5-3 Sampling Results

Samb]ing‘ using arm dredge (AD) and large gravity corer (LC) was carried out on every seamounts
for the purpose of colléc.ting mangancse crusts. Sampling sites were designed to cover the whole scamount '
from the summit to the lower flank. These localitics were selo-‘:tc_d for the target whete the MBES sound
image showed high acoustic pressure {mnganese crusts are exposed on the seafloor). Some of the
sampling sites were selected from the seafloor observation by FDC. The total number of sampling sites _
was 119 points; 78 points by AD and 41 by LC. ' o | @

The follomngs are the descnptmn of the collected manganese crusts The samplmg !ocatmns are |
shovm in Flgures 4-2-1 {1} to (9), the collected matenals are h:,ted in Tables 4—2-1 (l), (2}, and the
stummary of the sampling of manganese crusts is kid out in “Table 5-3-1.

) Arm dredge (AD)_

AD sa:ﬁp&g was carried out at 78 points of all nine seamounts. At two localities, the amount of
manganese cmsts ooﬂected was not suIﬁc:ent for shlpboard chemical analysis. Samplmg locahties were
des:gned to wholly cover the seamount frorn the ﬂat summ;t to the lower ﬁank

Photcgraphs of typical mangancse crusts mﬂecled by AD are shown in Figures 5--3—1 (l)., {2}, and the
results of the sampling are laid out in Appendix Tables 2 (1) to (3).

1) Charéderisﬁcs of fnanéanese cms'ts.by t;l_assiﬁc_ation
a) Crust (l'sg 53—~ 1 D, Photo Nos. 5 to 8)

The swrfaces form botryoidal (Fig. 5—-3—1 (1), Phato 1), granule {Fig. ib, Photo 3) stromatolite
(Fig. ib., Photo 2), or porous irregular structure. The thickness of manganese crusts ranges from
thin coating under 1 mm to 2 maximum of 105 mm. The crust is divided into one to three hayers,
and the thicker one tends to contain the more layers. The substrates are mainly basaltic pyroclastic
rocks and basalt breccia, with smaller amount of volcanic conglumerate limestone, hasalt and
others.

by Cobble crust (Fig. 5—3—1 (2), Photo Nos. 9 to 12)
The swsface foﬁn 'boﬁyoidal, glnnu}e;. srf;ioéth (F‘ig; 5;—'3_~1- {i), Photo 4), of pofo.us' irregutar %
structure, ‘The thickness of manganése crusts ranges from thin coating under Tmm to a maximum of

100 mm. The crust is divided into one to three layers, and the thicker one tends to contain the
more layers. The substrates are basalt basaltic pymclastxc rocks sandstone hmestone, and others '
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&) Rodule (Fig. 5-3-1 (2), Photo Nos. 13 to 1)

The swface feat\uea are botryoidal, granule to smooth. The thxckness of manganese crusts ranges
from thin coating under 1 mm to a maximum of 30 mm. Most of the crusts are divided into one to
wo layers, but in rare cases into three layers. The substrate nucle; consist of various rocks; basalt,
basaltic pyr(.)clastic' rocks, sandstone, liméstonc. phosphoﬁte_ nlanganese crust fragments,
foraminifera sand, and others. Also the nodules often lack nuclei. |

2)_ Occurrence by seamounts

The manganese cmsts'co'llec{_cd from each seamount are briefly described below.
a) MS01

The avémgé thickness of lmnganése 'crusts is 30 mm with a maximum oE-QO mm. This average is
the thickest among all seamounts surve)'ed All sampting locahtles have a\crage thickness over 10
mm, and re'[au\ely thick manganesc crusts were collected throughout this scamount. The thickest
manganese crust was ooﬂected at the northeast rmrgm of the flat summit (‘BBSMSOIADII) Thin
coating of mariganese cmsts is observed throughout the ﬂanks There is no clear conelatlon
between the crust tluckness and the water depth or the locahty of samphng s:te Small amount of
nodules was collected at the ﬂat sumrmt and the gentle lower ﬂank ‘

A crust mth stromatolmc surface structure whose column was 3 ‘cm high and 2 cm diameter, was
@ collected in %SMSOIADlO A big cobble crust, whose crust thlckncss was thm coatmg to 50 mm
and “hose IOng axis was 90 cm and whose substrate was basalt breccw was collected in
QSSMSOIADIZ Such Iarge cobble crusts are ohserved by FDC observation and are not uncommon.
Weakly conso]ndated brown mud blocks, covered by thin coating o_f‘mangancse crusts around 1 mm
thick, was.;(':o!lek:ted at the deepest sampling site BGSMSOIADI}Q 3,229 m water depth) in this

seamount.
by MS02

The average tfﬁc]-mess of manganese crusts is 25 mm with a maximum of 105 mm. This maximum
vilue 1 is the largest among all seam<)unts suneyed The thickest manganese ctust was collected at
the upper ﬂank on the northern part of the seamount (968\55021\])0?) ‘There is no clear correlation
between the crust tluckness and the water depth or the locality of qamplmg site. Small amount of
.nodules was col[ected mamly on thc flat sunumt

' g : o Cobble crusts whose nuclet were formed by the comb:natlon of se*.eral nodules and a hasalt
' grayel ‘were co!lectcd in QGSMSOZADIS Such phenomenon, that nodules, cobble crusts and rock
fragments are’ combined to form a new nucleus and Iarger cobhle crust 13 made up, is not
unoommon A nodule with a nummmn thlckness 30 mm and 2 cobble crust wﬂh a thickness 65 mm
were collected in QBSMSOZADIS Both nodu}e and cobble crust have the sarﬂc sectional features

;
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[Sucface structure of mangancse crusis] [Crust])
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Granule

Smoath {thin coaling) Scction, one layer

Fig. 5-3-1(1} Photographs of manganese crusts {AD sampling)
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{Cobbic crusts}

[(Nodutes)

Drcdgcd cobblc crusts at a site
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Fig. 5-3-1(2) Photographs of manganese crusts (AD sampling)



and are divided into three layers. This indicates that the growth rate of both manganese crusts are
differcnt.

¢} M503

The average thickness of manganese crusts is 27 mm with a2 maximum of 75 mu. The thickest
mangénese crust waé. collected at the northern margin of the flat swmmit (36SMS03AD09). The
crust thickness tends to be thinner at the steep uppermost flank, but this is probably caused by the
efficiency of the arm dredge rather than natural features. Small amount of nodules was collected
only in 96SMS03AD0I located on the flat summit.

d) M304

The average thickness of manganese crusts is 20 mm with a maximum of 100 mm. The thickest
manganese crust was collected at middle flank on the western part of seamount (96SMS04AD04).
Manganese cr-usts with thin coafing are obscrved throughout the seamount. There is no correlation
hetween the crust thickness and the water depth of sampling site. Nodules were collected at many

localities throughout the seamount, and particularly abundant at the ridges of the flanks,

Cobble crusts with different substrates of basalt lava, basaltic pyroclastic rocks, sandstone, and
limestene were collected in 96SMS04AD09, but the nature and thickness of manganese crusts show
no differences corresponding to the kinds of substrates.

e) M305

The average thicknesé'of manganese crusts is 12 mm \.vith a maximum of 70 mm. The thickest
manganese crust was collected at the middle flank on the southeastern side of seamount
{96SMS05AD11). Manganese crusts with thin coating are observed throughout the seamount. Many
thin manganese crusts with less than 5 mm thickness to thin coating were collected and thus the
average crust thickness is the lowest of all seamounts surveyed. There is ne clear correlation
between the crust thickness and the water depth or the locality of sampling site. Nodules were
collected at many localities throughout the seamount, and particularly abundant at the deeper parts
of the flanks.

MS05 scamount is a peaked seamount and many basalt pebbles without manganese crusts were
collected in 96SMSOSADO6, 96SMSO5AD07, and 96SMSO5AD08 near the sumumnit. This is believed
to indicate that seafloor scdiments had covered these pebbles before mangancse crusts grew on
them. '

f) MS06

The average thickness of manganese crusts is 23 mun with a maximum of 80 mm. The thickest
manganese crust was collected at upper flank on the western side of seamount (96SMS06AD02).

Manganese crusts with thin coating are mainly observed on the flat summit. There is no clear
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: cor.telatio'n between the crust thickness and the water depth or the locality of sampling site. 'Many
nodules were collected onty on the flat summit.

Only nodules were abundantly collected in QGSMSOSADO'.? located at the margin of the flat sununit.
- Because the FDC observation docs not show that only nodules occur widely on the flat summnit, it
is beheved that only nodules Wthh were eas:ly recovered by dredge were collected under the

' emtence of cmsts in fact

) MS07

The average thickness of manganese crusts. is 25 mm with a manmum of 56 mm. The tlmickeet

' ma.nganese crust was collected at the upper flank on the westem 51de of seamount
(QBSMSO’IADOZ) The number of wnplmg sites is only three, but it is the character that a large
amount of nodules were collected though this is a peaked seamount

- Only nodules were collected in large amount at 96SMS07ADOI. They are flat elhpso:dal in shape,
the surface structure is botryoxdal the a\erage diameter is about 5 cm, and the manganese crusts
are divided into two layers with the average thickness of 15 mm.

h) MS63

| ’l‘he a\erage thlclmess of manganese crusts lS 18 mm w1th a max:mum of 100 mm. The thxckest
manganese crust was collected at the flat summit margm on the porthem side of seamount
(96SMS08AD12). Relatively thick manganese crusts were eollected at the margmal parts of the

northem flat summrt There is no correlatmn between the crust th:ckness and the water depth of
samplmg SLte Many nodules were collected on the northem ﬂat summlt

In 96SMS08AD17 which is the deepest samphng site {3,619 m water depth), basalt boulders ‘coated
~ very thinly by manganese crusts were collected. On the other hand, in QGSMSOSADM which is the
shallowest sampling site (1,557 m water depth) on the flat sunllrﬁt margin, basalt boulders coated by
* manganese crusts around 1 tm thick were collected. Thus manganese crusts of thir_)' coating occur
throughout the seamount regardless of the water depth and the topography,

1y MS69

The a\erage thlckness af manganese crusts is 22 mn w:th a mammwn of 30 mm T‘he thlckest

manganese crust was collected at the ﬂat summlt marg'm on the southeastem slde of seamount

(QGSMSOQAI)II) There is no clear oerrelation between the crust t}uckness and the watéer depth or ,

the locality of sampling site. Many nodules were collected at vanous locahtx_es of the seamount. The - g
manganese crusts whose substrate is limestone tend to be relatively thin with coating thickness’. / '

A cobble crust with 21 cm in long axis and 7 cm in heaght without a nucleus substrate was collected
in %SMbOQADll ; :
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(2) Large gravity corer {L.C)

LC samphng was camed out at a total of 41 sites of elght seamou.nts excluding MS07. These 51tes

' ~locate on the margm of the flat summ;t or around the peaked summit. The amount of manganese

7 crusts were sufﬁc:ent for shlpboard chermcal analys:s at 23 pomts Scaﬂo-or sediments “cre collected

at 9 points as mentioned above and nothmg was recovered at 11 points. The recovered materials and

the seafloor photographs are Yisted in Table 4—2— 2, and repreaentahve photographs of the manganese

| crusts and the scafloor are laid out in Figure 5- 3— l The results of 1C mang are summanzed in
Appenduc Table 3 (1), {2).

1) Chamctemhcs and occurrence of manganese crusts

The suﬁace of the manganese crusts forins botryoidal structure (Fig. 5—3-2). The sections of
sufﬂmently thick manganese crusts a:e divided into the outer and inner layers. Generally, the outer
la)er is compact and the inner la)er is soft and 1s porous sandy or thin beddcd

Manganese crusts wer_e collected in QBSMSOSLCM and SSSMSOQLCOS where seafloor sediments
: Wholly cover the séaﬂoOr (Fig. 5—3-2, Photo Nos. 5 to 8}. This fact shows that 1_'nahganése crusts
occur even in the arcas where seafloor sediments presently cover the seafloor. This was supposed
from FDC observation, and the sampling at these two localities confinned the existence of the
mangfmose crusts under the seafloor sedlments Rocks below the seaﬂoor sedlments were collected
:m QGSMSOSLCOS whlch had the smrular seaﬂoor photogmph but manganese crusts d1d not occur on
.the rock surﬁace (Fig. 42— 3 Photo Nos. 7 8) Thus there are two t)*pes of locahtles where the
seafloor sediments deposited before the formation of manganese crusts and where those deposited
alter the crusts fonnaﬁon Ripple marks on the seafloor sediments are often observed on FDC
observation and it is mfemad that, in some cases, on the ﬁat sunnmts seaﬂoor scdiments move and

' are deposxtcd secondarﬂy hy the current and oo\er the manganese crusts.

At 10 pomts except QGSMSOSLCOG of the 11 points where ro materials were collected, the bits of
L.C were damaged and it indicates the existence of manganese crusts. At six points of these 10,
manganese crusts are observed in seafloor photographs (Table 4—2—2), and at three points, except
96SMSO3LCO4, very small amount of manganese crusts was attached to the bits. Therefore, at nine
localitics, excluding 96SMSO3LCO6 and 96SMSO3LCO4, although manganese crusts were not

" recovered, it is he!ioved that they are exposed on the seafloor or they exist under thin sediments,

| 2) Ocaurencc of manganese crusts by seamounts

~ A brief descnptlon of the manganese crusts col]ectod at cach seamounts is as follows. As the 1.C
- sanipling covers & \ery limited area and depth it is dnfﬁcult to classify the collected samples
a::cordmg to the classrﬁcahon described in 5-1- section. ’I‘herefore in . this sechon, manganese
crusts are descnbcd without the classification except those of QGSM‘-}OZLCOZ where cobble crust
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was clearly identified.
a) MSo1

Manganese crusts were collected at four localities in the marginal parts of the flat summit. In all
cascs, as no substrate was collected, it is impossible to determine the thickness of the
manganese crusts. The maximum thickness, however, i1s more than 75 m:h. The swrface of the
outer layer is botryoidal and the thickncss of the layer is 10 to 25 mm. The outer layer is
compact and the inner layer is soft and porous or compact. Some pores are filled with pale brown

to yellowish white muddy materials.

Nodules were collected together with manganese crusts in 96SMS011.C05. The largest nodule is
50 mm in diameter and the nucleus of the nodule is phosphonite.

b) MSo2

Manganese crusts were collected at five localities in the margin of the flat summit. In all cases,
as no substrate was collected, it is impossible to determine the thickness of the manganese
crusts. The thickest crust, however, is more than 60 mm thick. The surface of the outer layer is
botryoidal and the thickness of the layer is 5 to 30 mm thick. The outer layer is compact, while
the inner layer is soft, porous, and easily crushed to coarse sandy size by ﬁngers. Many of the

pores are filled with pale brown to yellowish white muddy matenials.

Manganese crusts and cobble crusts were collected in 96SMS021.C02. The cobble crusts are over
20 nun thick and the nucleus with about 1 cm diameter is breccia consisting of manganese crust

' fragments.
) M503

Manganese crusts were collceted at two localities in the margin of the flat summit. In all cases,
as no substrate was collected, it is impossible to detenmine the thickness of the mangancse
crusts. The thickest crust, however, is more than 75 mm thick. The surface of the outer layer is
botryoidal and the layer is 20 mm thick. The outer layer is compact, while the inner layer has

thin layered structure but is soft and cearse sandy.
dy MS04

Manganese crusts were collected at one locality in the margin of the flat summit and at onc
locality on the middle flank of the eastern side (2,529 m water depth). At the latter site
965MS04LCO2Z, substrates (argillized basaltic pyroclastics) were collected, and the maximum
thickness of the mangancse crust is 70 mm, and the average thickness of the outer layer is 6 mm
and that of the inner layer is 50 mm. The surface of the outer layer is botryoidal, and the outer
layer compact and the inner layer is compact with porous to thin l.i)'ered structure,
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Fig. 5-3-2 Photographs of manganese crusts (LC sampling)
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€) M55

- Sampling was carried out at four localities on the summit, upper flank, and foot of the peaked
seamount. No manganese crusts, hm\e\ er, were collected at alt sites. The seaﬂoor photograph of
%SMSOSLCOI located at the foot of seamount {4,651 m water depth) shows the occurrence of
cobble crusts and nodufes. Also from the seafloor photographa and the deformed bits of LC, itis
believed that manganese crusts occur at two localities on the summit (965MSO5LC()3 and
965MS051.C04).

) MS06

Very small amount of manganese crusts was collecled at one locality on the northern margin of
the flat summit. The structure and the thickness of the manganese crust are unknown. From the
seafloor photographs and the conditions of the LC bits, it is believed that manganese crusts occur
at two localities in the margin of the flat summit, - o

2) MS08

Manganese crusts were collected at three locajmes on the flat summlt margm and at one !ocahty

" on the center of the fat sunumt In all cases, as no substrate was collected it is lmposmble to
" determine the thlckness of the manganese cm;:.ts The' mammum th]ckness hov«.exer is over 55

" mm. The su:face of the outer layer is botryoidal and the thickness of the layer rs 10 to 20 mm.
The outer layer is compact and the i _1nner layer is soft and porous. Some of pores are flled with

gray to yellowish white muddy smaterials.

i’a!c.'_brown v\cakly consolidated forantnifera sand and mahg&neée crusts under this sand were
" collected together in 96SMSOSLCO3.

h) MS09

Manganese crusts were collected at a total of five localities; four lOCﬂlitiEb on the flat swrumit
margin and one on the foat of scamount. The thickest crust is over 65 mm thick and the outer

. layer is 1 to 30 mm thick. The surface of the outer tayer is botryeidal, and the outer layer is
compact to porous and the inner layer is compact.

) Though thc seafloor photographs of 96SMS09LC04 and 06SMS001.C05 show the seafloor wholly
co'.ered by seaﬂoor sedlments manganese crusts were collected at these two sites on the fiat
swnrnit margin. At the latter site, forajmmfcra sand, which was 50 cm thick and covered the
manganese crusts, was collected. In 965M509LC01 located .on the southern foot of seamount

- (4,265 m water depth) substrates (argillized basalt lapilli tuff) acoompanied by manganese crusts

. »\ere col[ected below 15 cn thick seafloor sedunents and the average thickness of the

manganese crusta is 1 mm witha maxxmum of 10 mm
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5-4 Chemical Composition

The manganese crusts sanlplss were chemically analyzed for major five elements (Co, Ni, Cﬁ, Mn,

“e} on board the survey vessel, and 26 minor elements were analyzed at a léboratory on land. The number
of samples analyzed on board for the above five major elements is 310 and 119 of these samples are

- analyzed for minor element content. The results of the analysis are laid out in Append;x Tables 4(D) to (7)

§)] Shi:pboald chemical analysis for five pmjor elements

' Samphng was carried out at 78 pomts of AD and at 41 pomts of LC in all nine seamounts surveyed. Of

these samplcs either manganese crusts were not collected or were collected in amounts insufficient

for amlys:s at 2 AD pomts and 17 LC pomls Thus analysis was carried out for samples from 76 AD
:-mcl 24 LC points. '

~ For samples sufﬁclently tlaick to sopamte the layers of the manganese crusts, amlytioaI samples were

| mllected from each layer Also when different lunds of manganese crusts or these wnth different
substrates were collected from one AD samphng pomt, all types of crusts \a.ete analyzed ’l‘herefore
‘sevetal samples were analyzed at many samplmg pomts and the number of amlytlwl samples is 310
beslde 100 samplmg pomts '

X—ray ﬂuorescance analysis were used on board for the five elélnents Co, Ni, Cu, Mp, Fe. Manganoso @
. crusts m bulk or from ea-:h layer were sampled and about 30g of cach sample werc prepared for

analysxs in most cases, but smaller amount for samples w1th msufﬂc:ent quanhty were anal}zed in

some cases. After dried at 105 degrees Celsius for 24 hours and crushed samples were prepsred for

analysis. Water content was also measured.

1) Charact_eri_slics of chemi-:al oomposition

Mangancse crusts are believed to.have been formed by direct procipil:aﬁon of manganese, iron and
other various metals from sea water. The iﬁajoi' components are manganese and iron hydroxides
and oxides. The chemml composmon vanes w:th the locatlon of seamounts (lomhty. latitude and

: longatudc) water depth of crusts occurrence !ayers ol manganse cmsts (related to the age and
gmvdh ratc), and the l-unds of manganese omcles '

Within the survey area, the chemical c_omposition of the manganesé crust varies with the seamotnts g
or the sampling points. The ratio of the maxinum and minimum content for the five elements is 3 '
for Mn and Fe' and § to 10 for Co, Ni, and Cu. These variations are caused nmnl)' by the layers of

the manganese crusts and the water depth of the sampled points. The behavior of the components

to the water depth and to the crust layers is often related mutually among the five elements. This
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will be reparted in detail later.

'IT;e.average:onmpoSiﬁdns'nf Co, iﬂ'i', Cu, Mn, and Fe in the 310 samples are respectively 0.73, 058,
0.11, 2308 and 13.89 (wi%). These Values are not very different from the results of the past report
in the wcmnty of the Marshal Is!ands {Hein et al., 1988) Manganese crusts with cobalt content
exccodmg 05\&1% are sometrmes calied cobalt—rich manganese crusts and those in the present
survey area belong to lhlS category

In the {Co + Ni) X IOHFe Mn triangular diagmm of Figuré 5-4-1, manganese'ctusts of the
Centml Pacific are plotted SOmewhat to the Mn sxde in the center of the dxagtam (Hein et al, 1992).
The ptots of the manganese crusts from the present survey area are also concentrated in the
central part of the diagram and the variation of plots is relahvely sma}l it is of interest to note that
the plots of the deep— sea mangancse nodu]cs are in an area snmilar 1 the manganese crust:. in this
diagram, while submanne h)dmthermal manganese ores are plotted near the base line of this

: 'dlagrmn jo.mng Fe and Mn. Thc left s:de ﬁgures in Figure 5—-4-1 are the plots of a!l samp!e:,
' analyzed and the pIots of the composition by the crust layers are shown in the right side, where

cross mark shows the outer layer and black circle the inner layer.

2) Basic statistics

Basic stztistical'valucs of the five clements were calewlated for each seanionnt each layer of the
manganese crusts and thc dmsmn of the water depth of samplmg pomts The rcsults are shown in
)‘\ppcndix Tab!ea 5 (1) to (5), and summanzed in Table 53— 1

The values by seamounts show thé fo!lomng tendency.

* The crusts of seamount MSGS have the haghest a\erage Co i\: Mn content and the lowest

: average Fe mntent. And the average Manc is the hjghest It is possnb!e that this tendency is
czused by seamount MBEg5 bemg a peaked seamount “Although not as pronounced, similar
tf:ndency is obsen'ed for seameunt MSO? which is the another peaked seamount.

* The ¢rusts of scamount MS03 crusts have the highest average Cu content and fowest Co and Mn
average content The average Mn/Fe value is also the fowest of the semnounts surw:}ed This is
considered to bc the result of seamount MS03 having the deepest flat summJt and a very large
number of samples from the sumrmt were “analyzed. As the analytical values of the samples from
the flat summlt are not smular to those from the upper slopes, it is bcheved that the bath grew

under somewhat d1[ferent emnmnment

The values by the crust layers show the followmg tendency

. ’I‘hc average vaIues of Co Fe and Mn content and Mn/Fe of the outer layer are dlsttncﬂy higher

than those of the inner ¥ayer
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* The average values of Cu and Ni oontent of the outer 1a)er are hxgher than those of the inner
layer.

The fact that the concentration of ¢lements is diﬂereht between the outer and inner layers indicate
the difference of the environment and mirxkaral fonnation during their growth. The two groups of -
elements {(Co—Fe—Mn and Cu-Nl) which show the contra:,tmg behavior of content coincide with
the grouping of elements by the mrrelatlon coefficient which will be reported later

The statxstncal va!ues by the water depth of the samplmg pomts show the following tendency. The

'depth grouping was done every 500 m only {or lhe s!opes and the data of the flat summit were
‘grouped together. -

* In the guyots M501 and MSO4 which have the fairly good distribution of sampling depth, tﬁe Cu -

and Fe average content incréases with the water depth while the Ni average decreases

* In the peakcd seamount M305, the Cu and Fe average content increases with the water depth

while the Co axerage decreases.

¥ The average Co conlent increases thh the water depth in some seamounts (MSOI) and decreases
in some seamounts (MSO4 MS05).

*In a!l data of nine seamounts, the Cu and Fe av erage content increases and Ni average decreases

w:th the water depth

:The variation of the average Cu, Fe, and Ni content \mh the water depth is harmonious \mth the :

_correlation coefficients which are reported in the following sectien.

3) Correlation coe[ﬁdents

Correlahon coefﬁaents m each seamount were calculated for the analjmca] results of the five
elements and the water depth of the sampling points. The correlation coefficient matrixes are
shown in Tables 5—4-1 (l), (2).

Some components have posutwe correlation for all the seamounts (for example Co—Mn), and some

_ have either posrtwe or negatwc correlahon dependmg on the seamount (for example Co— N;} The .
_ d;[ferent behavior of the latter elements by seamounts is believed to be caused by the dnfferent

topogzaphy of each seamount, the d:fferencc of the Water depth range of samplmg points in cach

seamount, and the heterogeneity of the crust tayers analyzed in each seamounts. In order to _
-'mmirmze the effect of these hetemgencmes of data and thus obtain more general con'eianon '
“ lendency, the correlation coefﬁuents were exammed as fol!owb and the components with significant

- corcelation were extracted
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Table 5-4-1 (l). Correlat'ion' cde'ff.icient'matrix among fi'vé major elements

Seamount: MS01 . O : " Seamou hl_: MS02

Co N Cu Mn ~ Te MnFe Depth| - : Co N Cu Mn . Fe MnFe Depth
Co a3 es  s4 w3 o | 2 2 15 s2 08 -0
Ni a3 00 .m0 W38 Ni © 4348 a2 31 -85
Cu ‘ o 15 -2 s | o | 08 08 05 .M
Mn . R IR Y Mn S S 6 -12 -16 %
Fe o .90 A4S Fe _ o ST 0 |
MnFe | | g M S R
Number of 5._ample: - S ; ' . Numbet of sample : _ 46
. Signiﬁcanceléveltf)%): - 0.30 N Significance level (5%) : 0‘23
Seamount: MSO3 .- - Cee e e S_eam_cmhi: MS04 .
Co N Cu Mn TFeMnFe Depth Co Ni - Cu Mn Fe MnFe Depth
Cof| . ™M '-5_1 6 46 29 3| |co| - -m w15 3 35 .10 -
Ni T s o0 3 osm oe| M| a5 05 -m 86 S
Cu 05 .32 A0 -43 Cu | R S VR R
Mn - Css s3 -8 [ Ma] R T B | R
re | B R R
Mn/Fe .48 Mn/Fe e 60
Number of sample : 18 - Numbzr of ssmple | 4
Significance level (f;%}: 043 ) Signiﬂcancel._evd)(s)%-):. 0'29
Séamount: MS§05 . . _ Seamounl: MS05 _
X Co N Cu M Te MnFe Dep| | | co Ni Cu Ma o Fe MwFe Depih
Co 3 47 s 20 31 -4 | a4 st s o2 32 .»
N oo s o3soas g {w) ® s .3 83 e
v _ S 40 s ol 01 o '__-_.0:6‘:. 06 24
Mn | moas o || a x| 8
Fo ‘ B 6 el . e |
Moo | e o
Number of sample : 30 " Numbes of sample : -3
Significancelevel (5%) : 0.3  Sigoificancelevel (5%): 04
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Table 5-4-1 (2) Correlation coefficient matrix among five major elements

Seamount: M507

Seamount: MS03

_ Co N Co Mn - FeMnFe Depth Co Ni Cu  Mn  FeMnFe Depth
Co 6 .11 8 28 74 - Co 2 -39 8 o2 2
Ni 47 %0 10 87 -05 Ni 38 20 -3 55 -3
Cu a9 a5 44 06 Cu L 12
Mn 36 81 -30 Mn 26 -3 .
Fe R T QR Fe .86 30
M .18 |Moe | .33
Numberof sample: 17 Number of sampic : 52
Significance level (5%): 0.4 Significance level (5%): 026
Seamount: MS09 - AYl seamount - :
1 co N u Ma | Fe MaFe Depih| T co  ®N i M- Fe MnFe Depth
Co| 66 -8 e 8 -6 -4 | Ol -39 77 40 00 -09
M| sl 8 s om0 N 33 28 .50 s -3s
o | ) 3 s o .16 08 ;4
Mn T "-.13__7.50 Mo a5 a2 s
Fe 96 06 Fe 9 B
Mﬁ'ﬁ’- - 24 Mn/Fe .41
Numbert of sample : 33 Number of sample : 310
0.33

_ Significance level (§%) :
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* Combmauon whose correlation coefficient exceeds 5% mgmﬁaanoe level among the ﬁ\re maJor

clements in more than 6 seamounts of the 9 suncyed
Positive correlation: Co—Mn—Fe, Ni—Cu
Negative correlation; Co-— -Cu, ' .Ni Fe ‘

* Element whose correlation coefficient with water depth exceeds 5% sngmﬁcance level for samples :
from MS01, MS04, and MS06 which have rc]atwely homogeneous distribution of the water dcpth :
of sarnpling points. _ o o

Positive cdrre!ation " Water d;epth Cu, "water depth _ Fe

Negah\e correlation: Water depth Ni
“The five major clements can be divided into two large groups from the corzelation cocfﬁcncnt
Co—Mn—Fe and Ni—Cu. In the relation to the water depth, bowever, Cu behaves 1mersely with
Ni, and simiarly wnh Fe. '

4) Correlation dnagmm '

Representative come!ation diagrams of the five elements and of Mn/Fe aré. shown in Figun;és
5—4-2(1), (2). The left side figures in Plgllres 5—-4-2 show the plots of all samples analyzed and
the right side ﬁgures those of each layer of manganese crusts (cross marks indicate the outer layer .
and black urcles the inner layer). The chcnuca] compos;tmn of the two la)ers differs cons:derably in '
‘t}uck crusts (Appcndax Tab!es 5 (1) to (5)), and thus the data were piotted separately for the mo
_laycrs Dlagrams in Flgurc 5-4-2 (1 shcw umque featurcs when the plots of all data are compaxed :
‘Wlth the those of two layers data, Mn Co has the highest posmve con'elanon for all data and also :
hlgh posutwe ‘correlation for the outer and mner !ayerb Mn-- N1 has hlgh positive correlation in %
‘some seamounts and it is genemlly “.eak as 2 whole. This combination shows weak pos:h\e
correlation for ali data and stronger pos:hve value for the outer fayer data. Mn-— Fe has high p051me '
correlation next to Mn—Co. It shows weak positive correlatmn for all data but negatwe correlatlon '
for the outer layer data. ' ' :

Correlation diagrams for water depth and five major elements and Mn/Fe are shown in Figures
5—4—3 (1), (2). The left side figures also show the plots of all samples analyzed, and the right side
figures those of each layer (cross marks indicate the outer tayer and black circles the innér layer).
Positive correlation for water depth—Cu and water depth—Fe, and négative correlation for water
depth-- Ni were extracted from the correlation coefficients, but these relations are not so C!CEIIII in
the diagrams. Water depth--Cu has the hlghest positive coefficient and it is stronger with the layer -
data than all data. Thc values for Ni, Mn, Fe and Mn/Fe vaties wndely in shallow part, whlie Cu
variation is greater in deeper part,
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(2) Chemical analysis for minor elements

Of the 310 samples analyzed for the five major elements, 119 were analyzed for 26 minor etements.
The ana]yhml results are shown in Appendix Tables 4 @) to (D).
)] Anélyﬁc‘:il methods

The methods employed and the elements analyzed are shown below. After d'ried until the constant
@ ‘ weight was confirmed, the samples were prepared for analysis. ' :

¢ tCP emission spectsometry: Si, A, Ti, Ca P, As, Ba, Pb, Zn, M}; Vv, Pt
* l\eutron actwanon analyeas La, Ce, Pr, Nd, Sm, Eu, Gd Tb Dy, Ho, Er, ’l‘m Yo, lu
2} Analytiml results

The hasxc stahshcal values are lajd out m Table 5--4-2. ’I‘he chamctcmucs of the results are as

follow;

*Ca content is }ngh with a maxnmum of appromnately 17% and an average of apprommately 4.3%.
T'h;s is czused by the calca:eous blologmal remains filing the pores of the manganese crusts. Ca

content tends to mcrea::e in thc mnermost 3ayer )

¥ The manmum P content is approxnmately 3% and the content tends to mcrease in the innermost
@ l.ayer This is caused by the apatlte dcmed from the btologlcal remains filling the pores and

formmg veinlets in the mnermost la)er
* S, Al Ti, contents tend to be low in samptes with hlgh Ca and P contents
*Pt oontent tends to be htgher in the inner layer than in the outer laycr
3) Correlahon coetﬁaent -

Corretztﬁon ooefﬁcicnts were ca]culated for 119 sarnoles and 34 components, natnely 28 minor
elements 5 ma;or elements and water depth of the sampling points, The correlation matrix is faid
out in Table 5— 4 3. 'l‘he value of b% s1gmﬂ{znce level is 0.178.

Thc correlations of the mmOr elements have thc fol]owmg charactenshcs

_ * St and Al show a very hlgh posm\.c mn'etatxon Both elementb show pos:tne correlation with Ti
i - and Fe and negahve ootrelatxon with Zn, Mo, ‘and Ni. :

*Ca and P show very hlgh pos:twe correlaﬁon Both elemcnts sbow negahve correlation w:th Si,
AIT!ASV&}MnandFe L ‘
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* Pt show pdsiti\'e vorrelation with Ca, P, Ba, Zn and Ni, and negative correlation with Si, Y and
" Fe. '

* REE mufuaﬂy show high poéih‘ve correlation. REE show negative cerrelation with Zn, Mo, Ni.
" The light REE show positive corretation with Si and Ti, while the heavy REE with Ca  and P.

As mentioned prewously, the five major elements wete divided into two groups Co—Mn—Fe and
I\ —Cu. The oorrelahon bemeen these groups and the minor elements are as follows.

* Co--Mn—Fe combination has posmve correlat]on with Ti, As, Pb and V, and ncgatwe correlahon - @
" with Ca and P. - |

* Ni—Cﬁ has positive correlation with Zn and Pt.
The water depth has pos:mc con’elatlon with Si, Al, Ti and REE and negatne cosrelation with Mo,
4) Factor ana]yqs

Factor analysxs one of ‘the mlﬂhvanatc analyals was conducted for 34 components of the 19
samplea whose oorrela’ﬂon cocﬂiﬁents were calw]ated The comununality is estlmated fram the:
multiple correlation coefﬁacnts Factor loadings and factor scores are calculated after normal
varimax rotation. The number of factor:. is decided as five from the eigenvalues and cumulau\e
contributions, The factor loading values are shown in Tab!c 5-4- 4 :

The cha:actenst:cs of the ﬁve factors are as fol!ows. : : I - g

a) First factor -

The 13 REE components, excluding Ce have factor loadings exoeéding 08? ' and Ehérc is ne
fother component with higher facmr loading values. The reason for the hlgh contnbuhon of only
'REE to the first factor is that REE occupy 14 of the 34 components and also that they mutually

have a very high positive mrrelat:on coefﬁc;enh Other than REE the water depth has low

positive contribution. Therefore, the first factor expresses the bchawor of REE wu‘.h a small
contribution of the water depth Regardmg c0rreTation mefﬁcnents hght R]:F have lugher po:,ll:ne
correlahon with the water depth than the heavy REE.

Two samples, each from seamounta ‘MSso1 and MSO3 have factor scores hlgher than mean value.
M)+ 2 X standard demhon (SD), but no geologu: features common to these samples are
observed. No samples from either MSOS and MS08 ham factor scores hlghcr than M+SD whlle
many have those bclow M--8SD.
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Tabl_e 5-4-4 Results of factor analysis
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| Component § - . - Factor loadings (after varinax rotation) _
‘name | | Firstfactor | Second factor | Third factor | Fourth factor | Fifth factor |,
S . 0070 . 0558 0316 0598 0249
A | 00 _nmf[ -~ o468 0461l 0
ST | an 08250 046 0080, 023
' Ca 01070 0910 0298 0.474 0.071
P Coan| 0914] 0286 0.140) - 0.049
o As 0030] 0233 0542 0228 0093
T o8 oo oz owsl o7
) 0.026 01200 0479 003 0090
Zn 0268 0.103 o1sa] ozt o025
Mo 024 o039 0758 - 0318 o2
v 009, 0259 0652 0.174 0446
e 0025 - 0167]. . 0286 0641 0097
- la 0919 0l143] - 008/ 0069 . 0219
- Ce 0.350 00%| . 0040, 0164 - 014
Pr 0.888 0239, 0053 0207 021
N | oot 023 T o0ss 0192 0.191
Cosm | o1 030 ool 0247 0.164
Eu | 0.59 rye o0d| 0235 01%
Gd 095 00820 0056 0109 - 0206
T | 090 0.171 0014] 0188 0079
“py 0985 0066 0008 0017 - 004
Ho 0980 0142 0039 - -00N 0078
R | 0981 0233 0.022 0043,  -0.119
m 0.949 0.203 0003, 00%  -0lsl
Yb 0.945 otss| ool 0037  ol6
T 0885 02871 ool 0088 0.185
S 0033 0,505, -0.645 0.007] 0276
SN g _'9:939|' U 00%6 084 00%
Cu 0012 0290, 0.701 0201 0255
oM | oaa| o2 05w 0.288 0.047
Fe | oom  oms 0427 043 0059
Watecdepth | 0406] ~ -0486 0430, 0247 03M



b) Socond factor

Ca and P have factor loadings higher than 0.9, and TI Mn and Fe have those less than -069
_ and these components contrﬂ:;uto most hxghly to the second factor. Si, Al and Co have factor
'loadmgs below -0 44 but they have larger values to other ﬁactora The second factor mdmate the
amount of bxolog:cal remams The fissures and voids of the nmnganese crusts are ﬁlled with
blological remams and apatite denved therefrom, and the mcrease of these matena] mdxcates the

decrcase of the maJor oomponent:, of the manganese crusts, namely manganese and i iron.

Most of the samples with factor soore ‘exceeding M+2 X SD are from the innermost la)er of
_the crusts. This is caused by the fact that the fissures and voids of the mnenno::t layer are often
comp’ctely filled with apatite and that apatite veinlets occur.

c) Thlrd factor

The factor score of Cu is 0.7, Al 0. 486, Mo .V As, Ph and Co range from —0.47 to ~0.75. ‘These -
oomponents ha»o the highest contnbutlon to the third factor. The water depth shows posm\e
contnbuhon and Mn’ shows negative contrlbution but they contribute more Iargly to other
factom The third factor indicates the enrichment of Cu, and of heavy metals as Mo, V, Pb and
Co wlm'h show inverse correlation to Cu. The water depth also contributes to this fctor. ;

Samples with factor seores greater than M+SD are mostly from I.he inner or mnermost layor of
the crusts. Al wnpl&e with factor score less than M2 % SD occur in shalIow water depth
between 1,200 and 1300m. .. R ng

d) Fo,u-rth factor

Zn Pt, and Ni have factor score of 0.64 to 082 and Si has —060 and these components have
tho highest contribution to the fourth factor. Al and Fe show negatwe comnbutmn but they
contnbuto more targly to other factors. The fourth factor mdwates the ennchment of Zn, Pt and
Ni.

Eac‘n mo samples, from seamounts MSO! and M809 have factor scores hlgher lhan M+2 X
SD but the common geologic features are not zecogmzcd among these samp!es Many samp!es
from seamount MSO4 have factor scoros betow M SD o :

¢) Fifth factor

Ba and Ce have factor scores hlgher than 073 and theso components have the highest _
contnbutron to the fifth factor. The ﬁfth factor mdjoates the crmchment of Ba and Ce L g

No common georogic foaturcs are observed among samples with factor scores above M-I—‘SD

Among the major five elements, Cu and Ni beloﬁg to tho same group, and have inverse
correlation with the Co—Mn—Fe group. From factor analysis, however, the two elements are
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- divided into different factors. Cu contnbutes to the third factor and has inverse correlation with
_ " Co and Mn. On the ot_her hand Ni contributes to the fourth factor, and has no relahon with the

" other four components.
5-5 Mineral Composition

The main const:tuents of manga.nese crusts are manganese and iron omdm The kmds of
manganese o:ndes which occur on the seafloor d1ffers by the form (crusts nodules chlmneys, etc) and
their genetic envtromnent (scammmts deep seafloor, \olcanoes etc.). The depos:tlon of manganese crusts
are oonsldered to be of hydmgenetlc ongm and the manganese mineral is vernadite { ] -MnO 2) (Usm o
1996). ‘ ,

(1) Microscopic observation of poﬁshéd section

’Pohshed sections were prepared for the manganesc crusts collected by AD samphng and were studled _
~ by reflection rrucmscnpe The total num‘ncr of samplcs studaed was 21, one to three samp!es fiom - :

each seamount. X ray deﬁ*actomctry was c:amcd out for these 21 samples The results of microscoplc .

study are hid out in Tab!e 5—- 5 1 and represcntame nucrophotographs are shovm in F:gure 5 5-1 _

_ _Vemadxte todomklte iron hydm)ude and collophane were 1dent1ﬁcd In the 21 samples studled

‘\emadxle is the main const:tuent mmera! and it compnses 80 to 90 % of the manganese crusts. Iron

h)droznde and oollophane occur in many samp!es in mmor amount Todorokltc is tdcnhﬁed m ‘two
samples namely %SMS(}IADOS P1 and %SMSO5AD06 Pl. Low reﬂectmty matenals ﬁll the space
of grannlar vemadlte and thcy are suppOsed tn be apahte by X--ray dnfﬁacmmetry '

'Vernadlte' occurs in various- shapes and textures and they am'largely groupcd into banded to

strahfonn long columnar, and colloform to granu!ar Banded texture tends to be devc;opcd m the

o _mner and memmst Iayers of manganese crusts ‘and cotumnar to colloform texture in the outer layer
| "Ihew'ldthofthe growth bands;sOOltoOOSmm

' Manganese crusts almost tntaliy consxsts nf one manganese mmeral vem.adxte It means that no
" difference of mmemls by the typ&s of manganese cmsts (crusts cnbblc crusts, and nodules) and by
 the layer of the crusts (outer, mner and mnermost) exist. The texture of thc mineral varies

o cons:derably and there xs a relat:onshnp bew.een the mineral texture and thc crust layers

T be
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Table 5é5~1

Results of mcroscomc observatson for nanganese crusts nol:shes

Formlng Hlnerals

| 2121 o8k -
Sanpling point Ko lefe Texlure-steucture 28| HEET Remarks
e . - AELE B R T
s|2EH3EY |
‘ N rrinrof an linyvein network of iron -
965M501 A_D[]S P1 |sheet~coacretion O|O| + hydroxile |
\ N ' linyvein network of iron
963M501 ADI_(}. P1 Jcotloforn ellipse @ + hydroxile : -
o s . Lisyvein network of :ron
953_..\1501 Mll_?_ P1 |coucretios, sphenc.al (@) + |+ hydrosite
' ' R Lo ' Tinyvein of ifon hydroxite
QBSEFSBZ_ABGT Pl lcollofore~sphetical, ellipse | © + in spherical struclore ¢
: . : Linyvein of iren hydroxite
9654502 ADOT P? colloforn, sphezical Ol |+t and col lophane
| : Linyvein of collophase and
965M502 ADI3 | PY |banded, sphencal © 1+ i ron hydroxide
' . |spherical, columaarﬂvcollolotm - linyvein of iron hydroxite
9635503_3009 Pl concretion, e]lipse 1ot _f ! aod silicale minerals (1)
96SMS03 ADOS | P2 ;;;"g;g;’::g:;g:;;::;g';‘;g;;'i o [+|+| [tinovvein of iron hsdrmilc
9654504 ARD4 | P} co_ll@fom*»columr{ ellipse | ©
9634504 ADOA | P2 fcoluaar, concretin  [@f |+ - )
- colloform, colunar spherical, - liﬂyv.éin network 01'(,;0]]0—'
963404 ADI2 | P sheel ' o . H phane and iren hydroxide
96SMS05 A[i{}ﬁ P} leoseretion, ‘colunar, collofora] O] + e T |
: : _— e ' llnyveln of low reilecllve
96SMS06 ADO2 | P1 [colloform~concrelion, eliipse] © Noover minerals .
965806 ADDZ | P2 lcollofors radial ol {+]|+ tinyvein of iron hydroxitc
criens 1nia | oy {collofors spherical, grain, tinyvein of iron hydroxite
QBSMSUﬁ.ADIZ P1 ellipse o o L e spherical structure
. . . _ ' tinyvein of iron hydroxide
G63MS07 ADO1 | PI [spherical, concretion, ellipse| © + | + and iron bydroxide -
963308 AD12 | po [rollotora seata colwmat -y | {4 [tinyvein of coltophane
96SMS08 AD12 | P2 [sheet~colloform ol | |+
{96sus09 anos { #1 f.ﬁ:.!?:?é: fﬁig'“”s"he““"‘“ o| |+ tinyvein of iron hydroxite
965MSBY ABI) | PI |concretion, coltoform 0| _ )
: . Tinyvein of To# refleciive
96SMS09 ADEL | P2 [etlipse (o} + voser minerals

Legend © : Abundant O Common + : Pew~Rate ? :Uncerlain
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Photographs of microscopic observation of manganese crusts polishes

Fig. 5-5-1
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() X—ray diffraction analysis

’I‘he 21 microscopically studred samples were exzrmned by X ray d:ffmctometry Powder and
non~onentahon specunens were measured “The requLs are sho*.m in Table 5-5-2.

. !denhﬁed mmerals are vemadrte todorol-nte brmessrtc quartz feldspar, and apatite.

' A la.rge amount of \emadrte was detected in a]l 21 samp!es and a smal] a_rn()unt of todoro!crte and
' birnessrte were detected in se\eral samples Thcse manganése minerals have wide: drﬁﬁachon peaks
and are oonsrdered to be poorly nystalhmd chadrte has only two diffraction peaks and this is also

’caned two—peaked & - ~MnO 2 | |

Apatrte occurs ﬁlhng voids and formmg vem!ets as obsened by ‘unaided eyes. Small to medmm
amount of apautre are fourd in many Samples Quartz and apahte are consrdered to have been demed

‘from brnlogrca’l rernams such as dratems and foramrnrfera and feldspars from \olcanrc rocks.
5—6 Growth Rale

Concentratron of l()Be was measured m order to determine the gmwth rale of manganese crusts.
F;ve sarines were sludred and two to t.hree pomts of drﬂerent depth were measured for each samp!e ’Fhe

results are shown in T ab!e 5- 6 1. '._

The samples nere after gnndmg, drred at 120 degrees Celcrus for 12 hours and the oonstant
v.erght was confirmed. 500 mrcrograms of 9Be wzs added as camer to 500 mg of sample Tandem

accelerator and ar:oelerator mass speclmmeter were used for the measurement of IOBe

The growth rate of manganese cmsts is esnmated wxlh the assumphon that the 10Be concentrahon
in sea water is constant and that its behavior does not change durmg deposmon As the 10Be concenlzahon
mcreases from the decp pm to the surfaee of nmnganese ‘crusts, the growth rate- rs ca]eulated from the
d;agfam of the measured depth and IOBe mncentratron In 963'%5061\{)02 lhe growl.h rate was not

calculated because of the revcrse relatron bew. een the depth and the coneenlratron :

The growth :‘ate rs 26 to 52 mm/Ma wﬂ.h t'he average of 3 5 mmiMa T‘hus 10 cm thick manganese
erust grew to the present state dunng a penod of 28 mﬁiron years. Smee the seamounts on Vvhl(‘h
manganese crusts occurred nere fonned in Late Cretaceous this gmwth rate rs a reasonable value, Also

_ Sharma and Somauajulu (1982) repoxted that the growth rate of manganese crusts m thc Pacrﬁc reglon ‘was
one to erght mm/Ma ' ‘ ' " : '

-167--



Table 5-5-2 Results of X-ray diffrac't'ion analysis for manganese crusts

_ M_a_nganese crust Mn—hydroxide _ Others

. crist [mnetized] 2|5 |5 | | o || chesiear
96SMS01 ADOS | X1 [erust  Joulk . [ © | ? O AA
98SMSOI ADIO | X1 [erust  [buik | © |+ | aa
96SNS01 ADIZ | XI [petble | ‘“’(‘:;;iﬁ;’ © e[ o a2z
9654s02 ADO7 | X1 fcrust  outer | © + | AL
955115{1’2' ADOT | X2 Jerust  |innerost| © o A3
9654502 ADI3 | XI [pebble - "{L';:Z‘;f o ol Al
96SMS03 ADOS | X1 [crust oulet © + +1 Bl
96SMS03 ABOY | X2 crust ~ linnes © O]l B2
9654504 ADO4 | XI [erust + outer - | © +] 1 | ar
9654504 ABO4 | X2 [erust  finner | © + | Az
9634504 ABIZ | X1 [ocbble  linncrmost| © ol a4
S6SYS05 D06 | 11 fpetble (SO | © BEEIREYY
965M506 ADOZ | X1 [crust ouler @ + AL
QGSSIS{]B ADOZ | X2 ferust . |innermost] © Ol A3,
96SMS06 AD1Z- | X1 [erust - fouter | © ] oA
9634507 ADOY [ X1 [nodute ok | © |+ BB
96SNS08 ADI X3 |pebble  Jouter © | O -
96SMS08 ADIZ | X4 peblb'l'e_:_ . |ineraosl) © -
965809 ADO8 | X1 [erust . [bulk - | © + TAA
96SNS09 ADII | X1 [erust  fouter | © T A
9654509 ADIt | X2 [pebble  |imneraost| © | | 2 | + o } 1§”3

Legend © : Abundant O : Comson + : Few~Rare ? : Uncerlain
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Table 5-6-1

Results of isotOpic'anaIysi_s for 1089_ of _manganase' crusts

Samp!ing pointl\'o. Code | - Depth Type‘and layer of samp!e 10Bc content | Growth rate
(mm) (dpmjkg) | (yMa)
968\1SOIADII Bl 0 Cobb!e crust, ouler la)er 25469 34
77§6§;{§{7}7M;D11 I | 2 |  diwo 2092
96SMSOIADIT | B2 | %0 | Cobblecrust, innerlayer | 178
96SMSOGADD2 | B2 30 Crust, inner layer 0.040 reverse
osMS0oAD2 | B3 | 50 | Crustinemostlayer | 0053 o
96SMSO7ADO2 | Bi 0 Crust, outer layer 10.732 5.2
To6sMS07ADR2 | B2 | %0 Crust, inner layer R 1179 7
%SMSOSAI)Q Bl 1. 2 - Crust, outer la)er 8.269 34
o6SMS0sADI2 | B1 | 30 [ Cdite .| s
" G6SMSOSADI2 | D2 0 E‘}lusr innermiost layer 0052 | .
| 063MS09ADIL | BI 0 Crust, outer layer 308 26
96sMS0ADIL | BI | 18 ~ditto 2 .
O6SMSOYADIT B2 35 Crust, innenmost léye; 0963
Table 5-7-1 Results of lead isotope analysis for manganese crusts .
Sampling point No. | Code © Sample contents 206Pb/204Pb | 207Pb7204Pb | 208P1/204Pb
L N Crust type: Layer . . S RSN B
96SMSOIADI1 | 1S1 | Cobblecrust{  Quterlayer - . 18.720 . 15662 .} 38861
T 96SMSOIADIT | 182 | Cobble crust|  Inner tayer 18648 - | 15648 | w7700
96SMS02AD07 | 181 Crost. | - Outerlayer | 187706 . | . -15.645 . 38799 .
96SMS02ADO7 | 152 | Crust | Imnerlayer | 18673 | 15654 38768
96SMS04ADO4 | 1St |  Crust  } - Outerlayer 18.737 15.714 39.039
ToesMsosAD0d | 152 | Crust | tenerlayer | 18647 | 1ses7 | C 38828
96SMSOSADI | I1S1 |  Crust . | Outerlager | 18709 | 15641 | 38783
T o6sms0sADI | 152 | st | temerlayer | 18673 | 15681 | 38726
 96SMS06ADO2 | ISI Crust Outerlayer - | . 18.705 15649 | . 38.809
96SMSO6FDON 151 Crust _ Outer layer ;. 18.784 15041 39.090 .
96SMSO6EDO] | 152 | Crust | Inncrmostlayer | 18653 | 15636 . | 38699
96SMSO8ADI2 | 1S1 | Cobble crust | Outer layer outer | . 18.738 | . 15.682 38911
“965Ms08ADI2 | 152 | Cobble crust | Outer fayerinnier | . 18.637 15634 | 38710
oesmsosapiz | 153 | Crist | lomermostlayer | 18339 | 15565 | 38485
96SMS09ADI | IS] Crust | Outerfayer 18714 | - 15.660 38.856
| 96sMso9ADI | 152 | Cost "I Tnner most la)er T Tisess | 1sesl | 38832
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5-~7 Lead Isotopic'Composition

The composition of lead isotope was measured for 16 l;mnganese crust samples. The results of the
analysns is laig out in Table 5-7—1, and the two—component diagrams of the isotope ratio in Figure
5— 7 1.

(1) Analytical method

The sample was first treated hy acnd in order to climinate the eﬂ'ect of iron oxides and blo“ogical
remams dried and the 1éad was extracted by Shnmda arx} I\ohda:. method (1993)."

I'mmgan Mat mass spcctrometer was used for the measurement. The measu:ed lSOtOpe rahm, are
206Ply 204Ph, 207th 204Ph, and 2(}8Pb/ 204Pb The mrrechom for t.hese rahos are 1 0-0290 100425
and 1.00628 respectnely

(2 Analytical results

'i'heﬁo-t:s-ﬁ‘)r all 15 samples :;efxcéht for 96SMSOBAD12— 153, are .faifiy fbnéehnafed in Flgure 51,
Tlns is m contrdst to lhe scattered plot:s of the lead |sotope ratlos of rocks mentloned earher

In each samplmg point (the same samplc), the Iead tsotope ratios lond to be lower m the inner layer
{code is I82) than the auter laycr (IS1). The sample QGSMSOSADIZ 183 1s onjy of the innermost
layer, and Lhe three lead :sotope fatios of this sample are the lowest and are close to the values of the

general oceanic island basait On the other hand, the hlghest ratios are that ot’ QGSMSOBFDOI ISl
which are similar to those of deep ocean seaﬂoor sedlments '

Companng the lead botope ratlos of the mnganese cmsts and Ihe subutrate basa]t the ratms of the
basalt are higher than th-ose of the ¢rusts, but there is m apparent regulanty From the motope ratios
in the present, there appear:: to be no genehca] relahon bet“een t.he manganese cmsts and the basalt

The fact that the hlgh lead lsotope ratlos of thc outer la)er of manganese crusts are snmlar to that of

- the deép ocean seafloor sedlments lndlcatcs that the seafloor sed:ments or the sea water playcd

: essenhal roles in the farmation of the outer !ayer of the cmsts But the [act that the isotape ratms of
the inner layer are always lower than that of the outer layer in the same crust mdlcates that they T g
“erc not ongmated from seaﬂoor sedunents nor sea water alone The study of the tsotdpe ratm ,
suggests that mantle ongmatcd matenals Were conCemed with the ‘¢rust deposutlon at thc bcgmmng _. '

: and subaequcntly seaﬂoor sedunents contamm g sea water concemcd
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5-8 Characteri'sties'of Occurrence

Charactenshcs of manganese crust deposrts were m\estlgated and the ore reserve of the
tnanganese crusts was calculated. The va]ues of each charactenstlc or the relative relations for each
seamount are shown in Table 5-8—1. The factors of the characteristics are as follows; the size of the
seamount, the topographic ruggedness ef the seamount, the average gradieni of the seamount slopes, the
water.depth of the seamount su_mnﬁt, the degree of the manganese crusts expc‘)sure, the average thickness
of the crusts, Co and Pt ebntenls ard dry rese.rve ionnage of the crusts The topographic ruggedness of
the seamounts was decide by bathymetnc maps, and the degree of the crusts e:mosures by the MBES
acoustic pressure ﬁgures In other factors the actual measurements are Taid out. Advantage and
dlsadvantage ch‘iractenstlcs as the exp“eltatmn critena are also described logether in the table.

In the margin of ﬂat stummits, manganese (:r‘usts are u»ually observed to be exposed oonhnuousiy
In the slopes of seamounts the steeper slope tends to have the h1gher cxpoSure of manganese crusts, but
the steep slope and much topographle roughness are supposed to be unﬁm)rable eharactenshcs On this

point of view, the rugged peaked seamount wrthout a ﬂat sumrmt is inferior to the guyet where manganese
crusts occur on the flat summit, ' '

Seamounts MSOI MS02, MSO4 MS05, and MS07 have relamely high degree of the manganese -

crusts exposure, and the former three ate guyots and the latter two are peaked seamounts. Co content is
high in the seamounts MSOS and MS07, and low in the seamounts MS01 and MS03. Pt content is high in
the seamount MS02, and somewhat low in the seamounts M504 and MSOG Thus each seamount has an
advantage and dlsadvantage together.

The calculation of resource volume was camed out for the flat lemmit. the upper and middle slope
of the seamounts, excludmg the lower slope which had poor mapganese cmsts CXPOSUIES and thin crusts.
The dry tonnage is calcula;ed as the slope area is multiplied by the average ‘thn:kness and the dry density
of the crusts and then by a cocfficient in acoordance with the crust exposure ratio. The coefficient in the
slope is 0.5 for high exposure and 0.3 for low exposire, and the coe[ﬁcienf in the flat summit is 0.2 for

high, 0.1 for medium, and 005 for low exposure The dry density of the manganese crusts is adopted to be
20.

Since the ore reserve is inﬂuencec_i greatly by the size of the s'eafnount, the variatiorl between
seamounts is large. The average size of the nine surveyed seamounts is 60' X 60 km * and the dry ore
reserve of their manganese crusts is 10 to 15 million tons. The total dry tonnage of the nanganese crusts

in the nine seaniounts is 172 million tons, Co metal 1.2 miltion tons Ni metal 1.0 million tons, Mn metal -

39.8 million tons, Pt metal 71 tons. The metal reserve is obtamed by mu]hplymg thc dry reserve tonnage
by the metal content. - C '

The overall evaluatmn about the charactenstles of crusts oocurrence and the ore reserve suggest that

the seamount MS0T and MSOZ are mest supenor ameng the nme seamounts dnd also the seamotint MSOS
MS04, and MS08 are relatwely supener.
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Chapter 6 Discussion

For all séammnté the survey provided detailed topognaphy and formed the basis for sampling and
other subsequent stud1es Acoustic image maps prepared from MB]:.S acoustic pressure measurements are
highly effective for undemtandmg the areal extent and the distribution of manganese crusts exposures o
the seamount surface. It is considered to be a very useful technique for n:connaissance survey of

mnganese crusts

" As a result of the investigation, the existence of manganese crusts was confirmed in aﬂ seamounts

suneyed The mode of éccurrence of tne crusté is essentially similar in all sea'mnunh. Thus it is proved

that the manganese crusts occur widely from shallow summit down to 3000 m water depth in all

searnounts. It ls a remarkab!e fact that manganese crusts occur below seafloor sediments v.hu:h prcscntiy

cover the seafloor.

" The form chcrmcal composition, mmeral composition, and other basu: data about manganese cmsts
are believed to h.‘3ve been acquired thmugh the results’ of various studies and analyses of the collected
matenals moreox er basu: geologlc and petro!ng‘lc data regapdmg thc seamounts sufﬁcnently obwmed

Hem et al. (1992) mferred that lhe Marshall 1s!ands has the htghest potenha! of mnganese crusts
equwalcnt to the M;cronesna for the explmtatlon criteria such as topography, Co content, and “crust
thickness. In thls survey oompared to the enstmg surveys, sumlar data about the basic charactemucs such
as OCCUITENce uf manganese mn,ts tPuckness and ore grade were obtamed Though small amount of
explomtmons was camed out m several seamounls in the exlsbng surveys, _vanous kinds of explomt:ons
such as aooustic emloxauons FDC seafloor observation and samptmgs nere done i in all nme seamounts in
this survey, and each seamount was estimated from these resu]ts Especnally in the acoustic explorahons
MBES data \t,ere apphed to many— sided use and SBP and SSS by narmw beam were ua.ed to. make
detailed topogmphy It is note“orlhy that such expforahons as undpphed in the enstmg suneys were
carried out in this survey and prowded useful tesults '

On the other hand some pmb}ems of sun'ey methods are mceqs,ary to be remgmzod for the
purpose that the eXpIorahon wﬂl be effectnely carried out : '

By FDC observatlon lhe distribution and the occurrenoe of manganase crusts can be clanﬁed but

the mformahon of thelr thickness is unknomm, and the width of observatmn 15 at the most 3 m. The_

advantage of LC samphng is the avzulabahty of véruca] data in spnte of pomted mformahon Because of the
function of the sampler, howev.er manganese crusts a:e not always coHected and even when they are

collected many of thers do not prmnde the tinckness data In AD sampling, largc amount of matenals s
obtained and consequently ava;lablc mfommatlon is also large Ho“cvcr eas1ly~dredged matenal such as -

protruded or pebbly crusts, are se!ectnely col!ected and Lhey do not mpresent the average mfonmhon of

the sampled site. In the acousnc survey, the MBES acoushc pressure unage is vexy usefu] but its accuracy ~
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decreases in l;hc slope areas.

As mé'ntion_ccl above, reganding survey methods, the strength and limitations of each method for the
survey range and depﬂx have been clarified. Théfefore, the combination' of various methods in accordance
with the objech\e would be very important. '

Iti 1 evaluated that overall analysm from various kinds of methoda provided sufficient results at the stage of

thzs reconnaissance survey

The future subject would be in assessing the areal extent of the ‘manganese crusts with high
: ig:’ - accuracy. In the next surveys, it is desirable; rather than investigating_ niew seamounts, to select some from
the nine scamounts surveyed by this study and to carry out the following studies.

* Prepare high—precision 2coustic pressure images with topographic correction from MBES survey
in order to get the accurate information on the occurrences of manganese crusts.

o Can‘y out SSS and FDC surveys on flat summits and FDC suney on the slopes in dense I:rack

hnes in order to complement the MBES survey resuits. '_

* Collect the samples i in the bonanzas zones conﬁrmed from the abowe surveys, fiot domg rcgionally
- on the average The main eqmpment used would be AD, o R
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Chapter 7 - Summary

In 1996 the second 5ear of the third phase of the five— —year SOPAC Program topograpluc sur\e)s _

and samp‘hng for manganese crist doposns were carried out in the exclusive economic zone of the Republic
of the Marshall Islands. The duration of the survey cruise was 52 days.

_ There are some oceanic islands, atells and many seamom.l.ts.: in the survey area, These largely
belong either to the Ralik Scamount Chain which is aligned in the northwest—southeast direction in the
: \\estem side of the area, or to the Ratak Chain a!lgned in the NNW—SSE directien on the castern side,

The suney was composed mainly of bathymetnc crmse of each seamount in order to clanify the
detailed nature of the morphology and of samplmg by large corer (LC) and arm dredge (AD) with the
ob_;cchwe of oonﬁnmng the mode of occurrence of the crust depos:ts Also seafloor observatlon and
photography by PDC were carried out for clanfymg the connmuty of the dcpomts the type, thlckness,
density, grade, exposure ratio, and other rclcvant featurcs of the manganese crusts. Important samples
were studied in laboratories en land by various methods mcludmg, chemical analysis, X—ray diffraction, and
microscopy., These together with the results of onboard analysis prowded the  basis for resources
assessment. nSBP survey together with MBES was carried out in order to clanfy the conditions of the
sediments, and for some of the seamounts, SSS survey was conducted for understanding  the
nﬁciotopography of the seafloor,

Bathymetric survey

Nine scamounts were selected for survey after considering, the water depth, size, location, and
other relevant factors. During Leg 1, four seamounts aligned in the east—west direotion along the same
latitude {about 14° N.), and located in the western part were studied. During leg 2, five seamounts
surveyed were located in the eastern part of the survey area and aligned in the southeast—northwest
direction. Of the total of nine seamounts studied, seven were flat—-topped, and two had pointed summits.

The areal extent of the survey differed by the size of the seamount and the results, but was about
60 x 60 km for each seamount. For all seamounts, the survey provided detailed topography and formed the
basis for sampling and other subsequent studies.

The water depth of the scamount summils are 95(). 1,750 m, the largest seamount is 'MSOB
extending 130 km east—west and over 100 km torth- south. The relatwe he:ght rangeb from 3, 100 m to
5,500 m.

There are no apparent relations among; the location, the movement of the Pacific Plate at tho time '_
of the formation, and topography of the seamounts. Also lhere are no apparent d.lﬂEl’El’lCCS bemcen the

seamounts of the Ralik Chain and the Ratak Chain,
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MBES acoustic reflection images

It is seen from MBES acoustic reflection lmagcs that, as a whole, in alk seamounts, mnganese
crusts are extensively exposed along the edges of the top ridges on the slopes, and the valleys, in other

words in areas where the slope is steep. Regarding individual seamounts, for example, it is seen_that
'_althoﬁgh MS09 has a relatively small fop area, the crust exposures occu'py a !axge'r'portion compared to

other seamounts. Also it is seen that although MS03 has the largest flat top, mest of the area is covered by

foraminifera sand

MBES aoomhc reflection images are very uSeful parhculaﬂy for seamounts, in regmnal study of
the areal extent and distribution of the mangan%e crusts efﬂﬂently

nSBP sur\ey

- Of the flat summit scamounts, aooushcally transparent layers ate most deseloped in MS03 and they
are distributed extcr;sxvely to the summit edgcs It is inferred from the FDC seafloor observahon that

zones of transparent layers are unconsuhdated sedunems and all the flat summits of the scamounts are

covered by sechment:; {foraminifera sand), with thickness rangmg from 5 m to 70 m, and attammg 200 m
MHAXImN m_MSOB. There are parts with vexy thin sediments such as in the steps in MSO1 and MS02
(particularly in MS$02), but the flat summits of MS03 and MSO4 are inferred to be wholly covered by

sediments.

Most of the elopes of the seamounts are expcsed but some terraccs of the slopes are probably
covered by 10 20 m of sedunents

On the othcr hand pomted seamounts MSOS and MS07, are almost all acoustlc.ally c-paque and
there are no reoords mdlcatmg sediment cover. e -

SSS survey

It has been shown that 8SS images (reflection intensity distribution) generally agree well with the
MBES acoustic reﬂcction.i:mges, and FDC observation and other methods have shown that the higf]
acoushc pressure zones are correlated to rock (crust) exposures, The present survey results were similar,
Also tlns method enab!cd very detailed and premsc determination of the acoustic pressure distribution,

' such as the conﬁmat:on of Iocally low reﬂechon acoustic pressure zones within high acoustic pressure area
_and the determmatmn of thin sediment cover on the slopes. Th;s method thus played lmportant roles in

detemunmg the sa:nphng sites and other premsc v.ork
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FDC survey

_ FDC was used for seafloor observatian, and one to two‘ track lines were set for parts of ecach
“seamount where the acoustic pressuré images were high and thus the possibility of crust exposures was
good. These were mostly at the summit margins and stopes (ridges, valleys). FDC was towed at ship spéed
of about 1 knot and important parts were photographed in color. ‘The direction of the tow was determined
by cons:denng the wind and current directions. ' ' '

Petailed condltzons of the sediments and the seaﬂoor and distribution and conhmuty of the crusts

weie conﬁrmed by this method. 1t was confirmed that the crusts were developcd particularly from the -

sununit margins to the slopes and the refation of the topography and sediments and crust distribution and
the crust types were elarified.

Sampﬁng

~An average of 15 samp!cé were oollected from each seamount by arm dredgc and large corer. The
targetb of the samplmg were tmnganese crusts and bottom materiats. In all the seamownts surveyed,
manganese crusts and associated rocks were. samp!ed by dredge and surface 1mnganese crusts and

foralrumfera sand by corer.

Mode of occurrence of manganese crusts

* Existence of manganese crusts were confirmed in all .':séémdunts sune).ed lby _sém'pli;lg and FDC
observation, Thus it wés clan'ﬁed that mangancse crusts oceur on the .seéihoﬁhts. thidﬂghoﬁf th‘e'éim'ey
area, and lhcu‘ modcs of eccuirence are now understood. ’l‘he crusts are particularly developed from the
summit margins to the slopes. There appears to be no clear relations between the’ t]nckncss of the crusts
water depths, and locations. Also the nature of the crusts does not vary by se_amo_unts. The average

thickness of the crusts of the collected samples is 21 mm with a maximum of 105 mm.

Chcm;ca} amlyms

Thc average grade of the samples collected fmm all nine seamounts by onboard chemlcal ana]ysss is
Co 0.73, Ni 058, Cu 0.11, Mn 23.08, Fe 13.89%. These values are sumlar to the rc:au!ts of the past

investigations in the waters of Marshajl Is!ands Regardmg minor elements ana]yzed in laboratory on land, -

detailed data such as lhe correlation am0ng vanous elements were obtamed The maximum Pt g'mde is
1.4 ppm and average 0.4 ppm ‘There are some vaniations in the chermstxy of the collected samples by the
sampling sites and seamounts, but the largest factor for the chcnucal dxfferencc is the honzons of Lhc
crusts (inner and outer layers), and systematic chenum] d:ffercnces are not caused by Iocauon of surmmts
topography or the nature of substrales
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Assessment

" Each seamount was given a relative rank based on; its sne morphology, degree of manganese crust
exposure average tluckness of Lhe crusts and the grade of ores. Then the ore reserves were calculated
The seamounts were assessed on the basxs of these data

_ The ore reserves of the avcrage seamount sur\e)ed {60 x 60 km} are 10 to 15 milhon tons. The
Co Nl Mn Pt metal contents of the ores are 12 million tons, 1 nulhon tons, 398 milkion tons, and ?l tons
respectively. A oomprehensne analysis indicate that MS01 and MS02 are most promising in the area.

Summ.ary of discussion -
As a result of the present mvestlg:ahon, cxistence of manganese crusts was oonﬁrmed in all

Seamounts surve)ed The mode of occurrence of these Cﬂlth 15 essenha]ly simitar in all scamounts, and it

is mferred that the cmsts occur in all seamourts w:th summits shallower than 2,000m in the survey area.

Regardmg survey methods the strength and hm;tatlons of \anous method:, have been cianfed

"l‘herefore the combination of various mcthods in accordance w1th the objecme \\.otﬁd be very 1mportant
and the methods used dunng the present survey 3ttamed their ob}ech\.es suiﬁaemly at the present slage

It is deemed desuab!e to select some seamounta from the mne sune)ed and to survey thcm mth

_ hlghel‘ aocumcy rather than targeting on new seamounts. The lmportant theme of the ﬁulure survey “ouId

be the accurate clanﬁcatmn of Ihe areal cxtent of the crusts. Preparahon of high prem-lon acoushc pressu:e

-nnage,:., SSS FDC survey:, wnh dense]y~spaced tra{:k hnes “ould be cffechve

179



[REFERENCES]

Brevart O., B Pupre and C.J. Allegre, 1981, Metallogenesis at spreadmg centers lead isotope systemahca
for sulfides, manganese rich crusts, basalts and scdiments from Cyamax and Alvm areas (East Pacific
Rise). Econ. Geol. Bull. Soc. Econ. Geologists., 76, 5, p. 1205 1210

De Cardo ER. and C.M. Fraley, 1992, Chemistry and mincralogy of ferromanganese deposité_ from the
equatorial Pacific Ocean., Geology and offshore mineral resources of the central Pacific basin, p. 225—245.

Hart S., 1984, A large scale anomaly in the Southern Hemisphere mantle. Nature 309, 753~ 757.

Haynes B.W. and M.J. Magyar, 1987, Analysis and metallurgy of manganese nodules and crusts,, Marine
Minerals, p. 235245,

Hein JR.,, M.S. Schulz, and LM. Gein, 1992, Central Pacific cohalt—rich fcrromanganese crusts: Historical
perspective and regional variability., Geology and offshore mineral resources of the central Pacific bhasin, p.
261-283.

Hein J.R., W.C. Schwab and AS. Davis, 1988, Cobalt—and Platinum-rich ferromanganese crusts and
associated substrate rocks from the Marshall islands., Marine Geology, v.78, p. 255—283. '

Hein J.R. et al., 190, Geological, Geochemical, Geophysical, and Oceanographic Data ard Interpretations of
Seamounts and Co—rich }*enomangancse Crusts from the Marshal! Islands, KORDIUSGS R.Y. l*amella
Cruise F10--89-CP.

Janney P.E. and PR. Castillo, 1996, Basaits from the central Pacific basin: Evidence for the (_)rigin of
" Cretaceous igneous complexes in the Jurassic western Pacific., vol.101, no. BZ p. 2875—2893.

Lincoln )., MS. Prigle and LP. Silva, 1993, Early and late Cretaceous volcanisin and recf—btuldmg in the
Marshall Istand. in The Mesozoic Pacific; Geology, Tectonics, and Volcanism., Geophysical Menograph 77.

Mangini A., P. Halbach, D. Puteanus, and M. Segl, 1887, Chemistry and growth history of central Pacific
Mn—crusts and their economic importance., Marine Minerals, p. 205-220.

Sharma P. and B.LK. Somauajulu, 1982, 10Be dating of large manganese nodules from world oceans., Earth
ahronology, Earth Planet. sci. Let., v.36, p. 358-362.

Usui A, 1995, Studies of marine manganese deposits: Review and perspectives., Chishitsu News, no. 493,
p. 30-41. (Japanese)

Verma S.P., 1992, Seawater alteration effects on REE, K, Rb, Cs, Sr, U, Th, Pb and Sr--Nd-—-Pb isotope
systematics of Mid—ocean ridge tasalt. Geochem. Jour., 36, 159 178.

Woodhead J.O. and C.W. Devey, 1933, Geochemistry of the Pitcaim scamounts, I source character and
temiporal trends. Earth Planet. Sd. Left., 116, 81-59.

Zindler A_ and S. Hart, 1986, Chemical geodynanﬁcs. Ann. REv, Earth Planet. Sci., 14, 493571,

180~




	CHAPTER 5 MANGANESE CRUSTS 
	5-3 Sampling Results 
	(1) Ann Dredge (AD) 
	(2) Large Gravity Corer (LC) 

	5-4 Chemical Composition 
	(1) Shipboard Chemical Analysis for Five Major Elements 
	(2) Chemical Analysis for Minor Elements 

	5-5 Mineral Composition 
	(1) Microscopic Observation of Polished Section 
	(2) X-ray Diffraction Analysis 

	5-6 Growth Rate 
	5-7 Lead Isotopic Composition 
	5-8 Characteristics of Occurrence 

	CHAPTER 6 DISCUSSION 
	CHAPTER 7 SUMMARY 
	REFERENCES



