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Abstract

Micropaleontologic methods have been applied to the study of external and internal structures of
Pacific manganese nodules from a few locations. Acid treatment extracted various types of microfossils
from the nodules. Direct observations by scanning electron microscope (SEM) confirmed the universal
occurrence of microfossils inside of nodule layers, which enabled the biostratigraphic dating of nodules.
The SEM observation of nodules and their acid insoluble residues revealed two distinct textures in nodule
layers: One was a laminated and appeared to have resulted from the direct precipitation of ferromanga-
nese oxides from sea water, and the other had a massive and chaotic texture in which conspicuous
biologic activity was involved.

Introduction

Marine manganese nodules, comprising ferromanganese oxides, occurring on the
ocean floor, have been an attractive subject of study for oceanographers since their
first discovery during the voyage of H. M. S. Challenger (1872-1876) (see GLasBY, 1977).
In spite of the accumulation of considerable knowledge on their occurrence, distribution,
physical properties, chemical and mineral composition, and accretion rate, their origin
still remains the subject of speculation (see HaArRADA, 1977b). One of the reasons for
this is that little attention has been paid to the internal structure of manganese nodules
which records their growth history (Sorem, 1967).

I have attempted an examination of the internal structure of Pacific nodules by
using micropaleontological methods to obtain the information on their age of formation
and growth mechanism. In this article I report the results of micropaleontologic
investigation of manganese nodules with different morphology from different environ-
ments. I will discuss the potential value of the biostratigraphic dating method esta-
blished by this work, and will consider the process of nodule formation in terms of their
growth mechanisms.

* Present address: Geologisch- Paldontologisches Institut und Museum der Universitit Kiel, D-2300
Kiel, West Germany.
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Material

The material used in this study were manganese nodales displaying different
morphologies from different environments in the Pacific. Table 1 presents several
aspects on the nodule samples, and Figure 1 shows sample locations. Sample 1 was
collected by dredge at the lower flank of the Komabashi Daini Seamount during the
GDP-8 Cruise (SHikI ef al., 1974), and Sample 2 was obtained by dredge from the
summit of the Makarov Guyot during the R/V Hakuho-Maru KH-74-4 Cruise (Nasu,
1978). Sample 3 was provided by Dr. Geoffrey P. GrasBy, New Zealand Oceano-

Table 1. Sample location, nodule type, and type of associated sediments.

Sample # 1 2 3 4
Sample name GDP-8-12Mn KH-74-4 G994 GH-74-5
(% 16002) (St. 126)
Locality 29° 55.6'N 29° 25.7N 22° 56.2'S 09° 30.3’'N
133° 18.5E 153° 27.3E 162° 04.8'W 167° 03.5’'W
Water depth 2,250 m 1,377 m 4,848 m 5,010 m
Sea region Komabashi Daini Makarov Guyot Southwestern Eastern Central
Seamount (flank) (summit) Pacific Basin Pacific Basin
Maximum diameter 9.2 cm 15 cm 5cm 3cm
Sediment type Calcareous ooze Brown clay Yellow-brown  Siliceous-calcareous
clay ooze
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Figure 1. Sample location map.
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graphic Institute, who collected it from the Southwestern Pacific Basin during the
R/V Tangaroa Cruise (MEYLAN et al., 1975), and Sample 4 was supplied by Dr.
Atsuyuki Mizuno, Geological Survey of Japan. It was obtained from the Eastern
Central Pacific Basin during the G.S.V. Hakurei-Maru GH74-5 Cruise (Mizuno
and Crujo, 1975). Chemical analyses on the nodules from the Komabashi Daini
Seamount and the Southwestern Pacific Basin were performed by Usur ef al. (1976)
and GrasBY ¢f al. (1975), respectively.

Methods of Study

The manganese nodules were examined by several micropaleontologic methods.
The nodule surface was usually first examined by optical microscope. During the
early stages of the study the nodules were washed with dilute hydrochloric acid to
remove any calcareous sediment from the surface. As this treatment was found to
destroy fine surface textures, however, the untreated surface was observed in later part
of the study. Although it is well known that a polished surface of a nodule section
presents more a detailed internal structure (Sorem, 1967, 1973), this method was not
employed here because of technical difficulties.

The microtexture was studied using scanning electron microscope (SEM). Fer-
romanganese layers were peeled off by hand along natural boundaries after drying at
room temperature. Each layer was placed on a plug after careful trimming so as not
to destroy the surface structure, and coated with thin films of carbon and gold in a vac-
uum evaporator. Some of the trimmed specimens were left in dilute hydrochloric acid
solution until they became pure white in color. The insoluble residue was placed on
a plug after rinsing with distilled water. As the dried residue is usually very fragile
and porous, it is recommended to coat it thickly with carbon under relatively low
vacuum condition in the evaporator to ensure a high quality image of SEM.

Siliceous fossils were picked out from the acid insoluble residues. Organic micro-
fossils were extracted by hydrofluoric acid treatment of the residues.

The SEM observations were performed at College of General Education, Osaka
University during the early stage of the study, and at Nara University of Education in
later part of the study, using a HITACHI-Akashi Minisem and a HITACHI HSM-2B
SEMs, respectively.

Results of Observation
1) Sample 1

This specimen is an ellipsoid 92 mm in length and 48 mm across, having an acidic
rock fragment as nucleus. The crust, 14 to 20 mm thick, consists of many concentric
bands. The surface 1s covered with botryoids 0.5 to 1 mm in diameter. The nodule
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Table 2. Planktonic foraminiferal assemblage and calcareous nannoplankton
assemblage in the ooze obtained with sample 1.

Globorotalia (G.) tumida plesiotumida
Sphaeroidinellopsis seminulina seminulina
S. seminulina kochi

S. subdehiscens
Globigerina nepenthes

Ceratolithus tricorniculatus

Discoaster asymmetricus

D. browweri
D. challengert
D. surculus
D. variabilis

Reticulofenestra pseudoumbilica
Sphenolithus abies

After HARADA et al., 1974

was associated with calcareous ooze which was composed mainly of Pliocene micro-
fossils (Table 2) (HARADA ¢f al., 1974). However, the planktonic foraminifers in-
corporated at the surface with the botryoids of ferromanganese oxides are such
Pleistocene species as Globorotalia menardii (D’ORBIGNY), G. truncatulinoides (D’ORBIGNY),
G. inflata (D’ORBIGNY), and Pulleniatina obliqueloculata (PARKER ef Jones). Small tubes,
less than 0.3 mm in diameter, were found, but no sessile foraminifers were discovered.
The tubes were usually covered with black ferromanganese oxides.

SEM observations revealed numerous calcareous nannoplankton fossils preserved
as impressions inside of the crust (Pl. 3, figs. a-f). Their distribution was not uniform.
They were abundant in the parts of coarse texture, and scarce in those of laminated and
dense texture (Pl 5, fig. h). Although the preservation was poor, three species were
identified; Coccolithus pelagicus (WaLLicH) ScHILLER, Cyclococcolithina macintyret BUKRY
et BRAMLETTE, and Umbilicosphaera mirabilis Loumann (Pl 3, figs. b, d, €). Members
of Discoaster were not recognized. Planktonic foraminiferal tests were commonly
observed. As they were preserved as impressions (Pl. 4, fig. g), or were replaced by
ferromanganese oxides (Pl. 4, fig. h), specific identification was not possible. In
addition to the planktonic microfossils, a colony of small particles were discovered in a
certain place (Pl 3, figs. g, h).

Surface of the inner layers usually has a botryoidal surface similar to the nodule
surface (Pl. 4, fig. €). This feature was observed commonly in the other nodules (PL. 7,
fig. g; Pl. 12, fig. h). It is considered to be preserved ancient growth surface as has
been suggested by FEwkes (1973).

The acid treatments extracted various microfossils. Fragments of sponges and
radiolarians, and cores of planktonic foramnifers were found in hydrochloric acid
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residue. From the organic remains after hydrofluoric acid treatment, several kinds
of scales of butterfly were discovered (PI. 4, figs. a-d). Since they were extracted
twice from the single specimen abundantly during mid winter, they are considered
not to be contaminants during the process, although their stratigraphic position in
the crust has not been determined. A few pollen grains and spores were also
extracted, but no dinoflagellate cyst was discovered.

2) Sample 2

This sample is a spheroid about 15 cm in diameter, having small bumps on the
surface, and is the largest specimen. The calcareous nannoplankton assemblage found
on the surface (PL. 5, fig. d) indicates that it is Recent in age. Small tubes covered with
nannofossils were observed (PL. 5, figs. a, b). A benthic foraminifer was found on the
surface (Pl. 5, fig. ¢). Like Sample 1, numerous calcareous nannoplankton fossils
were discovered inside. As the preservation was better than in the previous case,
more species were identified; Coccolithus pelagicus, Cyclococcolithina leptopora (MURRAY et
BrackMmaN) KaMPTNER, Cycl. macintyrei, Gephyrocapsa oceanica KAMPTNER, Pseudoemiliania
lacunosa (KAMPTNER) GARTNER, and Umbilicosphaera mirabilis (Pl. 5, figs. e, f). Three
distinct assemblages were recognized at three different places of the crust; the surface,
the outermost layer, and the innermost layer adjacent to the nucleus. Although
several individuals of Chiasmolithus grandis Hay, MoHLER ¢t WADE, one of the Eocene
index fossils, were discovered in a cavity, they were regarded as reworked fossils judging
from their occurrence and appearance (Pl. 5, fig. g). The observations of this
specimen have been published in detail by HArADA and Nisama (1976).

3) Sample 3

The specimen is a sphere 5 cm in diameter, having a round nucleus of altered
volcanic material. The crust, about 20 mm thick, comprises three layers: The outer-
most layer, 1 mm thick, with botryoidal surface (Pl. 6, figs. a, b); the middle layer,
about 4 mm thick, consisting of many thin lamellae in the upper 1 mm; and an inner-
most layer, about 15 mm thick, massive and dense in texture, containing many white

Table 3. Calcareous nannoplankton assemblage in the sediment obtained
with sample 3.

Cyclococcolithina leptopora 42%,
Ceratolithus cristatus 37
C. rugosus 3
Gephyrocapsa oceanica 9
Umbilicosphaera mirabilis 7
Pseudoemiliania lacunosa 2

Total counted individuals=228.
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inclusions and cavities. The surface of the outermost and intermediate layers presented
small hollow tubes (PL. 6, fig. c; PL. 7, fig. h). The innermost layer was covered with a
veneer of white clay where relatively large broken tubes were found.

The sediment obtained with the nodule at the site of collection contained poorly
preserved calcareous nannoplankton fossils. The assemblage, shown in Table 3,
indicates NN 19 (Neogene Nannoplankton Zone; MarTiNt and WorsLEy, 1970).

The upper two layers were examined using SEM. A few broken hollow tubes
(PL. 6, fig. ¢) and some filamentous objects (Pl. 6, figs. e, f) were observed. Although
the latter existed even in the acid insoluble residue of this layer (Pl. 9, fig. g), it is not
clear if it is an in situ organism or a contaminant added during the collection and storage.
In some parts, numerous small knobs, about 5 um in diameter, were discovered covering
the botryoids (Pl. 6, fig. g), although other parts of the surface were covered with
sediment (Pl. 6, fig. d). Under high magnification, the knobs appeared to be amor-
phous ferromanganese oxides precipitated from sea water (Pl. 7, fig. a). They were
aggregated in the form of a plane on the botryoid surface (Pl. 6, fig. h). A tangential
section of the botryoids suggests that the colloidal deposits compose a sheet (PL 7,
figs. b—d), which seems to be a basic unit of the laminated structure that has been
previously reported by MarcoLis and Grasgy (1973) (Pl. 7, figs. e, f).

The surface of the intermediate layer showed knobby texture similar to that of the
outermost layer (PL 7, fig. g), where broken tubes were also found (PL. 7, fig. h). The
section of the layer exhibited vaguely laminated texture in the upper part, and chaotic
one in the lower (Pl. 8, fig. a). The laminated part was dense in texture, and included
no fossils, while the lower part showed tabular structure of biologic origin (Pl. 8, fig. b),
and contained many cavities in which unidentified benthic microfossils (Pl. 8, figs. c,
e, f) were preserved, and authigenic crystals, probably of zeolite group, were growing
(PL 8, fig. d). In some parts, assemblage of hemispheric particles were observed (PL
8, figs. g, h), although their origin was unknown.

Only a small number of poorly preserved planktonic microfossils were discovered
by SEM observation. No chronologic information was obtained from the fossils, due
to their scarcity and poor preservation.

The textural difference recognized in the layers became clearer when the layers
were leached with hydrochloric acid. The insoluble residue of the outermost layer
showed the texture resembling the original one, while those of the lower two layers
changed into very porous structures (Pl. 9, figs. a, b).

The surface of the acid insoluble residue of the outermost layer appeared massive
under SEM, and no traces of biologic activity were recognized (PL. 9, figs. c, ), although
the filamentous object which was encountered on the untreated surface existed (Pl
9, fig. g). That of the intermediate layer had a similar texture to the previous one (Pl
10, figs. a, b), but the bottom surface exhibited very porous framework (PL. 9, fig. d),
which appeared to be composed of various hollow tubes (Pl. 9, figs. f, h). The lower
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part of the layer contained abundantly planktonic microfossils (P 10, figs. c, d).

The residue of the innermost layer was also very porous, although the dimension of
framework was different from that of the bottom surface of the intermediate layer (Pl
10, figs. e, f). The structure appeared to be constructed by biologic activity. Unlike
the intermediate layer, it contained many authigenic minerals, probably zeolites,
inside (Pl 10, fig. g). Besides the larger hollow tubes, many small tubes were recog-
nized (Pl 10, figs. g, h). In spite of their small dimensions, they are biogenic, since
the outer wall was found to be composed of well sorted grains (Pl. 10, fig. h).

4) Sample 4

The specimen is an intergrown type, comprising several hemisphere, and 3 cm in
length. It is the smallest sample. Each hemisphere has concentric bands around
a nucleus, and the outer a few layers envelop the whole hemispheres. The outermost
layer is about 1.5 mm thick, with a smooth surface; and the layer next to it is about
1.7 mm thick.

The surface of the outermost layer was covered with siliceous-calcareous sediment
(Pl 11, fig. b) ; a few broken hollow tubes were observed (Pl. 11, fig. a). It is noteworthy
that calcareous nannoplankton fossils were relatively well preserved in spite of the
great water depth (Pl 11, fig. b). Their assemblage indicates Recent age.

The upper 0.5 mm of the outermost layer consisted of fine lamination (Pl. 11, fig. c).
Under a veneer of sediment, the same knobby texture as seen in Sample 3 was dis-
covered on a sheet of the lamination (Pl. 11, fig.d). This sheet could result from col-
loidal deposition of ferromanganese oxides from sea water. The lower part of the layer
was massive and dense, and showed some traces of biologic activity.

The inner surface displayed a different morphology. The major area was occu-
pied by small depressions (Pl. 11, fig. e) which may reflect the surface topography of the
subsequent layer. Many natural casts of diatoms and calcareous nannoplankton were
preserved on the surface of these depressions (Pl. 11, fig. f). As the preservation was
poor, no chronologic data were obtained from the fossils. Another part showed ridge-
like structures (P1. 11, fig. g}, which were frequently noticed in the other samples. They
appeared to be composed of organic material (PL. 11, fig. h). They are considered to
be a constituent material of the tests of encrusting organisms.

The section of the second layer differed considerably from that of the outermost one
(PL 12, fig. a). The lower part exhibited no laminated structure, but randomly arcuate
layering with organic ridges (Pl. 12, fig. b). The upper 0.3 mm of the layer showed
aggregation of small particles without the ridge-like structure (Pl. 12, figs. ¢, d). The
particles seemed to be connected with membraneous material (Pl. 12, figs. e,f). Casts
of diatoms and calcareous nannoplankton were found in the lower part of the layer.

The surface of the layer was knobby with a smooth surface as seen in the other
samples (Pl. 12, figs. g, h). This surface also contained natural casts of diatoms. In
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addition to these, individual diatoms and calcareous nannoplankton fossils were seen
adhering to the surface (Pl. 13, figs. a, b). The following nannoplankton species were
identified; Cyclococcolithina leptopora, Pseudoemiliania lacunosa, and Gephyrocapsa oceanica.
Among them, Cycl. leptopora was predominant. It suggests that the assemblage belongs
to NN 19.

The acid insoluble residue of the layer displayed the same texture as seen in the
counterparts of Sample 3. The surface of the outermost layer was rather massive
(P1. 13, fig. ¢), and showed no indication of biologic activity (Pl. 13, fig. d). It con-
tained, however, many more siliceous fossils than did Sample 3, reflecting the nature
of the sorrounding sediment. The residue of the second layer was very porous (Pl. 13,
fig. ¢), and appeared to be constructed by encrusting organisms (Pl. 13, fig. f). The
lining of a broken tube was smooth (Pl. 13, fig. g), and composed of small plates (PI.
13, fig. h), indicating biologic origin. The dimensions of the framework were also
different from those found in Sample 3.

Results of the above observations may be summarized as follows.

1) The surface of the nodules commonly exhibits various kinds of small hollow
tubes of benthic microorganisms. No agglutinating foraminifers have been identified
to date despite previous reports of the occurrence of such species on nodule surface as
Glomospira, Placopsilina, Rhabdammina, Saccorhiza, and Tolypammina (GREENSLATE, 1974a;
WENDT, 1974; DUGOLINSKY et al., 1977; SCHAAF et al., 1977).

2) The tubes are usually covered with ferromanganese oxides. They do not,
however, appear to accumulate micronodules to form outer walls as has been reported
by GREENSLATE (1974b). In the case of Sample 1, a larger foraminiferal test was
apparently covered with ferromanganese oxides.

3) All the nodules examined contained various microfossils inside as revealed by
acid treatment, they were fragments of siliceous fossils and inner moulds of planktonic
foraminifers. Organic fossils such as pollen grains, spores and scales of butterflies
were extracted from Sample 1. SEM observation disclosed the presence of fossils of
unidentified benthic microorganisms as well as of planktonic ones.

4) The fossil and mineral grain contents are apparently controlled by the
associated sediment type. Siliceous fossils are not considered to be of genetic im-
portance, except in Sample 4, despite the previous inferrence made by GREENSLATE
(1974b).

5) In addition to the above mentioned fossils, aggregations of small particles
of various kinds, less than a few micrometers in diameter, were commonly observed.
Judging from the fact that various micro-benthic organisms live on nodules, and that
several kinds of bacteria have been extracted from nodules (see ExrricH, 1975), and
in fact in situ bacterial colonies were observed on fresh nodule surfaces (LaARock and
EnrricH, 1975), they may be considered fossil bacterial colonies.
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6) Among the microfossils preserved inside the nodules, calcareous nanno-
plankton fossils are most common and abundant, and of chronologic significance.
They are usually preserved as impressions, hence can be regarded in situ fossils. As
the nodule grows layer by layer with time (Sorewm, 1967), the concepts of stratigraphy
can be applied to the crust of nodules (Sorem and FosTER, 1972). Nannofossil zones
were recognized in the different layers of Sample 2 (Harapa and Nisuma, 1976).
Although no biostratigraphic zones have been established in Sample ! and Sample 4,
the calcareous nannoplankton assemblages indicated an early-to-middle Pleistocene
age for these nodules.

7) In addition to the presence of microfossils, SEM observations have revealed
two distinct textures in nodule crust. One is a laminated structure which was first
described by Marcovis and Grassy (1973), and the other is a massive and chaotic.
The former is typically seen in the outermost layers of Sample 3 and Sample 4, and the
latter in the inner layers of these samples.

8) Under higher magnification studies, the surface of Sample 3 seems to comprise
a large number of botryoids whose surface was covered with numerous small knobs,
about 5 ym in diameter. These appear to be amorphous ferromanganese oxides
precipitated from sea water. A tangential section of the botryoids suggests that the
colloidal deposits aggregated to form a thin sheet, which is a basic unit of the finely
laminated structure. This part seldom contains microfossils. The same feature was
observed in the outermost layer of Sample 4.

9) The inner layers of Sample 3 and Sample 4 exhibit many characteristic
features which indicate biologic activity; arcuate tabular structures, ridge-like structures
made of organic materials, many holes penetrating the matrix, and even fossils of
benthic microorganisms and fossil bacterial colonies.

10) The textural difference becomes clearer after leaching the two parts with
dilute hydrochloric acid solution. The insoluble residue of the laminated part retained
the original features, while the other completely changed and showed very porous
texture.

11) The former sustained no conspicuous traces of biologic activity, even under
high magnification, although Sample 3 contained organic filaments on the surface.
On the other hand, the porous framework appeared to be constructed by various hollow
tubes of encrusting organisms which usually withstand the hydrochloric acid treatment
(DupLEY, 1976; GREENSLATE, 1974a). It is of genetic importance that the dimensions
of the framework differed not only from nodule to nodule, but also among layers
within a single nodule.

12) The framework contains large amount of fossils and authigenic minerals,
which are incorporated with tubes of encrusting organisms. This mechanism may
explain appropriately the abundant occurrence of scales of butterflies from Sample 1,
whose deposition to the ocean floor should be a rare event (HARADA, 1977a; Hiura,
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1973). 'The mineral content also varies considerably.

13) The surfaces of inner layers usually display botryoidal texture resembling
that of nodule surfaces. They may be preserved ancient growth surfaces, as have been
suggested by FEwkEs (1973).

Discussion

The micropaleontologic investigations of marine manganese nodules can provide
two kinds of informations on their origin; the age of nodule formation, and the mecha-
nism by which they grew. I will discuss the nodule chronology first.

Two principal methods have been employed to estimate the rate of nodule ac-
cretion. One method is based on the distribution of radionuclides such as 230Th,
231P3 and 234U in successive layers of nodules. The other method is to determine
the absolute age of nodule nuclei by dating with fission track, K-Ar dating, efc. (see
Ku, 1977). However, each of the two methods has its shortcomings: The former
can only be applied to the upper few millimeters of ferromanganese layers because of
the short half-lives of the available nuclides. The latter generally only gives a mini-
mum mean growth rate for the oxide parts of the nodules. Consequently, the age, or
growth rate, of intermediate layers of nodules has not been previously determined.

In situ microfossils preserved within marine manganese nodules offer a new method
for nodule dating. As the concept of biostratigraphy is applicable to ferromanganese
layers, in principle we can determine the age based on a biochronologic scale. Based
on the three biostratigraphic zones recognized in Sample 2, two rates of accretion have
been obtained for different parts of the nodule; 1-6.7 mm/108 yrs for the uppermost
layer, and 39 mm/108 yrs for the rest as minimum mean growth rate (Harapa and
Nisuipa, 1976). The differences in accretion rates may indicate discontinuous growth
of the nodule, which has not been demonstrated by the previous methods. The growth
history will be clarified by examining accumulation rates by applying the three
methods to a single specimen.

Although no distinct biostratigraphic zone has been established in Sample 1 and
Sample 4 to date, the micropaleontologic study disclosed several interesting points.
Sample 1 is one of the nodules dredged at the Komabashi Daini Seamount with
calcareous ooze which mainly comprises Pliocene calcareous fossils (HARADA ef al.,
1974). Nuclei of the nodules were dated about 51 X 108 yrs by the fission track dating
(NisHIMURA, 1975), and about 38 X 108 yrs by the K-Ar dating (SHiBaTA and OxkuDA,
1975). However, the nodule is likely to have been formed early-to-middle Pleistocene.
This is based upon the observation of calcareous nannoplankton fossils found in the
specimen, i.e., the presence of Coccolithus pelagicus, Cyclococcolithina macintyrei and Unm-
bilicosphaera mirabilis, and the absence of members of Discoaster, which became extinct
at the end of the Pliocene. A recent growth is also implied from the presence of



Micropaleontologic Investigation of Pacific Manganese Nodules 121

planktonic foraminiferal assemblage adhering to the nodule surface, consisting ex-
clusively of Globorotalia menardii, G. truncatulinoides, G. inflata, and Pulleniatina obliquelo-
culata. 1t is of particular interest to note that the nodule incorporated organic-walled
fossils such as pollen grains, spores and scales of butterflies, but no dinofiagellate cysts.
This suggests that the nodule was formed under pelagic conditions at the site in early
to middle Pleistocene (see HaraDA, 19772), which agrees with the hypothesis that the
Philippine Sea deepened from a shallow marginal sea to the present oceanic stage at
about two million years ago (IKEBE, 1976).

Sample 4 contained individuals of calcareous nannoplankton fossils instead of
impressions. They consisted of Cyclococcolithina leptopora, Pseudoemiliania lacunosa, and
Gephyrocapsa oceanica.  As Ps. lacunosa occurs, the age of the assemblage is assigned to
NN 19. The fossils may have been reworked like Chiasmolithus grandis in Sample 2.
But if they are in situ fossils, the surface of the second layer is dated at 0.4-1.6 X 108
yrs according to BERGGREN and vaN CouveriNg (1974, p 34). As the initial age of
the outermost layer is younger than this date, the minimum mean growth rate is
tentatively calculated to be 0.9-3.8 mm/10¢ yrs. The value is consistent with ac-
cretion rates determined radiometrically (see Ku, 1977).

Since this study used the standard nannoplankton zones for a time scale, the age
of layers was determined with a broad range. However, if we can correlate the
sequential change of fossil assemblage in nodule layers to that in a sediment column
in the vicinity of the nodule province, more detailed chronologic data will be obtained.

The micropaleontologic study has another advantage. During the course of the
Deep Sea Drilling Project (DSDP), buried nodules have been encountered at depth
in the drilled cores. Cronan (1973) first discovered in situ buried nodules in a core
from the Eastern Pacific. The chemical composition of these nodules was shown to
differ from that of Recent nodules in the vicinity of the drilling site. AumeNTO and
MacGiLLivray (1975) encountered several nodules at different depths in a core from
the Antarctic Ocean and estimated the age of nodule formation to be Miocene. They
also suggested that the chemical characteristics indicated rapid formation of the nodules
followed by rapid burial. More recently, MENARD (1976) analysed the occurrence
of buried nodules in DSDP cores from the Pacific. He found that the probability of
finding nodules decreases from the Eocene with time, and concluded that nodules
probably were more abundant at the sediment surface in Tertiary time than they are
now. These buried nodules are a kind of fossil which record oceanic condition at the

time of burial. The micropaleontologic study should yield chronologic information
for this kind of nodule.

The origin of marine manganese nodules has been widely discussed by ocean
scientists. Marine chemists claimed direct precipitation of ferromanganese oxides
from sea water (MURRAY and RENArD, 1891; GoLpBERG and ArruENIUS, 1958;
CreRAR and BArNEs, 1974 ; Burns and Burns, 1975; NoHaRra, 1976), while the marine
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biologists stressed the role of microbes in the process of manganese deposition (GRAHAM
and Cooper, 1959; EnruicH, 1963, 1975). Most of the considerations, however,
presume very low rates for the nodule accretion of the order of a few millimeters to
some centimeters per million years derived from direct measurements (e.g., BENDER
et al., 1970; CrerarR and Barnges, 1974). However, these studies have paid little
attention to the internal structure of nodules which records the growth history and
mechanisms of formation of the nodule.

Significance of the investigation of the internal structure was first pointed out by
Sorem (1967). He studied the internal structure by examining polished sections by
ore microscope (SOREM, 1973; Sorem, and Foster, 1972). This method, however,
prevents three dimensional examination of nodule structure. Recent development
of SEM techniques has shed a new light on the problem. MaArcoLis and Grassy
(1973) discovered fine laminations in ferromanganese layers of Pacific nodules, and
attributed this to the variation of the rates of precipitation of metal oxides which may
be governed by variations of bottom currents at the sea floor. Frwxkes (1973) exam-
ined Pacific nodules, and observed direct crystallization of ferromanganese oxides and
non-crystalline deposits of colloidal origin on the nodule surface as well as in the nodule
interior. He also suggested the presence of ancient growth surface preserved within
nodule crusts. LaRock and Exrrica (1975) found in situ bacterial colonies on the
fresh surface of nodules from the Blake Plateau. More recently, activity of benthic
microorganisms has been recognized to be of genetic significance. GREENSLATE (1974a)
discovered hollow tubes and domes of encrusting microorganisms on the surface of
nodules from the Pacific. He has claimed that some microorganisms are participating
in nodule accretion by agglutinating micronodules to the nodule surface when they
make their tests, and that siliceous fossils nucleate the micronodules (GREENSLATE,
1974b). WEenDpT (1974) found that the biogenic structures commonly exist on the
surface of Recent nodules, encrustations, and slabs. Examining the internal structure
in thin section, he discovered that some parts of the ferromanganese layers were com-
posed of masses of agglutinating foraminifers and assigned values of 0.04-1 mm/yr
to the rate of accretion of these parts, assuming a life cycle of the organisms of a half
to one year. The association of sessile foraminifers with ferromanganese layers was
observed in a nodule from the North Atlantic by ScHAAF et al. (1977). They also
suggested a rapid accretion of the nodule crust by the paleontologic evidence.
Ducorinsky ef al. (1977) examined nodules from the Pacific and recognized 24 species
of benthic foraminifers as well as 24 kinds of unidentified protozoans on nodule
surface, and the structures produced by these organisms inside. They considered that
these protozoans initiate the nodule formation and promote the nodule accretion.
Although the rapid growth can account for the abundant occurence of various fossils
and internal features of nodules, it is incompatible with the very low rate of accretion
established by direct measurement.
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Two distinct textures recognized in this study appear to suggest that two kinds of
growth mechanisms may operate alternatively in the process of nodule formation,
corresponding to environmental change. The fine lamination is considered to result
from the direct precipitation of ferromanganese oxides. This mechanism is likely to
be favoured by low sedimentation rates which are commonly recognized in most nodule
provinces (HorN et al., 1972). The sediment bearing Sample 3 contains a small amount
of poorly preserved calcareous nannoplankton fossils whose assemblage indicates NN
19. TItsuggests a very low rate of deposition since Late Pleistocene, which is confirmed
by bottom photographs of the site (GLASBY and SINGLETON, 1975). Assuming that the
upper 2 mm of the specimen have been growing by the slow precipitation mechanism
since Late Pleistocene, the accumulation rate for this part is estimated at about a few
millimeters per million years which is in good agreement with the commonly accepted
rate. Likewise the laminated outermost layer of Sample 4 has an accretion rate of
the order of a few millimeters per million years, although the value is tentative. On
the contrary, the massive texture is infered as a result of some process involving
biologic activity. Encrusting organisms initiate it by building a porous framework
rapidly, probably with the rate of the order of millimeter per years as suggested by
WENDT (1974), using their tests, on a solid substratum, the nucleus of a nodule. In
this stage, fossils of planktonic organisms may be incorporated into the framework.
The space within the framework is then gradually filled with ferromanganese oxides
which may be brought into the space by interstitial water. In this stage, microbes,
especially manganese oxidizing bacteria, feeding on organic compounds on the walls
of tubes (GraraM and Cooper, 1959), are likely to promote the ferromanganese
deposition when the amount of organic matter is at optimum (see Exrrich, 1975).
This mechanism inevitably requires high surface productivity which supplies the
benthic community with biogenic detritus as food. Detritus also participates in verti-
cal transportation of nodule constituent metals to the ocean floor (ARRHENIUS, 1963;
GREENSLATE ¢f al., 1973). The bottom current is necessary for oxygen supply to the
ocean floor (Burns and Burns, 1972). When the sedimentation is high due to the
high surface productivity, the encrusting organisms on the nodule as well as larger
benthos in the sediment may keep the nodule at the sediment surface as has been
suggested by GREENSLATE (1974a), Ducorinsky et al. (1977) and MENarD (1976).
The variation of the dimension of the framework and constituent tubes, and of the
authigenic mineral content in ferromanganese layers of individual nodules, indicates
that various kinds of benthic organisms, including agglutinating foraminifers, are able
to take part in the construction of the framework, and that nodule accretion by this
mechanism occurs intermittently under different conditions. Discontinuous growth
has been infered by the rates obtained in Sample 2 (Harapa and NisHIDA, 1976). The
presence of the ancient growth surface within nodules suggests a hiatus between
ferromanganese layers. This may explain the low growth rate for the whole oxide
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Table 4. Chemical composition of the nodules from the Komabashi Daini Seamount and
the Southwestern Pacific Basin,

Sample location Mn Fe Cu Ni Co  No.ofnodules
analysed B
Komabashi Daini
18.2 18.6 0.083 0.42 0.42 6
Seamount (G12)V
Southwestern ¢ 17.5 21.8 0.23 0.41 0.48 17
Pacific Basin (G994)2 O.L.4 17.8 23.5 0.25 0.44 0.58 2

1 After Usur et al. (1976)

2 After GLaAsBY ef al. (1975)

8 Average composition of the whole nodule.
4 Composition of the outer layer.

parts of nodules estimated by the nucleus dating method (see Ku, 1977, p. 256). The
environmental change, influencing the accretion mechanisms, should be recorded in
the sedimentary sequence in the vicinity of the depositional site. It is therefore
possible to verify the hypothesis postulated here by examining the sequence, although
such data are not available at present.

Although no chemical analysis was performed on these samples, a few data are
available on the chemical composition of Sample 1 and Sample 3. Usui ¢f al. (1976)
carried out petrological, mineralogical and chemical studies on the nodules from the
Komabashi Daini Seamount where Sample 1 was collected (G12). The average
composition of the nodules is given in Table 4. They distinguished two distinct mineral
phases comprising the ferromanganese layers; 10 A manganite and 8-MnOs. The
10 A manganite phase was found to contain microfossils and clastics abundantly under
ore microscope, while the latter to show colloform structure containing detrital
materials. They considered that 10 A manganite was rapidly formed in a short period
as compared to 8-MnOs, probably due to the supply of metal elements from interstitial
waters of associate sediments, while 5-MnQO: was formed through low accumulation of
colloidal ferromanganese hydroxides incorporating detrital materials. The inference
seems to be compatible with the above mentioned hypothesis. Guassv et al. (1975)
analysed chemical composition of the nodules from the Southwestern Pacific Basin
(G994). Their result, however, seems not to present any conspicuous change in
chemical compositions of different parts of the nodules (Table 4). Nevertheless the
presence of textural differences within individual nodules requires reasonable expla-
nation on the origin of internal texture.

As mentioned above, the formation of marine manganese nodule associates with
several environmental factors, such as sedimentation rate, water movement, surface
productivity and activity of benthic community. It is obvious that we have to examine
not only the properties of nodule in detail, but also many other subjects which may



Micropaleontologic Investigation of Pacific Manganese Nodules 125

yield information on ancient oceanographic conditions. However, no systematic and
integral study has been performed on manganese nodules in Japan to date (see HARADA,
1977a), partly because no systematic sampling was possible until the Geological Survey
of Japan started the project for manganese nodule exploration in 1974 (see Mizuno,
1975). Now the systematically collected samples from the Central Pacific Basin as well
as many other useful data are available (Mizuno and Caujo, 1975). Extensive
micropaleontologic investigation on these samples will produce useful informations
on both nodule chronology and growth mechanisms. This will lead us to better
understanding of their origin, which, in turn, gives rise to a new tool to reconstruct
ancient oceanographic condition on the deep-sea floor.

Summary

Acid treatments revealed existense of a large amount of fossils of both planktonic
and benthic organisms present in the nodules from the Pacific. The SEM observation
confirmed universal presence of microfossils inside of the ferromanganese layers. They
are calcareous nannoplankton, diatoms, planktonic foraminifers, radioralians, sponges,
unknown benthic microorganisms, and fossil bacterial colonies. Based on nannoplank-
ton assemblages, the rate of accretion of some samples were estimated by a biostrati-
graphic method. The values indicate very low rate of accumulation of layers of the
order of millimeters to some centimeters per million years, which is in good agreement
with the rates determined radiometrically.

The SEM observation disclosed two distinct textures in the ferromanganese crust
within individual nodules; a finely laminated texture, and a massive and chaotic one.
The textural differences become clearer in the hydrochloric acid insoluble residues of
nodules. The former appeared to result from the direct precipitation of ferromanga-
nese oxide with very low rate of accumulation under low sedimentation rate, while
the latter grows rapidly enough to incorporate many kinds of fossils and authigenic
minerals by the aid of encrusting organisms, including sessile foraminifers, under
higher productive condition.

If the two growth mechanisms operate alternatively corresponding to environ-
mental change, we can appropriately explain the internal features and abundant
occurrence of various fossils. The low accretion rate for the whole oxide parts of
nodules given by the nucleus dating method may be well explained by hiatus between
layers, which are indicated by the presence of preserved ancient growth surface within
nodules.

In order to verify the hypothesis, it is indispensable to study the sedimentary
sequence in the vicinity of the nodule sampling sites, because it should record the
environmental change which controls nodule formation. Although no such data are
available at present, it is desirable to obtain such a sedimentary sequence with nodules
to comprehend the origin of nodules,
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Explanation of Plate 3

All the figures are scanning electron micrographs.*

Figure a: Enlarged view of the inside of Sample 1. Many calcareous nannoplankton fossils are pre-
served as impressions. They provide chronologic information on the nodule. Scale bar on
the photograph indicates 5 pm.

Figure b: Impressions of nannofossils, probably Coccolithus pelagicus (WaLLicH) ScHiLLER. Scale 2 pm.

Figure ¢: Another part of Sample 1. Several kinds of impressions of microfossils are recognized. Scale
10 pm.

Figure d: Impression of nannofossils, probably Cyelococcolithina macintyrei BUKRY et BRAMLETTE, preserved
in the matrix of micro-crystals which are tentatively identified as birnessite. Scale 5 um.

Figure e: Impression of nannofossil, probably of C. gelagicus. Scale 2 ym.

Figure f: Impression of nannofossil preserved in the matrix which appears to be composed of clay.
Scale 2 ym.

Figure g: A colony of microparticles within Sample 1. Scale 2 um.

Figure h: Enlarged view of Fig. g. The particles are replaced by granular crystals which compose the
matrix. It proves that they are a primary feature. Scale 2 um.

Explanation of Plate 4

All the figures are scanning electron micrographs.

Figure a: Scale of butterfly extracted from inside of Sample 1.  This type of scales were most common
in the assemblage. Scale bar on the photograph indicates 40 um.

Figure b: Detail of the scale suggests that they are not fresh scales, but fossil ones preserved inside of the
nodule. Scale 20 gm.

Figure c: Another type of scale from Sample 1. Scale 40 um.

Figure d: Another example from the same sample. This type is also common. The abundant oc-
currence of these scales may suggest a rapid growth of the nodule. Scale 20 um.

Figure e: Botryoidal surface of a layer within Sample 1. It appears to be a preserved ancient growth
surface. Scale 200 gm.

Figure f: Inner mould of a planktonic foraminiferal test embedded in Sample 1. They are usually
composed of clay. Scale 40 um.

Figure g: Impression of planktonic foraminiferal test found on the ancient growth surface as seen in
fig. e. Scale 40 um.

Figure h: Altered shell of planktonic foraminifer preserved in Sample 2. As specific identification is
impossible on these fossils, no chronologic data is obtained. Scale 40 um.

Explanation of Plate 5

All the figures are scanning electron micrographs.

Figure a: Hollow tube of encrusting organism on surface of Sample 2. Scale bar on the photograph
indicates 100 zm.

Figure b: Detail of the tube. The outer wall is composed of Recent calcareous nannofossils. Scale
5 pm, : .

Figure ¢: A benthic foraminifer on the surface of Sample 2. Scale 200 pm.

Figure d: Calcareous nannofossils adhering to the surface of the same sample consist exclusively of
Recent species. Scale 5 um.

* All the scanning electron micrographs, except PI 4, figs. a-d were taken by HITACHI HSM-2B
SEM at 20kv. Figures a-d of Pl. 4 by HITACHI-Akashi Minisem SEM at 15kv.
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Figure e:

Figure f:
Figure g:

Figure h:
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Impression of nannofossils preserved within Sample 2. They are identified as Gyclococcolithina
leptopora (MURRAY et BLackMaN) KampTnER (left), and Gycl. macintyrei (right). Scale 2 pum.
Impressions of Cycl. leptopora. This may be a part of a coccosphere. Scale 2 ym.

Several individuals of Chiasmolithus grandis Hay, MoHLER e WADE, an Eocene index fossil,in a
cavity within Sample 2. They appear to result from reworking of the sediment. Scale 20 um.
Detail of the inner structure of Sample 2. Microfossils are generally preserved in the part with
massive chaotic texture, and almost absent in that with dense laminated texture. Scale 20 ym.

Explanation of Plate 6

All the figures, except fig. a, are scanning electron micrographs.

Figure a:
Figure b:
Figure c:
Figure d:
Figure e:

Figure f:
Figure g:

Figure h:

Photomicrograph of botryoidal surface of Sample 3. Scale bar on the photograph indicates
1 mm. Photo by Y. Oxazaxi.

Scanning electron micrograph of the botryoidal surface of the same sample. Scale 200 um.
A broken hollow tube on the surface of Sample 3. Scale 200 zm.

Partly dissolved diatom frustule on the surface of Sample 3. The sediment on the surface is
almost free from calcareous fossils. Scale 10 um.

Filamentous objects on the surface of Sample 3. They are apparently not attached con-
taminants. Scale 50 pm.

Detail of the filament indicates that it is composed of organic material. Scale 10 um.
Enlarged view of the botryoids comprising the surface of Sample 3. They are covered with
small knobs. Scale 50 gm.

The small knobs appear to be gathered to form a plane on the botryoid surface. Scale 10 um.

Explanation of Plate 7

All the figures are scanning electron micrographs.

Figure a:
Figure b:
Figure c:

Figure d:
Figure e:

Figure f:
Figure g:

Figure h:

Detailed view of the knobs, covering the botryoid surface, suggests their spiral growth. Scale
bar on the photograph indicates 2 um.

Tangential section of botryoid shows the process that the lamella is formed by aggregation of
the small knobs. Scale 10 um.

Tangential section of botryoid. Obscure laminations are observed inside of the botryoid
(left). Scale 10 gm.

Enlarged view of fig. ¢ presents the growing process of the microlamination. Scale 10 ym.
Laminated structure of the outermost layer of Sample 3. The sediment covers the surface
(top). Scale 50 ym.

Detail of the microlaminations. Scale 2 um.

Botryoidal surface within Sample 3. Note the similarity to the surface texture observed in
Sample 1 (Plate 4 fig. e). Scale 100 ym.

Broken hollow tubes on the surface as seen in fig. g. Scale 100 gm.

Explanation of Plate 8

All the figures are scanning electron micrographs.

Figure a:

Figure b:

Figure c:

Section of the second layer of Sample 3. The upper part (right) shows dense laminated
texture, while the lower (left) massive and chaotic one. Scale bar on the photograph indi-
cates 500 pm.

Enlarged view of the lower part of the layer. Tabular structure in the center appears to result
from biologic activity. Scale 50 um.

Fossil of unidentified benthic microorganism preserved within a lower part of the second layer



Figure d:
Figure e:
Figure f:

Figure g:
Figure h:
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of Sample 3. Scale 2 ym.

Authigenic minerals growing inside of cavity in the layer. They may be crystals of zeolites,
as they exist even in acid insoluble residue of the layer. Scale 10 gm.

Detail of the inner structure of the benthic microorganism of fig. ¢. Similar texture was
discovered within Sample 1. Scale 2 um.

Similar texture found in another part of the layer. Scale 10 um.

Colony of small particles within Sample 3. Scale 50 um.

Enlarged view of fig. g suggests that the particles relate to biologic activity. Scale 10 ym.

Explanation of Plate 9

All the figures, except figs. a and b, are scanning electron micrographs.

Figure a:
Figure b:
Figure c:
Figure d:
Figure e:
Figure f:
Figure g:

Figure h:

Photomicrograph of white acid insoluble residue of the outermost layer of Sample 3. It
retains the original surface features (cf. Pl 6, fig. a). Scale bar on the photograph indicates
1 mm. Photo by Y. Oxazakr

Photomicrograph of acid insoluble residue of the innermost layer of the same sample. It
shows very porous texture, different from the original one (cf. Pl 8, Fig. b). Scale 1 mm.
Photo by Y. Oxazakr

Scanning electron micrograph of the residue of the outermost layer. Scale 500 um.
Enlarged view of the residue of the intermediate layer. Note the textural difference. Scale
500 pm.

Detailed view of fig. . Texture is massive, and no trace of biologic activity is noticeable.
Scale 200 pm.

Enlarged view of fig. d. The porous texture appears to result from biologic activity. Scale
200 pm.

The residue of the outermost layer shows an organic filament observed in PL 5, fig. c. Scale
20 pm.

Detailed view of the hole in fig. f.  Smooth lining of the hole suggests biologic origin. Scale
50 pm.

Explanation of Plate 10

All the figures are scanning electron photomicrographs.

Figure a:
Figure b:
Figure c:
Figure d:

Figure e:
Figure f:

Figure g:

Figure h:

The acid insoluble residue of the surface of the intermediate layer of Sample 3, also shows
massive texture. Scale on the photograph indicates 500 pm.

Detail of fig. a indicates no biologic activity. Scale 100 um.

Microfossils preserved in acid residue of the layer. Scale 100 um.

Another part of the residue. A case of a planktonic foraminifer (?) is observed in the center.
Scale 100 ym.

Porous acid residue of the innermost layer of the same sample. Scale 500 um.

Detailed view of fig. e. The residue is composed of various kinds of hollow tubes. Scale
100 pm.

Authigenic crystals, probably zeolites, in the residue. They appear to be incorporated into
the layer by tubes of encrusting organisms. Scale 100 um.

Enlarged view of the tube in fig. g. The outer wall is composed of well sorted grains, differ-
ing from the matrix sediment. It proves that the tubes are biogenic. Scale 10 um.

Explanation of Plate 11

All the figures are scanning electron micrographs.
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Figure a:
Figure b:

Figure c:
Figure d:

Figure e:
Figure f:

Figure g:

Figure h:

Kenichi HarAaDA

Broken tube on the surface of Sample 4. Scale bar on the photograph indicates 100 ym.

The sediment covering the surface consists of Recent calcareous nannofossils and fragments of
diatoms and radiolarians. Scale 10 gm.

Section of the outermost layer of Sample 4. Scale 100 ym.

High magnification view of the outermost layer shows the similar knobby texture to those
observed in Sample 3 (P1. 7, figs. b, ¢, d). Scale 5 um.

Concave bottom surface of the outermost layer. Scale 100 ym.

Impressions of calcareous nannofossils and diatoms preserved on the bottom surface of the
layer. Scale 5 pm.

Ridge-like structure observed on the bottom surface of the layer. This structure is coms-
monly found in all the samples. Scale 20 um.

Detail of the ridge appears to consist of organic material. This may be a part of tests of en-
crusting organisms. Scale 5 um.

Explanation of Plate 12

All the figures are scanning electron micrographs.

Figure a:
Figure b:
Figure c:
Figure d:
Figure e:
Figure f:

Figure g:
Figure h:

Section of the second layer of Sample 4. The upper part (left) is massive, and the lower
(right) shows many ridge-like structures and cavities. Scale bar on the photograph indicates
500 pm.

Enlarged view of the lower part of the layer. Scale 200 ym.

Detail of the upper part of the layer. It shows granular and layering texture, and lacks ridge-
like structure. Scale 200 pm.

High magnification view of the upper part of the layer reveals that the granular texture con-
sists of assemblage of small particles. Scale 20 um.

Detail of fig. d. The particles are agglutinated with membraneous material. It suggests
that they may be a fossilized bacteria colony. Scale 2 um.

High magnification view of the particles. They are replaced by microcrystals like those
observed in Sample 1 (PL. 3, fig. h). Scale 2 um.

Enlarged view of the surface of the second layer of Sample 4. Scale 20 uym.

Low magnification view of botryoidal surface of the layer. Scale 200 um.

Explanation of Plate 13

All the figures are scanning electron micrographs.

Figure a:

Figure b:
Figure c:

Figure d:
Figure e:
Figure f:
Figure g:
Figure h:

Cyclococcolithina leptopora (MURRAY et BLackMAN) KAMPTNER on the surface of the second layer
of Sample 4. Scale bar on the photograph indicates 2 um.

Sediment covering the surface consists of both calcareous and siliceous fossils. Scale 10 ym.
Acid insoluble residue of the outermost layer of Sample 4 shows massive texture. Scale 500
pm.

Detail of the residue indicates no biologic activity. Scale 100 um.

The residue of the second layer of the same sample exhibits very porous texture. Scale 500 um.
Enlarged view of the residue shows broken tubes with smooth lining.  Scale 100 pm.

Detail of the broken tube seen in fig. £.  Scale 10 pm.

High mangification view reveals that the smooth lining of the tube consists of small plates,
which seem to be composed of organic material, since they withstand the hydrochloric acid
treatment. Scale 5 pm.
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