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Introduction

This is a part of the joint KIGAM-GNS-NIWA 3-year study of ferro-manganese nodules on
the Campbell Drift, east of Campbell Plateau to determine age distribution, growth rates and
geochemical evolution in relation to geographic setting.

SAA3 cruise in July-August 1999 by RV Tangaroa along the southem and eastem
margins of the Campbell Plateau yiclded more than 4000 nodules, ranging in size from <2~
40cm by twelve successful dredges across two transects. The nodule occurrences in the region
can be classified into six facies, by comparing the collected samples and the seafloor
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probably of early diagenetic origin, and has a high nodule density. The samples taken up by
dredge U1374, U1398, and U1402 are mainly composed of facies DH nodules. The frequent
nodule types of facies DH are S,, E, Py, I, and Dy, ranging 2~12cm in long diameter.
The nodules of dredge U1373 and U1399 are mixed with facies DH and RH. Dy, Dy, Tos
T, Iy, I, L, P, Po,, and P, types also occur in places. Facies IB consists of large nodules
and boulders of irregular shape. The characteristic nodule types are large Ly or L', and Sy’
types, ranging in size from 15~30cm, of dredge U1365B. The nodules comprising facies HH
have smooth surfaces, but show variable size and shape. Facies HH has a high nodule
density, probably of hydrogenetic origin. The most dominant nodule types are Ss, Es, Ps, and
I, less than 10em in size, of dredge U1406B. The occurrence of facies DL suggests that the
nodule types are similar to those of facies DH, but have medium to low density. The nodules
of dredge U1398 may contain the nodule types of facies DL, such as, Sy, Es, Py, Iy, and
D, types, ranging 2~12cm in long diameter. Facies HB consists of mainly large nodules
with smooth surfaces, probably of hydrogenetic origin, associated with some large rock

ex RIL D32 e boulders encrusted with thin ferromanganese
oxides. The seafloor photographs of facies HB
are generally indistinguishable with those of
facies RH, but facies HB shows distinct
bimodal distribution of nodules with more
boulders than facies RH. The dredge U1406B
and Ul413 are composed of facies HB
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nodules. The frequent nodule types of facies
HB are P, Us or Uy, Ss or Sw, and Es
ranging 2~30cm in long diameter, and
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boulders of By, B: or By type occur together.
Small amounts of I, I, and T type less than

8cm in long diameter occur as well.

Fig. 2. Various facies of nodule occurrence.

Methods of Study

Four nodule samples were sclected and polished sections were prepared to observe the intemal
textures under the optical and electron microscope. Back-scattered electron images (BEI) were
taken to present the whole sequences of growth texture and electron probe micro analyses
(EPMA) were done. The chemical compositions and mineralogical compositions were analyzed

for the sub-samples divided by each internal textural zone of the nodule samples.
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U1373-2 nodule was divided into 11 intemal textural zones, U1398-1 into 6 zones,
U1402-1 into 10 zones, and Ul406B-2 into 12 zones (Fig. 3). Distances of the each zone
from the surface were measured (Table 1).

Powder samples prepared for chemical analysis were analyzed by X-ray diffractometer
under the room temperature first. The same mounted samples were heat-treated in the electric
oven at 105°C during ovemight, then analyzed secondly.

The major elements, such as, MnO,, Fe,0;, Si0,, TiO;, ALO;, MgO, CaO, Na,0, K:O,
and P,0s, were analyzed by XRF. U, Th, Y, and the rare earth clements were analyzed by
ICP-mass. The other minor and trace elements were analyzed by ICP. All analyses were done
after drying overnight at 105°C. The Be'® and Be’ contents were analyzed at the institute of
Geological & Nuclear Sciences (GNS) in New Zealand, then the growth rates and the ages of
the boundary between each textural zone were calculated from the Be'® Be’ ratios (Table 1).

Results

Mineralogy

The major Mn-Fe oxyhydroxide minerals are vernadite and buserite. Vemadites are found
in all of the textural zones, but buserites are found only in U1398-1 nodule and zone 1, 4,
5&6 of U1402-1 nodule. The other major and minor minerals are quartz, feldspar, pyroxene,
amphibole, ilmenite, apatite, mica and berthierine (Table 1).

Hierarchical cluster analysis based on the correlation coefficient was done for the
hygroscopic water(H,O")-free chemical compositions of 39 subsamples except for Be & SiO,,
n=25. The eclements grouped by hierarchical cluster analysis are assigned to following four
phases, which are essentially similar to those interpreted from the correlation coefficients.

REEs, U, Th, P,Os, TiQ;, and Fe,0; have strong positive correlation and make Fe-0;
group. Co, Zr, and Be have also strong positive correlation and make Co group. There is also
weak positive correlation between Fe,Os group and Co group. Fe,O; group and Co group may
be ornginated from same Fe-rich phase probably of terrestrial detritals. MnQ,, CO,, and H:0
make MnO, group. Cu, Zn , Ni, MgO and Mo compose also Cu group. There is a weak
positive correlation between MnQO: group and Cu group. MnO; group and Cu group may be
originated from same phase, Mn-oxyhydroxide. SiO,, Al,Os;, Sc, and K,O have strong
positive correlation and make SiO; group. SiO. group may be originated from silicate phase.
Sr, V, Ba, Pb, and As compose Ba group and may be originated from sulfate phase,
probably of biogenic source.

Hierarchical cluster analysis based on the correlation coefficient was also done for the 318

elcctron microprobe data except for Cl, n=210. The elements grouped by hierarchical cluster
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analysis are assigned to following five
phases. Mn, Ni, Cu, Mg, Na, Zn have

strong positive correlation and make Mn

U1402-1

group, originated from Mn-oxyhydroxide
minerals, such as, vemadite and buserite. Si,
Al, Cl, and K have also strong positive
correlation and make Si group, originated
from Al-silicate minerals. Ti, V, and Fe
make Fe group, probably originated from
Fe-rich minerals. Ca and P compose Ca
group, that is, phosphate. There is a weak
positive correlation between Fe group, Ca
group, and Co. Ba and Pb make Ba group,
originated from sulfate probably of biogenic

source.

Variations of chemical compositions
versus Mn/Fe

The contents of the major, minor, and trace

. . clements against Mn/Fe ratios for each
Fig. 3. Back-scattered electron images and
analyzed positions of the nodules textural zone were plotted. CaO, MgO, Cu,
Ni, and Zn show positive correlations, even
though CaO, Cu, and Ni contents can be divided into two groups showing highly positive
correlations and weakly positive correlations. Co can be also divided into two groups showing
highly positive correlations and rather uniform contents. Whereas, P,Os, TiO., Sc, Zr, Y, Th,
U, total REEs, and Be show negative correlations. SiOQ,, Al;O; and K,O contents also can be
divided into two groups showing negative correlations and rather uniform contents. Na;O and
As show rather uniform contents. Ba, Sr, and V show very weak correlations, but three kinds
of correlations can be recognized, that is, U1402-1 nodule show positive correlations, but the
others show negative correlations with higher contents or lower contents. As, Pb, Ce/La and

LREE/HREE belongs to rather narrow range regardless of Mn/Fe.

Normalized REE patterns

The contents of the rare earth elements for each textural zone were normalized by NACS
(North America Continental Shale). Compared to the REE data of nodules and crusts from
Northeast Pacific and Southeast Pacific (Schreiber, 1981), the NACS nommalized REE patterns
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of the nodules in this study match with the range of Northeast Pacific crusts and nodules.
However, the patterns show much higher values than those of diagenetic nodules from
Southeast Pacific. All data show positive Ce anomaly and are plotted between the range of
hydrogenetic and early diagenetic type nodules, although the values of each zone are variable
even in one nodule (Table 1). Each textural zone might be assigned to three kinds of growth
mechanism by microscopic textures and NACS normalized REE patterns, even though the
mechanism is not quite certain in cases.

For U1373-2 nodule, zone 1, 2, 3, 7, 8, and 9 belong to the range of hydrogenetic
growth, whereas, zone 4, 5, 6, 10, and 11 belong to the range of mixed origin between
hydrogenetic growth and early diagenetic growth. For U1398-1 nodule, zone 1 and 2 belong
to the range of carly diagenetic growth, whereas, zone 3, 4, 5, and 6 belong to the range of
mixed origin between hydrogenetic growth and early diagenetic growth. For U1402-1 nodule,
zone 1, 2, and 3 belong to the range of hydrogenetic growth, whereas, zone 4, 5, 6, 7, 8, 9,
and 10 belong to the range of mixed origin between hydrogenetic growth and early diagenetic
growth. For U1406B-2 nodule, all zones belong to the range of hydrogenetic. All zones of
U1365B-1 belong to the range of mixed origin between hydrogenctic growth and early
diagenetic growth, whereas, U1365B-5 belong to the hydrogenetic growth. Ul374-2 nodule,
U1378-1 nodule, and U1399-5 nodule belong to the range of early diagenetic growth except
for the zone 3 of U1399-5, which belong to the mixed origin.

Variations in each textural zone

The Mn/Fe, Ce/La, LREE/HREE, total REE and each chemical composition of each textural
zone are plotted against the distance from surface. The each textural zones show low Mn/Fe
of less than 1.65 and high SiO; contents of over than 15wt%, which indicate the high
participation of terrigeneous materials into seawater and detrital grains during nodule growth.
The usual criteria, Mn/Fe ratio of 2.5, for the distinction between hydrogenetic and early
diagenetic origin seems not to be reasonable in this area, because it is very close to the
source of terrigencous materials and nodules are also distributed on the drift system.

Zone 1, 2, and 3 of U1398-1 nodule has Mn/Fe ratios higher than 1.1, whereas the other
zones have Mn/Fe ratios lower than 1.1. Furthermore zone 1, 2, 3 and 4 of U1398-1 nodule
have CutNi+Zn contents more than 0.6wt%, however, the other zones have Cu+Ni+Zn
contents less than 0.6wt%. The highest Co content of 0.45wt% is detected in zone 7&8 of
U1373-2 nodule. Zone 9 and 10 of U1373-2 nodule and zone 5, 6, 7 and 8&9 of U1406B-2
nodule have high Co contents more than 0.2wt% compared to the other zones (Table 1).

The EPMA data were orderly presented into the graphs along the growth direction of the
Fe-Mn-oxyhydroxide lamellae for each nodule. Fe contents are generally similar to Mn
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contents except for U1398-1 nodule. Mn contents are much higher than Fe contents in
U1398-1 nodule, which implies that most of the manganese oxyhydroxide phases in U1398-1
are crystalline buserite as confirmed by X-ray diffraction. Mn contents compared to Si+Al+K
contents are generally high in U1398-1 and U1406B-2.

In zone 1, 2, 3, and 4 of Ul1373-2, Fe-vernadite is dominant, wherecas Co and
Mn-vemadite are dominant in zone 7 and 8. The contents of Cu+Nit+Zn are very high in
Ul398-1 nodule and in zone 4 and 5 of Ul402-1 nodule. There is a Ni-dominant
Mn-oxyhydroxide lamellae in zone 1 of U1406B-2, and a Cu-dominant lamellae in zone 5 of
U1406B-2. Ba contents are high in Mn-oxyhydroxide lamellac of zone 4, 5, and 6 of
U1402-1.

“Be/’Be dating

The '"Be/’Be ages were calculated for the boundary of the textural zones using a 'best-fit'
linear projection from core to surface of the sample on natural log plots of '“Be/’Be wvs.
depth. Outer layers of U1398-1 nodule show cuspate textures of early diagenetic origin and
belongs to the Facies DH and/or DL. Inner layers show pseudocolumnar to laminated textures
of hydrogenetic growth. Be dating reveals the growth rates of c¢. 3.5mm/My and age of c.
6.6Ma for early diagenetic growth in sediments. U1406B-2 nodule of Facies HH shows
columnar textures of hydrogenetic growth, and has many interstitial detritals. Be dating reveals
three different stages of growth and clustering of 12.6Ma. It shows the fast growth rate of
12.0mm/My from 12.6Ma to c. 11Ma, the intermediate growth rate of ¢. 5.7mm/My from c.
11Ma to ¢. 5.2Ma or c¢. 5.5Ma, and then the slow growth rate of 3.5mm/My.

U1373-2 and U1402-1 of Facies RH have asymmetric shapes and a distinct 'cap' or
overgrowth on the upper hemisphere. The overgrowth seems to be originated from slow or
zero growth of the lower hemisphere of the nodule during partial burial in sediments. The
overgrowth layers show columnar and/or laminated textures of hydrogenetic growth, whereas
the growth layers of S, type nodule inside show cuspate/globular and/or parabolic cuspate
textures with many microfossils and pores filled with detritals. The growth mechanism is
uncertain yet, but might be originated from the mixed mechanism of hydrogenetic and
biogenetic growth. Be dating reveals the clustering at c¢. 88Ma and c. 9.2Ma, and the fast
growth rate of 9.7-9.8mm/My wuntil c. 59Ma or c. 65Ma. After then they show the
intermediate growth rates of Smm/My to 8mm/My. The hydrogenetic overgrowths date back to
1.8Ma (U1402-1) or 0.4Ma (U1373-2).

36— 2001 FEHELHE



Mineralogical Society of Korea and Petrological Society of Korea

June 1, 2001, Pusan, Korea

QuUANAE 1o
amedy dy Sloquydwy :dury ‘auswy (U] ‘suaxoIAd :Xd ‘Tedspiey (4 Zuend) :D ‘@juesng sng PPEUdA (127 SNOIAq pazAjeue SOJBI 2gj/, O] JO SYNSII Y] WOIJ PAENO[EI AIIM YOTYM ‘SIUOZ [BINIKI] 3Y] JO sa9e Arepunod ‘e
09Tl 609 SOL-TYa | T
21oUsS0IPA] 4 E g ‘¢
’ “PAH v10 810 L0 »g°4D BA onpusBoIpAH Ieuumjoa uslmearp Aydng 6511 08'S Tv9-'8§ 1
_dewlomty | Tio _gvo g0 | MdO_______PA__ L. S | MOL__T69_ vESTSIS 0L
) d 1addn a1 U7 Jenmyod 331 LT6 6901 S1S-80F 6
MO % . . &g & h s . H
owdomy | o a0 sto | d&MD  BPA | WM smep nseonn v e swinion Aot | Svs oy g0v1o€ | 3
SpusBoIpAH §To 610 780 FERER) BA T 1red 1addn Syp ut Jeumod a1 8.9 6 19E-L9C | L
ol | oto__cvo  sto [ 4D ___ PA_ ] _ o o o A g oo (o] L9 63 L9 L8L |9
oN3USE0IPAH o Lto  8Lo EY A 8Us spE . 18l-Lpl | S
anauaBorpAy S0 LU0 9L'0 X340 LA 61T 6E'Y Lbl-€01 [4
onausdorpAy S1'0 €20 980 I%4D oA oneusBoIpAH Teuumjoo Jusiraatp Apysifs 03 parakel-reunmio) €6 LTE €01-0L €
anauadospAH 810 24 080 xd ‘dy ‘1D BA 00T 187 0L-T¥ T
oneusBospAH ST 920 680 AxdD BA 611 [N Tr-00 I |zgoorin
P __Tro0_"sto o[ _ _Xwadb_______RA__ il A B meuwnyo3opnasd o} paleutum| Kiojemnpu | _s16 | 96¥E  L997L1s | O
poa 09°L 688 L1S-8Tr g 6
PaXTN 80°0 vio 650 xd g3 1A sesttiop ABojorg yuwo13 otpuap Buimoys sajedsnd 699 veL 8Ty - 0'sE 8
|||||||||||||||||||||||||||||||||||||||||||| e e S88 808 OWECGYC ] L
) ] ] - ; poxuu 05t 0ty 697-9T¢ | 9 4
o | seo wo  mo ) | WD DA | uwop Gojorg__ A et I we_ oo ow-so | s |
PN | 800 vbo s30T WyXdd0______ Pasd | N T T T gLe L6 S9-S0l | ¥
. ) ) e [T SEy $01-29 €
onousBorpAH vio 6£°0 $6°0 dury 1D BA anuadorpAH PRIdAR[-IBUM]O0 XaAUOO A[3usB 0y pajeutire}-1e] ] €O'L €€ 79-8C 4
onusBoIpAH 4% 650 L0'] aD sng oA LYO ¥8'T 87-00 1] 1-covin
861 6T€-60E | 2100
PaxTN o [ 201 ‘1D sng 19 XTI JEUTUTE] O} JEULIM{O0PTIAS, 129 s1eZ0% 2
SRS SN NVt A 00 R DR e Goe sl | ¢ ]
2. T TN X O T2 N - S N I N . .. R T Teso ™ eoy_ 1si-Dvl 17w |
PaxI €10 L8°0 A5 X310 A ‘sng orouager sopudsns €6t 96'€ 0vl-00l €
L mewlea | ooto o vrt Mgl xdD_ o N S R R ste__oge__ ool vd | T |
oNSUIBACT L00 [74 591 X410 JA ‘sng PURRIA SHedSD 361 w9 v9-00 1| -gs€ln
POXTL S0 $T0 250 REXd A0 A onauaBoIpAH 52)8dsnd 6] pajBUIE] 6L'8 SL 179-9%S 11
PaXIN f£4)) IT0 050 xd g 4 O A 108 06 9ps-ssy | ol
atouadopA] S[EIL 1M sayed
__owwdonfy | oco__ero _soo |  maxaud______ma__ | CROCRT 7 e QL 09 S5 iee |6
I . ) ) o Iy 4 D 5 SRURFOIPAH SYoui5 [Bo1ior Xq pateiost sajedsnD ) %~ Set-bse | 8
nauaBoIpAH St°0 sT0 LLO X ‘iag ‘dury W ‘4 A PoXTAY so10d s soredariie rngolD po's e bSE - 20E L
. ) . ey g ¢ paxHu S[EILIRP Y paf[y LSt 6 TOE-THT 9
PaxIN 910 @wo 150 xd ‘Tog ‘W ‘dury ‘D A susunop Aojorg  sexod ‘Sjissojoioit Aupu Y savedsnd INOQENE] ot 09 Zhz- €31 ¢
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| JULAS00 3 S N
POXIN 110 ¥T0 Lyo Xd W ‘awy ‘4 ‘0 B 9T LY £81-9€l 12
pax S[EINAP Y po[[y salod oLt & OEl-LL ¢
srpuadoIpAy o 220 50 W xd duy “F D oA jueurwop ASo[olg  ‘s[issojomiw Auew yim sajedsno srjoqered o8re] 00l N 11-6T ~
“0¢C [4
2112uadoIpAH zlo €70 L90 dury “‘wp ‘dy @ ‘1°0 RA S1RUSBOIPAH S{ISSOJOIONA LA JEUUINIOD 0YS Fefridueloay LE0 6T 67-00 1 | zecin
wayed (em)  (%m) sopIxoIpAyAxo . &N (un)  (ww)20BIms § ON 'ON
amujouoloy | 00 uziung VIV | TESIBLUMPOBURDO oy | SO IR SIPX@1 9pexo tnad 880 ssowpmy] wox ssuesi | euoz | opdureg

Ju(] [[9qdue)) WOoIJ SANPOU U-3,] SANBIUSSIIADI JOF SUOZ [BINIX3) [OED JO SONSLINORIEY)) | I[QEL



