] &
Ae Adsigint A7z ARlESs sad HE
Fislo] TAFES] XRD ATE =al] s 42kl
AERkS ZHoket] AR dlAgfehm A7AlAE )
&}}+0] micro-focused XRD A AE(VariMax-007HFM:
Rigaku Corporation, Tokyo, Japan)& & o] o] 835}
oh X-4 SAsE S5 27 300 pm Mo-HhARe)
(0.7093 A)°] HpARIAS A7t §1) B8 mARAA
0.3 mm, Charles Super Company, Inc., Natick, Ma, USA)
of) ZAJ3to] 2D-0julq B0l Eo] HAME TdTtoR
g=aloit. S8 X-4 SANELE Cu-Kaol A
SPgoR WERE 3 BB RS Ay

ulo] 32 X-A1 & (micro X-ray fluorescence: g-XRF) 24

Qlnfel Wohzeky) AeholA WXRFE o8]
o9 YARIZYS Spsteich Axekn 2|74
2E 915171 9] Bruker M4 Tornado p-XRF (Bruker, Karls-
ruhe, Germany)E AME-510] Mo-3ARSR, 50 kV, 200 pA
of ZY27N 7 SYARER 127F 245k 0|7
daung Slshgeh. Y=g Qudst &
8¢ W FojRpolA ojztez so] 7F 24 MU=
Mn, Ni, Cu, Co, Sr, Zn, Ti 9] ¥4 ZA(wt.%)S EA45}
Fom QAL 0.1-04% Aolo]tt.

1o

FAPAAE U] A-of| L 2] BAF X-A E3K(Scanning electron
microscopy - energy dispersive X-ray spectroscopy, SEM-
EDS) £4

A7 = ArslgE3(Fig. 4)°)4] Mn, Fe, Ti, Ca, K
o] o] T3] AMefsta A Al s stake] b
A1) HISM-5610LV, Jeol)-o| x| BAF X-A H3g7]
(INCA-sight, Oxford instruments)E ©|-8-5}o] FelE4-S
AN ZAHEAL 7Het 24kV, W71 10 pmo]
A EWY glo] MEMOR QWS GC

3. 23 9 &9

U371l AR B B

AR SFAS(SPG) FHFo A A ST UI371
ol e B2 T2 2% Unit 19] vlad 5f
22525, EFE)105 m F7), Unit 112]
E3(25 m F7)E WdthFig. 2). F+ 719 £33k A
= FEE= U371 AFAHE EAgHdo] G45H
WSS WEFHAL Unit 18] A HEZO|A Unit
[9] Y=719 BASo= Helehe £5 sliofe] dapist
/d9] Zpol& Uetlie ofi= FAEE Y S g3kdel
ARG UI371 AJFA]30] 2h7o] JafdolAl HlolHtt
1 A E et webA], Unit 119] AF(118.22 mbsf)of 4] 2
Ad Bzt (Fig. 3)= -0l S4% A=
719 EAE] o m Qlaf AUl miEE Aes
S| AE tIto and Komuro 2006).

232 24 24

AUz SRR QAR 18-S v Hof
o4 X-A1 SPRA7|S o) ste] BEaA B4 A3
Shoieh. A-urhu = AlskarEFol A vLeolE(V)el
Wb =S 2 QT AP Rt 24
OJ2 9lon] QLIIEl AHEE VRS QKR HRoAE £
8 24 33=21 CFA (Carbonate fluorapatite)2} AHELO|E

(), Aetol=(D), 7hEelUOlEK), AAQ), Mkl EY)

o3 BYAOlEP) 9] FE 242 SelstilrkFig 5)
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Fig. 2. Lithological units of site U1371. Manganese nodule
recovered at 118.22mbsf (reddish arrow mark).
(modified after D’Hondt et al. 2011). Sedimentary
phases are illustrated by colors (yellow = siliceous
ooze; brown = pelagic clay; black = basaltic base-
ment)

= o] _5_'_@1 Aol A Unit 19] FFAAYSS 74338t
o =2 7190l FArdA zhekKchert) Q] 3] A Ao] &
Lg Ao Hol sfAHoe| 2|7 i =gy
7} A3 2 mERkeo 2 ol3) 118.22 mbsfoll A &H¢l =
o] OP‘é—% LrEhdTh

ke 94 By 24
QlAKdE} 2RO HES. olz Hul M mpyh]= Abslay
52 SR 1XRFE ©]85to] 24 949 o3l
By E 6} St} Mn, Co, Ni, Sr, Cu, Zn, Ti 40|
;H—E;H/q 0 o]_Oﬂ ol:q 7L7L_,] °J/\0ﬂ/\1 H]—ZQ XRF 7P
T ﬁﬁiﬁﬂ%ﬁ 715 tH(Fig. 6). 47192 W7t
Uz o] 7| el Ate] & 4= Mn, Co, Ni, Sr
olu} ko] AT 5 Coot Nio] F2-g A En]
(Hein and Koschinsky 2014) & AZA| 79| slsHiA] &4
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Fig. 3. Core image of manganese nodule with surrounding
pelagic sediments were recovered using hydraulic
piston corer (HPC) from the IODP expedition 329

5mm
—

Fig. 4. Image of cross-section of manganese nodule. Reddish
dots indicate the sampling points for mineralogical
analysis
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Dark brown manganese layer QP

Yellow phosphatized layer
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Cu-Ka 26°
Fig. 5. Representative XRD profile results. Vernadite (V), quartz (Q), plagioclase (P) and phillipsite (Ph) were consisted

in dark brown manganese layers. Carbonate fluorapatite (CFA), smectite (S), illite (I), kaolinite (K), plagioclase
(P), phillipsite (Pl), vernadite (V), and quartz (Q) were consisted in yellowish phosphatized layer
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Fig. 6. Mn, Co, Ni, Sr, Cu, Zn, and Ti distribution elemental maps of the cross-sectioned manganese nodule using micro
X-ray fluorescence (u-XRF) and optical image for comparison. The XRF normalized spectrum intensity are illu-
strated by color index at the left side
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Table 1. Chemical composition of manganese nodule in manganese oxide layer using SEM-EDS

Elements K Ca Ti Mn Fe Sum
Contents (wt%) 2.28 1.30 4.00 31.83 60.58 100.00
Mn/Fe = 0.53
o sro] o FAE $47190) HEY HABe] Ak wrhlxaiusl 29 sjosgel g2 el
0@01 $AIEE A717} 9lE oz ¥ aretel(Sample ctal. @ 2ojo] RO A2 o S glek Wz
1993). Abebd=3 2ol A Mn, Ni, Cu7t %2 sedls SR AEdER 240] Hollle AW JHEAS
LreR Az ‘0‘11(F1g 6) o= WA= A f7lEel o FEAY 7199 Zeto] oA gtk 7;&%2

wo EHElojols ALERM £ BE o LAY
Y A7 EARSS FEsHAl dERlaL Slok
(Verlaan et al. 2004). 7= Akslto] o8] W7y =
waje] Gjo] ZUE o W2 AR A 2 Als
A ZH-S st E =] Cuet ZnQ] A13}F 9 21# o oJsF
S FE= 7Aog dHA Qo Cux AHta A9 multi-Cu
oxidase (MCO) 30 o435}l QtiJiang et al. 2020).
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F 2= Q1A b U1371 x|¥o] "y zcta] o] 34
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