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ABSTRACT

An extensive field of iron-rich, nickel- and copper-poor manganese

nodules covers the deep sea-floor of the northeastern quadrant of the

Southwestern Pacific Basin, and the eastern side of the Samoan Basin.

The nodule field has a relatively well-defined western boundary, the

location of which is determined by differences in sedimentation regimes.

Immediately east of the Tonga-Kermadec volcanic arc and New Zealand, as

well as around Rarotonga (Cook Islands) and the Samoan chain, rapid

accumulation of volcanic ash and microfossils has buried potential

nodule nuclei before significant ferromanganese oxide encrustation could

occur. Further east, where sedimentation rates are lower, the nodule

field has developed. The nodules occur almost exclusively on medium to

dark brown silty clays which contain a significant proportion (5-15%)

of red-brown semi-opaque oxides (RSO's). The brown silty clays consist

principally of phyllosilicates (illite, montmorillonice, chlorite and

kaolinite) plus subsidiary quartz and feldspar. Microfossils are gen

erally rare, but all of the brown silty clays contain trace quantities

of calcareous nannofossils.

On the basis of nodule morphology, internal structure and composi

tion, two nodule facies can be recognized in the area--the Cook Island

Facies and the Southwestern Pacific Basin Facies. Nodules of the Cook

Island Facies are charact~rized by (a) spheroidal and faceted spheroidal

nodule shapes; (b) rough microbotryoidal surface textures; (c) an inter

nal structure consisting of a thin (1-2 mm) Fe-~m oxide accretion crust

overlying a massive, burrowed Fe-1m oxide subcrust and a volcanic nucleus
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in some state of alteration and replacement; (d) Mn/Fe ratios near or

below one; (e) low Ni and Cu contents; and (0 o-Mn0Z as the principal

manganese phase. The Southwestern Pacific Basin Facies (from the south

eastern corner of the study area) is characterized by (a) polynucleate

nOGule shapes; (b) botryci~~l to rough microbotryoidal surface textures;

(c) an internal structure consisting of Fe-Mn oxide layers interspersed

with silicate microlaminae, and no discrete nucleus; (d) Mil/Fe ratios

above one; (e) high ~i and Cu (and low Co) contents; and (f) todorokite

and o-}m0 2 together making up the manganese phase.

The nodules have f orm-cd by both ferromanganese accretion and re

placement processes at available nucleus sites. The existence of a

megascopic nucleating object which remains at or just beneath the sedi

ment-water interface is essential for nodule initiation. The emplace

ment of prospective nodule nuclei in the study area hRs probably L~volved

the deposition, partial consolidation, and breakup of hyaloclastite

layers. Burrowing of the hyaloclastite by t1ny benthic organisms faci

litated later chemical replacement and infilling processes. Accretion

of Fe-Mil oxides from seawater and interstitial water onto hyaloclastite

fragments was accompanied by alteration of the hyaloclastite to montmo

rillonite and phillipsite, along with chemical replacement of some of

the hyaloclastic material by Fe-Mn oxides, and the filling of nucleus

interstices by authigenic silicates and Fe-En oxides. Volumetrically,

these replacement processes occurring within the nucleus have been more

significant than accretion in accumulation of ferromanganese oxides in

southwestern Pacific nodules. The replacement zone is more ~~-, Ni-,

and Cu-rich than the Fe-rich outer accretion layer.
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INTRODUCTION

Statement of the Problem

In simplest terms, manganese nodules are pea- to potato-sized (and

shaped) concretions that have grown on the ocean floor. They are com

posed chiefly of manganese and iron oxides and hydroxides. Because some

nodules, in the process of their growth, have incorporated relatively

high concentrations of other metals such as nickel, copper and cobalt,

it appears likely that they will be mined in the near future. However,

at the present time, manganese nodules are more a source of scientific

controversy than economic gain. The most important questions concern

genetic aspects: ~fhere do the metal constituents of nodules come from?

How are they transported to accumulation sites? ifhat are the operative

depositional processes? No single study of manganese nodules can purport

to adequately deal with all of these questions. This study is primarily

concerned with the latter question--depositional processes--within the

context of nodules and associated sediment samples from the southwestern

Pacific Ocean.

Accumulations of iron and manganese oxides are ubiquitous in the

marine environment. Any solid surface that remains at or near the

sediment-water interface in oxidizing conditions for any appreciable

length of time will collect ferromanganese oxide precipitates. Oxidizing

conditions prevail at the sea-floor worldwide except in isolated stagnant

basins such as the Black Sea and coastal fjords and lagoons. In certain

areas, such as near land masses or on those parts of the sea-floor above

the calcium carbonate compensation depth, sediments collect at too rapid
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a rate for potential nucleating surfaces to remain at the sediment-water

interface long enough to acquire substantial Fe-Mn accumulations. But

the majority of the sea-floor is characterized by the slow sedimentation

rates that favor growth of manganese nodules or precipitation of mangan-

ese crusts.

Based on a multitude of prior studies, we know that manganese

nodules and crusts are not uniform in character from place to place, but

show considerable variation in such properties as physical appearance,

internal structure, chemical composition and mineralogy. No attempt has

been made until now to examine the degree of variability of all of these

aspects of nodules over an extensive, relatively closely sampled ocean

region, and to relate nodule distribution and character to the regional

sedimentological framework. Such an investigation is necessary in order

to determine if nodules from specific areas display a particular set of

properties that can be related to the prevailing environmental conditions,

or to conditions that might have existed in the past. Nodules can be

thought of as analogous to rocks, in that no single attribute uniquely

defines their origin.

The southwestern Pacific Ocean was selected as a study area for two

reasons. The most important one was the opportunity to make use of the

first available samples to be collected in the southwestern Pacific

during research cruises planned specifically for manganese nodule explo-

ration and research. Secondly, the Southwestern Pacific and Samoan

Basins, the sites of the nodule research cruises, have received little

scientific scrutiny in comparison to other parts of the world ocean.

The samples collected during the cruises have made possible an examina

tion of fundamental aspects of the marine geology of the southwestern
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Pacific, and afforded an opportunity to study the formation of nodule

deposits in the context of a set of conditions that is unique to this

part of the deep sea.

The nodule deposits that are considered in this study occur in the

general tectonic setting of a deep ocean basin bordered by volcanic

archipelagos and an active island arc. A survey similar to the present

one could be contemplated in several other areas with contrasting re

gional tectonic regimes. Indeed, because of the growing consensus that

manganese nodules are polygenetic phenomena, such studies would be inval

uable for assessing the relative importance of different genetic factors.

The subtropical northeastern Pacific, particularly between the Clarion

and Clipperton Fracture Zones, has been thoroughly sampled due to the

presence of nodules that appear to constitute a nickel- and copper-ore

belt. High organic productivity in the overlying surface water and a

radiolarian-rich sediment substrate are among the features that distin

guish the environment of northeastern Pacific nodule deposits from that

found in the southwestern Pacific. The Nazca Plate, and in particular

the Bauer Basin, adjacent to the East Pacific Rise, represents yet

another set of conditions within which nodules have formed. Processes

contributing to the formation of the metalliferous sediments of the Bauer

Basin would be expected to markedly influence nodule development there.

While a great deal of work has been done on selec~ed aspects of

manganese nodules, certain problems fundamental to their characteriza

tion have received little attention. For instance, the external morpho

logy of a nodule is its most noticeable feature, but little study of the

significance of morphology has been undertaken, and no quantitative com

parisons of this property from place to place have been made.
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Another feature of nodules which has been relatively overlooked is

internal zonation on a scale appropriate to regional studies. Most pre

vious studies have considered individual nodules in toto, or in such

microscopic detail as to be impractical for characterizing a significant

number of nodules. This study will focus on nodule structure, chemistry

and mineralogy at a scale between bulk and microscopic. In addition,

different nodule phases apparently can form either by accretion or by

replacement, and criteria for establishing the relative importance of

these processes in nodule internal zones have not been thoroughly

documented. Such criteria will be examined in this study.

Previous Work

This dissertation considers a number of aspects of manganese nodules,

such as their distribution, morphology, chemistry, mineralogy, internal

structure and the character of associated sediments. In this section, no

attempt will be made to thoroughly review all of the research pertinent

to these diverse topics. Some idea of the magnitude of such a task can

be gained by referring to two recent bibliographies of literature encom

passing manganese nodule research (Meylan, ~ al., 1976; Glasby and

Hubred, 1976). Both contain more than 2000 entries. Instead, a general

historical review will be made of some of the most important observations

and concepts that serve as the foundation for this study. For comprehen

sive recent reviews of the subject of marine manganese nodules, reference

can be made to Cronan (1976) or Glasby and Read (1976). Prior research

relevant to specific points, especially in regard to work on nodules from

the southwestern Pacific, will be covered in the Results and Discussion

sections.
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Any review of previous work on marine manganese nodules must begin

by acknowledging the superb efforts of the scientists who first observed

them--Challenger Expedition personnel. Murray and Renard (1891) prepared

a classic account of the occurrence and descriptive features of nodules,

accompanied by data on chemical composition and magnificent line drawings.

They reported nodule recovery from both the Pacific and Atlantic Oceans

and noted that, while nodules displayed considerable variation in appear

ance, nodules from a single site generally were similar, and differed in

size, form and internal structure from those at other stations. The typ

ical internal structure was seen to be a nucleus of some solid object

such as a volcanic rock fragment or a shark tooth, surrounded by concen

trically-banded ferromanganese oxides. }lurray and Renard oresented four

different opinions regarding the genesis of manganese nodules, which can

be summarized as precipitation following introduction of manganese into

near-bottom seawater by (1) decomposition of basic volcanic rocks,

(2) reduction of sulfates in an environment containing organic matter,

(3) submarine springs, or (4) oxidation of dissolved manganese compounds

in ocean surface water. Refinement of the observations and concepts of

Murray and Renard is the basic product of the increasingly greater atten

tion that researchers have paid to manganese nodules during the past two

decades.

Ferromanganese oxides appear to be capable of accumulating on any

type of solid surface in the marine environment. Hhen the depositions

are very thin--either on a discrece nucleus such as a volcanic rock frag

ment, or on outcropping rock--they are referred to simply as stains.

When the depositions become as thick as about 0.5 mm, they can often be
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easily chipped away from their substrate, and are designated as crusts.

This latter term is also applied to an entire discrete object on which

the manganese crust is found, if it is relatively thin compared to the

size of the nucleus present (Goodell, et al., 1971). Where the mangan

ese crust is relatively thick, the object is considered to be a nodule

or concretion. If the object is silt or sand-sized, it is usually called

a micronodule. There is no accepted delineation between objects that are

stained or very thinly encrusted with manganese, and objects that can

be catagorized as nodules (Raab and Meylan, 1977). Greenslate (1975)

has suggested that if the volume of the nucleus exceeds that of the man

ganese crust, the term crust should be used; nodules would have manganese

crusts exceeding the nucleus in volume.

Manganese nodules occur in a fascinating assortment of shapes. No

widely used scheme of morphological classification exists, so individual

investigators have resorted to use of general terms (spherical, ellip

soidal, discoidal, or even "bulbous, reniform, or potato-like") to des

cribe the shapes of nodules from particular study areas (Raab and Neylan,

1977). The informal, but highly descriptive, classification of Heezen

and Hollister (1971) includes cannonballs, potatoes, grapes and slabs.

Horn, et ale (1973a) described hamburger-shaped nodules from the North

Pacific. Nodule shape is often dictated by the form of the nucleus, but

other factors are also involved (see the Discussion section). The sub

ject of nodule morphology has recently been thoroughly reviewed (Raab

and Meylan, 1977).

~2nganese nodules typically display a mammillated surface as a

result of the botryoidal growth habit of encrusting ferromanganese oxides

(Murray and Renard, 1891). The size of the mammillae (hemispherical



7.

protrusions) relative to concretion size varies greatly, as does the

"relief" of the mannnillae, i.e., their prominence above the general

nodule surface. Usually at least two distinctly different sizes of

mammillae occur together on a single nodule, with very small mammillae

superimposed on larger ones (Goodell, e~ al., 1971). The mammillarity

of a concretion is not always uniform on all sides, as first reported by

Murray and Renard (1891). Non-uniformity is particularly pronounced on

larger discoidal nodules of the northeastern equatorial Pacific, where

the top surface often has large, low relief, smooth botryoids, while the

equatorial belt approximating the sediment-water interface position will

have medium-sized, high relief botryoids, and the bottom surface will be

characterized by a rough or granular surface consisting of tiny, loosely

adhering botryoids. Raab (1972) related this type of surface textural

non-uniformity to chemical composition. He found that larger nodules

from the North Pacific often have tops high in Fe, Co and Pb, and low in.

Cu, Ni, Mo, Zn and Mn, while bottoms show the reverse of this pattern.

Another conspicuous feature of manganese nodules is the sequence of

parallel laminations that results from concentric growth. Growth shells

are of~en easily separated physically from one another, and their pre

sence is emp~asized by alterations of dark-colored ferromanganese oxide

layers and light-colored silicate-rich layers. Other types of inter

layers are sometimes present. Pratt and McFarlin (1966) observed common

phosphate and occasional calcitic interlayers in Blake Plateau nodules.

Growth shells are not always uniformly thick around a nodule.

Asymmetric growth appears to be especially prevalent w~th larger nodules,

growth layers tending to be thickest in the equatorial belt. In many

places, the symmetrical growth of additional concentric layers is
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disturbed by the addition of secondary nucleation centers or by the

coalescence of adjacent nodules. Murray and Renard (1891) found pumice

pieces that had fallen onto and been cemented to the upper surface of a

slab-like nodule at Challenger Stn. 253. Glacial erratics accreted to

the upper surfaces of nodules are common in the Southern Ocean (Goodell,

et al., 1971). At times the internal bands of manganese concretions can

be discontinuous as a result of abrasion (Sorem, 1967; Harris and Troup,

1969), or change relative thickness, probably due to reorientation of

the nodule on the sea-floor.

Laminations appear to be the most basic physical unit of manganese

nodules, appearing at all levels of magnification. Even micronodules

have laminations. Micro1aminations ranging in size from less than

0.25 ~m to greater than 10 ~m appear to be the smallest structural units

in manganese nodules resolvable with the scanning electron microscope

(Margolis and Glasby, 1973).

Concretion laminations and other less well defined internal zones

can be grouped into classes. Margolis and Glasby (1973) recognized two

types of microstructure--smooth laminae (parallel and fairly straight

over short distances) and complex arcuate cuspate laminae. Both types

tend to grade into each other along their strike without noticeable

change in thickness. Foster (1970) distinguished five physical ferro

manganese oxide zones in nodules recovered off Baja, California, using

polished nodule sections: (1) laminated -- with simple layering,

(2) massive -- with simple layering, (3) columnar -- with arcuate

layering, (4) compact -- also with arcuate layering, and (5) mottled

with chaotic structure. The columnar and mottled zones were most
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common. All five zones were found in many nodules, and commonly zones

were repeated in many different levels in a single nodule.

A more generalized zonation of the structural components of mangan-

ese nodules was utilized by Goodell, et al. (1971). The major components

were defined as the oxide crust, the subcrust, and the nucleus. The

oxide crust consists of the oxides of Fe and Mn which have been preci-

pitated in concentric shells. The subcrust usually consists of a zone

of volcanic material, often vesicular in appearance, that has been par-

tially or wholly replaced by ferromanganese oxides; it often grades into

the oxide crust and seldom displays the concentric laminations charac-

teristic of the crust. The nucleus is the solid object onto which Fe-rm

oxides are initially precipitated. When the nucleus and subcrust con-

sist of volcanic material (or some other easily-altered material), they

usually grade into one another.

Manganese nodules frequently display radial and concentric fracture

patterns. In some cases, this may be due to drying or han~ling after

collection, but quite often there is evidence to preclude this possibi-

lity. Sorem (1967) noted crustified manganese veinlets filling fractures.

Raab (1972) examined nodules collected from the North Pacific, and found

that many had been fractured on the sea-floor, subsequently acquiring a

layer of Fe-rm oxides on the fracture surface (termed a 3-break). Nodule

fracturing most probably

(Heye, 1975).

is due to diagenetic within the nodule

The fact that concretionaLy or encrusting accumulations of ferro-

manganese oxides occur extensively in the marine environment is now well

established, based on their presence at hundreds of sampling stations.
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The Pacific Ocean, which has been found to have the greatest abundance

of nodules, has received the most attention. }1enard (1964) and

Skornyakova and Andryushchenko (1964) were the first to present maps of

nodule distribution for the entire Pacific. Menard simply indicated

where Fe-Mn deposits had been found, without indicating limits or con

centrations. His data points were clustered in the Southeast Pacific

and across the North Equatorial Pacific. On the other hand, Skornyakova

and Andryushchenko presented, without data points, a fairly detailed map

of relative nodule abundance. These authors later updated their work

(Skornyakova and Andryushchenko, 1970), and it served as a basis for

planning the Tangaroa cruises which gathered nodules for the present

study.

The North Pacific received a great deal of attention from David

Horn and his colleagues at Lamont-Doherty Geological Observatory (e.g.,

Horn, et al., 1972). It has been mainly through their efforts that

attention has been focused on the rich nodule deposits between the

Clarion and Clipperton fracture zones southeast of Hawaii.

Using Eltanin bottom photographs and samples, the distribution of

nodules in the more southerly latitudes of the South Pacific, including

the Drake Passage and Scotia Sea, has been mapped by Goodell (1965) and

Goodell, ~ al. (1971). Goodell noted that a nearly continuous belt of

concreLions up to 300 miles wide lies beneath the circumpolar current

at about 60 0S latitude, on all types of sediments, with nodule fields

almost invariably associated with current indications and volcanics.

Glasby (1976a) has revised and updated the work of Goodell, et al.; it

is interesting to compare the results of these two studies, which used
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much of the same data. Their maps differ considerably in detail, indi

cating the subjectivity involved in presenting nodule distribution

information on a regional scale. This work has been supplemented by

Glasby and Lawrence (1974), who have plotted the locations of reported

nodule occurrences in sediment cores or dredges throughout the South

Pacific.

At several scales, the intensity of ferromanganese encrustation

is greatest at some central location, and decreases more-or-less gradu

ally with increasing distance from the locus of maximum density. On

the scale of the Pacific-Antarctic Ocean, Goodell (1965) discovered,

through examination of thousands of bottom photographs, that beneath

the Antarctic Convergence lay vast deposits of concretionary masses and

ferromanganese drapes on rock outcrops. These thick deposits give way

north and south to carpets of nodules, then to scattered nodules. The

distribution of manganese in the Southern Ocean is at least partly due

to the activity of strong bottom currents in the area of West Wind

Drift, with glacial erratics serving as nuclei where volcanic nuclei

are not available. Goodell (1965) pointed out the importance of bottom

currents, finding it difficult to account for elongate or irregular

shaped nodules with multiple nuclei without postulating movement on the

sea-floor. Hollister and Heezen (1967) noted that manganese nodules

north of the polar front become larger and more numerous fram west to

east.

On a smaller scale, the Blake Plateau, an encrusting pavement of

manganese grades laterally into manganese and phosphate nodules (Pratt

and McFarlin, 1966). On a still smaller scale, a few square kilometers



12.

of abyssal hills in the equatorial Pacific, Andrews and Meylan (1972)

found wide variations in density of nodule coverage at a single camera

station. Manganese pavements and submarine volcanic outcrops seemed to

be typical of abyssal hill slopes, while variable nodule spacing was

observed on hill tops and in valleys. Andrews and Meylan attributed

the variations in nodule density to differences in proximity to volcanic

outcrops, and variations in the local rate of sedimentation, as affected

by bottom currents.

Regional variations are also apparent in nodule chemistry, and

these have b~en reasonably well documented in the Pacific. Mero (1962,

1965) was the first to divide the Pacific into compositional regions,

noting iron-rich (adjacent to land masses), manganese-rich (near the

west coasts of North and South America), nickel/copper-rich (central

parts of the Pacific well away from both continents and islands), and

cobalt-rich (topographic highs of the Central Pacific) regions.

Refinement and modification of these geographic trends has resulted

from the work of Skornyakova, et ale (1962), Cronan and Tooms (1969),

Price and Calvert (1970), and Cronan (1972). Horn, Delach and Horn

(1973) recognized that the nodules richest in nickel and copper were

concentrated on a belt of siliceous ooze and clay in the northeastern

equatorial Pacific. Regional variations in nodule chemistry for the

Scotia Sea and Pacific Ocean sectors of the Southern Ocean have been

presented in the form of trend surfaces by Goodell, .5:!. al. (1971), who

noted three geochemical provinces. A lithophile (Fe) suite of elements

was enriched in concretions from the Pacific-Antarctic Ridge (centered

near 60 0S., l60 0W.), a chalcophile (Mu) suite in the Southwestern
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Pacific Basin, and a mixed Fe-Mn suite was found on the Chile Rise

East Pacific Rise (40 0-50 oS.). In general, the bulk chemical composi

tion of nodules from a single station or from a small geographic area

shows less variability than th&~ which occurs between major ocean

regions, but significant differences have been observed.

Manganese nodules are rocks in the sense that they are solid ob

jects consisting of a variety of minerals (see, for example, Meylan,

1968; Burns and Burns, 1977a). The most important of the minerals are

the authigenic iron and manganese oxides, but other authigenic and

detrital minerals, primarily silicates, are also found in nodules.

Basaltic volcanism contributes such minerals as plagioclase feldspar,

pyroxene, olivine, amphibole, magnetite and ilmenite. The authigenic

silicates phillipsite and montmorillonite are derived chiefly from the

alteration of volcanic fragments which form nodule nuclei or which are

incorporated during nodule growth. Detrital silicates such as quartz,

feldspar and clay minerals, and biogenic minerals such as opal and cal

cite settle onto nodule surfaces and may then be covered by subsequent

oxide accretion, while a similar process may be causing minerals from

the sediment underlying nodules to be trapped within growing oxide

laminae.

The iron and manganese oxides which precipitate on the deep sea-

floor occur in such finely divided particles that they appear amorphous

or poorly crystalline on X-ray diffraction (XRD) patterns. Originally,

Murray and Renard (1891), on the basis of chemical analyses, concluded

that nodules consisted of impure varieties of wad or bog manganese are

related to psilomelane. Buser (1959) summarized the results of compara

tive studies between the manganese oxides of nodules and synthetic
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analogues, and named the three principal nodule ~ oxide phases as

"lOA-manganite", 7A.-manganite", and I O- Mn0Z" ' Manheim (1965) noted

close similarities of X-ray powder diffraction data between five marine

manganese nodules and the terrestrial minerals todorokite and birnessite.

During the past decade, the natural mineral and synthetic phase termino

logies have often been used interchangeably or applied with variable

meaning, engendering confusion among workers in the field. Burns, et

ale (1974) suggested adoption of a terminology that is consistent with

present capabilities to discern nodule Mn minerals: (1) todorokite =

phase yielding 9.5-9.8A and 4.7-4.9A principal X-ray diffraction peaks,

(2) birnessite = phase yielding 7A and 3.6A principal peaks, and

(3) o-Mn02 = phase giving X-ray diffractions around 2.4A and 1.4A. The

dominant authigenic iron phase in nodules is X-ray amorphous, but it is

probably a hydrated ferric oxyhydroxide; minor amounts of goethite are

occasionally detected in nodules. Glasby (1972a) discussed the nature

of the Fe oxide phase in marine nodules.

Because of difficulties in characterizing the important nodule

mineral phases, few attempts have been made to study local and regional

variations in nodule mineralogy, but qualitative differences have been

noted in the manganese oxide mineralogy of Pacific nodules found at

various depths and geographic locations. Barnes (1967) determined that

Mn-oxides are basically depth dependent, 5-~m02 tending to occur at

shallower depths than either 7A- or lOA-manganite. Cronan and Tooms

(1969) noted a similar depth dependency, and also observed that todoro

kite-rich nodules were restricted to the east of 130oW. Long.) while

o-~m02 and 7A-manganite, which they lumped together as birnessite, were
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were most abundant in the western Pacific. Glasby (1972b) stated that

O-Mn0z typically is found in nodules from open ocean environments at

o 0

all depths whereas lOA- and 7A-manganite are characteristic of nodules

from continental borderlands. Meylan (1968) observed that todorokite

o
(or lOA-manganite) was the dominant Mn oxide mineral at all depths

throughout the Pacific-Antarctic region, and that the content of todo-

rokite relative to incorporated detrital minerals generally increased

away from the Antarctic continent. Meylan (1976) compared nodules from

two other areas of the Pacific using bulk XRD analysis. He found that

nodules from the Northeast Equatorial Pacific generally contain greater

proportions of todorokite than nodules from the Southwestern Pacific

Basin, where o-Mn0Z appears to be the dominant Mn mineral.

The mineral phases responsible for incorporating each of the

various trace metals have not _een definitely identified, although some

understanding of cation locations now exists. Burns and Fuerstenau

(1966), using an electron microprobe, discovered that Ni, Cu, Zn, K and

o
Mg were enriched with manganese in 10A-manganite layers, and Co, Ca and

Ti were enriched in layers with high Fe concentrations, the latter

usually containing O-MnOZ. Barnes (1967) concluded that Co and Pb were

o
enriched in O-Mn0Z relative to 10A-manganite, whereas the latter mineral

appeared to concentrate eu and Ni. Cronan (1967) observed similar Co,

Pb, Cu and Ni associations, and noted in addition that Ti was enriched

in the o-MnOZ phase, whereas Mo, V, Ba and Cr did not seem to show a

preference for either phase. Heylan and Goodell (1976) noted that

Southern Ocean nodules also displayed Cu and Ni enrichment when high in

todorokite, and at the same time showed Zn and Sn enrichment somewhat



16.

less clearly; nodules with relatively abundant O-~fu02 were seen to be

most likely to have greater proportions of Co and Ii, and possibly V

and Mo.

The most significant aspect of the sedimentary regime of nodules

is that they are most abundant where sedimentation rates are minimal.

Nevertheless, nodules do occur on a variety of sediment types deposited

at different rates, and the possibility exists that metal content might

be dependent upon the nature of the sedimentary substrate. By examining

the Challenger and Albatross reports on Pacific nodule collections, Mero

(1965) learned that nodules occur more frequently on red clay and radio

larian oozes than they do on Globigerina ooze, diatom ooze or blue mud.

In the Pacific-Antarctic Ocean, nodules are abundant on diatom ooze,

calcilutite, and silty clay (Goodell, ~ al., 1971). In the Indian

Ocean, nodules are found on both the red clays of the eastern part of

the ocean and the calcareous oozes of the western part of t~e ocean.

In the Atlantic Ocean, nodules are most abundant on the red clays of

the deep basins on the western side of the ocean, but are found on the

widespread carbonate oozes which dominate the surfaces of the Mid

Atlantic Ridge and eastern basins, as well. More unusual sedimentolo

gical settings for nodules also exist. Manganese is concentrated at the

crests of carbonate sand waves at certain sites on the Blake Plateau

(Hawkins, 1969). In the Jervis Inlet of British Columbia, nodules are

found on a substrate consisting of cobbles, pebbles, sands and localized

pockets of silty clays (Grill, et al., 1968).
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The Southwestern Pacific Basin

Between New Zealand and the subtropical islands of the central

South Pacific lies the Southwestern Pacific Basin (Figure 1). It is

one of the largest physiographic units of the earth's surface (10

million km2 below the 5000 meter isobath), and yet it has received

little scientific attention because of its relative isolation. This

study focuses on the most accessible, or northern part (approximately

one-third) of the basin, plus its equatorward extension, the Samoan

Basin.

The Southwestern Pacific Basin can be thought of as a "vast, trian

gular abyssal basin" (Wanoa and Lewis, 1972). Each side of the basin is

bounded by fundamentally different first-order tectonic features, all of

which have contributed to the present geological character of the basin.

On the south and southeast is a mid-ocean ridge (the East Pacific Rise/

Pacific-Antarctic Ridge), offset by a major transcurrent fault system,

the Eltanin Fracture Zone. This offset, and its northwestward exten

sion, the Louisville Ridge, effectively divide the basin into two seg

ments. On the north and northeast occurs a mid-ocean volcanic island

seamount province, which includes the Cook Islands and Austral Seamount

Chain. The western boundary consists of a continental land mass (New

Ze~land and its adjacent submarine plateaus, the Chatham Rise and

Campbell Plateau), and an oceanic trench system (the Tonga and Kermadec

Trenches). Parallel to, and immediately west of the trench system, is

found the NNE to SSW-trending Tonga-Kermadec island arc chain, which

includes a number or active volcanoes.

The Samoan Basin, which is most clearly delimited by the 5500 meter



Fig. 1. Ceue r a Ldz ed bathymetry of the Sout hwe s t e rn Pacific Basin and surrounding Pacific Ocean.
Contour interval 1000 meters, with additional 4500 m and 5500 m contours. Modified from
Udintsev, ~ al:- (1963).

I-'
00



40'
S

180' 160'

'"
/)

'()
(J

~()

tJ
-120'

C::7

~

.....
\0.



20.

depth contour, is a much smaller physiographic feature (possibly

500,000 km2 below the 5000 meter isobath). It lies between two volcanic

island groups (the Cook Islands and the Samoa Islands), and another

elevated area, the Manihiki Plateau, lies to the north and northeast.

A southward trending ridge with deep g~ps in places connects the eas

tern side of the Manihiki Plateau with the western end of the Cook

Islands chain, separating the Samoan Basin from the southern part of

the Penrhyn Basin. On the northwest, the Samoan Basin is constricted,

forming the Samoan Passage which leads to the North Tokelau Basin.

The area which concerns this study has received little scientific

scrutiny to date. It was first sampled in 1874 during the Challenger

expedition (Stn. 171), but more than 75 years then elapsed before sub

stantial additional material was collected for evaluation of the nature

of the sea-floor. The principal oceanographic expeditions which have

crossed the study area are listed in Table 1. Most of these have con

tributed only a few scattered samples, or were not planned for bottom

sampling, such as the SCORPIO Expedition (a series of hydrographic

stations). However, significant nodule and sediment collections were

made during the MONSOON Expedition, Vema cruise 18, and three Vitiaz

cruises (37, 43 and 48). The samples for this study were derived exclu

sively from the Tangaroa cruises of 1974 and 1976, but available infor

mation from previous cruises was also utilized, principally for under

standing nodule and sediment distribution. In addition, the DOWNWIND

Expedition of 1957-58 and several Eltanin cruises (principally 16 and

24) sampled parts of the Southwestern Pacific Basin to the southeast

and south of the area of concern. Information from these cruises has

also been useful for mapping nodule and sediment distribution trends.



TABLE 1

PRINCIPAL OCEANOGRAPHIC EXPEDITIONS CROSSING THE SAMOAN BASIN
AND NORTmiESTE~~ SECTOR OF SOUTHWESTERN PACIFIC BASIN

21.

Institution Expedition/Legs Ship Date

British Admiralty CHALLENGER Challenger 1874

Carnegie Institution CARJ.1EGIE 7 Carnegie 1929

SIO CAPRICORN Baird, Horizon 1952-53

SIO MONSOON Argo 1960-61

SIO PROA 3 Baird 1962

LDGO VE...'1A 18 Vema 1962

LDGO VEMA 19 Vema 1963

SIO Al'1PHITRITE 2, 3 Argo 1963-64

USSR Academy of Science VITIAZ 37 Vitiaz 1965

LDGO CONRAD 9 R.D. Conrad 1965

LDGO CONRAD 10 R.D. Conrad 1966

NSF/USARP SCORPIO Eltanin 1967
(ELTANIN 28, 29)

SIO NOVA 2, 3 Argo, Horizon 1967

NSF/USARP ELTANIN 31 Eltanin 1967

LDGO CONRAD 12 R.D. Conrad 1968

SIO STYX 2-4, 6, 9 Agassiz 1968

USSR Academy of Science VITV·..z 43 Vitiaz 1963

Tokyo University SOUTHERN CROSS Hakuho Haru 1968
(KH-68-4)

NSF/USARP KIWI (ELTANDI 40) Eltanin 1968

LDGO CONRAD 13 R.D. Conrad 1970

USSR Academy of Science VITIAZ 48 Vitiaz 1970



22.

TABLE 1 (Continued)

PRINCIPAL OCEANOGRAPHIC EXPEDITIONS CROSSING THE SAMOAN BASIN
AND NORTHWESTERN SECTOR OF SOUTHWESTERN PACIFIC BASIN

Institution Expedition/Legs Ship Date

HIG MARl 70 Mahi 1970

SIO SEVENTOW 3B, 4, 5 Hashington 1970

SIO ANTIPODE 15, 17 Helville 1971

I.JHOI CHAIN 100 Chain 1971

HIG KK71 Kana Keoki 1971

NSF DSDP 21 Glomar Challenger 1971-72

SIO CATO 3 Melville 1972

SIO SOUTHTOW 10-12 l<lashington 1972

NSF GEOSECS Pacific Melville 1974
6, 8

NZOI MANGANESE 74 Tangaroa 1974

NZOI MANGANESE 76 Tangaroa 1976

Modified from Winterer, et ale (1974). Institution abbreviations:
SIO = Scripps Institution-o~ceanography;LDGO = Lamont-Doherty
Geological Observatory; NSF = National Science Foundation; USARP =
United States Antarctic Research Program; HIG = Hawaii Institute
of Geophysics; WHOI = l.Joods Hole Oceanographic Institution; :-JZOI =
New Zealand Oceanographic Institute.
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A survey of the southern Penrhyn Basin during 1976 has furnished infor

mation for extrapolation of nodule occurrence eastward from the Samoan

Basin (Landmesser, et al., 1976).

The Southwestern Pacific Basin probably has evolved by sea-floor

spreading from the East Pacific Rise. This hypothesis is strongly sup

ported in the southeastern and southwestern sectors of the basin by

linear magnetic anomaly patterns (see, for example, Pitman, et al.,

1968; Christoffel and Falconer, 1972, 1973; and ~fulnar, ~ al., 1975).

The tectonic picture is much less clear in the northern sector, where

a linear magnetic anomaly pattern has not been worked out. Based on

several lines of evidence, though, the study area can be assumed to have

oceanic crust at least as old as Early Eocene. For instance, most of

the nodule deposits are found at depths of 5000-5500 m, which correspond

to a minimum age of about 50 m.y. according to the empirical age vs.

depth relationships noted by Sclater, et ale (1971). At Deep Sea

Drilling Project Site 204, immediately east of the Tonga Trench, Burns,

Andrews, ~ ale (1973) found reworked Cretaceous radiolarians and nanno

fossils in silty clay overlying tuffaceous sandstone, the latter con

taining possible Inoceramus remains. Basement was not reached, but this

faunal evidence obviously points to very old (at least Cretaceous) crust

for that location. Additionally, the fact that magnetic anomalies are

not readily apparent in the northern sector of the basin could be an

indication of the presence of the Late Cretaceous magnetic quiet 7.o~e

(85-110 m.y.B.P., Larson and Pitman, 1972).

Despite the uncertainty in the mechanism for generation of crust

in the study area, it appears to be normal oceanic crust. On a traverse

between Samoa and the Cook Islands, Kovylin (1970) found Layer 2 to be
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0.86-2 km thick, with seismic velocities of 4.49-5.77 km/sec. At one

refraction station, Layer 3 was 9.58 km thick, with seismic velocities

of 6.68 km/sec; velocities for this basaltic layer at other stations

ranged from 6.4 to 6.75 km/sec. ine sedimentary layer (Layer 1) dis

plays greater variability, of course, but seldom exceeds 0.2 km in

thickness except near islands or adjacent to the New Zealand continental

shelf (Ewing, ~ al., 1969).

Submarine volcanism undoubtedly has been responsible for creation

of most of the physiographic features in the Samoan and Southwestern

Pacific Basins, on a scale from the abyssal hills which occupy much of

the deeper sections, to larger features such as the Samoan and Cook

Island chains, and the Manihiki Plateau. In fact, in the older regions

of the Pacific Plate such as the study area, seamount chains are so

boldly developed that newer lavas from them tend to obscure the older

crust on which they are built (Winterer, 1973).

While abyssal hills typically are the result of emplacement of new

oceanic crust at spreading centers (e.g., Luyendyk, 1970), linear vol

canic chains may be formed during crustal migration over an aestheno

sphere hot spot (e.g., \-lilson, 1963; Morgan, 1971) or by stresses pro

duced during interaction of adjacent lithosphere plates. Hawkins and

Natland (1975) pointed out that the Pacific Plate is sharply flexed and

ruptured at the bend in the northern end of the Tonga Trench, and that

the Samoan Chain is aligned along the axis of the flexure, probably

representing magma "leaks". The volcanic edifices that make up the

chain were built above sea level with voluminous flows of olivine basalt

during the Pliocene (Lonsdale, 1975). Renewed late Pleistocene extrusive
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volcanism has continued to the present. An archipelagic apron of

sediments up to 1 km thick has been deposited around the Samoan Chain

during the last 5 m.y. (Lonsdale, 1975).

The Manihiki Plateau is a different type of volcanic feature. It

occupies an area of about 500,000 km2 , and can be described as anoma

lously shallow crust that supports the thickest pelagic sediments in

the South Pacific (~interer, et al., 1974). DSDP drilling at Site 317

reached a basement of extremely vesicular tholeiitic basalts of probable

oceanic rather than edifice type (Schlanger and Jackson, et al., 1974).

Additional shallow water extrusives (Early Cretaceous volcanogenic sand

stones and siltstones) accumulated before subsidence occurred, possibly

in Late Cretaceous time. Except for scattered atoll pinnacles, most of

the plateau now lies at depths of 2500-4000 m. Pelagic foraminiferal

and nannofossil oozes of Late Cre'aceous to Quaternary age, up to 1 km

thick, now cap its volcanic foundation (Heezen, ~ al., 1966; Schlanger

and Jackson, et al., 1974; Winterer, et al., 1974). According to the

latter authors, the unusual character of the Manihiki Plateau can be

attributed to "a period of unusually voluminous volcanic eruptions at

the time of lithospheric generation ~Jhen the plateau was at or near the

middle Cretaceous triple junction [ridge-ridge-ridge] between the

Pacific, Antarctic, and Farallon plates."

A narrow line of volcanic ridges and peaks, known as the Louisville

Ridge, slices through the southern part of the study area. The nature

of this probable northwestward extension of the Eltanin Fracture Zone

has been discussed by Hayes and Ewing (1971). The Louisville Ridge is

aseismic, and intersects the Tonga-Kermadec trench system near 26°S.
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Lat., l75°W. Long. It appears to be continuous, rather than a series

of isolated peaks. Additionally, very few isolated peaks or seamounts

are found in the immediate vicinity of the ridge. In many places, the

crest is flattened near a depth of 1500 m, suggesting truncation. Sills

as deep as about 4000 m segment the ridge. Sediment cover on the ridge

is thin, generally less than 50 m.

Detrital sediment particles can be widely dispersed over the

Southwestern Pacific and Samoan Basins by the wind, by ocean surface

currents, and by deep ocean currents, while processes such as slumping

and turbidity currents act on a more localized scale. Because back-arc

basins and trenches trap the bulk of the clastics delivered to the

western margins of the South Pacific, the most significant land-derived

component of marine sediments in the study area is probably initially

transported by the atmosphere (Windom, 1975). The deserts of the

Australian subcontinent and the volcanoes of the Tonga-Kermadec island

arc are the likely sources of much of this material (Griffin, ~ al.,

1968; and Glasby, 1971; among others).

The wind, in turn, is the principal driving force for ocean sur

face currents. The dominant feature of these currents in the area

under consideration is the western limb of the subtropical anticyclonic

gyre, which merges to the 80uth with the West Wind Drift, or Antarctic

Circumpolar Current. Fine-grained particles in upper water masses

would therefore show a general tendency to be carried southward and

westward in the northern part of the study area, and eastward in the

southern part.

The circulation pattern in the deep water of the Southwestern

Pacific Basin is the opposite of that displayed by surface waters,
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i.e., it is clockwise (Warren, 1973). Abyssal circulation is driven

primarily by thermohaline density differences (Wyrtki, 1961). The most

significant aspect of deep water.,vement is equatorward-flowing western

boundary currents. Stammel and Arons (1960) used theoretical results to

construct a highly idealized model of the general abyssal circulation of

the world ocean, which included a narrow western boundary current along

the Tonga-Kermadec Trench. The SCORPIO Expedition verified the exis

tence of such a current by occupying transpacific hydrographic stations

along 28°S. and 43°S. Lat. (Reid, et al., 1968; \Jarren, 1973).

Initial geostrophic computations indicated that the southwestern

Pacific deep boundary current is 70 km wide, is confined to depths of

2500-4500 m, and transports water northward at the rate of about 8-12 x

106 m3/sec (Reid, et al., 1968). Subsequent analysis of the data obvi

ated the requirement that the current be considered as narrow (Warren,

1973), because for values of parameters appropriate to the deep ocean,

the lateral diffusion of density severely limits geostrophic velocities,

thus dictating a relatively broad flow field (Warren, 1976). At 43°5.

Lat., the western boundary undercurrent has a width of about 1000 km,

and flows mostly east of the Tonga-Kermadec Trench. The greatest cur

rent speeds were found close against the slope of the Chatham Rise at

l68°W. Long., where movement exceeded 4 cm/sec in the depth interval

3500-5000 ffi. Velocity falls off rapidly toward the east. At 28°5. Lat.,

the deep current has a width of about JIOO km, and reaches velocities

of about 20 cm/sec at depths greater than 4 km on the flank of the

Kermadec Ridge. On the western side of the ridge, there is a strong

counterflow having southward velocities greater than 4 cm/sec. Net
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northward volume transport below 3 km east of New Zealand and the

Kermadec Ridge was calculated to be 12-15 x 106 m3/sec (Warren, 1973).

Actual measurements of bottom current velocities have been made

during the STYX Expedition (Reid, 1969), the KTI~I Expedition (Warren

and Voorhis, 1970) and CHAIN 100 (Macdonald and Hollister, 1973). Reid

verified ~he importance of a deep channel near 90S. Lat., l69°W. Long.

that is now known as the Samoan Passage. In the channel at depths below

4800 m, north-northeastward flows averaging 3-15 em/sec were reported,

while in the basin to the south that feeds the channel (the Samoan

Basin), flow directly toward the channel averaging 4.4 em/sec was

recorded. Reid pointed out the significance of this channel--the Samoan

Passage seemed to be the only passage connecting the North and South

Pacific at depths greater than 5000 m. Sill depth is about 5200 m.

This, of course, permits water carried in the western boundary under

current to exit from the Southwestern Pacific Basin. Macdonald and

Hollister estimated that about 2 x 106 m3/sec of cold bottom water

reaches the central basin of the North Pacific by deep flow through

the Samoan Passage. The influence of the deep currents on abyssal

sedimentation in the Passage has been discussed by Hollister, et ale

(1974), who found that the axis of most rapid bottom current flow in

the passage is marked by manganese nuau12s lying on semi-indurated

sediment. A significant amount of botto~ water may also flow eastward

through the Aitutaki Passage (Pautot and Melguen, 1976) between the

Manihiki Plateau and the southern Cook Islands.

The deep western boundary current in the Southwestern Pacific Basin

consists primarily of Antarctic Bottom Water (AABW) , which is separated
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from the overlying South Pacific Deep ~-1ater by a "benthic front", or

surface of marked changes in potential temperature, salinity, silicate,

radium, oxygen and nutrient values (Craig, et al., 1972). Antarctic

Bottom ~-1ater flows into the Pacific from the region between Hacquarie

Island and Antarctica (Sverdrup, et aI., 1942). It has not always done

so. Prior to the Early Eocene, Australia and Antarctica were joined

(Kennett, ~ al., 1972). The separation of Australia from Antarctica

is the latest fragmentation in the history of Gondwanaland (LePichon

and Heirtzler, 1968), and as a result of the separation, the last obsta

cle to Antarctic circumpolar circulation with infinite fetch was removed.

At about the same time, the onset of Antarctic glaciation occurred.

This would have promoted the generation of Antarctic Bottom Water.

Evidence for resulting intensification of bottom water movement has been

found in numerous DSDP sediment cores in the southwestern Pacific (e.g.,

Kennett, et al., 1972). This evidence includes the existence of a wide

spread regional unconformity centered in the Early Oligocene. The bio

stratigraphic record in piston cores from the Samoan Passage indicates

that the deep western boundary current also became significantly en

hanced at about the same time (Johnson, 1974). Movement of Antarctic

Bottom Water eastward through the Aitutaki Passage to the area north of

the Society, Tuamotu and ~~rquesas Islands has been postulated to play

a role in manganese nodule formation there (Pautot and Me1guen, 1976).

Bathymetry and Sample Distribution

The most comprehensive bathymetric map or the southwestern Pacific

forms part of the larger work by Udintsev, et a1. (1963), which encom

passes the entire Pacific Basin. Using echo-sounder profiles gathered
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during two Tangaroa cruises, some of the isobaths depicting generalized

bathymetric features on the Udintsev, ~ al. map have been modified.

These modifications have been incorporated in Figure 1. The principal

change is an increase in the area deeper than 5500 m, particularly in

the Samoan Basin and the area west-southwest of the Cook Islands.

The small-scale bathymetric features which were traversed during

the two Tangaroa cruises have been discussed by Meylan, ~ al. (1975),

Backer, et al. (1976), and Meylan, ~ al. (1977). Nodules and sediment

samples were recovered mainly from areas of abyssal hills up to a few

hundred meters in relief, although flatter areas near the Chatham Rise

and on the Samoan Archipelagic Apron were also sampled. The locations

of all Tangaroa stations are shown in Figure 2. Information regarding

each station is tabulated in Appendix A; in addition to position and

depth, this includes a brief description of each sample and the nature

of the bottom topography at each station. Almost always, sampling was

biased by a deliberate effort to avoid the potentially treacherous

slopes of high relief features such as seamounts, where manganese

crusts would be expected to occur, rather than nodules.

Information regarding samples collected by other expeditions was

taken into account whenever possible. Such information was particu

larly useful for mapping sediment color trends and the distribution of

nodules and various sediment types. Lamont-Doherty sampling locations

are shown in Figure 3, Russian Vitiaz stations in Figure 4, and Scripps

(plus miscellaneous) stations in Figure 5. Data on position and depth

for all of these stations are listed in Appendix B.
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Fig. 2. Tangaroa cruise tracks and station locations. Except at the
beginnings and ends of traverses, or where stations were closely
spaced, alternate station numbers have been omitted. Information
on station position, depth, bottom topography and samples is listed
in Appendix A.
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Fig. 3. Lamont-Doherty Geological Observatory (LDGO) sampling stations
in the southwestern Pacific Ocean (solid triangles). LDGO station
designations, plus position and depth for each station, are listed
in Appendix B.

A number of closely spaced stations in the northeastern sector of
the map are identified in composite form by lett~r designations:

A = Stns. 44, 45, 82, 83, 88, 89

B = Stns. 48-52, 90-97

C = Stns. 53, 98, 102

D = Stns. 84-87

E = Stns. 99, 103

F = Stns. 100, 105
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Fig. 4. Russian Vitiaz sampling stations in the southwestern Pacific
Ocean (open triangles). Original station designations, plus position
and depth for each station, are listed in Appendix B.
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Fig. 5. Scripps Institution of Oceanography sampling stations in the
southwestern Pacific Ocean, plus miscellaneous stations (solid
squares). Original station designations, plus position and depth
for each station, are listed in Appendix B.
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Plan of Study

This dissertation is essentially a logical consequence of two man

ganese nodule exploration cruises in the southwestern Pacific Ocean.

The objective of these cruises was to determine the nature and the ex

tent of nodule deposits that had been outlined in a preliminary fashion

by Skornyakova and Andrushchenko (1970), and to gather nodule and sedi

ment samples for scientific study and economic assessment. The fact

that such samples were indeed recovered made this study possible, of

course, and the nature of the samples themselves suggested several types

of analyses that might prove fruitful for understanding their origin.

Because nodules in the study area appeared to exhibit a high degree

of uniformity, particularly southwest of Rarotonga and in the Samoan

Basin, it was deemed appropriate to record nodule parameters such as

size, shape and surface texture so that this apparent uniformity could

be measured and expressed in some quantitative fashion. This would

allow comparison of variations in the external physical properties of

nodules ~vith differences in internal structure and chemistry. It would

also permit the deposits to be compared in the future with those from

other areas.

By fracturing some of the nodules, it was noted that they also

displayed similarity of internal structure. This structure appeared to

be relatively uncomplicated compared to nodules from the northeastern

equatorial Pacific, where it is not uncommon to see several generations

of nodule growth, fracturing and renewed growth in a single nodule.

Because of the apparent relative simplicity of the internal structure

of southwestern Pacific nodules, the possibility for discovering
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regionally coherent trends of such nodule properties as chemistry and

mineralogy, within distinct structural units, presented itself.

Sediment samples were recovered with most of the nodules. It was

readily apparent that the nodules tended to occur on brown silty clays.

Because of the possibili.ty that che apparent uniformity of nodule

bearing sediment might be reflected in the relative physical uniformity

of the nodules, it was decided that an investigation of the variability

of various sediment properties be undertaken, as well. From this inves

tigation, the degree of relationship between the nodules and the sedi

ments on which they were found could be assessed.

The particular study techniques which were used to deduce specific

nodule and sediment properties are discussed in the following section.
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MATERIALS AND METHODS

Sample Collection

Nodules were collected by dredges and free-fall grabs during two

Tangaroa cruises. Station locations and results of sampling attempts

are listed in Appendix A. Dredging was conducted with a closed-end

pipe dredge approximately 20 cm in diameter and 95 cm long. Less fre

quently used were free fall grabs of Kennecott and Preussag design.

Most of the sediment samples were also collected by pipe dredging, but

some were gathered with a gravity corer. The barrel of the corer had

a length of about 1 m, and was fitted with a plastic liner about 8 em

in diameter. A few bottom photographs were obtained during the Tangaroa

r~nganese '74 cruise (Glasby and Singleton, 1975).

Sample Documentation

Nodules collected at each station were washed free of clinging

sediment. Nodule size range, morphology and surface texture were des

cribed, and nodule type was determined according to the Meylan and Craig

scheme (Meylan, 1974). The nodules were then separated into size frac

tions for weighing. Wet nodule weights were determined by beam balance

during the 1974 Tangaroa cruise, and by a spring scale during the 1976

cruise. (After the latter cruise, nodules were reweighed on a labora

tory pan balance.) Sediment color and type were visually described in

rough fashion aboard ship, and determined more precisely following both

cruises. Results of the documentation efforts are given by Meylan, et

ale (1975), Backer, ~ ale (1976), and Meylan, et ale (1977).

The recording of size, shape and surface texture was performed not
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only in a descriptive sense, but also photographically. Backer, et ale

(1976) included photographs of the entire nodule haul of each pipe

dredge or free fall grab recovered during Tangaroa Manganese '74, and

similar photographs were taken of Manganese '76 samples. Representa

tive nodules from the latter cruise are sho~vn in Meylan, et ale (1977).

Selection of Nodules for Study

A representative subset of each nodule haul was selected for bulk

chemical analysis. A similar subset was chosen for more detailed

studies. From this latter subset, nodules showing physical features

typical of those at each station were singled out for chemical and

mineralogical analyses. Nodules showing unusual features, such as a

unique morphology, were also selected for more detailed studies, in

order to compare their internal structure, chemistry and mineralogy

with the more typical nodules. A reference subset of each nodule haul

has been retained at the New Zealand Oceanographic Institute.

Nodule Internal Structure

The internal structure of each nodule selected for study was exa

mined in one of two ways. Nodules chosen for microprobe analysis or

reflected light photography were vacuum-embedded in cold setting clear

casting resin and sawed in half. The noduJe interior surface was

polished using standard polished section techniques. Nodules chosen

for chemical and mineralogical analysis were fractured, and the internal

structure, as seen by the unaided eye or with a hand lens, was described.

Visually distinct structural units were separated by hand for analysis.
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Sediment and Nodule Chemical Composition

X-ray fluorescence/EDAX analysis. Silicon, aluminum, calcium,

titanium, and iron in the sediment samples were determined by X-ray

fluorescence analysis, using an EDAX International EXAM system (Table 2).

TABLE 2

COMPONENTS OF EDAX/EXAH SYSTEH FOR
X-RAY FLUORESCENCE fu~ALYSIS

Model 409 Power Regulator and Vacuum Control Unit

Model 901 X-ray Generator

Hodel 921 X-ray Spectrometer

Model 707B Energy Dispersive Analyzer

Data General Corp. NOVA 1210 Computer with EDIT Program

Teletype Printer

Sediments were dried at 80°C for about 48 hours, and ground to a fine

powder. After mixing 1:1 by weight with boric acid powder, each sample

was pressed into an aluminum "spec" cap at about 10,000 psi pressure.

The pressed sample was placed in a holder in the X-ray spectrometer

vacuum chamber, and subjected to Bremsstrahlun8 radiation generated

from a rhodium source tube operated at 19 kV and 64 ~a. The fluores-

cence spectrum produced during a 100 second irradiation was computer

analyzed to yield total counts attributable to selected element peaks

(KS for iron, ~ for other elements). Each sample was run three times,

and element counts were averaged.

Element weight percents for silicon, calcium and titanium were
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derived by plotting average element counts on standard curves which had

been prepared with synthetic sediment samples. The synthetic standards

were run with each batch of sediments. Standards were made by weighing

out reagent-grade chemicals to form mixtures approximating the composi

tion of various deep-sea sediment types. The compositions of the syn

thetic standards are given in Table 3.

Iron and aluminum cont~nts were derived from working curves con-

structed using weight percent values for Stns. G 980, G 992, G 1001 and

G 1002 sediments, as previously determined by atomic absorption analysis.

Manganese content was similarly determined, although the atomic absorp

tion analysis results were used in this study. (No significant differ

ence in manganese values between the two techniques was noted.)

Atomic absorption spectrophotometry. Manganese, nickel, copper

and cobalt in sediment samples, and these same four elements plus iron

in nodules, were determined by atomic absorption spectrophotometry.

Sample preparation procedure was modified from that reported by

Frank, et ale (1976). Powdered samples were dried at 110°C to constant

weight, and placed in a desiccator to cool. Approximately 0.2-0.3 g of

each was weighed into a Teflon beaker, and acidified with 5-15 ml aqua

regia (2:1 hydrochloric acid:nitric acid). Samples were heated to a

boil and evaporated to near dryness (2-3 hours). About lO-l~ ml hydro

fluoric acid and 0.5 ml perchloric acid were then added, and Telfon

watchglasses were placed on top of the beakers to permit refluxing (2

hours). The beakers were uncovered, Rnd heating was continued until

HCl04 fuming indicated that all HF had evaporated (about 2 hours). The

acidification sequence was then repeated, followed by a third aqua

regia treatment (3-5 ml) to insure total dissolution of the sample.
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COMPOSITION OF SYNTHETIC SEDIMENTS USED AS X-RAY
FLUORESCENCE STfu~DARDS

45.

Weight Percent Weight Percent
Synthetic Sediment Chemical Chemical Element Element

Calcareous Ooze #1 CaC03 87.91 Ca 35.22
Si02 4.06 Si 1.90
Al203 3.98 Al 2.11
NaCl 4.06 Na 1.60

Calcareous Ooze #2 CaC03 74.03 Ca 29.66
Si02 14.00 Si 6.55
Al203 3.46 Al 1.83
Fe203 4.00 Fe 2.80

. NaCl 3.98 Na 1.56
Ti02 0.52 Ti 0.31

Calcareous/Siliceous Si02 39.95 Si 18.68
Ooze CaC03 39.89 Ca 15.98

Al203 10.10 Al 5.35
Fe203 5.02 Fe 3.51
NaCl 5.04 Na 1.98

Siliceous Ooze Si02 64.86 Si 30.33
CaC03 14.98 Ca 6.00
Al203 9.75 Al 5.16
Fe203 4.96 Fe 3.47
NaCl 4.08 Na 1. 60
Mn°2 1.07 Mn 0.68
Ti02 0.30 Ti 0.18

Red Clay til Si02 58.89
,

Si 27.54
Al203 I 20.06 I A1 10.62
Fe203

I 9.92 I Fe 6.94I

CaC03 I 4.02 Ca 1. 61
I NaC1 3.00 Na 1.18

I Mn°2 3.11 Mn 1. 96
I Ti02 1.01 I Ti 0.61

Red Clay tf2 Si02
,

49.91 Si 23.34
Al203 15.97 Al 8.45
Fe203 12.00 Fe 8.40
CaC0 3 8.03 Ca 3.22

! NaC1 6.04 Na 2.37
i Mn°2

!
6.04 ~1n 3.82I ,

I Ti02 2.02 Ti ! 1.21
I
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After the last aqua regia addition, samples were again heated and

evaporated to near dryness. Samples were then transferred from the

Teflon beakers to 25 ml graduated cylinders, and brought to volume with

5% HCl. Ten-fold and 100-fold dilutions were made with distilled water.

A reagent blank and at least one duplicate or replicate sample was pre-

pared with each batch of samples.

Sample absorbance values were measured with a Perkin-Elmer Model

603 Atomic Absorption Spectrophotometer, using an oxidizing air-

acetylene flame and a deuterium arc background corrector. Instrument

settings and sensitivity for each element are listed in Table 4.

TABLE 4

INSTRDrlliNT SETTINGS fu~D SENSITIVITY,
ATOMIC ABSORPTION SPECTROPHOTOMETER

Wavelength Sensitivity (~g/ml Slit
Element (nm) for 1% absorption) (nm)

Nickel 232.0 0.15 0.2

Cobalt 240.7 0.15 0.2

Iron 248.3 0.12 0.2

Manganese 279.5 0.055 0.2

Copper 324.8 0.09 0.7

Burner head length and placement angle were varied where necessary to

keep absorbance values within a linear range. Absorbance values ,Jere

obtained from a digital display, with displayed values representing

integrations over a period of either 0.5 or 1.0 second. Samples were
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run in batches of 18 or 27. Standards were run at least four times for

each element in each batch. For a number of samples, absorbance values

were obtained at several separate times during each run, in order to

check the reproducibility of the values.

Standards 'were prepared from Spex standard reference solutions,

dilutions being made with distilled water. Absorbance factors for each

element were calculated by averaging the absorbance factors (ppm of

standard/absorbance of standard) determined at all standard dilutions.

Element concentration was calculated from the equation:

Element concentration (ppm) =

Absorbance Factor x Sample Absorbance DOl to
Standard Absorbance x ~ u ~on Factor

where Dilution Factor = 25 (for sample brought to 25 ml
volume, or S25)

and at lOx dilution = 25 (Wt. 1 ml S?5 + Wt. 9 ml H20)
Wt. 1 ml S25

2
and at 100x dilution = 25 (Wt. 1 ml S?5 + Wt. 9 ml H20) , etc.

Wt. 1 ml S25

Electron microprobe analysis. A number of nodules collected during

the 1974 Tangaroa cruise were analyzed by electron microprobe. Details

of the technique are presented by Glasby, ~ ale (in press).

X-ray Diffraction Analysis

Sediment and nodule mineralogy was determined by X-ray diffraction

analysis. Air-dried samples were ground to a fine powder and pressed

into an aluminum planchet. The samples were subjected to Ni-filtered

Cu-Ka radiation generated at 35 kV and 20 mao A Norelco diffractometer

with gas proportional tube detector, a pulse height analysis unit and a

strip-chart recorder were used to produce X-ray diffractograms.
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Instrument settings are listed in Table 5.

Each sample was run three times in order to permit averaging of

peak areas, since individual peaks tended to be somewhat variable.

Sediment samples were scanned from 3° to 55° two-theta, and ferroman-

ganese oxides from 5° to 40° two-theta. Peaks were identified directly

by use ~f mineral identification overlays, rather than by converting

°degrees two-theta to Angstrom spacings in order to use the ASTM powder

data file.

TABLE 5

INSTRU}ffiNT SETTINGS FOR X-RAY DIFFRACTOMETRY

Condition

Divergence (collimator) slit

Receiving slit

Scatter slit

Goniometer scan speed

Chart speed

Scale factors

Rate meter (multiplier)

Time constant

Rate meter (fixed counts/seconds)

Setting

1°

1° two-theta/minute

1° two-theta (0.5 inch)/minute

5

4 seconds

102

A few sediment samples received special treatment in order to

facilitate clay mineral identification. After washing in distilled

water, these samples were divided, one half being saturated with 1 ~

MgC12 and the other half with 1 N KC1. Both subsamples were then

washed in distilled water, and X-ray diffractograms made of the follow-

ing material: ++(1) Mg -saturated wet paste, (2) ethylene glycolated
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Mg++-saturated paste, (3) air-dried K+-saturated paste, and (4) K+

saturated paste, heated to 105°C and 550°C.

Sediment Grain Size Analysis

Sediment grain size distribution was determined at the New ZeaJ.and

Oceanographic Institute using the sievingfpipetting method outlined by

van der Linden (1968). A 64 ~ sieve was used to separate the coarse

and fine fractions. The coarse fraction (> 64 ~) was dried and shaken

through a series of sieves to determine size fraction weight percents

for sand and larger material (> 1000 ~, 500-1000 ~, 250-500 ~, 125-

250 ~, and 64-125 ~ size fractions). Silt- and clay-size material

« 64 ~) was agitated in a sodium hexametaphosphate solution to prevent

clay flocculation, and 20 cc volumes removed by pipette from specified

depths at specified times, and then evaporated and weighed to deter

mine the 32-64 ~, 16-32 ~, 8-16 ~, 4-8 ~, and < 4 ~ size fraction weight

percents. Several samples were run in duplicate to check results.

Smear Slide Microscopy

Sediment type was determined by examination of smear slides pre

pared in standard fashion. Using a toothpick, a tiny amount of moist

sediment was dispersed in a few drops of water on a glass slide. After

the water was evaporated from the slide on a hot plate, a few drops of

Caedax was smeared over the dried sediment spot, and heated until bubble

formation ceased. Before the Caedax was cooled, a glass cover slip was

pressed over it, and excess Caedax removed from around the edges of the

cover slip. The smear slides were examined with a Zeiss petrographic

microscope at 200x, 500x and l250x, and percentages of the various

components visually estimated.
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RESULTS -- SEDIMENTS

Sediment Color

Color is a sediment property which is difficult to determine with

any degree of consistency by the normal technique of visual comparison

with color charts. The determination is subject to a high degree of

operator variability, which in part can be attributed to the use of

different lighting conditions. Nevertheless, regional generalizations

regarding sediment color can be made by concentrating on the frequency

of reported occurrence of particular colors or closely related colors.

Those colors with a low frequency of reported occurrence in an area can

be regarded either as the product of improper description or unusual

local circumstances, while colors most frequently reported can be re

garded as reasonably representative of the regional picture.

The macroscopic color of deep-sea sediment is usually attributable,

not to the dominant volumetric component, but to a minor constituent

with high chromatic saturation such as iron or manganese oxides.

Essentially pure siliceous or carbonate oozes will appear white; addi

tion of only a few percent metal oxides will markedly alter the color,

giving the sediment some shade of yellow, orange or brown. Pantin

(1969) has noted that manganese dioxide tends to produce a darker

variety of these colors than ferric oxide or hydroxide. He also found

that adsorbed organic matter or silicates with exchangeable ferric iron

can be responsible for an olive hue. Moberly and Klein (1976) found

that post-recovery color changes due to oxidation of trace amounts of

organic matter and pyrite are common in young, rapidly accumulated

calcareous oozes.
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As is discussed in Appendix C (Definitions and Nomenclature), the

color of Tangaroa sediment samples was described using Munsell soil

color charts. Previous descriptions of the same material had been made:

for ~1anganese '74 samples by Meylan, ~ a1. (1975) and Backer, et a1.

(1976), and for Manganese '76 by Meylan, ~ al. (1977). \~ile these

descriptions adequately portrayed color trends in the areas covered by

the individual cruises, they could not be used directly to characterize

the entire study area, as became evident when samples from the separate

cruises were compared. A need to proceed toward color grouping was

subsequently mandated by the desirability of incorporating published

and unpublished LDGO core descriptions.

Although the sediments of the southwestern Pacific Ocean do show a

wide range of colors, these can be separated into four overlapping

groups: (1) white, orange, light grays and light bro~vns, which occur

primarily at depths less than about 4000 meters in areas where volcano

genic sediments are relatively sparse, (2) grays, olive grays and

grayish browns, which are typical of all depths in areas with a size

able input of volcanogenic sediment, (3) medium browns and yellowish

browns, found predominantly at depths greater than about 4000 meters

south and west of the Cook Islands, and (4) dark browns, typical of

pelagic deeps between Samoa and the Cook Islands. The geographic dis

tribution of these four sediment color groups is shown in Figure 6.

The most frequently occurring colors in each group are listed in Table 6.

The sediments of Group 1 are light-colored essentially because of

their high carbonate contents, and most have been deposited well above

the calcium carbonate compensation depth, as on the Manihiki Plateau.
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Fig. 6. Color of surface sediments.

Area 1: White, orange, light grays and light browns.

Area 2: Grays, olive grays and grayish browns.

Area 3 : Medium browns and yellowish browns.

Area 4: Dark browns.
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TABLE 6

SOUTHWESTERN PACIFIC OCEAN SURFACE SEDI}ffiNTS: COMMON COLORS

GROUP 1 (Relatively shallow areas at some distance from active
volcanism).

WHITE (N9)
Very light grayish orange (also white or pinkish gray) (5YR 8/1)
Very light orange (also white or very paZe orange) (lOYR 8/2)
Very pale brown (also grayish orange) (lOYR 7/4)
Pale brown (IOYR 6/3)
Light yellowish brown (IOYR 6/4)
Light brown (also reddish gray or paZe brown) (5YR 5/2)

GROUP 2 (Shallow and deep areas near active volcanism).

Light gray/gray (also Zight brownish gray) (5YR 6/1)
Light brownish gray (also paZe yeZlowish brown) (lOYR 6/2)
Pale brown (IOYR 6/3)
Light yellowish brown (lOYR 6/4)
Light brown (also reddish gray or pale brown) (5YR 5/2)
Brown (5YR 5/3)
Grayish light olive brown (2.5Y 5/3)
Dark grayish olive brown (2.5Y 4/3)
Dark yellowish brown (lOYR 4/4)
Very dark gray (5Y 3/1)

GROUP 3 (Relatively deep areas south and west of the Cook Islands).

Reddish brown (also moderate brown) (5YR 4/4)
Dark grayish brown (also dark yeZlowish brown) (lOYR 4/2)
Brown/dark brown (7.5YR 4/3, lOYR 4/3)
Dark reddish bro~vn (also grayish brown) (5YR 3/2)

GROUP 4 (Relatively deep areas between Samoa and the Cook Islands).

Reddish brovm (5YR 4/3)
Brown/dark brown (7.5YR 4/4)
Dark reddish brown (also moderate brown) (5YR 3/4)
Dark brown (7.5 YR 3/4)
Very dark yellowish brown (also ve~1 dark grauish brown) (IOYR 3/2)
Dark brown (IOYR 3/3)
Dark reddish brown (also dusky brown) (5YR 2/2)

Source of color name: Underlined = Munsell Soil Color Charts.
ItaZicized = Geological Society of America Rock Color Chart.
CAPITALIZED = name common to both systems. Non-standardized names
used for LDGO sediment core descriptions appear in regular type
without underlining.
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Group 2 sediments owe their dominant grayish hues to rapidly-deposited,

mostly acidic, axtrusive volcanic detritus, such as pumice and ash.

Group 3 and Group 4 colors are closely related, and are derived mainly

from incorporated Fe and Mn oxides. Group 4 sediments are darker than

those of Group 3 probably because of lower Al and Si contents, and

higher Mn, Fe and Ti contents, the latter apparently due to an increased

percentage of silt-size volcanogenic opaque minerals.

Manganese nodules have been recovered on sediments belonging to

each color group, but are most common on the brown clays of Groups 3

and 4.

Sediment Grain Size

Nomenclature for sediment texture is based on a modified version

of the Shepard (1954) classification (see Appendix C). Sediments of

the Southwestern and Samoan Basins generally become finer eastward,

reflecting increasing distance from source areas of Australian eolian

dust and New Zealand/Tonga-Kermadec arc/Samoan volcanics and shallow

water carbonates (Figure 7). A clayey silty sand (with a significant

pumice gravel fraction) was recovered at Stn. I 171, south of Tongatapu.

This sample is probably representative of the type of coarse sediment

occupying much of the shallower depths of the western side of the study

area. Sandy silts (volcanic ash) occurred at Stns. I 136 and I 137, to

the east of I 171, and further eastward the sediment grades to clayey

silt, then to silty clay. On the eastern side of the study area,

coarser material (clayey silt) reappeared near Rarotonga, with foram/

shell hash sands found on the submarine slopes of the island (Stns.

G 998-1000). At Stn. I l64A, southwest of the Manihiki Plateau, a



56.

Fig. 7. Geographic distribution of surface sediment grain size classes.



57.

SAND

otonga

/
NODULE WESTERN LIMIT

::~....
:Y/\

··:·:.::!\A·:
u-,:'~

~a
o{-

+
:

.1(: a r
-;...\\'-

..

!!W
r S I ITY CLAY I

.... ....
A .... I r"'\ . ..

- ---ZEALM1'lL..l

+

SA

+
TONGA

SANDY SILT----

FIJI c',
o

SILTY SAND--

CLAYEY



58.

sandy clayey silt (foram sand-"red cLay" mixture) was dredged.

Previous work has shown that Southwestern Pacific Basin surface

sediments are predominantly fine-grained (e.g., Goodell, 1968; Lisitzin,

1972). In the area traversed during the Tangaroa cruises, silty clay

covers approximately the eastern two-thirds, while clayey silt occupies

much of the western one-third. The sand: silt: clay ratios vary within

these grain size classes, so that the gradational nature of the change

in sediment texture from station to station throughout much of the area

is not apparent on Figure 7. Grain size analysis data are listed in

Appendix D, and from examination of the weight percentages in each size

fraction, a feeling for the magnitude of the textural changes can be

gained. The fine sand (64-125 ~) fraction appears to be the coarser

than-clay size fraction that is most indicative of the generalized size

class trends. Sand, silt and clay ranges and averages for each grain

size class encountered are summarized in Table 7. For mapping purposes

on Figure 7, some of the size classes have been lumped together.

While the geographic change from one grain size class to another

is essentially a gradational phenomenon, the transition can be fairly

abrupt on a regional scale. Such is true for the west-to-east transi

tion from clayey silt to silty clay between approximately the latitudes

15° and 30° South. This is illustrated by a decreased spacing between

the 40 to 60% clay contours shown in Figure 8. The position of these

contours may coincide with a somewhat loosely defined boundary between

fundamentally different sediment types. Support for the existence of

such a boundary can be found in Table 7--there is no overlap in the

clay percentages between sediments arbitrarily designated silty clays



TABLE 7

SAND, SILT AND CLAY PERCENTAGES IN SOUTlIHESTERN PACIFIC OCEAN SURFACE SEDH1ENTS

No. Sandt Silt Clay
Size Class Samples Range Avg. Range Avg. Range Avg.

Sand 1 94.4 94.4 <- - - - - - - - 5.61 - - - - - - ->

Sand, clayey silty 2 37.1-40.4 38.8 32.0-34.0 33.0 25.5-30.9 28.2

Sand, silty clayey 1 49.5 49.5 24.8 24.8 25.7 25.7

Silt, sandy 1* 29.5-32.9 31.2 59.0-65.9 62.4 4.6-8.2 6.4

Silt, clayey sandy 1 ,~ 22.7-24.3 23.5 59.3-61. 2 60.2 14.5-17.9 16.2

Silt, sandy clayey 3 13.6-20.4 17.5 46.7-54.3 50.8 25.4-35.2 31.8

Silt, clayey 12 1.0-15.7 7.0 44.8-74.2 58.6 15.0-43.6 34.4

Clay, silty 41 0.04-7.1 1.2 19.2-47.5 32.5 50.4-80.6 66.4

* Sample run in duplicate.

t Also includes material coarser than sand.

IJ1
\0.
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Fig. 8. Weight percent clay « 4 ~ size fraction) in surface sediments.
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and those that are clayey silts. Additional evidence to be presented

in sections that follow will confirm the existence of this boundary

between two different sedimentary regimes. It is interesting to note

here in passing that manganese nodules were found only on the silty clays.

Coarse Fraction

A sediment coarse fraction was collected during the two Tangaroa

cruises by one of two methods; one by screening sediment gathered by

the pipe dredge through a cheesecloth after a representative fraction

of the sediment as a whole had first been removed, the other by separa

tion of non-nodular material from the nodules collected in freefall

grab sampler bags. The pipe dredge coarse fraction includes approxi

mately all material of coarse sand size or larger, while only pebbles

and larger objects were retained in the free fall grab samples. A des

cription of the coarse fraction recovered at each station appears in

Meylan, et al. (1975, 1977).

A coarse fraction was separated from almost every sediment sample

dredged (sediment from cores was not screened). The largest coarse

fraction by weight was recovered on the Tongan Platform (Stn. I 171 A-3).

At only two stations (G 1020 and I 137) were the samples apparently

devoid of a coarse fraction; subsequent laboratory sieving indicated

the presence of a negligible amount of coarse sand-size (> 0.5 rom)

material in I 137 and none in G 1020. All other fine-grained sediment

samples (clayey silts and silty clays) yielded some type of coarse

fraction. No systematic decrease in the proportion of coarse fraction

eastward was noted.

The most common coarse fraction constituent is pumice, which by
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no means has a uniform appearance throughout the survey area. Color

varies from light cream and buff to dark gray and brown, with occasional

fragments having some degree of black manganese staining or encrusta

tion. Most pumice fragments are subround to round, but some are suban

gular or angular. Size is also quite variable, but most pumice is less

than 5 mm in maximum diameter. The largest single piece of pumice (67

mm) was found on the Tongan Platform at Stn. I l7lA-3. At the depths

most typical of the study area (4500-5500 m), the largest pumice frag

ment found (37 rom) was from the Samoan Basin (Stn. I 136). Vesicles in

pumice from the Samoan Basin often show greater elongation than those

of the pumice recovered southwest and south of Rarotonga. Pumice (pos

sibly with some small tuff debris) constitutes the entire coarse frac

tion at several dredge sites in the western part of the Samoan Basin

(I 136, I 138, I 139, I l40A, I 157 and I l7lA-3) and at two locations

southwest of Rarotonga (G 994 and G 997).

Tuff is a major coarse fraction component southwest and south of

Rarotonga, but does not occur in large enough fragments to be recogniza

ble in the Samoan Basin, except at Stn. I 166, where the fine-grained

volcanoclastic material may be a hyaloclastite. Most of the tuff occurs

as pieces less than 5 mm in diameter which are light-colored and rounded,

and contain some coarse sand-size or larger grains in a fine-grained ash

matrix. Some tuff appears to be vesicular, and may have been confused

with pumice.

The term "basalt" has been applied as a field description to all

fine-grained, most dark-colored rock fragments of probable igneous

origin. Most of the fragments are subangular to angular or scoriaceous;
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ochre, red-brown or dark brown in color, and commonly display some

degree of Mn-staining. In the eastern part of the Samoan Basin, as

well as at many stations southwest and south of Rarotonga, basalt is

associated with pumice in the coarse fraction. Large angular weathered

basalt chunks with thin manganese crusts are the most prominent compo

nents of the coarse fraction at Stn. I 166 in the Samoan Basin, at Stn.

G 990 southwest of Rarotonga, and at Stn. G 1002 south of Rarotonga.

Some of these chunks are up to about 70 rom in size. Except for the

samples at these stations, the basalt fragments do not exceed about 20

30 mm in size, and are mostly less than about 5 mm.

At several stations in the Samoan Basin (especially I 166, but

also I l40D, I l40E, I 144, I l47D and I l65A-2), there are nodules

which apparently consist of hyaloclastite nuclei with thin Mn-coatings;

these are more properly termed manganese crusts. Often there is a com

plete range from buff-colored to partly Mn-stained to completely Mn

encrusted hyaloclastite fragments at a single station. Examples of

this gradational type of manganese accumulation were not recovered

southwest or south of Rarotonga.

In the northern part of the Samoan Basin, adjacent to the Samoan

Archipelagic Apron distal plain delineated by Lonsdale (1975), the

coarse fraction includes several components in addition to pumice, but

little, if any, basalt (especially at I l58A, I 159, I l60A-2, I 161,

I 162, I 163, I l64A, and I165A-2). These other components vary in

relative proportion to each other from sample to sample. Among the

more common are small « 1 rom) dark gray-green lobed spheroids that may

be glauconite pellets or Mn-micronodules. }fust of the other constituents
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are organic in nature: shark and fish teeth up to 5 rom long; fragile

spheroidal siliceous sponges(?) about 1 mm in diameter; chambered tubu

lar structures, each chamber ellipsoidal and about 1 rom in intermediate

diameter; slender turriculate microfossils up to several millimeters

long with differing degrees of corrosion or Mn-staining; straight and

curved tubes up to about 0.5 mm in diameter; and structures (built by

benthic foraminifera?) that consist of agglutinated fine mineral grains,

and are mostly ellipsoidal in shape and red-brown in color.

Teeth (mostly from sharks, but some smaller ones probably contri

buted by fish) were found in the coarse fraction at 23 stations. In

the Samoan Basin, teeth were recovered with only 4 of the 17 dredge or

grab samples that yielded nodules (I 149, I 152, I l62A-2 and I 166),

all clustered in the northeastern part of the basin; six samples included

teeth but no nodules. Southwest and south of Rarotonga, 12 of the 23

dredge or grab samples that contained nodules also contained teeth;

only one sample that included teeth lacked manganese nodules. Teeth

occasionally serve as nuclei for nodule growth, but more often display

a thin Mn stain or crust, especially on the root, while the cro~vn re

mains relatively fresh. Whale ear bones were found at Stn. G 1003.

There is no well developed relationship between the size or nature

of the coarse fraction and the number of nodules recovered. An over

whelming amount of coarse pumice, such as at Stn. I 171A-3, is almost

always indicative of conditions unfavorable to nodule development,

while abundant basalt, such as at Stns. G 990 or G 1002, is often asso

ciated with manganese crusts rather than nodules. However, a negligible

or non-existent coarse fraction does not necessarily imply conditions



66.

favorable to nodule formation, as shown at stations northeast of Samoa.

This can be explained simply by the fact that abundant finer material

such as silt can also accumulate at rates too rapid to permit the

growth of nodules. The coarse fraction that does coexist with nodule

deposits probably represents potential nodule nuclei that have arrived

long after the associated nodules were formed.

Sediment Type

Deep-sea sediments are usually classified, not by grain size, but

by the relative proportions of biogenic, continental, volcanogenic and

authigenic constituents. Sediments of the southwestern Pacific Ocean

contain representatives of each of these genetic categories, in propor

tions which vary from pldce to place. Sediment nomenclature used here

was developed during work with DSDP sediment samples 0~eser, 1973). An

explanation of the classification system appears in Appendix C.

The sediment type of each sample collected aboard the Tangaroa was

determined principally by examination of smear slides. Knowledge of

the sediment chemistry, mineralogy and grain size was used to restrict

estimates of the relative proportions of the different constituents to

reasonable ranges. Information from other sources, where applicable,

was used to aid in mapping the geographic distribution of each sediment

type.

The approximate percentage of major components in each Tangaroa

smear slide sample is listed in Appendix E. All birefringent silt-

and sand-size particles, as well as crystalline opaque ~inerals, have

been lumped together under the term "clastics". This category includes

quartz, feldspar, and mica probably blown from Australia, as well as
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plagioclase and pyroxene from volcanogenic sources. Angular isotropic

particles displaying complete extinction between crossed nicols were

assumed to be volcanic glass. Iveakly birefringent lath-shaped crystals,

particularly when occurring as intergrowth twins, were identified as a

zeolite (probably phillipsite in most cases).

On the basis of color, three varieties of clay minerals were recog

nized. One, termed "brown", may represent a palagonite-montmorillonite

mixture. Brown clay was seen as formless patches or adhering to the

surface of larger, possibly reworked, particles such as radiolarian

tests. A second variety of clay was characterized as "colorless" in

comparison to the brown clay. This variety includes all dispersed

microcrystallites lacking obvious birefringence, and must be considered

a size characterization because finely divided glass and siliceous

microfossil debris would appear colorless, and lack birefringence. A

third variety, "green", consists of tiny rounded platelets, and may be

chloritic or glauconitic. Because of variable aggregation properties,

no attempt was made to estimate the percentages of the three different

clay varieties.

Two other inorganic sediment constituents were seen on most of the

smear slides: red-brown semi-opa.que (iron) oxides (abbreviated as

RSO's) and manganese oxides. The RSO's, similar to those reported in

basal northeastern Pacific sedim~lts by von der Barch and Rex (1970),

for example, were concentrated mostly in the brown clay patches and

coatings. The manganese oxides were found as encrustations on various

types of particles, i.e., as micronodules, or as tiny crystallites

about an order of magnitude smaller than micronodules. The manganese

crystallites, here designated as nannonodules, occurred as micrograins
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adhering to the surface of larger clastic grains or as discrete

particles.

Several types of organic debris were recognized in the smear

slides, particularly calcareous and siliceous microfossils. Coccoliths

were most pervasive, apparently comprising about 1-5% of almost. every

sample. However, they were found in ooze quantities only at Stns.

G 980, G 998, G 1001, G 1024 and I l64A. Significant amounts of plank

tonic foram tests were found at Stns. G 1001, I164A and in the shallow

water samples from near Tongatapu (Stns. I 169, I 171). (Smear slides

were not made of sediment from the latter two stations, and it can be

presumed that nannofossils are also present.) Several percent cerato

liths were seen in Stn. G 994 sediment, and occasional specimens made

up a small part (~l%) of numerous other samples scattered throughout

the study area.

Siliceous microfossils--radiolarians, diatoms, sponge spicules and

silicoflagellates--were most commonly detected in the northern and

southern sectors of the study area. The siliceous remains \Vere usually

fragmented and the fragments often showed evidence of dissolution.

Siliceous microfossil hash ooze occurred at Stns. G 1022, I 136-1 139,

I 157-1 161 and I 168. Intact fresh radiolarian or diatom tests were

decidedly rare, although a number of brown clay-coated whole radio

larians were noted in many samples, possibly reworked from older sediments.

The geographic distribution or the basic sediment types is pre

sented as Figure 9. For the sake of comprehension and mapping conve

nience, six principal types were recognized. Type 1 is a composite of

all shallow-water carbonate rossil oozes, including the calcilutite or
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Fig. 9. Geographic distribution of surface sediment types.

Type 1 -- Carbonate microfossil (foram and/or nanno) ooze and calci
lutite, associated with volcanics.

Type 2 -- Volcanic ash and pumice, associated in shallow water with
carbonate microfossils.

Type 3 -- RSO-bearing, detrital silt-bearing to detrital silt-rich,
siliceous microfossil hash ooze.

Type 4 -- RSO-bearing, detrital silt-bearing, siliceous microfossil
hash-bearing clay.

Type 5 -- Detrital silt-bearing, RSO-bearing clay-volcanic ash to
volcanic ash-clay.

Type 6 -- Nannofossil-trace to nannofossil-bearing, detrital silt
bearing, RSO-bearing to RSO-rich clay.
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the Manihiki Plateau, the foram-nanno and nanno-foram oozes of the

Louisville Ridge and the Manihiki Plateau, and the foram/shell hash sand

from the submarine slopes of Rarotonga. Type I sediments are often

associated in the study area with volcanics of different sizes. Type 2

is also a composite sediment type, consisting chiefly of various island

arc and chain volcanic products such as pumice and ash. Although pumice

is common in the coarse fraction of samples scattered allover the study

area, as are glass shards in the fine fraction, the volcanogenic sedi

ment type is restricted to the western boundary of most of the area of

concern, paralleling the Tonga-Kermadec Trench and island arc. Volcano

genic sediment is also found around the islands of the Samoan Chain.

In shallow water, Type 2 sediments are usually associated with carbonate

microfossils.

Siliceous microfossil hash oozes (Type 3 sediments) occupy the

area between the volcanogenic sediments of the northwestern part of the

study area and the deep-sea clays of the northeastern part. Siliceous

microfossil hash ooze is also found at Stn. G 1022, east of the North

Island of New Zealand. Radiolarians are more common than diatoms in

Type 3 sediment, except at Stn. G 1022. In addition to being fragmented,

many of the siliceous microfossils appear to show dissolution features,

in some samples to such an extent that the fragments are essentially

indist;~guishable from the volcanic glass with ,"hieh they are almost

certainly associated.

Transitional between the siliceous microfossil hash oozes and the

relatively unfossiliferous clays of the northeastern side of the study

area are the Type 4 sediments--RSO-bearing, detrital silt-bearing,

siliceous microfossil hash-bearing clays. RSO content is generally
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less than that of the clays to the east, as is the manganese oxide

content.

Another transitional sediment type is the detrital silt-bearing,

RSO-bearing clay-volcanic ash to v~lcanic ash-clay (Type 5). It is

found in the southern half of the study area, between volcanic ash to

the west and deep-sea clay to the east. The ash component in Type 5

sediment is very fine, and difficult to quantify. Fine-grained ash may

also be present in the siliceous microfossil hash oozes to the north of

the ash and clay sediment.

The most common sediment type is nannofossil-bearing, detrital

silt-bearing, RSO-bearing to RSO-rich clay (Type 6), which essentially

coincides areally with the silty clay identified on the basis of grain

size alone (Figure 7). RSO content ranges from about 5-15%, and evi

dence of manganese oxides is more readily discernible in this sediment

type than in any other. Zeolites are also more common. Microfossils,

except for the ubiquitous minor percentage of coccoliths and traces of

ceratoliths and siliceous microfossil hash, are quite rare.

Sediment Mineralogy

Mineral constituents of the surface sediments have been identified

by X-ray diffraction analysis of bulk powdered samples, coupled with

examination of smear slides. Both techniques have limitations. X-ray

diffraction can be used only for identification of crystalline compo

nents. Significant amounts of volcanic glass and amorphous biogenic

silica (such as radiolarian and diatom tests) may be completely obscured

on X-ray diffractograms; only when such material makes up nearly the

entire sample will a broad diffractogram "hump" indicate its presence.
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Well crystallized minerals that comprise less than a few percent of a

mixture of minerals will also tend to be unidentifiable on the basis

of diffractograms alone.

On the other hand, smear slides cannot be used to identify the

clay minerals that make up the bulk of the deep-sea sediments of the

southwestern Pacific Ocean. Even ~vith X-ray diffraction analysis, clay

minerals can present problems. Preferred orientation is desirable to

emphasize the first order basal peaks, and special chemical and heat

treatments must be used to distinguish clays ~hat have lattice spacings

in common. Because of this, a few representative samples were selected

for application of standard diagnostic clay mineral techniques (see

Materials and ~lethods section). X-ray diffraction peaks used to iden-

tify minerals in the sediment, as well as in nodule samples, are

listed in Appendix F.

The minerals which have been identified in each sample by X-ray

diffraction are listed in Appendix G. They are ranked by the relative

intensities of their principal peaks. This, of course, is not a true

measure of their relative abundance. No attempt has been made to

relate peak intensity to absolute abundance. Additional information

on sediment mineralogy appears in the smear slide descriptions

(Appendix E).

The dominant non-clay minerals in southwestern Pacific sediments

are quartz and feldspar (mostly plagioclase). Except for the shallow

water stations near Rarotonga, these two minerals occur in recognizable

quantities in every sample. The relative intensity of the principal

o
(3.34A) quartz peak is greatest in samples from the southern part of
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the study area, and decreases northward toward the Samoan Basin. The

o
relative intensity of the principal (3.2A) feldspar peak is reasonably

uniform throughout the study area. Pyroxene, while not as clearly

developed on the diffractograms, seems to be almost as widely occurring

as quartz and feldspar, and the principal peaks are relatively uniform

in intensity from one station to another.

Calcite, principally in the form of foraminiferal and coccolith

tests, was recognized in samples from water depths of 3850 m (Stn.

G 998) to almost 5200 m (I l64A). Dolomite was tentatively identified

at Stn. I l64A. Magnetite was noted in sediments from near Rarotonga

(Stns. G 997 and G 1002), near Samoa (Stns. I 155, I 157 and I 161),

and west of Tongatapu (I 137). Phillipsite, while present in small

quantities on many smear slides, was not definitely identified by X-ray

diffraction analysis in any sediment sample.

Clay minerals were recognized on X-ray diffractograms of all but

the most carbonate- or ash-rich samples. Because bulk powders were

used for the routine analyses, clay mineral peaks Ivere generally only

weakly developed, despite the fact that most samples probably consist

predominantly of clay minerals. However, special chemical and heat

treatments of selected samples facilitated interpretation of the clay

mineralogy, and these results were extrapolated for interpreting the

bulk powder diffractograms of samples from the remainder of the stations.

The X-ray diffraction patterns of K+-saturated air-dried pastes

are presented as Figure 10 in order to illustrate the clay mineral geo-

graphic trends. (The quartz and feldspar trends noted above can also

be seen.) Except for the transposition of the G 985 and G 991 traces,



Fig. 10. X-ray diffraction patterns of K+-saturated air-dried sediment pastes.
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the southernmost sample is at the top of the figure, and the northern-

most at the bottom.

Illite is present in all five samples, but is most obvious (with

sizeable lOA and 5A peaks) in samples G 1022 and G 991. Chlorite is

definitely present in only these samples. The others lack l4A and 4.7A

peaks, and therefore the 7A peak is attributed to kaolinite. Chlorite

may also be present, along with kaolinite, in samples from the northern

part of the study area (heating of sample I 163 to 550°C reduced the

o
size of the 7A peak, but did not remove it entirely). The chlorite in

southwestern Pacific surface sediments must be very fine-grained and/or

poorly crystallized, because similar heating of other samples completely
o

obliterated the 7A peak. This should happen to most kaolinites, but not

to well crystallized or coarse-grained chlorite (Brindley, 1961).

Montmorillonite appears to be distributed throughout the study

area, but may occur in greatest abundance (or, alternatively, be best

crystallized) in samples from the southern part of the area. The first

order montmorillonite spacing is only weakly developed on most bulk

powder diffractograms, but this mi:leral may be more abundant in many

o
samples than any other clay. The 110/020 reflection at about 4.5A

(which can have illite and kaolinite contributions) is usually quite

well developed, and this peak was used to judge the relative abundance

of montmorillonite. Because of the poor development of the basal

spacing, even with glycolation and heat treatments, the montmorillonite

is assumed to be poorly crystalline. No non-integral higher order

basal spacings attributable to montmorillonite-illite mixed layer clays

were discernible, but the pOSSibility that such a component is present
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cannot be dismissed entirely, because glycolation of sample G 1022, for

o 0

instance, shifted the basal spacing to 15. SA, rather than l7A (see, for

example, Warshaw and Roy, 1961).

Sediment Chemistry

The deep-sea sediments of the southwestern Pacific are a mixture of

silicate, carbonate and oxide phases. Silicates dominate the sediments

below about 4500 m, while in more shallow water they occur in sizeable

quantities along with carbonates. Oxides are proportionately minor in

both the shallow water and deep water sediments, but nevertheless are

important as carriers of ferride elements. Oxides are present either

in the form of volcanogenic opaques or as authigenic precipitates.

Phosphates, in the form of shark and fish teeth, are common in the

coarse fraction, but quantitatively insignificant in the sediment as a

whole; Nayudu (1971) has also recognized bone fragments. The Chatham

Rise-Campbell Plateau area of the New Zealand continental shelf has been

the scene of phosphorite formation, spatially associated in places with

manganese nodule deposits (Summerhayes, 1967).

Sediment samples collected during the Tangaroa cruises have been

analyzed for the concentrations of nine elements. Silicon, aluminum,

calcium, titanium and iron percentages were obtained by X-ray fluores-

cence (EDAX); manganese, nickel, copper and cobalt concentswere deter-

mined by atomic absorption spectrophotometry. Details of the analytical

techniques are given in the rfuterials and Methods section. The analyti-

cal data are listed in Appendix H. Replicate analyses and a discussion

of analytical precision of the data are included in the appendix.
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The geographic distributions of elemental values are presented in

Figures 11-19. Certain stations with values clearly anomalous within

the context of regional trends were ignored during contouring, parti

cularly G 980 (on the Louisville Ridge), G 998-G 1001 (shallow water

adjacent to Rarotonga), and I 164A (deep water carbonate near the

Manihiki Plateau).

Silicon (Figure 11) and aluminum (Figure 12) show similar distri

bution patterns, which is to be expected because the bulk of most sam

ples consists of clay minerals (aluminosilicates), along with smaller

amounts of quartz and feldspar. Highest values are found immediately

northeast of the North Island of New Zealand (near the Tonga-Kermadec

Trench), and in the southeastern corner of the study area (east of the

Chatham Rise). This pattern is supportive of aeolian dispersal of sili

cates from Australia, coupled with some form of sediment movement from

the New Zealand continental shelf and Tonga-Kerffiddec island are, which

are both obvious sources of silicate-rich detritus. Both silicon and

aluminum decrease in concentration northeastward from New Zealand toward

Rarotonga, where iron, titanium and manganese oxides show a concomitant

increase. A group ot medium high values of silicon occur north and

northeast of Samoa, undoubtedly attributable to the abundance of radio

larians and diatoms in the sediment. Medium high aluminum values per

sist through the Samoan Basin toward the Samoan Passage, possibly indi

cative of aluminosilicate transport by northward movement of Antarctic

Bottom Water.

Calcium values are generally low and quite uniform, except in the

carbonate-rich sediments at Stns. G 980, G 998, G 1001 and I 164A
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Fig. 11. Silicon (%) content of surface sediments. Contour interval
2% Si.
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Fig. 12. Aluminum (%) content of surface sediments. Contour interval
1% Al.
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Fig. 13. Calcium (%) content of surface sediments. Contour interval
1% Ca.
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Fig. 14. Titanium (%) content of surface sediments. Contour interval
0.10% Ti, with additional 0.35% Ti contour.
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Fig. 15. Iron (%) content of surface sediments. Co~tour interval 1%
Fe, with additional 6.5% contour.
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Fig. 16. Manganese (%) content of surface sediments. Contour interval
0.2% rm, with additional 0.3% contour.
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Fig. 17. Nickel (ppm) content of surface sediments. Contour interval
25 ppm.
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Fig. 18. Copper (ppm) content of surface sediments. Contour interval
25 ppm.
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Fig. 19. Cobalt (ppm) content of surface sediments. Contour interval
25 ppm.
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(Figure 13). Hand lens and smear slide examination revealed large

numbers of coccoliths and/or foram tests in samples from these stations.

Medium high values at Stns. G 1023 and G 1024 are due to elevated con

tents of nannofossils on the slope at the foot of the Chatham Rise.

The lower (but higher-than-regiona1-average) values east of Tonga and

Samoa are probably due to deposition of volcanic calcic p1agioc1ases.

Titanium contents are generally low and fairly uniform throughout

most of the area south and southwest of Rarotonga, decreasing slightly

toward New Zealand (Figure 14). The highest titanium values are found

in the region of most darkly colored sediments of the Samoan Basin and

near Rarotonga. The titanium in these sediments has probably been con

tributed chiefly by opaques and other accessory minerals of basic vol

canic rocks. East of Tonga, the scene of andesitic rather than tholeii

tic volcanism (e.g., Dickinson, 1970), titanium values are markedly

lower.

The iron concentration pattern (Figure 15) is somewhat similar to

that displayed by titanium, although there is a more pronounced in

crease in values northeastward away from New Zealand. Iron is undoubt

edly carried by a number of minerals, but those chiefly responsible for

the above-average values in the Samoan Basin and near Rarotonga are

probably volcanic accessory minerals and amorphous iron oxyhydroxides,

with possible assistance from Fe-rich montmorillonite. "Background"

iron contents can be attributed to pyroxene, olivine and average con

tents of volcanic opaques and authigenic iron oxides.

Manganese, nickel, copper and cobalt all show nearly identical

distribution patterns (Figures 16-19), strongly suggestive of a common
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origin. Contour lines trend north-south in the Samoan Basin, and 1~-SE

in much of the northern sector of the Southwestern Pacific Basin.

Values increase in an easterly or northeasterly direction, respectively.

Highest values occur immediately south of Rarotonga and in the eastern

part of the Samoan Basin. Sediments from Stns. G 1002 and G 1009 are

conspicuous for their high trace metal content, in particular Ni and Cu

at G 1002 and rID and Co at G 1009. The nickel content at Stn. I 155 is

so high (almost 1%) that one must assume the presence of a substantial

ultramafic component.

Nayudu (1971) has previously analyzed chemically a number of sedi

ment samples from the southeastern quadrant of the study area (MONSOON

cores MSN Ill, 112, 113, 115, 117, 119, 123). His results were not

incorporated directly, because for the most part his values were

obviously not comparable, for unknown reasons. However, Nayudu's alu

minum and cobalt data do agree to the extent that they could have been

incorporated directly without changing the regional trends shown here.

The trends of the major elements Si, Ca and Fe are also in agree

ment, but the values derived for this study are generally 20-35% lower,

or in the case of calcium, much less than half of what would have been

expected on the basis of Nayudu's data. Goldberg and Arrhenius (1958)

analyzed a number of "red clays", and found them to contain about 21

30% Si, and about 1.2-5.9% Ca, ranges in agreement with Nayudu's data.

Silicon and calcium in this study were analyzed by XRF-ED~~ using syn

thetically mixed standards. It appears that use of these standards has

produced a systematic error toward low values. However, regional trends

shown by these low values are probably substantially correct. The same
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remarks apply to titanium, which may generally be about 25% low as

reported here.

The disagreement in regard to iron values cannot be as easily

explained. While Fe data f0r this study were generated by XRF-EDAX

analysis, the standards used were sediments from the same area which

had been analyzed by atomic absorption. Because Nayudu used only the

upper 2 cm of cores in most cases, he may have analyzed material some

what more iron-rich than sediment collected by pipe dredging, which

probably includes and integrates sediment from at least the upper 5 cm.

The Mn, Ni and eu data of Nayudu appear to be erratic in the con

text of the regional trends shown in Figures 16-18, and his nickel and

copper values tend to be somewhat higher than those found here. ~fhile

the disagreement could be coincidental, again it may reflect a differ

ence in the thickness of uppermost sediment used for the analyses.
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RESULTS: NODULE DISTRIBUTION

Tangaroa cruises have surveyed and defined the western edge of a

vast expanse of nodule deposits which occupy the central South Pacific.

In the northern part of the central South Pacific, nodules occur in the

intermontane basins of an area thickly populated with volcanic islands

and seamounts, e.g., the Cook Islands, Austral Seamount Chain, Society

Islands, Tuamotu Archipelago and Marquesas Islands (Glasby, 1976b). To

the south of the volcanic mountain province lies the Southwestern

Pacific Basin. In the deep waters of the Basin, off the flanks of the

East Pacific Rise, is found a large field of closely spaced nodules,

outlined by Eltanin cruises (Goodell, et al., 1971). This deposit

apparently extends northwestward (Skornyakova and Andrushchenko, 1970),

merging in the vicinity of the Cook Islands-Austral Seamount Chain with

the eastward-trending intermontane deposits. Characteristics of nodules

from both deposits are displayed in those collected by the Tangaroa

cruises.

Information regarding nodule distribution in the southwestern

Pacific has been gathered from a number of sources. Tangaroa pipe

dredges, bottom photographs, free fall grabs and gravity cores provided

direct evidence for the presence or absence of nodules. Similar equip

ment used by other expeditions has helped to map nodule occurrence in

those parts of the study area not specifically traversed by the

Tangaroa, and in some instances has provided data on the sea-floor

density of nodules.

The geographic distribution of nodules (not including manganese
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"crusts") is presented as Figure 20. Information sources are listed in

the figure caption. For mapping purposes, sea-floor areas have been

divided into three categories: (1) those having "dense" nodule depo

sits, (2) those having "sparse" nodule deposits, and (3) areas lacking

surface nodules, or having ferromanganese oxides occurring only in the

form of micronodules, widely scattered macronodules, or as crusts on

submarine outcrops. This tripartite division is analogous to those

used by Skornyakova and Andrushchenko (1970) and Cronan (1976). How

ever, the division between "dense" and "sparse" nodule deposits is nere

arbitrarily taken to be 5 kg/m2• Data of this nature are available

only from the free fall and snapper grab samplers, which were used at

only a small fraction of the total number of sampling stations. How

ever, bottom photographs showing closely spaced nodules, and dredges

with abundant nodule hauls, have been assumed to be reasonably good

evidence for the presence of "dense" nodule deposits •

.~l nodule deposits studied in detail have shown a wide range of

surface densities down to the scale of a few meters, with variations

over distances of hundreds of meters possibly related to topographic

position (e.g., Moore and Heath, 1966; Bezrukov, 1973; Andrews and

Meylan, 1972; and Craig, 1975). Thus a "point source" sample may not

be representative of the area from which it has been obtained. Except

for a few Russian "polygons", no detailed sampling of small areas has

been attempted in the southwestern Pacific. Most sampling stations,

therefore, have utilized only one, or at most, three or four gear

lowerings that could provide data on nodule abundance. Because of this,

the nodule distribution presented here is what might represent the
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Fig. 20. Geographic distribution of manganese nodules, southwestern
Pacific Ocean.

1 = "Dense" nodule deposits.

2 = "Sparse" nodule deposits.

3 = Nodules absent or widely scattered.

Based on Heezen, et al. (1966), Skornyakova and Andrushchenko (1970),
Ewing, et al. (197l)~orn, et al. (1972), Frazer and Arrhenius
(l972),~lasby and Lawrence (1974), Meylan, et al. (1975), Landmesser,
et al. (1976), Bezrukov (1976), Meylan, et a~ (1977), and unpublished
Lamont-Doherty core descriptions. ----- .
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average condition over the area of several thousands of square

kilometers.

Dense nodule deposits are restricted to the deep waters of the

eastern half of the study area. These deposits grade through a narrow

belt of sparse deposits to the nodule-barren western half of the study

area. (Several "nodule" occurrences near the Tonga-Kermadec Trench

reported by Frazer and Arrhenius (1972) are not believed to represent

widespread deposits.) The densest deposits discovered to date were

found at Vitiaz Stn. 6298, 160 km south of Rarotonga, where nodule den

sities up to 50-70 kg/m2 occurred in the abyssal hill section of a

"polygon" (Bezrukov, 1973). Tangaroa bottom photographs and free fall

grabs, as well as other Vitiaz data, indicate that nodule deposits more

dense than 10 kg/m2 are widespread southwest, south and southeast ~f

Rarotonga. Similar densities also occur in the southern Penrhyn Basin

according to Vitiaz sampling, and Vitiaz grabs complemented by Lamont

Doherty bottom photographs and cores have demonstrated that the base

of the eastern flank of the Manihiki Plateau is also the site of dense

nodule occurrences.

Nodule distribution is obviously related spatially to a number of

sediment parameters. Nodules are found predominantly on sediments of

medium bro,vn to dark brown color (cf. Figure 6). However, they are

not restricted to sediments of these colors, being found on the light

colored carbonates on the east flank of the Manihiki Plateau, and on

the grayish-brown sediment at Stn. G 1020. Conversely, not all medium

and dark brow~ sediments bear nodule deposits. Areas of dark brown

clayey silt north and northeast of Samoa lack nodules, and widespread
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medium brown clayey silts and silty clay~ between New Zealand and

Rarotonga are also apparently nodule-free.

A more definite relationship exists between nodule distribution

and sediment grain size (cf , Figure 7). Except for the coarse, rela

tively shallow carbonates of the east flank of the Manihiki Plateau,

nodules are found only on silty clays. Apparent exceptions to this in

deep water (e.g., the salient of "sparse" nodule deposits southeast of

Tonga) may not be real, as they occur where direct Tangaroa sampling

did not take place. Dense fields of nodules generally lie on sediment

consisting of at least 60% clay-size « 4 ~) particles (cf. Figure 3).

Except for Stns. G 1001 and G 1002, even sparse nodule deposits are

not found on sediment with less than about 50% clay. However, there

are silty clays with 60% of more clay in the Samoan Basin and south of

Rarotonga that apparently do not bear nodules.

Considering sediment type, nodules are found almost exclusively

on detrital silt-bearing, RSO-bearing to RSO-rich clays (cf. Figure 9).

The principal exception to this, again, is the presence of nodules on

the foraminiferal/nannofossil oozes of the eastern flank of the Mani

hiki Plateau. At Stn. G 1020, nodules were dredged where the sediment

is an RSO-bearing, detrital silt-bearing, siliceous microfossil hash

bearing clay.

Sediment chemical composition is not directly related to nodule

presence or absence, although nodules collected during the Tangaroa

cruises tended to occur on sediments having certain ranges of elemental

composition (Table 8) which are more restricted than the compositional

ranges of sediments lacking nodules. Several stations are prominent
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TABLE 8

COMPOSITIONAL RANGE OF SEDn~IT ASSOCIATED WITH MANGANESE NODULES

Element Compositional Range Low Station High Station

Si 9.8 - 21.8 % I 141 G 1020

Al 3.90 - 8.20% I 150 G 1020

Ca 0.6 3.7 % G 1016 G 994

Ti 0.29 - 0.86% I 141 G 1002

Fe 4.55 - 7.37% G 1020 G 1002

MIl 0.38 - 1. 74% G 1020 G 1009

Ni 63 - 380 ppm G 987 G 1002

Cu 117 - 385 ppm G 1020 G 1002

Co 50 - 480 ppm G 1020 G 1009

for compositions at or near the range extremes. Station G 1020 sediment

displays the highest Si and Al contents of any sediment associated with

nodules, and the lowest Fe, Mn, Cu and Co (and contents of Ca and Ni

near the low end of the ranges). The sediment at G 1020 is classified

as an RSO-bearing, detrital silt-bearing, siliceous microfossil hash-

bearing clay. Station G 1002 sediment is conspicuous for having the

highest Ti, Fe, Ni, and Cu values; its }fu and Co values are also well

above average. Station G 1009 yielded similarly metalliferous sediment,

with the highest Mn and Co contents, and Ni content also well above

average, whereas the Ti, Fe and Cu values are near average for the

sediments which bear nodules. Station I 141, in the Samoan Basin, dis

plays the lowest Si and Ti contents, and values for Al, Fe, ~fu, Ni, Cu
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and Co somewhat lower than would be expected from regional trends.

Buried nodules are also found in the study area, based primarily

on unpublished Lamont-Doherty core descriptions (Figure 21 and Table 9).

Most of the Lamont cores were taken in the western half of the study

area, where extensive nodule deposits are not now found. Thus almost

no information exists on the vertical distribution of nodules where

they now occur abundantly at the surface, except near the }illnihiki

Plateau. The few shallow gravity cores collected during the Tangaroa

cruises did not capture any buried nodules.

The Lamont cores indicate that buried nodules may be more wide

spread geographically than their surface counterparts. The most deeply

buried are small possible manganese concretions at subsea-floor depths

of about 49 and 50 meters in DSDP site 204 cores taken east of the

Tonga-Kermadec Trench. Nodules beneath about S-ll meters of sediment

were found in RC 9-116 (south-southwest of Rarotonga), RC 9-119 (about

300 km northeast of DSDP 204), VlS-2Sl (in the Penrhyn Basin east of

the Manihiki Plateau), and in V19-84 and Vl9-85 (both in the Samoan

Basin). Except for nodules at 7.0 m in KH-68-4/25-2, at 6.4 m in

VIS-2Sl, and at 4.6 and 4.2 m in Vl9-S6 (Samoan Basin), all other

buried nodules were found beneath less than 2 meters of sediment.
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Fig. 21. Geographic location of sediment cores containing buried mangan
ese nodules (open squares). Coordinates and depths are listed in
Appendix B. Descriptions of nodules and associated sediments are
given in Table 9.

A = V18-28l J = KH-68-4/2S-2

B = V18-273 K = RC9-U9
V18-274
V18-275 L = DSDP 204
V18-276
V18-277 M = KK71-PC65
V18-279

N = MSN l26G
C = V18-266

V18-269 0 = KK71-PC66
KK71-FFClOO

D = V19-80
P = MSN 121G

E = V19-84
Q = RC9-116

F = V19-8S
R = RC9-US

G = V19-86
S = t1SN U6P

H = KK72-PC007
T = RC9-Hl

I V18-248

'-
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TABLE 9

BURIED MANGANESE NODULES IN SOUTHWESTERN
PACIFIC OCEAN SEDIMENT CORES

Core

RC 9-111

RC 9-115

RC 9-116

RC 9-119

v 18-248

v 18-266

v 18-269

V 18-273

v 18-274

*V 18-275

v 18-276

*V 18-277

Depth in
Core (em)

90-95

382

755
778
820(?)

880
900-918

57-87

130-190

86-103

74-90

91-98

30-35

46-52

5-10

20-60

25-40

Nodule Description

Large Mn nodules

20 mm ferruginous
nodule

Mn nodules

Black nodule
Nodules

Nodular black pebbles
of Hn02

1-3 cm Mn fragments

3 cm blue-black Mn
macronodule

< 2 cm Mn nodules and
fragments

< 3 em Mn fragments

Mn fragments

Mn nodules, limonite
fragments

Large ~fu fragments

Mn fragments

1-2 cm Mil fragments

Sediment· Description

Pale brown unfossili
ferous mottled clay

Moderate b rown clay

Yellowish brown semi
consolidated clay

Pale brown clay

Light brown silty and
sandy radiolarian clay

Foram sand

Whitish-tan silty
foram calcilutite

Foram calcilutite

Orange-yellow silty
foram calcilutite

Tan foram sand above,
greenish brown glauco
nitic clay below

Bro~m clay grading to
light brown foram sand

Dark yellow limonitic
clay

Foram sand and angular
rock fragments

Fragments only



Depth in
Core Core (em)

*v 18-279 28

*v 18-281 15
640

785

V 19-80 5
20

390

V 19-84 1068

V 19-85 808

V 19-86 190-195

423
460

*MSN l16P 98

*MSN l2lG 48

*HSN l26G 28-30

Nodule Description

2 cm Mn nodule

2-3 cm Mn nodules

Mn nodule

Mn nodules

5 cm flattened ~m

nodule

2 cm Mn nodule

3-5 cm Mn nodules

1-2 cm ~m nodules

Nodule

Nodule

2 cm MIl nodule

112.

Sediment Description

Medium dark brown clay

~m-rich red clay

Mn-rich red clay

Moderate brown clay

Dusky brown ~m clay

Dusky bro·wu }m clay

Moderate brown }m clay

Dusky brown Mn clay

Red clay

Mottled light/dark
buff, manganiferous,
slightly zeolitic
calcareous ooze

KK 71
PC 65

KK 71
PC 66

KK 71
FFC 100

KK 72
PC 007

40

101-106

151-153

3
23

62-64

3-4 cm Mn nodules(2)

4 x 1 cm discoidal
MIl nodule

3.5 cm spherical }m
nodule

Mn nodules

1.5 cm Mn nodules(2)

Dark brown nannofossil
bearing clay-rich
radiolarian ooze

Dark brown diatom
bearing clay-bearing
radiolarian-rich
nannofossil ooze

Dark brown radiolarian
rich clay

Dark bro~vn foram- and
nannofossil-bearing
silty clay(?)



Core

KH-68-4/
25-2

DSDP 204

Depth in
Core (em)

155
700

4900-5000

Nodule Description

Nodules

1-2 em £.In (7) nodules

113.

Sediment Description

Uniform reddish brown
clay

Fe-oxide and feldspar
bearing glass shard
ash

*Nodule(s) also found at core top.

Conrad (RC) and Vema (V) samples: From unpublished Lamont-Doherty
Geological Observatory core descriptions. MSN 126G: From Riedel and
Funnell (1964). MSN 116P and HSH 121G: From Hero (1965). Kana Keoki
(KK): From Andrews, Foreman, et ale (1975,1976). KH-68-4/25-2: From
Horibe (1970). DSDP 204: From-Burns and Andrews, ~ ale (1973).
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RESULTS--NODULE SIZE, MORPHOLOGY AND SURFACE TEXTURE

The most remarkable aspect of nodules collected in the Tangaroa

survey area is the general uniformity of appearance of those from the

Samoan Basin and from southwest of Rarotonga. For example, many nodules

from Stns. I 148 and G 991, located about 900 km apart, are indistin

guishable from one another by any visible characteristic, and even

nodules from Stn. G 1009, collected approximately 1400 km from Stn.

I 148, are essentially identical to many from the latter station.

(However, Stn. G 1009 was occupied on the traverse south of Rarotonga,

and when nodules from this traverse are compared with those collected

to the northwest, most can be seen to have distinctly different shapes

and, to a lesser extent, surfaces.)

Nodules from the area of relatively uniform populations typically

are spheroidal or ellipsoidal and have somewhat gritty microbotryoidal

surfaces. Polynucleate nodules are also frequently recognized in the

Samoan Basin. South of Rarotonga, a variety of nodule shapes occur,

such as discoidal, polynucleate and spheroidal with equatorial "skirts".

Lobation and faceting are the most common secondary morphological aspects

throughout the survey area, especially on smaller nodules.

Nodules collected during the Tangaroa cruises were categorized into

descriptive types according to a modified version of the Meylan and

Craig classification (Meylan, 1974), which is based on size, shape and

surface texture (Table 10). This was done in order to more explicitly

characterize the physical nature of the nodules, so that populations

from different areas of the basin could be compared, and so that future
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TABLE 10

DESCRIPTIVE CLASSIFICATION OF NODULE TYPES:
EXPLANATION OF SYMBOLS

s = small « 3 cm)

m = medium (3-6 cm)

1 = large (> 6 em)

>
Nodule size, based on

maximum diameter

Bracketed: S spheroidal

E = ellipsoidal

D = discoidal

P = polynucleate (bot ryoidal)
Primary nodule

T = tabular shape

F = faceted (polygonal)

V = scoriaceous (volcanic)

B = biological (shape determined
by shark's tooth, etc. )

Suffix: b = botryoidal

s = smooth

m = microbotryoidal

r = rough

Nodule surface texture

Examples: m[S]m = medium-size spheroidal nodule with microbotryoidal
surface texture

I[D]~ = large discoidal nodule with botryoidal upper surface
texture, rough lower surface texture

s[S-F]s = small spheroidal nodule with significant faceting,
smooth surface texture

Modified from Meylan (1974).
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comparisons with nodules from other areas of the oceans will be possible.

It should be noted that a descriptive classification of objects such as

nodules, which often display a complete range of form at any particular

site, is inherently subjective. However, assuming that criteria for

judging shapes are consistently applied, this should not obviate general

trends derived from statistics on nodule morphology.

If the classification system used here is thought of as a triangu

lar matrix, 96 different nodule "types" are possible (3 sizes x 8 shapes

x 4 surface textures). If compound surface textures, such as smooth

nodule tops coexisting with rough bottoms, are included, the number of

"types" becomes almost limitless. In addition, categories produced by

a combination of, or transition between primary morphological features

are also recognized, such as faceted spheroidal nodules [S-F] (dominant

spheroidal aspect plus subordinate polygonal aspect). It is indeed for

tunate that only a relative handful of all of the conceivable types

seem to be represented in anyone area by a significant number of nodules.

Nodule shapes which can be described as spheroidal, ellipsoidal or

polynucleate predominate in the southwestern Pacific Ocean. Illustra

tions of these and some less common forms are shown in Figures 22 and

23. The morphology, size, weight and number of nodules from each sta

tion are summarized in Appendix I. Most of the data used for physical

characterization of the nodules are presented elsewhere. Detailed des

criptions of nodule size, morphology and surface texture can be found in

Meylan, ~ al. (1975) and Meylan, et al. (1977). Photographs of each

nodule collection made during the 1974 Tangaroa cruise to the Southwes

tern Pacific Basin are presented in Backer, et al. (1976).
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Fig. 22. Drawings of examples of nodule morphological types.

Spheroidal - G 994 - 47 rom max. diam.

Faceted spheroidal - G 1009 - 18 mm

Skirted spheroidal - G 1006B - 83 rom

Lobed ellipsoidal - I l40D - 68 rom

Ellipsoidal (with agglutinated spherules) - G 1011 - 35 mm

Discoidal - G 993E - 50 rom
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SPHEROIDAL FACETED SPHEROIDAL

SKIRTED SPHEROIDAL

LOBED ELLIPSOIDAL

ELLIPSOIDAL

DISCOIDAL
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Fig. 23. Drawings of examples of nodule morphological types.

Tabular-discoidal with hemispherical protrusions - G 1008 - 31 rom
max. diam.

Tabular - G 1009 - 58 mm

Polynucleate - G 1019 - 47 mm

Faceted (polygonal) - G 1012 - 47 mm

Scoriaceous - I 166 - 55 mm

Biological (shark tooth) - I l40E - 23 mm



TABULAR- DISCOIDAL

POLYNUCLEATE

SCORIACEOUS

TABULAR

FACETED (POLYGONAL)

BIOLOGICAL

120.
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Nodules collected during the 1976 cruise were classified aboard

ship, but those of the 1974 cruise had already been dispersed to several

investigators before the classification scheme was devised. Neverthe

less, by making use of excellent photographs of each nodule collection,

as well as prior descriptions and some representative nodules, the sam

ples from the 1974 cruise were categorized. Use of this indirect means

almost certainly has introduced a degree of inaccuracy because some dis

coidal nodules cannot be distinguished from spheroidal ones on photo

graphs. However, this could be a factor only at Stns. G 993E, G 995 and

G 1003. Even at these stations, no more than a very small fraction of

the nodules could possibly be erroneously classified. Only an approxi

mate classification could be made for Stn. G 1007, at which more than

one thousand nodules were collected, because individual nodules could

not in every case be separately distinguished on the nodule collection

photograph. Statistics on nodule shape and size exclude this station.

Based on the classification presented in Table 10, small spheroidal

or faceted spheroidal nodules with microbotryoida1 surfaces are most

common. About 35% of all nodules from the study area belong to these

categories. Small ellipsoidal and faceted ellipsoidal nodules with

microbotryoida1 surfaces are less abundant, making up slightly more than

13% of the total number of nodules, while small po1ynucleates with a

similar surface texture are almost as common (slightly less than 13%).

However, if Stn. G 1007 were to be included, the ellipsoidal types would

constitute a significantly greater proportion, because an estimated 40%

of the approximately 1300 nodules found at this station appear to be

ellipsoidal or faceted ellipsoidal. No other nodule type comprises more
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than about 5% of the nodules collected.

Based on size alone, 3% of the nodules are large (> 6 em max. diam.),

18% are of medium size (3-6 em), and 70% are small « 3 em). If Stn.

G 1007 is included, the large/medium/small percentages become 2/15/83.

Based on shape alone, 44% of the nodules have spheroidal or modified

spheroidal forms, while 18% are ellipsoidal, 14% are polynucleate, 9%

are discoidal, 8% are scoriaceous, 5% are polygonal, and 2% are tabular.

Less than 1% have a shape obviously attributable to a biological nucleus

such as a shark's tooth.

By arbitrarily dividing the survey area into three regions, (1) the

Samoan Basin, (2) the sea-floor traversed southwest of Rarotonga, and

(3) the sea-floor traversed south of Rarotonga, geographic trends in

nodule size, shape and surface texture can be delineated. Table 11

lists the eight most frequently occurring nodule types (some composite)

in each region. It can be seen that small spheroidal or faceted spheroi

dal nodules, mostly with microbotryoidal surfaces, predominate in all

three regions, particularly southwest of Rarotonga, where medium-size

nodules with the same shape and surface texture make up the next most

abundant type. It is interesting to note that, while many different

nodule types can be identified, most nodules in all three areas do

indeed fall into a relatively small number of type categories.

Rather than consider all three descriptive elements--size, shape,

and surface texture--simultaneously, it may be more instructive to con

sider each element separately. Beginning with primary morphology, it

is obvious that spheroidal nodules are the most common variety in all

three regions (Table 12). However, they constitute a majority only in



TABLE 11

MOST FREQUENTLY OCCURRING NODULE TYPES -- SOUTHWESTERN PACIFIC OCEAN

SAMOAN BASIN SOUTHWEST OF RAROTONGA SOUTH OF RAROTONGA*

Type No. % Type No. % Type No. %

s[S-F or S]m,r 337 35.6 s[S or S-F]m 445 44.4 s[S-F or S]m,s 412 27.5

s[P]m,r 286 30.2 mrS or S-F]rn 186 18.5 seE or E-F]rn,s 210 14.0

seE or E-F]rn,r 74 7.8 seE or E-F]rn 171 17.0 s[P]rn,rn-b 150 10.0

s[V]r 39 4.1 s[F-S]rn 52 5.2 seD or D-F]rn,s 149 10.0

m[s]m 28 3.0 rn[E or E-F]rn 34 3.4 s[V]r 104 7.0

m[D]rn 27 2.9 m[T-D]rn 23 2.3 rn[Vlr 86 5.7

s[F]r 26 2.7 s[S-P]rn 14 1.4 s[D-E]rn 39 2.6

m[E]rn,r 17 1.8 s[E-P]m 13 1.3 rn[P [m 35 2.3

TOTALS 834 88.1 TOTALS 938 93.5 TOTALS 1185 79.2

*exc1uding Stn. G 1007

......
N
W
•
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TABLE 12

NODULE SHAPE BY GEOGRAPHIC REGION -- SOUTHWESTERN PACIFIC OCEAN

Samoan Basin Southwest of Rarotonga South of Rarotonga*

No. % No. % No. %

[s] 366 39 657 65 498 33

[E] 108 11 229 23 281 19

[D] 69 7 5 < 1 222 15

[F] 44 5 62 6 61 4

[P] 291 31 9 1 189 13.
[T] 19 2 34 3 18 1

[V] 46 5 3 < 1 214 14

[B] 4 1 4 < 1 3 < 1

*exe1uding Stn. G 1007

TABLE 13

NODULE SIZE BY GEOGRAPHIC REGION SOUTHWESTERN PACIFIC OCEAN

Samoan Basin Southwest of Rarotonga i South of Rarotonga*

Size I No. % No. % I No. %

Small « 3 em) 839 89 726 72 1174 78

Medium (3-6 em) 96 10 256 26 296 18

Large (> 6 em) 12 1 21 2 56 4

Range (mm) 5-133 7-89 6-109

*exe1uding Stn. G 1007
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the region southwest of Rarotonga. Polynucleate nodules make up almost

one-third of all nodules collected in the Samoan Basin, but are almost

absent southwest of Rarotonga. Indeed, the region southwest of Raro

tonga is notable for the fact that only spheroidal and ellipsoidal

nodules occur in significant quantities, while south of Rarotonga five

nodule shapes (spheroidal, ellipsoidal, discoidal, polynucleate and

scoriaceous) are important. The latter area also contributed more

nodules with unusual shapes than the other two areas, including the

scoriaceous crusts with holes from Stn. G 1001, the "skirted" spheroi

daIs from Stns. G 1003, G 1005 and G 1006B, and the discoidals from Stn.

G 1008 have a central cluster of hemispherical protrusions on the upper

surface. Ellipsoidal nodules are important in all three areas, but if

Stn. G 1007 (~outh of Rarotonga) is included, there is a trend of de

creasing number of ellipsoidals toward the northwest. Discoidals are

also most common south of Rarotonga, as are scoriaceous forms. \{hile

many nodules display faceted modifications of some primary morphology,

few that are basically polygonal are found in any area. Tabular nodules

and those with biological nuclei are even less important.

Backer, ~ ale (1976) have noted that, from station to station

along the traverses south and southwest of Rarotonga, wide fluctuations

in nodule size distribution exist. These fluctuations also occur in

the Samoan Basin. Despite differences between adjacen~ stations, dif

ferences between areas may be more significant. Nodules of the Samoan

Basin tend to be smaller than those from the other regions, although

the largest single nodule (133 mm max. diam.) was found at Stn. I 149

in the Samoan Basin (Table 13). Nodules from southwest of Rarotonga
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tend to be larger than those from the other areas. (While the region

south of Rarotonga has the largest number of nodules greater than 6 em

in diameter, about half of these are thinly Mn-encrusted volcanic hya

loclastite or basalt fragments, and probably should not be considered

"true" nodules.) In addition, if Stn. G 1007 is included, the large/

medium/small percentages south of Rarotonga become an estimated 2/12/86.

Nodule size ranges are similar in each area. Few nodules are

larger than 10 em in maximum dimension, and most large nodules tend to

be tabular, discoidal or ellipsoidal in shape, rather than spheroidal.

Few nodules are smaller than 1 em, and none less than 0.5 em in maximum

dimension. Because micronodules rarely exceed 1 rom in size, there is

an apparent size gap (1-5 mm) between micro- and macro-nodules. This

is probably due to a lack of suitable nuclei in the 1-5 mm size range.

Nodule surface textures most often are relatively uniformly micro

botryoidal throughout the study area, although there is a subtle ten

dency toward increasing roughness northwestward. The microbotryoidal

surface consists of closely-spaced or overlapping hemispherical protru

sions up to about 1 mm in diameter, which are the result of the growth

habit of precipitating Fe-Mn oxides. On the upper side of many larger

nodules this type of surface assumes a cavernous aspect, with micro

b0t:ryoids grouped together in clusters which stand well above the under

lying nodule surface and are separated by cavern-like void spaces. At

anyone station, as nodule size decreases, the cavernous aspect becomes

less noticeable, and many of the smallest nodules have almost smooth

surfaces.

Only a few of the recovered nodules have smooth surfaces, other
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than some of the very smallest nodules. The larger spheroidal and

ellipsoidal nodules at Stn. G 1004 have a smooth upper(?) surface and a

microbotryoidal lower(?) surface. At Stn. G 1001 a unique nodule was

collected, having a surface of low relief botryoids, the individual

botryoids (each several millimeters in diameter) being smooth instead

of having the normal superimposed microbotryoids.

Botryoidal surfaces such as those common on the Ni- and Cu-rich

nodules collected between the Clarion and Clipperton Fracture Zones are

rarely observed on nodules from the Tangaroa study area. However, the

large tabular nodules from Stn. G 1007 have a botryoidal surface on one

side, and some of the medium-size spheroidals from Stn. G 1017 have

small, but r~latively well developed, botryoids. The large nodules

from Stn. G 1020 exhibit a good example of the combined development of

lobes, botryoids of various sizes, and superimposed microbotryoids.

Lobation and faceting, which are secondary morphological aspects,

tend to become more pronounced as nodule size decreases. For instance,

none of the medium-size (3-6 cm) spheroidal nodules from the Samoan

Basin is significantly faceted, i.e., none have obvious flat surfaces

that modify the basic spheroidal form. However, more than one-half of

the small « 3 cm) nodules are faceted. The reason for this is not

clear, but because nodules from the survey area consist mainly of volca

nic nuclei in various stages of alteration and replacement with only a

thin encrustation of accreted ferromanganese oxides, the faceting must

reflect the shape of the original nucleus. That is, smaller nuclei pro

bably were more angular than large nuclei, possibly being fragments of

larger, more rounded nuclei.
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RESULTS--NODULE INTERNAL STRUCTURE, MINERALOGY AND CHEHISTRY

Internal Structure

Hacroscopic examination of fractured nodules from the southwestern

Pacific Ocean has revealed three basic structural components: (1) an

outer thin crust of accreted ferromanganese oxides, (2) a thicker inner

zone of oxides apparently formed by replacement of pre-existing material,

and (3) a claystone or pa1agonite nucleus (Meylan, 1976). With minor

variations, this three-fold division prevails throughout the study area,

and is analogous to the oxide crust-subcrust-nucleus structural arrange

ment identified by Meylan (1968) in most Southern Ocean nodules, and

these terms will be used here.

The outer crust of Fe-Mil oxides is generally 0.5-2 rnm thick, and is

easily fractured and removed from the remainder of the nodule. On any

particular nodule, the crust is usually relatively symmetrical in thick

ness, but this is not always the case. On some nodules, the oxide crust

may thin to almost nothing, so that the underlying sub crust is effec

tively "bald" in spots. On larger nodules, the upper surface is often

more prominently microbotryoidal than the lower surface and this is re

flected in a thicker (up to 5 rnm) oxide crust on the upper part of the

nodule. Crustal thickness asymmetry is not the result of increased

thickening at the circumferential zone in proximity to the sediment

water interface, as it is on northeastern equatorial Pacific nodules.

On those nodules (Stns. G 1002, G 1003, G 1005, G 1006B) possessing

equatorial "skirts", the skirt does not seem to be a thickening of the

oxide crust, but instead seems to be the result of flaring of the sub

crust, or in the case of the exaggerated skirt on the originally
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spheroidal nodule of Stn. G l006B (Figure 22), the result of attachment

of a layer of altered volcanics.

Oxide crusts typically hav~ a vague metallic lamination. In the

southeastern corner of the study area (particularly at Stns. G 1016,

G 1019 and G 1020), lamination of the oxide crust is more obvious

because of the presence of microlaminae of yellow to light brown fine

grained silicates, and the oxide crust to subcrust transition is gradual.

A distinct outer oxide crust shell cannot be physically separated from

the subcrust of these nodules.

This is precisely the type of internal structure displayed by many

Eltanin nodules dredged from the southeastern corner of the Southwestern

Pacific Basin. Such similarity in internal structure, along with com

parable surface textures, and as will be shown later, chemical composi

tions, suggests that a nodule facies which is here designated as the

Southwestern Pacific Basin Nodule Facies extends northwestward from its

type area to the area south of Rarotonga, where it merges with the Cook

Island Nodule Facies, which includes most of the nodules from the

Tangaroa survey area.

Subcrusts display more variability in character than do the oxide

crusts, in the sense that they are composed of several structure ele

ments, but throughout the study area one subcrust is much like any other.

The basic structural element of subcrusts is hard, massive, unlaminated

ferromanganese oxide, which has a vitreous black to dark red-brown lus

ter on fresh fracture surfaces, and a dull dark gray aspect on internal

natural fracture faces. At times the subcrust possesses a very faint

metallic lamination immediately beneath the oxide crust.
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Interspersed within the subcrust are numerous tubular structures

up to about 0.5 mm in diameter. They were observed most clearly with

a binocular microscope, using polished sections that had been prepared

for microprobe work. In many cases the tubes are open, and lined with

dark orange to red-brown vitreous particles, probably silicates. In

other cases they are filled with yellow to red-brown finely crystalline

material, or in some instances are so pervaded with Fe-Mn oxides that

only the barest outline remains. This nearly complete replacement is

most apparent in the subcrust of nodules from the southeastern corner

of the study area (Stns. G 1016, G 1019 and G 1020), but it can also be

seen in nodules from Stn. G 1004C. At places in some nodules, several

tubular structures are clustered together, forming a honeycomb-like

feature. In most nodules, the tubes are largest in the subcrust, but

they are also developed in the outer oxide crust. The tubes may have

been constructed by polychaete worms, or possibly by benthic foramini

fera (see Dugolinsky, 1976).

Radial internal fractures are very much in evidence in nodules of

the study area. ~fhen force is applied to the nodules, these radial

fractures provide the lines of weakness along which the nodules readily

disintegrate. Considerably more force is necessary to cause breakage

where internal fractures do not initially exist. In some cases, such

as at Stn. G l004C, these fractures extend to the nodule surface, creat

ing a septarian-like fracture pattern. Septarian fracture patterns

appear to be better developed on South Penrhyn Basin nodules collected

by Landmesser, ~ ale (1976) than they are on Tangaroa-collected nodules,

however. Obviously, fracturing on the sea-flaor,such as has occurred at
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Stn. G 1002, is facilitated by the presence of the internal cracks. An

additional feature of the fractures is that they almost always contain

yellow to buff-colored clay. X-ray diffraction analysis of such clay

in a nodule from Stn. G 1003 showed it to consist of quartz, feldspar,

montmorillonite and phillipsite.

Except for an occasional shark tooth, the nodule nucleus consists

of volcanic material, probably hyaloclastite, in various stages of alter

ation. Most commonly observed is buff-colored, dull claystone, often

with a blocky fracture. Manganese dendrites penetrating inward from

the subcrust are a common feature, and Fe-~m oxide-lined microburrows

represent another avenue of influx for replacement and filling material.

Less commonly the nucleus consists of waxy yellow-orange to vitreous

red-brown palagonite, or dull, powdery Fe-~ oxides. In many instances,

no well-defined nucleus exists, and either the subcrust extends to the

nodule center, or else irregularly-shaped pockets of nucleus material

are scattered near the nodule center.

The original nucleus may not always have been volcanic material (or

a shark tooth). The outline of a planktonic foram was seen near the

center of a nodule from Stn. G 993E. It is possible that the foram

test was carried into the nodule along a microburrow in the subcrust,

because in this particular nodule, no distinct nucleus now exists, and

the subcrust occupies the entire interior of the nodule. It is also

possible that the nodule commenced growth around a sediment nucleus.

Sediment is certainly incorporated into growing nodules, as is apparent

from the silicate microlaminae in nodules from Stns. G 1016, G 1019 and

G 1020. On the outer surface of some nodules throughout the study area,
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clinging sediment could not be entirely washed off. This sediment is

obviously cemented in some fashion to the nodule, and could later be

covered by Fe-~m oxides accreting to the nodule.

Objects that can be termed "proto-nodules" (manganese-encrusted

hyaloclastite) were found at several stations (e.g., Stns. I l47D and

I 166). These consist of light yellow-orange to buff-colored fine

grained hyaloclastite nuclei, encased in ferromanganese oxides with a

high relief botryoidal surface texture which gives the proto-nodules

their scoriaceous appearance. A red-brown layer of probable iron oxide,

up to about 1 rom thick, occurs at the base of the accreted Fe-Mn oxides.

The hyaloclastite is interpenetrated by small burrows (on the order of

0.5 rom in diameter), particularly just beneath the oxide crust. Typi

cally, the burrows are lined with Fe-Mn oxides. At Stn. I 166, semi

indurated hyaloclastic sediment resembling the proto-nodule nucleus

material, and also burrowed near the surface, was recovered. Interest

ingly, it too is encrusted with a scoriaceous layer of Fe-pm oxides.

Mineralogy

The mineralogy of manganese nodules from the southwestern Pacific

Ocean has been studied by X-ray diffraction analysis of whole-nodule and

selected structure zone powder samples, using Ni-filtered Cu-Ka radiation.

Details of the study technique are presented in the }~terials and Methods

section.

Whole-nodule samples. A representative nodule from each station

was powdered, and portions of the powder separated for X-ray diffraction

and chemical analyses. The results of interpretation of the X-ray
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diffractograms are listed in Appendix J, and summarized below.

O-Mn02 is generally the dominant manganese mineral in nodules of

the Tangaroa survey area, but it appears to be most prevalent in Samoan

Basin nodules. A relatively strongly developed, broad, asymmetric peak

o 0

at 2.4A, with a 9.7A peak being absent or only weakly developed, is

considered to be evidence for the presence of o-~n02. The 2.4A peak

was seen in diffractograms of all the true nodule samples, i.e., except

for those of the scoriaceous crusts from Stns. I l47D and I 166.

o 0

A broad 9.7A peak indicates the presence of todorokite. The 9.7A

todorokite peak was not strongly developed on any whole-nodule X-ray

diffractograms. Its presence was most apparent at four stations south

of Rarotonga (G 1004C, G 1006B, G 1019 and G 1020), and at one station

in the Samoan Basin (I 152). At the latter station, the nodules are

small, smooth polynucleates, which lack the microbotryoidal surface

texture typical of other Samoan Basin nodules. ~~ere present, todoro-

o
kite also contributed to the 2.4A peak. Birnessite was not detected

in any whole-nodule sample. The absence of identifiable iron oxide

mineral peaks leads to the inference that most of the iron occurs in

an X-ray amorphous phase.

Feldspar and quartz are generally present in south~vestern Pacific

nodules in sufficiently high quantities to be detectable despite high

XRD backgrounds produced by fluorescence. The relative abundance of

these two minerals in the nodules as a whole is quite similar to that

in the sediment with which they are associated. That is, quartz is

more abundant in the southeastern corner of the study area than in the

Samoan Basin, and feldspar does not display any regional trend.
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Phillipsite may be present in nodules at a few stations south of Raro-

tonga, and some evidence for calcite was noted on the XRD pattern of a

Stn. G 989 nodule. Other minerals are likely to be present, but their

peaks were not strongly enough developed to stand out from the back-

ground signal.

Selected structure zone samples. Nodules from a number of stations

were fractured, and distinct structure zones ~,ere separated for indivi-

dual X-ray diffraction and chemical analyses. The results of interpre-

tation of the X-ray diffractograms are given in Appendix K.

Representative XRD patterns for nodule oxide crusts are shown in

Figure 24. The traces, which are somewhat smoothed compared to the

actual records, are arranged so that the trace of the southernmost sam-

pIe is at the top, and the northernmost at the bottom. Todorokite is

generally poorly developed or lacking in the oxide crust of nodules

throughout the study area, except at Stns. G 1016, G 1019 and G 1020 in

the southeastern sector, and at a few stations south of Rarotonga

(G 1003, G l004C and G 1006B). In the nodule examined from the latter

o
station, only the lower oxide crust displayed a ~ell developed 9.7A

todorokite peak. As will be shown later, todorokite is most abundant

in oxide crusts with a relatively high manganese content.

o-Mn02 is also generally only weakly developed in oxide crust
c

zones. A broad 2.4A peak is most apparent in oxide crusts with well

developed todorokite, suggesting that the latter may be contributing

to the peak. Birnessite may be present in the oxide crust of Stn.

G 1012 nodule.

Silicate minerals are usually both more numerous and present in



Fig. 24. X-ray diffraction pattenls of nodule oxide crusts.
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greater quantities in the nodule subcrusts, at least as far as can be

seen on X-ray diffractograms (e.g., Figure 25). Phillipsite, which was

not detected in any of the oxide crusts, appears to be weakly developed

in many of the subcrusts throughout the study area. Unexpectedly, todo-

rokite is frequently better developed in the subcrust than in the oxide

crust, as well.

Several types of nuclei were subjected to XRD analysis: buff-

colored hyaloclastite/claystone, orange-bro\vn palagonite, dull black

powdery manganese oxide, and a nodule center with the characteristics

of subcrust. Diffractograms of examples of these nodule nuclei types

are shown in Figure 26. The claystone nuclei appear to consist pri-

marily of montmorillonite (e.g., G 989), with phillipsite also readily

identifiable at Stn. G 995. Phillipsite is strongly developed in the

hyaloclastite nucleus of a Stn. I 166 "proto-nodule", in association

with montmorillonite. Quartz is generally only weakly present in clay-

stone and hyaloclastite nuclei, but feldspar has a moderate to strong

XRD expression in most. In the one palagonite nucleus analyzed (G 1012),

montmorillonite was strongly developed, with phillipsite displaying a

lesser XRD presence; quartz and feldspar were not observed. However,

in the sub crust-like nucleus of a Stn. G 1020 nodule, both quartz and

feldspar are prominent, as is phillipsite.

The most unusual nucleus studied was found in a Samoan Basin nodule

(Stn. I148A). A dull black powder in appearance, it consists of the

manganese oxide minerals todorokite and 8-}b02 , and displays a high man-

ganese content (22.25%). Montmorillonite is also prominently developed,

o
as is a mineral that produced a 2.03A peak. Fortin (1974) noted that a



Fig. 25. X-ray diffraction patterns, oxide crust vs. subcrust of same nodule.
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reasonably sharp peak in the 2.0l-2.05A range was often found on dif-

fractograms of marine manganese oxides from numerous locations in the

Pacific. It is tentatively concluded that the peak is produced by

some manganese mineral previously unrecognized in nodules.

Discoidal nodules from two stations (G 995 and G 1003) displayed

structures which have been termed "pedestals". These are knob-like

features which protrude from the bottom side of the nodule, and consist

of hyaloclastite which has not been encrusted with manganese. At Stn.

G 995, the pedestal appears to be cemented to the bottom of the nodule,

whereas at Stn. G 1003, the pedestal is actually an extension of the

claystone nucleus, partly replaced by Fe-Mn oxides. Phillipsite, mont-

morillonite, feldspar and quartz are all present in the G 995 pedestal,

whereas feldspar and montmorillonite are the only silicates identifia-

ble on the diffractogram of the G 1003 pedestal.

Yellow to red-brown clay was invariably found lining natural

internal fractures of the nodules, and at times also filling tubular

structures. Clay from the fracture surfaces of two nodules (Stns.

G 1003 and G 1006B) was examined by the X-ray diffraction technique.

The two clays were found to be nearly identical, consisting of mont-

morillonite, quartz, feldspar and phillipsite.

Chemical Composition

~Vhole-nodule samples. Based on whole-nodule analyses, the nodules

of the study area can be characterized as Fe-rich and Ni- and Cu-poor

compared to average Pacific nodules, and emphatically so compared to

the economically-attractive nodules of the northeastern equatorial
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Pacific (Table 14). Bulk compositions of nodules collected during the

first Tangaroa cruise were presented initially by Glasby, et a1. (1975),

and discussed further by Backer, et a1. (1976). Observations that are

relevant to the present work, and that have been derived from these

data, are briefly reviewed below. The bulk compositions of Samoan

Basin nodules were determined for this study, and these data have been

compiled with those of Glasby, et a1. (1975) to form Appendix L•.

Glasby, et a1. (1975) included some data on the composition of differ

ent nodule structure zones, as well as nodules of different morphology.

Nodule composition in the study area is generally quite uniform,

but variations do exist. The lowest Mn/Fe ratios, i.e., the most Fe

enriched nodules, occur at Stns. G 991 through G 993, and the ratio

decreases both southeastward and northward into the Samoan Basin from

the area of these stations. This is due primarily to a decrease in

the absolute abundance of iron, mostly unattended by a concomitant

increase in manganese. Nodules from Stns. G 991 through G 993, as

well as those of the Samoan Basin, display somewhat higher Mn/Ni and

Mn/Cu ratios, i.e., are more nickel- and copper-depleted relative to

manganese, than nodules from south of Rarotonga. Mn/Co ratios are

generally lower in the Samoan Basin and southwest of Rarotonga than

south of Rarotonga.

Nodules from Stns. G 1016, G 1019 and G 1020 are chemically dis

tinct from nodules found further north in the study area. The average

composition of nodules from these three stations is: Mn 19.0%, Fe

12.8%, Ni 0.65%, Cu 0.32%, Co 0.20%. Such an average composition is

much more similar to that calculated for nodules from the southeastern



TABLE 14

AVERAGE COMPOSITION OF PACIFIC OCEAN MANGANESE NODULES

(1) (2) (3) (4) (5) (6) (7)
NORTHERN SECTOR SOUTHEASTERN NE EQUATORIAL

SAMOAN SOUTHERN OF SW PACIFIC SECTOR OF SW PACIFIC ENTIRE
BASIN PENRHYN BASIN BASIN PACIFIC BASIN SOUTH PACIFIC (SILICEOUS OOZE) PACIFIC

15.6 14.8 16.7 21.6 15.9 22.4 19.3

17.0 15.8 21.1 12.7 14.2 8.2 11. 7

0.34 0.27 0.40 0.91 0.55 1.16 0.66

0.21 0.14 0.22 0.37 0.29 1.02 0.39

0.42 0.39 0.38 0.36 0.28 0.25 0.32

This study.

From Landmesser. ~ a1. (1976).

Co

Ni

Cu

Fe

Hn

(1)

(2)

(3) From Glasby, et al. (1975).

(4) From Mey1an and Goodell (1976).

(5) From Glasby (1976b).

(6) Data from Horn, et al. (1972b, 1973a), calculated by Glasby (1976b).

(7) From Bender (1970).

......
~

~
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sector of the Southwestern Pacific Basin than it is to nodules of the

rest of the present area of concern (cf. Table 14). The existence of

nodules in the southeastern sector that are higher in Mn, Ni and Cu

and lower in Fe and Co than nodules from further north is supported by

an analysis by Mero (1965) of a nodule from Stn. MSN l16P (rm 17.8%,

Ni 1.08%, Cu 0.79%, Fe 5.2%, Co 0.20%). Small polynucleate nodules

that are also more Mn-, Ni- and Cu-rich than nodules typical of the

study area were found at Stn. I 152 in the Samoan Basin.

Glasby, et ale (in press) include major element analysis data for

single nodules collected during the 1974 Tangaroa cruise. These data

are listed in Appendix M. A split of each sample powdered for the

major element analyses was used to determine the whole-nodule XRD min

eralogy (Appendix J). Glasby, et ale (1975) also determined Si, Al and

Ca contents, as well as Fe and Mn, in the same suite of nodules, but in

general used more than one nodule (Appendix L). Disregarding iron and

manganese, which are discussed above, silicon is the most abundant

major element in southwestern Pacific nodules, making up about 6 to

12% by weight of the nodules. Aluminum content is generally slightly

less than one-half that of silicon, ranging from about 3.1 to 5.6%.

Because Si and Al are most likely associated 1vith silicates and alumi

nosilicates, rather than the oxide phases, minerals such as quartz,

feldspar, clays and zeolites, along with amorphous silica, together

make up at least one-fourth of the mass of each nodule. Approximate

concentration ranges of other major elements are Ca 1.4-2.8%, Na 0.9

3.7%, Mg 1.4-2.2%, Ti 0.5-2.0%, and K 0.7~1.2%. Phosphorus occurs in

lesser concentrations (0.10-0.15%). For most of the major elements,
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regional trends do not appear to exist. However, Si and Al are slightly

more abundant in nodules from south of Rarotonga, whereas titanium

values appear to be somewhat lower.

Glasby, et ale (1975) also list zinc and molybdenum data for the---
1974 Tangaroa cruise nodules. Zinc concentrations range from 0.06 to

0.12%, and are highest at Stns. G 1016, G 1019 and G 1020. Molybdenum

values range from 0.01 to 0.04%, and show no regional trends.

No significant variations in nodule chemistry as a result of change

in nodule size were detected. However, nodules of different morphology

at Stns. G 1003 and G 1017 show differences in composition. A tabular-

discoidal nodule from Stn. G 1003 contains more manganese, nickel and

copper, and less iron and cobalt, than a spheroidal nodule from the

same station. At station G 1017, polynucleate nodules are enriched in

nickel and copper, and depleted in iron, 'compared to their companion

spheroidal nodules.

Selected structure zone samples. If nodules were chemically homo

geneous objects, their bulk compositions would paint a complete picture.

But they are not, as can be assumed simply from visual recognition of

their diverse structural elements. Successively finer sampling of

individual nodules reveals an increasingly greater degree of inhomo-

geneity, the details of which are resolvable down to microprobe scale.

For this study, the chemistry of the largest distinctly separable

structural elements has been examined, in order to learn how much more

information can be gained from such an approach than from whole-nodule

analyses. Compositional data for selected nodule structure zones are

presented in Appendix N. A discussion of analytical precision of the
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data is included in the appendix.

The most startling finding derived from this approach is the com

position of the oxide crust, and how it differs from the subcrust, in

nodules from the Samoan Basin and southwest of Rarotonga. In these

nodules, the oxide crust is depleted in manganese, nickel, and copper,

and enriched in iron relative to the subcrusts. Copper values as low

as about 0.1% are not uncommon in the oxide crusts. However, in the

southeastern corner of the study area (Stns. G 1016, G 1019 and G 1020),

manganese and its associated elements nickel and copper are enriched

relative to iron and cobalt in the oxide crust. The data supporting

these trends are summarized in Table 15. Glasby, et al. (1975) (Appen

dix L) and Bezrukov (1976) include additional supporting data.

Oxide crusts of nodules from south and southwest of Rarotonga

(excluding Stns. G 1016-G 1020) have only slightly higher Mn, Ni and

Cu values, as well as slightly higher Co values, than oxide crusts

from Samoan Basin nodules. However, at Stns. G 1016, G 1019 and

G 1020, where the analyzed nodules have similar internal structures,

the Mn/Fe ratio is significantly greater, and Ni and Cu contents show

a concomitant rise, while at the same time Co contents are lower. (An

analysis or a nodule from Stn. G 1017 that has an internal structure

resembling that of nodules from the area to the north is included in

the average for Stns. G 1016-G 1020. Otherwise, the differences in

chemical composition for nodules from this area would be even more

marked.

Subcrusts from both the Samoan Basin and the area south and south

west of Rarotonga have higher Mn, Ni and Cu concentrations, and lower



TABLE 15

AVERAGE STRUCTURE ZONE CO~WOSITIONS BY GEOGI~PHIC REGION

South and Southwest Southeastern Corner
Element and of Rarotonga, of Study Area

Structure Zone No. of Analyses Samoan Basin Except Stns. G1016-G1020 (Stns. G1016-G1020)

Oxide crust Mn (%) 11.98 14.44 18.09

(of entire Fe (%) 21.95 20.05 12.35
nodule only) Ni (ppm) 1498 2554 6254

Cu (ppm) 1135 1428 2660

Co (ppm) 4126 4430 2592

No. of Analyses 6 7 4

Subcrust Nn (%) 16.42 15.26 14.46

(typical mas- Fe (%) 17.27 17.57 16.95
sive Fe-~hl Ni (ppm) 2487 3085 2453
oxides wi t h
tubular Cu (ppm) 1398 1905 1508
structures Co (ppm 5241 4235 2955only)

No. of Analyses 2 7 1

Nuclei Mn (%) 1.13 1.19 -
(tuff and clay- Fe (%) 12.90 10.21 -
stone only)

Ni (ppm) 196 259 -
eu (ppm) 392 484 -
Co (ppm) 258 209 -

No. of Analyses
,

1 3 0
......
.j::
oo.
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Fe, than their oxide crust counterparts. Samoan Basin nodules appear

to also have somewhat more Co in their subcrusts than in the overlying

oxide crusts. The only analyzed subcrust from the southeastern corner

of the study area was taken from a Stn. G 1017 nodule, which resembles

nodules from the area to the north in both internal structure and

chemistry.

Only a few nuclei were analyzed. The hyaloclastite, claystone

and palagonite nuclei all have reasonably similar compositions. These

compositions are, as would be expected, much more similar to that of

sediment than to an Fe-Mn oxide phase. However, wherever the volcanic

nucleus has been noticeably infiltrated by Fe-Mn oxides (e.g., the

inner subcrust/outer nucleus zone of G 989), contents of Mn, Fe, Ni,

eu and Co are all higher than in the unreplaced nucleus.

In two cases O(G 1006B and I l48A) , a dull powdery black nucleus

proved to be more enriched in lfu, Ni and Cu than even the accompanying

subcrusts. At Stn. G 1006B, this type of nucleus contains 26.1% man

ganese, and an unusually high nickel content (2.41%).
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DISCUSSION

A considerable amount of information regarding the nodules and

sediments of an area in the southwestern Pacific Ocean has been pre

sented in the foregoing Results sections. The goal of this disserta

tion has been to use this information, along with pr~vious work, to

answer two principal questions: (1) ~~y are the nodules found where

they are?, and (2) How have the nodules formed? The answers to these

questions are relevant mainly to nodules from the particular geogra

phic area which has been studied, but generalizations can be made that

apply to nodules from other areas.

The discussion section is divided into two parts. In the first

part, nodule distribution will be related to the volcanic and sedimen

tary history of the study area, in order to determine why the nodules

occur at the sediment-water interface only in the eastern part of the

area. In the second part, the development of the nodules will be con

sidered in terms of their present morphological, structural, chemical

and mineralogical characteristics. Interspersed throughout the discus

sion section will be comparisons between nodules from the southwestern

Pacific Ocean and those from the northeastern equatorial Pacific Ocean.

Relationship of Sedimentary History to Nodule Distribution

Manganese nodule distribution on the sea-floor of the southwestern

Pacific Ocean is determined primarily by sedimentation regimes. Bottom

sampling during Tangaroa and other cruises has indicated that nodules

are essentially restricted to an area eastward of a boundary that mean

ders north-south between 160 oW. and 170 oW. Long. (Figure 20). Several
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characteristics of the sediment suggest that fundamentally different

sedimentation regimes exist on either side of the boundary. These

characteristics are briefly reviewed below in terms of sediment accu

mulation rates. This is followed by a discussion of sediment dispersal

mechanisms as they pertain to nodule distribution. Evidence that ex

plains the presently-observed three-dimensional disposition of nodules

and sediments will then be summarized.

Sediment characteristics. No perfect correlation exists between

nodule distribution and some set of sediment parameters. An attempt

has been made to identify the parameters of sediment generally asso

ciated with nodules in the study area, and contrast these parameters

with those of sediment that generally does not bear nodules (Table 16).

Except for the carbonate-laden shallow flanks of the Manihiki

Plateau, nodules generally occur on medium to dark brown sediment,

rather than on the gray, olive gray and grayish brown sediment typical

of the western side of the study area (see Figure 6). The only deep

water nodules collected by Tangaroa cruises on other than medium to

dark bro~vn sediment were found at Stn. G 1020, on grayish brown clay.

A bro~vn sediment color can be attributed to variable proportions of

iron and manganese oxides (Pantin, 1969). The implications of color

to sediment accumulation rate have been long recognized. Boggild

(1906), having examined the color of bottom samples collected by the

Fram expedition in the North Polar Sea off the Siberian coast, con

cluded that "the only possible explanation appears to be that the gray

clay is deposited so much more rapidly than the brown that the upper

most layer has not had time to be changed before it is covered with



TABLE 16

GENERALIZED SURFACE SEDIHENT CHARACTERISTICS

Sediment
Characteristic

Color

Texture

Type

Nineralogy

Hestern Side of Study Area
(Nodules Generally Absent)

Gray, olive gray and grayish brown

Silty sand, Sllildy silt, clayey silt

Ash- and pumice-bearing to -rich
foram/nanno ooze

Foram/nanna-bearing to -rich ash
and pumice

RSO-bearing to -rich siliceous
microfossil hash ooze

Calcite, quartz, feldspar, pyroxene~

pllyllosilicates, magnetite, glass

Eastern Side of Study Area
(Nodules Generally Present)

Yellowish brown and medium to
dark brown

Silty clay

Nannofossil-trace to -bearing
detrital silt-bearing, RSO
bearing to -rich clay

Quartz, feldspar, pyroxene,
phyllosilicates

Hinor Transition Un <0.60%
Metal Composition* Ni <140 ppm

ell <180 ppm

Co < 80 ppm

> 0.80%

> 125 ppm

> 190 ppm

> 110 ppm

*Elelllental compositions selected so that approximately two-thirds of the Tangaroa sample data
fit the generalizations. .....

V1
N.
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new sediment." Numerous subsequent workers have remarked on the corre

lation between low accumulation rate and high oxidation state of sedi

ments (e.g., Bramlette, 1961).

Sediment texture appears to be the parameter most diagnostic for

manganese nodule formation. Although Mn-stained and encrusted rocks

are not uncommon, manganese nodules are rarely found on continental

shelves or in deeper marine water dominated by hemipelagic and turbi

dity current deposition (e.g., Horn, ~ al., 1972a). Sediment accumu

lation in these environments occurs at a much greater rate than in the

pelagic realm, and generally produces textures much coarser than that

of most deep-sea sediment. Skornyakova and Andrushchenko (1974) noted

that the concretions and crusts that are present in the peripheral

regions of the Pacific are limited mainly to submarine highs. \~ith

two exceptions (Stns. G 1001 and G 1002), all nodules recovered during

the Tangaroa cruises were found on silty clays containing at least 50%

clay-size « 4 ~) material (Figure 27) (see also Figure 7). The few

nodules dredged at Stn. G 1001 were recovered from a depth of 3970 m

on a 300 m rise, and were associated with light brown nanno-foram ooze

and ~fu-encrusted volcanoclastics. Stn. G 1002 ~vas occupied in an area

of rolling abyssal hills (depth 4817 m); the pipe dredge at this sta

tion contained many more ~fu-stained basalt fragments than nodules. No

nodules were found on the clayey silts and coarser sediments of the

western part of the study area. In the sediment coarse fraction, shark

teeth were, more often than not, associated with manganese nodules.

This is often taken to be evidence for a slow sediment accumulation

rate (e.g., Murray and Renard, 1891; et seq.).



Fig. 27. Percent clay in sediment vs. nodule occurrence at each station.
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In the Tangaroa survey area, nodules were found predominantly on

sediments classified as detrital-silt bearing, RSO-bearing to -rich

clay, but were also found on sediments transitional to types located

further west (see Figure 9). These transitional types are (1) RSO-

bearing, detrital silt-bearing, siliceous microfossil hash-bearing

clay (with nodules at Stns. G 1020, I 145, I 146 and I 166), and

(2) detrital silt-bearing, RSO-bearing clay-volcanic ash to volcanic

ash-clay (with nodules at Stn. G 987). In addition, nodules were found

on the nanno/foram ooze of Stn. G 1001.

Calcareous sediments generally are the most swiftly-deposited

pelagic sediments (Table 17). The terrigenous/volcanogenic sediments

TABLE 17

GENERAL SEDIMENT ACCUMULATION RATES IN PACIFIC

Sediment Type

Calcareous

Siliceous

Pelagic Clay

General Accumulation Rate
(rom/l03 yrs)

10-20

4-5

2

From van Andel, ~ ale (1975)

fringing the Pacific Basin accumulate much more rapidly, and at rates

varying by orders of magnitude (Arrhenius, 1963). A definite correla-

tion exists between sediment type and the frequency of occurrence of

manganese nodules (Table 18). On the present ocean floor, nodules are

found most frequently on siliceous sediments (left-hand and center



TABLE 18

ASSOCIATION OF MARINE MANGANESE NODULES WITH DIFFERENT SEDI~mNT TYPES

Henard (1976)
Skornyakova and Andrushchenko

Unpublished data*
(1974)

Tobal %Hith Total %With Total Weighted
Sediment Type Samples Nodules Sediment Type Samples Nodules Sediment Type Nodules Percent*

Terrigenous 202 7.4 Terrigenous 204 3 Volcanogenic- 2 3
mud sediments terrigenous

Calcareous 437 12.4 Carbonate 395 17 Nannofossil 9 4
ooze sediments and foram

oozes, clay

Pelagic clay 1753 17.8 Red clays 308 51 Red clay 16 82

Siliceous 246 28.9 Diatomaceous 56 9 Radiolarian 9 11
ooze oozes oozes, sili-

ceous clay

Siliceous 141 42.6 Radiolarian 29 69
clay oozes

Sample population: Pacific Sample population: All Pacific Sample population: DSDP Pacific
basin surface sediments basin surface sediments. sediment cores.
deeper than 4000 meters. *Apportioned on basis of nodule

horizons per meter of sediment
column.

*Nodule occurrence vs. sediment type from Glasby (in press); thickness of sediment column from
Heylan (1973). I-'

lJ1
-...J
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sections of table), particularly low-latitude radiolarian oozes and

radiolarian clays such as those of the Clarion-Clipperton Fracture

Zones area. Buried nodules have been noted most frequently in pelagic

("red") clay (right-hand section of table). It must be pointed out

that Skornyakova and Andrushchenko (1974) determined that 51% of their

red clay surface samples were associated Hith manganese nodules,

Hhereas Menard (1976) found that only 18% of his pelagic clay samples

were collected Hith nodules. Possibly the definition of pelagic clay

used by l:~enard is more broad, and woul.d include a sizeable number of

samples that Skornyakova and Andrus~chenko placed in the terrigenous

category; alternatively, his data may include more core samples than

dredge samples, the latter having a greater possibility of recovering

surface nodules.

The mineralogy of Tangaroa surface sediments indicates north-south

rather than east-west trends. Apparently, quartz, chlorite, illite and

montmorillonite are present in greater quantities in samples from the

southern part of the survey ~~ea th~~ in the northern part, based on

estimates of relative peak areas. This probably is mostly a reflection

of differences in sediment provenance.

Certain minerals are indicative of low sedimentation rates (e.g.,

phillipsite) (l:1urray and Renard, 1891; Arrhenius, 1963). However, the

nature of the sediment mineralogy investigation for this study permitted

only the identification of minerals present in significant amounts;

thus phillipsite, if p~esent, ,vas obscured on the X-ray diffractograms.

Calcite was readily identifiable on diffractograms of samples where

smear slide analysis indicated abundant forams and/or nannofossils.
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~~gnetite was identifiable only in the general vicinity of the volcanic

islands of Tonga, Samoa and Rarotonga. This may be circumstantial

evidence for somewhat faster depositional rates of sediments near

these islands.

Sediment chemistry is certainly more indicative of accumulation

rates than bulk mineralogy. In a qualitative sense, sediment composi

tion has already been partly discussed, under the guise of color,

because iron and manganese oxides are the primary coloring matter in

sediments. The most highly oxidized sediments, i.e., those with the

highest contents of authigenic Fe and ~m oxides, tend to have accumu

lated very slowly (Bramlette, 1961, among others). Goldberg and

Arrhenius (1958) suggested that the rate of manganese accumulation in

sediments is some function of the length of time that the sediment

surface is in contact with seawater. Recently, Krishnaswami (1976)

demonstrated that there is an inverse correlation between clay accumu

lation rates and the concentrations of ~m, Ni, Cu and Co in Pacific

pelagic sediments.

Manganese and its associated elements Ni and Cu, as well as Co,

show a very systematic increase in concentration from west to east

across the study area (Figures 16 to 19, respectively). Smear slide

analyses indicate that this is coincident with increases in RSO, micro

nodule and nannonodule contents in the sediment. Bischoff and Rosen

bauer (1977) have demonstrated that metalliferous sediment that bears

RSO's is enriched in Fe, ~m, Ni and Cu. Because of the visible quanti

tative importance of RSO's in the eastern part of the Tangaroa survey

area, it can be assumed that the Xu, Ni and Cu (and possibly Co)
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increases of these elements eastward in the sediment can be attributed

primarily to the RSO's rather than to the less abundant micronodules

or nannonodules.

Iron content in the sediment generally increases from southwest to

northeast in the study area (Figure 15). This may be due to elevated

contributions of Fe-bearing minerals supplied by basaltic volcanism,

rather than simply to an increase in the authigenic oxide fraction.

This is probably also true for titanium, which shows a similar trend

(Figure 14). Calcium displays its greatest concentration on topogra

phic highs (Figure 13), supporting the color, smear slide and mineral

evidence for the presence of rapidly-deposited carbonates. Silicon and

aluminum both show highest contents in the southwestern and southeas

tern corners of the study area (Figures 11 and 12, respectively), pro

bably indicating elevated andesitic volcanic and terrigenous inputs,

respectively.

Nodules were collected on sediments having a certain range of

composition (Table 8). More information about nodule presence vs.

absence in relation to minor transition metal composition of the sedi

ment is presented in Table 19. It can be seen from the table that in

the case of the transition metals }~, Ni, Cu and Co, the sediments at

stations where nodules were found tend to have higher contents of these

metals than the sediment at stations where nodules were not recovered.

Average cobalt and manganese concentrations are about twice as high in

sediments bearing nodules as those lacking nodules, whereas the differ

ence in nickel and copper contents is not quite as marked. The northern

Samoan Basin appears to be anomalous, in that manganese nodules do not
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extend into this area, where the sediment is quite rich in ~m, Ni, eu

and Co.

Sediment dispersal. Evidence from sediment color, grain size

distribution, proportions of the individual components, and chemical

composition support the conclusion that two different sedimentation

regimes exist in the Tangaroa survey area: a western area where sedi

ments accumulate relatively rapidly, and an eastern area where sedimen

tation is much slower. The division between the two regimes is transi

tional, but on a regional scale the transition is fairly abrupt, occur

ring over a distance of a few hundred kilometers.

The observed pattern of distribution of sediment characteristics

is produced by several dispersal mechanisms, acting on material derived

from several sources, with che~ical processes modifying the material

during settling through the water column and subsequent exposure on the

sea-floor. The principal sources of inorganic detritus are the Ne,v

Zealand and Australian land masses, the Tonga-Kermadec volcanic island

are, the volcanic Samoan and Cook Island chains, and possibly the ~lani

hiki Plateau. The skeletal remains of pelagic radiolarians, diatoms,

foraminifera and coccolithophorids constitute the bulk of the organic

detrital particles.

The terrigenous, volcanogenic and biogenic detritus is transported

by winds, surface currents, turbidity flows and the bottom current

driven nepheloid layer to its resting place on the ocean floor. In the

following paragraphs, sediment sources and dispersal mechanisms are

discussed first in terms of the sedirnert layer as a whol.e , then in terms

of individual minerals which have been identified in the sediments of
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the study area.

Ewing, ~ ale (1969) prepared a South Pacific sediment isopach

map. There is good agreement between observed nodule distribution and

the area of the southwestern Pacific shown by Ewing, et ale to have

less than 100 m of sediment (assuming a mean sediment velocity of 2 km/

sec). Their data also provide evidence for the importance of the wes

tern boundary undercurrent to sediment dispersal: a tongue of sediments

over 500 m thick apparently curves to the north and west around the

eastern tip of the Chatham Rise, at 35°S. Lat., 165°W. Long. Sediments

thicker than 100 m extend northward to 20 0S. Lat. on the eastern side

of the Tonga-Kermadec Trench. About 150 m of volcanogenic sediment was

drilled at DSDP Site 204 immediately east of the Tonga Trench at about

25°S. Lat. (Burns, Andrews, ~ al., 1973). Tangaroa bathymetric pro

files indicate that bottom relief is blurred in the western part of the

survey area where Ewing, et ale have mapped sediment thicknesses greater

than 100 m (Backer, ~ al., 1976). This may be due, in part, to depo

sition from a nepheloid layer driven northward by the western boundary

undercurrent. Hunkins, ~ ale (1969) have documented a relationship

between bottom currents and the existence of a nepheloid layer in the

Arctic Ocean. Local fluctuations in current velocity could permit

either settling of particles from suspension in the nepheloid layer,

or resuspension of previously deposited material.

There appears to be little doubt that the bulk of the thick sedi

ment layer in the deep \Vater of the southwestern quadrant of the study

area consists of andesitic volcanics from New Zealand and the Tonga

Kermadec island arc. Smear slide analyses show the preponderance of
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ash shards in surface sediments east of the Tonga-Kermadec Trench, with

shard size decreasing eastward. Norris (1964) has reported fine-grained

volcanic material on the Chatham Rise. Numerous unpublished Lamont core

descriptions, plus DSDP drilling at Site 204, demonstrate the importance

of volcanogenics in the sediment column, with brown clay interlayers

generally decreasing in significance westward toward the island arc.

Initial dispersion of the volcanogenics has probably been accomplished

by aeolian transport, by surface current from New Zealand via the East

Cape Current and by turbidity currents, possibly focused along the

Hikurangi submarine canyon extending eastward from New Zealand (Ewing,

~ al., 19692.

In the northwestern quadrant of the study area, thicker sediments

appear to be due to relatively rapid accumulation of siliceous micro

fossils and basic volcanics. Lonsdale (1975) has investigated the

archipelagic apron around the Samoan Islands, and found that it is up

to 1 km in thickness, and extends for a distance of approximately 200km

on either side of the chain. Turbidity currents, probably initiated by

gravitational sliding of pyroclastic material and biogenic ooze down

the steep volcanic slopes of the islands, have formed a smooth distal

plain. Sediments on the plain are mainly burrowed siliceous oozes,

with occasional interbeds of graded, laterally transported material.

Tangaroa Stns. I 155 and I 156 were occupied on the Samoan Archipelagic

Apron. At both stations, black volcanoclastic sand mixed with brown

clayey silt (clayey siliceous microfossil hash ooze?) was recovered.

The abundance of siliceous microfossils, particularly radiolarians, in

sediments from the northern part of the study area can be attributed
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to increased biological productivity in surface waters of the equatorial

zone (e.g., Koblentz-~tishke, et al., 1968).

Distribution patterns of individual minerals can also provide

understanding of the relative importance of various source areas and

dispersal mechanisms. Because distribution patterns can change wit~

time, a comparison of the silicate mineralogy of sediments and asso

ciated nodules will be used in a later section in an attempt to deter

mine whether or not the nodules might have formed on the sediments now

found at the sea-floor.

The quartz content of Pacific pelagic sediments has been investi

gated by Rex and Goldberg (1958) and Petelin (1965), among others, and

quartz distribution in the world ocean has been summarized by \~indom

(1976). Although quartz is readily apparent on almost every diffracto

gram of southwestern Pacific sediment, its absolute abundance is pro

bably minimal. Petelin (1965), cited in Lisitzin (1972), studied the

sand (100-1000 w) and aleurite (10-100 w) size fractions of Pacific

sediments, and his generalized map indicates that less than 1% quartz

of 10-1000 Wsize is found in sediments of the present study area,

which agrees with what can be seen on smear slides. Likewise, Windom

(1976), considering total quartz on a carbonate-free basis, mapped con

centrations of less than 5% quartz for the eastern part of the study

area, and concentrations exceeding 10% in the southern part. Diffrac

tograms prepared for the present study indicate that the quartz/feldspar

ratio increases slightly at southern stations, possibly indicating an

influx of fine glacial debris from the Antarctic continent. Most of

the quartz in deep-sea sediments is probably smaller than that exaillined
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by Petelin. Rex and Goldberg (1958) showed that much of the quartz is

restricted to the 2-10 ~ size range, and that it shows a latitudinal

dependence, together implying aeolian transport.

Clay minerals make up the bulk of most southwestern Pacific pela

gic sediments. Illite/mica, chlorite and kaolinite are probably domi

nantly of a detrital nature, borne from their place of origin by the

wind, with montmorillonite being formed mostly in place on the sea

floor. The distribution of clay minerals in the Pacific has been des

cribed by Griffin and Goldberg (1963), Rateev~ ~ ale (1966; cited in

Lisitzin, 1972), Griffin, ~ al. (1968), and Hindom (1976).

Illite is a general term for clay minerals belonging to the mica

group (Grim, ~ al., 1937). Most sedimentary illite is somewhat potas

sium-deficient and poorly crystallized compared to muscovite. Because

of its high concentration in northern hemisphere marine sediments, and

its potassium-argon ages of the order of hundreds of millions of years,

illite in the oceans is thought to be primarily of detrital origin

(Griffin, et al., 1968). However, apparent authigenic illite has been

detected in deep-sea sediments from north of Hawaii (~foberly, et al.~

1968). Griffin, ~ al., have mapped 30-40% illite in the < 2 ~ size

fraction in a "plume" extending eastward from southern Australia.

No r t h of about 28°S. Lat , , illite content is shown to be 20-30~~~ and

the Samoan Basin is depicted as having less than 20% illite. The dis

tribution mapped by Rateev, ~ al. (1966) is not too dissimilar: 20

40% in the southern part of the study area, and < 20% in the northern

part. These data agree with the relative equatorvlard diminishing of

illite content seen on diffractograms of bulk Tangaroa sediment samples.



167.

Muscovite mica was seen in numerous Tangaroa smear slides, occurring as

elongated highly birefringent silt-size flakes, but not in any signifi

cant quantity. Eolian transport of illite may be augmented by nephe

loid transport via the western boundary undercurrent from a source area

of glacial material.

Chlorite may be characterized as a high latitud~ clay mineral,

formed by primary metamorphic processes, and rendered transportable by

mechanical breakdown of the plentiful shales and metamorphic rocks of

the polar regions (Griffin, ~ al., 1968). These authors mapped a

"plume" of chlorite (20-30% in the < 2 u size fraction) extending east

ward from southern Australia into the southern part of the present

study area, with much of the rest of the area displaying 10-20% chlorite

of this size. Griffin, ~ al., did note that much of the chlorite in

marine sediments falls into the silt size range. Rateev, ~ al. (1966)

depicted 10-30% chlorite in the southern part of the study area, and

< 10% chlorite north of about 30°5. Lat. Tangaroa samples show a simi

lar south to north decrease in chlorite content, much like illite.

Eolian transport of chlorite from Ne~., South \olales, rather than from the

chlorite-poor sediments of deserts of central Australia, could account

for its distribution. However, introduction of glacial detritus by the

wes t ern boundary undercurrent cannot be dismissed.

Kaolinite is generally considered to be a low latitude product of

intense weathering in soil profiles (Griffin, et al., 1968). Although

their sample spacing in the current study area was somewhat loose, they

mapped < 10% kaolinite in the < 2 f.l size fraction of Samoan Basin sedi

ments, and up to 20% in the area to the south. Rateev, ~ ale (1966),
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on the other hand, indicated 40-60% kaolinite in the northern part of

the study area, and 20-40% in the southern part. It would be hard to

ascribe this disagreement to differences in the size fractions consi

dered. In any event, kaolinite displays a latitudinal distribution

pattern, with concentrations decreasing away from Australia. Eolian

transport is therefore the most obvious dispersal agent. Kaolinite

may be better developed on diffractograms from the western part of the

study area, but the XRD evidence for this is extremely weak.

}1ontmorillonite in high concentrations in the marine environment

is typically associated with phillipsite, calcic plagioclase, pyroxenes

and volcanic glass (Griffin, et al., 1968). This association, plus

documented formation of montmorillonite from volcanic ash (e.g., Ross

and Hendricks, 1945) and palagonite (Nayudu, 1964), implies that a

great deal of marine montmorillonite is formed in situ. A decrease in

montmorillonite percentages toward continental land masses adds support

to this idea (Griffin, et al., 1968). However, the map of Rateev, et

ale (1966) indicates more of a latitudinal zonality to montmorillonite

distribution. It can be assumed that at least some montmorillonite in

deep-sea sediments is introduced by rivers and atmospheric transport.

Griffin, ~ ale (1968) examined the < 2 ~ size fraction of sediments

in the present study area, and found 30-50% montmorillonite in the area

south of Rarotonga, and 50-70% in much of the Samoan Basin. Rateev, ~

ale (1966) mapped 20-40% and 40-60% in roughly these same areas, respec

tively. X-ray diffraction traces of bulk Tangaroa samples do not agree

with these data--it appears that montmorillonite is either more preva

lent or better crystallized in samples from the southern part of the
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study area.

Generalized model of sediment and nodule distribution. In the

Samoan Basin and northern sector of the Southwestern Pacific Basin,

most of the data that are available on sediments have been derived

from surface samples. However, numerous Lamont-Doherty and Scripps

piston cores, supplemented by one DSDP drill site (204) and several

shallow-penetration Tangaroa gravity cores, provide evidence for the

three-dimensional aspect of sedimentary facies. Unfortunately, the

fourth dimension is largely missing: little age-dating information

exists. Most surface sediment is Quaternary, but subsurface paleonto-

logical work is generally lacking. The generalized framework presented
,

below has, therefore, been assembled without the guidance or constraint

of time lines.

A schematic cross-section through the uppermost crustal layers of

the Samoan Basin, designed to sho,v a somewhat idealized distribution

of nodules and sediment facies, is presented in Figure 28. On the

right-hand side, manganese nodules are indicated as occurring on the

carbonate (foram oozes and calcilutite) sediments at the base of the

eastern flank of the Manihiki Platp.au. The presence of nodules there

is reasonably good evidence for the activity of strong currents, pro-

bably a branch of northward-flowing Antarctic Bottom Water. The cur-

rents have not been identified hydrographically, but Heezen, ~ al.

(1966) recognized evidence of scour on bottom photographs.

The carbonate facies persists westward and southwestward from the

Manihiki Plateau into the deep water of the Samoan Basin and Samoan

Passage. In the Passage itself, surface sediment is radiolarian-



Fig. 28. Schematic southwest-northeast cross-section through the Samoan Basin from the Tonga
Kermadec Trench to the Manihiki Plateau, indicating idealized distribution of nodules, rock
and sediment types.
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beari~g, foram-rich clayey nanno ooze, interbedded with unfossiliferous

clay at water depths of 4500-5100 m, while to the north in the Tokelau

Basin, the ooze is covered with about 2 m of zeolitic clay in water

considerably deeper (up to 5700 m) (Hollister, et al., 1974). \~ithin

the Passage, nodules were noted in both the calcareous and siliceous

sediments, while to the north nodules are absent. At Tangaroa Stn.

I l64A, closer to the Manihiki Plateau, foram-nanno ooze is mixed

(interbedded?) with brown clay at a depth of 5183 m. Lamont core

V19-80 (depth 5700 m) in the Samoan Basin contains calcilutite buried

by about 2 m of broivu clay. The persistence of carbonates at such

great depths is unusual.

The present calcium carbonate compensation depth (CCD) in the

study area is 4200-4600 m, deepening toward the northivest (Berger, et

al., 1976). The carbonates do not appear to be turbidites from the

Manihiki Plateau. Many of the microfossils in the oozes north of the

Samoan Passage appear to have been reworked by bottom currents flowing

through the Passage, but Hollister, ~ al. (1974) felt that the sedi

ment ivas more likely a contourite rather than a turbidite. The foram

nanno ooze at Stn. I l64A contains deep-water benthic forams that are

apparently in place (Glasby, pers. corom.) , so that a turbidity current

mode of deposition seems unlikely for this sediment. Possibly the

deep water carbonates are relicts of a time when the CCD was deeper

than at present. In any event, none of the examples cited, other than

those of the Samoan Passage and on the eastern flank of the Manihiki

Plateau, are associated with nodules, and indeed may be indicative of

sedimentation rates too great for nodule development.
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. The sediment type that prevails where surface manganese nodules

exist is brown silty clay (the classic "red clay"). Except for the

small possible nodules in tuffaceous material at DSDP 204, all deep

water buried nodules in the study area were found in brown clay (Table

9). In the Samoan Basin, brown clay occurred as layers 2 to 5.5 m

thick overlying ash- and palagonite-rich layers (VI2-94, -95, -96;

none have nodules), or as cores at least 7 m in length with only minor

contents of volcanic material (V19-82, -83, -84, -85, -86; the last

three cores contain buried nodules). Brown clay cores from the South

western Pacific Basin also typically show only minor evidence for vol

canism, except near the Louisville Ridge.

As the Tonga-Kermadec Trench is approached, the brown clay grades

into, and is interbedded with, the coarser material of the andesitic

volcanogenic facies (left-hand side of Figure 28). This facies is

deposited at rates above those suitable for substantial ferromanganese

oxide accumulation, and it has probably deeply buried the brown clay

facies that has been carried toward it by sea-floor spreading. Addi

tionally, more widespread burial of nodule deposits by ash layers may

have occurred as a result of the Quaternary increase in explosive vol

canism noted by Kennett and Thunell (1975).

The dispersion of andesitic volcanics (and eolian silts from

Australia, as well) has probably been augmented during the Tertiary by

intensified bottom water movement. Thus rapid-moving Antarctic Bottom

Water of the western boundary undercurrent may have had a dual effect

on nodule distribution: (1) by dispersing sediments more widely than

would have been possible in the absence of such a current, thereby
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preventing nodule development in areas to the east of the Tonga

Kermadec Trench, and (2) by winnowing fine-grained sediment in places

of maximum intensification, such as the Samoan Passage and, possibly

the eastern flank of the Manihiki Plateau, thereby establishing rates

of sediment accumulation low enough to favor nodule growth.

In the schematic framework of sediment and nodule distribution

just presented, nodules are assumed to have formed on bro~vn clay, ex

cept where persistent bottom currents have retarded sedimentation, and

to be at their present positions within the sediment column as a static

response to sea-floor spreading and changes in sedimentation rate.

While this is essentially correct on a large scale, nodule facies also

have a dynamic aspect, which is covered in the following section.

Nodule Development Processes

Nodule formation is an evolutionary phenomenon that involves a

number of chemical and physical processes. In this section, nodule

development is considered first in terms of availability of nucleation

sites, followed by a general review of speculation regarding element

sources and precipitation mechanisms. A discussion or evidence for

the modes of accumulation of transition metals in nodules from the

southwestern Pacific is then presented. The section concludes by sum

marizing the development processes that produce nodule facies, along

with evidence that nodule development is not strictly related to the

existing sea-floor environment.

Nucleation sites. Although statistical documentation is not

available, published and unpublished sample descriptions of hundreds

of nodules indicate that essentially everyone has formed around some
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type of macroscopic nucleus. Even in the northeastern equatorial

Pacific, where nuclei are generally not visible, polished sections

show that the nucleus is usually a fragment of a pre-existing nodule

(R. Sorem, pers. corom.). Glasby (1973) and Horn, et al. (1973b) have

concluded that the distribution (and morphology) of nodules is con

trolled by the availability of potential nucleating agents, based on

study of volcanic sea-floor areas. Horn, et al. pointed out that there

are three potential sources of nuclei in such areas: (1) basalt expo

sures along fracture zones, (2) basalt outcrops on steep slopes of

seamounts (submarine volcanoes), and (3) ejecta of explosive phases of

submarine volcanism. The existence of volcanic rock fragments on many

areas of the ocean floor is certainly well documented (e.g., Goodell,

1965; Bonatti, 1967; Heezen and Hollister, 1971).

In order to explain the occurrence of nodules with volcanic nuclei

found at great distances from nuclei sources, Horn, et al. (1973b) pos

tulated that coarse-grained vesicular volcanogenic grains may be buoy

ant enough to allow widespread dispersal by strong currents. Hhile

volcanic material ejected in the deep sea is unlikely to be vesicular

enough to float any distance, island arcs such as the Tonga-Kermadec

chain of volcanoes obviously could serve as a source of pumice nuclei.

Many manganese nodule deposits apparently have formed around con

solidated ash layers that have been b roken up, chemi cally weathered,

and encrusted with manganese oxides. Menard (1960) described such an

occurrence in the northeastern Pacific, where tabular manganese

encrusted phillipsite slabs decrease in thickness toward the west.

Similar slabs were observed in the southeastern Pacific, but no
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directional change in thickness was seen. In both areas of the Pacific,

manganese nodules occur on the sea-floor between the slabs. Bonatti and

Nayudu (1965), among others, have noted a coincidence in location between

manganese nodules and palagonite tuff (hyaloclastite).

Most often in the Tangaroa survey area, the nucleus is a fragment

of glassy volcanic material in some stage of alteration. Only a few

percent of the nodules have a different type of nucleus, such as a shark

tooth. ~~nganese-stained pumice was collected throughout the study

area, but most pumice, even that in the coarse fraction of sediments

associated with nodules, lacks any appreciable Mil encrustation. However,

Skornyakova and Andrushchenko (1976) noted that pumice was the most com

mon nucleus type at Vitiaz Stn. 5958, near the western edge of the nodule

deposits in the Tangaroa survey area.

Crystalline basalt rock fragments were also common in the sediment

coarse fraction, but were not seen as primary nodule nuclei. Because

large discrete palagonite nuclei were observed in the center of some

southwestern Pacific nodules, it can be inferred that at least some of

the nuclei may be fragments of the glassy rims of submarine pillow

basalts. However, it appears that the most common nucleus is hyaloclas

tite. Material of this nature, with only a thin iron-rich oxide crust,

occurred both as discrete pieces and apparently also as part of the sea

floor (pr as large slabs) at Stn. I 166 in the Samoan Basin.

Although the Tonga-Kermadec volcanic island arc cannot be completely

overlooked as a source of ash, most of the hyaloclastite that constitutes

the most common nodule nucleus type in the southwestern Pacific is pro

bably of local submarine origin. Bonatti (1967) stated that hyaloclastic
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volcanism in the South Pacific appears to be preferentially connected

with seamounts. Chaynikov (1976) mapped areas of tholeiitic "ash" in

the Sea of Japan, and noted that they are spatially associated with sub

marine peaks which may be dormant or active volcanoes. Therefore, des

pite the fact that the high hydrostatic pressures of the deep ocean

floor should prevent the explosive release of magmatic volatiles (e.g.,

McBirney, 1971), the widespread occurrence of hyaloclastite indicates

that certain basaltic lavas have a low enough viscosity on the deep sea

floor to subject substantial portions of extruded material to thermal

shattering. Subsequent consolidation and alteration of hyaloclastite

could form slabs similar to those observed by Xenard (1960). In the

immediate vicinity of submarine pillow basalt flo~vs, deep-sea hyaloclas

tite deposits may resemble in form and texture the aquagene tuffs recog

nized by Carlisle (1963).

Element sources. Elements in nodules must be derived from conti

nental, volcanic, or cosmic sources. The latter source is certainly

insufficient by several orders of magnitude to account for nodule ele

ments, although Pettersson (1959) contended that cosmic spherules were

a significant source of nickel in deep-sea sediment. Left with a choice

of continental or volcanic sources, mass balance calculations should

indicate ~vhether or not continental runoff is capable of supplying ele

ments at rates consistent with nodule uptake. Horn and Adams (1966)

considered the amounts of elements in ocean water and marine sediments,

and compared these amOQ~ts with what reasonably could have been derived

from the weathering of continental igneous rocks. They found that all

elements balance, except for B, S, Cl, Mn, As, Se, Br, Mo, I and Pb, and
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speculated that the apparent surplus of these elements in the marine

environment is due either to inadequate data or to a significant volcanic

contribution.

Subsequent work tends to support the importance of a volcanic input

of manganese. The ability of the continents to act as a sole source for

this element appears to be limited by the fact that only about 6% of the

debris disgorged by rivers reaches the deep sea (Broecker, 1974). He

also argued that it is unlikely that hemipelagic or pelagic sediments

may be sufficiently Mn-depleted by reduction at depth to have served as

an intermediate source of pelagic manganese. This is contrary to argu

ments put forth earlier by Lynn and Bonatti (1965) and Bostrom (1967)

who supported diagenetic remobi1ization and migration up the sediment

column as a source for sea-floor manganese. The significance of the

diagenetic source was dismissed by Bender (1971), and E1derfie1d (1976)

later remarked that diagenetic processes cannot supply a flux of excess

manganese through more than about 0.25 m of oxic sediment.

Interestingly, Bender, et a1. (1977) have decided that the excess

manganese in pelagic sediments comes from terrigenous particles. As

support for this he cited the absence of a deep Mn maximum in the water

column. However, E1derfield (1976) estimated that the flux of manganese

to the oceans by submarine volcanic processes is similar to the calcu

lated Mn surplus. Additionally, Lyle (1976) determined that the hydro

thermal Mn flux to the oceans is about three times higher than the dis

solved load of Mn carried by rivers, and that ~fu accumulation on the

East Pacific Rise occurs too rapidly to be accounted for by authigenic

processes alone. It must be pointed out that the bulk of the transition
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metals in rivers is carried in the form of crystalline particles and

metal hydroxide coatings, and not in solution (Gibbs, 1977). This type

of material could serve as a source for metals in nearshore and shelf

}m accumulations (rooms, et al., 1969).

The volcanic ocean crust conceivably could supply nodule elements

in another manner, i.e., by submarine weathering and leaching of volca

nic rock and debris. Bonatti and Joensuu (1966), Paster (1971), and

Corliss (1971) have pointed out that the alteration products of subma

rine basalts are impoverished in manganese and other ferrides relative

to their content in the original unaltered basalt. However, Bostrom,

et al. (1972) argued that AI/Ti and Fe/Ti ratios show that submarine

weathering of basaltic matter is a negligible source of Fe and Mil in

most sediments, and Arrhenius (1963) was not aware of any volumetrically

significant decomposition residue suitably deficient in manganese to

account for the amount of this element in nodules and sediments. Bender,

~ al. (1971) speculated that greenstones and spilites formed by meta

morphism of basalts near mid-ocean ridges may represent the necessary

Mn-poor residues.

Summarizing the sources for elements in nodules, it can be said

that materials derived from continents could supply the required amounts

of most elements (except manganese), but volcanic sources of local and

regional extent probably must be invoked to explain certain compositional

variations. Bet~veen removal from the ultimate source of terrestrial or

volcanic supply ~~d incorporation into nodules, ~fu, Fe, Ni, Cu and Co

are involved in complex transport and cycling processes, which are beyond

the scope of this discussion.
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Precipitation mechanisms. In order to comprehend the processes by

which metals are collected into sea-floor concretions, it is important

to know the forms in which the dissolved metals exist in seawater, and

the nature of the solid phases containing the metals that reach the sea

floor, so that the efficacy of possible precipitation reactions can be

assessed. Unfortunately, the low concentrations of transition elements

in seawater have prevented more than a superficial understanding of the

relative importance of the different species of each metal. Presently

available information on metal concentrations and species in seawater

is presented in Table 20, along with other related data including oceanic

residence time and nodule enrichment factors. Residence time is a mea

sure of the reactivity of an element (Broecker, 1974). One oceanic mix

ing cycle is about 1600 years, and it can be seen from Table 20 that ~m

and Fe have residence times shorter than this, indicating their relatively

high degrees of reactivity.

It can also be seen that there is a general relationship between

the residence time of an element and the relative enrichment of the ele

ment in nodules, i.e., highly enriched elements tend to have low resi

dence times. From this the inference could be made that the reactions

which are controlling the residence times of certain nodule elements in

the ocean are probably the same reactions that lead to their precipita

tion in nodule form. Sclater, et ale (1976) noted a similarity between

the calculated Ni output to deep-sea sediments and the rate of incorpora

tion into ferromanganese phases, suggesting that Fe-~~ phases are the

major Ni sink. Sclater, ~ ale did not feel that these phases control

Ni distribution in the water column, however. This is because nickel is
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COliC. ill
PacIfic Nodules

(pplll)

COliC. III

OccHuJc Carhonate
(ppm)
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involved in the cycle of surface uptake and deep regeneration character-

istic of all chemical species incorporated into organisms, showing a

strong increase through the thermocline, but maximum values in deep

water. The same may be true of other nodule metals.

}ffinganese occurs in seawater principally as the dissolved divalent

cation, whereas in manganese nodules and crusts it occurs as solid man-

ganese dioxide. The oxidation of seawater Mn to produce the solid phase

can be represented by the reaction (Crerar and Barnes, 1974):

ZOH- + Mn2+ + 120Z = ~m02 + HZO (6F O = -38.2 kcal/mole)

The relatively large negative free energy makes it appear that tmOz

should easily precipitate. Indeed, calculations by Sil1en (1961) indi

2+
cated that}m was several orders of magnitude supersaturated in sea-

water relative to the equilibrium concentration. However, Crerar and

Barnes used Eh values more consistent with those measured in seawater,

and calculated that Mn02 was actually undersaturated in seawater, so

that manganese nodules should dissolve. They also pointed out that at

normal seawater values, manganite (y-VillOOH) was the thermodynamically

stable phase, not Mn0Z. These inconsistencies between theory and obser-

vation led them to believe that nodule formation was more complex than

simple precipitation.

Seawater is not the only fluid phase capable of transporting nodu1e-

forming elements. In addition to hydrothermal emanations, the intersti-

tial water of sediments may carry dissolved metal ions. Lynn and

Bonatti (1965) observed reducing conditions at shallow depths below the

sediment-water interface of rapidly deposited sediments off Baja, Cali-

fomia, brought about by burial and decomposition of organic matter.
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They suggested that under reducing conditions Mn is mobilized in the

divalent form and migrates upward in response to steep solubility gra-

dients to the sediment surface where it is re-oxidized and precipitated.

along with+ 30HH20 + CH20 + 2Mn°2 ~

2-
2CH20 + S04 ~ 2HC03

The necessary reactions at depth can be represented by:

2Mn2+ + HC03

+ HS + H+

The second reaction is required to balance ~LC02. Existing data seem to

support the diagenetic mechanism as a means of recycling manganese into

nodule form in marine areas with high sedimentation rates, but Broecker

(1974) argued that this would be quantitatively unimportant because of

long diffusion paths. The dominant ferric complexes are less sensitive

than Mn to the Eh's and pH'S found in the reducing environment, so Fe is

not as readily recycled within buried sediments (Crerar and Barnes, 1974).

A theory of nodule genesis that has received wide support was pro-

posed by Goldberg and Arrhenius (1958). They believed that Mn oxides

are catalytically precipitated onto pre-existing ferric-hydroxide gels.

Seawater is weakly supersaturated with respect to amorphous Fe(OH)3' so

spontaneous precipitation of Fe(OH)3 from seawater is possible (Crerar

and Barnes, 1974), beginning a process of alternate Fe and ~m deposition.

The latter authors point out several problems with this theory. Mangan-

ese is not supersaturated in seawater, and therefore should not readily

precipitate. The Goldberg and Arrhenius model cannot account for the

wide variability of Fe/10m ratios in marine ferromanganese accumulations

when the oceanic concentration ratio is relatively constant, nor for ob-

served thick layers of nearly pure ~fn or Fe hydroxides in nodules. The

Fe contents of marine nodules correlate with anionic P and As, and not
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with cations such as ~m2+, ~4+ and Zn2+; thus the ability of ferric

hydroxide gel to efficiently capture cations is open to question. How

ever, Crerar and Barnes state that despite these objections, the asso

ciation of Fe and ~ in nodules implies that adsorption may be a domi

nant means of extracting ~ and trace metals from undersaturated marine

solutions, provided that a catalytic process favoring equilibrium with

available oxygen in seawater is available. This catalysis may be pro

vided by adsorbing nucleus substrates during early growth, and the con

tinually accumulating nodule surface during later growth.

Nodule growth may not be strictly an inorganic process. A possible

active role by bacteria has been suggested by Graham and Cooper (1959)

and Ehrlich (1963), and more recently, the presence of benthic aggluti

nated foraminifera on nodules has led to speculation regarding their

significance in nodule formation (Greenslate, 1974; ~iendt, 1974; Dugo

linsky, 1976). The net effects of microbial activity resemble those of

adsorption: oxidation reactions are catalyzed, activation energies

decreased, and local Eh elevated above that of typical seawater (Crerar

and Barnes, 1974). Experimental evidence indicates that bacteria are

not essential for nodule growth, but they might speed ~fu deposition

within organic marine environments. Benthic agglutinated foraminifera

certainly are a contributing factor in nodule accumulation, if for no

other reason than the fact that they construct tubes of biogenic and

mineral grains on nodules, as can be seen in southwestern Pacific nodules.

The tubes may be replaced by mang~~ese oxide as they are incorporated

into the nodule matrix (Dugolinsky, 1976). Nodules from the high Cu-Ni

region between the Clarion and Clipperton Fracture Zones show the highest
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concentration of foraminifera per nodule surface area, but apparently

the benthic foraminifera do not actually precipitate Mn, eu and Ni

themselves, although they deposit Fe in the form of a cementing agent

(Dugolinsky, 1976; Dudley, 1976). But the foraminifera may represent

a visible link to enhanced productivity in the overlying water column,

which may account for increased availability of trace metals at the

sea-floor.

Transition metal accumulation in southwestern Pacific nodules.

Manganese nodules are popularly thought to grow by adding Fe-Mn oxide

layers to their outer surfaces, in tree-ring fashion. Whereas this

accretion mechanism is certainly operative, it appears to have been a

volumetrically secondary means of Fe-Mn oxide accumulation in southwes

tern Pacific nodules. Physical and chemical replacement of palagonite

and hyaloclastite nuclei has been the primary mode of nodule development.

Recognition of the role of replacement in manganese nodules extends

as far back as Murray and Renard (1891), who remarked that, "Frequently

the nucleus appears to be pseudomorphosed by manganese •••• " Referring

to nodules which had lost all trace of an original nucleus, Murray and

Renard noted that the present fJrm and aspect of the nucleus is similar

to " a fragment of volcanic glass, Hhich, in the first instance, had

become transformed into palagonitic material, and subsequently a replace

ment of palagonite by manganese had taken place." Klenova (1936, cited

in Manheim, 1965) studied Fe-Mn nodules from the Kara Sea continental

shelf. He reported that iron and manganese oxides penetrated glacial

pebbles, cobbles and other residual deposits, gradually destroying them

and replacing them with oxides. Skornyakova and Andrushchenko (1974)
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examined nodules from throughout the Pacific basin, and observed that

concretion nuclei are often strongly altered and replaced by Fe-Mn

hydroxides. They saw every degree of transition from fresh to complete

ly altered nuclei. Lalou and Brichet (1976) leached the Mn-oxide phase

from a number of nodules and found nodule skeletons that were identical

in size and shape to the original nodules, and made up of the same

material as the nodule nuclei.

Replacement of nuclei in southwestern Pacific nodules has involved

both physical and chemical processes. Physical replacement apparently

has been accomplished by tiny benthic organisms which have burrowed into

the fine-grained hyaloclastite nuclei, leaving tubular void spaces,

often lined with detrital mineral grains. Harada has viewed a similar

phenomenon in southwestern Pacific nodules (Glasby, ~ aI., in press).

At first glance, these void spaces appear to be vesicles, but micro

scopic examination readily reveals the tubular aspect. Similar tubular

structures can be seen in the outer accretion layer, as well, and are

probably analogous to the benthic foram tubes reported by Dugolinsky

(1976).

Because the tubular structures occur principally in the ferroman

ganese oxide zones (crust and subcrust), the possibility that they are

a constructional rather than replacement phenomenon has to be considered.

Several lines of evidence argue against the strictly constructional

idea. Unfilled burrows of a size similar to those common in nodule sub

crusts were found in semi-consolidated tuff fragments at Stn. I 166; the

tuff fragments were partly or completely encrusted with an Fe-rich oxide

crust, and may represent proto-nodules. The subcrusts of most nodules
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have a massive aspect, and lack concentric banding such as would be

expected by accretion growth. In some cases, no obvious hyaloclastite

or palagonite nucleus occupies the center of a nodule. Instead, the

subcrustal zone may comprise the entire nodule beneath the oxide crust.

However, pockets of hyaloclastite in various stages of discoloration are

often discernible as remnants of a nucleus in such cases. Additional

evidence that tubular structures are part of a replacement subcrust zone

includes the fact that subcrustal reentrants often invade the hyaloclas

tite nucleus. Manganese-lined and dendrite-surrounded burrows are also

found in nuclei which are otherwise unaffected by ferromanganese oxides.

Replacement of nucleus material is also chemical in nature. This

is obviously facilitated by the presence of tubular structures, as well

as internal cracks, allowing movement of ions through interstitial

fluids. These avenues of chemical flux serve not only as conduits, but

as chambers for crystal growth. Manganese-lined fractures have been

noted by Fewkes (1976), among others. In southwestern Pacific nodules,

internal open spaces appear to have been initially filled by detrital

and authigenic silicates, with metal oxide accumulations coming later

in many instances. In the portions of hyaloclastite nuclei adjacent to

the subcrustal zones, the appearance of manganese dendrites seems to

represent the first sign of chemical replacement.

As replacement of the original nucleus proceeds, nodules display

chemical and mineralogical changes. The oxide replacement phase appears

to be more }fu- than Fe-rich, and therefore evolving nodules tend to

become more enriched in todorokite, rather than O-}mOZ' and the increas

ing }fu/Fe ratio is accompanied by higher values for nickel and copper.
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This is supported by data presented by Meylan and Goodell (1976), who

compared nucleus types with nodule chemistry and mineralogy. Nodules

from the Pacific-Antarctic with nuclei resembling the subcrust zones of

most Tangaroa survey area nodules displayed a lower Mn/Fe ratio, lower

Ni and Cu contents, and less prominent todorokite XRD peaks than those

in which the subcrustal tubular structures and claystone nuclei had been

rendered indistinct by invading metal oxides. Nodules similar to the

latter variety wer e recovered at Tangaroa Stns. G 1016, G 1019 and G1020.

Evidence continues to mount that Fe-Mn oxides can accumulate on and

in different sections of the same nodule by different precipitation

mechanisms, producing distinct relationships between mineralogy, chem

ist ry and physical form of the precipitate. Raab (1972) found that the

smooth upper surfaces of some central Pacific nodules were enriched in

Co, Pb and Fe, and depleted in Cu, Ni, Mo, Zn and Mn, relative to the

rough lower surfaces of the nodules. Although most southwestern Pacific

nodules have quite similar surface textures on all sides, some larger

nodules show differences between upper and lower surfaces. At Stn.

G 1006B, a large skirted spheroidal displayed a smooth ~otryoidal upper

surface and a rougher microbotryoidal lower surface. A remarkable dif

ference in chemistry between the oxide crust layer of the nodule top and

bottom was found (Table 21). Smooth top surfaces probably represent

precipitation from normal seawater, while rough bottoms are due to pre

cipitation from interstitial waters (Fewkes, 1976, among others).

The oxide mineralogy-chemical composition relationships were ini-

tially developed by Barnes (1967), Cronan (1967) and Meylan (1968).

More recent work has confirmed and refined these relationships. Piper
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TABLE 21

STN. G 1006B NODULE OXIDE CRUST COMPOSITION

Nodule Surface

Upper

Lower

Mn (%)

11.80

20.75

Fe (%)

23.96

13.20

Ni (ppm)

1677

9055

Cu (ppm)

795

3605

Co (ppm)

4361

6479

and Williamson (1977) found that todorokite was present in Pacific

nodules with Mn/Fe ratios greater than 1.5, and that these nodules were

enriched in nickel and copper. Delta-rm02 was the only manganese min

eral detected in nodules with Mn/Fe ratios less than 1.5, and cobalt

was somewhat enriched in them.

Calvert and Price (1977) determined that almost all of the P, As,

Ce, Co, Cu, Mo, Ni, Pb, Zn and Zr occurs in the (Mn and Fe) oxide frac

tion of a number of Pacific nodules, while a significant proportion of

the total Ti, Ca, Mg, K, Ba, Sr, Th and Y is also present in the oxide

fraction (which consists of manganese minerals such as todorokite, bir

nessite and o-Mn02, as well as amorphous iron oxyhydroxides). They

noted a regional dependency of nodule mineralogy, with south central

Pacific nodules having o-lffi02 as their only Mn phase, and northeastern

tropical Pacific nodules having todorokite as their principal Mn phase.

Calvert and Price postulated that C-(1ri0 2 represents an oxide precipitate

from seawater, and that todorokite forms as a result of the diagenetic

remobilization of manganese in the surface sediment.

A relationship between nodule mineralogy and chemistry also exists in

southwestern Pacific nodules (Figure 29). The relationship is imperfectly
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Fig. 29. Chemical composition (Mn/Fe ratio) vs. manganese oxide mineralogy (9.7A/2.4A peak area
ratio) in southwestern Pacific nodules.
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developed, partly because of difficulties in measuring poorly expressed

XRD peaks, but it is apparent that higher ~m/Fe ratios are often accom-

panied by greater proportions of todorokite vs. o-~m02. The most ano-

malous point on the graph was produced by a powdery black manganese

nucleus from Stn. I l48A. Apparently, todorokite was present in such

o
quantities as to contribute a 2.4A peak of its own, simultaneously in-

o 0

creasing both 9.7A and 2.4A peak sizes.

In addition to the authors cited above, Halbach, ~ al. (1975),

Lyle, et al. (1977), Moritani, ~ al. (1977), and Fujinuki, ~ al.

(1977) have contributed to an understanding of the relationships between

nodule physical parameters, chemical composition and mineralogy. Heye

and Marchig (1977) have supplied further insight in terms of growth rate,

finding that Fe-enriched layers in nodules grow slowly, while ~fu-enriched

layers tend to grow more rapidly. The relationships between the various

aspects of nodules may now be summarized as follows: The nodule phase

apparently deposited from normal seawater accumulates slowly, has a low

Mn/Fe ratio, contains relatively low amounts of nickel and copper, bears

only o-Mn02 as an important Mil mineral, and typically forms smooth sur-

face textures. The nodule phase that results from either an infl~~ of

hydrothermal metals or diagenetic remobilization of metals from the

underlying sediment column has different characteristics: relatively

fast accumulation rate, high Mn/Fe ratio, relatively high amounts of Ni

and eu, todorokite as the principal manganese mineral, and rough to

botryoidal surface textures. Nodules from different locations contain

differing proportions of the two constituent phases, and these differ-

ences can be used to characterize nodule facies.
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Southwestern Pacific Ocean nodule facies. The concept of nodule

facies is introduced in this study because a co~~arison of physical,

chemical and mineralogical characteristics permits two distinct nodule

populations to be recognized in the Tangaroa survey area. The facies

are here named the Cook Island Facies and the Southwestern Pacific Basin

Facies. Although nodules from the Manihiki Plateau were not obtained

for this study, they probably constitute a third facies. The present

areal extent of these facies within the study area is mapped in Figure

30, and the characteristics of nodules from the two facies in the

Tangaroa survey area are listed in Table 22. The concept of nodule

TABLE 22

NODULE FACIES C~~CTERISTICS

Aspect

Primary
Norphology

Surface Texture

Internal
Structure

Chemical
Composition

Oxide
Mineralogy

Cook Island Facies

Spheroidal, faceted
spheroidal, ellipsoidal,
discoidal

Microbotryoidal, rough

Thin accretion crust,
thick massive subcrust,
claystone nucleus

loIn/Fe 'V 0.6-0.9
Ni 'V 0.3-0.5%
Cu 'V 0.2%
Co 'V 0.3-0.5%

O-Hn02

Southwestern
Pacific Basin Facies

Polynucleate

Rough or botryoidal with
superimposed rough

Microlaminated oxide
crust grading to sub
crust, no visible
nucleus

Hn/Fe 'V 1. 3-1. 6
Ni 'V 0.6-0.7%
Cu 'V O. 3~~

Co 'V 0.2%

Todorokite, o-Mn0Z
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Fig. 30. Nodule facies.
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nodule facies is useful primarily as a means of grouping nodules from

certain areas that may have been subjected to regionally-operative

paleoceanographic processes. Obviously, not all nodules from a parti

cular area will display the generalized set of characteristics that are

used to define a regional nodule facies. Some nodules, such as those

from Stns. G 1001 and G 1002, apparently have been influenced more by

local processes. This seems to be true to some extent of many Cook

Island Facies nodules from south of Rarotonga, where the bottom topo

graphy is rougher than throughout much of the rest of the study area.

The Southwestern Pacific Basin Facies probably extends southeast

ward through the deposits collected in the Basin during the DOWNWIND

Expedition, to those found by Eltanin cruises in the southeastern corner

of the Basin, particularly during Cruise 24. Nodules from Eltanin Stn.

RS 24-2 (39°58'S. Lat., l59°02'W. Long., depth 5062 m), over 800 km

from Tangaroa Stns. G 1019 and G 1020, display characteristics similar

to those listed in Table 22 for the Southwestern Pacific Basin Facies.

However, if a type locality for this facies were to be selected, it

should probably include nodules with a wider range of characteristics

than those appearing in Table 22.

Nodule formation. As stated previously, the basic sea-floor envi

ronmental conditions that must be satisfied for nodule gro~vth are:

(1) slow or negative sedimentation, (2) the presence of potential nucle

ating objects, and (3) a strongly positive oxidation potential. Ivithin

the context of these basic limiting conditions, nodules displaying wide

variations in size, shape and composition have evolved. Some possible

reasons for these variations have been touched upon in the sections on
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element sources, precipitation mechanisms, and transition metal accumu-

lation. In this section, nodule formation will be considered as a

sequence of processes. Suggested genetic sequences will be reviewed,

and the steps which may have produced nodules in the southwestern

Pacific will then be summarized.

A manganese nodule begins its existence as a solid object resting

on the sea-floor, most commonly in the form of a volcanic fragment. The

surface of the object, be it silicate, carbonate or phosphate, provides

an adsorbing substrate that may catalyze equilibration with the availa-

ble oxygen in seawater. This is possible because all rock surfaces have

unsatisfied lattice charges that attract ions of opposite charge from

solution. The presence of favorable adsorption and reaction sites on

the catalyzing surface dramatically lowers the activation energy of oxi-

dation reactions (Morgan and Stumm, 1964; Crerar and Barnes, 1974).

This effectively elevates the micro-environment Eh to a level where the

abundant oxygen of marine waters can precipitate highly oxidized phases

such as todorokite and birnessite (or O-~fu02) which are normally under-

saturated in seawater. Colloidal

pH, and the solid manganese phase

~m02 is negatively charged

2+consequently attracts }m

at seawat er

and other

cations to the vicinity of vacancies in edge-shared [}fu06] octahedra

(Burns and Burns, 1977a). Tnis is essentially an ion exchange with loss

+At the same time, a slower release of H takes place as a result

of diffusion to or from reaction sites in the solid phase, and Mn2+ is

oxidized to the quadrivalent solid state and incorporated into the grow-

ing crystal lattice (Crerar and Barnes, 1974). ~letal cations such as

C 2+ No2+ d C 2+ bOd 0 h du , ~ an 0 may e reta~ne e~t er at a sorption sites or by
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oxidation and substitution for Mn4+ in the crystal structure.

The structure of deep-sea manganese minerals is imperfectly under

stood, but birnessite/o-Mn02 may have a layer structure and todorokite

a tunnel structure (Burns and Burns, 1977a). The latter structure appa

rently would be more favorable for cation exchange, and may explain the

greater eu and Ni contents associated with todorokite. Van der Weijen

(1976) has shown that Ni occurs primarily in the Mn-oxide phase of

nodules rather than in the Fe-oxide phase. Fluctuating amounts of amor

phous FeOOH • nH20 collect as an admixture with the accreting manganese

oxides or in nearly pure layers, but this mate~ial also possesses signi

ficant adsorption capacity, and the autocatalytic growth of the nodule

continues.

While Mn and Fe oxides and hydroxides are being added to the nodule

surface, layer by layer, changes are taking place ~rithin material al

ready deposited, and indeed, to the nucleus object itself. The mangan

ese minerals as originally precipitated are cryptocrystalline, probably

because their nucleation energies are less than that of well-crystallized

species such as pyrolusite. The amounts of cryptocrystalline mangsnese

minerals detectable in X-ray diffraction patterns are directly relaced

to the relative proportions of amorphous iron hydroxide present, and not

just to manganese percentages. That is, high Mn/Fe ratios produce

greater apparent manganese mineral crystallinity, and vice versa (}feylan

and Goodell, 1976, among others). A certain amount of the "amorphous"

iron may be present as FeOOR. nHZO epitaxial intergrowths ,-lith o-r1no?

(Burns and Burns, 1973). Provided that the nodule remains in an oxidiz

ing environment, there may be a presently unsubstantiated tendency for
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~m to replace Fe, and for poorly crystalline o-~02 to be replaced by

better crystallized birnessite and todorokite. Crystal-ordering reac-

tions may be responsible for an effective dehydration that could lead

to internal crack development, an obvious feature of many nodules.

Observed chemical and mineralogical associations have led to for-

mulation of genetic sequences that may explain the development of

various mineral phases in nodules. Lyle, ~ al. (1977) looked at the

nodules and crusts from the Bauer Basin, and found the nodules to be

more enriched in todorokite (and ~m, Ni, Cu, Zn and Ba), while the

crusts were more enriched in o-~moZ (and Fe, Co and Ca). They felt

that the following sequence best summarized their observations:

Biogenic opal (Cu, Ni, Zn) + hydrothermal Fe-~fuO(OR) +

Fe smectite + todorokite (Cu, Ni, Zn)

The manganese is inferred to be able to form its o,vu oxide because it is

incompatible in the smectite structure.

Burns and Burns (1977b) postulated the following diagenetic processes

and mechanisms of uptake of transition metals within manganese nodules:

(1) palagonite + biogenic silica + pelagic clay +

phillipsite + montmorillonite

(2) biogenic matter + amorphous FeOOR or 6-Mn0Z +

Fe2+aq and/or }m(II)l1ri(IV) oxide (todorokite)

Z+()) aerated seawater or O-}fu0Z + Fe aq +

FeOOR and/or todorokite (deposited on phillipsite)
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(4) [Ni(II) and Cu(II)] organic chelates (adsorbed on

clays, etc.) + amorphous

todorokite ([Ni2+, Cu2+ ,

FeOOH or O-Mn0Z +

2+
Mn ]Mn307· xH20) +

2+
phillipsite, Fe aq' etc.

Burns and Burns (1976, 1977b) have seen evidence for some of these pro-

cesses with the scanning electron microscope. Post-depositional recrys-

tallization textures are evident. Biogenic siliceous matter occurs in

all stages of degradation and dissolution within nodule interiors,

creating cavities and voids. Nickel and copper are enriched in the

zones where extensive dissolution of bio-detritus has occurred. Filling

the miniature vugs are what may be authigenic phillipsite crystals,

coated with delicate clusters of crystalline Fe-Mn oxides (especially

todorokite) which contain significant amounts of the Ni and Cu.

Processes of a similar nature have probably been operative in

southwestern Pacific nodules. The first stages of a nodule development

sequence are obviously suggested by the Stn. I 166 samples:

(l) Palagonite tuff (hyaloclastite) emplacement on sea-floor.

(2) Encrusting of hyaloclastite by Fe-Mn oxides and benthic organisms.
+

Burrowing of hyaloclastite by benthic organisms.
+

Partial consolidation of hyaloclastite.
+

Alteration of hyaloclastic material to claystone, consisting pri
marily of montmorillonite, along with some phillipsite.

(3) Fragmentation of semi-consolidated hyaloclastic layers.

(4) Fe-Mn oxide accumulation completely around fragments to form
"proto-nodules".

(5) Fe-Mn oxide accretion plus replacement of nucleus material to form
true nodules.
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Such a series of steps could explain the formation of some nodules

from the Tangaroa survey area, particularly the tabular and discoidal

varieties, but some modification of the sequence is necessary to account

for other varieties. The most important consideration is the mechanism

that has produced the nuclei for the abundant spheroidal and faceted

spheroidal nodules of the Southwestern Pacific Basin Facies. The oxide

crust of these nodules is only 1-2 mm thick; thus, the overall nodule

shape has been determined by the shape of the nucleating object. There

fore, the problem can be stated: How has a hyaloclastite layer been

broken up into separate, nearly rounded pieces before acquiring an Fe

Mn oxide crust?

Several possibilities exist to explain the formation of rounded

hyaloclastite fragments. One possibility that must be considered is a

mis-interpretation of nodule internal structure--the massive subcrust

zone may be the result of accretion rather than replacement. As argued

before, several lines of evidence seem to indicate that is not the case.

However, weakly developed concentric laminations can be seen with the

scanning electron microscope. In addition, there are no known expanses

of fresh rounded hyaloclastite fragments on the present sea-floor to

point to as analogs. For something like this to occur, a layer of hya

loclastites would have to achieve a degree of consolidation on the sea

floor, be broken up, and the fragments rounded by some physical process

before substantial Fe-Mn encrustation began. ~fuereas such a situation

can be rationalized on a local basis, it is more difficult to imagine

this occurring on the scale on a large ocean basin.

However, because no reasonable, less speculative explanation is
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available, the following sequence of events is visualized to explain

the features of southwestern Pacific nodules:

(1) Hyaloclastite emplacement on the sea-floor, possibly during a

more active period of submarine volcanism than at present.

(2) Partial consolidation of hyaloclastite (or "welding" during

deposition of aquagene tuff), accompanied by transformation of

unstable glassy material to montmorillonite and phillipsite.

(3) Fragmentation of hyaloclastite layer, and rounding or partial

rounding of many smaller « 5 cm) fragments. This may have

been accomplished by combined activity of larger burrcwfng

organisms and bottom currents. Most likely the current acti

vity occurred in patchy fashion, possibly most prominantly on

slopes of abyssal hills and seamounts. A Quaternary increase

in oceanic circulation (Kennett, 1977) may have contributed to

increased bottom current activity. Faceting of many present

nodules may be a reflection of incomplete rounding of fragments.

(4) Slow deposition of Fe-~m oxides from seawater to form iron-rich

accretion crust, with simultaneous replacement of much of ori

ginal hyaloclastite nucleus by a more rapidly deposited rm-rich

phase derived from interstitial fluids of underlying sediment.

(Although no data exists for the composition of southwestern

Pacific interstitial fluids, Callender and Bischoff (1976) have

demonstrated that the interstitial fluids of sediment under

lying nodules in the northeastern equatorial Pacific are signi

ficantly enriched in manganese compared to the overlying seawater.

(5) Rolling of nodules on sea-floor by larger benthic organisms,
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partially in a search for smaller benthic organisms living on

and in the evolving nodules. This could have effected a verti

cal migration of the nodules, as is discussed in the following

section.

Nodules as a kinechronous facies. During their existence, nodules

will be influenced by processes that affect the sediment column on which

they rest. Mass movements and current action can promote nodule frag

mentation, the individual fragments serving as "seeds" for r-enewed

nodule growth (Craig, 1975), or they can bury nodules. Once a nodule

is removed from the oxidizing zone at or near the sediment-water inter

face, it ceases to grow (Somayaj ulu, et .5l1., 1971), but may be preserved

for milliQns of years in a little-altered state at its burial position

(Margolis, ~ al., 1978). However, many nodules apparently have been

maintained at the sediment-water interface long after they should have

been buried. Ku (1977) has summarized the evidence that points to a

slow nodule growth, approximately two orders of magnitude slower than

the accumulation rate of the sediments on which the nodules lie.

This paradox, supported by substantial data from different age

dating techniques, makes it necessary to consider the possibility that

nodules represent a type of deposit which has migrated upward as sedi

ment buried the surface on which it was formed. Glasby (1977) has cal

culated that either benthic organisms or bottom currents could supply

the energy needed for the deposit to accomplish vertical migration.

Such a deposit is somewhat analogous to a lag-gravel deposit, except

that it is successively associated with younger sediments rather than

older. Because of the unique characteristics of nodule deposits, a new
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term appears to be needed to describe them as a dynamic facies that is

part of the evolving marine sediment blanket. The term that is adopted

here is "kinechronous", implying movement through time. In addition to

the age-dating information, other approaches may be used to indicate

whether or not nodule deposits have indeed migrated vertically. In the

following paragraphs, a comparison of nodule and sediment chemistry and

mineralogy will be discussed as an alternative a~proach.

Nodules are found on sediments of widely varying types and modes

of origin (terrigenous, biogenic, hydrogenous or hydrothermal). At

least for a large area of the South Pacific, there is no statistically

significant correlation between nodule chemical composition and sediment

type (Defossez, et al., 1976). But the relationship between sediment

and nodule chemistry is more difficult to evaluate. Bulk compositions

will obviously differ, with sediments containing much greater propor

tions of terrigenous and/or biogenic material. A meaningful comparison

of compositions must involve separation and comparison of corresponding

genetic components of nodules and their associated sediments, and this

is nearly impossible to achieve. If one could compare, for instance,

the terrigenous fraction of a nodule and its underlying sediment, it

might be possible to determine whether or not the nodule has indeed

migrated vertically through the sediment column. (If vertical migra-

tion has occurred, presumably the nodule will have incorporated sediment

which would likely differ from that on which it has most recently rested.)

Nevertheless, comparisons bet,veen nodule and sediment chemistry

have been made. Cronan and Tooms (1969) noted some correlation between

the Fe content of nodules and associated sediments in a large suite of
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Pacific samples. Calvert and Price (1977) explained that this correla

tion was probably produced by unusually high Fe values for sediments

from the South Pacific where the nodules have somewhat higher Fe con

tents, and moderately low Fe values in marginal sediments where the

nodules are notably deficient in Fe. Calvert and Price, using eastern

equatorial and south central Pacific nodules, found significant posi

tive correlations only for K, Rb and P. Potassium and rubidium are

associated with groups of elements in both nodules and sediments which

are almost entirely held in aluminosilicates. Nodules having high Fe

contents tend to have elevated phosphorus concentrations in the oxide

fraction, and these nodules happen to be found on sediments having

somewhat more than average fish debris.

Piper and Williamson (1977) have investigated the importance of

Mn/Fe ratios. They observed that the high ~m/Fe ratios in nodules at

lOoN and 100S latitude in the Pacific are associated with sediments

having low }m/Fe ratios. These are areas with relatively low sediment

accumulation rates, which is opposite to ,vhat is required by the post

depositional manganese migration model. That is, higher sedimentation

rates should favor more reducing conditions in the sediment, which ,vould

promote Mn dissolution and vertical diffusion (as reviewed by Calvert

and Price, 1972), which might lead to elevated }fu/Fe ratios in nodules

at the surface. The distribution of nickel in surface sediments is also

the inverse of its distribution in nodules. S~diment Ni exhibits a

minimum at approximately lOON, where nodule Ni is highest.

Bostrom (1973) has devised a model that explains the major transi

tion element composition of Pacific sediments in terms of inputs of
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variable proportions of terrestrial matter (TM), biological matter

(BM), and hydrothermal material (EPR) that is presumably derived pri

marily from the East Pacific Rise. The sediments of the southwestern

Pacific have been examined in terms of this model to see if nodules are

associated with sediments which may have derived their iron and mangan

ese from a particular source (Figure 31). Although the sediment compo

sitions do not plot exactly on or between the average TM-EPR and BM-EPR

mixing lines, it can be seen that most of the sediments are composed

primarily of terrigenous material, with some degree of admixture with

hydrothermal and biological matter. Most of the sediments associated

with nodules appear to consist of slightly higher proportions of hydro

thermal material than sediments lacking nodules, but this trend is cer

tainly not well established.

It cannot be said that manganese nodules exist because of some unu

sual ability to attract manganese. Bender, ~ al. (1970), Somayajulu,

~ al. (1971) and Kraemer and Schornick (1974) have demonstrated that

nodules and their associated sediments accumulate Xu, Ni, Co, Cu, Pb

and Mo at approximately the same rates. Sediments associated with

nodules in the southwestern Pacific contain the transition metals of

interest in several phases. In addition to a background count of iron

and trace metals contributed by detrital silicates, there is a variable

content of Fe, ~m, Ni, eu and Co occurring in certain authigenic phases

in the sediments. The most important of these in the study area are

RSO's (red semi-opaque oxides) and probably also Fe-rich montmorillonite.

Ferromanganese oxides in the form of micronodules and nannonodules also

occur.
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Fig. 31. Fe/Ti vs. Al/Al + Fe + Mn ratios of southwestern Pacific
surface sediments. BM = biological matter, TM = terrigenous
matter, and EPR = hydrothermal (East Pacific Rise) material.
End member compositions and.mixing lines from Bostrom (1973).
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Thus a comparison of nodule and sediment transition metal chemistry

is a comparison of metal contents in different phases. However, except

for the detrital minerals, these are all phases that have formed in

situ, and the possibility exists that their constituent metals share a

common source. Plots of metal ratios (Figures 32 and 33) have been

made to investigate this possibility.

It is obvious from the figures that no well developed regional

relationship exists between nodule and associated sediment transition

metal chemistry. In all cases, iron and copper are more enriched (rela

tive to manganese) in the sediment than in the nodule oxide crusts.

This is also true for cobalt in Southwestern Pacific Basin Facies

nodules, and for nickel in most Cook Island Facies nodules.

However, certain groupings of data points can be discerned. On

Figures 32 and 33, the areas on the graph containing data points from

seven stations have been encircled. These stations are: G 1016, G 1019

and G 1020, already recognized as sites of Southwestern Pacific Basin

Facies nodules; G 1006B, but only the bottom oxide crust, which has been

shown to be highly enriched in ~~, Ni, Cu and Co compared to the top

oxide crust (Table 21); and Stns. G 1003, G 1009 and I 149, which all

have unusually high transition metal contents in the sediment for the

areas in which they are located.

It is possible that this group of seven data points indicates the

operation of two processes that may produce direct relationships between

r~/Ni, rill/Cu and ~m!Co, and an inverse relationship between ~m/Fe, in

the oxide crust of nodules and the associated sediments. The two pro

cesses would be diagenetic remobilization and precipitation of a ~~-rich
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Fig. 32A. Comparison of Mn/Fe ratios in nodule oxide crusts vs.
associated sediment.

Fig. 32B. Comparison of ~~/Ni ratios in nodule oxide crusts vs.
associated sediment.
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Fig. 33A. Comparison of Mn/Cu ratios in nodule oxide crusts vs.
associated sediment.

Fig. 33B. Comparison of Mn/Co ratios in nodule oxide crusts vs.
associated sediment.
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phase (Stns. G 1006B, G 1016, G 1019 and G 1020), and precipitation

from hydrothermal fluids (Stns. G 1003, G 1009 and I 149).

Considering the other data points on Figures 32A and 33B there may

be poorly developed relationships between ~m/Fe in Cook Island Facies

nodules and associated sediments (inverse) and ~/Co (direct). The

oxide crusts of nodules at these stations have probably developed pri

marily as a result of precipitation from normal seawater, and are en

riched in cobalt relative to manganese in the sediment.

Several explanations are possible for the lack of relationship

between nodule and sediment transition metal chemistry. The most ob

vious, as pointed out above, is that nodules and sediments incorporate

the transition metals as components of different phases which are likely

to have different compositions. Calvert and Price (1977) have learned

that essentially all of the manganese, nickel, copper and cobalt found

in nodules occurs in the oxide, rather than in the silicate, phase.

Most of the iron (generally > 80%) also occurs in the oxide phase.

However, in sediments most of the iron occurs in detrital phases, as

does probably about 5-10% of the manganese, 5-15% of the cobalt, 15-25%

of the copper, and 15-30% of the nickel, assuming that the terrigenous

fraction of the sediment has the composition of the average shale used

by Horn and Adams (1966). Nevertheless, the bulk of the Hn , Ni, Cu and

Co in sediments associated with nodules in the southwestern Pacific is

probably present in authigenic phases.

Another possibility is that nodule chemistry essentially has been

fixed at some time prior to formation of the present surface sediments.

That this may be the case for southwestern Pacific nodules is supported
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by a comparison of the silicate mineralogy of the nodule oxide crusts

and interior portions. Presumably, the silicate mineralogy of the most

recently formed part of the nodule, the oxide crust, should be similar

to that of the sediment now associated with the nodules. Indeed, this

appears to be the case in the southwestern Pacific.

However, the silicate mineralogy of the internal portions of the

nodules is more complex. The present mineralogy of the subcrust and

nucleus, for instance, \vill be dependent upon the original mineralogy

as altered by diagenesis. An intriguing part of most of the nodules is

the clay that is present on internal fracture surfaces. At Stns. G 1003

and G 1006B, the only two stations where this material was subjected to

XRD examination, the fracture surface clay contained quartz in apparently

greater relative abundance than in the associated sediment. This may be

a characteristic inherited from an earlier sediment layer on which the

nodules may have rested.
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CONCLUSIONS

A number of general conclusions regarding the development of the

sediment and nodule deposits of the southwestern Pacific have been

reached during the course of this study. The more important of these

are listed below.

(1) An extensive field of manganese nodules covers the deep sea

floor of the northeastern quadrant of the Southwestern Pacific Basin.

This deposit extends northward into the Samoan Basin, and probably also

southeastward into an area of dense nodule deposits outlined by Eltanin

cruises.

(2) This regional field of manganese nodules has a relatively well

defined western boundary. The boundary approximately coincides with a

demarcation between different sedimentation regimes.

(3) Deep-sea manganese nodules in the southwestern Pacific are

found almost exclusively on brown silty clays containing more than 50%

clay-size « 4 ~) material, 5-15% RSO's, 25-35% terrigenous and volcano

genic silt, and trace amounts of calcareous nannofossils.

(4) The sediments on which the nodules are found have been depo

sited more slowly than the coarser siliceous microfossil hash oozes and

volcanic ashes which are found to the west.

(5) Nodules from the southwestern Pacific can be geographically

divided into at least two facies, with nodules in each facies being dis

tinguished by similarities in chemical and physical properties. The two

facies within the Tangaroa survey area, and their characteristics, are:

(a) The Cook Island Facies--spheroidal and faceted spheroidal

primary morphologies; rough microbotryoidal surface textures; an
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internal structure consisting of a thin (1-2 mm) Fe-Mn oxide accre

tion crust overlying a massive, burrowed Fe-Mn oxide subcrust and

a glassy volcanic nucleus in some state of alteration and replace

ment; Mn/Fe ratios near or below one; low Ni and eu contents; and

8-Mn0Z as the principal manganese phase.

(b) The Southwestern Pacific Basin Facies--po1ynuc1eate pri

mary morphology; microbotryoida1 or rough botryoidal surface tex

tures; an internal structure consisting of Fe-Mn oxide layers

interspersed with silicate micro1aminae, and no discrete nucleus;

Mn/Fe ratios above one; high Ni and eu (and low Co) contents; and

todorokite along with o-Mn02 as manganese phases.

(6) Almost all manganese nodules in the southwestern Pacific have

formed around glassy volcanic megascopic nuclei. The emplacement of

these nuclei on the sea-floor probably has involved the deposition,

partial consolidation, and breakup of hya1oc1astite layers.

(7) Nodules have formed by both accretion and replacement processes:

ferromanganese oxide layers have accreted upon the volcanic nuclei while

the unstable glass in the nucleus has been successively altered to mont

morillonite (and, to a lesser extent, phillipsite), and replaced by

ferromanganese oxides. Volumetrically, replacement has been a more

significant process than accretion in accumulation of ferromanganese

oxides in southwestern Pacific nodules.

(8) The replacement process has been facilitated to some degree by

burrowing of the nucleus by tiny benthic organisms. Both authigenic

silicates and ferromanganese oxides have precipitated in the burrow

cavities, and detrital silicates line some of the burrows.
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(9) Nodule morphology has been determined primarily by nucleus

shape; nodule surface texture probably reflects the ferromanganese

oxide precipitation mechanism.

(10) Nodule mineralogy is related to nodule chemistry. Higher N~/

Fe ratios are associated with higher todorokite/O-Mn02 proportions.

(11) Nodules of the southwestern Pacific may represent a kinechro

nouS lithologic facies, i.e., they may have formed initially on a sedi

ment surface that has been buried by sediments on which the nodules are

now found.
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APPENDIX A - STATION AND SAMPLE SUMMARY

Position
Sta. No. Lat. S. Long. W. Depth (m) Bottom Topography Gear Results

G972 36°15.5' 176°53.9' 5540 Flat Short corer 27.5 cm core, grayish
brown clayey silt.

G973 35°39.0' 176°14.0' 5437 Abyssal hill slope Short corer Mn frags. on core cutter.

G974 35°35.1' 176°08.8' 4715 Flank of small Orange-peel Grab empty; Mn streaks on
seamount grab side.

G975 35°02.8' 175°29.9' 5643 Flat Orange-peel Grab empty.
grab

G976 34°26.5' 174°48.6' 5643 Small abyssal Short corer 51 em eore, grayish brown
hills clayey silt.

G977 33°51.6' 174°04.0' 5748 Rolling abyssal Short corer 35 em core, grayish brown
hills clayey silt.

G978 33°11. 8' 173°14.3' 5883 Gently rolling Short corer 25 cm core, grayish brown
100 m abyssal clayey silt.
hills

G979 32°32.1' 172°29.7' 5852 Gently undulating Short corer 26.5 cm core, brown clayey
plain silt.

G980 32°12.4' 172°07.2' 4613 Near top of Pipe dredge Light brown clayey silt with
1100 m seamount micro-nodules, Mn-coated

tuff frags.

G98l 31°22.6' 171°13.8' 5826 Flat Short corer 48.5 cm core, brown clayey
silt.
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Position
Sta. No. Lat. S. Long. W. Depth (m) Bottom Topography Gear Results

G982 30°19.7' 170°09.2' 5536 Small abyssal Short corer 19 cm core, brown clayey
hills silt; weathered Mn-coated

pumice frag. at top.

G983 30°011.4' 169°51.6' 5612 Valley between Bottom camera No photos.
200 m abyssal
hills

G984 29°32.9' 169°16.2' 5407 Lower slopes of Short corer 11.5 cm core, brown silty
seamount clay, Mn-coated pumice

frag. near top.

G985 28°45.3' 168°19.0' 5333 Base of seamount Pipe dredge Brown silty clay with tuff,
pumice frags., some Mn-
coated.

G986 28°12.8' 167°43.9' 5592 Abyssal hills NE Bottom camera No photos.
of seamount

G987 27°10.5' 166°38.9' 5685 Abyssal hills, Pipe dredge Brown silty clay with vol-
200 m relief canic frags. (pumice, ~

al.), plus small nodules.

G988 26°38.6' 166°02.9' 5643 Abyssal hills, Pipe dredge Brown silty clay with
200 m relief volcanic frags., some Mn-

coated, plus shark tooth,
one Mn-nodule.

G989 25°41.7' 165°02.2' 5565 Nearly flat Pipe dredge Brown silty clay with
abundant nodules.

G990 25°22.3' 164°43.0' 5300 Slope of seamount Pipe dredge Weathered volcanic frags.,
Mn coated.
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Position
Sta. No. Lat. S. Long. H. Depth (m) Bottom Topography Gear Results

G99l 24°38.5' 164°02.4' 5416 Basin between Pipe dredge Brown silty clay with
small seamounts pumice frags., shark teeth

abundant nodules.

G992A 24°21.3' 163°41.0' 5440 Abyssal plain, Pipe dredge Dark brown silty clay with
20 m relief shark teeth, volcanic

frags., abundant nodules.

G992B 24°22.3' 163°40.6' 5270-5426 Abyssal plain, Bottom camera 7 photos.
20 m relief

G992C 24°21.6' 163°42.3' 5437 Abyssal plain, Short corer 32.5 cm core, dark brown
20 m relief silty clay; 4 nodules at

top.

G993A 23°34.1' 162°50.9' 5126 Irregular, up to Pipe dredge Dredge empty.
200 m relief

G993B 23°32.6' 162°52.8' 4983-5076 Irregular, up to Bottom camera 2 photos.
200 tn relief

G993C 23°32.1' 162°54.1' 4962 Irregular, up to Short corer 42 cm core, dark brown
200 m relief silty clay; 4 nodules at

top.

G993D 23° 32.1' 162°54.1' 4983 Irregular, up to Free fall 1 small, 1 large nodule.
200 m relief grab

G993E 23°32.1' 162°54.1' LI993 Irregular, up to Free fall Abundant nodules.
200 m relief grab

G994 22°56.2' 162°04.8' 4848 Abyssal plain, 10 Pipe dredge Dark brown silty clay with
miles from sea- abundant large nodules.
mount
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Position
sra. No. Late S. Long. H. Depth (m) Bottom Topography Gear Results

G995 22°25.1' 161°29.0' 4715 Gently rolling Pipe dredge Dark bro~l silty clay with
abyssal plain volcanic frags., abundant

nodules.

G996A 21°53.7' 160°52.4' 4817 Roiling abyssal Bottom camera 2 color photos.
hills, 150 m
relief

G996B 21°53.8' 160°54.8' 4817 Rolling abyssal Free fall Several small nodules,
hills, 150 m grab traces of dark brown
relief silty clay.

G997 21 °31. 3' 160°19.9' 4674 Rolling abyssal Pipe dredge Dark brown clayey silt,
hills, 100 m few volcanic frags.
relief

G998 21°19.9' 159°59.4' 3850 Abyssal hills NE Pipe dredge Light brown calcareous
of seamount fine sand with shell

frags., volcanic frags.

G999 21°17.4' 159°59.8' 3750 Base of Rarotonga Short corer Traces of sand grains.
edifice

GlOOO 21°17.6' 159°54.8' 2721 Steep submarine Pipe dredge Shell hash sand.
slope of Raro-
tonga Island

GlOOl 21°41.2' 159°57.1' 3970 300 m rise, south Pipe dredge Light brown calcareous
of Rarotonga sand with pumice, tuffa-
edifice base ceous Mn crusts.
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Position
Sta , No. Late S. Long. W. Depth (m) Bottom Topographv Gear Results

GlO02 22°32.6' 160°07.0' 4817 Rolling abyssal Pipe dredge Stiff dark brown clayey silt
plain, 100 m with nodules and volcanic
relief f rags , , some loin-coated.

GlO03 23°29.1' 160°08.4' 4817 Rolling abyssal Pipe dredge Brown silty clay with small
hills, 200 m to large nodules, shark
relief teeth, whale ear bones.

GI004A 24°18.4' 160°04.5' 5127 Rolling abyssal Bottom camera No photos.
hills, 300 ill

relief
-

GI004B 24°18.4' 160°04.5' 5070 Rolling abyssal Free fall Grab lost.
hills, 300 m grab
relief

.._-
GlO04C 24°18.4' 160°04.5' 5080 Rolling abyssal Free fall Brown silty clay with

hills, 300 ill grab nodules.
relief

GI005 25°13.0' 160°04.2' 5126 Rolling abyssal Pipe dredge Brown silty clay with large
hills, up to 200- nodules, pumice frags.
300 ill relief

GlO06A 26°03.7' 160°03.5' 5075 South of 500 m Pipe dredge Traces of brown silty clay.
seapeak

GI006B 26°04.6' 160°03.9' 5116 South of 500 m Pipe dredge Brown silty clay with
seapeak skirted spheroidal nodules.

GI007 27°39.1 ' 160°00.9' 4982 Rugged abyssal Pipe dredge Brown silty clay with many
hills, 200 In small nodules, a few
relief larger tabular nodules.
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Position
Sta. No. Lat. S. Long. W. Depth (m) Bottom Topography Gear Results

GlO08 28°41. 7' 159°57.2' 5438 Rugged abyssal Pipe dredge Brown silty clay with many
hills, 200m relief small nodules.

GlO09 29°29.5' 159°56.0' 'v 5300 Upper slope of Pipe dredge Brown silty clay t.,ith many
300 m abyssal small nodules, some pumice
hill in area of frags.
deep-sea ridges

GlOlOA 31°01.2' 159°56.5' 5437 Rolling abyssal Pipe dredge Brown silty clay with a
hills, 200 m few volcanic frags., some
relief ~m-stained, plus shark

teeth.

GlOlOB 30°59.3' 159°57.8' 5427 Rolling abyssal Bottom camera No photos.
hills, 200m relief

GlOn 31°44.6' 160°01. 3' 5385 Base of seamount Pipe dredge Brown silty clay with two
in area of roll- small nodules.
ing abyssal hills,
200 m relief

GlO12 32°40.5' 160°00.8' tV 5300 Base of 1400 m Pipe dredge Brown silty clay; angular
seamount in area basalt frags. with thin
of hills up to ~-coating.

400 m relief

GlOl3A 33°27.9' 160°00.6' 52l.9 Rolling abyssal Pipe dredge Traces of brown silty clay.
hills, 200 m
relief

GlOl3B 33°25.7' 160°02.0' 5312 Rolling abyssal Pipe dredge Brown silty clay with
hills, 200 m pumice frags.
relief
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Position
Sta. No. Lat. S. Long. w. Depth (m) Bottom Topography Gear Results-

GlO13C 33°25.7' 160°02.0' 5333 Rolling abyssal Free fall Grab empty.
hills, 200 In grab
relief

GlO13D 33°25.7' 160°02.0' 5333 Rolling abyssal Free fall Traces of brown silty cla~

hills, 200 In grab
relief

GlOl3E 33°25.1' 160°02.4' 5350 Rolling abyssal Free fall Traces of bro\~ silty clay;
hills, 200 In grab Mn-coated pumice.
relief

GlO14A 34°27.9' 160°04.5' 5229 Abyssal hills up Bottom camera No photos.
to 250 In relief

GlO14B 34°28.0' 160°06.5' 5146 Abyssal hills up Pipe dredge Brown clayey silt with a
to 250 m relief few pumice granules.

GlO15A 35°21.0' 160°03.2' 5333 + 200 Rolling abyssal Short corer Traces of light brown
-

hills, 200 In silt/clay.
relief

GlO15B 35°21.0' 160°03.2' '\., 5333 Rolling abyssal Short corer Corer lost.
hills, 200 In

relief

GlO16 35°27.3' 160°04.0' '\., 5591 Valley in area of Pipe dredge Brown silty clay with
abyssal hills up spheroidal nodules, Mn-
to 400 In relief encrusted shark teeth,

vertebrae.
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Position
Sta. No. Lat. S. Long. \~. Depth (m) Bottom Photography Gear Results

GlO17 36°22.6' 160°04.8' 5450 + 100 Depression in area Pipe dredge Bro~~ silty clay with
of rolling abyssal spheroidal nodules.
hills up to 200 m
relief

GlO18 37°13.1' 160°05.5' 5126 Rugged abyssal Pipe dredge Brown silty clay with a
hills 16 km south few volcanic granules,
of 900 m hill some weathered.

G1019 38°31.2' 160°04.2' 5021 Nearly flat Pipe dredge Brown silty clay with
Mn-nodules.

Gl020 39°52.1' 162°59.0' 5021 Nearly flat Pipe dredge Grayish brown silty clay
with Mn-nodules.

Gl02l 40°01. 5' 164°52.3' 5125 Flat abyssal Pipe dredge Grayish brown silty clay.
plain, sloping
upward 200 m in
25 km prior to
station

GlOn 40°12.8' 167°00.6' 4919 Flat abyssal Pipe dredge Grayish brown silty clay.
plain

Gl023 40°39.0' 170°55.1' 4224 Flat abyssal Pipe dredge Grayish brown silty clay
plain wi.th shell frags., "worm"

tubes.
-

GI021, 40°40.2' 171, °23.1' 3999 Depression at Pipe dredge Pale olive calcareous
base of 250 m silty clay, with "worm"
high, 32 km ~vide tubes and small rocks.
flat-topped mound N
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Position
Sta. No. Lat. S. Long. H. Depth (m) Bottom Topography Gear Results

I 135 21°50.3' 171°19.9' 5748 Rolling 100 m Short corer Corer empty.
abyssal hills
near 700 m hill

I 136 21°46.6' 171°15.3' 5665 Trough between Pipe dredge Dark brownish gray sandy
100 m abyssal silt with pumice granules,
hills pebbles.

I 137 21°15.6' 170°03.4' 5590 Crest of 100 m Pipe dredge Dark grayish brown sandy
abyssal hill silt.

I 138 20°42.7' 168°49.7' 5633 Rolling 50-100 m Pipe dredge Dark grayish brown clayey
abyssal hills silt with pumice granules,

pebbles.

I 139 20°14.2' 167°31. 5' 5,·.60 Between two Pipe dredge Dark brown clayey silt with
abyssal hills a few pumice granules.
(200 m and 300 m
relief)

I l40A 19°32.2' 166°08.5' 5140 Gently rolling Pipe dredge Several nodules; trace of
100 m abyssal dark brown silty clay.
hills

I 140B 19°31.5' 166°09.3' 5150 Gently rolling Bottom camera No photos.
100 m abyssal
hills

I l40C 19°30.7' 166°11.0' 5229 Gently rolling Short corer 50 cm core, dark brown
100 m abyssal silty clay.
hills

N
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Position
Sta. No. Lat. S. Lonz , t.J'. Deoth (m) Bottom ToooQraohv Gear Results

I l40D 19°30.9' 166°10.6' 5229 Gently rolling Free fall Abundant nodules.
100 m abyssal grab
hills

I l40E 19°30.9' 166°10.6' 5229 Gently rolling Free fall Abundant nodules.
100 m abyssal grab
hills

I 141 18°59.7' 164°59.7' 5175 Lower flank of Pipe dredge Dark brown silty clay with
300 m abyssal abundant nodules.
hill

I l42A 18°25.8' 163°42.7' 5024 Low (mostly < 100 m Pipe dredge Dredge lost.
closely-spaced
abyssal hills

I l42B 18°26.5' 163°43.0' 4972 Low (mostly <100 m Free fall Grab lost.
closely-spaced grab
abyssal hills

I l43A 17°57.4' 164°51.1 ' 5520 Flat sediment pond Pipe dredge Small amount of watery
between seamount brown silty clay.
and area of
closely-spaced
abyssal hills

I l43B 17°56.8' 164°49.9' 5522 Flat sediment pond Short corer 38 cm core, dark brown
between seamount silty clay.
and area of
closely-spaced
abyssal hills

N
~
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Position
Sta. No. Lat. S. Long. H. Depth (m) Bottom Topography Gear Results

I l43C lJ056.6' 164°52.4' 5490 Flat sediment pond Bottom camera No photos.
between seamount
and area of
closely-spaced
abyssal hills

-
I l43D 17°56.8' 164°52.0' 5490 Flat sediment pond Free fall Two small nodules.

between seamount grab
and area of
closely-spaced
abyssal hills

I 144 17°41.4 ' 165°35.9' 5427 Flat to Low Pipe dredge Dark brown silty clay with
«100 m), closely- many small nodules.
spaced abyssal
hills

I 145 17°19.4' 166°22.8' 5488 Near crest(?) of Pipe dredge Dark brown silty clay with
75 m abyssal hill a few small nodules.

I 146 16°59.9' 167°08.1' 5645 Near crest(?) of Pipe dredge Dark brown silty clay with
100 ill abyssal hill one small nodule.

I 147A 16°34.4' 166°08.8' 5778 Closely-spaced Pipe dredge Traces of dark brown silty
abyssal hills up clay with a few volcanic
to 150 m relief rock granules.

I l47B 16°34.3' 166°08.4' 5695 Closely-spaced Short corer 42 ern core, dark brown
abyssal hills up silty clay.
to 150 ill relief

I l47C 16°33.9' 166°08.7' 5737 Closely-spaced Bottom camera No photos.
abyssal hills up
to 150 m relief

N
~
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Position
Sta. No. Lat. S. Long. W. Depth (m) Bottom Photography Gear Results

I 147D 16°33.7' 166°08.2' 5737 Closely-spaced Free fall Few small nodules.
abyssal hills up grab
to 150 m relief

I 148A 16°09.0' 165°07.9' 5590 Abyssal hills up Pipe dredge Dark brown silty clay with
to 150 ill relief abundant nodules.

I 1488-1 16°08.9' 165°08.2' 5633 Abyssal hills up Short corer Corer empty.
to 150 m relief

I l48B-2 16°10.1 ' 165°07.1' 5592 Abyssal hills up Short corer 46 em core, dark brown
to 150 m relief silty clay, with two

nodules at top.

I 148C 16°11.0' 165°07.1' 5437 Abyssal hills up Bottom camera No photos.
to 150 m relief

I 148D 16°11. 0' 165°07.4' 5437 Abyssal hills up Free fall Abundant nodules.
to 150 m relief grab

I 148E 16°11. 0' 165°07.3' 5437 Abyssal hills up Free fall Grab lost.
to 150 m relief grab

I 149 15°42.8' 164°06.8' 5622 Near base of Pipe dredge Dark brown silty clay with
750 m hill abundant nodules.

I 150A 15°15.6' 163°02.6' 5635 Slope of 150 m Pipe dredge Dark brown silty clay, one
abyssal hill very small nodule.

I 150B 15°15.4' 163°02.9' 5540 Slope of 150 m Short corer 36 em core, dark brown
abyssal hill silty clay.

N
.p-
CP.



Position
Sta. No. Lat. S. Long. W. Depth (m) Bottom Topography Gear Results

I l5lA 15°06.4' 164°06.7' 5540 Saddle between Short corer 46 cm core, dark brown
150 m and 200 m silty clay.
abyssal hills

I 15lE 15°06.4' 164°06.7' 5540 Saddle between Free fall Grab lost.
150 m and 200 m grab
abyssal hills

I 152 14°59.3' 165°12.2' 5670 Near base of Pipe dredge Dark brown silty clay with
150 m abyssal a few small nodules.
hill

I 153 14°54.7' 166°01. 7' 5550 Near crest of 50- Pipe dredge Dark brown silty clay.
100 m hill in area
of flat to low
rolling hills

I 154 14°43.8' l6r49.7' 5343 Low, rolling Short corer 20 cm core, mixed brown
abyssal hills clayey silt and black

volcanoclastic sand.

I 155 14°40.2' 168°36.2' 5065 Flat, in area of Short corer 10 cm core, mixed black
rising bottom volcanoclastic sand and
with low, roll- brown clayey silt.
ing hills

I 156 12°52.3' 171°40.3' 4843 Crest of 50 m Short corer 29 cm core, mottled brown
hill near base clayey silt mixed with
of Samoan archi- black volcanoclastic sand.
pelagic apron

I 157 12°06.0' 171°32.9' 4890 Flat sediment Pipe dredge Brown silty clay.
terrace

N
~
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Position
Sta. No. Lat. S. Long. \\I. Depth (m) Bottom Topography Gear Results

I l58A 11°49.8' 170°33.0' 5045 Flat sediment Pipe dredge Dark brown clayey silt.
terrace

I l58B 11 °50.8' 170°34.4' 5040 Flat sediment Short corer 34 cm core, mottled brown
terrace clayey silt.

I 159 11°30.0' 169°30.8' 5205 Flat sediment Pipe dredge Dark brown clayey silt.
pond

I l60A-l 12°21.3' 168°32.7' 5404 Flat sediment Pipe dredge Trace of dark brown clayey
pond near 140 m silt.
abyssal hill

I l60A-2 12°22.3' 168°33.5' 5403 Flat sediment Pipe dredge Dark brown clayey silt with
pond near 140 m small sediment lumps.
abyssal hill

I 161 12°50.9' l6r54.0' 5340 Flank of 40 m Pipe dredge Dark brown silty clay.
hill within group
of hills up to
200 m

I 162 12°53.0' 166°35.4' 5615 Flat sediment Pipe dredge Dark brown silty clay.
pond

I 163 12 °55,11' 164°55.0' 5600 Flat plain in Pipe dredge Dark brown silty clay.
area of small
(..2.50 m) abyssal
hills

I l64A 12°54.1' 164°02.7' 5183 Flat sediment Pipe dredge Mixed cream-colored foram
pond on struc- ooze and brown clayey silt.
tural high

N
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Position
Sta. No. Lat. S. Long. H. Depth (m) Bottom Topography Gear Results

I 164B 12°54.2' 164°03.3' 5183 FIat sediment pond Short corer Traces of foram ooze and
on structural high bro\vu clayey silt in core

catcher.

I l65A-l 14°14.0' 165°38.0' 5450-5540 Slope of 200 m Pipe dredge Hatery brown silty clay
abyssal hill with several nodules.

I 165A-2 14°14.2' 165°38.7' 5458-5520 Slope oE 200 m Pipe dredge Dark brown silty clay with
abyssal hill abundant nodules.

I l65B 14°14.1' 165°39.6' 5443 Slope of 200 m Bottom camera No photos.
abyssal hill

I 166 15°08.4' 166°54.0' 5348-5364 Slope of 100 m Pipe dredge Dark brown silty clay with
hill in area of abundant nodules.
hills up to 400 m

I 167 16°36.2' 168°L,5.6 1 4900-5230 Hid-slope of Pipe dredge Dredge empty.
800 m hill

I 168 18°15.8' 171°01.0' 4833 Near crest of Short cor~r 12 em core, brown clayey
150 m hill on silt.
structural high

I 169 19°15.1' 172°18.0' 6050 Upper slope of Short corer Trace of foram ooze and
Tonga Trench dark grayish brown volcano-

clastic(?) silt.

T 170 20°23.2' 173°53.4 I 38L,0 Flat to undulat- Pipe dredge Dredge empty.
ing Tongan
Platform

N
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Position
Sta. No. Lat. S. Long. {V. Depth (m) Bottom Topography Gear Results

I 171A-l 22 °39.6' 174°59.2' 3550 Undulating Tongan Pipe dredge Dredge empty.
Platform

I 171A-2 22° 39.8' 175°00.3' 3496 Undulating Tongan Pipe d::-edge Trace of foram ooze and
Platform coarse volcanoclastics.

I l71A-3 22°39.8' 175°01.8' 3580 Undulating Tongan Pipe dredge Large amount of foram
Platform ooze plus pumice sand

and gravel.

Notes: Appendix modified from Meylan, et a1. (1975) and Meylan, ~ a1. (1977). Positions are based on
satellite navigation. Depths and nature of bottom topography are based on PDR records (various
scales). Depths have been corrected wf.th Hatthew' s Tables and for ship's draft. Sample
descriptions are based on field observations and on laboratory analyses.

Frag(s). = fragment(s).

N
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APPENDIX B

STATIONS OCCUPIED IN NORTHERN SECTOR OF SOUTHWESTEfu~ PACIFIC BASIN,
SAMOAN BASIN AND ADJACENT AREAS DURING EXPEDITIONS OTHER THAN

THOSE OF NEH ZEALAND OCEANOGRAPHIC INSTITUTE

Original Position tDepth
*Number Designation Lat. S. Long. w. (Mete'ts)

1 RC9-111 39-50.9 168-45 4777

2 RC9-112 38-48.2 168-08 3146

3 RC9-113 36-42.6 167-02.9 4751

4 RC9-114 33-41.1 165-02.8 5453.
5 RC9-115 31-23 163-43.1 5376

6 RC9-116 28-50.8 164-23.6 5448

7 RC9-117 26-25.8 166-47.2 5634

8 RC9-118 24-30.9 168-45.3 5720

9 RC9-119 23-23.1 171-58.5 5693

10 RC9-120 23-53.8 175-27 6463

11 RC9-121 24-45.5 179-40.6 2153

12 RC10-110 16-31.5 156-04 4618

13 RC10-111 15-41. 5 158-49 5077

14 RCI0-114 11-11 162-55 2791

15 RC12-90 12-58.3 161-13.7 2860

16 RC12-91 13-30.7 161-36.8 2959

17 RC12-92 13-39 161-37 3281

18 RC12-93 13-42.7 161-41. 9 3296

19 RC12-94 15-25 162-45 5480

20 RC12-95 17-35.2 164-47.2 5513
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Original Position tDepth
*Number Designation Lat. s. Long. w. (Meters)

21 RC12-96 20-18.5 167-09.5 5492

22 RC12-97 22-27.8 168-56.5 5588

23 RC12-98 24-32.5 170-38 5680

24 RC12-99 26-00.5 173-08.2 5200

25 RC12-100 26-01 174-37.8 4171

26 RC12-101 26-00.5 174-37 4356

27 RC12-207 14-37 168-30 5037

28 RC12-208 16-44.5 172-22 6654

29 RC12-209 17-19 175-34 2001

30 RC12-210 24-14 177-36 1529

31 RC12-211 26-44.7 175-04 5592

32 RC12-212 27-03.7 174-27.4 5194

33 RC12-213 31-30.7 170-45 5700

34 RC12-214 34-43.5 171-22 5760

35 RC12-215 35-28 167-53.5 4912

36 RC12-216 36-15.5 164-20 4896

37 RC12-217 37-27.2 160-27 4942

38 RC12-218 39-30.3 157-41. 6 4826

39 RC12-220 43-42 151-16.5 5293

40 RC13-41 15-40 177-10 2221

41 RC13-42 13-25.5 173-39 4729

42 RC13-43 12-15.2 171-40.5 4872

43 RC13-44 10-52 169-26 5064

44 V18-197 12-05 160-55 3555
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Original Position TDepth
*Number Designation Lat. s. Long. w. (Meters)

45 V18-199 12-06 160-54 2010

46 V18-200 12-16.5 161-02 2610

47 V18-202 12-16.5 161-04 2610

48 V18-204 12-46 161-02 3480

49 V18-205 12-45 160-55.5 3460

50 V18-206 12-42 160-49 3650

51 V18-207 12-42 160-39 3935

52 V18-208 12-42 160-39 4740

53 V18-209 12-27 159-23 5000

54 V18-232 36-45 179-36 4702

55 V18-233 31-06.5 176-35 6300

56 V18-234 30-56 176-33 6943

57 V18-235 30-54 176-40 8443

58 V18-236 29-56 176-30 7558

59 V18-237 29-40 176-43.5 4702

60 V18-238 25-43 175-05 5890

61 V18-239 25-29 175--11 7141

62 V18-240 22-17.5 174-01 8633

63 V18-241 22-16 173-54 7158

64 V18-242 20-58 174-26 1435

65 V18-243 20-53.5 174-12 2350

66 V18-245 20-31 172-15 5662

67 V18-247 19-00 170-18 4713

68 V18-248 19-03 170-37 5070
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Original Position tDepth
*Number Designation Lat. S. Long. W. (Meters)

69 V18-249 18-19 172-03 5550

70 V18-250 17-05 172-20 8732

71 V18-252 13-27 169-50 4901

72 V18-253 12-14 169-00 5286

73 V18-254 12-02 168-53 5327

74 V18-255 11-41 168-40 5460

75 V18-256 11-43 168-02 5471

76 V18-257 11-58 167-47 5369

77 V18-258 11-52 165-45 5528

78 V18-259 11-34 163-07 2933

79 V18-260 11-32 162-53 2716

80 V18-261 11-47 161-12 2798

81 V18-262 11-57 161-26 2685

82 V18-263 12-05 160-55 3630

83 V18-264 12-06 160-56 2612

84 V18-266 12-16.5 161-03 2893

85 V18-267 12-16.5 161-03 2760

86 V18-268 12-16 161-05 2699

87 V18-269 12-15 161-02 2611

88 V18-270 12-14.5 160-57 3157

89 VI8-271 12-14 160-56 3356

90 V18-272 12-47 161-03.5 3160

91 V18-273 12-46 161-02 3367

92 V18-274 12-45 160-55.5 3773
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Original Position i'Depth
*Number Designation Lat. s. Long. w. (Meters)

93 V18-275 12-44 160-56 3623

94 V18-276 12-42 160-49 3587

95 V18-277 12-42 160-45 3952

96 V18-278 12-42 160-39 4738

97 V18-279 12-42 160-37 4753

98 V18-280 12-27 159-23 4989

99 V18-281 12-25.<: 158-20 5393

100 V18-283 12-51 156-11 4936

101 V18-284 14-04.5 155-08 4987

102 V18-Tl19 12-27 159-25 NA

103 V18-T120 12-25 158-19 NA

104 V18-T121 12--24 157-49 NA

105 V18-T122 12-51 156-11 4936

106 V19-79 18-03 159-43 5077

107 V19-80 18-08 161-29 4839

108 V19-81 15-13 164-29 5700

109 V19-82 17-39 165-26 5492

110 V19-83 18-23 165-44 5380

III V19-84 18-35 166-45 5117

112 Vl9-85 17-41 167-34 5407

113 V19-86 16-40 168-34 5080

114 V19-87 12-15 173-30 4621

115 V19-88 11-06 174-53 4497

116 V19-D1 17-52 154-08 NA
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Original Position tDepth
*Number Designation Lat. s. Long. w. (Meters)

117 V19-D2 17-52 154-53 2547

118 VITIAZ 5110 12-59.0 154-06.0 5222

119 VITIAZ 5393 17-32.8 164-07.8 5162

120 VITIAZ 5398 18-35.8 161-31. 6 4998

121 VITIAZ 5405 19-24 159-09 4507

122 VITIAZ 5406 19-56.8 160-02.8 4598

123 VITIAZ 5407 21-59.6 159-59 4152

124 VITIAZ 5408 24-00.0 159-55.4 4947-4973

125 VITIAZ 5409 26-01. 2 159-50.0 5134

126 VITIAZ 5410 27-57.8 158-46.0 5138-5163

127 VITIAZ 5411 25-57.8 156-50.3 5117-5130

128 VITIAZ 5412 23-55.0 155-05.7 4416-4699

129 VITIAZ 5413 22-00.7 153-25.0 4578

130 VITIAZ 5420 15-49.3 160-10.2 5081-5102

131 VITIAZ 5421 14-03.9 160-22.0 5102

132 VITIAZ 5422 12-05.1 160-26.4 5618-5659

133 VITIAZ 5955 23-11. 8 170-44 5680

134 VITIAZ 5958 25-10.8 166-41. 7 5725

135 VITIAZ 5959 26-16.7 164-50.5 5325

1"" VITIAZ 5960 26-40.2 163-38.8 5390,)0

137 VITIAZ 5962 24-55.2 161-20.2 4960

138 VITIAZ 5963 23-12.8 160-58.4 4630

139 VITIAZ 5964 23-13.1 161-25.0 4875

140 VITIAZ 5965 22-39.8 160-47.5 4465-4850
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Original Position tDepth
*Number Designation Lat. s. Long. w. (Meters)

141 VITIAZ 5966 20-05.1 163-04.8 5040

142 VITIAZ 5968 19-45.3 161-59.0 4330-5065

143 VITIAZ 5970 21-49.2 157-31. 9 4860

144 VITIAZ 5971 22-43.25 157-08.1 4900

145 VITIAZ 5972 22-58 157-14 4850

146 VITIAZ 5983 12-09.3 155-09.3 5070

147 VITIAZ 5984 11-05.8 155-59.0 5330

148 VITIAZ 5q87 11-00.0 156-26.4 5200

149 VITIAZ 5988 11-03.7 156-12 4790-5350

150 VITIAZ 6298 22-41. 9 160-50.8 2950-4900

151 VITIAZ 6299 23-26.0 161-02.1 4790

152 VITIAZ 6300 27-14.0 162-14.8 4200-4320

153 VITIAZ 6307 33-00 171-39.1 3200-3250

154 VITIAZ 6331 15-34.4 164-35.4 5535-5540

155 VITIAZ 6332 13-02.0 160-30.5 5060

156 VITIAZ 6333 12-54.6 160-44.8 3620-5250

157 VITIAZ 6334 11-06 02 159-00.0 5269

158 CHALLENGER-171 25-05 172-56 5300 u

159 GAZELLE-136 20-50 162-42.1 5084

160 CARNEGIE 7-94 12-47 171-35 4760

161 CAPRI-H22 16-40 162-15 4675

162 CAPRI-H24 16-44 161-22 4685

163 CAPRI-30 BG 17-28 160-59 4710

164 CAPRI-31 BG 17-29 158-40 4890
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Original Position tDepth
*Number Designation Lat. S. Long. \\1 • (Meters)

165 MSN-111 40-37 164-08 5230

166 MSN-112 39-21 163-21 4840

167 MSN-113 38-25 163-40 5087

168 MSN-115 36-29 163-09 5410

169 MSN-116 35-50 163-01 4950

170 MSN-117 34-09 161-54 5535

171 MSN-119 31-51 161-13 5250

172 MSN-121 29-35 159-06 5252

173 MSN-122 28-32 159-41 5170

174 MSN-123 27-20 158-29 4957

175 MSN-125 26-02 157-58 5038

176 MSN-126 24-41 155-15 4542

177 MSN-127 23-51 155-55 4698

178 AMPH-80G 11-51 160-51 3803

179 AMPH-84G 11-40 159-16 5146

180 AMPH-85P 11-35 158-31 5338

181 AMPH-86GV 11-25 157-37 5302

182 NOVA-8A-118D 26-19.2 174-49.5 2928 u

183 NOVA-8A-122G 21-59.9 172-08.4 10452 u

184 RD 8-82 46-56 154-15 4308

185 PENGUIN-390 32-59.7 178-11. 9 5616

186 ENTERPRISE 47-22 164-34 5108

187 KH-68-4/22-2 10-57 169-59 5110

188 KH-68-4/25-2 19-59 170-02 5280



*Number
Original

Designation
Position

Lat. S. Long. W.

261.

tDepth
(Heters)

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

KH-68-4/29-2

KH-68-4/31-3

KH-68-4/33-2

KH-68-4/37-2

CIOS-76-1

CIOS-76-2

CIOS-76-3

CIOS-76-4

CIOS-76-5

CIOS-76-6

CIOS-76-7

CIOS-76-8

CIOS-76-9

CIOS-76-10

CIOS-76-11

CIOS-76-12

DSDP 204

XAHI 70-PC18

KK 7l-FFC 58

KK 7l-FFC 60

KK 7l-PC 65

KK 7l-FFC 98

KK 7l-PC 66

KK 7l-FFC 100

25-24

32-09

38-00

46-01

19-17.5

18-09.5

16-33.2

15-16.0

14-40.0

14-04.9

12-24.0

10-38.0

11-35.2

15-04.8

16-40.0

17-58.0

24-57.3

13-42.8

25-07.2

25-07.2

24-11.1

24-03.5

26-47.1

26-47.6

170-20

169-56

169-58

169-53

159-47.8

159-38.0

159-17.5

159-08.5

159-06.0

158-59.0

158-44.0

158-31.5

160-48.0

160-50.0

160-48.5

160-54.8

174-06.7

168-36.6

174-09.0

174-09.0

164-52.8

164-52.0

153-52.8

153-53.8

5485

5550

5070

5210

4628-4661

4988-5010

5089-5093

5130-5136

5091-5092

5108-5111

5308-5310

5286-5299

4031

4999-5003

479 3- ~51

4920

5354

5156

5304

5304

5439

5527

5243

5224



*Number
Original

Designation
Position

Lat. S. Long. W.

262.

tDepth
(Meters)

213 KK 72-PC 007 18-00.3 170-55.4 4831

*Number refers to map designation (see Figures 3, 4 and 5)

t u = uncorrected depth

Sources of Data:

Nos. 1-117 • Heezen, et a1. (1966)
Frazer and Arrhenius (1972)
Unpublished Lamont-Doherty Geological

Observatory descriptions

Nos. 118-157 ••••• Skornyakova and Andrushchenko (1974)
Bezrukov (1976)
Frazer and Arrhenius (1972)

No. 158. ·
No. 159. ·
No. 160. ·
Nos. 161-183 ·
Nos. 184-186 ·
Nos. 187-192 ·
Nos. 193-204

No. 205. · . ·
Nos. 206-213

• Murray and Renard (1891)

· · Frazer and Arrhenius (1972)

· · Revelle (1944)

Frazer and Arrhenius (1972)

· · Frazer and Arrhenius (1972)

Horibe (1970)

• Landmesser, et a1. (1973)

· . Burns, An drews , ~ al. (1973)

Andrews, ~ a1. (1973)
Andre"ls, Foreman, et a1. (1975)
Andrews, Foreman, et al. (1976)
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APPENDIX C

DEFINITIONS AND NOMENCLATURE

Sediment Color

Sediment color was described according to the Munsell system, using

the Munsell Soil Color Charts (1971 edition). This system differentiates

colors on the basis of hue, value and chroma. Hue is the primary rela

tion to the colors red, yellow, green, blue and purple (or the absence

of color). Value is the lightness (or brilliance) of the color, and

chroma is the strength (or saturation) of the color, i.e., departure

from a neutral gray of the same lightness.

These three attributes of color are expressed by a three-part

symbol such as 5YR 3/4, where 5YR refers to the hue, 3 to the value, and

4 to the chroma. The letters YR indicate a basic yellow-red hue, and

other letters such as N for neutral, R for red, B for blue, etc., are

also employed. The 5 preceding the YR is a measure of the relative

amount of yellowness and redness incorporated, using a scale which

extends from lOR (zero YR) to lOYR (zero Y). Value is expressed on a

scale where 0 indicates absolute black and 10 indicates absolute white.

The chroma scale begins with 0 (neutral gray) and extends to a maximum

of about 20, which is never approached in sediments. (Chroma values

above about 8 are extremely rare.)

Sediment Texture

Sediment textural names are based on a modified version of Shepard's

(1954) sand-silt-clay ratios. The Shepard system is presented in Table 23.

In most cases, this system can be used without modification. In a few



TABLE 23

SEDIMENT NOHENCLATURE BASED ON SAlrD-SILT-CLAY RATIOS

Textural Term

Sand - - - - 

Silty Sand

Clayey Sand

Silt - - - - 

Sandy Silt

Clayey Silt

Clay - - - - - 

Sandy Clay

Silty Clay

> 75% sand

40-75% sand

40-75% sand

12.5-50% sand

0-20% sand

12.5-50% sand

0-20% sand

Component Ranges

12.5-50% silt

0-20~~ silt

- > 75% silt

40-75~; silt

40-75% silt

0-20% silt

12.5-50% silt

0-20% clay

12.5-50% clay

0-20% clay

12.5-50% clay

> 75% clay

40-75% clay

40-75% clay

After Shepard (1954).

instances, however, it was felt necessary to apply slight modifications

in order to present as much information as seemed appropriate. For

instance, some samples contained less than 40% of any of the major grain

size classes (sand, silt or clay), so this arbitrary Lowe r boundary was

treated as flexible. That is, even where the dominant size component

was as low as about 30%, due chiefly to the sediment containing some

material larger than sand size, its name was used in the nounal position.

In addition, all size classes that comprised at least 12.5% of the

sample as a whole seemed warranted for inclusion in the textural

description, resulting in some three-term sediment grain size types.

The following is an illustration of the modifications adopted for

this study: A sample consisting of 10% gravel, 25% sand, 30% silt,

and 35% clay would be designated as a sandy silty clay. The upper size
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limits for sand and silt particles were taken to be 2000 ~ and 64 ~,

respectively.

Sediment Classification

When detrital grains (clastic particles derived from the erosion

of pre-existing rocks, except those that are biogenic, authigenic or

volcanic) constitute the only clastics in a sample, a simple textural

term such as one of those discussed above, is all that is needed to

describe the sediment. He-wever, deep-sea sediments typically contain

material of diverse origin, with microfossils often representing the

major non-detrital component. For this study, the classification and

nomenclature rules of Weser (1973), developed during study of Deep Sea

Drilling Project cores, have been adopted. Details of the rules will

not be presented here, but examples of application of the rules are

given in Table 24. In most sediment samples from the southwestern

TABLE 24

EXAMPLES OF NOMENCLATURE FOR DEEP-SEA SEDI}ffiNTS

~~ % % %
Radiolarians Nannofossils Zeolites Clay Name

< 2 75 < 2 25 Clayey nanno ooze

< 2 50 45 5 Clayey zeolitic nanno ooze

< 2 45 50 5 Clayey nanno zeolitite

5 30 < 2 65 Rad-bearing nanno clay

15 25 < 2 60 Rad-rich nanno clay

60 20 5 15 Zeolite-bearing clayey
nanna-rich rad ooze

Modified from Weser (1973).
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Pacific, detrital silt and clay of unspecified origin are the major

components, so that minor constituent descriptive modifiers are the

principal application of the Weser classification. The prefix "bearing"

is used for sediments containing 2-10% of a particular minor constituent,

while the prefix "rich" is applied to sediments with 10-25% of some

minor component.

Nodule Description

Because many terms which are not in common usage are used in this

study to describe manganese nodules, the following list of definitions,

modified from Heylan, ~ aL (1977), is presented here.

Agglutinated Spherule - a spheroidal or ellipsoidal object, usually
a small nodule, attached to a larger nodule by a film or thin
encrustation of manganese, and having a well-developed con
striction at the juncture between itself and the main nodule
body. If a nodule and its agglutinated spherule are sub-equal
in size, together they may be termed a polynucleate nodule.

Botryoid - a mammilla large enough to have a distinctive hemispher
ical form visible. Botryoids with moderate to very high
relief are considered to be "well-developed". Botryoids with
low relief are called "poorly developed" and those with very
low relief are "suppressed".

Botrvoidal - a type of surface texture characterized by closely
spaced botryoids.

Cavernous - describes a type of microbotryoidal or botryoidal sur
face texture where the bases of the botryoids are deeply
recessed below the outer nodule surface.

Discoidal - a type of primary nodule morphology wherein the shape
is characterized by one short and two sub-equal long axes,
with a circular outline perpendicular to the short axis, and
an elliptical outline when viewed in the plane of the long
axes.

Ellipsoidal - a type of primary nodule morphology wherein the shape
is characterized by one long and two sub-equal short axes,
with a circular to slightly elliptical outline perpendicular
to the long axis, and an elliptical outline when viewed from
other directions.
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Equatorial belt - the circumferential zone on a nodule that was
probably in close proximity to the sediment-water interface.
On larger nodules, the equatorial belt often has a different
surface texture than the upper or lower nodule surfaces.

I Faceted - (1) a type of primary nodule morphology synonymous with
polygonal, where essentially the entire nodule surface is
characterized by adjoining flat surfaces, and where the short
est nodule axis does not differ significantly in length from
the intermediate axis (in contrast to tabular); and (2) a
secondary morphologic feature, the primary nodule shape being
modified by one of more flat surfaces; applied to spheroidal,
ellipsoidal or discoidal nodules that sho~v such a modification.

Lobe - a discrete segment of a nodule visibly separable from the
remainder of the nodule by a partial or complete circumferen
tial constriction of, or crevasse in, the nodule body. The
constriction or crevasse is only vaguely developed for an
"incipient" lobe. If the constriction is essentially complete
and highly developed, the nodule may be considered polynucleate
rather than lobed.

Mammilla - a hemispherical protrusion on a nodule surface, the form
being the result of the growth habit of precipitating ferro
manganese oxides. Small mammillae, where the hemispherical
form is not readily visible, make up rough surfaces. Larger
mammillae are called microbotryoids or botryoids.

Microbotryoids - a type of mm1ffiilla smaller than a botryoid, but
larger than those found on rough surfaces.

}ticrobotryoidal - a type of surface texture characterized by closely
spaced microbotryoids.

Outline - the two-dimensional form of a nodule, usually applied to
the planar view of a flattened nodule.

Polvgonal - a type of primary nodule morphology, synonymous with
faceted, where essentially the entire nodule surface is cha
racterized by adjoining flat surfaces. Such a nodule form
is usually the result of manganese encrustation of angular
volcanic rock fragments or nodule fragments.

Polynucleate - a type of primary nodule morphology describing
nodules consisting of multiple intergrown or coalesced ~m

encrusted nucleation sites, and which often resemble bunches
of grapes.

Relative size - a comparison of the size of
of the nodule on which it has grown.
titatively as the value of the ratio:
nodule intermediate diameter.

a mammilla to the size
Can be expressed quan
mammilla diameter/
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Relief - the prominence of a mammilla above the general nodule
surface. Can be expressed quantitatively as the value of
the ratio: mammilla height/mammilla basal diameter.

Rough - a granular surface texture, characterized by a gritty feel.

Scoriaceous - a type of primary nodule morphology describing a
nodule with irregular shape that usually owes its form to a
fragment of submarine extrusive basalt which serves as the
thinly Mn-encrusted nucleus.

Smooth - a type of nodule surface texture characterized by the
absence of readily visible mammillae, and a smooth feel.

Spheroidal - a type of primary nodule morphology characterized by
three mutually perpendicular sub-equal axes, and having a
circular outline when viewed from all directions.

Tabular - a type of primary nodule morphology characterized by two
perpendicular non-equal horizontal axes and a much shorter
vertical axis; and usually a non-spherical outline when viewed
along the vertical axis.

Tabular-Discoidal - a type of composite primary nodule morphology
characterized by two sub-equal horizontal axes, a shorter
vertical axis, and usually a spherical outline. Tabular
discoidal differs from discoidal by a lack of pronounced
tapering from the central area of the nodule to the edges.



APPENDIX D - GRAIN SIZE ANALYSES OF SOUTHHESTERN PACIFIC OCEAN SURFACE SEDIMENTS

S i z e F rae t ion tveight Per c e n t
Sam~ >100011 500-1000J-l 250-500J-l 125-25OlJ 64-125lJ 32-64lJ 16-32p 8-16p 4-8lJ < 4lJ

G 976 -- 0.08 0.15 6.01 14.13 10.57 17.28 16.26 10.16 25.41

G 980 0.59 0.05 0.62 1.86 12.54 15.98 12.43 8.88 7.55 39.52

G 982 -- 0.06 0.19 0.36 4.14 9.89 13.56 20.73 11.16 39.87

G 985 -- -- 0.08 0.08 2.81 4.10 9.95 10.34 11.52 61.10

G 987 0.85 0.05 0.03 0.06 2.48 10.34 7.13 8.32 8.92 61.83

G 988 -- -- 0.01 0.02 0.49 4.29 5.92 10.42 7.96 70.87

G 989 -- -- 0.02 0.03 0.17 5.52 4.76 5.14 12.19 72.17

G 991 0.04 0.10 0.04 0.21 0.43 3.75 3.50 10.00 7.00 75.01

G 992A -- 0.02 O. DOL. 0.03 0.35 4.43 7.24 6.64 7.04 74.24

G 994 -- 0.03 0.06 0.13 0.35 6.77 12.34 5.32 7.01 67.97

G 995 -- 0.08 0.18 0.22 0.46 6.48 7.41 6.48 7.41 71. 30

G 997 -- -- -- o.r« 2.80 18.50 15.37 15.37 11.95 35.86

G 998 0.18 0.20 1. 7l. 10.06 24.93 14.34 6.62 7.72 3.31 30.89

G 1000 8.30 12.51 34.11 28.80 10.64 +------------------5.61---------------+
N
0'\

G 1001 4.92 0.28 12.75 15.98 15.56 4.14 10.76 5.80 4.14 25.66 \0.



S i z e F rae t ion \veight Per c e n t
Sam~ >1000jJ 500-1000p 250-500p 125-25°11 64-125}J 32-64}l 16-32Jl 8-16}l 4-8}l <4}l

G 1002 -- 0.40 0.90 2.00 1. 90 7.49 12.47 22.45 9.98 42.40

G 1003 -- -- -- -- 1. 26 8.39 6.29 14.69 12.59 56.65

G 1005 1. 87 0.12 0.27 0.35 0.51 3.92 7.84 13.75 9.80 60.78

G 1008 -- -- -- -- 0.40 1.66 4.98 6.64 16.60 69.72

G 1012 -- -- 0.03 0.04 0.20 3.58 3.86 10.47 6.34 75.49

G 1013B -- -- 0.03 0.01 0.05 0.25 11.04 7.53 11. 29 69.78

G 1016 -- -- 0.37 0.95 3.41 11.02 3.89 5.51 9.39 65.45

G 1017 -- -- 0.21 0.19 1. 84 6.56 7.56 4.97 9.75 68.82

G 1018 -- -- -- -- 0.48 6.59 5.65 9.42 10.99 66.87

G 1019 -- -- -- 0.07 0.22 8.61• 6.48 9.88 15.12 59.57

G :020 -- -- 0.13 0.16 2.49 6.83 11. 39 11.90 15.19 51.90

G 1021 -- -- -- -- 0.43 3.59 8.27 7.91 17.61 62.19

G 1022 -- -- -- -- 0.81 3.67 4.01 15.36 16.03 60.12

G 1023 -- -- -- 0.18 2.12 2.95 6.13 7.95 15.00 65.66

G 1021. -- -- -- 0.38 6.73 7.86 8.11 7.62 18.43 50.87

T 136-a 1.02 -- 0.19 4.57 18.54 15.57 25.51 11. 89 8.21 14.48
N
""-J

I 136-b 0.38 0.13 0.31 4.86 17 .04 14.49 22.77 13.80 8.28 17.94
0.





S i z e F rae t ion Wei g h t Per c e n t

Sample >1000IJ 500-100011 250-500IJ 125-250IJ 64-125IJ 32-64lJ 16-32IJ 8-16lJ 4-8IJ < 4IJ

I 153 -- -- -- 0.09 0.14 2.01 9.07 9.07 9.07 70.56

I 154 -- 0.36 0.97 0.41 7.76 24.26 28.49 13.79 6.43 17.46

I 155 -- 0.14 0.27 2.47 7.93 28.31 20.30 14.96 10.68 14.96

I 156 -- 0.34 0.80 2.15 4.06 7.63 17.44 8.72 15.22 43.60

I 157 -- 0.05 0.45 0.18 0.63 6.45 8.80 13.20 19.06 51. 32

I 158A -- 0.20 0.31 0.82 3.25 19.26 15.81 15.81 14.37 30.18

I 159 -- 0.17 0.39 0.90 2.58 6.96 14.19 18.06 15.48 41.28

1 160A-2 -- -- 0.06 -- 0.91 9.00 12.00 18.01 19.01 41.02

I 161 -- 0.04 0.08 0.39 3.23 8.30 16.80 8.89 11.85 50.39

1 162 -- -- -- -- 0.09 10.17 8.47 5.08 18.64 57.63

I 163-a -- -- -- -- 0.07 5.67 1.06 7.79 14.88 70.52

I 163-b -- -- -- -- 0.04 4.11 6.85 8.22 10.96 69.86

I 164A -- -- 0.04 0.28 18.27 17.04 11.11 12.59 5.96 34.81

I 165A-2-a -- -- -- 0.06 0.02 3.64 9.64 11. 78 13.92 61.02

I 165A-2-b -- -- -- 0.06 0.09 7.32 8.58 6.68 11.13 66.14

I 166 0.47 0.04 0.06 0.29 1.44 13.37 10.69 9.36 12.03 52.14
N
""-l
N.



Sample >1000]1 500-1000]1
S i z e F r act ion Wei g h t

250-500]1 125-250]1 64-125]1 32-64]1
Per c e n t

16-32]1 8-16]1 4-8]1 < 4]1

I 168 0.02

I 171A-3 5.58

0.03

6.11

0.15

8.43

2.81

8.88

10.60

11,l,2

8.70

8.53

20.37

11.44

13.89

6.16

8.33

7.92

35.18

25.52

Analyses performed hy J. c. MacDougall at the New Zealand Oceanographic Institute. (NaP0 3)6 used as
peptizer.

tv
-.J
W.



APPENDIX E - SURFACE SEDIMENT SMEAR SLIDE ANALYSES

PERCENTAGES (VISUALLY ESTIMATED)
Volcanic Microfossils

Station Sediment Type Clastics Clav Glass Forams Nannos Siliceous RSO's Other

G 976 Detrital silt-bearing, 2-5 10-20 60-80 - - 1-2 'Vl -
clay-rich volcanic ash

G977 Detrital silt-bearing, 2-5 10-20 60-80 - 1-2 1-2 2 -
clay-rich volcanic ash

G 978 Detrital silt-bearing, 2-5 15-25 50-75 - < 1(?) 1-2 3-6 -
RSO-bearing, clay-rich
volcanic ash

G 979 Detrital silt-bearing, 2-5 15-25 50-75 - < 1 (?) 1-2 3-6 -
RSO-bearing, clay-rich
volcanic ash

G 980 Clay-rich, volcanic ash- 5-10 10-20 10-15 < 1 40-65 2 'VI -
rich nannofossil ooze

G 982 Detrital silt-bearing, 3-6 20-35 40-70 - < 1 (?) 1-2 4-8 -
RSO-bearing clay-
volcanic ash

G 985 Detrital silt-bearing, 2-5 30-50 'V50(?) - 1 < 1 3-6 -
RSO-bearing, clay- (?)
volcanic ash

G 987 Detrital silt-bearing, 2-5 40-60 'V 40 (?) - < 1 1-2 6-12 -
RSO-bearing volcanic (?)
ash-clay N

......
of:'.



PERCENTAGES (VISUALLY ESTIl1ATED)
Volcanic Microfossils

Station Sediment Type Clastics Clay Glass Forams Nannos Siliceous RSO's Other

G 988 Detrital silt-bearing, 5-10 50-70 "-' 20(?) - < 1 1-2 10-15 -
RSO-rich volcanic ash- (?)
rich clay

G991 Detrital silt-bearing, 5-10 50-70 "-'10(?) - <1 1 10-15 -
v6lcanic ash-bearing(?)
to rich(?), RSO-rich
clay

G 994 Ceratolith-bearing, 10-15 40-70 '\, 10(?) - 2 2 10-15 2-6%
detrital silt-rich, ceratoliths
RSO-rich clay

G 998 Clay-rich, detrital 25-50 10-20 (?) 1-2 £'10-65 <1 (?) 1%
sand-nannofossil ooze ceratoliths

G 1001 Detrital silt-bearing, 5-10 10-20 < 1 40-60 20-35 2 (?) 1-2%
clay-rich, nannofossil- ceratoliths
foram ooze

G 1003 Nannof0ssil-bearing, 10-15 50-80 "-'2 - 2-5 1-2 8-10 1%
RSO-bearing, detrital ceratoliths
silt-rich clay

G 1005 Nannofossil-bearing, 8-10 60-80 < 5 - 5 l(?) 10-15 bone frags.
detrital silt-bearing, (? )
RSO-rich clay

G 1006B Nannofossil-bearing, 2-5 60-90 - - 2-5 1(?) 8-10 1% mica
detrital silt-bearing,
RSO-bearing clay

N
'-l
VI.



PERCENTAGES (VISUALLY ESTIMATED)
Volcanic Microfossils

Station Sediment Type Clastics Clay Glass Forams Nannos Siliceous RSO's Other

G 1007 Detrital silt-bearing, 2-5 60-90 - - 2 1 (?) 10-12 -
RSO-rich clay

G 10lOA Detrital silt-bearing, 2-5 60-90 <1 - 1-2 1 10-12 mica, bone
RSO-rich clay frags. (?)

G 1011 Nannofossil bearing, 2-5 65-90 - - 2-5 < 1 8-10 -
detrital silt-bearing,
RSO-bearing clay

G 1012 Nannofossil-bearing, 2-5 65-90 - - 2-4 <1 6-12 -
detrital silt-bearing,
RSO-bearing clay

G 10!3B Nannofossil-bearing, 5 60-90 <2 - 2-4 1 10-12 mica, bone
detrital silt-bearing, frags.(?)
RSO-rich clay

G 1014B Nannofossil-bearing, 1-2 75-90 - - 2-5 <1 4-8 -
RSO-bearing clay

G 1016 Glass shard-bearing, 5-10 60-80 2-5 - 1-2 < 1 8-10 mica, bone
detrital silt-bearing, frags.(?)
RSO-bearing clay

G 1018 RSO-bearing, detrital 8-10 50-80 2 - 1 1 5-8 1% mica,
silt-bearing clay bone frags.

(7)

G 1019 RSO-bearing, detrital 5-10 60-90 '\i5 - 1 <1 2-5 bone frags.
silt-bearing clay (7) N

........
0-.



N
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PERCENTAGES (VISUALLY ESTI~~TED)

Volcanic Microfossils
Station Sediment Tvpe Clastics Clay Glass Forams Nannos Siliceous RSO's Jther

G 1020 Nannofossil-bearing, RSO- 5 50-80 - - 2-3 5-10 5 -
bearing, detrital silt-
bearing, siliceous micro-
fossil hash-bearing clay

G 1021 Nannofossil-bearing, RSO- 5 50-80 - - 2-3 10-20 2-3 -
bearing, detrital silt-
bearing, siliceous micro-
fossil hash-rich clay

G 1022 RSO-bearing, detrital 5-10 10-20 - - 2 40-70 2-3 -
silt-bearing, clay-rich
siliceous microfossil
hash ooze

G 1023 RSO-bearing, detrital 5 50-80 - - 10-20 2 2-3 -
silt-bearing, nannofossil-
rich clay

G 1024 Detrital silt-bearing 5-10 10-50 - - 30-60 <1 < 1 -
clay-nannofossil ooze

I 136 RSO-bearing, detrital 2-5 5-15 - - <1 80-90 2-5 -
silt-bearing, clay-rich
siliceous microfossil
hash ooze

I 137 RSO-bearing, clay-rich 10 10-15 <2 - <1 30-50 2-5 25-30
detrital silty sand- opaque
siliceous microfossil
hash ooze



PERCENTAGES (VISUALLY ESTIMATED)
Volcanic Microfossils

Station Sediment Type Clastics Clay Glass Forams Nannos Siliceous RSO's Other

I 138 RSO-bearing, detrital 2-5 10-30 - - 1 40-70 2-4 -
silt-bearing clay-rich
siliceous microfossil
hash ooze

I 139 RSO-bearing, radiolarian- 4-8 10-20 - - <1 50-75 3-6 .-
bearing, detrital silt-
bearing, clay-rich sili-
ceous microfossil hash
ooze

I 141 RSO-bearing, detrital 2-5 70-90 - - 2 >1 2-4 -
silt-bearing clay

I 144 Detrital silt-bearing, 2-3 70-90 - - 2-4 1-2 3-6 -
nannofossil-bearing, RSo-
bearing clay

I 145 Siliceous microfossil 5-8 50-90 (? ) - 1-2 2-5 5-10 -
hash-bearing detrital
silt-bearing, RSO-bearing
clay

I 146 Siliceous microfossil 5-8 60-90 (?) - 2 2-4 3-5
hash-bearing, RSO-bearing
detrital silt-bearing
clay

._~..._--
I 148 Detrital silt-hearing, 2-4 75-90 - - 2-5(?) 1-2 10-15 --

nannofossil bearing, RSo-
rich clay N

-..j

co.



PERCENTAGES (VISUALLY ESTIMATED)
Volcanic Microfossils

Station Sediment Type Clastics crav Glass Forams Nannos Silice.ous RSO's Other

I 149 Detrital silt-bearing, 2-4 70-·90 (?) - 2 2 10-15 -
RSO-rich clay

I 150 Nannofossil-bearing, 5 70-90 (7) - 2-4 2 6-12 -
detrital silt-~earing,

RSO-bearing clay

I 152 Detrital silt-bearing, 5 60-90 - - 2 <1 5-7 -
RSO-bearing clay

I 153 RSO-bearing, detrital 3-6 50-90 - - 1-2 1 4-5 -
silt-bearing clay

I 155 Clay-rich volcanic ash 10-15 10-20 50-70 - <1 1 ~l --
I 157 Radiolarian-bearing, 5-6 5-20(?) - - 1-2 60-80 2 1% cera-

detrital silt-bearing, toliths
clay-rich siliceous
microfossil hash ooze

I 158 RSO-bearing, radiolarial~ 6-8 5-20(7) - - 2 60-80 2-3 -
bearing, detrital silt-
hearing, clay-rich sili-
ceous microfossil hash
ooze

I 159 RSO-bearing, radiolarian- 15 15 - - 1 50-70 3-4 -
bearing, detrital silt-
rich, clay-rich siliceous
microfossil hash ooze

N
.......
\0.



PERCENTAGES (VISUALLY ESTIMATED)
Volcanic Hicrofossils

Station Sediment Type Clastics Clay Glass Forams Nannos Siliceous RSO's Other

I 160 RSO-bearing, detrital silt- 10 15 (?) - - 2 "'70(7) 3-4 -
bearing, clay-rich sili-
ceous microfossil hash ooze

I 161 RSO-bearing, detrital silt- 6-12 15-30 - - <1 30-60 5 --bearing, clay-rich sili- (?)
ceous microfossil hash ooze

I 162 Siliceous microfossil hash- 4-6 60-90 - - 2 2-5 6 -
bearing, detrital silt-
bearing, RSO-bearing clay

I 163 Detrital silt-bearing, RSO- 5 70-90 - - 1-2 < 1 8 -
bearing clay

I 164 Detrital silt-bearing, 5 10-20 - 30-40 35-45 < 1 2 1% cera-
clay-rich foram-nannofossil toliths
ooze

I 165 Detrital silt-bearing, RSO- 5 65-90 - - 2 < 1 (1) 8-10 -
bearing clay

I 166 Siliceous microfossil hash- 5-8 75-90 - - 1 2-4 5 -
bearing, RSO-bearing,
detrital silt-bearing clay

I 168 Radiolarian-bearing, RSO- 10-15 ::20(1) (1) - 1-2(1) 50-70 5-7 -
bearing, detrital silt-
rich, clay-rich siliceous
microfossil hash ooze

Note: Other components, such as zeolites, micronodules and nannonodules, each make up less than about
2% in all samples.

N
co
o.
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APPENDIX F

X-RAY DIFFRACTOG~l PE~~S USED TO
IDENTIFY SEDIMENT fu~D NODULE MINERALS

Carbonates

Calcite-

Dolomite

Silicates

Quartz -

Feldspar

000 0

- -3.03 A. 2.28 A, 1.91 A, 1.88 A, ~ al.

o
- -2.90 A (one sample only)

o 0

- -3.34 A, 4.26 A
o 000

-3.2 A (often a doublet), 4.02 A, 3.75 A, 3.63 A,
et al.

Pyroxene -

Amphibole-

Clay Minerals

o 0

-2.56 A, 2.92 A (both often
cent feldspar peaks)
000

-8.5 A, 2.83 A, 2.57 A (one

as shoulders on adja-

sample only)

Chlorite -

Illite/mica- o ° '?-10 A, 5 A, 3.3 A (peaks do not .shift with chemical
and heat treatments)

o 0 a 0 +
-14 A, 7.1 A, 4.7 A, 3.54 A (particularly K -

saturated, air-dried samples)
°Kaolinite- - - - - -7.1 A (when other chlorite peaks absent; destroyed

by heating to 550°C)
o

Montmorillonite- - -12-15 A (low, broad on bulk powder diffractograms,
better developed and shifted to higher spacing

o
with glycolation), 4.5 A (broad to fairly sharp;
asymmetric), 2.56 A(usually broad)

Zeolite

Phillipsite-

Iron Oxide

o 0 0

-7.1 A ~onlv when additional peaks at 8.2 A, 5.36 A,
3.2 A, 2:74 A, 2.68 Apeaks also developed)

o 0

Magnetite- - - - - -2.98 A, 2.52 A (when more prominent than would be
expected in sample containing only feldspar,
which has peaks near these spacings)



Manganese Oxides (nodules only)

282.

Todorokite- -

Birnessite-

"x" - - -

000

-9.7 A (broad), 4.85 A (broad), 2.4 A (broad,
asymmetric)

o
-7 A (broad)

o
- -2.4 A (broad, asymmetric)

o
- -2.01-2.05 A (fairly sharp)



APPENDIX G

X-RAY DIFFRACTION HINERALOGY OF SURFACE SEDINENTS
(BULK POWDERS)
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I

II i I
I i

I
i

G 976 - S H-S IV W I w I ? ~il ! -
I

11
I I I I

I

G 980 VS I ~1 M ? I ?-w i ? i
!1

, - I - -
i I I i i i

II
I I

I I
I

G 985 - S H-S w I w I ? ?-w ~il
I Phillipsite (?)I

i I
I I I I I

G 987 - S H-S ~il ~v ? ? I
~il i -I I II I I I

II
I I I I -

I
G 988 S H-S I ~il-M ? I

~.;-i-1
I- w I w I -I i iI

G 989 I I

I ?-w I
I

i- S H-S ~v I W ? w-H I -I II I I I
I

G 991 - S I1-S w w I w I ? w-H I -
I

I

I I IG 992A I - S H-S w w ?-w ? ~v -

G 994 I M ~1
,... ,.... I

W I ?-w I w I ? w I -I
l'1-.:>

I

I I I
I IG 995 I - H M w ? w I ? I w ! -
I I

I I I I
i I

G 997 - w H w - - I - w I ~lagnetite (w)

i I
I

I I I
,

G 998 i VS ? w ? - I ? ? ~il -
I ! I
i

I I
i I

i

I
iG 1001 VS ? I

I - - I - -
r

- - i -
i

I

I IG 1002 I - w H w ? ? ? ~v Hagnetite (w )
I
I I I Phillipsite(?)
I I , I I I

G 1003 I 1'1 M M I I
? I ! Phillipsite (?)IV i w w ! w

I
I i

I I
G 1005 - H M-S w I ?-w w I ? ~il -

G 1006B I .- I H-S H-S w I w I w ? ~il -
I I I

G 1007 H M-S
I

?
I

- I ~v I w I w w -

I H-S1 I

I
I I

IG 1008 I - M-S w j ~v ~v I ? I ~il -
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~
,...,

Q) ,...,
,... CJ CJ ~ ..-l

Q) CIl C ~ ..-l ,...
~ N c, Q) Q) ..-l C 0
..-l ~ CJl :< ~

,... ..-l E
u ,... -e 0 ..-l 0 ,...,

~,..., CIl ,..., ,... ,..., ,..., 0 C
CIl ::l Q) ?-. ,...,

~ CIl 0
Other MineralsStation ! u 0' r:.. i=l< H U ~ :z

G 1010A i S M-S w w w ? w Phillipsite(?)\ -

G 1011 , - S M-S w w w ? w -
:

G 1012 - S H-S w w w ? I w-M -
G 1013B ,I - S M-S w w ~v ? w-M -

I

G 1014B - S M-S w w ~v ? w-M -

G 1016 - S M-S w w w ? w-M -

G 1018 :1 - s M-S w w w ? w-H -

G 1019 - S M-S w w ?-w ? w-M -

G 1020
;

S M-S ? ~v-M- ~v ~v w -,

G 1021 ! - S M-S w w-M w-M ? w-M -i
I

G 1022 I - S 1-1-S ~v w w ? w-M -
i
:

IG 1023 : S S M w w w ? w -
I

G 1024 ;1 S S H w w I w ? w -

I 136 - H H-S w - - - ? Magnetite (?)

I 137 I - w-H S ~v-M - - - I - Magnetite (w)!

I 138 :\ - ~v-H I M w - ? ? I - Magnetite (?)
I I

I 139 :I - M 1-1-S w - I - - I w Magnetite(?)

I 141
11

- M-S M-S w ? ? w I w-M -

I 144 i - M I M ?
1

- - - w -I,
I

i
I

II 145 I - M M-S w ? ? ?-w I w -i ,

I 146 il - S I M-S w ! ?-w ? ? I w-M -
I
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I CIJ , r-i

'"' CIJ CIJ .l-I I 'M
! CIJ til e .l-I oM

'"'.l-I N 0. CIJ OJ 'M c:: I 0
oM .l-I Ul X .l-I

'"'
oM

I
E

CJ l-l 't:l 0 'M 0 r-1 .l-I
r-i til r-1

'"'
r-1 ,.., 0 c::

Station til ;:l CIJ ;>, r-1 .c til 0 Other Mineralsu 0' r=.. c, H U ::.:: :z

I 148A - S M-S w ? ? ? Iw-X -
!
I

I 149 I
- a M w ?-w ? w iv -

I

II 150A I - M M-S iv ? ? iv iv-H -I,
152

i
?-w I II i - M M w ? w iv -

I

I 153 ! - M M iV iV ? ? I w -i
i I ---

I 155 I ? - M-S H - I - - I - Magnetite (H)I
I 157 ! S M M iv - I ? ? I iv Hagnetite (w)

i I I
I 158A ~ - w H

I
w - I - - I ?-w Hagnetite (?)

i
I

I II 159 I - M M-f w-H - ? ? iv Magnetite (?)i
I

I I
,

I 160 I - M M w w I - - w Nagnetite (?)

I 161 I
M M-S

I
? t Hagnetite 00- w - w

I 162 - H M w ? ? w w -
I 163 - M M-S iv ?-w ? w iv-I'f -

I 164A VS ? ? I ? I ? I
I Dolomite (w)- - I -

,

I 165A-2. - ~f H-S w - I - I - I iv-M I -I

I
i I

I
I 166 - H-S H-S w - I - ! \:1 Hagnetite (?)I - I i

168 H I I ?
I

I ?
I I (?)I M H-S w l ? I w Magnetite

: • J

Relative XP~ mineral presence:

VS

S

M =
w

? =
=

Very strong

Strong

Medium

\veak (presence probable)

Weak (presence possible)

Evidence for presence very weak or non-existent



APPENDIX II - CHENICAL CONPOSITION OF SOUTm\IESTERN PACIFIC OCEAN SURFACE SEDIMENTS

Sample Si (%) A1 (%) Ca (%) Ti (%) Fe (%) Mn (%) Ni (ppm) Cu (ppm). Co (PPm)

G 976 23.3 8.40 0.7 0.32 4.40 0.27 4/1 85 31

G 980 14.9 5.11 11.9 0.19 3.29 0.21 32 73 28

G 985 21. 3 8.00 1.2 0.34 5.50 0.52 70 145 67

G 987 18.8 7.60 1.2 0.34 6.10 0.63 63 164 82

G 988 18.8 7.50 1.0 0.35 5.85 0.68 78 182 87

G 989 19.3 7.50 0.8 0.37 6.10 0.75 92 185 91

G 991 18.8 7.60 0.8 0.34 5.85 0.79 109 186 107

G 992A 20.4 7.75 1.0 0.34 5.77 0.80 106 191 99

G 994 15.3 6.15 3.7 0.33 5.75 1.09 154 256 189

G 995 16.0 6.45 1.1 0.37 6.25 1.00 259 254 146

G 997 14.0 5.95 2.0 1.13 8.45 0.97 204 275 175

G 998 4.8 3.65 19.3 0.62 4.85 0.15 no 102 45

G 1001 2.1 1.13 27.5 0.22 2.02 0.33 82 68 107

G 1002 15.0 6.56 2.0 0.86 7.37 1.41 380 385 198

G 1003 13.6 5.60 3.2 0.36 6.00 1.44 255 328 237 N
co
0\



Sample Si (%) A1 (%) Ca (%) Ti (%) Fe (%) Nfl (%) Ni (ppm) Cu (ppm) Co (ppm)

G 1005 14.4 5.90 1.0 0.35 6.25 1.29 227 301 254

G 1006B 14.4 5.95 0.8 0.34 6.00 1.16 177 255 196

G 1007 15.1 6.80 0.9 0.33 5.90 1.13 167 248 180

G 1008 17.8 7.40 0.8 0.36 6.01 1.05 146 223 153

G 1009 15.9 6.70 0.8 0.32 5.75 1. 74 248 232 480

G 10l0A 16.2 6.95 0.7 0.32 5.65 0.70 161 182 119

G 1011 16.6 7.10 0.7 0.34 5.50 0.81 171 177 120

G 1012 16.1. 6.85 0.7 0.30 5.35 0.80 141 175 120

GlaUB 17.8 7.35 0.7 0.32 5.30 0.65 142 156 95

G 1014B 18.6 7.60 0.7 0.33 5.28 0.62 126 144 83

G 1016 is.« 7.58 0.6 0.30 5.25 0.60 130 175 107

G 1018 17.6 7.05 0.7 0.30 5.00 0.56 126 177 94

G 1019 20.7 7.85 0.8 0.35 5.05 0.49 111 166 77

G 1020 21.8 8.20 0.8 0.33 4.55 0.38 90 117 50

G 1021 19.8 7.38 0.7 0.32 4.98 0.41 89 122 55

G 1022 21.8 8.15 0.8 0.34 4.65 0.34 100 101 31

G 1023 18.2 6.55 7.6 0.22 3.20 0.26 62 83 27
N
oo
-....J.



Sample Si (%) Al (%) Ca (%) Ti (%) Fe (%) Mn (%) Ni (ppm) Cu (ppm) Co (ppm)

G 1024 18.7 6.35 8.0 0.18 2.70 0.24 48 55 11

I 136 17.4 5.35 2.5 0.29 6.20 0.26 26 122 37

I 137 12.5 4.00 3.8 0.23 6.60 0.17 24 151 44

I 138 18.4 6.42 2.2 0.29 6.35 0.38 32 157 60

I 139 17.7 5.92 2.0 0.28 6.25 0.36 55 166 44

I 140C 16.8 6.62 0.8 0.39 6.25 0.90 143 258 135

I 141 9.8 3.70 0.8 0.29 5.78 0.89 127 227 124

I 144 13.7 5.05 1.0 0.39 6.75 1.35 191 264 163

I 145 14.8 6.05 1.4 0.38 6.62 0.92 135 235 124

I 146 14.8 5.25 1.0 0.38 6.15 0.83 127 212 113

I 148A 12.8 5.70 0.8 0.42 6.45 1.20 206 249 157

I 149 12.5 5.20 0.9 0.47 6.50 1.49 206 292 190
-

I 150A 10.7 3.90 1.0 0.48 6.75 1.33 246 330 213

I 152 13.3 5.55 1.1 0.51 6.80 1.17 168 259 165

I 153 14.3 5.75 1.1 0.49 6.60 1.04 158 243 132

I 155 11.8 2.95 4.3 1.05 7.25 0.15 964 186 78

I 157 17.11 5.80 4.6 0.62 5.42 0.41 109 154 52 N
ex>
ex>.



Sample Si (%) Al (%) Ca (%) Ti (%) Fe (%) Mn (%) Ni (ppm) Cu (ppm) Co (ppm)

I 158A 16.3 5.55 2.3 1.02 7.10 0.23 143 162 76

I 159 16.9 5.82 2.0 0.90 7.02 0.50 145 203 70

I 160A-2 15.5 6.15 1.7 0.90 7.30 0.58 137 244 113

I 161 16.4 5.80 2.0 0.82 7.02 0.62 153 194 77

I 162 13.1 5.40 1.4 0.57 6.50 1.10 166 263 146

I 163 12.0 4.15 1.3 0.58 6.85 1.49 239 323 204

I l64A 3.0 1.25 28.7 0.17 1.45 0.21 60 67 29

I l65A-2 14.7 5.88 1.4 0.66 7.15 1.07 166 255 139

I 166 12.9 3.95 1.5 0.61 6.65 0.73 128 228 102

I 168 17.8 5.15 2.2 0.10 5.45 0.41 42 144 21

Compositions are expressed as element weLght percents. Silicon, aluminum, calcium, titanium and iron
were analyzed by X·-ray fluorescence (EDAX). Manganese, nickel, copper and cobalt were analyzed by
atomic absorption spectrophotometry. (Manganese in sample G 995 was analyzed by EDAX due to a lack
of material for atomic absorption analysis.) Details of the analytical techniques are presented in
the Materials Rnd Methods section. Replicate analyses and a discussion of analytical precision are
given on the fa 110\.,7iog pages.

N
co
~.



APPENDIX H (Continued)

REPLICATE CHEMICAL ANALYSES (XRF)
SOUTHWESTERN PACIFIC OCEAN SURFACE SEDIMENTS

290.

Sample Mn (%) Fe (%) Al (%) Si (%) Ca (%) Ti (%)

G 1008 0.98 5.90 7.25 17.6 0.8 0.37
0.96 5.90 7.15 17.6 0.8 0.35
1.00 6.00 7.45 17.9 0.8 0.37
1.01 6.15 7.65 18.0 0.8 0.35
0.98 6.10 7.50 17.7 0.8 0.34

AVG. 0.99 6.01 7.40 17.8 0.8 0.36

STD. DEV. 0.02 0.11 0.20 0.2 0.0 0.01

G 1013B 0.65 5.35 7.35 18.0 0.7 0.32
0.63 5.25 7.35 17.5 0.7 0.33

G 1014 0.62 5.25 7.50 18.3 0.7 0.33
0.63 5.30 7.70 18.8 0.7 0.33
0.61 . 5.35 7.20 16.9 0.7 0.33
0.63 5.30 7.65 18.7 0.7 0.33

AVG. 0.62 5.30 7.51 18.2 0.7 0.33

STD. DEV. 0.01 0.04 0.23 0.9 0.0 0.00

G 1016 0.58 5.20 7.75 18.5 0.7 0.31
0.58 5.30 7.40 18.2 0.6 0.29

G 1018 0.58 5.00 7.05 17.7 0.7 0.30
0.58 5.00 7.05 17.6 0.7 0.30

G 1021 0.43 4.90 7.50 19.7 0.7 0.32
0.43 5.05 7.25 19.8 0.7 0.32

I 138 0.42 6.25 6.40 18.4 2.2 0.28
0.41 6.45 6.45 18.3 2.2 0.30

I 139 0.38 6.25 5.60 18.0 2.0 0.29
0.37 6.25 6.25 17.4 2.0 0.28

I 140C 0.91 6.15 6.40 17.0 0.8 0.40
0.93 6.35 6.85 16.5 0.9 0.38

I 141 0.86 5.70 2.90 8.9 0.7 0.28
0.85 5.85 4.50 10.7 0.8 0.30

I 145 0.98 6.60 6.00 14.8 1.4 0.38
0.97 6.65 6.10 14.7 1.3 0.38
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Sample Mn (.%) Fe (%) Al (%) Si (%) Ca (%) Ti (%)

I 157 0.38 5.35 5.75 17.2 4.4 0.62
0.38 5.50 5.85 17.5 4.8 0.61

I 159 0.53 7.00 5.65 17.5 2.0 0.93
0.48 7.05 6.00 16.3 1.9 0.88

I 161 0.56 7.05 5.70 17.0 2.1 0.82
0.54 7.00 5.90 15.7 2.0 0.81

I 165A-2a 0.98 6.95 5.00 13.6 1.3 0.63
1.06 7.30 6.10 14.2 1.4 0.67

I 165A-2b 1.04 7.20 5.90 15.8 1.4 0.67
1.03 7.15 6.50 15.1 1.4 0.66

Averages for samples with two analyses are given in the preceding
compositional table.

REPLICATE CHEHICAL ANALYSES (M)
SOUTHWESTERN PACIFIC SURFACE SEDIMENTS

Sample Mn (%) Ni (ppm) Cu (ppm) Co (ppm)

G 980 0.23 26 75 23
0.20 31 70 28
0.22 34 73 28
0.21 26 71 33
0.20 33 75 33
0.21 44 73 25

AVG. 0.21 32 73 28

STD. DEV. 0.01 7 2 4

G 992 0.82 96 188 88
0.77 109 211 92
0.83 96 193 117
0.81 110 186 113
0.77 119 175 85

AVG. 0.80 106 191 99

STD. DEV. 0.03 10 13 15
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Sample Mn co Ni (ppm) Cu (ppm) Co (ppm)

G 1001 0.29 74 63 91
0.26 71 68 98
0.37 66 71 120
0.39 118 72 119

AVG. 0.33 82 68 107

STD. DEV. 0.06 24 4 15

G 1002 1.30 330 334 175
1.28 391 249, 369 184
1.46 374 391 204
1.51 402 390 219
1.51 402 385 209

AVG. 1.41 380 385 198

STD. DEV. 0.11 30 28 18

G 1003 1.43 254 332 247
1.45 256 323 227

G 1009 1. 75 239 235 483
1. 73 258 229 477

I 162 1.07 166 255 144
1.14 167 271 147

Averages for samples with two analyses are given in the table of
compositions at the beginning of the appendix.

The degree of precision, as measured by the standard deviation,

varies according to analytical technique, element measured, and the

level of concentration of the element considered. Calcium and titanium

contents, determined by XRF, show a high level of precision. Manganese

values show a high level of Leproducibility with both XRF and AA tech-

niques, but particularly so with the former. Aluminum values, as

measured by XRF, appear to display the greatest variability, but not

enough to invalidate the regional trends shown in Figure 12. Silicon

and iron, both determined by XRF, show somewhat less variability. The

trace metals nickel, copper and cobalt were measured by AA, and their
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standard deviations are approximately proportional to the levels of

concentration. A single high value of nickel in the sediment sample

from Stn. G 1001 has produced a standard deviation that is greater than

is desirable, but no reason for the high value could be found. An

attempt to obtain iron concentrations in the sediment samples by AA

analyses failed due to a systematic change with time in the properties

of the iron standard solution, but this was discovered prior to making

the nodule analyses.



APPENDIX I - NODULE SA}WLE AND MORPHOLOGY SUMMARY

Number of Total Size Dominant Morphology
Station Nodules Weight (kg) Range (mm) Larger Nodules~ Smaller Nodules

SOUTllHEST OF RAROTONGA

G 987 4 0.020 16-28 Ellipsoidal

G 988 1 0.004 18 Ellipsoidal

G 989 94 1.940 11-72 Spheroidal-.. ellipsoidal

G 991 271 4.090 11-50 Spheroidal-.. faceted spheroidal

G992A 210 3.230 13-45 Faceted spheroidal

G 993D 2 0.080 21-46 Spheroidal

G 993E 205 3.690 10-62 Spheroidal----... faceted spheroidal

G 994 80 5.690 7-82 Spheroidal

G 995 225 2.730 8-89 Tabular-discoidal-.. lobed and faceted
spheroidal and ellipsoidal

G 996B 13 0.200 17-48 Spheroidal or ellipsoidal

SOUTH OF RAROTONGA

G 1001 '\.. 200 '\..2.750 ~101 Scoriaceous

G 1002 41 0.130 6-39 Discoidal-.. spheroidal N
\.0
.p-.



Station
Number of

Nodules
Total Size Dominant Norphology

Height (kg) Range (mm) Larger Nodules -.. Smaller Nodules

G 1003

G 1004C

G 1005

G 1006B

G 1007

G 1008

G 1009

G 1011

G 1012

G 1016

G 1017

G 1019

G 1020

SANOAN BASIN

I 140A

I l40D

127

22

9

45

1297

257

515

2

'V 30

158

36

27

17

26

192

1. 710

1.010

2.690

1. 310

3.330

0.900

4.740

0.050

'V0.900

0.860

2.000

0.710

1.530

0.092

1.294

R-71

10-66

9-106

9-109

6-79

7-36

8-82

31-36

14-95

6-82

18-59

16-72

25-109

11-49

6-95

Skirted spheroidal and discoidal-' discoidal

Ellipsoidal

Skirted spheroidal or spheroidal

Skirted spheroidal~scoriaceousor ellipsoidal

Tabular-discoidal-' ellipsoidal or spheroidal

Discoidal--.. spheroidal

Tabular-discoidal or spheroidal~ faceted
spheroidal

Spheroidal

Polygonal

Polynucleate~polynucleate or spheroidal

Sphe ro LdaLc-c-e- polynucleate

Polynucleate-. polynucleate or spheroidal

Polynucleate

Ellipsoidal--. faceted spheroidal

Discoidal or ellipsoidal-.. polynucleate N
I.D
lJ1



Number of Total Size Dominant Morphology
Station Nodules Weight (kg) Range (mm) Larger Nodules-. Smaller Nodules

I l40E 146 0.797 6-89 Discoidal or ellipsoidal~polynucleate

I 141 167 2.594 7-67 Discoidal~ faceted spheroidal

I 143D 1 0.003 28 Tabular

I 11.4 35 0.354 8-40 Spheroidal-~faceted spheroidal

I 145 8 0.037 9-39 Ellipsoidal

I 146 1 0.0025 18 Polynucleate

I 147D 9 0.014 9-32 Scoriaceous

I 148A 88 1.158 12-43 Spheroidal-. lobed and faceted spheroidal

I l48D 148 1.577 13-35 Spheroidal-p lobed and faceted spheroidal

I 149 20 1.178 18-133 Discoidal

I l50A 1 0.0002 7 Spheroidal

I 152 16 0.027 6-25 Polynucleate

I 165A-l 8 "'0.20 16-47 Spheroidal

I 165A-2 52 0.358 5-40 Polynucleate, ellipsoidal and spheroidal

I 166 29 0.164 9-70 Scoriaceous

Table modified from Meylan, ~ al. (1975) and Meylan, ~ al. (1977). Nodule fragments are not
included in the number, weight or size of nodules. Where number and weight approximations are indicated,
this reflects inability to strictly categorize some collected objects as nodules, 2xcept for I 165A-l,
where the approximate weight represents a shipboard estimate. Arrow between dominant morphology of
larger nodules and that of smaller nodules indicates a transitional change in nodule shape with
decreasing size.

N
'-0
0\.



APPENDIX J

X-RAY DIFFRACTION MINERALOGY OF WHOLE NODULE S&~LES

297.

Q)
.j.J

-r1 H
~ C1l
0 N N 0-
H C ,j.J CJl
0 £i H -::l

"0 """ C1l M

Station Nodule Type 0 I ::l Q) Other MineralsEo-; co 0' r::..

G 989 m[S]m w w w w Calcite (?)

G 991 m[S]m ? w w - -

G992A m[S]m ? w ?-w ~il -
-

G 993E m[S]m ? w ?-w ?-w -

G 994 mjS]m - w w ?-w -

G 995 m[T-D]m ?-w w ?-w ?-w -

G 996B mrS-Elm ?-w I w - ?-w -

G 1003 s[S-F]m-s w I w ? ?-w . -

G 1003 rn[D]~ w w ?-w ?-w Phi11ipsite(?)

G 1004C l[D-F]~ w-M w-M ?-Yl ?-w Phillipsite (?)

G 1C05 m[E]m w I w-H w ?-w -
I

G 1006B mj S [m H I w w ?-w Phillipsite (?)

G 1007 m[D]gl - I ~il ?-w ?-w -

G 1009 mjS]m ? I w w ?-w -

G 1016 m[P]m w w-H M w -
,... 1017 mj S ]b ? w I w--!W! ?-\il -u

I

G 1019 s [P ]m-s w-H w-M M-S w-H -

G 1020 m[P]m-s w-M w l-1 w-M -

I l40D s [E]m-r I - I M ?-~" ! ~.] -

I 141 m[S]m I - I M I ? w -
I
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(I)
-l-J
~ l-<
~ co
0 N N 0-,... 0 -l-J en
0 £

,... "0
"0 co .-l
0 I ~ (I)

OtherStation Nodule Type E-1 -o 0- ~ Hinerals

I 144 s[S-F]m-r - w-M - =r= -
I l47D s[V]r - - w I S Montmorillonite (M-8)

Pyroxene (w)

I l48D s [S'[m - M I - ? -
i

~I
I 149 m[D-T]m - M. I ? -I

I

I 152 s[P]r M w I ? -

I l65A-2 s [8]m ? M i - ? -I

I 166
I

s[V]r - - I w M Montmorillonite (w)
j Phillipsite (w)

Relative XRD mineral presence:

VS = Very strong

8 = Strong

H = Medium

w = Weak (presence probable)

? = Weak (presence possible)

= Evidence for presence very weak or non-existent



APPENDIX K

X-RAY DIFFRACTION
MINERALOGY OF SELECTED NODULE STRUCTURE ZONES

299.

Q)
.I-J
OM H

0 0
~ t1l

Nodule 9.7A/2.4A a N N 0-
H C .I-J Ul

Structure Peak Area 0 ;@ H "0
":l til ,....;

Station Zone Ratio a I ;:l (j) Other Hinera1sE-l '0 C' >=..

G 989 OC 0.46 w w w ? -

G 989 SCO 0.41 w w w w -
i

G 989 SC-N 0.19 - w w w Phillipsite (w)

G 989 N - - - w-M M Montmori11onite(VS)
Phill ips it e (? -w)

G 991 OC 0.21 ? w w I ?-\-1 -

G 991 SC 0.31 ?-w \-1-H ?-w ?-w Phillipsite (?)

G 992A OC 0.39 - ?-w ? - -

G 992A SC 0.51 ?-\V w ?-\-1 ?-\-1 Phillipsite(?)

G 993E I OC 0.26 ? w-H ?-\-1 ? -
I

G 993E SC 0.31 w w ?-\-1 ?-\-1 Phillipsi te (?)

G 993E SC-N 0.28 ? w-~f ?-H I w Phillipsite (? _T..J)

G 994 I OC 0.24 - I \J ? - -

G 995 I OC 0.29 ? I \V ? I - Hagnetite(?)I
G 995 SC-N 0.28 ? I w-~1 ? \V Phillipsite (?)

G 995 N - - - ? w Phillipsite un
Montmorillonite(S)
Illite (w)
Calcite (\v)
Pyroxene (?)

G 995

I
PED - - I - H ~1 Phillipsite ('IS)

Montmorillonite(S)
I
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(I)
oI-l
oM ~
~ C13

0 0 a N N c.
Nodule 9.7A/2.4A ~ 0 -l-J CIl

a £ l-l '0Structure Peak Area '0 C13 e--i
a f ::l CJ

Other Hinera1sStation Zone Ratio H co a >:..

G 1003 oc[Sk] 0.97 M-S H ?-w ? -

G 1003 SCO [Sk] 0.1L;. - w-M w vl-M Phillipsite (?)

G 1003 SCI[Sk] 0.18 ? M w w -

G 1003 FRAC [Sk] - - - S M-S Montmorillonite(S)
Phillipsite (w)
Illite (?)
Ca1cite(?)

G 1003 OC+SC 0.66 ~., w ? ? -
m[T-D]

G 1003 FED 0.38 w w ? w-M Montmorillonite (w)
m[T-D]

G 1004C OC 0.58 M w-M ? - -

G 1004C OC-SC 1. 31 H-S w ? ? -

G 1006B OC-Sk 0.36 - w ?-w - -

G 1006B OC-Up 0.28 ? ~.,
I ?-w ?-w -I

G 1006B OC-Low 0.95 H-S w-M ? - -

G 1006B SC I 0.18 - \o7-M w \o7-H Phi1lipsite(?)

G 100GB N[Sk] - - - w H-S Montmorillonite(S)
,

G 1006B FRAC - - - S M-S Montmori1lonite(S)
Phillipsite (\07)
Pyroxene(?)Illite(?

G 1009 DC 0.32 ?-w ~v I ?-\07 - -

G 1009 SC I 0.56 w w-H w ?-\07 -

G 1009 I N - - - w S I Montmori1lonite(S)

G 1012 DC 0.28 I - w w ? Birnessite (?)

)
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QJ
~..... H
~ t1l

0 0 a N N Q..
Nodule 9.7A/2.4A H 0 ~ Cll

a c:: H "0
Structure Peak Area "0 A t1l r-l

a I ::l Q)

St2tion Zone Ratio Eo-< <0 0" ~ Other Hinera1s

G 1012 N-Up - - - - - Hontmori11onite(S)
Phillipsite (w)

G 1012 N-Low - - - - - Montmori11onite(VS
Phi11ipsite(H)
Illite(?)

G 1016 OC 0.88 H-S w-N w-M ~v -

G 1017 DC 0.44 ?-w w w-H ?-w -

G 1017 SC 0.28 ? w-H M w Phillipsite (?)

G 1019 DC 0.82 M w-H S M -

G 1019 SC-N 0.63 M M-S VS S Phi1lipsite(?-w)
Pyroxene(w)

G 1020 OC 0.82 M-S H H-S w-M -

G 1020 SC-N - ?-w - VS VS Phi11ipsite(S)
Amphibo1e(?)

I l40D DC 0.16 - IV ?-w ?-w -

I 141 I DC 0.12 - w ? ? -

I 141 SC 0.22 ? w ? ? -

I 144 DC 0.21 - w ? ? -

I 148A I DC 0.51 ?-w w ? - -

I 148A I SCO 0.43 I ?-~v I w ? ? -I

I 148A SCI 0.41 ? w ? ? Phi11ipsite(?)

I 148A I N 0.37 w-H M w ? Montrnori11onite(S)
~fn mineral Huff

.'\.

I 148D DC 0.17 - ?-w , ? - -
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aJ
+J
"M

,...
~ t1l

0 0 a N N 0.
Nodule 9.7A/2.4A l-i 0 +J Ul

a ::E l-i -e
Structure Peak Area "" t1l ...-l

a I ::l aJ
Other HineralsStation Zone Ratio t-< '0 0- >=..

I 149 OC 0.49 w w-M 7 7 -

I 166 N - - - w w-M Phillipsite(S)
Montmorillonite(M)
Pyroxene(7)

I 166 CRU - - - 7 7 -

I 166 SED - - - w w-U Phillipsite (S)
Montmorillonite (11)
Pyroxene(7)

Nodule s t ruc t ure zone abbreviations:

OC = Oxide crust N Nucleus

OC-Sk = Oxide crust of skirt N-Up = Upper(7) nucleus

OC-Up = Oxide crust of top N-Low = Lower (7) nucleus

OC-Low = Oxide crust of bottom PED = Sediment pedestal

CRU Oxide crust on sediment SED Sediment substrate

SC Subcrust FRAC Clay from fracture surface

SCO = Outer sub crust m[T-D] Hedium-size tabular-

Inner subcrust
discoidal nodule

SCI
[Sk] = Skirted spheroidal nodule

SC-N = Subcrust grading to nucleus

Relative XP~ mineral presence:

VS Very strong

S Strong

}1 Medium

w Weak (presence probable)

7 Weak (presence possible)

Evidence for presence very weak or non-existent



APPENDIX L - BULK CHEHICAL CONPOSITION OF SOUTInolESTERN PACIFIC OCEAN HANGANESE NODULES

Nodule Size Fraction Number Element Weight Percent H2O
Station and/or Material Analyzed Analyzed Si Al Ca Fe No Ni Cu Co 1l0°C

G 989 40--60 mm 1 7.86 3.8 1.64 23.1 15.7 .34 .21 .35 29.9

G 989 20--40 mm 5 7.93 3.8 1.56 22.5 15.3 .32 .19 .34 29.5

G 989 <20 mm 6 9.39 3.7 1.51 22.6 16.5 .38 .20 .33 27.8

G991 40-60 nun 1 9.35 4.3 1.51 21.9 13.5 .30 .19 .35 30.0

G 991 2()--40 rum 6 8.42 4.2 1.46 23.2 14.2 .32 .21 .35 29.3

G991 <20 mm 17 7.35 3.7 1.46 26.2 14.8 .34 .22 .37 27.1

G992A 20--40 mm 8 7.50 3.7 1.53 25.8 14.6 .28 .17 .41 30.6

G 992A <20 nun 22 7.17 3.7 1.63 26.7 14.4 .26 .19 .37 28.7

G 993E 40-60 mm 3 8.88 4.2 1. 78 22.6 14.7 .26 .17 .1.6 30.6

G 993E 20--40 nun 7 12.10 3.5 1.59 23.7 16.0 .29 .16 .46 32.4

G 993E <20 mm 15 6.92 3.5 1.56 24.2 15.6 .30 .20 .41 29.7

G 993E 20-40 mm, outer layer 4 6.76 2.8 1.88 26.9 15.9 .23 .12 .54 41.9

G 994 <20, 20-40, 40-60 17 6.78 3.1 1.60 21.8 17.5 .41 .23 .48 30.5
and 60-80 mm

G 994 outer layer 2 5.85 2.9 1.68 23.5 17.8 .44 .25 .58 32.9 w
o
w.



Nodule Size Fraction Number Element Weight Percent H2O
Station and/or l1ateria1 Analyzed Analyzed Si - Al Ca Fe Hn Ni Cu Co 110°C

G 995 60-80 mm 1 8.35 3.8 2.07 21.9 15.2 .34 .22 .43 31.5

G 995 40-60 mm 2 7.79 3.5 2.07 22.0 15.3 .34 .21 .44 30.9

G 995 20-L,0 mm 7 7.32 3.3 1. 97 22.0 16.0 .40 .21 .45 29.8

G 995 <20 mrn 15 6.71 3.3 1.77 21.8 17.0 .43 .25 .46 27.2

G 996B 20-40 mm 4 6.39 3.2 2.14 20.0 19.6 .47 .23 .52 29.4

G 1001 <80 mm, volcanic tuff 20 11.70 3.7 3.45 20.2 8.9 .13 .06 .30 48.4
with thin Mn crust

G 1002 <20 mm 5 6.94 3.7 1.64 17.6 19.8 .70 .32 .42 21. 3

G 1002 Mn-:lmpregnated 7 12.72 5.5 1.32 14.1 12.9 .64 .27 .20 25.9
volcanic rock

G 1003 <20, 20-40, 40-60 38 7.42 3.7 1.58 19.1 17.5 .54 .31 .43 28.2
and 60-80 nun

G 100L,C <20 and 20-!fO mm 12 6.50 3.3 2.05 17.6 21.2 .70 .32 .45 28.2

C 1005 60-80 nun 1 8.09 3.9 1.71 17.1 19.0 .57 .37 .38 31. 8

C 1006B <20, 20-40, 40-60 11 9.04 4.2 1.57 18.4 16.4 .53 .26 .37 29.6
and 60-80 nun

G 1007 <20 and 20-40 mm 20 10.46 4.5 1.41 18.9 13.8 .39 .20 .35 29.0

G 1007 outer layer 10 6.86 2.4 1. 79 26.4 16.0 .26 .11 .57 38.8

1-; 1008 <20 and 20-40 mm 30 7.35 3.8 1.44 22.0 16.3 .44 .27 .38 27.1
(.,)

o
-I:'-



Nodule Size Fraction Number Element Weight Percent H2O
Station and/or Material Analyzed Analyzed Si Al Ca Fe Mn Ni Cu Co HO°C

G 1009 < 20 and 20-40 mm 25 7.62 3.5 1.49 23.2 15.2 .35 .19 .37 2R.8

G 1012 < 20, 20-40 and 10 7.39 -- 1.65 23.3 14.6 .20 -- .42 47.1
40-60 mm

G 1016 < 20 and 20-40 nun 15 10.22 4.2 1.84 12.9 19.9 .66 .34 .22 26.1
-

G 1017 40-60 mm, spheroidal 1 9.GI 3.4 1.50 21.4 15.1 .26 .13 .32 30.5

G 1017 20-40 null, spheroidal 3 8.71 3.4 1.62 20.7 18.3 .32 .16 .31 30.0

G 1017 20-40 mm, po1ynucleate 3 9.11 4.0 1.72 17.6 18.1 .47 .23 .27 26.1

G 1017 20-L.0 null, outer layer 5 8.47 3.1 1. 79 22.4 15.9 .31 .13 .36 31.2

G 1017 20-40 mm, nucleus 2 9.48 3.8 1.60 21. 7 15.0 .24 .14 .29 29.6

G 1019 < 20, 20-40 and 10 7.41 4.1 1.65 11.1 18.1 .65 .32 .19 27 .1
40-60 mm

G 1020 20-40, 40-60 and 8 10.18 3.6 1.57 14.4 19.0 .61 .31 .18 28.0
60-80 mm

G 140D < 20 and 20-40 mm 3 -- -- -- 17.1 14.1 .27 .15 .44 21.8

G 140E < 20 and 20-40 nun 2 -- -- -- 18.2 14.0 .24 .13 .46 22.2

G 141 < 20 and 20-40 mm 3 -- -- -- 19.1 14.0 .24 .15 .45 23.0

G 144 20-40 mm 1 -- -- -- 19.1 14.3 .21 .15 .47 23.3

G 148A < 20 and 20-40 mm 3 -- -- -- 17.3 16.1 .31 .19 .44 23.4
w
o
VI.



Nodule Size Fraction Number Element Weight Percent H2O
Station and/or Naterial Analyzed Analyzed Si Al Ca Fe Mn Ni Cu Co HO°C

G 148D 20 and 20-40 mm 3 -- -- -- 19.3 15.0 .29 .18 .47 22.0

G 149 20-40 mm 1 -- -- -- 16.4 17.0 .35 .21 .42 23.7

I 152 20 mrn 1 -- -- -- 10.8 19.7 .81 .52 .21 --
I l65A-2 20 rnm 1 -- -- -- 16.1 16.4 .35 .22 .39 23.6

G-series (G 989 through G 1020) analyses from Glasby, et aL (1975) with oxides recalculated to element
weight percent. I-series (I 140D through I 165A-2) analyses performed for present study. All elements
determined by atomic absorption analysis, except Si, which was determined gravimetrically. Lower H20
110°C values for I-series nodules compared to G-series probably reflect a longer air-dry period prior to
analysis.

w
o
0'1.
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APPENDIX H

WHOLE-NODULE MAJOR ELEMENT ANALYSES

: Element \'leight Percent-- --
I

Mn K Ti PStation! Si Al Ca Fe Na Hg
"

I'

G 989
11

10 . 81 5.20 2.11 22.7 16.9 1. 80 1.71 0.90 1.56 0.10

G 991 II 3.71 1. 76 22.5 16.6 1. 58 1. 46 0.66 1.58 0.15il 8.58

993E 3.80 2.33 24.6 16.1 1.45 1.44 0.76 1.93G 'I 9.52 0.12
!I

G 994 Ii 9.36 5.01 1. 90 14.5 20.0 3.72 1. 97 0.76 0.55 0.12,I

II
G 995 1110.56 4.62 2.60 22.8 16.0 1. 68 1. 79 0.92 1. 74 0.12

G 996B !I 8.35 3.50 2.75 21. 7 19.0 1.22 1.69 0.67 1. 99 0.11
!/

G 1003 :1 9.30 4.45 2.13 17.4 18.7 1.47 2.19 0.93 1. 24 0.13

G 1004C 8.69 4.40 2.51 19.5 21. 6 2.45 1. 89 0.77 1. 60 0.11

G 1005 10.54 5.36 2.20 20.7 18.1 1. 82 2.04 0.91 1.44 0.10

G 1006B 9.59 4.76 2.18 19.6 19.5 2.34 2.16 0.82 1. 44 0.11

G 1007
:

11.78 5.60 1. 90 21.1 15.0 1.04 1.55 1. 21 1. 34 0.13

G 1009 9.95 4.38 2.02 22.4 17.1 10.94 1.54 0.78 1.51 o .. ?• .L_
I

G 1016 i 11.60 4.85 2.05 17.5 20.2 11.65 1. 72 0.67 0.95 0.10

G 1017 11.27 4.49 1. 97 21.4 17.4 i 2.53 1. 64 0.76 1. 37 0.11
1
I

G 1019 10.51 5.33 2.07 12.8 20.8
1

2•57 2.02 o.73 0.53 0.10
I

Concentrations given on dry-weight basis. All analyses by atomic
absorption spectrophotometry. Analysts P. Yim and C. Fein. Analyses
are of cross-sections of single nodules. Nodule types are given in
Appendix J.



APPENDIX N

CHEHICAL CmIPOSITION OF SELECTED NODULE STRUCTURE ZONES AND HORPHOLOGY TYPES

Nodule Nodule
Station '£ype Fraction Mn (%) Fe (%) Ni (PPIll) Cu Jppm) Co (ppm)

G 989 mj S [m OC 15.31 18.82 2840 1667 3608

sco 16.40 17.53 3373 2330 3664

SC-N 10.21 17.35 1146 830 2240

N 0.81 9.98 109 368 154

G 992A mj S'[m OC 12.77 21.02 1575 1005 4264

SC 13.89 19.62 2360 1886 4251

G 993E m[S]m OC 14.34 20.66 1587 718 5111

SC 16.83 19.66 2877 1611 4943

SC-N 13.29 17.18 1863 1249 3960

G 995 l[n]m OC 16.15 24.37 1755 918 4666

SC 14.65 17.93 2914 2087 3894

SC-N 2.44 10.31 573 764 428

PED 0.58 3.38 224 282 88

G 1003 m[Sk]m OC 19.07 15.81 7327 3696 5273

sco 14.49 15.22 2508 1679 4626 w
0

SCI 15.50 15.67 2683 1572 4349 00.



Nodule Nodule
Station Type Fraction Mn (%) Fe (%) Ni (ppm) Cu (ppm) Co (ppm)

G 1003 s[S-F]m-s OC+SC+N 16.53 17.26 4436 2415 5039
---

G 1003 m[T_D]b~m OC+ SC 19.45 15.32 6346 3904 4423

PED 8.97 11. 79 4364 2139 1889

G 1006B I[Sk]g OC - Sk 13.64 22.51 2655 927 5333

N - Sk 1.82 9.68 1175 938 96

OC - Up 11.80 23.96 1677 795 4361

OC - Low 20.75 13.20 9055 3605 6479

SC 14.32 14.79 2649 1417 4043

N 26.10 4.55 24143 8629 3986
--~-----_.__. ----

G 1009 s[S]m OC 12.11 20.76 1110 3 993 4208

SC 15.74 18.04 4825 2380 4363

N 0.33 10.3q 96 319 45

G 1012 m[T-F]m-r OC 11.32 18.91 1394 998 3879

N - Up 0.11 12.07 281 213 126

N - Low 0.52 11.06 216 180 177
------

G 1016 m[P]r OC 19.93 12.37 7537 3538 3126
------------

G 1017 m[S]r-b OC 15.38 16.58 2998 1434 3452

SC 14.46 16.95 2453 1508 2955 w
0

'".



Nodule Nodule
Station Type Fraction Mn (%) Fe (%) Ni (ppm) eu (ppm) Co (ppm)

G 1019 s [p]r oe 17.00 9.66 6759 2527 1814

SC - N 10.58 7.65 3862 2307 1133
-----------------------

G 1020 mj P} r oe 20.04 10.78 7721 3141 1975

G 140D l[D]m oe 13.93 19.00 1868 1077 4944
-------

I 141 mj S [rn oe 10.16 23.30 922 844 4393

se 15.38 18.58 2359 1471 4885

I 144 m[D]m oe 12.29 22.27 1187 1020 4281
------ - -_ .._-----

I 148A mj S]m oe 13.79 20.85 1890 1248 4908

seo 15.44 19.68 3118 1901 5048

SCI 17.46 15.96 2615 1324 5597

N 22.25 11.10 5230 2444 4280

I 147D PROTO HHOLE 1.06 13.37 147 450 197
--------------

I 148D mrs [m oe 5.94 27.07 653 750 2009
-----

I 149 m[S]m oe 15.77 19.19 2470 1873 4230
----------_._--------------------------

I 166 PROTO oe 3.75 22.89 271 630 1019 w

1.13
I-'

N 12.90 196 392 258 0.
----- ---- ._--_._"--_.-- -._----------------- --_ .._---



Station
Nodule

Type
Nodule

Fraction Nn (%) Fe (~) Ni (ppm) Cu (ppm) _ Co (pl'm)

I 166 PROTO CRIJ

SEI)

7.02

0.60

22.71

6.31

352

198

526

227

1660

94

Abbreviations:

Nodule Type - see Table 10

PROTO "Proto-nodule", Le., thinly encrusted sediment or volcanic fragment.

Nodule Fraction - oe = Oxide crust

OC-Sk = Oxide crust of skirt

OC-Up = Oxide crust of nodule top

OC-Low = Oxide crust of nodule bottom

CRU ::: Oxide crust on sediment

SC = Sub crus t

sea = Outer sub=rust

SCI ::: Inner subcrust

SC-N ::: Subcrust grading to nucleus

N ::: Nucleus

N-Up ::: Upper(?) nucleus

N-LmoJ ::: Lowcr r ? ) nucleus

PED = Sediment pedestal

SED = Sediment substrate w
I-'
I-'.
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APPENDIX N (Continued)

GRLD-126
NODULE STANDARD

REPLICATE CHEMICAL ANALYSES (AA)

Hn (%) Fe (%) Ni (ppm) Cu (ppm) Co (ppm)

24.57 10.88 9499 6782 1902

22.04 10.17 11065 6217 1466

22.36 9.21 10389 6444 1448

22.35 9.82 10672 6680 1464

AVG. 22.83 10.02 10406 6531 1570

STD. DEV. 1.17 0.70 665 253 221

The Kennecott nodule standard GRLD-126 was run with several batches

of the nodule structure zone samples in order to check the precision of

the atomic absorption analyses. Using the standard deviation as a mea-

sure of precision, copper values are the most reproducible (+ 4% from

the mean), ~vith manganese (+ 5%), nickel (± 6%), iron (± 7%) and cobalt

values (+ 14%) being successively less precise. The possible variability

of the cobalt values is such that subtle differences in cobalt content

between many oxide crusts and subcrusts may not be real.




