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Summary

I. Title of Study

Formation of Fe—Mn Microlayers in Mn—Nodules under the
Influence of Oxic Sediment Diagenesis in the NE Equatorial Pacific

II. Result

In the Korea Deep Ocean Study (KODOS) area, western part
of the Clarion—Clipperton fracture zones, northeast equatorial
Pacific, nodules can be classified into three types based on the
surface texture. The S—type (hydrogenetic) nodules with smooth
surface occur exposed on top of intensely bioturbated sediments
of hill and seamount areas. In the abyssal plain, the rough
surface, the R—type (diagenetic) nodules are found embedded
within the topmost sediment layer. The transitional (T)—type
occurs together with either R— or S—types. The S—type nodules
are rich in Fe and Co in columnar structures of vernadite,
whereas the R—types contain abundant Mn, Ni, Cu, and Zn in
dendritic and massive todorokite (buserite) layers. Based on the
Mn/Fe ratio, the R—type nodules are estimated to have grown
about three times faster than those of S—types. The T—type
nodules are intermediate in composition and other characters.
Regardless of the type and shape, the tops of nodules are rich in

Fe and Co in vernadite, whereas the bottoms contain abundant
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Mn, Ni, Cu, todorokite (buserite), and sedimentary clasts with a
faster (about 3 times) growth rate.

Analyses of porewater and sediment composition reveal that
the growth of nodules by diagenesis is also prevalent within the
oxygenated sediments. The diagenetic growth of nodules occurs
within the redeposited topmost sediment layer. During biomixing
and decomposition of organic materials, Mn, Ni, Cu, and Zn are
remobilized from Mn—micronodules and are utilized for the
accretion of todorokite (buserite). The chemical composition of
micronodules is also similar to those of todorokite (buserite). In
the nodules, minor metal species of Ni, Cu, and Zn are
concentrated, less than 11% of Mn, due to the limited uptake
capacity of todorokite (buserite). In the southern part of the
KODOS area, the diagenesis results in large Mn-—rich R—type
nodules controlled by the surface water productivity.
Resedimentation processes of bottom currents and benthic animals
also result in the large discrepancy in composition and other
characters between the tops and the bottoms as well as the

concentric structures.
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INTRODUCTION

In the northeast equatorial Pacific, the growth of manganese
nodules is generally attributed to the precipitation of ferro—
manganese oxide minerals influenced by either seawater or the
underlying sediment (Dymond et al., 1984; Calvert et al., 1987;
Skornyakova and Murdmaa, 1992). The influence is variable
depending on the characters of nodule—associated sediment that
are, in turn, controlled by bottom currents, seafloor morphology,
and surface water productivity (Piper and Williamson, 1977;
Greenslate et al.,, 1979; Glasby et al.,, 1982). Diagenetic nodules
are ubiquitous in the abyssal plain area in that the abundance of
todorokite, Cu, and Ni increases toward the equator, resulting
from the increased biological productivity in the surface water
layer (Horn et al., 1973; Calvert and Price, 1977; Skornyakova and
Zaikin, 1988; Halbach et al.,, 1988). These nodules occur partially
or embedded within the topmost sediment layer, and are
characterized by the abundance of todorokite which forms at a
fast rate by utilizing Mn and other minor metals regenerated
during diagenesis (Raab, 1972; Bonatti et al., 1972; Halbach et al.,
1981; Huh and Ku, 1984). Hydrogenetic nodules are dominant
westward due to the increased influence of bottom currents on
ubiquitous seamounts éxtending from the Line Islands Ridge
(McKelvey et al.,, 1979; Skornyakova et al.,, 1979). Slow
precipitation of vernadite and Fe—oxihydroxide results in the
concentration of Fe and Co in these nodules which occur generally

exposed on the seafloor (Calvert and Price, 1977; Usui et al.,



1979a; Bischoff et al., 1981).

In the Clarion—Clipperton (C—C) fracture zones, nodules are
generally classified into three distinct types based on surface
texture. Diagenetic nodules are characterized by irregular, rough
and gritty surface with microbotryoids (R—type) whereas
hydrogenetic nodules show smooth and greasy surface (S—type
nodules) (Bonatti et al., 1972; Rabb and Meylan; Halbach et al.,
1981). The nodule surface is often transitional, from rough bottom
to smooth top surface, or rough partially on the entire surface
(tentatively clssified as T—type nodules in this study). The R—type
nodules generally show massive and dendrtic structures of
todorokite; the S—types are characterized by columnar structures
of vernadite (Halbach and Ozkara, 1979; Sorem and Fewkes, 1979
and b; Dymond et al.,, 1984; Huh and Ku, 1984). The R—type
nodules are distinguished by higher Mn/Fe ratio (generally, >4.0)
from S—type nodules (Mn/Fe <2.5). The ratio is intermediate in
the T—type nodules (Bonatti et al.,, 1972; Halbach et al., 1981). In
the C—C zones, nodule composition is variable with a wide range
of the ratio (generally, <7) (Greenslate et al., 1979; Piper and
Williamson, 1979; Skornyakova, 1979). The Mn/Fe ratio is
immediately related to growth rate of nodules that is, in turn,
controlled by sediment diagenesis (Heye and Marchig, 1977; Lyle,
1982; Moore, 1984). The close relationship of types of surface
texture to composition and internal structures, although they result
from the latest growth processes of nodules, suggest ‘that the

formation processes of nodules are relatively uniform (Raab and



Meylan, 1977; Calvert and Williamson, 1977; Halbach et al., 1981;
Piper and Blueford, 1982).

Sediment diagenesis is active in the C—C zones, as indicated
by an abundance of authigenic minerals such as Fe—rich smectite
and micronodules (Greenslate et al., 1979; Hein et al., 1979a and
b; Marchig and Gundlach, 1981; Piper et al., 1987). It seems to
occur at the sediment—seawater interface by settling and
decomposition of organic materials (Klinkhammer, 1980; Bender,
1983; Murray et al.,, 1984). Biomixing of organic materials with
metal-rich older sediment is also regarded to cause episodic and
often impulsive regeneration of metals in the topmost sediment
part (Muller and Mangini, 1980; Bender, 1983; Emerson et al.,
1985). Diagenetic growth seems to occur at a fast rate (up to 200
mnm/my) on nodule surface buried within the sediment (Heye et
al., 1979; Ku et al., 1984; Lyle et al.,, 1984; Reyss et al., 1985),
resulting in a significant depletion of Mn and other minor metal
species in the topmost sediment layer (Greenslate et al., 1979;
Bender, 1983; Dymond et al., 1984). During the diagenesis, large
portions of Fe ions form smectite combining dissolved silicas
within the sediment column (Marchig and Gundlach, 1981; Lyle et
al., 1984; Cole, 1985). However, nodule growth by these diagenetic
processes has been susﬁected due to the lack of dissolved metals
in the sediment of the C—C 2zones (Bender, 1971; Boudreau and
Scott, 1978; Klinkhammer et al., 1982). Poorness of porewater
metals is ascribed to high oxygenating conditions to a depth of

sediment column that results from an extremely low sedimentation



rate (Jahnke et al., 1982; Lyle, 1983; Kalhorn and Emerson, 1984;
Martin and Knauer, 1984).

In the KODOS area, analyses of mineralogical and chemical
compositions of both nodules and the underlying sediment suggest
that nodule growth is significantly affected by diagenesis of the
uppermost sediment layer. Composition and other characters of
nodules appear to be controlled by the burial rates of nodules
rather than by the chemical composition of the wunderlying
sediment. Sediment diagenesis occurs mainly during biomixing of
settling organic materials and metal-rich older sediment. In turn,
bioturbation appears to be stimulated by redeposition of sediment.
Largely influenced by the surface water productivity, sediment
diagenesis could concentrate larger amounts of some metal species
in nodules toward the equator. It may result in an inverse
relationship between compositions of nodules and the underlying
sediment. Periodic resedimentation could result in a large
difference in composition and other characters between types, tops

and bottoms, but also in structures of nodules.

Materials and Analytical Methods

The Korea Ocean Research and Development Institute
(KORDI) has carried out three cruises for manganese nodule
exploration in the Korea Deep Ocean Study (KODOS) area,
northeast equatorial Pacific (Fig. 1). At 71 sites, manganese
nodules were collected by using either a box corer or ‘free—fall

grab samplers. On boards, nodule characters were determined in



detail for number, abundance, size, shape, and surface texture.
Nodules were classified into three types of S—, R—, and T—types,
depending on the characters of surface textures. Box core
sediment was described for color change (Munsell, 1988),
bioturbation, lithology, and other characters. At intervals of core
depth, sediment for chemical and mineralogical analyses was
collected in pre—cleaned polyethylene bottles. Porewaters were
squeezed from the sediment of 4 box cores at 0 "C in a glove
box filled with nitrogen.

In the laboratory, manganese nodules that were hardened in
resin were halved and photographed for internal structures. In
polished sections of 5 nodules, both microstructures and chemical
composition in nodules were analysed using a back—scattered
electron microphotograph and microprobe (JEOL, JXA-—8600).
Mineralogical and chemical compositions were determined for 156
bulk nodule samples at 65 sites, and chemical compisition of
another 98 nodules was analyzed at 32 sites. Twenty—one
samples of Mn—crusts from the seamounts of the Marshall Islands
were analyzed for comparison with compositions of nodules.
Abundance of mineral species was semi—quantified for 10A
—manganate (todrokite), & —MnQO: (vernadite), and aluminosilicate
minerals using XRD (Haynes et al., 1982). In this study, 10A
—manganate is classified as todorokite (buserite) due to the
changes in X—ray diffraction pattern in that peaks of 10A and 4.9
A disappear whereas that of 7 A becomes more distinctive after

heating of nodule powder at 110 C (Fig. 2).



Sediment types were determined based on the amounts of
microfossils on smear slides, grain size, and mineralogy. The ages
of sediment were assigned by identification of radiolarian and
diatom fossils. For three fractions (<2, <1, and <0.1 z#m in grain
size) of sediment in 26 box cores, clay minerals were analysed by
using record of X-ray diffractometer (Phillips, PW-710).
Micronodule and smectite were identified by both scanning
electron microphotograph and energy dispersive X—ray spectro—
meter. In porewaters, nutrients were determined by Technicon
auto—analyser. Particulate organic carbon in powered sediment
was titrated with potasium dichromate and ferrous amonium
sulfate. Chemical anaylses of nodule and sediment powders were
performed using atomic adsorption spectrometer (Perkin Elmer,
I1.—251) after complete dissolution in mixed solution of HF, HNOs3,
and HCI.

Korea Deep Ocean Study (KODOS) Area

The Korea Deep Ocean Study (KODOS) area is located in the
western margin of the C—C zones near the Line Islands Ridge
(Fig. 1). The seafloor is deep, generally more than 5,100 m, and
slopes gently toward the northwest. It is rather smooth in the
eastern part and is rugged with seamounts and knolls in the
southern part. The seamounts are mostly steep—sloped, wide (5
to 30 km) and high (400 to 1,500 m), aligned in an E—W trend.
They appear to form ridges, following the general bafhymetric

pattern in the C—C zones. They lack sediment on tops and slopes,



often covered with a thick sediment layer and are complicated
with irregular block and step faults. The seafloor basement is
also irregular, dissected with numerous faults especially in the
eastern part that forms small and large subdued basin floor
covered with thin sediment layer. DSDP cores and magnetic
anomaly pattern reveal that the basement is 50 to 85 my (middle
Eocene to late Cretaceous) old (van Andel et al., 1975). The
seafloor is older northwestward and largely offset by a fracture
zone which is indistinct in general bathymetric trend. The
sedimentary sequence is thick in the southwestern part,
comprising an extension of the equatorial sedimentary bulge
(Ewing et al.,, 1968) and the Line Islands Ridge (Normark and
Spiess, 1976). In the northeast, the sequence is thin and deformed
by basement faults. The sedimentary sequence, especially of the
topmost layer, is irregular with various large bedforms and

seafloor scours.



MANGANESE NODULES
Types and Occurrence

Three types of nodules occur also in the KODOS area, e.g.
R—, S—, and T—type nodules (Fig. 3). The R—type nodules are
mostly mononucleated, discoidal, spheroidal or ellipsoidal, whereas
S—types are polynucleated and irregular in shape. The T—type
nodules are mono— or polynucleated. In box cores, the S—type
nodules occur generally exposed on the seafloor. On the other
hand, most R—type nodules are partially or embedded in thin
topmost sediment layer. Large ellipsoidal or discoidal R—type
nodules show equatorial rims (intermediate surface contacting to
the sediment/water interface) that are irregular and bumpy with
large knobs and small botryoids. The T—type nodules occur
together with either the R— or S—types. Nodules generally show
distinct orientation of tops and bottoms, of which the latter are
associated with the underlying sediment. X-—radiographs of
sediment cores show that small and large buried nodules of
R—types are ubiquitous within thin (<10 cm in thickness) within
sediment layer (Fig. 4). The buried nodules generally show a loose
outermost layer of Mn—oxide and sediment particles.

Nodules occur in a wide range of water depth (4,600 to 5,500
m). The R—type nodules are dominant (73%) in the abyssal plain;
S—type nodules are ubiquitous (29 to 449%) in the seamounts and
hills (Fig. 5). The T—type nodules are always found with either
R— (12 to 17%) or S—type nodules (3 to 24%). Co—occurrence of

three types is uncommon except one site (st. 9028) in the abyssal



plain. Nodules are various in size (@ few mm to 20 cm in
diameter). Small nodules of less than 4 cm in diameter are
accounted 62% in the abyssal plain; more than 80% in the hill
and seamount areas. Nodules are larger in the seamount areas
than those on the hills due to polynucleation. In the abyssal plain
excluding the southeastern part, the R—type nodules are larger in
size and are more abundant southward. Nodules are small and
mostly R—type that coat thinnly on nuclei of shark's teeth and
clay lumps in the southeastern part, showing an immature stage

of growth.

Structures and Composition

In nodules, todorokite (buserite) and vernadite comprise major
constituents with small amounts of quartz and feldspar (Table 1).
Birnessite is rare, except for the nodules with relatively a high
Mn/Fe ratio (>5) at sites 9038 and 9039 in the northern abyssal
plain. Phillipsite is often found with a large variation (0.0 to
54.3%), especially in nodule core and bottoms. = Todorokite
(buserite) tends to form massive, dendritic, and cauliflower
structures generally in the R—type nodules (Figs. 6—1A to C).
Layers of todorokite (buserite) are thick (generally 50 to 100 zm)
and are intercalated offen with thin (<10 #m) vernadite layers.
On the other hand, they are thin and continuous in S—type
nodules (Figs. 6—2A to C). Detrital clasts are common especially
in the R—type nodules, forming irregular and discontinuous

intercalations (Fig. 6—1A). Botryoidal structures of todorokite



(buserite) are found in large pore spaces of nodules (Fig. 6—1B).
The S—type nodules are characterized by columnar (pillar)
structures which consist of regular and undulating laminations of
vernadite (Figs. 6—2A to C). Thin laminations of vernadite occur
often on sharp scours and in fissures, similar to those proposed
as initial growth stage under the influence of bottom currents
(Burns and Burns, 1975; Sorem and Fewkes, 1979). Typical
columnar and colloform structures are found in nuclei of S— and
T—type nodules (Figs. 6—2A and B). Some nodules show sharp
changes of internal structures by scours, i.e., thin laminated to
massive to columnar zone toward the surface (Fig. 6—2C). This
zonation is attributed to short— and long—period changes of
growth by burial and exposure of nodules, resulting from
fluctuation of bottom currents (Margolis and Glasby, 1973; Segl et
al., 1989; Manigini et al., 1990), or turnovers of nodules
themselves (Sorem, 1973; Sorem and Fewkes, 1979; Glasby et al.,
1982).

Todorokite (buserite) contains abundant Mn, Ni, Cu, and Zn,
generally as much as 2 to 3 times than vernadite (Table 1).
Noticeably, Mn is most abundant (up to 59.4%) with small
amounts of Fe (less than 1%) in massive and cauliflower
structures, also in intercalated thin layers of todorokite (buserite)
in columnar structures (Figs. 6—1D and —2D). On the other hand,
vernadite is rich in Fe and Co. A ternary relation of Fe, Mn, and
10-(Cut+Ni+Co) (Fig. 7) suggests that todorokite (buserité) results

from sediment diagenesis, whereas vernadite forms by hydro—



genetic growth (Sorem and Fewkes, 1979; Usui, 1979).
Concentration of minor metals (Ni, Cu and Co) is always less than
16% of Mn in the two minerals. Chemical characters of the two
minerals are governed by Mn/Fe ratio, which is larger in
todorokite (buserite) as much as 17 times on the average than that
in vernadite (Table 1). In todorokite (buserite), sum of Cu and Ni
increases to the maximum (5.35%) at about 21 of Mn/Fe ratio,
and decreases to more or less a uniform value (4 to 4.5%) (Fig.
8A). Less amounts of Ni and Cu are encountered especailly in
Mn—rich (>40%) todorokite (buserite), similar to those in a variety
(birnessite) of todorokite (buserite) (Usui, 1979; Reyss et al., 1982;
Giovanoli and Arrhenius, 1988). Distribution of Zn content is
similar to that of Ni+Cu. Cobalt content decreases exponentially to
the minimum value (0.1%) at about 20 of the Mn/Fe ratio in
todorokite (buserite) and variable (0.05 to 0.70%) in vernadite (Fig.
8B). It tends to increase linearly as Fe content increases up to
20% in the two minerals and decrease sharply in vernadite with
more than 20% Fe (Fig. 9).

In nodules, Mn and Fe comprise dominant metal species.
The R—type nodules are characterized by high ratio of todorokite
(buserite)/vernadite that comprises concentration of Ni, Cu, and Zn
(Table 1). On the other hand, the S—types contain abundant Fe
and Co in vernadite. The T—type nodules are intermediate in
composition between the two types. The amounts of detrital
minerals decrease proportionally from S—, T—, to R—type nodules.

Manganese crusts consist mostly of vernadite (91.5% peak



intensity on the average), and are characterized by an abundance
of Fe (15.2% on the average) and Co (0.53%). Compared to those
in the C—C zones, the nodules contain more Fe and Co, whereas
less Mn, Ni, Cu, and Zn. This is probably due to larger influence
of bottom currents in the KODOS area, near the Line Islands
Ridge (McKelvey et al., 1979; Skornyakova, 1979; Friedrich et al.,
1988). A ternary relationship of Mn, Fe and 10:(Cu+Ni+Co) (Fig.
10) indicates that the R—type nodules are diagenetic, whereas the
S—types are hydrogenetic in origin (Bonatti et al., 1972; Calvert
and Price, 1977; Halbach et al., 1981). The T—type nodules show
mixed influences of both seawater and the 'underlying sediment
(Rabb, 1972; Moritani et al., 1977; Reyss et al., 1985). The
Mn/Fe ratio (0.9 to 2.1) of Mn—crusts is similar to that in the
seawater beneath the oxygen minimum depth (Qunby—Hunt and
Turekian, 1983), suggesting that they are pure hydrogenetic
product (Hein et al.,, 1988). Both the ratios of Mn/Fe and
todorokite (buserite)/vernadite are larger southward toward the
equator. These characters comprise the previous findings in the
C—C zones (Calvert et al., 1978; Piper and Williamson, 1978; Piper
and Blueford, 1982). The sum of Cu and Ni contents increases to
the maximum value (about 3 %) and is more or less uniform
beyond about 5 of Mn/Fe ratio (Fig. 11A). It is similar, although
less distinctive, to the reversed concentration of these metals in
nodules where sediment diagenesis is active (Friedrich et al., 1983;
Halbach et al.,, 1988). On the other hand, Co content ciecreases

from about 0.4% to a constant value of about 0.1% at larger than



2 of the ratio (Fig. 11B).

The growth rate of nodules and mineral species can be
estimated by using the equation of Huh and Ku (1984), which is
based on an immediate relation of growth rate to Mn/Fe ratio
(Heye and Marchig, 1977; Piper and Williamson, 1977; Lyle, 1982).
Todorokite (buserite) seems to accrete at a fast rate (36 mm/my,
on the average), about 13 times than that (2.8 mm/my) of
vernadite (Table 1). In the case of Mn-rich (>40%) and Fe—poor
(<1%) todorokite (buserite), the growth rate is impetus, faster than
1000 mm/my, as determined by Finney et al. (1984). Average
growth rate is estimated as 9.1 mm/my in the R—type, 4.7 mm/my
in the T-type, and 3.0 mm/my in the S—type nodules,
respectively. These values range in general growth rates (1 to 10
mm/my) of nodules in the Pacific (Ku and Broecker, 1966; Moore
et al.,, 1981; Mangini et al.,, 1990). Manganese crusts appear to

have grown at a slow rate of lower than 1 mm/my.

Inter—metal relations in Mn—nodules

Inter—metal relations were obtained using varimax R—mode
factor analysis. In the two Mn—oxide minerals, metals are
statistically classified into 3 groups: Mn—Cu—Ni—Mg, Fe—Co—P,
and Al-Si (Table 2a). It indicates that nodular minerals consist
of metals associated with Mn—, Fe—oxides, and alluminosilicates
(Bischoff et al., 1981; Moorby and Cronan, 1981). The former two
groups are inversed in interrelations. Aluminum and Si are related

to other metals with a moderate relation to Mg. In vernadite,



the metéls of the first group are significantly related to Mn/Fe
ratio; those of the second group are affinitive to Mn—Ca—Si—Ti.
These characters may imply that the accretion of vernadite is also
largely influenced by the underlying sediment (Li, 1984; Calvert
and Piper, 1984). It is generally believed that Co incorporates
into vernadite by ionic exchange with excess Mn and often Fe
ions in high oxidation conditions (Piper et al., 1984; Giovanoli and
Arrhenius, 1988). However, its concentration is significantly
limited in the case of larger (>20%) amounts of Fe (Fig. 9).

In nodules, transition metals occur preferentially in two
groups; Mn—Cu—Ni—(Zn) and Fe—Co (Table 2b). The former are
closely related to Mn/Fe and todorokite (buserite)/vernadite ratios
in all the types of nodules. The latter are considerably related to
the abundance of detrital clasts and the two ratios in S— and
T—type nodules. Interrelations of Fe—Mn—Co are distinct in
S—types, similar to those in vernadite, Generally, Co is associated
with Fe in the R—types; Fe—Mn oxides in the S—type nodules of
the Pacific Ocean (Calvert and Price, 1977; Greenslate et al., 1979;
Halbach and Ozkara, 1979). The increase of todorokite (buserite)
and detrital clasts compensates the abundance of Fe and Co, from
S—, T—, to R—type nodules (Table 1). The chemical composition
of Mn—crusts is dominated by the interrlation of Mn—Fe—Co
(Table 2c). The amounts of hydrogeneous materials in the T—type
nodules seem to be negligible, as indicated by less significant
relations of Fe and Co to other metals. It is generally kﬂwon that
the metals of Fe and Co are hydrogenetic origin (Moorby and



Cronan, 1981; Dymond et al.,, 1984; Piper, 1988). Halbach et al.
(1981) estimated the portion of hydrogenetic materials to be 20 to
40% in their mixed type of nodules.



SEDIMENT
General Characters

Bulk sediment is mostly classified into radiolarian—bearing
smectitic clay, often siliceous clay (siliceous fossils, 15% to 302%).
Also siliceous ooze (st nos., 8904, 9032) and nannofossil ooze (st
nos., 8906 and 9012) occur with abundant fossils (more than 80%),
underlying unit 1 (Fig. 12). These oozes occur at about 5,000 m
in water depth, comprising depressed CCD (Piper, 1988) in the
KODOS area. The topmost sediment column in the KODOS area
comprises either zeolitic clay or siliceous ooze where radiolarian—
bearing clay is dominant (clay fraction, more than 70%), often
with calcareous ooze. It is divided into two or three units, based
on distinct color change, bioturbation, lithology and mass physical
properties (Fig. 12). The topmost unit 1 is dark yellowish or
reddish brown (10YR3/4 to 5YR3/3, Munsell, 1988), homogeneous,
bioturbated, and thin (mostly, <10 cm in thickness). The boundary
between unit 1 and the lowermost unit 3 is transitional, often
sharp by truncation of large burrows within the lower sediment
layer. Unit 1 comprises "peneliquid layer" of Halbach and Ozkara
(1979) and "mixed layer" of Berger et al. (1979), i.e.,
water—saturated (water content, >3002%) and cohesionless. Unit 2
is generally dark brown in color (10YR3/3 to 5YR 3/2), mottled
with simple and large haloed burrows, and variable in thickness.
It is intermediate in sediment characters between the topmost and
lowermost units (transitional layer, Berger et al., 1979). ’fhe third
unit is dark brown in color (5YR3/1 to 10YR4/2) and less



bioturbated, corresponding to the "historic layer" (Berger and
Killingley, 1982). In the topmost unit (unit 1), burrows are small
(<1 mm in diameter) and generally indistinguishable, whereas they
are large (mostly, about 4 cm in diameter) in the lower units.
Burrows are most well preserved in unit 3, which are often
intersected by smaller burrows filled with the overlying sediment
and fecal pellets. They are distinguished by light yellow—colored
haloes (Berger et al.,, 1979) around which sediment is often darker,
due to manganese—rich particles of micronodules (Fig. 12, core
no., K9032) .

In core sediment, early Eocene (often Paleocene) to
Quaternary radiolarians are ubiquitous (as much as more than 10%
of bulk sediment) and mixed at various rates in units 1 and 2.
Unit 1 is assigned to the Quaternary and the lower units to the
Tertiary (early Eocene to Pliocene), based on radiolarians and
diatoms. Often, only late Quaternary (Holocene) radiolarians are
found in unit 1, overlying the Oligocene to Miocene nannofossil
calcareous ooze (Fig. 12). The amounts of Quaternary radiolarians
in unit 1 increase from less than 10% to more than 80% of total
radiolarian assemblage southeastward, reflecting the influence of
primary production in the surface water (Quinterno and Theyer,
1979; Wolfart, 1988). The ages of Tertiary sediment is older
northwestward (Fig. 13). Both radiolarian and diatom fossils
reveal that sedimentation rate is less than 0.2 mm/10° yrs for the
Tertiary sedimentary layer, similar to those obtained by others in
the C—C zones (Listzin, 1972; Krishnaswami, 1976). The lowered



sedimentation rate is probably due to more extensive erosion and
dissolution of sediment by inhanced bottom currents (Johnson,
1974; Normark and Spiess, 1976; Wolfart, 1988). Assuming that
the layer were deposited for the last 7,000 yrs, the accumulation
rate during the Quaternary is estimated to be about 15 mm/10°
yrs. The rate is consistent with that (8 to 25 mm/10® yrs) of the
topmost mixed layer in the northwestern margin of the equatorial
zone (Marchig and Gundlach, 1979; Berger and Killingley, 1982;
Lyle et al., 1988).

Composition

Surface sediment consists mainly of clay (70—90%) with
minor amounts (<30%) of sand— and silt—size fossil (dominantly
of radiolaria) fragments. The coarse (>62 ¢ m) particles consist of
micronodules with minor amounts of smectite in less—bioturbated
Tertiary sediment (Fig. 14). Trace amounts (<5%) of volcanic (or
opaque) and quartz detritus are also encountered. Micronodule is
concentrated often in the outer margins of haloed burrows where
the Quaternary sediment layer is thin (core no., 9032). Micro—
nodules consist mostly of Mn with subsequent amounts of Fe,
similar to todorokite (buserite) in nodules (Table 3). Smectite
contains 5 to 9% Fe, ranging in values documented in other areas
(Aoki et al.,, 1979; Hein et al., 1979b). Energy dispersive X—ray
(EDX) spectrum of a smectite grain is characterized by distinctive
peaks of Si, Al, and Fe (Fig. 15), similar to that of nontronite
(Welton, 1984).

In clay fractions (<2x¢m), smectite and illite are major



constituents with minor amounts (<20%) of kaolinite and chlorite
(Fig. 16). Smectite is most abundant (>70%) in unit 3, whereas
illite is enriched in the uppermost part. The abundance of these
minerals is variable with a wide range (30 to 80%) in units 1 and
2, whereas it is relatively uniform in the third unit. Terrigenous
component is more abundant (>50%) in the hill and seamount
areas and in younger (Pliocene) sediment, whereas smectite is
abundant (50 to 98%) in older sediment in the abyssal plain. Size
fractionation of smectite from illite is distinctive; it is more
abundant in the finer (<0.1 and <1 um) sediment of the upper
two units. In the lowermost Teritary sediment, smectite is
abundant and independent of grain size. Ths amounts of smectite

increase northward, probably due to the prolonged diagenesis and

reworking of sediment.

Porewater Nutrients

In four box core sediment, the abundance of porewater
nutrients and total particulate organic carbon (POC) increases
progressively southward (Fig. 17). The POC decreases linearly
downcore, with a mixmum concentration (0.7—0.82) in the topmost
sediment. Nitrate+nitrite, mostly of nitrate (98%) (Jahnke et al.,
1982), is about 40 to 1i5 #M, more than that (33 to 37 ¢#M) in
the near—bottom seawater in the C—C zones (Muller and Mangini,
1980, Klinkhammer et al., 1982). Phosphate content is generally
less than 3 #M. Silica is dissolved in a range of 100 to 300 «

M, similar to the values determined in siliceous sediment



(Klinkhammer et al., 1982). It is about twice higher than that in
seawater (Callender and Bowser, 1980; Jahnke et al., 1982).
Generally, nutrients decrease upward to the surface within a few
cm depth, below which they are more abundant and increase
downcore. Their abundance is clearly opposite to that of POC.
Some variations occur at the boundary between units and in large
burrows. These distributional characters of nutrients are common
in deep sea sediment which are oxygenated at depth, especially in
the northeast equatorial Pacific (Bourdreau and Scott, 1978;
Hartman and Muller, 1982; Sawlan and Muwrray, 1983; Emerson et
al., 1985).

Downcore increase of nutrients (especially of nitrate) in
porewater (Fig. 17) suggests that decomposition of organic matters
(nitrification) is active due to sufficient amounts of dissolved
oxygen within the sediment (Emerson et al., 1980; Murray and
Grundmanis, 1980; Emerson et al., 1985; Lyle et al., 1988). This
process is more active to the south, resulting in a larger variation
of POC and more abundant nutrients downcore. In the topmost
sediment layer, depleted nutrients and abundant POC indicate that
nutrients are removed to the overlying seawater as soon as
organic matters accumulate (Schink and Guinasso, 1978; Jahnke et
al., 1982; Bender, 1983). Below the layer, variable abundance of
nutrients (especially of nitrate) in large burrows results probably
from intermittent and rapid introduction of organic mgtter—rich
topmost sediment (Berner, 1980; Prahl et al., 1989). In the C—C
zones, the sediment is oxygenated to a depth as revealed by redox
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potential higher than 400 mV up to 10 m depth (Hartmann and
Muller, 1982). Klinkhammer et al. (1982) also documented that
suboxic reduction of metal oxides occurs unlikely at least within
50 cm depth of sediment column at Manganese Nodule Project
(MANOP) Site S (Klinkhammer, 1980; Bender, 1983).

Transition Metals

The concentration of transition metal elements (Fe, Mn, Cu,
Ni, Co, and Zn) in box core sediment are variable (Fig. 18),
depending on the sediment type and age; Tertiary sediment (unit
3) is rich in metals as much as 2 to 3 times than the topmost
unit 1 (Quaternary), and 4 to 10 times than siliceous and
calcareous oozes. In intensely bioturbated unit 2, the abundance
of metals is more or less similar to that in unit 1. However, Fe
and Co contents are generally uniform downcore. These characters
comprise those documented in the Pacific pelagic sediment which
is sufficiently oxygenated to a depth (Calvert et al., 1978; Stoffers
et al.,, 1982; Piper, 1988). The abundance of micronodules
comprises peaked concentrations of Mn and other minor metals at
the boundaries between units and in the lowermost Tertiary
sediment. The distributional pattern of metals is also controlled
by bioturbation, similarl to that of clay minerals (Fig. 16). In
sediment, Mn/Fe ratio is variable from 0.04 to 0.60; generally less
than 0.2 in the upper two units, 0.15 to 0.40 in the third unit.
On the other hand, the ratio of Cu+Ni+Zn/Mn is larger (0.10—0.32)

in the two upper units than in the lowermost unit (0.10—0.16).



Average Mn/Fe ratio of the topmost (unit 1) sediment increases
progressively northward, whereas Cu+Ni+Zn/Mn ratio increases
southward (Fig. 19). These characters indicate that diagenetic
products, probably of micronodules, are more abundant in older
sediment (Figs. 14 and 15) (Calvert et al.,, 1978; Kalhorn and
Emerson, 1984).

An analysis of intermetal relation shows that the metals are
classified into two groups; Fe—Co (correlation coeff., 0.65) and
Mn—Cu—Ni—Zn (>0.72) (Table 4). Cobalt content is also correlated
with the latter (0.50 to 0.72), whereas Zn shows some affinity to
the former metals (0.62 to 0.63). The former show positive
relations with terrigenous clay minerals, whereas no or little
relation with Mn/Fe ratio and smectite content. Especially,
smectite content is inversely proportional (—0.94 to —0.99) to the
abundance of illite, kaolinite, and chlorite. These characters imply
that the sediment composition is mainly determined by authigenic
processes with a subsequent influence of detrital clasts (Halbach
et al.,, 1981; 1988; Li, 1982). According to sequential leaching of
the Pacific pelagic sediment (Krishnaswami, 1976; Forstner and
Stoffers, 1981), large portions of Mn, Ni, Cu, Co and Zn are
found in chemically soluble fractions and micronodules; Fe is
mostly held in insoluble detrital grains or in less—soluble hydrous
oxides and smectite with small amounts of minor metals (Table 3)
(Krishnaswami, 1976; Piper and Williamson, 1977; Graybeal and
Heath, 1984; Emerson et al., 1985).



DIAGENETIC GROWTH OF Mn—NODULES

In both sediment and nodules, statistical analysis shows that
metal species co—occur preferentially in two groups; Mn—Ni—Cu
—Zn and Fe—Co (Table 2 and 4). These fractionations of metals
are due to the post—depositional diagenesis that redistributes the
metal species between sediment and nodules (Krishnaswami, 1976;
Halbach et al, 1979; Li, 1982; Calvert and Piper, 1984). In
nodules, the former metals are concentrated in todorokite (buserite)
(Table 1) that are regenerated from the underlying sediment,
whereas the latter are abundant in vernadite and Fe—oxihydroxide
precipitated directly from seawater (Raab, 1972; Calvert and Price,
1977; Froelich et al., 1981; Reyss et al.,, 1982). The upward
migration of Ni, Cu, and often Zn is confirmed by analyses of
sediment porewater at various nodule sites, although dissolved Mn
is more or less similar to that in the bottom water (Klinkhammer,
1980; Callender and Bowser, 1980; Klinkhmmer et al., 1982;
Bender, 1983; Sawlan and Murray, 1983). Porewater Co seems to
behave similar to Fe (Lyle et al., 1984; Aplin and Cronan, 1985).
The relative significance of the two sources of metal species
controls the characters of composition and structures of nodules
that are immediately related to the types of surface textures
(Table 1). '

The types and composition are closely related to the buried
portion of nodules, rather than to the chemical characters of the
topmost Quaternary sediment (Fig. 20). This relation confirms

that the diagenetic accretion of nodules takes place in less



oxygenated conditions of redeposited sediment (Halbach and
Ozkara, 1979; Giovanoli and Arrhenius, 1988; Takemastu et al.,
1988). Todorokite (buserite)—rich R—type nodules generally occur
partially or embedded within the sediment (Fig. 3) with wide
ranges of Mn/Fe and Ni+Cu+Zn/Mn ratios (Fig. 20B). On the
other hand, vernadite—abundant S— and T—type nodules are found
exposed on the top of sediment with small Mn/Fe (<0.15) but
large Ni+Cu+Zn/Mn ratios (>0.11). These indicate that the S— and
T—type nodules are also affected by sediment diagenesis.
Vernadite and Fe—oxihydroxide could uptake some amounts of
minor metals in the bottom water layer that are diffused from the
underlying sediment (Calvert and Piper, 1984). In this case, the
chemical composition of hydrogenetic (S—type) nodules is similar
to the hydrogenous fractions of the underlying sediment (Calvert
et al., 1978; Piper, 1988). The proportion of hydrogenous materials
decreases from S—, T—, to R—type nodules (Fig. 10), as the buried
portion of nodules increases (Fig. 3). Exposure of S—type nodules
on the seafloor of hill and seamount areas results from active
resedimentation processes of benthic animals and bottom currents.
Active resedimentation processes are evidenced by abundant
Tertiary fossils in the topmost Quaternary sediment layer (Moore,
1970; Quinterno and Theyer, 1979). Long term burial and exposure
of nodules form respectively thick and massive todorokite
(buserite), and vernadite—rich columnar zones (Fig. 6—2C), as
suggested earlier (Margolis and Glasby, 1973; Halbach and Ozkara,
1979; Segl et al.,, 1989; Mangini et al.,, 1990). The chemical



composition of nodules is dependent on the relative uptake ability
of minor metal species in the two major Mn—oxide minerals. The
sum of Ni, Cu, and Zn is alway less than 11% of Mn abundance
in nodules (Fig. 20A), resulting from their limited concentration
less than 16% of Mn in the two minerals (Fig. 7) (Usui, 1979;
Giovanoli and Arrhenius, 1988; Takematsu et al., 1988).

In the KODOS area, the uppermost sediment layer is
oxygenated enough to decompose organic materials to a depth, as
shown by downcore—increasing porewater nutrients (Fig. 17).
Within such conditions, remobilization of metals is unlike to occur
due to rapid incorportaion of metal ions into sedimentary phases
by reoxidation (Bonatti et al.,, 1971; Klinkhammer et al., 1982;
Emerson, 1980; Lyle, 1983). However, the inverse relation of
chemical composition of nodules to that of the underlying
sediment (units 1 and 2) (Fig. 20) is strongly suggestive of the
nodule growth by post—depositional diagenesis that is active. Unit
1 sediment (Quaternary) are intermediate in chemical characters
between the lower units, resulting from admixture of the Tertiary
sediment components in variable amounts by reworking processes
(Piper, 1988). The inverse relation is most distinctive between the
compositions of nodules and unit 2 sediment, indicating that
diagenesis takes place r'nore efficiently during bioturbation (Piper,
1988), rather than oxic decomposition of organic materials at the
sediment—seawater interface (Emerson et al., 1980; Klinkhammer
et al.,, 1982; Sawlan et al.,, 1983). According to Callender and

Bowser (1980), dissolved metal species are most abundant in the



mottled sediment zone (Jahnke et al.,, 1982; Lyle et al., 1984). In
this case, the growth of nodule using the metals results in sharp
depletion of micronodules and some metal species in the upper
units 1 and 2 sediment (Figs. 14 and 18). The concentration of
minor metals of Ni, Cu, and Zn, less than 0.11% Mn, is controlled
by micronodules (Fig. 20B), as in nodules by todorokite (buserite)
(Fig. 7). Micronodule is regarded as a species of todorokite
(buserite), the major product of Mn reoxidation (Piper et al., 1987;
Sugisaki et al., 1987; Friedrich et al., 1988). Remobilization and
reoxidation of metals seem to be episodic and often impulsive, as
indicated by impetus growth rate (>1,000 mm/my) of todorokite
(buserite). Within the oxygenated sediment, labile organic materials
are rapidly decomposed during bioturbation (Paul et al., 1978;
Smith and Baldwin, 1984; Chester, 1990), resulting in variable
distribution of metals, nutrients, and POC (Figs. 16 and 17). The
concentration of micronodule in the outer margin of haloed
burrows in units 2 and 3 (Fig. 12, core no., K9032) is ascribed to
rapid reoxidation of Mn and other minor metal ions regenerated
by decomposition of organic materials within the burrows (Piper
et al.,, 1987; Lallier—Verges and Alberic, 1989).

In the KODOS area, the influence of surface water
productivity on diagenesis is clearly appeared by southward
enrichment of Ni, Cu, and Zn relative to Mn in nodules and the
underlying sediment (Fig. 20). The diagenesis of the underlying
sediment could be also enhanced by the increased accumulation of

labile organic materials, as shown by southward decreasing Mn/Fe



ratio. Porewater nutrients also increase southward (Fig. 17),
comprising the amounts (10 to more than 80%) of the Quaternary
radiolarian fossils. As the result of diagenesis, the R—type nodules
are abundant and larger with lower todorokite (buserite)/vernadite,
constant Ni+Cu+Zn/Mn, and larger Mn/Fe ratios in the southern
part. These characters seem to be due to fast growth of nodules
by excess uptake of Mn relative to minor metals (Turner and
Busseck, 1981; Piper et al., 1984). The higher Cu+Ni+Zn/Mn
ratio is probably due to active remobilization of Mn that is caused
by high accumulation rate of biogenic materials near the equatorial
production zone (Piper and Williamson, 1977; Halbach et al., 1981;
Martin and Knauer, 1984). Manganese—rich todorokite (buserite)
(birnessite) tends to form in suboxic conditions of hemipelagic
sediment beneth the productive surface water (Halbach et al.,
1981; Reyss et al., 1985). Some amounts of birnessite are found
in nodules with relatively a large Mn/Fe ratio at sites 9032 and
9038. In the C—C zones, the surface water productivity is variable
with an order of 2 to 3 in the magnitude of organic carbon flux,
depending on locations and seasons (El—Sayed and Takuchi, 1979;
Fisher, 1984). These conditions could cause Mn-rich todorokite
(buserite) to accrete at an impetus rate (Table 1) (Heye and
Marchig, 1977; Finney .et al., 1984; Reyss et al., 1985). In the
northern part of the KODOS area, nodules are small and contain
more vernadite, although they are R—typed and occur in older
Tertiary (mostly of Eocene) sediment (Fig. 13). These nodules

result propbably from the barren influence of surface water



productivity since the initiation of growth. Here, weak diagenesis
of sediment is indicated by abundant micronodules (Fig. 14), small

amounts of organic materials (POC) (Fig. 17), and higher Mn/Fe
ratio (Fig. 19).



DISCUSSION

The growth of nodules by sediment diagenesis has been
progressively proposed in oxygenated pelagic sediment (Greenslate
et al.,, 1979; Lyle et al.,, 1982; 1984; Marchig et al.,, 1979; Dymond
et al., 1984; Kalhorn and Emerson, 1984). However, it is still
suspected because porewater metals are poor in siliceous oozes
and red clays with an extremely low sedimentation rate (Boudreau
and Scott, 1978; Hartmann and Muller, 1982; Klinkhammer et al.,
1982; Murray et al., 1984). In these cases, the growth of nodules
has been often ascribed to occasional exposures to seawater
(Boudreau and Scott, 1978; Krishnaswami and Cochran, 1978).
In the KODOS area, diagenetic growth of nodules could be
confirmed by the mirror relationship between the compositional
characters of nodules and the underlying sediment (Fig. 20).
Southward increase in sediment diagenesis comprises progressive
depletion of Mn, Ni, Cu, and Zn, increase of particulate organic
carbon (POC), and porewater nutrients in the uppermost sediment
layer (Figs. 17 and 18). These characters are strongly indicative
of nodule growth by utilizing Mn and minor metals removed
during the sediment diagenesis under the significant influence of
surface water productivity. During the diagenesis, Mn is removed
at a faster rate than th'ose of other metals species (Bonatti et al.,
1971), resulting in the increase of Ni, Cu, and Zn, whereas the
decrease of Mn/Fe ratio in the underlying sediment (Fig. 20B). In
both margins of the equatorial zone of the Pacific Ocean, these

characters are generally ascribed to the accumulation of nodular



metals released by active dissolution of biogenic materials beneath
the CCD (Greenslate et al., 1979; Horn et al., 1973; Elderfied,
1976). Compared with the Mn—crusts of the Marshall Islands
(Table 1) where the surface water layer is barren (Hein et al.,
1988), the S—type nodules contain Cu, Ni, and Zn as much as
about 1.6 times with the faster grwoth rate of three times. The
precipitation of vernadite can concentrate Cu and Ni in the S—type
nodules that are preferentially associated with the biogenic
materials (Bischoff et al., 1981; Calvert and Piper, 1984; Dymond
et al., 1984). The abundance of some metal species in the bottom
water is also attributed to sediment resuspension and metal
diffusion from the seafloor (Baker et al., 1979).

Diagenetic growth of nodules seems to be enhanced by
selective reduction of micronodules during early sediment
diagenesis, although the significance of micronodules is still
debateful (Forstner and Stoffers, 1981; Marchig and Gundlach,
1981; Piper, 1988). In the lowermost Tertiary sediment, Mn and
minor metals are abundant as much as 2 to 3 times that those in
the uppermost sediment (Fig. 18), consistent with the distribution
of micronodules (Fig. 14). These amounts of metal fractions are
regarded to be sufficient for nodules to grow at a rate of up to
300 mm/my (Lyle et al., 1984; Kalhorn and Emerson, 1984;
Mangini, 1988). On the other hand, hydrogenous metal species of
Fe and Co are relatively uniform downcore (Fig. 18). The large
portions of Fe are utilized for the formation of sméctite by

chemical reaction of Fe—oxyhydroxides and silicas dissolved from



siliceous fossils in oxygenating conditions (Aoki et al., 1979;
Johnson, 1976; Hein et al., 1979b; Cole, 1985). Smectite seems to
be formed at a fast rate, as shown by more abundant
fine—grained fractions in the the upper sediment units 1 and 2
(Fig. 16). Controlled by micronodules, the chemical characters of
Tertiary sediment are similar to those of R—type nodules, i.e.,
more or less a constant value (approximately 0.11) of
Ni+Cu+Zn/Mn as Mn/Fe ratio increases (Fig. 20B). Micronodule is
analogous in chemical composition to todorokite (buserite) (Tables
3). These are indicative of that micronodules are an important
carrier of metals from the lowermost Tertiary sediment to the
overlying nodules (Lyle et al., 1984; Moore, 1984). The
remobilization of metals from micronodules occurs during
biomixing and decomposition of organic materials (Berner, 1980;
Janke et al., 1982; Piper, 1988), as shown by large depletion of
metal species and micornodules to depth which bioturbation
reaches (Figs. 14 and 18). These processes can be evaluated as
the transportation of metals for the nodule growth which takes
place without the sufficient supply of metals through interstitial
waters (Berner, 1980; Lyle et al., 1984; Moore, 1984; Reyss et al.,
1985). Small and rare R—type nodules in older (Eocene) sediment
of the northern part ‘are due to less influence of sediment
diagenesis. Here, higher Mn/Fe ratio is indicative of highly
oxygenated conditions of sediment, probably comprising abundant
micronodules (Figs. 14 and 19). Porewater nutrients are also poor

(Fig. 17), resulting from an extremely low sedimentation rate far
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beyond the influence of the equatorial production zone. These
findings are quite different from others that nodule growth is
enhanced by either metal-rich bottom currents (Piper and
Blueford, 1982; Calvert and Piper, 1984; Calvert et al.,, 1987) or
regeneration of the metals retained in the redeposited Quaternary
sediment (Skornayakova and Murdmaa, 1992).

Different from those with smooth and greasy surface in
hemipelagic sediment (Halbach et al., 1981; Reyss et al., 1982;
1985), rough and gritty surface textures of R—type nodules are
often attributed to the direct accretion of todorokite (buserite)
grains that formed already within the sediment (Heye et al., 1979;
Mangini et al., 1988; Chester, 1990). In this case, the nodules
should be similar in chemical characters to the underlying
sediment, in contrast to those found in the KODOS area (Fig.
20B). Rough surface textures could be ascribed to the rapid and
episodic accretion of todorokite (buserite), similar to that of
micronodules in the more oxygenated outer margin of haloed
burrows (Fig. 12, st. 9032) within which organic materials decay
(Piper et al.,, 1987; Lallier—Verges and Alberic, 1989). The
organic materials decay at a fast rate in the deep seafloor due to
the low sedimentation rate and oxygen—saturated bottom water
(Paul et al., 1978; Smith and Baldwin, 1984; Chester, 1990).
These processes may be indicated by the outermost loose layer of
buried nodules in the oxygenating conditions within the ‘sediment
(Fig. 4). In nodule surface, microorganisms seem to induce

favorable conditions for remobilization and reoxidation of Mn ions



(Dugolinsky et al., 1977; Thiel and Schneider, 1988). The role of
microbial mediation for accretion of todorokite (buserite) has been

appreciated by laboratory experiments (Takematsu et al., 1988).



CONCLUSIONS

Analyses of compositions of nodules and the underlying
sediment reveal that nodule growth is largely controlled by
sediment diagenesis. The influence of diagenesis is proportional
to the burial rate of nodules; stronger from S—, T— to R—type
nodules, resulting from the effects of resedimentation processes of
bottom currents and benthic animals. These characters also reflect
that diagenetic growth occurs on nodule surface buried within the
redeposited sediment. Resedimentation processes appear to be
most responsible for the large discrepancies in compositions and
other characters between tops and bottoms, but also in structures
of nodules. Diagenetic growth of nodules takes place by accretion
of todorokite (buserite) using Mn, Ni, Cu, and Zn that are easily
regenerated from micronodules contained in lowermost Tertiary
sediment. In this case, bioturbation plays an important role for
inducing sediment diagenesis by mixing organic materials into
oxygenated older sediment. Some amounts of diagenetic materials
in S—type nodules is ascribed to the precipitation of vernadite and
Fe—oxihydroxide from the bottom water layer overlying the
sediment within which diagenesis is active. Nodule growth by
diagenesis is clearly shown by the mirror relation between
compositions of nodules and the underlying sediment. The relation
also reflects the latitudinal influence of surface water productivity
on the diageneses of nodules and sediment that are mo_i‘e active

southward.
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Fig. 2. X-ray diffraction pattern of Mn—nodule powder showing
distinct decrease of 10 A and occurrence of 7 A peaks by
dehydration at 110 T for 30 minutes and 15 hours. It reveals
10 A—manganate that consists of both todorokite and buserite.
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Fig. 3. Occurrence of nodule types in box cores. R—type nodules are mostly

mononucleated and occur partially or embedded within the topmost

sediment layer (A and B). S— and T—type nodules are polynucleated
and exposed on sediment surface (C and D).
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Fig. 4. X-radiograph showing buried nodules (st. 8918). A
polynucleated nodule in the upper part shows smooth surface
top within unit 1 and rough bottom within unit 2. In the
lowermost unit 3, the nodule is rimmed with loose outermost
layer of Mn—ox1de grains. On the seafloor, polynucleated S—-
and T—type nodules are abundant (20.0 kg/m?).
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Fig. 5. Occurrence of nodule types (in frequency %) and its relation
to seafloor morpholgy. R—type nodules are dominant in abyssal
plain, whereas S—types are abundant in hill and seamount areas.
T—types occur with either R— or S—type nodules.
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Fig. 6. Internal structures and distribution of metal species in selected
nodules. Structures were photographed (bar: 1 cm) and examined in
detail using electron back—scattered microphotograph (bar : 100 pm).
Todorokite (buserite) is grayish to white, whereas vernadite is dark
gray to dark in color. Concentration of metals is presented by histo—
gram at points with open circles and numbers. Todorokite (buserite),
vernadite, and non—nodular materials are respectively presented by
white, black, and hatched bars. 1) Structures of R—type mnodule.
Todorokite (buserite) layers are discontinuous and irregular, intercalated
with sedimentary clasts (A). Todorokite (buserite) generally forms
botryoids (B), massive, dendritic and cauliflower—like structures (C).
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Fig. 6—2. S—type nodule showing distinct change in structures. Nuclei
comprise old S—type nodule or Mn—crusts with typical columnar
structures of vernadite (A and B). Growth patterns change outward (C)
from the core, thin laminations of todorokite (buserite) and vernadite
(T), massive structures of todorokite (buserite) (M), T, to columnar zone
of vernadite (C).



0.7

0.6-1 M
. 0.5
R
~ 0.4
o .
O 0.3+
0.2
-
0.1 -' H
0- [ 0
]
5—

Ni+Cu+2Zn (%)
w
]

318 269
60 - ’— F
50
o 40 ]
e
:30ﬂ
220“
1o- ﬂ
041-MA = n = - L - ﬂ m B | =
1 2 3 4 5 6 7 8 9 10 1t 12 13 14 15 16 17

Points

Fig. 6—2D. Distribution of metal species (Co, Ni+Cu+Zn) and Mn/Fe ratio at
points of internal structures.



(Ni+Cu+Co)*10

o Todorokite (Buserite)
®* Vernadite

Hydrothermal

Fe Mn

Fig. 7.. Ternary relationship of Mn, Fe, and 10(Ni+Cu+Co) in
mineral species (after Usui, 197b). It shows that todorokite
(buserite) is of diagenetic and vernadite is of hydrogenetic origin.
Open circle represents todorokite (buserite); filled one, vernadite.
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Fig. 11. Relations of Ni+Cu (A) and Co to Mn/Fe ratio (B) in nodules. (For
symbols, see Fig. 10).
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Fig. 12. General characters of box core sediments. The sediments are

divided into 2 to 3 units, based on color, lithology, bioturbation, and
ages. Unit 1 is assigned to the late Quaternary, and the lower units,
Tertiary (Pliocene to Eoceone) by radiolarian fossils. Topmost bold
letters are shapes of associated nodules. D is discoidal; E,
ellipsoidal; F, flaty; I, irregular; S, spheroidal; P, polynucleated in
shape. Subscript : r is rough; s, smooth; t, transitional in surface
texture., RBC. radiolarian—bearing clay; SC, siliceous clay; CNO,
calcareous nannofossil ooze; SO, siliceous ooze.
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Fig. 12. (continued)
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Fig. 16. Distribution of clay minerals in selective cores (nos., K8902,
K8907, K8911, and K&8918). Filled circles represent smectite;

open circles, illite, triangles, sum of kaolinite and chlorite.
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Table 2c. Interrelation matrix of composition in Mn—crusts

I>.4 Quartz Feldspar Mn Fe Cu Ni Co
Quartz -0.32 No.of Data : 21
Feldspar -0.85%« (.49
Mn 0.77« -0.12 -0.76%
Fe 0.63* -0.03 -0.33 0.28
Cu 0.46 -0.11 -0.27 0.21 0.66%
Ni 0.30 -0.18 -0.41 0.35 0.20 0.21
Co 0.46 0.13 -0.32 0.66* 0.05 -0.03 -0.06
Zn 0.30 -0.17 -0.36 0.19 0.36 0.61= 0.27 0.03

Table 3. Chemical composition of selected smectite
and Mn—micronodules in box core sediments.

Core No. K9037

Smectite
1 cm depth 20 cm 40 cm
Fe (%) 8.0 8.7 4.7
Mn (PPM) 180.0 200.0 387.7
Ni (PPM) 206.7 166.7 340.0
Cu (PPM) 306.7 300.0 573.3
Co (PPM)  56.0 80.0 266.7
Mn—micronodule Core No. K9034 Core No. K9025
4 cm depth 25 cm depth
Fe (%) N O 3.3
Mn (%) 27.0 25.0
Ni (%) 1.1 0.8
Cu (%) 1.3 0.7
Co (%) o 0.2 0.3

Table 4. Interrelation matrix of sediment constituents.

Mn 0.28
Mn/Fe -0.22

Cu  0.40

Ni 0.37

Smectite -0. 38
Tlite 0.38
K+C 0.37

0. 85%
0. 85%
0.87%

Co 0.65% 0, 56%
In 0.62% 0. 77%

0.27

-0.26
-0.27

Fe Mn Mn/Fe Cu Ni Co Zn Smectite

Tlite

No. of data : 148

0. 62x

0.70% 0.72x%

0.22 0.72% 0.50%

0.42 0.83% 0.75% 0.63%

0. 44 0.23 0.05 0.16 0.13

-0.43 -0.23 -0.03 0.15 -0.12 -0.99x%

-0.43 -0.23 -0.11 0.17 -0.14 -0.94x 0. 89x%

K+C : Sum of kaolinite and chlorite
Asterick represents correlation coefficient larger than 0.5.
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