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Regional Occurrence and Sedimentary Environment of Manganese
Nodule in KODOS area, C-C zone of NE Pacific
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Abstract : Deep-sea bottom photographs acquired in the Clarion-Clipperton fracture zone of the northeast
equatoria] Pacific were analyzed to reveal the controlling processes for the spatial variation of manganese
nodule. The results show that regional-scale occurrence variations of manganese nodule are mainly
controlled by primary productivity of surface water, sedimentation rate, and water depth (or carbonate
compensation depth). As a result, the diagenetic accretion on nodules increases toward southwest, while
hydrogenetic accretion increases toward northeast. Considering the northwestward movement of Pacific
Plate, this regional-scale variation of manganese nodule occurrence seems to be affected by oceanic
environment during the active growth period (Oligocene-Miocene) of Pacific Plate.
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LA & & FFo)] wet AlAl AF7F Ad 200894 11,0007
A3 4= Q= Folth(Mero 1965; Halbach ef al. 1988).

A AFHSE S4 Ade] naE o] 7t e} M2 C-CAY U221 Fxe| A9 224 Wale) gt
UFEL T2 S W, VA, F0E, 18] 52 Be Ry} oo $ou] o] d: BAYARI 4
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son 1994) C-CA ol A 2hets] EEEA o] £d48

(diagenetic accretion)?t /3 <H&-(hydrogenetic accretion)
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A ¥lxE o] FR)A) Gttt oluto] whle] By
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Fig. 1. Study area showing primary productivity(g C m™>
yr"), in the eastern Pacific Ocean (modified from
Berger et al. 1988). Primary productivity gener-
ally increases toward the equatorial zone.

wEU) dds) g, gHozE FYHE gEdy
Foly Ax A Ao 7hgA XL Q)

C-CAY el AR A 54L& 554 Gd% Wk A
5ol 2F 7-10 kmoll AA HPA o2 U= Ao
o &2 oF 500 me] i, 739l %ol 150-300 m H ¢
oltHvan Andel et al. 1975; Craig 1979; &2k
2002). o1# 3 A FFL2 FHAYG ANAET AFE
(fossil ridgee) At el 2-Z2|HE ZFU X 9o] A
207 gl YA s Adte] W& 1 - fEe
A o3 FdE AFERE o8 & I} (Kennet 1982;
Goff 1993). ©|21gt A5 A el 30%E 2L A
=2 FReskl Bxait, 3AE el gaiMs ol
TS w=ee] giite] EHAL Atk (Macdonald et al. 1996).

A7 SAFA 131.55)9) F4L Be] 5.7% A
NA 4,100-4,500 mE YooY EZES] 78%)02 e
2 12} oA, B 8-16% AL 4,800-5,200 m B
9] 4L Bt} = 13 165004 B 8E7kA A
Egre = 7HEA 2 w3l gloy B9 7% 1044
9 6% 505 AlelollA] $49] 7)Eo] Mej). o]y @ |7
A A9 Hshs 7]1Ee AFEINA S FoH
E vgule 91X/ ¢X % (van Andel et al. 1973;
Craig 1979).

C-CAY <] Azt Hotr] g @ 8,0008HA 7)ol Fel =
%8| % (East Pacific Rise, 11°S, 110°W)oll4] AL &
g A gl o8] B e BA PO o]F o] oA
Z71(¢F 5,00080d )0l = &l AR Aado) =
2 HAZU(1.5N, 126°W)pell AAIstgem, -ade &
714 gAEo] A4l HAHZo] gy th(Berger et
al. 1976; Francheteau et al. 1979). A% FAXNNE A
o] o= HAEo] F43] £Aasly, tiFA Azt A
ZFaHg-o] FRkE Tt webA mle] oMl 27](¢F 2,200803
Ayels 74 4800 m= @AY HAIAE (Carbonate
Compensation Depth, & 4,600 m):2t} Zo|x g2HE &)
AEL &35 F3] B2 4455 (1-3 mmkyn= F2
4 A9 E g Fo] wEH YN (Theyer 1977; Kennett
1982). ol&f &t t Al Azte] A4 o5 @A 6-9 e/
Wy g sAHeE ¢ Aol M 54 YAZA
7t gpom Bl

weba C-C A FL 5FA ) 498 23 E(pelagic
red clay), TdA 9o A A (siliceous ooze), L I G
Z:2)9)o]] 413]2 91 (calcareous ooze)’} X 3T} el
Z ATHHom et al. 1973). AR NN AHE F4 ¥
HE 2ld] A1 AFAAe] HAGL A7 131558
FHAEOR B9 16-17x A 99 HHE, B9
8-12% AYo)r] +2 HHE(siliceous sediment), -9 5-
6 Ao ¥AFL NIFAAYst AujH oz Bysn
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ATHA F 2003). C-C A2 ¥4 S (sedimentation rate)
< BEAGNA 1 mm/kyr o8to)H | FEA oA o} 3.
10 mm/kyr AE2, GRG0 ¥4 go] BER ) H]
o] AdlAoR £ Ao® By #rkMuller and
Mangini 1980).

B AsdE g7} s)del dsggo) o) 2
S BAE BF @ GHERI Jehe, ol & d) el
2ol 23] - d(convergence zone)st AN (diver-
gence zone)’t 4 H . Wbl & FYGo] 13
sl £502 QA3 E £ YH FEE 27
7182 oo W} A8 Z¢aE PAES A7y,
o|3tollX = d g F A Hnew production)?] 18-56%
7} vJehve Aoz 224 AtH(Chavez and Barber
1987). &5l sl 3 W olgd Qo flirre
LYo} STk ofs) A EH, ABEGaES] 27}
I A AR olFEHE B £¥o] o]FolAr}
(Murray er al. 1994). dgolr12] UxApAME-e &) e
& oldliehs 7MY 718AR) Bk shig sp2Ads 4
°&°j°ﬂ ofel sHe-grt. gEte] AP Gst o) Wl G

Aox AHAR FHEE 7] E gL AESy
3—%4 AP 2kl 2] 5] %"%"5]“%, A2 FERAR
O 92 499 R 4L ey 53] A2
AE SFAE A4 FFAL YA 8 AR 2,
Fgh olstol = Wl Zhad upE Aabdo] AjEE
A= d&A UH(Venrick et al. 1987).

3.4 @ by

dE AR AR ‘;% e A Fd 4
1997-2001d 712} & AFAR] Ug HAE AN ZAHFH
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o] FE YA MR Py LEQJYE slots}
7] $late] iy As)A 71l 2H(FBK-135-M) 2HE 2
o] AHOTHE | m YoM ABANFH Aol =)
A A0S FF3A T AR EG L Azl 450
A& A4 F(release weight: 2 kg in water)7} 3|A ol
Fad FAG Y5 Gt 2240 OF FNR
A7l HA™ 2R £%9Q] B 30 m/min2] SEE
s7stEA 1 m oA Fgstdr).
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A B2 AN H 7] (free-fall
9y EXYs 250 24
HoZ Wrte ARE E&

4. ¥4 A%

] R

AMAT ARIE Fot] ik e] Ry MEarg B
A8 A3 Table 19 AAE o} Q). PhdH = 59] 5
LolX exAtole] HHE UA
H2) 93 54 7= A-FMC 99-NO7)o) A H-E % A=t
BxEEe o2 kg/mzi :Lz;] ;(41:} w1y o] Bz are B
9] 8.5%0) AT AH(MC9-N08.5)NAMHEE 1.4 kg/m?
2 Fglo] ¥olA 7] Aldgit). A 59 9%-11% Al
(MC99-N09°lA MC99-N11y= Ht 44 kgm’(EAAE:
B 6.7 kg/m?)E GG B o] HTH(Table 1). T3+
591 105=0 A GAY W BAHEMC-Go1~
GO8)ANAM = H 6.2 kg/mZO?_ w3 Fazefo] k) gl
H R 165 Aol BEZL 86 kgm’E 7MY 5o B

XFg BQIv(Table 1).
HAE AR 22 AR 5% AW
ARRIALEZNE ALke B7ide] B AHuske
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Table 1. Average values of water depth, primary productivity, sedimentation rates, and nodule abundance in the study

area.
Latitude Water Prima.r)j Sedimentation Nodule ) Nodule N
(station number) depth productzmty rate abundal;ce abundanzce
(m) (mgC/m*/day) (mm/Kkyr) (kg/m”) (kg/m")
NO5 4,078 4253 1.5 0.0 -
N06 4,148 364.3 1.5 0.0 -
NoO7 4,629 438.0 0.5 0.2 -
N07.5 4,965 - - 0.0 -
NO8 5,015 417.7 0.38 0.0 -
NO08.5 4,971 - - 1.4 -
NO09 4,864 401.3 0.38 6.7 5.0
NI10 4,988 237.7 0.1 3.6 9.9
G-Zone (10.5°N) 4,954 312.5 0.15 6.2 6.9
N1l 5,120 237.1 0.14 3.0 4.9
N12 4,957 2573 0.19 - -
N16 4,972 - - - 8.6

Nodule abundance *: based on bottom photo images.

Nodule abundance **: based on statistics data of free-fall grab samples.

7Y A ZANH 7 (free-fall grab)E o] -3k 2}Q)
P BXUE A7) 2 st EAH Wnow @
7He BEXFE A4S vmIRE, B9 10% ) DA
AR AR RHE BAE 1136 kgm)S EA)A o
BT 9.9 kgmAFe] o7} 63 kg/mios Fin ) T}
€ AHENMT o +2 kgm?®2) A}o]E HATH(Table 1).
@A 59 1055004 53 1549 iAW AR Alpe
HE B4 3062 kg/m?e EAH whio2 Hrlg 7t
(6.9 kg/m?Hte] Apo)7} 0.7 kg/m E YV w) BRI
2 LA PH(Table 1). o)9} 22 ALLL 239 SAE A}
FARLE0Zq J718 BEge AA o1 Ao By
FI 2 AolE HY F AL AN )

AHHom B 5.8% Aoy FRE 239 AR
& g5 olste] Brre A, o9 e DA (<1 cm)7}
YHHER o] AGaX s P37} BEsa @AY
oy F¥ske Aoz fgdr

flr o i

e RE (9
C-C A, A=, 18] Peru Basin 5 W7Vgta)7} 32
=g BIEEIT Y Ao va) BuH A} Aan
B B0 543 REHAEY B3] ARRAE
S5 BZETH(Table 2). &, $737]192] S-type T
TE QYIHE, B HES] §HBo] Bl 9)
Ao AEEHY, Hd71902 221 Rotyped} &

i
4
)
X,
oo
tlo
1

fl
¢

5 b ReS-typed] AR E F2
Y B FAYEA BESD Qe Aoy 2%

4 oox rr e 4R
N

FTHTHETIS 1992; Halbach et al. 1980).

AAE AR B4 2 Pad] g9 45 #2 g
Hgo] EXsI A& FEAAES 8.5-12% )04 e}
Ue e 371 A4 1 omolA 10 em o) Ate] 2
SA7EA el BEs ) de] fYe 523 g
3 A Pel(discoidal type)’} FE o)1 gow AF
o] Wzl wje} dHXAe g AHANA 1589 AR
22 E 59 59 10.5= AFMC 99-G01~G08)dl 4]
= 733 ¥ (irregular type)2] T = A ©Th(Fig.
2). ol g Bt el Wiy BRYE F8 28X
o] AR e & vlEAAN 4 vEHe F43 AW
32 Hols A oA #FETHFig 3). B3 URE oy
o] FHxAe £471902 deiA YE R-typeo] Tz
= At}

T, QG AAHE BESIL ¢ A
16%, MC 01-03-05, -06)0l1%] #2%s W7igw
= A4 3 emolA 8 cm 7Heke] G 7bA] H)

pass
(e
%

o

El
Y
2

AN Yehths 548 EXeh B0 A2 dge 2 o
X3} (Table 2).

SA4o= Iy} Exar] 43 48 HHEo] B¥
He 59 7.5-8.5% Abole] A HE(MC-99-NO7, -NO7.5,

ol
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Table 2. Classification of main nodule facies and associated sediments in the study area, C-C Zone, Peru basin, and

central Indian Basin.

Nodule type S-type R-type botroidal surface type
R+S-type
. Origin hydrogenetic oxic diagenesis, oxic diagenesis,
genFral {Fdlan hydrogenetic transition to anoxic
; 9a9s1zr;s (THETIS diagenesis(?)
Underlying sediments ~ Pelagic clays, Calcareous clays siliceous clays, siliceous ooze siliceous ooze
Geomorphologic top and upper slope of basins, plains, lower slope of  basins, plains
position seamounts “valleys” sediments
Peru Basins Nodule type S-type R-type Cauliflower nodules
(THETIS, 1992; R+S-type R+S-type
Halbach et al. Underlying sediments  foraminiferal ooze or calcareous ~calcareous clays, foraminiferal ooze or
1980) clays siliceous pelagic clays calcareous clays
Nodule surface texture ~ S-type R-type S,R,
R+S-type R+S-type
Clarion-Clipperton Underlying sediments ~ *firm q}rbonates and pelagic rc?lgtlvely thick sequence  transition between
clay, siliceous ooze or clays of siliceous oozes or * and **
Fracture Zone . . .
. with small thickness encrusted ~ siliceous clays
(THETIS 1992; K fra A .
IFREMER 1989) rock lragments, pumnice,
outcroups of basalts
Distribution on the sea  homogeneous heterogeneous homogeneous
floor
Nodule surface texture ~ S-type R-type
Stud o R+S-type
tudy area in the . . . .
Clarion-Clipperton Underlying sediments  Pelagic red clay very s111ceous‘ clays
(siliceous sediments)
Fracture Zone
Distribution on the sea  homogeneous homogeneous to
floor heterogeneous
-NO89IAME 27 10 em #4] 2 kg2l 78 AAZE(index &0 317 29 559} 16T Alo]oA 9= 0.5- 15 74
weightyl 5 H2E W2 48] Ao} BolA) e o 2AMZAA B9 gy REUE 948 A2

h(Fig. 2). 2F719] iAW A 27} 30 m/mingS
Hotg w, o] AFE BF HAEL I £ 54
I IS8 2 S B ARAEE A ilyatE
(semi-liquid layer)o] 10 cm ©lie} Zoj7kA] EAlsk= A
o2 FEEHUTH FHo g QAT Bkl g2 o)
Exg 59 5-6=Aole] HHEMCI9-N05S MC99-
NO6) 23 g7 BEE B n= AR N = AR
doll AXF7E ARH g0l =& Ho] HF ¥4 EL vn
A @] s IAY T wdAdEo] 10 cm Tt
A Aes #ARHYI(Fig. 2).

-CA AN EETR A Pridy) B E 90
W HA8A a8 A9 §asAn

o &X% FE2| 7124414 (modem primary productiv-
ity), H4 &0 ¥ ¥ 543 AP e FARE =4

a3 2 A3E vl AEsK.
STHHEG ZZAT 712 duko R Hrz
Oﬂ(\A-EHRﬂ:)»i 7l/‘~§_ Z.7]_o}._l_ -‘%]E(Er}\'] a(;-z‘sok)g Z—_}
TF RolR= Aom B HoUTH(Fig. 1, Berger ef al.
1988). <A 9] FHAAE ot Z LAIT. =
19989 3¢ &332 *N@E B9 59% 29
A 350-450 mg/m¥/day® i 9 10-16% A oA
100-300 mg/m*/day2 ‘%‘0}21‘: G A9 T3 2}o]
€ HRAtKFig. 4-C, Table 1, sIYFAR: 1998). 53] 2
T A e] B 2 R 59 795 A9 AduE
o8 3N FAld Tk B9 5-6% A9e] ALk
33 7ol e g HRIT) oleidt o= 59l 8= H
A9 e %‘Gbl BAE et M Fe BEE & {o v
_Q.!: }63)&;]01 0103:0:10

= hv 4
= 5
g W57t Aastd $3 BHAA 17 A2 4
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ACERGR (Panto 1) MLEE-004 (Pho 3}
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Fig. 2. Seabed photographs taken from 1 meter above the bottom, show the various types of nodules and sediments on
the sea floor. Trigger weight is 10 cm in diameter and 2 kg in weight.
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Fig. 3. Photographs and seafloor morphology showing the characteristics of manganese nodule occurrence (nodule
abundance and nodule shape) and surface sediment.

FEER ay
e HEY

e £ Waber dithy
A vE

i

w wH PRI Py produetinily
o I

TS N ) | R l- s
%4

o4

£

% F8) Sedimenteion sufe
g
N T T U R —

I Mndade stindance :
doake I

4 3 3 % H
Laiinge PR

Tyt
ey

¥

Fig. 4. The variations of water depth, sediment type,
primary productivity, sedimentation rate, and
nodule abundance along the sampling track line
(131°30'W, 16-5°N). (A) water depth, (B) sedi-
ment classification, (C) primary productivity (based
on MOMAF, 1998), (D) sedimentation rate (based
on MOMAF, 1998), and (E) Mn-nodule abun-
dance.

EZAEY] *@*101 SolaA 7] WiEolthA 5 2003).
LR C-C A|¥ 4z A4
1712 4= 2-?/]5’—’\1 (Ohgocene)ﬂr o] O/l\l(Miocene)
AL(THETIS 1992; Knoop et al. 1998)2] 43 71244}
3 SLsA] AN FA = 71229 ﬂi}(—i—é‘)
A AEAGo] 3 NE T FUULE Yol
Aol wsl At L9 Ao AkETH(van Andel
et al. 1975).

>~

C-CAf o2 f A9t 427199 QAEE Ha e
2 REL AT one HH8e 724y

FYo= AR Y 39 N2 F
e EA)0 ¥4 g0 2742 207 th(Listitzin 1972).

J

ATFAG A E FAFALAR @A 1998)00
et AFAHe HARS B9 5-6% A Aol
oF 1.5 mm/kyr, 59 7-8% Q1ZoA F 0.5 mm/kyr 212

389 8% ool HEAQANA <F 0.38 mm/kyr ©)5H2
&0 2 A4E HA{e YolAe @4 F38(Fig.
4-D, Table 1). 53] 5% 5-6% AQoA 59 795 A
o uls) ¥ go] 39 A F7HeRT 953 o
olf= o] AYe| F=Alo] 4,400 m(Piper et al. 1979) E&
4,500 m(Chester 1990)5.t} & 292 BHilE YR}E0)
S HA] 3 AEHH 0T HAH wlio|H, o]o) H|3}
o 89 7-9= AHL FZFo| Aatee] FHole B 44
2 9F 4900 mE SAIERAGNE B} Joug deay
B §95E iR ehlds dAEL $89, A
Aoz &aj7t o2 7 UATre] HAHY) wEor},

L7 o] Adle] gk Aol (von Stackelberg and
Marchig 1987) W2H 7] el (shape) Kt} @39
B (surface texture)o] T o] dFz=76] tgh L7
g AFste oz 438A Atk F, AX ZURF(R-
typ e)__ é!—__ !:]—4,]_‘:_ Zx\./v]/(l-%o 7§ tﬂ-o}. 63}3% 1:11-7]»1:}—
Fon ME% FHZEA (S-typey2 Holy @y FA
45 ol FAE BHE LA AU A B
8.5-11=0E 9488 wol %2 AX R-type GH7}
Az, 29 16-175 MM E FALES ¥ol S-type &

7} 2SI THTable 2).

A=A oA 2] g7k Agd
2o 565 A
o] YL Ay AP Ho)

AAslEE % 712
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Aol oF 400 mgC/m?/dayE ¥} (Table 1, Fig. 4-C)

TEORREY vheke] RGAAE a9} f7180] A He
2 I B3 o] A9e sgggaale] oF 4,100 m(Fig.
4-A)E o] A9 eI HANETL 4400-4,500 m
(Piper ef al. 1979; Chester 1990)5.t} 7] o o) 795
A9E gl By Jarge] gelEA @3 Ao
= HAHER(Fig 4-B) YIS AEA9Y B2 8(<0.5
mm/kyr) Bt} 953] 22 ¥48(1.5 mmkyn)e BT}
(Table 1, Fig. 4-D). o}2|gh ¢ =& ¥2 82 HH 87
ol FEHAA Fol F2F 4718 AHmetal-rich
organic phaseys ©]FA HEg gl YHERS 23
&FAl $=THCronan 1987). 8 C-C A= HAg
° 1-10 mmkyrd 4%, G4EYH 2 idyE ¥
A viEEE Ao elA YUrk(Listizin 1972). 23}
HOR 5 565 AL 5 YALT 712510
B7357] o197] wlie] Past AR Y= Qo
Z Ko},

4, ek gaEo] B¥sla 9= CCD R} ¢
A Lgke] Pa3) 7} 44st7) A gsis Ry
el 7] AH 3 (von Stackelberg 1984; Janin 1987)7}
ATh 2 C-C AY ] P07t FAHE mlo] 9A.S

23 A)719) o] AL el Y Th(Pacific plate)o] A
WL Z o) (Jarrard and Clague 19778 98¢ v2)&
ml Az F2d X8 YA AlmZ o)RH 9] A
HA82 vS 292 Ao welA o] AL wrinkw)
FAA71HE AR g3e] FAo) l'lu‘*s}Xl e &
o] fFAHe & Aoz wgd).

(

59 7.8% A9

£4480 2 @FFPL GAE FAshe ERo)
HAE 23 By 3927 g9 s TE5IRE
sl o) oWﬂr(Chester 1990). d
AE nrh e AS- 712 0] 2L A °l‘:xl@.—°—
TEoRNE tie AR A9} f7180] F
BE fi718e] 578 HAZ S 4987 F 3L (Knoop e
al. 1998), fi71&°] FXaQ0) W} A AYB 2] 5o
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