Chapter 5 Manganese Crusts

5-1 Classification and Layered Structure of Mangancse Crusts

In this report, mangancse crusts are classified by their shape into cmust, cobble crust, and nodules.
The section of the crust is divided into the euter, inner and innemrost layers, Photographs of typical crusts

are shown in Figere 5--1- 1

(1) Classification of manganese crusts

Mangancse crusts of the sarvey area are classificd into the following three types by the shape of the
ciust and the host rock. Also when the manganese crust is very thin, “ coating” or “ sooty ” will
be prefixed to the classified name. Coating will be used when mangancese oxide less than 1 mm thick
covers the entire substrate and is black in color. Sooty will be used when only a minute amount of

mangancse oxide is attached to the rock and the color is dark brown to brown.
@ Crusts (Fig. 5-1- 1, Photo A, B)

Crust is a material whose upper surface and the sides are covered by manganese oxide and the
substrate is exposed on the bottom surface. Manganese crusts are divided into 1~ 3 layers and the

thicker ones tend to consist of many layers,

There are two modes of occurrences of mangancese crusts; one formes directly on the substrate and
the other on the surface of sccondary sediments. Thick mangancse crusts often form botryoidal
structure (Fig. 5—-1-1, Photo A, B). The substrates arc mostly basalt, basaltic pyroclastic rocks,

and limestone. Substrates were not collected in the sample shown in Photograph B.

@ Cohble crusts (Fig. 5—1- 1, Photos C ~ F)

Cohble crust is a cabble—shaped material whose entire surface is covered by manganese oxides

with nucleus consisting of rock fragments and other material. The tong axis of the cobble exceeds 8

<.

These are formed by mangancse crusts covering fava fragments, rock pebbles, talus deposits,
boulders, and other material separated from the bedrock. Generally, the upper surface is covered by
crusts thicker than the bottom, and the upper surface is botryoidal while the bottom surfaces have
granafar structure. Those with thick ciusts are often ellipsoidal. The substrates are mostly basaltic

pyroclastic recks, conglomerate, and limestone.

~116--



Crust upper sulil';;o:’: potyoidal (MC10CB0G) The same as the left section fower cavities are

filicd with (wve

C

Le v LI R, 5. L el EEE

Cobble crust upper susface: granubar (MOTOCBOY) The samw as the left bottom surface; granulaz

., F

| 3 : ‘-;9.~ '1 : 

The same as the above  section three fayers Cobble coust section three fayvers (MOOSCHOS)
substrate rock is hyaloclastite subsleate rock s hyaloclastite

E

=

y
o

LIRS

Naodule upper surface: botryoidad (MOTI0CBILY) The same as the keft scetion: one layer

Fig. 5-1-1 Photographs of manganese crusts

—117-






o

@ Nodules (Fig. 5-- 11, Photos G, 1)

Nodule is a matenial smaller than 8 o in diamcter and is covered entirely by mangancsc oxide,
Since nodules arc small, they generally are mono--layered, but multi-layered nodales similar to

cobbles are sometimes found although rarcly.

Nodules are formed under conditions simifar to cobble ctust, namely manganese crust covering
small rock fragments separated from the bedrock. They often tack nucleus of rock fragments (Fig.
5-1-1, Photo H upper row center). They have sphenica), Mat, platy, and irregular forms. The
surfaces are most often botryoidal, but the structure varics with the thickness of the crust and the
shape of the nodule. The nuclei material varies widely acd they arc; basalt, basaltic pyroclastic
rocks, sandstone, mudstone, limestone, phosphorite, mangancse crust fragments, foraminifera sand

and othors.
{2) Layered structure of mangancse crusts

When manganese crusts attain certain thickness, they are divided into many layers. Generally, they
are divided into two, namcly the onter and inner layers (Fig. 5-1-1, Photo B), but often another
layer cxists at the innermost side and thus is divided into three layers (Fig. 5— 1- 1, Photo F). Each
layer reflects the age, environment, growth tate, and other relevant factors pertaining to the formation
of that particufar layer. In the present study, the crusts are divided into three layers (outer, inner, and
innermost) and chemical analysis, various tests, and statistical analysis of each layer have been carricd

out. The charactenistics of each Jayer observable by the ucaided eyes are as follows.
@ Outer layer

This is the surface mangancse crust layer and it often has bolryoidal ~ granular surface. Its section
is rather compact and its fraclured surfaces is lustrous, also at times it is porous and includes
brown iron oxide contamaination. In thin manganese crusts, inner and inncrmost layers are lacking

and this fayer directly covers the substrate rocks.

The upper part nol accompanied by pale brown filting arc shown in Photo B of Figure 5-1-1,
Photograph H corresponds to the whele part covering the rock fragment core.

@ Inser layer

This is the manganese crust on the inner side of the outer layer. It directly covers the substrate
rock when the innermost 'la'yef is missing. The fractured surface is somewhat rough and contains
porcs parallel to the direction of the growth of the crust, these pores oftea contain unconsolidated
muddy materia). Brown iron contamination occurs at the boundary with the outer layer. The section

of the outer surface of this inner fayer somctimes has botryoidal structure. The boundary with the
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innermost {ayer is very poreus and is often contaminated by mud and brows iron oxides,

The lower part filled by pale brown soft mud is shown in Photograph B, and the pale brown

cilipsoidal past between the outer two layers is shown in Photograph F.
@ Inncrmost layer

This occurs on the inner side of the inner layer and dircctly covers the substrate. This layer is
ofica missing. The structure of the section is very compact and hard and the fractured smiface is
lustrous. The paits ncar the substrate rock at times is accompanicd hy pale brown ™ white
phosphorite network, and this js phosphatized soft mud which fitled the voids. On the other hand,
the parts without impuritics have very thin banded structure. The boundarics with the inner layer

on the cuterside often show frregular section. At times they are unconformable.

The part shown in Photograph E comresponds to the somewhat brown layer immediately over the
grayish brown substratc rock on the lower side and the black chevron layer over the white

phosphorite which overlies the brown inncrmiost part.

5—2 Resulis of FDC Observation

TV mounted decp sea towing system (FDC) was used for clarifying the mode of occurrence of the
mangancse crusts of the scamousnts. The FDC track lines were designed to transect the high MBES
acouslic pressure zones (where the manganese crusts occur). In other words, the track lines were set from
the summils or from their peripheries along the steepest slope of the scamounts. The direction of towing
was limited to northwestward ~ westward ~ southwestward by the current and the wind direction, and thus
the track lines are mostly on the northwest ™ southwestern slope of the scamounts. Observation was

caricd out over a total of nine track lines, namely 1~ 2 lnes for cach of the six arcas; MC03, MC04,
MC07 ~ MC10.

Representative FDC seafloor photographs are shown in Figures 5—2- 1 (1), (2), FDC survey results
in Appendix Table 1, FDC route maps (plans and scctions) and maps showing the crust cxpostre ratios are
laid out in Apcendix Figures 4 (1) ~ (9).

The results of the TV obscrvation of each seamount are reported below. The mangancse crusts are
desenbed in accordance with the classification reported cartier. The crust cxXpostre ratio is the areal extent
of the manganese crust cxposures (crusts, cobble crusts, nodules) without unconsolidated cover on the
scafloor expressed in percentage of the area surveyed, and it is shown in an average value during one

minute observation. The width of the scafloor sweep by TV camera is about 3 m.

—119—




S

97SMCO7FDCOT
Crust
Pinnacle o flat summit Water depthe L XOm

6" 01.580 N 157" 25459°¢E

97SMCOBFEGCOT
Crust
Flatsumnit marain - Water depthy 2.084m

10° 21929 N 156" 44861 7€

97SMCOBFDCO2
Cebble crust and nodule
Pinnacte on Nat summit  Water depthe 2, HIm

10° 26.129 N 156" 404167 ¢E

97SMCIOFDCON
Crust rough swface like lump
Upper fank Water depthe 2.110m
9° 55558 N 148 12871 °E

97SMCT1OEDCOI
Cobble crust, talus grnels
Middle flank Water depthc 2319m
9° 56.106 N 148" 11.275° &

97SMCOBFDCON
Nodute

t1at summit margin. Woter depth 2.143m
10° 22174 N 156" 45058 &

Fig. 5-2-1 (1) Photographs of FDC seafloor observation
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Fig. 5-2-1 (2) Photographs of FDG seafloor observation
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{1) MCQ3 arca

1) Track line 97SMCO3FDCO10

This track line is located on the northwestern slope of the of the western part of the scamount,
cxtending from the sammit (980 m deep) to the middle slope (2,751 m). The direction of the track
line {observation) is novthwest to 2,300 mn of water depth then noitheast for the deeper parts with

a inverted L-- shape. The total leagth of the obscrvation is 3.8 mifes.

The summit has many steep cliffs, the vpper and the middle slope also have diffs and steps of about
5 m displaccment. The gradicnt of the upper shope above 1,500 m water depth and the middie slope

avotind 2,500 m depth is steep with gentle gradicnt in between.,

Crusts occur dominantly on the summit, around 11,500 m water depth on the lower apart of the
summit, around 2,100 m depth on the upper slope, at 2,350~ 22,750 m depth on the middle slope.
The exposure ratio is approximately 90 %, 50 %, 70 %, and 40 % respectively. The cobble crusts
occur extensively immediately below the summit at around 1,100 m depth and on the upper slope
around 1,950 m depth. The exposure ratio is 70 % and 60 % respectively., The foraminifera sand
cover tends to increase and the crust exposure ratio decrease with the inercase of water depth. In
areas other than the above, the crust exposure ratio is low at 0~ 10 % because of the entire
coverage by foraminifera sand, or partial cxposure of crust and scattered occurrence of cobble crusts

because of the thick sand. The surface of the manganese crusts are granular to flat.

Nodules occur only locally in the depressions of the summit, and are not obscrved in other

localitics. In these depressions the nodules and cobble crusts occur on foraminifera sand thinly

covering the crusts.

Foraminifera sands are predominant in the gentle slope at 1,550~ 2,050 m and 2,250 ~ 2,350
depths. The exposure ratio of the crusts here is mostly 0 % the very locally arouad 10 %. There

are ripple marks throughout the surface of the foraminifera sands.

The many cobble crusts observed at 1,100 m depth immediately below the summit is very similar
to those coltected from the summit of the scamount to the south MCO3CB06. These crusts coat the

substrate in around 1 mun thickens and thus those observed above 1,500 m depth are believed to be

also similarly thin.
2) Track line 97SMCO033FDCO11

This track line is located on the northern slope in the western part of the scamount, and extends
from the middle slope (2,640 m deep) to the lower slope (3,870 m deep). The direction of the line is
northwest and the observed fength is 1.9 miles.
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The skope is steep at 2,750~ 3,100 m depth and 3,350 ~ 3,500 m depth, and the goadient is gentle in

other places with stecp clifis and step—wise cliffs in some places.

The crusts arc oxposcd dominantly in the steep slopes with 30~ 80 % exposure ratio. In arcas
other than the above, crusts and cobble crusts are exposed only partially with an exposuie ratio of
aronnd 10 % or 0 %. The slope is the most gentle within this track line at 3,250 ~ 3,350 m depth

(80 ° ) and here the foraminifera sand is predominant with hardly any crust exposures with ratio of
0 %,

Generally the foraminifera sands are thickly deposited, and the mangancse crusts are exposed
intermittently, often with the marginal parts of the crust exposcd partially. The surface of the
mangancse crusts is granular to smooth. Nodules were almost non—existent in this track. Ripple

marks occur throughout the foraminifera sands.

{2) MC04 arca

1) Track line 97SMCO4FDCO1

The track line is located on the southwestern slope of the western part of the summit and extends

from the upper slope (1,860 m depth) to the lower stope (3,636 m depth). The direction of the line
is southwest and the observed length is 3.8 miles.

The slope is very steep at 2,200 ~ 2,650 m and 3,100 ~ 3,400 m depths, gradient is gentle at other
depths. Steep cliffs with 5~ 10 m displacement occur in the stecp parts and at the ridge in the

northeastern edge of this track line.

Crusts are dominant at the gentle middle slope with 2,050~ 2,200 m depth and 2,400~ 2,650 m
depth below the steep slope, and the exposure ratio is 40 ~ 100 % and 10 ~ 40 % respectively. The
depth between the above, 2,200 ~ 2,400 ny, is steep slope and foraminifera sands are predominant
wilh crust exposure ratio of 0 ~ 10 %. Also the crust exposure ratio is low at 10 ~ 20 % at the stecp
lower slope of 3,100 ~ 3,350 m depth. In other areas of this track line, the crust occurs sporadically
as cobbles on foraminifera sand or the cdge of the crust pecks out through thick foramsinifera sands

and the continuity is poor with exposure ratio of 5~ 106 %.

Nodules have not becn obscrved by this line. Ripple marks and traces occur throughout the
foraminifera sands.

Only coating of manganese crust {reef limestone substrate) with Jess than I mm thickness was
coltected at 97SMCO4CBOS sampled at the upper slope at the northeastern edge of this track line.
The surface of the manganese crusts obscrved along this track line are granular to smooth and

botryoidal structure were rot obscrved. Thus it is inferred that the mangancse crusts here are thin.
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2} Track line 97SMCB4FDO2

The track linc is located on the southwestern slope of the western seamount and extends from the
summit (220 m depth) te the middle slope (2,600 m depth). The direction of the line is southwest
and the obscrved length is 5.0 niles.

The topography consists of four steep paits of the slope, one flat terrace, one depression, and other
gentle parts of the slope. The terrace is at 800 ~ 900 m depth, the depression where the track tine
crossed the valley at about 1,300 m depth.

White Jimestone (croded holes observed) without manganese crust cover is exposed from the
summit to the upper slope (800 m depth). Foraminifera sard is almost non cxistent on the summit,
and at the base of the slope (700~ 850 m depth) limestone talus pebbles are scaltered with

foraminifera sand deposited among them.

Mangancse crusts were observed at the centrat part of the terrace decper than 850 m. Crusts are
predominant at the step paris, but the exposure is intermittent and the exposure ratio is extremely
variable at 10~90 % and the average is 30 ~ 40 %. Cobble crust eccurs on the foraminifera sand
and is exposed intermittently at the terrace and the valley with exposure ratio of 50~ 100 % and
around 10 % respectively.

The surface of the crusts is smooth and botryoidal structure is not observed. Nodules have not been

observed. Ripple marks are not common on the surface of the foraminifera sands.
(3) MCO7 area

1) Track line 97SMCO7FDC01

The track line is located on the westem slope of the scamount extending from the central pait of
the summit (1,550 m decpth) across the Bat summit to the middle slope (2940 m depth). The

direction of the line is west— northwest and the cbserved distance is 6.3 miles.

There are many small hills with relative height of several hundred mcters from the flat summit to
the upper slope. The castern cnd of the track line is located at the sammit of a small hill, and the
central parf of the line transects the foot of two small hills. Aside from these two localities the

gradicnt is very gentle above 2,250 m, becoming somewhat steeper at 22,450 ~ 2,300 m depth.

Crusts are dominant at; 1,550 ~ 1,870 m depth on the summit of a smafl hill, 1,980 ~ 2,050 m depth
on the periphery of the flat summit, énd 2,100“._-2,300 i depth on the upper slope. The crust
exposure ratio of these parts is; 50 ~ 100 %, 40 ~ 100 %, and 20 ~ 90 % respectively. It is seen that
the exposure ratio decreases and the continuity deteriorates with the water depth. Cobble crusts

and nodules occur immediately above the crust at the foot of the small hills. The cobble crusts are
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angufar to subrounded with major axis ranging from 20 to 50 c¢m, white the nodules are spherical
with diameter ranging frem 5 to 10 em. The ciusts are locally and intermittently exposed at; 2,460

~ 2,800 m depth on the middle slope with exposure ratio of 0 ~ 80 %.

The crust surface is hotryoidal on the summit and upper slope, while it is smooth on the middlc
slope. Manganese crust samples collceted at 97SMCO7ADO7 consist of only thin coating (under 1

mim thick) on pacts of basalt fragments.

Mangancse crusts occur only near small hills above 2,100 ny depth, and other arcas are dominantly
covered by foraminifera sands. Ripple marks occur throughout the surface of the foraminifera sands,
and matks generally show pacallel wave form, but in some localitics, they locally cross cach other at

right angles or radiale in varjous directions.
(4) MCO8 arca

1) Track line 97SMCO8DCOL

The track line is located at the castern part of the scamount, and it extends from the margin (2,040
m depth) of the summit to the middle slope (3,250 m depth). The direction of the line is northeast
and the length of chservation is 2.4 miles.

The gradient of the summit periphery is very gentle, and the upper to the middle slope is very
smooth without notable relief. The upper slope is actually very steep, but the topographic section

prepared has an apparent gentle slope because the track line runs oblique to the direction of the

maximum gradicat.

Crusts are continuously exposed from the summit periphery of 2,060 m depth to the middle slope
3,150 m deep. The exposure ratio exceeds 40 % at; ridge of the upper slope at 2,450~ 222,650 m
depth and middic slope arourd 3,150 m depth. The other three localitics are the steeper parts of
the slepe. Cobble crusts generally occur scattered, and tend to be dominant at gentle slope. Nodutes

occur at the summit periphery and middle stope decper than 3,000 m.

The surface of the crusts is botryoidal at the peiiphery of the flat summit, smooth to granular at the
middle slope. Bedrock (probably hyaloclastite) without manganese crust cover was observed at
2,420 m and 2640 m depths.

Foraminifera sands are dominant at; most of the summit periphery, from 2,750 m to 2950 depth,
and below 3,150 m, and the crust exposure ratio is 0~ 10%. Ripple marks occur on the foraminifera

sand surface throsghout the track line.
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2} Track linc 97SMCORFDCO2

The track line is located at the noithwestern part of the summit, and it extends from the tope of a
small hill (1,850 m depth) down its northein slope to the edge of the summit (2300 m depth), The

direction of the line is north— northeast and the observed fengthis 2.1 miles.

This small hill is shown with a conical shape in the topographic map, and the refative height is 250

m. The sunineit is almost fat without reticl except this small hill.

Crusts arc continuously exposed on this small hill and its foot arca (around 2,140 m depth), and
there are cobble crusts and nodules in some parts. The exposure ratio is high at 50~ 30 % with an
average of 50 %. On the other hand, the periphery of the summit is dominated by foraminifera
sands and the crusts are covercd with intermittent outcrops and the exposure ratio is 10~70 %
with an average of 15 %. There are three significant localitics on this summit where the exposure

ratio excecds 40 %, and these are inferred to be parts with steep gradient.

The surface of the crusts arc botryoidal or smooth. Cobble ¢rusts occur on the slopes of the small
hill, and nodules at the foot of this hill. Ripple marks occur throughout the surface of the

foraminifera sands.

Crusts (70 mm maximum thickness, average 30 mm) with granular surface were collected  at
97SMCOSCB14 on the southern slope of the small hill. Also crusts and nodules (25 om maximum
thickness, average 10 mm) with botryoidal to granular surface, and coated cobbles (average less
than 1 mm thick) were collected at 97SMCO8CB04 on the summit periphery near 2,150 m depth.

These results of sampling is harmonious with the results of observation.
{5y MC09 arca

1) Track line 97SMCOSFDCO1

The track line is located on the southern slope of the southcrn scamount and extends fiom the
summit {1,100 m depth) to the middle slope (2,850 m depth). The dircction of the line is southwest
and the observed length is 2.3 miles.

The slope is, on the whole, slécp but the track line crosscs a valley in the central part and the
topographic section shows a depression. The slope is full of small undulations throughout and stcep

and linear cliffs are developed.

Crusts and cobble crust are continuously exposed from the summit to the valley in the central pant
of the track line (1,100~ 2,150 m depth). The exposure ratio is 20 ~ 100 % with high average of 60
%. The slope to the west of the valley {decper than 2.150 m) is dominated by foraminifera sand and
the crusts are intermittently exposed with ratio decreasing to 5~ 40 %. In the valley (2,150 ~ 2,200
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mi depth), the foraminifera sand is thick and the crusts are exposed only locally.

The sutface of the crusts are generally granular to smooth with relatively few botiyoidal struclure,
The cobble crusts are distnbuted under cliffs and in depressions and they are angalar with 20 ~ 40
cnt long axis. Nodules are rare and they occur on the foraminifera sands of the valleys and gentle

middlc slopes. Ripple marks occur throughout the foraminifera sands.

(6) MC10 arca

1) Track hinc 97SMCIO0FDCOL

The track line is located on the northwestern slope of the scamount. It extends from the peniphery
of the flat summit (1,950 m depth) to the lower slope (3,550 m depth). The direction of the line is

west—northwest and the observed fength is 4.8 miles.

The summit and the upper slope to 2,400 m depth have flat to very geatle gradient. Terraces are
formed between 2,300 and 2,400 m depth. The gradient of the middle to the lower slope below
2,400 m depth is stecp and becomes somewhat gentle below 2,800 m depth.

Crusts and cobble crusts are exposed continiously on the slope ahove the terraces on the upper
slope (1,200 ~ 2,200 m depth) and from the shoulders of the terraces to the middle slope (2,350 ~ !
2,800 m depth). The exposurc ratio is 40 ~ 90 % (average 65 %) and 40 ~ 100 % (average 80 %) :
respectively. Crusts and cobble crusts are exposed intermittently at the castern end of the track
line at the periphery of the summit and on the lower slope below 2,900 m depth. The exposure
ratio is 20~ 100 % and 10 ~ 40 % respectively. Crusts are dominant in the gentle slope above 2,400
m depth, while cobble crusts are dominant on the steep slope below the above depth. The crusts
take; lunpy, cemented cobbles, pavement, and other forms, and the surface is botryoidal or flat. The
cobble crusts are subrounded with 30~ 60 cm diameter, and boulders exceeding 1 m diameter arc

not uncommon. Angular talus cobbles occur at the foot of the very steep slope near 2,750 m depth.

Nodules occur focally at the periphery of the summit margin and the shoulder of the terraces, as

well as at the gentle middle to lower slope mixed with cobble crusts.

Foraminifera sands are thickly deposited on the termaces at 2,200 ~ 2350 m depth and manganese
crusts are not exposed. Foraminifera sands are akso predominant on the lower slope below 2,800 m !

depth covering mianganese crusts, Ripple marks occur throughout the surface of the foraminifera

- sands.

Crusts with botryoidal surface (maximum thickness 107 mm, average 90 mm thick) were collected
to the north of the castern edge of this track line in the upper slope above the terraces by
Y7SMCI0CBOS.
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5-3 Resulls of Sampling

Mangancse crusts were sampled at MC02~ MC18 areas by dredges (CB, AD) or coter {(LC). The
sampling points were selected where the MBES image showed high acoustic pressure (manganese cnusts
are exposed on the scafloor). These points were designed to cover the catire scamount from the summit (o
the lower slope with homogencous density. Somc of the sampling points were selected from scafloor
observation by FDC. The total number of sampling points was 128 points in nine areas; 104 dredge points
and 24 corer points. Crusts in quantities sufficient for chemical analysis could not be collected at 39 dredge

points and 20 corer points, a total of 59 points.

The following is the description of the colleeted samples from cach localily. The localitics are
shown in Figures 4—2—1 (1)~ (9), the summary of collected materials are listed in Appendix Tables 2 () ~
(D, and the summary of the sampling resuits in Table 5-3- 1. Photographs of representative dredged

manganese crusts are shown in Figure 5-1-1.

1) MC02 area

The average thickness of the manganese crusts here is 21 mm with a maximum of 50 mm. This
average thickness is the lacgest in the whole ninc areas surveyed, but it should be noted that the
number of sampling points is only four. Of this four points 2~5 cm thick crusts were collected at
three points on the summit. The remaining onc point is located at the lowermost pait of the slope and
sooty manganese oxide is attached to parts of mctabasalt substrate. There are no data regarding the
middle ~ upper slope, but it is inferred from the results of other areas that manganesc crusts with

several centimeter thickness occur there.

Crust sample with maximum thickness was collected by MC022CB04 on a small hill in the
southwestern part of the summit. This crust is divided into twe layers and the inner layer is 20 ~35
mm thick. A section of the inner layer shows notable lnear parallel voids filled by soft mud (similar to
Fig. 5-1-1, Photo B). These lincar voids indicate the direction of the growth of the mangancse

crusts and it is not normal to the substrate surface, but at 60~ 80 ° angle,

2) MCO3 area

The average thickness of the manganesc crusts is 8 mm with maximum of 47 mm. There are five
sampling points out of 12 where the average manganese crust thickness exceeds 10 mm. The
thickness tends to increase at the eastern pari of scamounts with flat parts. Thin cobble crusts and

manganese oxide coatings were coflected in this arca at shallow summits and small hills, and 10~ 20
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min thick crusts were collected in other parts of the scamonnt. Manganese crusis with reef limestone
substrates tend to be thin.

Crust sample with the maximum thickness was collected by MCO3CB11 in the southeastern flat arca
in the castern pait of the scamount. This crust is divided into two laycis and the iancr layer is 20~
35 mm thick, and is very porous polluted by brown iron oxide. Sample was not collected at MCO3LC

16 on the upper slope on the western side of the scamount, but cobble ciusts were confimned by

scafloor photography.

3) MC04 area

There are two scamounts in this arca, the eastern and the western. Within the whole arca, the
average thickness of the manganese ctusts is 1 mm and the maximum 20 mm. Mangancse crusts

were collected at 17 sampling points, but the thickness excceds 10 mm at only two points.

At the western seamonnt, the average thickness is 1 mm and the maximum 15 mm. At 10 sampling
points out of ten where manganese crusts were collected, the crusts occur as coatings or sooty with
average of less than 1 mm in thickness in all sampling points. Major part of the collccted rocks are
reef limestone and when this limestone are the substrate the crust are less than 1 mm thick. Basalt
substrates have thicker manganese crust over theny, but the thickness is around } mm. Five to 15 mn

thick crusts were collected only from one locality, MCQ4CB17, at the upper slope of the rdge
extending westward of the scamount.

At the eastern scamount, the average thickness is 2 om and the maxinmum 20 mm. The local average
thickness is less than 1 mm at two of the six points where mangarese crasts were collected. Maost of
the collected crusts were less than 5 mm thick and many of them are cobble coatings of less than §
. The collected samples consists of mixtures of crusts, cobble crusts, ccalings to sooty material.
This is different from the western seamount where the crusts exceed | mum thickness on limestone
substrates. Thickest crust was collected at MCO4CBI3 on the middle northwestern slope. This crust
has botryoidal surface and is not accompanicd by substrate rocks. Angutar to rounded ncdules with
botryoidal to smooth surface were collected at MCO4CBI0 from the flat summit. The core of the

nodules is limestone and the average thickness is 2 mm.

4) MCO05 area

The average thickness of the manganese crusts is less than 1 mm and the maximum is ako less than
1 mm. Manganese crusts were collected at seven sampling peints, but they are all sooty to coating

type oxides. Therefore, the samples from this area were not chemically analyzed.
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The water depth of the summit of this scamount is only 20 m and this is the shallowest scamount if
the nine arcas surveyed. The sampling points ave widely spread from the 3,000 m decp lower slope to
the 1,400 m deep upper slope, and the collected samples vary widcly such as; basalt, basaltic
pyroclastic rocks, conglomerate, sandstone, and limestone, but only a very small amount of mangancse
crusts are attached. The manganese crusts are extremely thin, and the reason for the poor growth of
the crusts is cousidered to be as follows. The scamount is quite young, and there has not been
sufficicnt time for the growth of the mangancse crusts. The summit was above water untit recent

times and clastic matetial were supplied to the slopes and it hindered the growth of the crusts.

5) MCO06 area

The average thickness of the mangancse crusts is 3 mm and the maximum 20 mm. Of the cight
sampling points, the average thickness of the samples is less than 1 mm at thice points and there is
no sampling point where the average thickness of the collected samples exceeds 10 mm. The
thickness is around 3~ 5 mm with hyaloclastite and limestone substrate. On the other hand, 10 mm

thick ctusts were collected as fragments without substrate rocks.

The thickest crust was collected in MCOSCBO4 near the middle northwest slope on the western peak
of the seamount. This crust has granular suiface and is not accompanicd by substrates. Nodules with
botryoidal ~ granular surface were collected in MCOGCBO6 from the tenace type flat part in the
central peak of the seamount. The substrates for the nodules are hyaloclastite and limestone, and the

crust thickaess is 1~ 10 mm with 4 mm avcrage.

6} MCO7 arca

The average thickness of the mangancse crusts is 5 mm and the maximum 14 mm. Of the 10
sampling points where manganese crusts were collected, the local average thickness was 1 mm at one
point, and there were no sampling points where the thickness averaged more than 10 mm. Generally
only smalt amount of samples could be collected from the sampling poiuts, and the major part of the
collected crust samples have botiyoidal ~ granelar surface. The crusts are thin on the whole and none

of the collected materizl had two layered scctions.

A crust with the maximum thickncss was collected at the middle eastern slope in MCO7CB02. Many
nodules with bolryoidal to granular surface were coliected in MCO7CB15 in the southeastern cdge of
the flat semmit. The hosts of the nodules are subrounded to subangular hyaloclastite and basalt, and
the average thickness of the crust is 2 mm. Samples were not collected in MCO76LCI13 at the fiat
ridge of the southern part of the flat summit, extensively exposed crusts were confirmed by seafloor

photographs.
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T MCO8 arca

The average thickness of the crusts is 20 mm and the maximum 90 mm. Of the 18 sampling points
where manganese crusts were collected, the locat average thickuess exceeded 10 mm in 11 points and
was under 1 mm at onc point. Cobble crusts and crusts with botiyoidal to granular suiface are
dominant and there are many nodules on the flat summit. The thickness of the mangancse crusls
tends to be greater on the flat summit and the upper slope than on the middle and lower slope in this
scamount. Generally the manganese crust is divided into two or more layers when thicker than 3 em,

and into three fayers when it exceeds 6 cm.

Cobble crust with maximum thickness was collected at a smali hill of the northeastern part of the flat
summit in MCOSCBO5. Seven cobble crusts larger than 20 cm in long axis and many smalter cobbles
and nodules were collected here. These cobble crusts have botryoidal surface and is divided into three
layers (Fig. 5- 1—1, Photo F). There are many voids hetween the outer and inner layers and these
are filled with soft mud, phosphorite network fills the border between the two layers.

All five dredged points on the flat summit and MCO8CR08 and MCO8CB19 on the slope yielded
spherical to flat oblong nodules. Samples were not collected in MCOBLC17, but nodules were
confimmed by seafloor photographs at this point.

At 5200 m depth on the western foot of the seamount, crusts overlying unconsolidated sedinents
were collected in MCOBLCOL. The surface of these crusts is smooth with small and gehtle undulations
and the thickness is 6 ~ 15 mm. The scdiments immediately underlying the crusts (fine sand to mud)
are phosphatized and arc consolidated. This mode of occurrence of crusts are not found in other areas.
It is scen from the seafloor photographs that the crusts arc thinly covered by unconsolidated

sediments and thus this point has low supply of sediments and this crusts probably occur locally,

Manganese crusts cxcceding 6 cm in thickness were collected at four sampling points on the flat
summit and upper slope. Of these localities, three yiclded cobble crusts with different substrates,
namely imestone, hyaloclastite, and‘mudstone, and crust w.ith basalt substrate occurs at the remaining
one point. The fact that a variety of rocks are covered by thick manganese crusts is inferred to
indicate the older age of the seamount. From the modes of occurrence of the crusts, it is belicved that
the seamounts in the MCO8 area is the oldest in the nine surveyed areas and those in MC05 area arc

the youngest.

$) MC09 arca

The average thickness of the manganese crusts is 7 mm and the maximum of 23 mm. Of the 13

sampling points where mangancse crusts were collected, the local average thickness is under 1 mm at
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one sampling poiat and it exceeds 10 mm at also onc sampling point. Cobble crust with granular
siface and crist are predominant, and the ciust consists mostly of only one outer layer with rare
occurrence of two—layered crusts. At almost all sampling points, the thickness of the mangancse
cnists is within the 1age of maximum 10~ 15 mm, minimum 1 mn, with average value between 7 and
9 mm. It 13 charactenistic of this arca that the thickness of the ecrusts dees not vary very much

between the sampling points,

Crust with maximum thickncss was collected in MCOSCBOS at the middle northem slope of the

sotthern scamount. This crust has granular surface and consists of one outer layer.

G MCL0 arca

The average thickness of the manganese crusts is 20 mm and the maximoum 155 mm. This maximum
thickness is the largest of ali nine arcas surveyed, and there are three sampling points where the local
maximum thickness exceeds 100 mm. Of the 16 sampling points where mangancse crusts were
collected, local average thickness excceds 10 mm at three sampling points while it is under 1 mm at
three points. Crusts with botryoidal to granular surface and cobble crusts are predominant, and
nodules are abundant in the flat summit. The manganese crusts consist of two to three layers when
their thickness exceeds 4 cm. Also with the nodules, those with cores consists of a single layer while

those without cores are divided into two layers.

There are Bat terraces on the upper to middle northern slope, and cobble crust with maximum
thickness was collected at a smatl hill on this terrace in MCIOCBO7 (Fig. 5—1-1, Photo C~E). This
cobble crust is 30~ 40 cm in diameter with granufar surface and is divided into three layers. The
average thickness on the upper side of the host rock is 140 mm, while the crust on the under side is
5~ 10 o thick and it is clear that the mangancse crust has grown notably on the upper side {Fig.
5-1-1, Photo E). On the upper side, the outer layer is 15 mm thick on average, inner layer 70 mm,
and the innermost layer 55 mm. The three layers have not grown coacentrically (Fig. 5—1-1, Photo
F), and the inner layer disappears at the lower part of the cobble crust and the outer layer directly
covers the inncrmost layer. Phosphorite layers derived from calearcous coze are intercalated in the
inncrmost layer, and calcarcous conglomerate is included in the inner layer of the lower side. It is
thes inferved that the lower part of this cobble crust was buried in the seafloor sediments when the
inncimost and inner layers grew. Cobble crusts with 10 mm diameter was also collected at this point

and this has only one mangancese erust layer ard is 8 mm thick on average.

Spherical, Rat oblong, and platy nodules were collected at the northern summit and upper 'slop'c of the
scamount {Fig. 5-1—1, Photo G, H). The average length of the nodules is 4 cm and the surface is
botryoidal to granular, and the average thickness is about 10 mm.
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Manganese crusts the maximum thickness exceeding 100 mm were collected at three sampling points
on the upper to middle slope on the northem to northwestern side of the scamount. With the
cxception of these three points, the Jocal maximum thickness is very small at 35 mm. And it is
inferred that the physicochemical envirenment of the vicinity of the above three points were favorable
for the growth of mangancse crusts. Actually the inmner layers of MCIOCBO6 (Fig. 5—-1-1, FPhoto B)
and of MC1OCB07 (Fig. 5-1-1, Photo E) have abundant voids in the direction of growth indicating
fast growth rate. Also these thick manganese crusts began to form in fairly old time and the

seamounts of the MC10 area are inferred to be old as in the case of MCO8.

5—4 Chemical Composition of the Crusts and Statistical Analysis

The manganese crust samples collected from 69 sampling points in MC02 to MC(4 areas and from
MC06 to MC10 areas were chemically analyzed for the following 29 elements. For samples sufficiently
thick to separate the layers of the crusts, analytical samples were collected from each layer. Also when
different kinds of manganese crusts weve collected from one sampling point, all types of crusts were
analyzed. Therefore the number of samples analyzed amounted to a total of 163 from 69 sampling peints.
The results of the analysis are laid out in Appendix Tables 3 (1) ~ (4).

1) Anatytical methods

Methods used for the clements are as follows. The samples were dried until constant weight was

confirmed and then preparcd for analysis.
« ICP emission spectrometry: Mn, Fe, Si, Al, Ti, Ca, P, Pt

« ICP mass spectrometry: Co, Ni, Cu, Pb, Zn, Mo, V, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu

2) Chemical composition

Manganese crusts are belicved to have been formed by direct precipitation of manganese, iron and
other various metals from sea water. And the major components are manganese and iron hydroxides
and oxides. The chemical compesition varies by the location of the scamount (local characteristics,
tatitude and longitude), water depth, horizon of the manganese crust {the age of formation and growth

rate), constitucnt manganese oxide minerals.
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Within the survey arca, the analytical results of the mangancse crusts vary by the scamount or
sampting points. The ratio of the maximum and minimum content is; 2~ 3 for Mn and Fe, and 5~ 10

for Co, Ni, Cu. These varations are caused mainly by the layers of the crusts,

The average composition of the five major clements is; Co 0.41, Ni 0.32, Cu 0.06, Mn 2408, Fe 15.86
(wt%). These values are not very different from the results obtained by USGS--KORDI (1992).

Mangancse crusts with coball content cxcceding 05 wt% are sometimes called cobalt—rich

mangancse crust, but those in the present survey arca do not belong to this category.

In the (Co+Ni) X 10-- Fe-Mn triangutar diagram of Figure 5- 4-- 1, manganecse crusts of the Central
Pacific are plotted semcwhat to the Ma side in the ecnter of the diagram (J.R. Hein ot al, 1992). The
plots of the manganese crusts from the present suavey arca are in the lower centra) part of the
diagram in the Mn side and dispersion is relatively small It is of interest to note that the plets of the
decp—sca manganese nodules are in an arca similar to the manganese crusts in this diagram, while
submarine hydrothcrmal mangancse ores are plotted near the basc line of this diagram joining Fe and
Mn. The feit column of Figure 5- 41 are the plots of the bulk manganese crusts, and the plots of the
composition by the crust layers are shown in the night column, crosses show the outer layer and black

circles the inner layer, and the white circles the inncrmost layer.

3) Basic statistics

Basic statistical values were caleulated for; each area, types of mangancse crusts, position of the
sample within the crust, and water depth of the sampling points. The results are laid out in Appeandix

Tables 4 (1) ~ (5). Basic statistics {rom the bolk analysis for cach area is shown in Table 5—-4-1.
The average values of the major elements by areas show the following characteristics.

+ In MCO2 area, crusts have the highest average Fe, Ty, §, Al, Pt content and the lowest average

Mn content within the whole eight arcas. Alse the difference with other areas is large.

» In MCO04 area, crusts have an opposite trend to those of MC02. Namely they have the lowest

average Fe, i, 5i, Al, content and the highest average Mn content
+ In MCO8 area, the crusts have the highest average Cu, Ca, P content.

+ In MCO9 area, the crusts have the highest average Co content and the lowest average Pt ‘I

content,

+ In MCI10 area, the crusts have the lowest average Co content.
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The content of the major five clenmients show the following tendency by the type of the crusts.

+ Co content is high in crsts.

+ Mn/Fe is low in cobble crusts,
+ Niand Cu content is high in nodules.
The content of the five major clements show the following tendency by the position within the cyust.

- The average Co, Ni, Mn, content decreases from the outer fayer inward, to the inner and

innerrost layers. Namely the average content decreases from the surface to the deeper
{substrate) parts.

- The average Cu content, on the contrary, increases from the outer fayer inward, to the inner and

inncrmost layer.

+ There is no such regularity regarding the Fe content, and it is the highest in the inner layer.

And the average Mn/Fe value on the contrary, is the lowest in the inner layer.

The average content of the five major clements shows the following tendency with regard to the
water depth.

+ Average Co, Mn content is the lowest at 2,000~ 3,000 m water depth, and ircreases with bath
the increase and decrease of depth, g

+ Average Cu content increases with the water depth,
- Average Fe content is low in both shallower than 1,500 m and decper than 3,500 m of water,

The above tendencies regarding the chemical characteristics of the manganese crust are the result of

analysis of afl data, and there are naturally different tendencies in individual arcas.

4) Correlation cocfficients

Corrclation cocfficients were calculated for 31 components, namely the results of the analysis of 23
clements, Mn/Fe values, and the water depth of the sampling points. The values are shown in Table

5—4— 2. The significance level vatue is 0.153 at 5 %.

The characteristic corvefation is as follows,
+ Co, Ni, M, Mo, Mn/Fe show mutually high positive correlation.

- Si and Al show very high positive correlation. These clements have positive correlation with Ti,
Fe and negative correlation with Co, Mn, Pb, Mo, Mn/Fe.
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= Ca and P show very high posttive correlation. These elements show negative correlation with Co
Ni, Mn, Fe.

« Mo and Pb show high positive correlation.
+ Fe and Ti show high positive correlation.

+ Pt show posilive corvelation with Cu Ca, P, and negative conrelation with Man,

- REE, with the exception of Ce, mutually show high positive correlation. REE show negative

corrclation with Zn, 83, Al, Pt. Also REE show negative correlation with Cu.

+ Water depth show positive correlation with Cu, REE, and negative corvelation with Co, Ni, V, Pt.

5} Correlation diagram

Representative correlation diagrams of the major components which show high positive cornrelation are
shown in Figures 5—-4-2 (1), {2). In this figure, bulk samples ave plotted on the left side and those of
each layer of the crusts on the right side.

Co—Mn, as is scen from the bulk diagram, has high cocfficient of .73. Regarding correlation within
crust layers, it is high in all layers, but the regression coelficient (inclination of the regression ltine) is i

different for cach layer, it increases from the inncrmost through inner to the outer layer. ‘

Cu-—-Mn has negative correlation coefficient of —0.42, and show somewhat scattered dispersion. With
regard to the crust layers, the onter layer has negative correlation, but the inner and inncrmost layers
have largely scattered dispersion and corrclation cannot be observed. Both bulk and crust layer data,

however, appear to have lwo population with different regression cocfficients.

Si-Mo/Fe has high ncgative correlation coefficient of —90.68. With regard to crust layers, the
regression coefficient is almost the same for all layers and the line shifts rightward from the innermost

through inner to the outer layer.

Watcr depth—Cu has positive correlation coefficient of 0.36, and the dispersion is somewhat scattered.
With regard to the crust layers, the regression coefficient is almost the same for all layers, and the

corrclation is stronger in individual layers with smaller scattering than the bulk data.

6} Factor analysis

Factor analysis was carried out for 31 components of 163 samples. For estimation of communality,

factor loading and factor score were calculated after normal varimax rotation. The eigen values and
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cumulative contvibution showed the number of factors at 6. The factor loading values are shown in
Table 6--4--3.

The characteristics of the five factors are as follows.
(D First factor

The 13 REE componcats, exctuding Ce, have factor loading exceeding 0.62, and these components
contribute most strongly to the first factor. Pt and Al both have high factor loading of --0.49 and
~0.58 respectively, and Pt contribute very most stiongly to the first factor. Thus, the first factor
represents the enrichment of REE and the behavior of REE has negative comrelation with Pt and Al,
but they are not concerned with the major components of manganese crusts. The reason for the
high contribution of only REE to the first factor is that REE occupics 14 of the 31 components and

also that they have a very high positive correlation mutually.

Those samples with factor scores higher than * mean valie (M)+standard deviation ( ¢ )” tend
to be REE rich and Pt poor, and appear to be dominant in MCQ9 arca. On the other hand, those
samples with factor scores lower than “M— o tesd to be REE poor and appear to be dominant
in MC02, MC03, MC08, and MC10 areas.

@ Second factor

Co, Ni, Mn, Pb, Mo, V have factor loading higher than 037, and Si, A}, Ti have loading values less
than —0.47, and these components contribute most strongly to the second factor. Cu, Fe, and water
depth have high factor loading of —0.54 ~ —0.41, but other factors contribute more strongly. The
positive loading of the second factor indicate the cavichment of heavy mctals, white the negative
loading shows the enrichment of aluminosilicate mincrals. Also the sccond factor represcats the
behavior of Co, Ni, Mn, Cu, Fe, the major constituents of the manganese cyusts. But since the
former three components and the latter two components have negative correlation, it is inferred

that the concentration of Co, Ni, Mn and that of Cu, Fe occur by different cause.

Those samples with factor score exceeding “ M+ 07 tend to be dominant in MC03, MC04,
MCO06, and MCO7 arcas, while those with less than “ M- ¢ ? in MCO02 and MC10 areas.

@ Third factor

The factor score of Ca, P is less than —0.93, and ‘of Fe is 0.61. These are high values and these
components contribute most strongly to the third factor. Co, Si, Ti have factor score of 0.40 ~ (.45,
but these components contribute more 'stmngly to other factors, The third factor represents the
amount of carbonate and phdsphatc minerals contained in mangancse crusts. The voids in the
manganese crusts are filled with calcarcous microfossil coze and the inner layer has abundant voids

and in the innermost layer veinlets of these coze are often observed.
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Those samples with factor scorc less than “ M- o7 are restricted to MCO8 and MC10 areas,
and almost all of them arc in the inncrmoest layer.  Those samples with factor score higher than

“M+ o” are dominant in MCO2 and are rich in Si, Ti, Fe.

@ Fourth facter

Cu and Ce have high factor score of 0.61 and contribute miost strongly te the fourth factor. Zn has
factor score of 0.42 which is high, but its contribution to other factors arc stronger. There are no
component with high negative score. The fourth factor indicate the cnrichment of Cu and Ce, but

their conrelation cocfficient is 0.22 and not high.

Those samples with factor score higher than “M+ o7 are enriched in Cu and Ce, and these
samples are almost all from MCO8 area. The reason for high content of Ca in MCO8 arca, but it is

inferred that the different geloogic structure of the arca and the older age of the scamount arc

significant factors.

(& Fifth factor

Zn has a factor score of 0.47 and the water depth 0.56 and thesc components contribute rost
stropgly to the fifth factor. Ni, Pt, and V have factor score of 0.33 ~ 0.35, but they contnbute more
strongly to other factors. The positive loading of the fifth factor indicate the cnrichment of Zn and

the negative loading the increase of water depth of the sampling point.,

Those samples with factor loading higher than “ M+ o ” indicate the cnrichment of Zn and Pt
and are dominantly in MCO02, MCO03, MC08. On the other hand, those samples with factor loading
less than “M— o” occur dominantly in MC08, MC09, MC10. The water depth of MCO8 ~ MC10
is deeper than in MC02 ~ MCO4.

® Sixth factor

There are no component which contribute most strongly to the sixth factor. Componcnts which
contribute secondly to this factor are Pt with —0.45 leading, Ce with --0.40, Mo with 037 and Pb
with 0.32. The negative loading of the sixth factor indicate the enrichment of Pt, but other factors

probably also ply some role.

Those samples with factor score less than “ M- o” occur dominantly in MCO2, MC03, MCo4,
MC07 and tend to be nch in Pt
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5--5 Mineral Composition

Polished sections were prepared for dredged samples with appropriate thickness ard with notable
layercd stiucture, These were studied by veflection microscopy. The number of samples studicd is two
nodules and onc cobble crmst. The result of the stedy is laid out in Table 5—-5—1 and representative

photographs are shown in Figures 5-5-1 (1), (2).

The main constituents of manganese crusts arc mangancse and iron oxides. The kinds of
mangancse oxides which occur on the scafloor differs by the shape (crusts, nodules, chimneys, ctc.,) and
their genclic environment {scamounts, deep scafloor, volcanoes, ete). The manganese minerals which

comprisc mangancse csusts are; todorokite, buserite (10 A manganite), bimessite (7 A manganite),
vermadite ( § —MnO 2 ).

The ideatified mangancse minerals are vernadite and todorokite. The mode of occurrence differs by
individual samples ard the position within the crust. Banded and kidney textures are developed in the black
compact parts, while it tends to have prismatic, granular, and colloform texture in parts associated with
many brown oxides. The following is the description of the samples. Sketch of the observed surface are
shown in Figures 5-5-2~5-5-4, the figures on the left show the detailed tayer division (I~ X), and
those on the right show the location of the photomicrographs and the numbers (1~ 25).

1) 97SMCO8CB04-- Pt (Fig. 5—5--1, Photos A~ D)

The sample is a nodule with 4 cm diameter, it has a 2 cm core of hyaloclastite in the center. The

nodule was cut perpendicular to the long axis and the cut surface was observed. The manganese crust

has a total of about 1 cm thickness around the core.

The nodule is divided into I~ IV zoncs from the center outward, Zone | is the hyaloclastite core, and
the veids are filled by cclioform tedorokite (Photo D). Zone Il is banded and colloform todorokite show
prismatic occurrence (Photo C). Zone 111 is similar to Zone 11, but is wider (Photo B). Zone IV consists

of colloform toderokite forming compact banded texture (Photo A).
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Fig. 5-5-2 Sectional illustrations of polished sampie
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Table 5-5-1

Results of microscopic observation for manganese crusts polishes

FISMCOBCHM

{rounded pebbie)

Two center cores cxist,

Sampling site No. FISMOOBCBM4 97SMCORCHOS
Sample code No. Pl P2 B B Pi
Crust type Nodule Nodule Cobble crust
(Only the thickest part observed)
Thickness (mm) 9-11 4 ~22 o5
Subsirate rock Hyaloclastite not exist not £xist

Small grain of phosphorite is

inctuded in the center,

of each zones

of each zones

Zonage four zones (1 o IV) five zones (1 to V) ten zones {1 o X)
1 zone is the rock core.
Discontinuous plane existing in the boundary existing in the boundary existing in the boundary

of each zones

Minerals occurred

Todorokite >> Vemadite

Vernadite > Todorokite

Vemadite >> Todorokite

Hydroxide, Collophane Hydroxide, Collophane Hydroxide, Collophane
Todomkite [Occerrence  [main in the cvery zones only in the outermost zone very rare
Amount abundant alittle litle
Crystal grain Jvery fine very fine very fine
Crysiatlinity |microcrystalline to microcrystalline to microcrystalline to
cryplocrystalline cryplocrystalline cryptocrystalline
Texture colloform, banded, reniform, |colloform, banded colloform
columnar
Vemadite [Occurrence [very rare main in the every zones main in the every zones
Agnount little abundant abundant
Crystal grain |very fine very fine very fine
Texture colloform, banded, colloform, banded, granular, |colloform, banded, granular,
dendritie, granular, dendritic, reniform, columnar, |dendritic, reniform, columnar,
filling cracks irregular massive, irrepular massive,
irregular network irregutar netwerk
Remarks i and [ zones are amorphous ?
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Fig. 5-5-1(1) Photographs of microscopic observation of manganese crusts palishes
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Fig. 5-5-1(2) Photographs of microscopic observation of manganese crusts polishes
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Whole Zone 11 to IV censists of todorokite and vernadite is almost non-- existent. Todorokite consists
of two types with different reflectivity and color tone. Both have high reflectivity and is not anisotropic
and thus is inferred to be microcrystalline to cryptociystalline todorokite. Clastic and authigenic

minerals occur in Zones I and 3H, they are more abundant in H.

2) 97SMC08CB04~ P2 (Fig. 5-5-1 (1), Photos E~ H)

The sample is a nodule with 45 em diameter and it does not have a core of rock fragments. The
nodule was cut perpendicular to the loag axis and the cut surface was observed. The mangancsc crust
has a thickness of 1.4~ 2.2 cm.

The nodule is divided into I~ IV zones from the center outward. Zane I is sabdivided into la and Ib.
It is noted with unaided cyes that Zanc | is compact with layered texture, Zones Il and HI consists of
brown oxide mincrals in radia} form, and Zone IV is compact and layered. These three correspond to

inncrmiost, ianer, and outer Rayers.

Zone T consists mainly of vernadite with banded, spherical, dendritic, and kidney texture, and minor
amouat of thin layers of colloform todorokite is intercalated (Photo G). In Zore I there are two cores
(Photo H). The mincrals composition and the texture is the same for Ia and ib, but there is a thin
(about 0.1 mm) layer of most probably phosphate mincral intercalated between the twe subzones. Zone
I consists mainly of prismatic and spherical vermadite and fills the interstices of colloform prisms of
todorokite and vernadite (Photo F). Zone I contains minor amount of colloform todorokite with
scattered banded and spherical vernadite (Photo E). Zone IV contains compact bands of colfoform of

minute todorokite.

The major constituent of Zones [~ 11 is vernadite and that of Zonc IV todorokite. Layered texture is
prevalent in Zones I and IV, and prismatic texture in Zones If and Il Zone II1 is porous, while in
Zones 11 and 11 clastic material and authigenic minerals are abundant. The width of the growth bands
is 5~ 50 4 m.
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Fig. 5-5-3 Sectional illustrations of polished sample
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3) 97SMCO8CBOS-- Pt (Fig. 5-5-1 (2), Photo ] ¥ R)

The sample is cobble crust with 13 cm long axis withont rock fragment core. The sample was cut
parallel to the long axis, and the upper part with the thickest crust was observed. The manganese
crust is 8.5 cm thick.

The crust is divided into zones [~ X from the center ontward. It is scen with the unaided cyes that;
Zones 1 to 1V are compact with layered texture, V to VII and IX contains network of brown oxides,

and VIU and X are compact and layered. Zones 1 to IV correspond to the innermost fayer, V to VIII
the inner layer, and IX and X the outer layer.

Zone 1 has spherical shape with L cm diameter consisting mostly of banded colloform vernadite with
intercatation of minute mount of thin colloform todorokite (Photo R). There are two minute irreguiar
clusters which are inferved to be phosphate minerals. In Zone 11, colloform vemadite forms spheres
and bands, and nctwork of hydroxides or phosphate mincrals are developed (Photo N~ Q). Zone 111
consists mainly of bands and spheres of vernadite.

Zones IV to X consists of altemation of fayers of compact thin layered texture (Zones IV, VI, Vill, X)
and Yayers rich in brown network veins (Zones V, VII, IX). The laiter layers contain many clastics and

authigenic minerals, and Zones Vil and IX are porous.

Zone IV consists of irregular colloform vernadite with small amount of colleform todorokite. In Zone
V1, colloforin vernadite occur in banded and kidney texture accompanicd by minute amount of

todorokite. Zones VI and X consist of colloform vernadite.

Zone V consists of imegular network and irregular massive colloform vernadite. In Zones VII and IX,
bandcd colloform vernadite occur sporadically with partly irregular network and imregular massive
colioform vernadite.

Zones 1 to X consists mainly of vernadite and todorokite is very rare. However, the minerals identified

as vemadite in Zones 1I and 1H have low reflcctivity and the possibility of amorphous impure

ferromanganecse hydroxides canaot be denied.
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Fig. 5-5-4 Sectional illustrations of polished sample
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5-6 Growth Rate of Mangancse Cyusts

Concentration of '° Be was mcasured in order to determine the growth rate of manganese crusts.
Three samples were studied and nine to twelve points of different depth were measured for each sample.

The meastrement was carricd out for 30 points, The results are shown ia Table 5--6--1.

The samples were, after grinding, kept at 120 ° C for 12 hours for drying and constant weight was
confirmed. One mg of * Be was added as carricr to 1 g of sample. Tandem accelerator and accclerator mass

speclrometer were used for the measurement of '® Be.

The rate of the growth of the crust is obtaincd under the assumption that the '® Be concentration
in sca water is constant and that its behavior does not change duriag the formation of the manganese ¢rust.
Since the '® Be concentration increases from the deeper part of the crust outward, the rate of growth is

calculated from the depth of the measuring point and the ' Be concentration curve.

Quter layers have enough high conteats of 1% Be hut inner and innermost layers have very low
contents in every three samples, so that the growth rate of whole layers were not calculated. In 97SMCO8
CB02, outside six points data show that the growth rate is 2.2 mm/Ma and that the sixth point age is 12
million years. In 97SMCL0CBOS, outside thice points data show that the growth rate is 7.1 mm/Ma and the
third point age is 7.5 million ycars. In 975MC10CB07, outside two points data show that the growth rate is
1.4 mm/Ma and the second point age is 9 nillion years. In result, the outer layer parts with the thickness

of 22 to 40 mm have been crcated from 7 to 9 million years ago.

Though the growth rate of inner and innermost layers were not calculated, that of inner layer is
estimated to be almost same as outer layer's as the inside two of outside six points belong to the inner
layer in 97SMCOSCB02. Supposing the growth rate of whole layers is 2.2 mm/Ma, a crust 10 cm thick has
been created for 45 mitlion years.

In the areas of MC03, MCO04, MCO06, MC07, and MC09 where mangancse crusts are thin and have
only outer laycr, the thickest crusts are 14 to 47 mm thick and the basalt age are 5 to 14 Ma. In the arcas
of MC08 and MC10 where mangaﬁesc crusts are thick and composed of some ltayers, the thickest crusts
are 90 to 155 mm thick and the basalt age are 24 to 70 Ma. Therefore the age of mangancse crusts
calculated from the growth rate is harmonized with the age of substrate basait.

Still, Sharma and Somauajulu (1982) reported that the growth rate of manganese crusis in the
Pacific region was one to eight mm/Ma, and JICA- MMA]J (1597) 2.6 to 5.2 mm/Ma in the Macshall Islands

s¢a arca.
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Table 5-6-1

Resuits of “Be isotopic analysis for manganese crusts

‘Sampling site No. | Code] Crustiype [Crustlayer Pepth 10D3¢ content | Growih rate | Age formed| Residue
(mm) (10"8at/g) | (mnrMa) {Ma) (%%}

FISMCOSCRO2 | B | Cobblecrust| Outer 0 ~ 7 288.2 (0} 2.9
Outer T ~12 100.2 i1

Quter 12 ~ 17 30.98 22 12

Outer 17 ~ 22 10.85 42

Inner 22 ~ 28 4.298 33

Inner 28 ~ 36 0.709 12 55

Inner 36 ~ 45 1.396) unknown 14

Innemost | 45 ~ 52 0.1634 1.4

Innermost| 52 ~ 62 0.1442 3¢

97SMCI0CB0S | Bl Crust QOuter 0 ~ 17 85.0 (0) 13.7
Quter 17 ~. 30 31.27 71 19.9

Outer 30 ~ 42 13.9% 7.5 21.5

Inner 42 ~ 55 9.828] unknown 20.1

Inner 55 ~ 68 9.993| (reverse) 191

Inner 68 ~ 79 16.04 9.8

Inner 7% ~ 8% 43.93 11.5

Inner 8§93 ~ 100 193.6 i24

Inner 100 ~ 110 2572 17

FISMCI0CB07 | Bl | Cobblecrust] Outer 0 ~ 10 101.0 14 (0) 6
Outer 10 ~ 30 5.452 9 18.2

Inner 30 ~ 50 0.6538] unkaown 122

Inner 50 ~ 15 0.9438 16.0

Inner 75 ~ 93 0.02112 10.6

Inner 95 ~ 115 0.2423 54

Inner 115 ~ 135 0.3599 55

Innermost | 135 ~ 145 1.022 27

Innermost { 145 ~ 1350 0.8331 39
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5—7 Occurrence of Mangancese Crusts

The occmrence of mangancse ciusts in the arcas smveyed is summarized in Table 5-7--1. The
factors regarding the occuavence of mangancse crust deposits are; size of scamounts, reticf and topography
of scamounts, average gradicnt of the upper to middle slope of the scamounts, water depth of the seamount
summit, exposure ratio of the mangancse crusts, thickness of the crusts and average grade of the major
clements, reserve of the manganese crusts, The following matenals and data were used for the assessment
of the above factors, namely seafloor topographic maps for the relief of the scamounts, MBES acoustic
pressore images for the ciposure ratio of the crusts, size of the seamounts, cxposure tatio, and thickness
for the reserve of the manganese crusts. For factors other than the above, actual measured valucs are

shown.

Good cxposure of manganese crusts on the seamount slopes is in MC04, MCO05, MC10 arcas. The
thickness of the manganese crusts, however, is very thin in MC04 and MCO05 arcas. The crusts are thick in
MC02, MCO8, and MC10 areas. In these arecas, however, the cobalt content is low. Alse in MC02 area, the
manganese crusts are exposed in a narrow and limited locality. The MCO9 arca where the cobalt grade is
high, the summit is deep and the topographic relief is rugged. The MC06 are where the nickel grade is
high, the scamounts are small and the average thickaess is thin. Thus cach area surveyed all bave

relatively favorable and unfavorable factors.

Considering all above factors, it is concluded that MCO08 and MC10Q arcas are most promising and

the difference with other areas is considerable.

Tabie 5-7-1 QOccurrences of manganese crusts

Regca | Scale of Topography of seamaount Crust exposure | No.of |  Crust thickness Average Amorni Reinarks
seamount [Roughuesy Gradient | Depthof | Flat | Flaak | site (msm) of crust
of flank | summit | summit Madmumy Average | Co (%) | Ni(®) | Puippm)
MCO2 | moderate | alirde 1° 1080 m | tow |moderate; 4 L F1 0.35 033 050 alitte
MCD} | moderate| alinde 5° 510m - moderate; 12 47 8 0.48 035 033 a litde
MO | moderate | moderate 10 100 m - kigh 1?7 20 1 0,47 032 .23 lide  |:wo ssamounts
MQ05 | moderate | moderate|  16° 190 m - high ? <1 <1 - - - 1one
MC06 | small | moderate 17" 40 m —  |mederate; 8 20 3 0.47 0.36 0.23 alitde
MCOT | moderate | moderate 1.2 * | 1420m | ew Imoderatet 10 4 5 0.48 0.3 0.19 aliwe
MCig big moderare 18° | 1,580m | low |moderatel 18 90 20 0.36 0.32 0.37 | abuadaat {pocthern seamount
MC | moderate | abuadant i1 2030 m -~ moderats] 13 3 7 0.42 0.30 0.14 alitfe porbem seamount
MCi0 big moderate 12° 1 1560m| bow high 16 155 20 033 0.38 027 | abundant somi;:m wamonpt
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Chapter 6 Discussions

6-1 Evolution of Scamounts and Occurrence of Mangancse Crusts

It was clanfied from the results of sampling in the nine arcas frem MCO0Z to MCLO that the
occurrence of the mangancse crusts differ greatly in each arca. This is mainly causcd by the difference of
the geologic environment of the scamounts by arcas. Each scamount was formed on different geologic

structure, and the eutline of their evolution is as follows.

The scamounts in the MCO8 and MC10 arcas were formed as oceanic islands by the alkaline basalt
volcanic activities during Mesozoic to Paleogene. After the cessation of the volcanism, they became atolls
by crosion and subsidence of the ocean floor, then the islands submerged below water doring Neogene by
continuing subsidence and they presently exist as guyots. The seamounts in the MCO7 arca are annular and
were formed during Neogene, and the castern, western, and northern sides of the annular body have flat
summits sisilar to those in the MCOB arca. The northern scamount in the MCO3 area was formed in
Neogene, but its summit was rarely above the water and the present summit consists of many peaks. The

summits of the scamounts in the above four arcas are deeper than 1,400 m and reef Himestone was not
collected.

The seamounts in MC05 and MCO6 arcas were formed by Neogene alkaline basalt volcanic
activitics as oceanic islands and are presently pointed scamounts with shallow summits. The MCO03
scamounts were formed by Ncogene theleiite ~ alkaline basalt volcanism and those in MCO4 arca by
tholeiite ~ mid— occanic ridge basalt activitics of the same period. They are presently pdge—type pointed
scamounts. The seamounts in MCO2 arca were formed by mid—occanic ridge basalt volcanism and are
presently oceanic plateau—type 1able seamount. The summits of the seamounts of the above five areas are

shallower than 1,100 m, and rcef timestone extend widely from the summit to the upper slopes.

The relation between the topography of the seamounts and the thickness of the manganese crusts’

can be summarized as follows.

+ The crusts of guyots older than Palcogenc (MCO8, MC10 areas) are thick and developed, while
those of younger seamounts (MC05, MC0O7 and other areas) are thin.

+ The thickness of crusts on seamounts younger than Palcogene depends more on the topography
amd geology of the seamount rather than the age.

* Reef limestone is dominant on seamount slopes shaliower than 1,800 m, ard crusts are thin on
these scamounts (MCG3 ~ MCO06 arcas).

+ Pointed scamounts with very shallow summits (MCO04, MCO05 arcas) have thin crusts.
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The diversity of the shape of scamounts, age of scamounts, thickness of mangancse crusts, water
depth of the sampled crusts are also apparent i their chemical composition, Since in the statistical analysis
of the chemical results processes all data together, this diversity must have greatly affected the analytical
results. In somc of the corvelation of major elements, tendencies different from those of the Marshal
Istands EEZ (JICA--MMAJ, 1997) are obscived. In the present survey the basic statistical data were
calculated for various divisions, but later if sufficient data becomes available, comparative study of

multi-- vartable analysis by arcas would be of significance.

Although not in detail, it was possible to acquire important data and knowledge regarding the
occurrence of manganese crusts and the development of the scamounts in the FSM waters. It would be
very desirable, on the basis of these newly acquired knowledge, to canry out further exploration mainly in
the northern to nothwestern part of the survey arca where old guyots with developed manganese cnusts
are distributed. Tt is also necessary te further accumufate large amount of data in order to clanify the

formation of manganese crusts in this area.

6—2 Possibility of Hydrothermal Sulfide Mineralization in the Area

A hydrothermally altered basalt sample was recovered from the lower northern slope of a seamount
in the MC02 arca. Greenish dark gray altered basalt has been wholly chlontized and carbonatized and, in
places, weak pyrte dissemination occurs along calcite veinlets. Similar alteration and dissemination has
been reported from almost the same locality by USGS—-KORDI (1992). The northern slope of this
scamount is steep and laear in the east—west direction, and there 2 graben cxtends in the same direction
to the north. It is believed that this slope and graben were formed in association with the tectonic
movement of the ocecan floor, and that the hydrothermal alteration occurred simultaneously. The fact that
the basalt of this locality has MORB composition, supports the possibility that the zone between the
northern slope of the seamount and the graben to the north contain hydrothermal sulfide mineralization

similar to those in the mid— oceanic rdges.

Similar geologic structure as well as fateral faults transecting the seamount is observed in the
northern side of the seamount in MCO3. Also * Munidopsis ™ sp., which is a hydrothermal creature was

caught at the saddle of the central part of the seamount immediately above these faults.

As reported above, there is a large geologic structure in the MCO02 and MCO2 arcas and

hydrothermal alteration has been confirmed. Thus existence of hydrothermal sulfide deposits is anticipated.
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6-3 Effccliveness and Accuracy of Scaftoor Topographic Maps prepared by
Satellite Altimetry

In planning the present survey, ETOP0S and 5 X &' grid data of Terrain Base Scafloor Topographic
File by NOAA were used for sclecting the target scamounts. Since this data file is a compilation of all the
past scafloor topographic data, it includes those from the days when NNSS was used for positioning, auﬁ
thus there have been cases when reported scamounts could not be located in some arcas. And it was

fearcd that in FSM arca, where past sarveys have been few, the accuracy might be lower than in other

arcas.

SOPAC Sccretariat had offered before the present survey, the usc of the * French Government,
Ministry of Foreign Affairs, Satellite Bathymetric Smvey of Maritime Zone of the State if Yap FSM, June,
1996 " . Alse “ Smith, W.H.F,, and D.T. Sandwell, Globat Scafloor Topography from Satellite Altimctry
and Ship Depth Soundings, submitted to Science, Aprl 7, 1997 could be used as reference. From the
above, it was canfirmed that the use of inferred scafloor topographic maps from satellite altimetry is very

effective methed for estimating the location of scamounts.

By companring the scafloor topegraphic maps prepared by the present survey and the satellite

isobathymetric map, it is scen that the outline of the shape and the location of the scamounts are

sufficiently accurate for use in planning surveys. The water depth figures shown need to be treated with
care.

As satellite topographic data arc expected to be used not only in survey planning, but in many fields
of activities, it is desired that cfforts be made to increase the accuracy by clanfying and incorporating the

regional geoscientific chamacterislics.
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Chapter 7 Summary

The third year of the thicd phase of the five—ycar SOPAC Program, topographic surveys sampling
for mangancse crust deposits were carried out in the exclusive cconomic zone of the Federated States of

Micronesia. The duration of the survey cruise was 74 days.

There are some oceanic islands, atolls and many scamounts in the survey area, These occur along
two large occanic ridges in the westemn side, namely the Yap Zone ~ Trik Zone, on the castem side these

oceur together with the eceanic islands which are scattered in the cast— west direction.

The swvey was composed mainly of topographic cruise of cach scamount in order to prepare
detailed topographic map by MBES, Scafloor observation by FDC, and of sampling by chain back dredge
{CB), am drcdge (AD), and targe corer (LC) with the objective of conﬁmﬁng the mode of occurrence of
the crust deposits. The continuity of the deposits, the type, thickness, grade, exposure ratio, and other
relevant features of the manganese crusts were clanfied by seafloor observation and sampling. Important
samples were studied in lahorateries on land by various methods including, various analyses, X-—ray
diffraction, and microscopy. These together with the results of onboard analysis provided the basis for
integrated analysis of the resource. nSBP survey was carried out together with MBES, and for some of the

seamounts, SSS survey was conducted for understanding the micro topography of the seafleor.

(Topographic survey)

Efforts were made fo sclect seamounts of diverse nature for the survey, thercfore, water depth,
size, location and various other relevant factors were considered. During Leg 1, six arcas in the western to
the southern part were studied. During Leg 2, four areas in the eastern to the northern pait of the survey
area were sarveyed. Thus a total of ten areas were the target of investigation. As the seafloor topography
of the survey area is complex, the type of the seamounts are diverse and they are; three guyots, one

pointed seamount, two oceanic ridge types, twe high relief types, and enc shoal.

The arcal extent of the survey differed by the size of the seamount and the results, but it was
generally 20 X 30 miles for each scamount. For all scamounts, the survey provided detailed topography

and formed the basis for sampling and other subsequent studies.

The water depth of the seamount summits ranges widely from (10 *') to 2,032 m, the reltive
height ranges from 2,400 m to 4,000 m and the largest seamourt is MS10 extending 43 km cast—- west and
43 km north- south.
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(MBES acoustic images)

In MBES acoustic images dark colored parts corvesponding to cxposed rocks are obscrved in all
scamounts on, summits, ridges on the slopes, and the valleys, in other words in arcas where the slope is
stecp. On the slopes, the images become pale downward, indicating the tendency of gradually increasing
unconsolidated sediment thickness. On the other hand, pale image color corresponding to unconselidated

scedinients are observed in parts with low relief such as the flat summits,

Exposed rocks of scamounts are often covered by crusts. Thercfore, the distribulion of exposed
rocks estimated by MBES acoustic images possibly shew the distnibution of manganese crusts. Scamounts
with flat summit covered by unconsolidated sediments such as those often seen in the centeal Pacific, are
four seamounts in MC02, MC--07, MC08, and MCI10. For other scamounts, it was inferved that exposed

rocks or pebbly matenials are distributed in most of the summit to the slope.

{nSBP survey)

There were four seamounts, MC02, MCO07, MCO0B, and MC10 where unconsolidated sediments were
clearly observed by SBP survey, this agrees with the distribution of unconsalidated sediments obtained by
MBES acoustic images. The latter three scamounts are guyots, and SBP rccords show that T-type is
clearly developed. In scamount MCI0, T--type is most developed and is distributed widely to the
penphery. It i inferred from corvelation with the results of seafloor observation by FDC that the

acousticaily transparcat layer distnbution corresponds to that of unconsolidated sedieents, and their

thickness ranges from 20 to 40 m.

(555 survey)

It has been shown that 555 images can clarify the vanations of micro topography and the bottom
sediments in more detail than the MBES acoustic reflection intensily distribution. In the present survey,
data regarding the two- dimensional conditions regarding the rock exposures on pinnacle slopes, nodule
distribution at the foot of the pinnacles, rock exposures at the shoulders where the gradient somewhat

increases, and the rock exposures on upper slopes.

In the S8S images, it has been clanfied that the high acoustic reflection intensity is correlated tﬁ
cxposed rocks confirmed by FDC observation, and similar cesults were obtained from the present survey.
And further details were clarified concerning distribution of exposed rocks and pebbles which cannot be
interpreted from MBES data such as local low acoustic reflection intensity parts within high acoustic
reflcciion intensity zones, and exposed rocks with thin sedimentary cover on slopes. Details of minute

tepographic changes which cannot be identificd by MBES acoustic images were also clarified.
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(Sampling)

Sampling by diedges and a corer was camried out at 128 sites in nine arcas, MCO02 to MCI10.
Manganese crusts were recovered from 105 sampling points, but samples from 69 points were sulficient in

quantity for chemical analysis.

Chemical analysis, polished section microscopy, and '° Be isotope analysis were canied out for the
collected manganese crusts. And for rock samples, chemical analysis, thin section microscopy, X—iay

diffractometiy, K— Ar age detenmination, and fossi! identification were carriced owt.

(Geology)

On scamounts in MCO02 to MCO0G arcas, reef limestone occur from the summit to the upper slope to
water depth of 1,600 ~ 2,000 m, and basalt and hyaloclastite are distributed in the lower slope. On those in
the MCQO7 area, reef limestone occur in paris of the flat summit, but basalt and hyaloclastile dominantly
occar from the summit to the lower stope. On those in areas MC08 to MC10, basalt and hyaloclastite occur
from the summit to the lower slope and reef limestone does not occur. And on typical guyots of MCO8 and

MC10 arcas, large amount of mudstone occur on the flat sumnit to the upper slope.

Chemical analysis of the basalts shows that; the basalt in MCO02 arca is a plume type mid- oceanic
nidge basalt, that in MCO4 area is island—are tholeiite ~ normal mid—oceanic ridge basalt, and in MCO5 and
MC07 ~ MC10 areas it is classified as oceanic island alkali basalt.

{Scafloor observation}
Scafloor was observed by towed camera along nine track lines in six areas.

Generally on seamount slopes, crusts and cobble crists are exposed intermittently on steep slopes
while foraminifera sand covers the crusts on gentle slopes and the crusts are cxposcd in scattered pattemn.

Ripple marks occur on the surface of the foraminifera sand.

. Crusts and cobble crusts are exposed continuously and nodules occur locally at the peripheries and
small hills of the flat summits of the scamounts jn MC0O7, MC08, and MCI10 arcas. Limestone without
manganese oxide cover is distributed from the summit to about 800 m water depth in the scamounts in
MC04 area.

(Thickness of manganese crusts)

The maximum, minimum, and average thickness of manganese crusts were measured at each
sampling points and average crust thickness of each area was calcatated, The crusts of MCO02, MCO8, and
MC10 areas is re!ativcljr thick en at 20 ~ 21 mm on average. The average thickuess of the crusts in MCO3,
MC04, MC06, MCO07, and MC09 arcas is thin, 1 ~8 mm, and that of MCO5 area is very thin, under 1 mm.
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Crusts with maximum thickness exceeding 50 mm were recovered from; one locality in MCO2, five
localities in MCO8, and three localities in MC10 arcas. The maximam in the three MCI0 localitics
exceeded 100 mm.

{Chemical analysis of manganecse crusts)

Twenty nine clements in 163 samples were chemically analyzed. These samples are from 113
mangancse crusts from 69 localitics. The average grades of Co, Ni, Cu, Mn, Fe are; 0.41, 0.32, 0.06, 24.12,
1583 wt% respectively. The range of Co average grade is 0.33 ~0.36 % in MC02, MC08, and MC10, and
that of other areas is 0.47 ~ 0.49 %, thus the difference by arca is large and clear,

The results of factor analysis show that the major clements of the manganese crusts are expressed
as one factor, and are divided into two groups by factor loading values. The groups are; Co, Ni, Mn, Fb,

Mo, V, concentration and Cu, Fe, Si, Al, T concentration and there is negative correlation between the two
groups.

{Mineral composition of manganesc crusts)

Vernadite and toderokite were identified as the major minerals comprising manganese crusts of the
prescnt survey arca, These minerals are very fine— grained and microcrystalline, and one of them tend to
occur dominantly. The mode of occurrence differ by sample and the layer within the crust. Banded or
kidney texture is developed in the black compact parls, and prismatic, granular, colloform texture in porous
paits accompanicd by brown oxides. The width of the growth bands is 5~ 50 i m.

{Mode of occurrence of manganese crusts)

Manganese crusts with thickness over 10 mm occur in water depth range of 1,000 m to 3,500 m.
Manganese crusts occur as crusts, cobbles, and nodules, and their thickness differs greatly by area,
topography, substrate and other factors.

Thick manganese crusts exceeding 50 mm with average of ahout 20 mm were recovered in MCO02,
MC08, ard MC10 arcas. But the arcal extent of manganese crust occurrence in MCOQ2 is narrow.

Manganese crusts in MC04 and MCO5 areas are exposed well, but their thickness is very thin with an
average of around 1 mm.

The average grades of the major constitucat clements differ by area. In MC02, MC03, and MC10
areas, Cu content is higher than in other areas, but Co and Mn content is low. Ma content is the highest,
but Fe is the lowest in MCO04 area.

Based on the mode of occurrence of the manganese crusts, MCO8 and MC10 areas are assessed as

having the highest potential and other areas are considerably lower.
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