WISCU-T-73-002 c. 2

IDENTIFICATION OF TECHNOLOGIC GAPS
IN EXPLORATION OF MARINE
FERROMANGANESE DEPOSIT_$ R

o . ;r",r-;‘_}:%'ii‘Ol‘Y
D‘

Sma L)u Cak bs
A A A A AA

‘l

'.

A

A\A A\ YWYVYY

\
R

J. ROBERT MOORE
MICHAEL J. CRUICKSHANK

SEA GRANT ADVISORY REPORT NO. 4
UNIVERSITY OF WISCONSIN



The University of Wiscomein Sea Grant College Program
ig sponsored by the National Oceanic and Atmospheric
Administration'e Office of Sea Grant, U.S. Department
of Commerce, and by the state of Wisconain.

SEA GRANT COMMUNICATIONS CFFICE
12256 WEST DAYTON STREET
MADISON, WISCONSIN 63706



. P
::.::.sﬁof\/

A

Sea Crans B

IDENTIFICATION OF TECHNOLOGIC GAPS IN
EXPLORATION OF MARINE FERROMANGANESE DEPOSITS

J+ ROBERT MOORE AND MICHAEL J, CRUICKSHANK

This article originally appeared in Inter-university
Program of Research on Ferromanganese De?sits of
the Ocean Floor, Phase 1 Report, April 1973, re-
port was sponsored by the Seabed Assessment Program,

International Decade of Ocean Exploration, National
Science Foundation, Washington, D.C.

SEA GRANT ADVISORY REPORT WIS-SG-73-404
OCTGBER, 1973



IDENTIFICATION OF TECHNOLOGIC GAPS IN
EXPLORATION OF MARINE FERROMANGANESE DEPQOSITS

J. ROBERT MOORE

Marine 5tudies Center
University of Wisconsin
Madisan, Wisconsin

ABSTRACT

Requirements for knowledge and the means of ch-
taining it are examined with respect to exploration
for marine ferromanganese deposits. Needs are shown
to exist in the acqguisition of data on:

Microtopearaphy
FPetrology
Mineralogy

Geochemistry and geodynamics of the deposits
and the associated seafloor

Engineering properties including trafficability
of the seafloor

Information on currents and water quality
throughout the water column but particularly
in a narrow seaflcor and surface interface
zone

Baseline data on the biota throughout the water
column but particularly on bottom fauna and the
effects of disturbance

Not all of these needs are due to lack of tech-
noloay. but important gaps are shown to exist in:

Technigques for ecological measurements and pre-
dictien

High speed submersible platforms and bottom
contact platforms

Permanent navicgational and survey controls of
the seafloor

nuantitative sampling of unconsolidated surface
material for low-cost deposit evaluvation

Geotechnical properties measurement and scolog-
ical assessment

sampling of consolidated material on the bottom
and in the subbottom

High speed television and camera survey
Acoustic scanning and indicator recognition
In-situ elemental analysis

Integrated data processing systems for ship-
board use

Alternative solutions proposed include the
delineation and characterization of a mining site,
followed by continuous monitoring of an experimental
minina operation. Proceeds from the sale of the ore
from such a test would partially offset costs of the
research proaram. The test would involve internation-
al cooperation, recognition of specific operational
needs and encouragement to develop the resource.
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INTRODUCTION AND BACKGROUND

B workshop on sea bed deposits of manganese
nodules was convened at Columbia University in
January, 1972, under the auspices of the United
States International Decade of Ocean Exploration for
the purpose of investigating the need for government
funded research on marine ferromanganese deposits.
The interest of participants from university, govern-
ment and industrial organizations indicated a qgen-
uine need for a strong coordinated research program
which would fall within the objectives of IDOE. Out-
line proposals were submitted by participants at the
workshop for consideration at that time and follow-
ing acceptance of the title proposal by the Natiocnal
Science Foundation, this research repert has been
prepared by J. Robert Mcore of the University of
Wisconsin, Marine Studies Center, and by Michael J.
cruickshank of the Naticnal Oceanic and Atmospheric
Administration, Marine Minerals Technology Center.

The objective of the study was to identify and
rank research needs in technology which are and will
be required in support of IDOE goals with regard to
sea bed deposits of metalliferous nodules.

Tt might be well here to review the six gcals
proposed by the Vice President fin 1969) in charging
the kational Science Foundation with responsibility
for the United States Program for IDOE. Couched in
specific terms relative to this particular project
they were on an international hasis to:

1. Observe the interaction of mining activities
for manganese nodules, n order to establish a basis
for (a) assessing and predicting man-induced and
natural modifications of the character of the oceans;
() identifying damaging or irreversible effects of
mining at sea; and (¢} comprehending the interaction
aof various levels of marine life to permit steps to
prevent depletion or extinction of valuable species
«3 a result of exploration and exploitatioen of man-
ganese nodules:

2. Improve environmental forecasting to help
reduce hazard to life and property and permit more
efficient use of marine resources — by providine
tre basis for increased accuracy, timeliness, and
geographic precision of environmental forecasts ro-
quired during exploration and exploitation of man-
ganese nodules;

3. Carry out activities that will promotc ket
ter management — domestically and internationally
— of manganese nodule exploration and exploitation
by acquiring needed knowledge of seabed topography,
structure, physical and dynamic properties, and re-
spurce potential, and to assist industry in planning
more detailed investigations;

4. Develop an ocean monitoring system to fa-
cilitate prediction ef oceanographic and atmos-
pheric conditions in mangancse nodule mining areas
through design and deployment of oceancgraphic data
buocys and other remote-gensing platforms;

5. Improve worldwide data exchange on manga-
nose nodules through medernizing and standardizing
national and international marine data collecticn,
processing and distribution; and



6. Accelerate Decade planning to increase op-
portunities for international sharing of responsi-
bilities and costs for ocean exploration for manga-
nese nodules and to assure better use of limited ex-
ploration capabilities.

Each of these goals requires for its Ffulfill-
ment a technolegical base. The identification of
technological gaps, then, is the purpose of this
study,

Qur procedure is to answer first, what it is we
are talking about; what are ferromanganese nodules
ard what is their environment; what does exploration
involve in terms of technology?

It would be misleading, perhaps, to suggest
that the nodules are the only potential mineral re-
source in the deepsea environment, Reference i1s made
to other mineral resources and it will be obvious
that much of the technelogy applicable to ferroman-
ganese nodules will be applicable to other deepsea
minerals. Technology requirements which are uniquely
related to the nodules are apparent. These matters
are dealt with in some detail, and then the needs
for fulfillment of the IDOE goals in the future are
examined. The disparity between future needs angd
present capabilities comprise the gaps. These are
tabulated and then allocated priorities.

An extensive classified bibliography will be pro-
vided as a separate volume in this report series, The
pibliography goes beyond the confining boundaries of

manganese nodules and treats the subject of marine mine-

rals as a whole, In this way, the subject of explora-
tion for manganese nodules will be better placed in

perspective, in relation to the whole spectrum of marine

minerals exploration and exploitation. Without some
knowledge of the exploitation phase, the reguirements
for exploration may not be fully understood,

The Universal Decimal Classification {(UDC), an
international system of subject classification is
used in this study and in the bibliography.

THE ENVIRONMENT FOR MARINE FERROMANGANESE NODULES

Environment is an all-encompassing concept and
can be applied to anything that is considered to
have an effect. It may usefully be treated in two
parts, tha natural environment which is a product of
natural forces, and the artificial environment pro-
duced by man. The natural environment may be influ-
enced by man’s works in positive and negative ways
and certain facets of it may be reproduced on a
minor scale, However, it is unlikely that man will
ever contrcl it and he must learn, therefore, to
work within the restraints which it imposes. The
artificial environment, being the product of man's
whims, efforts and foibles, is more easily manipu-
lated, but, nevertheless, it's restraints, many of
them based on human nature, are equally formidable.

In the exploration for deepsea manganese nod-
ules, many envircnmental factors must be considered
and technoleogy must be developed to overcome the im-
posed restraints. The following discussions are in-
tended to illustrate the wide range of effects which
may result from environment and which, therefore,
must he considered in the development of any natural
resource, including nodules,

The Matural Envireonment

The natural envircnment encompasses the land,
the sea, the alr and all living things. Only in the
oceans are these mutually interfaced and the aunthi=-
genic mincral deposits occurring on the deepsea floor
are influenced by each of them. The following discus-
sions, which refer in specific terms to the deepsea
ferromangancese deposits, treat separately the geo-
locic, oceanologic, meteorologic, ecologic, and
physinloagic environments, the last referring to man.
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The Geologic Envirconment

Those elements of the submarine geologic envi-
ronment, which must obviously be considared in the
assessment of a marine minerals venture, such as
geography, physicgraphy and mineral distribution,
are discussed in the following pages. But other gec-
logic factors may affect operations just as directly.
As on land, topography affects climate, and the na-
ture of macro-geomorphology will have strong influ-
ences on the movement and dispersion of water masses
and their attendant effects on sediment transport,
turbidity and chemical activity. Micro-topography
will have strong influences on the movement of equip-
ment and machines on the seafloor, and the nature of
the bottom will be of prime consideration in the de-
sign of structures and moving platforms, the methods
of handling of earth materials and the requirement
for ground and environmental contrel. Submarine
geology, from the engineering standpoint, is a field
somewhat in it's infancy, though the geclogical na-
ture of the seafloor is one of prime importance to
the design of engineering systems in contact with
the bottom. Johnson and Heezen (1969) note with re-
gard to submarine cable failures that chafing by
bottom currents is found to be a potential danger to
a depth of 300 fathoms in certain locales, and con-
tinental slopes, especially when seaward of a river,
are especially hazardous due to turbidity currents.
Inderbitzen (1970) points out that sediment proper-
ties of greatest interest are those that affect the
bottom material's reaction to stress. Other studies
on specific areas have been described (624.13). Feow
studies are known to have been made on in-place rock
properties on the ocean floor, except where coastal
engineering works have called for excavations in
shallow water (Bruckshaw, 1961) and deep drilling
for scientific purposes. Without guestion the geo-
logical environment of the seafloor is as varied as
it's terrestrial counterpart, and it's effects on
mineral exploration systems will be just as great.

Gecgraphic Regions

The world surface is 30% land and 70% water., It
is also a political aggregate of more than 300 coun-
tries of widely differing geography and ethnology
subjoined by cne common body of international waters.

In dealing with resource considerations, every
effort should be made to place natural resources
within natural boundaries. However, it is not pos-
sibie to avoid the inclusion of restraints set by
arbitrary and political boundaries.

In this study the continental blocks are sub-
divided into their respective plates according to
the now widely accepted theories of plate tectonics,
but, within the plates, the divisions are for the
most part political {(Figure 1), The aceans (Figure
2), with the excepticn of the area overlying con-
tinental shelf and slope, are divided into four
major gecgraphic regions. Within these regions,
ther subdivisicns are largely apolitical.

fur-

Physgiographic Regions and Their
Mineral Potential

The marine waters of the world overlie a geo-
logical environment as complex and as varied as its
terrestrial counterpart. Many workers have classified
these regions {Kossina, 1921; Heezen and Menard,
1960; Menard and Smith, 1966; McKelvey et al,, 1969:
and McKelvey and Wang, 196%), and it appears goner-
ally agreed that the seafloor may be divided into at
least eight significant provinces (Figure 3). As de-~
fined by Menard and Smith ({1966}, physiographic prov-
inces are regions or groups of features having dis-
tinctive topography or bathymetric shape, usually
characteristic structure and spatial relations to
other provinces. They do not overlap, nor are they
superimposed. Thus, the area of a volcano rising
from an ocean basin is subtracted from the area of
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the basin. These features are presented in Figure 4.
Areas for the continental ghelf and slope were re-
computed from the original data of Menard and Smith
(1966) to represent the adjacent continents rather
than the adjacent seas. It was felt that this was a
more logical subdivision for the discussion of min-
eral resources of continental origin. Areas for tha
oceans and seas are used as presented. The potential
for mineral enrichment in each province is dependent
on its enviroamental characteristics. The present
knowledge of these characteristics and of associated
mineral deposits is in few places sufficient to al-
low more than gross deductions on the nature and ex-
tent of the mineralization, but, where such deduc-
tions are relevant to deepsea minerals, they are
presented. The following descriptions of eight re-
gions are based largaly on work by McKelvey and

Wang (1969), McKelvey et al., (1969), and Menard

and Smith {196%).

continental Shelf and Slope

This province represents that part of the con-
tinental borderland from the shoreline to the base
of the steep continental slope, which is sometimes
termed the continental terrace. The major part of
the submerged edge of the continental blocks is thus
included. Depths of the bottom edge of the slope, as
recorded, vary considerably between 1.5 and 5.5 km,
depending on the adjacent seaward physiography. Iso-
lated areas of continental blocks such as the Ker-
quelen Islands and the Seychelles are included with
the neighbouring continent. Mineral deposits will,
for the most part, approximate those found in equiv-
alent or adjacent terrestrial areas and will include
unconsolidated deposits of heavy minerals mostly
close inshore or in estuarine or drowned river val-
leys; sands, gravels, shells and similar nonmetal-
lic deposits laid dewn under shallow water or sub-
sareal conditions and in local areas; authigenic
deposits of phosphorite, and ferromanganese oxides
with associated minerals. Consolidited deposits
within the bedrock should occur on the average in
aqual proportion to those underlying terrestrial
areas and will be as varied in size and mineral con-
tent.

Continental Rise and Small Ocean Basins

Gently
ernded from
the typical

sloping, thick layers of scdiments

the adjacent continent and overlying
cceanic crust appear to constitute the
major earth material of this province. Where the
edge of the continent forms a closed or partially
closed marine basin such as in the Gulf of Mexico or
the western Mediterranean, sediment accumulaticn may
be many kilemeters thick. The province is possibly
favorable for sulfur and potash, in areas under-
lain bv saline deposits, but it is not thought to

be favorable for other minerals.

Ocean Basins with Abyssal Plains and Hills

The ocean basins constitute the greatest area
of any of the provinces, amounting to 41.8 percent
of the ocean floor. The major features of relief
are the abyssal plaing — very flat and gentle of
slope, on the landward side of the basin — and
abyssal hills found seaward of the plains, usually
in parallel belts, The hills vary in width from 0.1
to 100 km and in elevation up to 1,500 m. The plains
are thought to be formed largely by infilling and
coverina over the hills by terrigenous sediments
transported by turbidity currents activated by
slumping of the unstable continental slopes. Pelagic
sediments which overlie most of the ocean basins are
characterized by a rate of deposition (5 x 10°% to
5 x 1074 em/yr for the terrigenous component} which
is several orders of magnitude less than that of
gediments transported by bottom currents and slow
encugh to allow an even layer to form over the un-
derlving bottom. Localised areas of pelagic sedi-
ments may bLe found near the coast under favorable

conditions {Kuenen, 1950; Emery, 196§: Shepard, 1963;
and Menard, 1964) where continental sediments are
not deposited. Basement rocks underlying the ocean
basins appear to be, for the most part, typical
oceanic basalts. Manganese nodules and manganese
pavement may be present over large areas. Along bed-
rock fracture zones and in surficial sediments, the
province is considered favorable for metalliferous
deposits containing copper, nickel, chromium, cobalt
and platinum; where sediment thickness exceeds 1,000
m, sulfur and potash may be found (McKelvey and Wang,
1969) .

Deep ocean trenches and any noncontinental 5y5~
tems of adjacent island arcs and ridges are included
in this province. Bedrock is mainly basalt and ro-
lated rocks overlain in places by sediments of wvar-
iable thickness up to several kilometers, some of
which may be consclidated. The bottoms of some
trenches are flat plains due to the influx of sedj-
ment from the steep slopes. The sediments are con-
ceivably favorable, locally, for metalliferous de-
posits (McKelvey and Want, 1969), but no exploration
has been conducted to establish metal values,

Ocean Rises and Ridges

The oceanic ridge system extends somne 40,000 km
through the world oceans and supposedly constitutes
the upwelling oceanic crust which forms the spread-
ing seafloors. The features have highly variab:le re-
lief up to 5,000 m, with widths of 300 to 5,000 km,
The bedrock is largely basalt and related rock
types, which are exposed on the seafloor in many
areas and covered only by a thin veneer of sediment
elsewhere. Ferromanganese deposits may be prescnt
locally as nodules or crust, Although unfavorable
for sulfur and potash, the province is conceivably
favorable, locally, for metalliferous deposits in
bedrock, particularly in fracture zones, and pPoSS5i~
bly in surficial sediments, particularly where a
rift zone lies in a small ocean basin or contains
closed depressions (McKelvey and Wang, 1969).

Composite Volcanic Ridges

Volcanic ridges may be formed by cverlapping
volcanoces, and this type of structure is exemplified
in the Hawaiian and Tuamotu Island groups. Bedrock
is basalt, generally unfavorable for extensive min-
eralization, but selective pelagic deposition may
form mineral concentrations.

Voleanic Seamounts or Guyots

Seamounts are, by definition, any submerged
peaks over 5300 m high (Heezen and Menard, 1963)
They occur in every physiographic province, either
randomly scattered or in linear rows and often in
abundance. Heezen and Menard (1963) report 10,000 1n
the Pacific alone. They are subject to the charac-
teristic mineralization of deecpsea sediments, within
a wide range of environments, and their potential is
only now being recognized by mining companies and
international agencies.

Ridges or Plateaux of Unknown Qrigin

Some elavated areas have not yet been examined
sufficiently well to specify their origin; they may
be either oceanic or continental. Associated deep-
sea sediments may contain mineral concentrates, and
local areas may be favorable for metalliferous di-
posits in bedrock.

Mineral Deposits and Their Distribution
There are several ways of classifying the min-
erals of the sea and its environs, e.g., by mineral
composition, elemental content, origin, location,
method of concentration, environmental association,



ar by method of exploitation. Each one may be suit-
ed to a particular purpose, but, for natural re-
scurce assessment, a combination of methods is both
looical and useful,

The first simplistic breakdown assumes three
classes of deposit: {1) dissolved minerals concen-
trated in the sea water and in the biomass, (2) un-
consolidated mineral deposits above the bedrock and
(3} consolidated deposits within the bedrock. In
this study, the deepsea minerals of the latter two
classes only are examined. Within any mineral clas-
sification there is overlap, with some minerals
occurring in more than one type of deposit. Ferro-
manoanese concretions, for example, occur both as
unconsolidated nodular deposits and as consolidated
crusts.

TABLE 1

CLASSITICATION OF POTENTIAL MINERAL RESOURCES
OF THE DEEPSEAS
e [.
|
|

DEEPSEA MINERALS

UNCON- Bathyal Abyssal
iSOLIDATED! 200-2,000 meters 2,000-6,000 meters
{Placer) isurficial Substratal Surficial Substratal
1 !
Terri- I Hemipela- Red Clays
aencus | gics Kaolinite
' Blue mud Cuartz
Volcanic
mud
Yallow
mud
Glacial
sediment
Bicgenic Organic Calcareous
nuds ooze
Calcarecus Globigeri-
muds na
. Coral muds Pteroped
! Cogcelith
i Silicious
! coze
: Radiolar-
| ian
biatom
Phosphorit
. i clay
i : Fish bone
. debris
: |
i Authigen-'Phos- Metalli- Fe/Mn Fe oxides
| ie ¢+ phorite  ferous Nodules Fe
| Barium mud Mn/Co/Cu/
sulphate Au/Bg/Cu/ Ni
; concre - Fb/Zn
i . tions
‘Glauco-
| nite
| K (MgFe] Al
! Silicate
|
| biagenic Phos-
i phorite
) iDolomite
‘Voloanc- Zeclite
gehic Feldspars
Cosmic Ni/Fe
spherules
CONSOLI -
DATED |
{Hard
Rock)
Surficial| Phos- Fe/MN
phorite oxides
Fe/Mn Dolomite
oxides
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TAELE 1 {Continued)

IInder- Not classified Not classified
ground but potential but potential
Fluid Hydrothermal fluids Hydrothermal fluids
{con-
tained)

A number of the deepsea deposits are peculiar
to the marine environment and there are indications
that totally new forms of mineralization may het be
discovered {(Blissenbach, 1972%.

Known or projected world wide distribution of
marine mineral deposits of saline minerals, sulfur,
phosphorite, metalliferous muds and ferromanganese
nodules are sheown in Figure 5.

It is suspected that the deposits are inti-
mately associated both physically and chemically
with the underlying seafloor as well as with the
superjacent waters,

Unconsolidated Deposits

defined as natur-
mineral grains in
not indurated and
resource, They are

Unconsolidated deposits are
ally oeccurring concentrations of
the marine environment which are
which mav be a potential mineral
amenable to dredging.

The classification of unconsolidated mineral-
bearing sediments has been admirably accomplished
by many authorities from the point of view of the
sedimentologist (Twenhofel, 1932}, the economic
aeclogist (Lindgren, 1933) or the oceanographer
(Sverdrup et _al., 1942; Kuenen, 1960; Arrhenius,
1961; Lisitzin, 1972); and many alternative ap-
proaches are available.

The classifications cited are based upon mode
of occurrence, crigin, physical appearance or chemi-
cal composition. Two major divisions are commonly
made which cause confusion because of commen usage
of the same terminology, namely Terrigenous/Hemi-
pelagic/Pelagic or Terrigenous/Authicenic/Biotic.
Terrigenous in the first example usually refers to
either the location or the scurce of the sediment,
whereas in the second it refers strictly to the
source. Red clay is probably the greatest enigma in
clagsification terminology. MNamed by John Murray
from H.M.S. CHALLENGER samples as "red clay," this
sediment, nevertheless, may be brick red, brown, or
even blue (Sverdrup et al,, 1942). It is a pelagic
sediment and vet it is made up of grcater than 70%
terrigenous material. Using source as the basis for
classification, red clay would be a terrigenous
sediment in the Terrigencus/Pelagic grouping., Using
location, there would be ne terrigenous deepsea
sediments. The influence of transport on the ulti-
mate sediment type is significant, illustrated by
Figure 6 and Table 2. Many other contradictions and
confusions occur due to the casual use of termin-
ology and lack of definition.

L]
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r1LURE S ¥EY;

Offshore

Beds of anhydrite (ruled}, in many areas with beds
{(tinted) and domes or plugs {small circles) of salt
within sedimentary basins of marine origin., Locally
favorable for potash and magnesium deposits associ-
ated with salt and for sulphur {Frasch type) depo-
sits associated with anhydrite in beds and salt-
dome caprock. Evaporite basins of marine origin

are broadly faverable for accumulation of petroleum,
and salt domes provide favorable structures for its
entrapment.

Dffshore
Known potash deposit

Cffshore
Known sulphur deposit

Frasch type only. Sour natural gas (hydrogen-sul-
fide rich} and asphalt-base crude o0il may be an im-
pertant source of sulphur in some areas.

Phosphorite

Offshore areas in which depocsits are known or which
are favorable for their occurrence.

@ O -

Manganese-oxide pavements, crusts or
nodules on the seafloor

Location of nodules recovered by sampling shown by
circle with cross; photograph showing more than 25%
of bottem covered by nodules indicated by plain cir-
¢le; photograph showing 25% or less of bottom cover-
ed by nodules indicated by half-circle; photograph
showing no nodules indicated by dot.

L4

Area where offshore exploration is in progress.
Principal mineral indicated by letter: P, phosphorite;
Cu, copper; 2n, zinc.

4
Metal-bearing mud

Reported thus far only from the Red Sea, a submarine
volcano off Indonesia and, in less concentrated de-
posits, on the crest of the East Pacific Riese. TPos-
sibly present als¢ in other rift or fracture zones,
in parts of the deep trenches, 1n volcanic craters

or in other environmente in which rising hydrothermal
solutions may have been trapped,
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Figqure 6. The role of transport mechanisms in

the differentiaticn of terrigenous recent
marine sediments

TABLE 2

TRANSFORT TIME FOR COMMON MARINE SEDIMEWTS

T !
TYPE ! NATURE OF SEDTMENT | TRANSPORT TIME |

An alluvia) depesit containing a walu-
able constituent.

Flacers
Several seasons

Hemipelagic Muds A pelagic sediment §n bathyal depths
in which the terrigenous content ts :
greater than 3% and may te relatad by 1
analys{s to adjacent lard mass {after ' Fast, may be |

Kuenen 1560). single event

Jurbidites ODuter shelf coarse sediment transported
ta continental slope or abyssal plain Yery fast,
by turbidity current. sinnle event
Rad Clays Oeep sea pelagic sediments with maxi-

mum deposition rates for the terrige-
npuy compenent fn the range of Sx705x
10°% emfyr (Arrherius 1960}, contains very slow, 10
less than 30% biotic material. years

2

In an earlier study by Cruickshank et al. (1968},
it was pointed out that the major change in systems
components affecting the technology of mineral ex-
ploitation by dredeing were increasing water depth
and increasing distance from land, For this reason,

a classification based on water depth is ccnsidercd
to be most relevant, In this discussion, the de-
posits are classified initially on the basis of their
depositional region and, secondly, on the basis of
the origin of their principal mineral constitusnts,
Common names for deposit types or mineral species
are used, and, where multiple terminolegy occurs in
the literature, this will be clarified. Table 3 de-
fines the environmental classification used in this
study and the genetic subdivisions are presented in
Table 4.



TABLE 3
ENVIRONMENTAL CLASSIFICATION OF
UNCONSOLIDATED MARINE MINERAL DEPOSITS

————— .

TLETSTFICATION

DEFINITION®

Occuring 1n the continental shelf and slope in a depth
tn range of approximately O-300 meters (Hedpeth 1957,
p. 18}, Included are Mon Metallics of specific gravity
2-4 and mineral content 15-100%. Heavy minerals af
spacific gravity 4.8 and mineral content 0.1-15% and
Native Elements and Gems of <pecific gravity B-20 (ex-
cept gems, specific gravity 3-3.5; and mireral content
Tess than 1 ppm [Crufckshank 1972},

Littnrat

—_

; Octurring largely on the continental shelf and slope
1 ar in small ocean basins at depihs of between 300-2,000
i meters.  Included are surficial deposits occurring at

i the sea water/sea floor interface, and substratal de-

potits occurring at depth below the sea flgor. Synon-
ymous with hemipslagic.

, Bathyal

Occurring in water deeper than 2,000 meters and gener-
ally from 5,000-6,000 meters., The surficlal and sub-
stratat distinction also appifes. Synonymous with
petagic,

Abyssal

*As with most ratural phencmenan, the definition 15 an approximation.

TABLE U4
GENETIC CLASSIFICATION OF
UNCONSOLIDATED MARINE MINERAL DEPOSITS

r
i TYPE DEFINITION
i._._w e e e R i ——————— i et — -
Terrigengus Products of mechanical breakdown of con-
| tinental rock
I
: Biogenic Products of 1iving argantsms
Authfgenic Products of chemical deposition in place
i Diagenic Products of chemical replacement

Yolcancgenic Detrital products from volcanic activity
Mgteoritic and other material from outer

space

Cosmic

TABLE 5
AREAS OF SEAFLOOR COVERED BY SPECIFIC
MARINE SEDIMENTS (AFTER KUENEN, 1960)

SEEIH{NT TTPE_ AVE. DEPTH (M) AREA (KH2 X 106) SEEFLOOE_I;]
Littoral 0-200 kKl B
{gathyan 200-2,000 73 18
L Blue Mud 2,560 5 13
| Red & Yellow Mg 1,130 0.5 0.2
% Coral Myg i 1,350 10 2
Coral Sand 320 10 2
Green Mud 835 3 1
¥olcanic Mud 1,880 2 0.5
Abyssal . 2,000-12,000 268 74
Red Clay 4,950 102 8
Globigerina Ooze 3,630 126 kH
Pteropod Ooze 900 2 1
Matom Doze 2,690 k]l 8
Radiglarian Opze 5,250 7 b4

*Depths of Individual types {from Clark, 1926}
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The areas of the seaflcor covered by specific
marine sediments for each of the three depth en-
vironments are listed in Table 5, and their gross
distribution throughout the world oceans is illus-
trated in Figure 7.

Abyssal beposits

Commonly referred to as pelagic or deepsea
deposits, these can also be distinguished as surfi-
cial or substratal. Deposits of ferromanganese oxide
concretions are by far the best known mineral re-
source, but, because of the extent and thickness of
most of the abyssal sediments, very little is yet
known about possible concentrations of other minerals
bepeath the surface.

Surficial Deposits

The importance of the deepsea deposits of
hydzuus ferromanganese oxides or manganese nodules
[622%70(26) ] with their asscociated minor element
content of cobalt, nickel, copper and other elements
has been well established over the past decade. The
deposits occur ubiquitously on the seafloor as grains
grains, nodules or concretions, slabs, encrustations,
repiacement of coral and organic debris or as impreg-
nations of porous material, The origin of the nodules
is still open to guestion., Bonatti (1972) cites
several theories, including introduetion of manganese
from land drainage and subseguent precipitation on
the seafloor (Pratt and McFarlin, 1966); introduction
from submarine volcanism with subseguent precipita-
tion in an oxidizing environment; and dissolution
from hemipelagic sediments under reducing conditions
and re-precipitation near the oxidizing sediment/
water interface, It is quite likely that any one of
these mechanisms may predominate, depending on the
local environment. A somewhat more controversial
theory is that nodule growth and dissolution is con-
trolled by bacterial acticon and both theoretical and
experimental evidence for this has been presented by
Ehrlich {197¢).

The nodules are widespread, if uneven. In large
areas, they may cover 100 percent of the seafloor
and, in other areas, be entirely absent. The range
of concentration reported varies from .05 gm/cm
3.8 gm/em? in the Pacific (Mero, 1965) and 0.001
gm/em? to 4.3 gm/em? in the Indian Qcean (Bezrukov,
1962). A concentration ratio of 1 gm/cm2 is equiva-
lent to 10,000 MT/km2. Ratios of accumulation and
age of the nodules have been reported by a number of
workers (Goldberg, 1954; Arrhenius, 1%64), and a
growth rate of 0.1 mm per 1,000 yr has been widely
quoted (Mero, 1965) and often disputed {(Goodier,
1972).

to

The mineralogy of the nodules is known to be
represented by three major mangangse phases,
birnessite, 10 X manganite and 7 A manganite, and
mingr Mn; and Fg phases including todorokite
(Mn?*: MgZ* Bal¥, cact, K*, Na*jz Mng¥*o,,3u,0,
ramsdelite, psilomelane and goethite (Render, 1970).

Analysis of the nodules and their minor constitu-
ents differ over a wide range (Table 6}, although
there appear to be correlations between minor element
content and other nodule paramcters and envirconmental
factors.

In a review of work by others, Ehrlich (1968)
notes that depth correlates directly with cobalt and
copper content in the Pacific, lead and titanium in
the Atlantic and inversely for lead and strontium in
the Pacific, copper and strontium in the Atlantic.
Ehrlich, in his review, alsc notes direct relation-
ships for nickel and copper with manganese concentra-
tions; nickel and copper with each other, both being
low in iren poor nodules; titanium and cobalt con-
centration, and chromium with manganese. Titanium is
contained in inscluble silicates, he reviews, cobalt
enriched in§ -MnO; phases; titanium and calcium
substituted for iron in todorokite, and nickel cop-



Y 5
[ 16

Regional distribution of individual types of pclagic sediments. 1. Diatom ooze, 2. Radio-
larian ooze, 3. Pteropod ooze, 4. Brown (red) clay, 5. Globigerina ooze, 6. Terrigenous deposits
and continent, After H. U. Sverdrup ef al. (1942).
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Figure 7, Gross distribution of major sediments in the marine environment {after Kuenen, 1360}
TABLE §
ANALYSES OF MANGANESE NODULES FROM THE MAJOR OCEANS (FROM BENDER, 1970}
PACIFIC OCEAN INDIAN OCEAN ATL&NT!E_P_EEAL_
Maximum  Mirfmum Average Ma x 1mum Mintmum Average Max1mum Mintmum Average
Ala07 138,000 10,000 58,000 (54) 106,000 4,000 68,000 98,000 26,000 54,000 {17}
S102 402,000 13,000 94,000 (54) 371,000 184,000 58,000 {6} 338,000 23,000 140,000 (20}
PP 4,300 200 1,400 (44; -=- “-- 2,600 {1) 280 280 1,690 {5)
Ti 17,000 1,100 6,700 (54 6,500 2,500 4,200 {5) 9,100 530 44,000 (19)
Mn 530,000 17,000 193,000 216; 210,000 95,000 140,000 (5; 189,000 101,000 138,000 (16)
Fe 212,000 900 117,000 {216 209,000 97,000 140,000 éﬁ 259,000 15,400 164,000 (2)
Ce 15,000 10 3,200 (210) 2,900 %00 1,900 (6) 9,160 900 3,300 {19}
Ni 24,600 360 6,600 (210) 11,500 1,300 6,300 (6) 5,900 1,600 4,200 {19)
Cu 15,000 Joo 3,890 (194) 18,100 1,120 5,400 (E; 3,000 300 1,300 (19)
In 800 400 470 (54 650 470 570 (4 710 350 560 (15}
Mg 24,000 10,000 17,000 {54 --- - --- 24,000 14,000 17,000 {4}
Ca 44,000 8,000 18,000 (54 18,000 10,400 14,000 (4) 111,000 4,000 33,000 {18)
Sr 1,600 240 BID (54 960 640 860 54; 1,900 580 1,100 (15}
Ba 6,400 800 1,800 {54 5.000 2,600 3,700 (4 8,000 1,400 4,300 {15}
Pb 3,600 200 500 (54 1,500 1,000 1,300 (4) 2,300 830 1,800 (16)
Na 47,000 15,000 26,000 (54 - m—- - 35,000 14,000 23,000 (4}
K 31,600 3,000 8,000 {54) -— -—- - 9,500 4,300 40,000 (8)
hote: Numbers {n parentheses indicate number of analyses,




per, zinc, magnesium, barium, sodium and potassium TABLE 7

substituted for divalent manganese in the same phase. ANALYSES OF ABYSSAL DEPOSITS (FROM CLARK, 1924}
Cobalt and lcad are preferred in nodules containing

only birncssite, and nickel and copper in those con- o
taining both birnessite and todorokite. Cerium and o . A l € 0 _E F
lanthanum ratios are independent of mineralegy. The
mineralogy shows some dependence on depth (Figure 8}, Ignftion 4,50 7,41 5.30 7.50 1.40 2.00
tirnessite being almost a;)sent b;elow 3,000 m. st 62.10 56.02 67,92 a7 3 505
number of somples A1, 15.06 10,82 S5 1.0 65 50
€6 I5 7 9 20 3 Foy0y ne .5 .3 r.03 50 3.06
Knd, .55 X - trace e m---
100+ A ' tad .28 .38 R— .81 - -
- 8 Mn 02+ 7 mo ngcrllfe Mgl 50 N3 —— 12 — [
L[ ]
] + IOA mGngQﬁne caca, .92 3.89 19.29 37.81 92.54 82,66
= . 44
o i CagP,0, 19 1.39 .1 2.80 90 ?
50+ WAk £aso, a7 A .2 .29 19 k!
8 Mgtl, 2.70 1.50 1.13 1.11 N:% .18
- Insolubles ' cee . 4,72 - 1.4% 190 |
- !.J;\-"‘ r ______l-uo.o_o___“_); o.n_\i
R Ly 100.00 100.00 100.00 100.00 . .
0 el t M‘:‘,;, A Al
0 2000 4000 6000 A Red Clay

B. Radfclarian Oooze
€. Diatom Doze
D. Globigarina Dooze

SMnoz + ?A mcng(]n“e E. Globigerina Dooze

F. FPteropod doze

S0

*Contains si71ca, alumina, and ferric oklde, not separated.

TT T 1T 1T T1TT1T11

Substratal Depcsits

P Py
gy, """1..":-”:’; Basically the deepsea sediments arec of three
- -

r{‘—i**--ﬂ-- " kinds: red clays. calcarecus cozes and siliceous

1
0O 2000 4000 8000 cozes [(Table 7).

Probably the best known of the deepsea sedi-
ments by name are the so-called red clays: Although
the composition and celor of red clays seem to be
somewhat undefined, it is agreed that they are

OF SAMPLES WITH GIVEN MINERALOGY

A _ﬁ; belagic or deepsea sediments of which the major
:H'Lq}f‘:-J{ SMno fraction is terrigenous or continental detritus, and
W 2 the color ranges generally from reddish through
"\.}‘!‘ brown to blue (Sverdrup et al., 1942). They are
S :....:.f formed in the deep ocean by the settling of suspended
50 RS -_—{”-:-_. - particulate matter, mainly hydrated aluminum sili-
T L LAY T cate, from continental erosion. Although the inor-
R R ganic mineral constituent appears in all deecp water

sediments, it is masked in cozes by a much larger
biogenic fraction. The depositiocnal rate of red

%

L L LR n

}J_ﬁ.i.'_\{4‘)—’-.&._.-:::}.-“._-_-__ . clays is extremely slow and associated with them,
0 besides a small organic fraction, are other
O 2000 4000 6000 materials (Table 8) such as magnetite, manganese

micronodules, horneblende ¢ palagonite, guartz,
WATER DEPTH (me'ers) plagioclase, mica, zeclites, cosmic spherules, rock
fragments, zircon and tourmaline. Lisitzin {1972)
] . classifies them, for this reason, as polygenic.
Figurpe 8. Depth dependence of the mineralogy

?gtmangane:E)nodules {fxom Bender, 1570, The composition of red clays is guite variable
after Barnes both in major and minor constituents (Table 9}. The
major constituent, silica, ranges from 46 to 67

. . percent and alumina from 11 teo 24 percent. The ranges
bEtwpgio? ;Dgeiggrgeng;a;dg?;n:ﬁdzgztgzng igzzsthe of the trace elements are similar, but Sverdrup et al

e ;00 . (1942) postulate a single type of composition rather
most potential (Kagf;man, 1972). Mero (1965) presents than a number of variegies.yged claysp as previously
significant cempositional regions for the Pacific noted, are widely distributed over 105 2 x 109 gkm?
(Figure 9), and Horn et _al. (1972) indicate strong of ocean floor (Table 5). '

correlation between minor element content and sedi-
ment type. Biogenic sediments on the deep ocean floor are
Few cother minerals are found on the surface of gonerally classed as cozes, a term wbiCh defincs ¢
) r " . content of less than 3C percent terrigenous material,
the deepseafloor. Occasional volcanic debris, coamic usually red clay. Predominant are the calcareocus
spherules and rafted material may be obtained, but oozes, of which a major constituent organism is the
none apparently of any particular economic interest. foraminifera Globigerina bulloides and which cover 68
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Figure 9. Compositional regions in the Pacific Ocean showing areas of significant elemental concentra-
tions in manganese nodules (after Mero, 1964).

TABLE 8 percent of the ocwcean floor. Other planktonic spucies
CONSTITUENTS OF FELAGIC RED CLAY are coccoeliths and pteropods whose organic shell
{AFTER MURRAY AND RENARD, 1891) structures contain aragonite providing a pessible
site for the concentration of heavy metal ions of
- [ lead, copper, barium, strontium, titanium and iron
from sea water (Arrhenius, 1%63). The noncarbonate
CONSTITUENT WEIGHKT PERCENTAGE fraction may contain similar material to the red
. clay. The carbonate content of deep pelagic sedi-
ment is largely contreolled by bathymetry. Carbonates
Pelagic Foraminifera 4.8 are rarely found below the critical depth at which
disgolution sharply increases — generally arocund
Bottom-11ving Foraminifera 0.6 §,000 m — although variations in tropical areas da
exist, Using a thickness estimated by Revelle of 400
Other organisms 1.3 m overlying 128 x 108 km2, Meroc {1965) has estimated
a body of 1016 T of carbonate sediments for all
Siliceous organisms 2.4 oceans.

Minerals 5.6 0f lesser extent and covering only 14 percent

; P of thie ocean floor are the siliceous oazes compoused

Fine washings 85.4 of skecletal structures of opaline silicate secreted

by a number of marine organisms including the

TOTAL 100.1 planktonic diatoms, radiclarians, silicoflagellates
' and even some benthic spanges. Although much of the

opal is dissclved after the death of the organism,

*Mainly hydrated aluminum-silticates but alsc containing the remaining, relatively rich fraction, often torms

particles of all other constituents. a significant proportion of the sediment, particu-

L larly below areas of high productivity such as

divergences or convergences of water masses. Wind is

also an important transport medium for guart: in

deepsea sediments. Eolian quartz somevimes consti-

tutes 30 percent of eguatorial Atlantic sedaments
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{Arrhenius, 1963). Also, frequently constituent are
plagioclase feldspars, probably windblown, and
authigenic orthoclase.

Cunsolidated Deposits

Ir. the deepsea, consolidated deposits of ferro-
manganese oxldes have been reported as encrustations
or. sedroc<. Qther potential deposits of iron oxides,
phosphates and dolomite have been noted in surface
outcroppings and in the reports of the Deep Sea Drille-
1ng Program. Deposits of minerals occurring in bed-
rock and workable by underground methods are likely
in associlation with certain physiographic regions
{McKelvey and Wang, 1969), although few examples
have yet been reported for the deepsea, Similarly,
fluid inclusions of ore-bearing fluids could present
a potential source of metals.

Gceanologic Environment

For the purposes of minerals exploration and
exploitation at sea, it is logical to subdivide the
ocean environment (551.46) into the air/water inter-
face, the water mass and the water/sediment interface.

ngiair/WQQQr Interface

All surfage effects are considered here, in-
cluding motion due to waves, evaporative effects and
interchange of energy between ocean and atmosphere.
The considerations of motion (557.466) would appear
to be most important where surface craft are involved,
and evaporative effects, of course, are decisive in
the consideration of sclar-assisted minerals concen-—
tration.

The Water Mass

Consideration of the water mass includes all
physical (551.463) and chemical(551,464) propertios
of the water as they relate to any specific mining
situation. The depth of water, the magnitude and
direction of currents (551.465), temperature, light
transmission and acoustic properties will all be of
importance in underwater mining operations. More-
over, chemistry of the water involving its composi-
tion, salinity, pH, Eh and other factors such as
chemical species present are critieally important.

The_Hater/Seaflogr Interface

The seafloor is the site for a number of sig-
nificant interchange processes between the geologi-
cal envirenment and the water. Such may take the form
of chemical interchange which is most significant in
the formation of authigenic minerals, energy inter-
change through heat flow, as well as water movement
exemplified by sediment transport processes both in
deep water and along the shore. Many of the problems
associated with seafloor interactions with technol-
ogy are discussed elsewhere in the sections on char-
acterization and the geological environment.

The Meteorological Environment

The weather is critically important in regard
to ocean operations. At sea, not only the effect of
storms and waves must be taken inteo account, but,
also, the effects of ice, electrical storms, high
humidity and the temperature of the living and work-
ing environment.

TABLE 9
CHEMICAL COMPOSITION OF RED CLAYS FROM VARIOUS PACIFIC LOCATIONS IN WEIGHT PERCENTAGES (AFTER GOLDBERG AND
ARRHENIUS, 1958}
(Latitude) S16°36' S 12°46' N 9°17' N 19°1' N 27°38' N 35°Q° N 53°T'  Composite Antlantic
(Longtitude) | W 162°43' W 143°33' ) 124°9' W 177°19' W 124°26' W 157°17' W 176°13" of 51 Ocean
(Cepth m) 5,125 4,380 4,410 4,774 4,400 5,600 3,660 samples Samp &
510 45.8 47.0 56.0 61.2 57.5 52.8 67.0 54.5 53.3
| A0 20.5 14,7 15.9 19.5 17.8 14.8 1.4 15.9 23,7
| Fe 6.2 6.2 4.6 3.5 4.6 5.7 4.0 6.7 5.1
T 0.78 0.36 0.38 0.43 0.49 0.44 0.33 0.6 0.6
Mg 1.8 1.9 1.7 2.4 2.4 2.2 2.3 2.0 2.1
; Ca 3.3 5,9 2.0 5.8 1.2 2.1 2.9 1.4 3.6
. Na 4.5 4.4 3.9 4.7 2.8 2.6 2.5 1.5 2.8
K 2.6 2.2 2.5 3.1 2.2 2.9 1.1 2.4 2.6
Sr 0. 005 0.041 £.035 0.061 0.040 0.030 0.036 0,047 0.019
_ Ba 0.069 0.26 1.2 0.16 0.60 0.1 ¢.10 0.18 0.45
" Mn 1.5 3.0 0.87 1.6 0.46 1.6 0.14 0.7 0.09
PN 0.028 0.039 0.031 0.083 0.011 0.026 0.003 0.02 0.012
| 0.077 0.14 0.20 0.0093 0.066 0.038 0.010 0.019 6.012
Co 0.03) 0.024 0.011 0.031 0.009 0.009 0.001 0.01 0.008
cr 0.006 0.014 0.004 0.005 0.010 0. 008 0.006 0.008 0.037
v 0.043 0.020 0.012 0.025 8.031 0,021 0.014 0.024 0.018
pb 0.017 0.021 £.012 0.008 --- 0.010 0.012 0.007 0.008
Mo 0.0065 0.0008 0.0017  0.017 0.037 - -~ - -
Ir 0.2 0.013 0.012 0.017 0.018 0.023 0.010 --- 0.03
Y 0.016 0.039 0.013 0.0038 0.005 0.017 £.002 -- -
sc 0.0018 0.0044 0.0037  0.0040 0.0022 0.0028 0.0020 --- .-

1.
2.

Sverdrup et a1??942
Correns,]

292




TABLE 10
CLIMATOLOGICAL AND OCEANOGRAPHIC DATA FOR AREA
0°-25°N 110°-155°W SUMMARIZED IN TERMS OF ANNUAL

RANGES

r

! AVERAGE
CLIMATOLOGY ANNUAL

RANGE

Precipitation 7-52 days/yr.
Surface winds 0-30 KN
Storm Tracks (month} 7, 8,9, 10

Tropical storms and tyhpoons None recorded

Visibility 1-5 mites
Total cloud amount .8 ¢)ouds 10-60%
Air temparature 68-82°F
Dew point 60-70°F
Air-sea temperature difference i-4°
F__PCEANOGRAPHY
gurface Currents velocity 2-2 KN
Seas ( 5 feet} 5-40%
Seas ( 8 feet) 2-10%
Seas ( 12 feet) 0-2%
Ice concentrations and extremes -0~
Sea temperature 70-85°F

Density 1.0210-1.0245

Immersion hypotherm1a2 3 hrs.+

1. DCata from Department of Commerce,1961. Climatological
and Oceanographic Atlas for Mariners. V. II, North

Pacific Ocean: USDC Washington 25 DC.

2. Depending on physical condition of victim,

2 typical range of environmental parameters for
an area subject to exploration for manganese nodules
in the North West Pacific is given in Table 10,
Weather and sea state are closely interrelated,
in consideration of exploratory operations, both
must be examined.

and,

In the region under consideration, a mild cli-
mate generally prevails. The major environmental
characteristics which will influence the operation
of a surface veszsel are those related to vessel move-
ment, i.e., surface winds, surface currents and seas.
These range from 0 toc 30 kn, 0.2 to 2 kn and less
than 8 ft for 90 percent of the time, respectively.
None of these seem likely to present major con-
straints in sea keeping. As far as safety at sea,
rain occurs from 7 to 52 days per year, and wisibil-
ity i5 generally from 1 to 5 miles. Again, no major
problems seem to prevail. In the eguatorial regional
{0 to 5°N), however, alternating surface and subsur-
face currents may present major problems in opera-
tions control with a deep submerged dredge string.

The Ecologic Environment

The non-human ecosystem involves all living
creatures apart from man (577.4), and disturbance of
the environment in any way will have some effect on
the associated biomass, One of the greatest concerns

which has become centered in the concept of environ-

mental impact is that of Egi}ption. Most simply de-
fined as tgo much of anything, this term is unfor-

tunately very widely applied to any form of enviren-—
mental disturbance or impact, particularly if visible
without regard to its true effect on the surrounding
piota. The effect may be detrimental, enhancing or
insignificant, and, although the literature is not
extensive on effects due to minerals operations
[628,628(26) Batelle, 1971], some good work has been
done on providing guidelines for baseline studies
{Ebersele, 1971) and for the preparation of environ-
mental impact statements invelving such operations
{Sorenson, 1%71; Leopeld et al., 1971).

The Deepsea Environment {after Madsen, F.
J., 1966, Abyssal Zone)

In the deepsea, life conditions are reascnably
uniform, except for food sources. The temperature
generally is between 0 and 2°C, constant within the
geographical areas and with no seasonal variation.
Enclosed deepsea basins have higher bhottom tempera-
tures and do not possess a true abyssal fauna.

The salinity is 34.8 t 0.2 percent. The concen-
trations of phosphate, carbon dioxide and silicate
and the alkalinity also vary only slightly. The oxy-
gen content is entirely dependent on the continuous
supply of oxygenated water masses, as oxygoen can
only be added in the upper water layers through the
photosyntheses of the pelagic plants and by absorp-
tion of air at the surface. Generally, however, the
bottom water contains sufficient oxygen for the
support of animal life, i.e., on an avcrage 5 to &
cc/1 in the Atlantic and 3.5 to 4 cc/1 in the
Pacific. Close to the bottom, in some areas, there
may be a decrease in oxygen content which is evi-
dently connected with the bioclogical processes, and
oxygen is low, of course, in the oxygen minimum
layer.

The abyssal zone is normally a calm milicu. The
change from primarily terrigenous to pelagic de-
posits takes place at an approximate depth of 2,000
m which frequently coincides with the upper limit of
the abyssal fauna. Down to depths arcund 4,000 m (in
mid and low latitudes), the sediment is primar:liy
ooze. In depths exceeding 4,000 m, most of the cal-
careous deposits have been dissolved, and the sedi-
ment is largely red clay. In other areas, e.g9.,
higher latitudes, siliceous ooze predominates. Slow
currents occur aleng the bottom, varying in velocity
up to about 5 cm/sec, and deepsea photographs show-
ing ripple marks indicate that, at least to dopths
about 3,000 m and argund sea mounts, the currcnts
may occasionally increase to 16 om/sec, occasionally
higher.

Ultimately, the food supply for deepsea life is
dependent upon the supply of organic matter from
iand and from the upper water layers where it is
basically produced by the photoautotrophic phyto-
plankton, the first link in the oceanic food chain.
when the epipelagic organisms sink, they are utilized
by the bathypelagic fauna. However, the remains of
plants, animals and excrements which sink below a
depth of 2,000 m will reach the bottom having been
little influenced by the depths as the abyssopelagic
life is very poor. The common assertion that the
greater the depth, the less the supply of food is,
therefore, true only in connection with distance from
land or from areas with a high productivity at the
surface. Abyssal heterctrophic bacteria assimilate
the organic matter and are considered to constitute
the main source of food, either directly or as the
second link in a new food chaih. Terrigenous de-
posits which support a much richer animal life than
the eupelagic depogits may be transported into the
deep ocean by turbidity currents. Plant debris is
very abundant on the abyssal bottom in certain tropi-
cal areas. The sunken dead bodies of large animals,
e.g., whales, form temporary local food supplies and



are mentioned as being one explanation for the patchy
distribution of some abyssal species,

Animal Life

The environmental conditions are, apart from
tne pressure, no different from any that can be
found in shallower regions, and the abyssal fauna
pos548s few fundamental differences in life pro-
cesses from the fauna of shallow regions. Character-
lstics shown by the abyssal animals are correlated
with their life in a dark, calm, soft-bottomed en-
vironment. The mobile animals have long, slender
leys, and the sessile ones are often stalked (which
may in part be an adaptation for raising them above
the oxXygen-poor water layer close to the hottom).
Many fishes and crustaceans are blind, and, in
some fishes, the pelvic fins are developed as tactile
organs,

Life in the abyssal region is concentrated on
or close to the bottom. All the major groups of mar-
ine invertebrates are represented, in addition to
several benthic kinds of fish, porifera, coelenter-
ata, polychaeta, crustacea, echinoderma, mollusca,
tunicate and vertebrata.

The abyssal fauna, like the cold water faunas
and infaunas of the shallower depths, is composed,
to a large extent, of comparatively few widespread
spocies with a relative abundance of individuals.
In addition, there are many species, especially the
epifaura, which show patchy distributions. The epi-
fauna will also be concentrated on and around the
Sea mounts where increased currents may expcse a
firm surface or a coarser grade of bottom.

With increasing depth, the number of suspension
teeders {feeding from the suspended detritus) and
deposit fecders {feeding on the deposited organic
matter} increase in relation to that of carnivores
and scavengers, 'The Porcelanasteridae, a family of
mud eaters within the otherwise CRrnivorous sea
stars, are unknown from depths less than 1,000 m.
They constitute a fourth of the species of sea stars
recorded from 4,000 m and half of those from 6,000 m.
The mud-cating holothuriang, the Elasi oda, are the
all-dominant animals in the abyss, and some of the
abyssal fishes are also deposit feeders.

Tie density of life is very low compared to
that of the moderate depths. Expressed in biomass,
i.e., guantity of substance in live organisms in
g/m?, life density, even in the richer abyssal re-
gions (the Antarctic and northern Roreal), is no
more than 1 percent of that in the richer sublittor-
al, and some eupelagic deposits may be almast bar-
ren (Table 11). Furcher, productivity may be ex-
trenely poor,

TABLE 11
FIGURES FOR BIOMASS IN NORTHWESTERN DACIFIC
{FRCM MADSEN, 1966)
GM/M
! Coastal zone 1,000-5,000
50-200 m 200
ca. 4,000 m ca .5
Kuril-Kamchatka Trench
ca. 6,000 m 1.2
ca. 8,000 m 0.3
Central part of the ocean flgor 0.01
Tonga Trench
10,500 m 0. 001
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Life Cycl%s

The rate of reproduction seems slow, and a ron-
siderable longevity is also postulated for abyssal
animals in general. It is yet unknown whether thuey
show scasonal life rhythms, but there are indica-
tions that, for the true abyssal species, this is
not the case and that reproduction may take place
at any time of the year, with only a small nuwbier
of eggs ripenting simultaneously. A nonpelagic -
velopment seems to be usual for the true abyssal
benthic species and for the majority of those cx-
tending into the zone, though some may b expected
to have free-swimming larval stages of some dura-
tion. Some species possess pelagic larvae, and some
of the benthic-abyssopelagic fishes have larvae
living in the upper pelagial. How mining might in-
terfere with life cycles, if at all, is unknown.

Deepsea Zonation

The deepsea bathyal and abyssal regions have
yuite extensive variations of environment (Figure
10}. The abyssal zone may be divided into an upper
and a lower zone at a depth of about 4,500 m where
a change in the composition of the spacies occurs.

A number of the species distributed worldwido helung
exclusively to the lower abyss,

Uniform life conditions and the absence of
definite topographical barriers account for the
wide distribution of many of the ondemic forms in
the abyss. An almost cosmopolitan distribution seams
to be a general rule for species of benthic lishes,
anthozoa, echinoderms and tunicates, whereas crusta-
ceans and mellusks show restricted distributions.
With respect to the echinoederms, another barrier {or
the distribution would seem to be the sparse food
resources of the mid-Pacific deepsea. The cxtremely
cold water {0°C) of the Antarctic deepsea probably
accounts for the special composition of the abyssal
fauna therce. Three main zoogeographical subdivisions
of the abyssal regions may be distinguished: (1) tie
Atlantic and Indian Oceans, inclusive of the Soutli-
western Pacific, (2) the Fast Pacific and {3} the
Antarctic deepsea. A more detailed zZooycougraphical
subdivision will, for the greater part, reflect only
the zoogeography of the bathyal region.,

Numerous species extend from the bathyal into
the neighboring abyss and constitute a very con-
siderable part of the actuval abyssal fauna. Such
species have hoen called seeondary abyssal spocies
or guests since, though able to live in the abyssal
habitat, they may be unable to produce a constant
serios of generations there. It 15 probable also thal
many sSpecics may be prevented from spreading into the
distant oceanic deepsea because of the decreasing
food supply. It is believed (Madsen, 1966) the low
temperature in the deepsea ig a recently acquired
condition, and, prior to the late tertiary, tempor -
atures of around 10°C may have been typical.

Interactions in the Ecosystem

There are a great many aspects of ccosystems
disturbance that are poorly studied, and it is of
Prime importance that our knowlecdge of these matters
ke increased so that scnsible ecological forvecasting
can be carried out.

Along with the present industrial activity in
preparing for dredging of mangancse nodules from the
deep ocean [622*70(26)], a numbor of studies have
been earricd out on the possibilitics of envirun-
mental degradation (Welling, 1972; Garland and
Hagorty, 1972:; Turekian, 1972: Recls et _al., 1oy,
Garland lists some typical characteristics of the
nodule environment [Table 12). So far, nane of the
studres suggest that much effect can be anticipated,
Qther studies, however, have been carried out jn
coastal (Roby, 1972) and estuarine arcas (FWPCA,
1969) with quite different conclusions.
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Figure 10. Ecological zonation of the deepsea (from GALATHEA report, 1959)

TABLE 12

TYPICAL CHARACTERISTICS OF DEEP OCEAN NODULE MINING

ENVIRONMENT {(GARLAND & HAGERTY,

1972)

VARIABLE

VALUE QR CONDITION

Beographic locatien:North Central Pacific Ocean
Distance from land :Greater than 1000 nm (1800 km}

Water depths
Location of ore

Depth thermocline
Temperature

Salinity

Oxygen {Eh)

PH
Sediment type

Primary product'y
Biomass

Commexcial fish-
erias

Nutrient level

:10,000-18,000 fr {3-6,000 m)
:Expesed at sediment/water interface
& extending only 1-2 inches below
SER SURFRCE SEA FLOOR
tR0-100 m B —-———
:Yearly mean 23~-26°C;:0.6-1.4°C con-

Aug. 20-2B°C; Feb. stant

18-26°C

:34-35.5%9/00 :34.6%/00

:4.5%0,5 ml/1 :Water: 3.5-4.5

{(+430 mv) ml/1l (+430 mv)
Sediment:
highly oxidized
{+400-500 nv)

§.0%0.2 :Water: 7.6%0.2
Sediment: 7-8

I :Pelagic "red”
caly, low BCD

tLow; 50 gC/m2/yr :10-100 mg/me
compared to 200-600
in preductive waters

:Zooplankton only; :10-1040 m.g/m2

compared to 1000
in coastal areas

iVery low activity
(10% of world's
catch from all deep
oCcean areas)

s Low

:None at present
& none foreseen

:Medium to high

In determining interactions in the ecosystems,

some critical points should be noted. The balance be-
tween trace elehents and organisms is delicate. The
full invelvement of bacterial action with many min-
cral concentration processes is not known but is
thought to be significant for a number of cases such

as ferromanganese oxides [622%70(26}:567.8), sulphides

of copper and other elements [622,775:567.81. Somc
anvironments have a greater significance in the eco-
system than others. Primary productivity, for ex-
ample, in salt marshes and coral reefs is reperted
in Table 13 as 2,208 gm/mz/yr,las opposed to decpsca
areas where it is only 50 gm/mz/yr. The catastrophic
mass mortalities resulting from periodic red tides
are thought to be responsible for some mineral con-
centrations.

The Physiologic Environment

Human restraints are due to the limitations of
the human body to adapt to all natural conditicns
and are mostly concerned with safoty and health., To
those inoexperienced in working in the marine en-
virenment, the unforgiving nature of the weather,
the water and the waves may not be realized. The
ocean is a harsh and hazardous environment for man,
It can be adapted to only with care.

During operations at sea, winds, scas and tides
become important factors. In heavy weather, safe
working loads often cannot be trusted; unexpected
strains in rigging occur; operational time is
shortened because everything takes a little longer,
and work falls behind. Motion sickness is a prevaloent
and displeasing problem. When cconditions are gooed,
there is often a tendency to try and catch up by
hurrying and taking short cuts. Safety precautions
that would otherwise be abserved may be bypassed
with resultant risk of accidents.

Commercial ships and offshore structures are tTe-
guired to meet certain construction, manning, navi-
gation, health and safety standards set by interna-
tignal treaty, U.S. laws and regulations and marine
insurance underwriters.

Characteristics such as hull form, the mode of
operation, styles, propulsion, manning, travel routes
and national jurisdiction will dictate what design
and safety regquirements should be imposed. This will
result in considerable variation, and specific re-



TABLE 13

ESTUARINE HABITAT REMOVED BY DREDG!

NG AND FILLING OPERATIONS (FWPCA, 1969)

. = R N } . ]
[ AVAILABLE HABITAT IN 1955 [ HABITAT LOST, |
! (ACRES) 1947-1967 ;
e PR T R . . e . I
AREN OF TOTAL AREA OF IMPOR- '
ATOPHYSICEL MARSIT AND TANT WILDLIFE MBEA DREDGED ! PERCENT OF
FEGINM WETLAND HARITAT AND/OR FILLED E HABLTTAT LOST
' .- N I ' 1
NORTH ATLANTIC ! 168,000 167,000 4,000 7.0
I MIDDLE ATLANTIC ! 424,000 424,000 89,000 8.1
| CHESAPEAXE BAY 441,000 428,000 3,000 0.0
! SOUTH ATLANTIC 1,551,000 797,000 25,000 2.3
| CARTBBEAN
| {FLORIDA ONLY) 469,000 99,000 ! 15,000 7.5
GULF OF MEXICD ! €,000,000 3,428,000 | 167,000 4.8
PACIFIC SOUTHWEST ! 165,000 162,000 i 256,000 67.0
PACIFIC NORTHWEST 174,000 98,000 ! 5,000 4.0
| ALASKA INSUFFICIENT DAT2 1,100 0.2 i
PACTFIC ISLANDS to i
565,100 7.0 J

TOTAL 9,392,000

6,175,000

L J—

References: U.§.D.
U.5.D.

Estuarine Areas’,

sjuirements can only be specified for particular cases;
however, the following general areas should ke con-
sidercd:

Structural strength, structural fire protection
and access means of escape

Stability and subdivisicon

Fire protection equipment {portahle, semi-
portable and fixed)

Lirfesaving equipment
Emergency lighting and power systems

Removal of ignition sources and emergency con-
trol stations

Internal communications systems
Navigation lights and markings

Emergency shutdown equipment, closure and
tightness

The Artificial Environment

Restraints take many forms, and those imposead
on rescurce development by man'’s own needs are no
less real than thoge imposed by nature,

In the exploration and expleitation of natural
resources, including deepsea ferromanganese nodules,
the artificial environment may be considered to in-
clude economic, political, social, legal and techni-
cal restriints. These are each discussed in the fol-
lowing pages on terms of environment relative to deep-
sea minerals.

Econemic Restraints

Money is a tangible guantitative medium of value.
Our technologic advancement is based on it, and the
economic cnvironment for which money is the standard
is built on natural resources. The impact of resource
disturbance will be measurable on the economy .

Many recent studies have examined the impact of
the contained metals on manganese nodules on the
world market [G022*70(26):622.013). As Scrensen and
Mead (1969) noted in referring to an offshore phos-
phorite venture, considering the risk involved from
the point of view of both costs and evertual markets,
it 1s not unreasochable to predict that expected net

]

1 . . -

I., Fish § wWildlife Circular 3%, Wetlands of the United States, 1956,
I., Fish & Wildlife Service Data presented in Uonaressional Hearings,
House Serial 4 50-3,

rates of return con investment in marine mining of
from 30 to 40 percent will be reqguired to bring the
necessary capital on line. This may also be true of
manganese nedules. In many cases where the external-
ities of 2 marine mining venturc are very substan-
tial, it may well be that some different economic
approaches must be made. Value or cost is no longer
strictly a function of money.

With regard to the world pictures for minerals,
some significant trends are becoming apparcnt as in-
dicated by the {ollowing quotations:

The unmistakable conclusion reflected in
the data and commudity summaries is that,
as the Nation's needs continue to grow

and as per capita consumption of materials
in other countries increases at an even
faster rate than ours, it becomes incres-
ingly difficult for the United States to
fill its ever-growing deficit by imports,
even at increasing prices. {Naticnal Com-
mission on Materials Policy, 1972)

In Section 3.8, the supply of natural re-
sources was assumed sufficient to last

for 250 years at the 1870 rate of usage.
But in Figure u-1, the rate of usage (not
plotted) rises another 50 percent betwesn
1970 and 2000 because of the rising popu-
lation and the increasing capital invest-
ment. Well before natural resources disap-
p~i1r, their shortage depresses the world
system becausc of the natural-rescurce-
extraction multiplier described in Sec-
tion 3.6 that introduces the more difficult
extraction task resulting from depleted and
more diffuse stocks of resources. The ef-
fect of rising demand and falling supply is
to create the dynamic consequences of short-

age, not 250 years in the future, but only
30 to 50 years hence, (Forrester, J, W.,
1971)

These remarks originate from twe gquite different
but equally informed sources, and it is becoming in-
creasingly obvious that there is little cause for
complacency in reviewing our accessible supplies of
mineral raw materials on land. Not only are there
trends towards actual national and world shortages,
but there are tremendous socioc-economic pressures
against environmental disturbances particularly in
developed countries and socio-political pressures
against economic exploitation, and we use the word
this time in its derogatery sensc, in the underde-
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veloped countries. No longer can we complacently
define conservation as the use of someone else's
regpurces rather than our own. In the United States,
oyt of B8 mineral commodities considered (Table 14),
the resources of 31 ¢of them are indicated to be in-
adeguate to meet the projected cumulative demand
through the year 2000, now less than 30 years away.
We presently import over 50 percent of our needs for
eleven of these commodities. The worlid picture is not
much better. Twenty mineral commodities are indicated
to have resources inadequate to sopply the demand
through the year 2000, even without the constraint
referred to previcusly. If we consider 30 years to

be a long time, there may not be an emergency. But
how often have we heard that the consumption of
minerals in the past 30 years has been equal to or
greater than the prior consumption by man since the
beginnings of recorded time -~ and it is increasing
every year. Many informed persons and many uninformed
persons have written and talked about the problems of
environment, ecosystems and man {301), and, no matter
how it is analyzed, the ultimate problem becomes the
high rate of world population growth. As the begin-
ning quotations indicate, the earth is a closed
system with finite mineral resources and finite
capacities to accommeodate the impact of man, Never-
theless, even if this basic problem is resolved,
mineral demands will continue. The ultimate sclution
to mineral shortage may be recycling, but, until

that equilibrium state is attained, alternative
sources of supply must be sought. Examination of the
potential world mineral rescurces of the marine envi-
ronment {(Table 14) indicates that large amounts of
nearly all known mineral commodities are to be found,
Not all of them will serve within cur lifetime as
sources of supply, but some of them may very well
become (and are even now) our sole source of supply.
There is no guestion that these figures indicate a
potential importance of the role of marine minerals
which can no longer be dismissed as futuristiec or
exaggerated. There is no question but that the prob-
lems of exploration and exploitaticn will be many and
costly to solve. 1t may be that the needs of the pub-
lic sector can no longer be fulfilled entirely on the
efforts of private enterprise.

A strong relationship between government and
industry and between nation and nation will be essen-
tial to the development of this new resource base. A
sense of urgency should prevail in the development
of new engineering technology: and wise management
practices, suited to the exploration of minerals from
this new and somewhat hostile marine environment,
should be rapidly agreed upon. Deepsea ferromanganese
deposits present a known and suitable place to start.

Marine Mineral Resource Estimates

The economics of mineral resources are largely
tied to the pneeds of consumers, Shortages can
increase the value of a mineral commodity to the
extent that the resource moves to the category of
reserves. Surpluses can reduce commodities from the
reserve category to that of resources. McKelvey
{1968) (Figure 11) has classified the mineral
resources to differentiate between the situations
prevailing at the time of categorizaticn, He states:

Although subsea resources of petroleum and
several other minerals are potentially
large and widely distributed, only a small
part are likely to be economically recov-
arable within the next few decades, and an
unpredictable part may never be recover-
able., In order to give economic and geo—
logic perspective to estimates of
resources, it is desirable to view them
in a framework that takes account of the
degree of certainty of knowledge about
their existence and character, and the
feagibility of their recovery and sale.
the classification below, the degree of
certainty of knowledge of the dimensions
and quality of mineral depesits is shown

in
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Figure 11.
resources (acccrding to McKelvey,

on the abscissa, and the feasibility of
recovery and marketing is shown on the
ordinate. The classification of individual
deposits shifts with progress in explora-
tion, advance in technology, or changes in
economic conditions. Recoverable reserves
are marketable materials that are produc-
ible under locally prevailing economic and
technologic conditions. Paramarginal
ragources are prospectively marketable
materials that are recoverable at prices
as much as 1,5 times those prevailing now
or with a comparable advance in technology.
Submarginal rescources are materials recov-
erable at prices higher than 1.5 times
those prevailing now but that have some
forseeable use and prospective value.

Seen in this framework, the presently
recoverable proved reserves of most minerals
are relatively small compared to the
resources that may eventually be found by
exploration or become recoverable as a
result of technologic advances or changes
in economic conditions. This is particu-
larly true of the seabed resources because
only a small part of the seabed has been
explored and most of the resources it con-
tains are not yet economically recoverable.

In this study, estimates of resources include
all clasges of reserves and resources without dif-
ferentiation as to class. These are termed Apparent
kesources.

Three major classes of marine mineral resources
are knowni: (1) the dissclved minerals in sea water,
{2} the minerals in unconsolidated deposits which
gccur in a variety of locations from coastal beaches
to the deepseafloor and (3) the minerals in consoli-
dated deposits in the underlying bedrock. Manganese
nodules occur in the second class, and, in order to
fully assess their potential, it is necessary to
understand as much as we can about their envirenment
and the many factors influencing their origin and
distribution. Our present knowledge of these matters
in the ocean compared to our knowledge for other
minerals on land is sadly lacking, but sufficient
statistical data are available to make, within orders
of magnitude at least, an assessment of what our
potential deepsea mineral resource might be. Marine
mineral resources are examined in the light of
preasent day knowledge and with the assumption that
the present techno-economic base lines are changing
at least as fast as they have in the past quarter
century.



TABLE 14
RESQURCE COMPARISONS FOR 8B MINERAL COMMODITIES TO THE YEAR 2000
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Unconsolidated Deposits

Resources of miheral commodities from unconsoli-
dated deposits have been computed for the abyssal
regions and are totalled in Table 15 by commodity.
Wherc breakdown is not possible, the inclusion or
exclusion of any commodity from the total is indi-
cated.

Abyssal Deposits

Both surficial and substratal deposits are

included in rescurce estimates for the abyssal depths.

Surficial Deposits - Ferromanganese KNodules

Only ferromanganese coxide nodules are considered
here as a potential resource.

Estimates of reserves for the Pacific Ocean have
been reported by Mero {1965} at 1,700 billion MT,
later revised (1967) to 1,500 billion, and by
Zenkovitch and Skornyakeova (1961) at 90 billion MT.
Mero's figures are based on measurement from 101
photographs, cores and grab samples, and, as he
states, on the basis of these data, most of the cal-
culations concerning manganese nodule tonnages are of
the nature of speculation. Many more data are avail-
able now, though no more authoritative compilation of
resources has been made yet. Assuming that economic
nodule deposition is confiied within the depth range
3,000 te 6,000 m where 10 manganite and 7 man-
ganite coexist with 8 Mnd; (Bender, 1970), a
concentration of 1 gm/cm2 would yield 1,3%0 x 109 T
in the Pacific Ocean. This figure falls between the
previous estimates, nearer to Mero's. Bezrukov in
1962 gave estimates for 15 million km? of the Indian
Ocean covered by the best nodule concentrations,
ranging from 4.3 to 0.001 gm/cml, Allowing ! gm/cm?2
would give a total product of 150 x 109 MT. No such
figures are available for the Atlantic or Arctic
oceans, and any assumptions made at the present time
would be little more than guesses. For the purpose of
resource estimates, then, a world total of 1,700 x
109 T as reported by Mero (1965) and cited by
McKelvey et al. (1969; is assumed (Table 15}. This is
reduced to 1,500 x 107 T in the Pacific (Mero, 1967},
150 x 109 T in the Indian Ocean and 50 x 109 T in the
Atlantic, but estimates for the Arctic or small ocean
basins are not made. Metal content of the deposita is
computed from data reported by Bender {1970) and
listed previocusly in Table 6. Bender lists abundances
for 37 elements in his nodules, Of these, only 11
show concentrations more than two orders of magnitude
greater than crustal abundance given by Barth (1962},
The resource values cited in the Table are computed
using these elements only.

Substratal Deposits

Allowing a thickness of about 200 m, Mero (1965}
has calculated that there are some 1016 T of red clay
on the seafloor and has tabulated the elemental dis-
tributicn for this material {Table 16) as a mineral
resource.

A comparison of the concentration of the
contained elements in Mero's table with crustal abun-
dance discloses (Table 17) that only four elements
{Mn, Cu, Pb and Mo) have a concentration ratio
greater than one order of magnitude and none as much
as two orders aof magnitude. These are not considered
to be sufficient concentrations to warrant inclusion
of red clay as a potential mineral resource on the
basis of the elemental content. It seems unlikely
that any other uses would evolve for the material as
a bulk industrial commodity that could not be met
from a more adeguate alternative socurce. Estimates
are, therefore, not included in the rescurce bhase.

The possibility of areas of higher mineral
content due to local environmental conditions should
not, however, be excluded. Mero (19653) indicates the
inclusion of 1 to 2 percent Mn nodule grains in some
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areas, and Cronan and Tooms (1967) have calculated
that buried nodules in the upper 2 m of sediment are
approximately equal in number to those found at the
sediment surface.

Diatom ooze, composed ¢f the frustules of
planktonic plants, covers about 21 million km
the higher latitudes of the Pacific, Indian and
Atlantiec Qceans,

in

The deposits average close to 4,000 m {(Merc,
1965} in thickness and contain in excess of 90
percent Si0;. Mero (1965) has estimated about 1013 T
of siliceous ocozes on the ocean floor, assuming a
bed thickness of 2G0 m. Allowing 1 percent mineable
area would give potential resources of 107! T 5i03.

Radiolarian oozes, consisting mostly of
skeletal remains of radiolaria, are distributed
widely in the Pacific and Indian oceans over some 7
million km< and may contain between 50 and 60 percent
5104, but, because of the lower grade, no resource
estimates are made for these materials.

Calcareous cozes cover 128 million km?2 of the
ocean floor according to Sverdrup et al. (1942).
Revelle et al, {1955) estimates an average thickness
of 400 m which would mean a total of 1018 T of cozes
in all oceans (Mero, 1965).

Allcowing 1 percent mineable at 90 percent CaCOj
would give a potential resource of 1014 T CaCOj.

Political Restraints

Quite apart from the legal aspects, the politi-
cal environment involves paramount issues of morals
and human rights, It is the environment in which
laws are formulated after the status guo has been
disturbed. The path through the political environ-
ment is a delicate one requiring diplomacy and tact,
and the guantification of its interactions is
extremely subjective because the mood of the people
makes the rules, and some pecple claim the sea as
home,

Social Restraints

The social enviroament is more real to the
individual than the political one. It is his personal
environment. Disturbances are not always wWelcome —
unless they bring great benefits. The basic consid-
eration in the social environment is conflict of
interest, promulgated in the multiple-use-of-the-sea
concept. Like all psycho-human affairs, the ranking
of maltiple uses is highly subjective and will
ultimately depend on assessment of the greatest
benefit for the greatest number,

Much has been written lately on these matters
of human ecology (301), and man's concern with his
own environment is a matter of great impact. It is
essentially one ¢f survival. Ferromanganese nodules
will figure largely in this scheme.

Legal Restraints

In many areas where social need has developed
rapidly, and this applies particularly to deepsea
minerals, national and international law has lagged
behind. Thus, there is a need for creative revision
of the laws to encourage development and result in
social benefit. It is now widely recognized that
mineral rescurces are not inexhaustible, that ex-
ploitation cannot be properly effective without
our regard to rescurce conservation, and that
conflicting requirements for use of the mineralized
areas by others must be duly considered.

Technical Restraints

The technical environment which interfaces with
technical operations can be regarded as largely one-
sided. Its major impact on technology is in the form
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TABLE 16

ELEMENTAL ANALYSES OF VARIOUS CONSTITUENTS IN RED CLAY (AFTER MERO, 1965)
03 RATID . RATIO
RATE OF WORL AMOUNT TN RATE OF WORL
(o | ABUNDRNCE I8 ANCUNT T accomuiaTion  RATE OF RED CLAY  ACCUMULATION  RESERVES 1 ‘Moo oy .
T Y (JRILLq) N RED CLAY  CONSUMPTIOR ANNUAL RATE OF IN 1983 ot K s
. ©T L TAR) (L TAYR) commerion  cowsmerion et T) YOG By
X
At 9.2 520.0 4.0 4.72 200.0 10 570 1,620
Mn 1.25 125.0 6.3 6.7 19.0 1 320 390
T 0.73 73.0 37 1.3 56.0 3 14 520
y 0.085 4.5 0.23 0.9p8 550.0 28 AR
Fe 6.5 650.0 32.5 262. 2.5 0.1 1,350 480
o 0.016 1.6 0.08 0.015 110.0 5 1.6 1,000
NT 0.032 3.2 0.16 0.36 8.9 0.5 13.5 220
Cu 0.074 7.4 0.37 4.6 1.6 0.1 150 50
zr 0.018 18 0.08 0.032 900.0 45.0 M
Pb 0.015 1.5 0.08 2.4 0.6 0.03 43 35
%o 0.0045 0.45 0.023 0.040 n.0 0.6 3 150

1. Based on ans oceanic tonnage of red clay of 1016tons and a rate of accumulation of 5-10 tons per year.

express 1n metric tons.

After Goldberg and Archenfus (1958).

3. From Encyclopediy Britannica Book of the Year (1963).

After Mcllhenny and Balland (1963).
ko dtat available with which to calculate statistic.

6. Primary fron.

TABLE 17
ABUNDANCE OF ELEMENTS IN RED CLAYS
(AFTER MERO, 1965) AND CONCENTRATION
FACTOR OVER ABUNDANCES IN LITHOSPHERE

ABUNDANCES  ABUNDANCE IN CONCENTRATION
ELEMENT IN RED CLAY LITHOSPHERE FACTOR (3)

WT. & (1) WT. & (2)
Al 9,2 8.07 21.90
Mn 1.25 0.10 1z2.5
Ti 0.73 0.40 1.8
v 0.045 0.011 4.1
Fe 6.5 5.05 1.3
Co 0.016 0.0023 7.0
Ni 0.032 0.008 4.0
Cu 0.074 0.0045 16.4
2r 0.018 0.01a6 1.1
FPb 0.015 0.015 10.0
Mo 0.0045 0.0001 45,0

{1} In Merc, 136%; after Goidberg & Arrnenlius, 1964.
{2) After Barth, 19&2.
{3) Ratic Red Clay/Lithosphere

of disturbances to the system due to materials
failure primarily affected by motion, pressure, cor-
rosion and kiological fouling.

The impact on the environment is relatively
amall. The operation will not affect the motion of
the sea, the pressure of the depths, the means of
corrosion or the fouling capabilities of the biota
to any great extent — although there may be some
very minor local effects which must be considered,
due to large operations, which might involve mixing
of water masses or introduction of sclvents.

In this section some of the problems caused by
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A1l quantities

the influence of the sea on a mining system are dis-
cussed. Materials and processes are affected by
moticon, corrosion and biclogical processes. Other
factors such as pressure and temperature are ancil-
lary and are not ceonsidered here. For the mining
engineer, the nature of some of the problems may bce
given perspective by the following excerpt from
Kanjana-vanit describing the corrosion problems of
an offshore dredge in Thalland.

"Due to the salt water and salt atmosphere in
which sea mining dredges operate, corrosicon is a far
more serious problem than on dredges operating in
non-salt water, This corrosive attack takes the
cbvicous form of rusting as well as pitting of under-
water surfaces and ercsion of pump casings and
impellers which occurs as a result of electrolytic
action.

"Rusting of exposed metal surface is combatted
by the time-honoured method of chipping away the
rust before painting. Although this is slow, expen-
sive and far from satisfactory, there does not
appear tc be any alternative at this time. Rustless
or rust-resisting steels are prohibitively expensive,
although galvanized hull plating has been used on one
dredge operating off the coast of Thailand. This
dredge pontocn has been afloat for about 3 years,
and no deterioration of the hull has taken place in
this time.

"We are all familiar with the paint manufac-
turer's direction on the side of the can that
'gsurface should be clean and dry, ete.' Unfortun-
ately, the dry condition is found all too seldom on
dredges operating in the sea, so that too frequently
paint is applied over metal surfaces which are not
only damp but also salty. This occurs particularly
arcund the treatment plant where the open flow of
sea water over the jigs produces an atmosphere of



salt mist. Rust will show through paint applied in
these conditions within a week, no matter how effec—
tive the paint may be when applied under ideal condi-
tions.

"One major gsource of salt mist is the screen
used to break up and wash the spoil from the dredge
Liceets or dredging pump. These screens utilize high
sressure water lets and part of the warer is atomized
1nto the atmosphere. On two Thai sea dredges, this
has been largely overcome by totally enclosing the
screen and employing extraction fans to remove the
corrosive mist to the outside of the dredges through
trunking. The steel trunking, not surprisingly, has
a short life,

“Electrical equipment is damaged by the damp
and salty atmosphere, so as much as possible is
located away from the treatment plant in a dry posi=-
tion. One dredge has the generating switchboard in
one air-conditioned compartment and all motor
switches in a second compartment, also air-condi-
tioned. At each motor throughout the dredge, a start-
stop switch only is provided to actuate the remotely
positioned starter.

"The arrangement greatly eases the elactriecal
maintenance problem. Motors and switches which are of
necessity located in damp places are totally enclosed,
and motors or alternators which are not in use for
more than a few hours are heated by external heaters
to keep the insulation dry.

"Electrelytic corrosion of the hull plating is
retarded by fastening sacrificial zinc anodes to
various points on the under-water plating. This is
fairly effective, but the anodes require renewing at
intervals of from i to 2 years and the location of
some of the anodes make them difficult to change
underwater. Above the waterline the plating is
protected as far as possible by painting, but sea
conditions often prevent work on this area for months
at a time,

"Pump impellers and casings can be severely
damaged by electrolytic action. In bronze impellers
with a significant zinc content, electrolytic, or
galvanic, action is set up between the copper and
zinc particles in the metal when immersed in sea
water with the result that the zinc is eaten away.
This causes a rough, pitted surface to develop on the
impeller. Water scour of the rough-surfaced, revolving
impeller causes erosion which accelerates the deteri-
oration. In cast iron pump casings, graphitization of
the metal may take place. As with the hull plating,
sacrificial anodes are employed to minimize corrosion.
These are usually fitted inte some convenient places
in the suction space of the pump and are commenly of
zinc, but in all gunmetal pumps, mild steel ancdes
may be used. Coating the interior surfaces of cast
iron pump casings with an epoxy resin compound, which
is already used to extend the life of worn casings on
some non-salt water dredges, may provide a useful
measure of protection in seawater pumps.

"Although most corroded major parts of an off-
shore dredge may be renewed without much difficulty,
the hull or pontoons cannot be easily replaced without
dry dock facilities., Decision to retire an offshore
dredge may be based mainly on the condition of the
hull, It is possible that more consideration will be
given to the possibility of using a reinforced-con-
crete hull in an offshore dredge which does not
require high speed movement like a sea-going ship."”

The Effects of Motion

Motion has a deteriorating effect on structures
due to fatigue, but this is a problem common to non-
marine engineering and can be dealt with by reference
to pertinent literature elsewhere. The effect of
motion on mining or metallurgical processes is a
problem peculiar to the marine environment, However,
up to this time, few data have been recorded, and
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aach operation must ke designed on a trial and ervovr
basis.

Corrosion and Cathodic Protection

Exposure to the marine environment may produce
several forms of corromion response, of which only o
few can be quantified in a meaningful wiay. Resia-
tance to fracturing and corrosion reprosent e Qwo
groups of design parameters for which astandai«
methods of evaluation over the whole range of can-
struction materials are not available (Table 18).

TABLE 18
MATERIALS SELECTION PARAMETERS (BROWN, 1968}

PARAMETER CHARACTERLGTICS

Easily guantifiable by standard
methods; data readily applied.

Strength, density
and cost

Not so easily quantifiable, bu-
can be evaluated readily in a
manner meaningful to the designer.

Fabricability, pro-
curability

Readily guantifiable in some
cases but, in many instances,

both quantifying the parameter
and interpreting the resultant
data relative to design are pro-
blems at the leading edge of tech-
nology.

Resistance ta frac-
ture and corrosion

The resistance of materials to corrcsion is
greatly affected by composition., Corrosion of metals
is considered to occur by an electro-chemical mech-
anism, at which oxidation (or corrosion) may occur
at sites which may be far-removed from a corres-
ponding reduction reaction. Corrosion may take the
form of pitting, crevice corrosion, dezincification
or selective corrosion and stress corresion of a
galvanic anode.

Galvanic Eﬁfects

In any galvanic couple, the corrosion of one
metal is accelerated and the corrosion of the other
is reduced. This can lead to trouble if the effect
is not anticipated and provided for or can be bene-
ficial if designed to provide built-in protecticn
where survival with minimum corrosicn is a critical
requirement — as, for example, the seating surfaces
of a valve.

The arrangement of metals in a galvanic series
for seawater in Table 19 indicates which of the
metals (the higher ones in the list) in a galvanic
couple will suffer accelerated corrosion and which
will have its corrosion reduced. The magnitude of
the effects will be determined by several factors,
including, most importantly, the relative immersed
areas cf the dissimilar metals, their polarization
characteristics and the overall resistance of the
electrical circuit, including the metallic path, the
water and any films or deposits on the metal sur-
faces. The maximum accelerating effect occurs when
the area of the more noble metal is relatively large
as compared with that of the less noble metal; such
combinations are most dangerous and must be avoided.

Large, complex or critical structures, particu-
larly those not made of structural steel, reguire
the services of specialists for the design of a
corrosion control system.

Protective ceoatings are normally applied to
exposed surfaces. There are many types available,
and the reader is again referred to the literature,

Biclogical Fouling

About 2,000 species of animals and plants have
been reported as fouling organisms. Table 20 indi-
cates how fouling affects scme submerged objects,
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GALVANIC SERIES

Anpdic or Tesst noble

Mpyresfum god Magned i alloys

“A75 aluwinam anode alloy
Hrc
BEQSE slumfnar arode &11oy

Galvanized steel or galvanized

wrought iron

Aluminum 7072 fcladding allay}

Aluminum 5456

Aluminum 5084

Alymipum 503.27

Aluminem 3003, 1100, 6061,
Cacmi um

Aluminum Z117 vivet alloy
Mild stesl

Wrought fron

Cast Iron

131 Chromium steel type 410

{active)

174 Chromium steel type 430

{active)

18-8 Statnless ctee! type 104

{active

18-12-3 $tainless stee] type 314

{active)
Mi-resist
Lead
Tin
Muntz Metal
Manganese bronze

TABLE 19
{OF METALS IN FLOWING SEAWATER
(La Que, 1968)

e

Naval brass (60% copper 3T zinc

tin

teltow brass {65% copper 35T pinc)

Copper

$1ltcon bronze

Red brass {85F copper 15% 2ipe)

Alyminun brass

Composftion G bronze

Composttion M bronze

Pdmiralty brass

90K Copper 10% nickel

0% Copper 30% nickel

Nfckel

Inconel [7B% nickel 11.5% chrom-
fum 6% iron

NHickel-aluwminum bronze

Stlver

Titanium

16.8 Stalnless steel type 304
{passive)

Hastelloy alloy ©

Mgae] nickel-copper alloy

Type J1E stainiess steel
fpass-ve}

Graphite

Platinur

Cathodic or most nobie
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HOW FOULING AFFECTS SUBMERGED OBJECTS

TABLE 20

(MURAOKA, 1968)

OBJECT EFFECT

Ship hulls Fouling reduces a ship's speed and Increases fuel
cansumption. Incresses freaquency of dry-docking
pariovds.

Underwater scund
equ ipment

Salt water pipe
system 1n vessels,
industrial power
plants, and da-
salting plants

Metallic surfaces

Frotective
coatings

Plastic glass and
syrfaces

Foultng reduces sensitivity and sourd transmission,
and decreases effectiveness of sound gear by fn-
cressing cavitation noise, Measurement of beam
pattern and raceiving response of foulad under-
water transducers show reduction of axial sensitt-
vity ranging from Q to 10 db in frequercy ntervals
of one to kHz.

Fouling an plpe surfaces reduces pipe diameter and
water flow. Detached organisme (puste) shells)
block water flow at valves and at constricted
places in pipes.

Pitting ogcurs under shells of dead barnacles,
created by oxygan concentration ¢ells. Conditions
favorable to corrosion ara producad by matabolic
products--particularly acids and sulfides, Sulfate-
redycing bacteria promate ansercbic corrpsion.

Fouling damages coating 1n several ways: when 2
barnacle sheﬁ adhering to the coating 15 torn
Toose far any reason, the underiying paint comes
off with 1t; paint f1Im {5 weakened at the site of
attachment due to metabolic products; the sharp
edges of barnacle shells cut inta the coating as
the animals grow, eventually expesing the undarly-
ing surface. Paints are also destroped by seamater
bacteris that attack constituents such as rosin,
paraffing, alkyd, phenalic resin, and linseed oil.

Windows of underwater structures and camera lemrses

become blocked and require fraquent ¢leaning.
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and, again, the reader is referred to the literature
for more specific details.

REQUIREMENTS IN EXPLORATION FOR
MARINE FERROMANGANESE NODULES

Exploraticon in the practical context must be
defined as the process of determination of the bene-
fit cost ratic of any particular mining operation.

It includes, therefore, not only the prospecting ef-
fort, which substantiates the presence of mineral
values, but, alsoc, the deposit characterization and
environmental menitoring which will permit gquantili-
fication of the benefits and the costs in real terms.
The benefits are obviously the utilization of the
regource and all the externalities associated with
having the resource. The cost is what it takes to
provide the benefits in terms of money, technology
and effects. Thus, exploration is a measuring process
carried out for the purpose of making socund decisions
on future exploitative processes. Two questions,
therefore, must be asked: (!') What must be measured?
and (2) How are these measurements made?

The Data Base

Many data are required to characterize a sea-
floor mineral deposit. Ferromanganese deposits are
widely distributed throughout the world ocean, and
it is evident that they exhibit wide variations in
tenor and in environmental setting, even over moder-
ately short distances. Thus, the characterization of
deposits is dependent on a thorough knowledge of the
geclogical, gectechnical, cceanographic, meteor-
clogical and ecological parameters, and the measure-
ment of each of these is an essential part of any
nodule exploration program.

In cur survey of the literature, of unpublished
reports and of our own files, we have established
that there are, at presant, insufficient data to
characterize the potential nodule mining sites. Ex-
pansion of the present data base is, therefore, of
paramount importance, and it must be done prior to
commencing even pilet mining operations. =

Geological Requirements

The more basic data reguirement is that of the
deposit and its seafloor environment. It is necessary
te understand the topographic features of the deposit
in both large and small scale in order to evaluate
methods and develop costs for exploitation. The value
of the ore is determined from its compesition which
may vary in relation to the geochemistry of tho
underlying seafloor and the superjacent waters. Costs
of processing will also be dependent on the texture
and mineralegy of the ore and gangue materials, and
leads for further prospecting will no doubt be en-
gendere@ by an understanding of the core-forming
process. Sampling is an integral requirement of the
geological data base though many improvements in
remote sensing are obviating some of this need.

the use of bottem photography, rock
exposures are present) and both grab
core samplers, the geclogical-sedi-
mentological regime at the potential site should be
sampled and described. In regard to the sedimentary
matrix which is, in fact, the principal gangue of the
exploitable nodules, the mining operator needs to
know both the physical as well as the chemical char-
acteristics of the sediment. To acquire such data
requires that either actual samples be taken or that
some in situ sensing system be employed which, once
calibrated, will provide the much-needed physical
&nd chemical information. Just to sclve thie problem
alone requires a new research and development effort
in deepsea sensing and instrumentation.

Through
sampling (if
gamplers and

Although empirical relationships are known to
exist between certain engineering or geotechnical
properties of bottom sediments and such sedimen-



tological parameters as grain size, specifiec surface
area, sorting and even gross mineral content, there
is a need to collect physical samples of both the
sediment and the nodules.

Geotechnical Regquirements

The maripe mining environment consists basically
of the air-sea interface, the water zone, the sea-
floor and the subbottom, Characterization of this en-
vironmernt and an understanding of its interaction
with the various mining systems is not yet fully
understood, but such is one of the key requirements
in developing successful marine mining technology.
Depending on the type of deposit (dissolved, uncon-
solidated or consolidated) and its geographic loca-
tion, each deposit will have a different environ-
mental setting that must be described in order to
define the specific interactions between the environ-
ment and the mining system. These are listed in
Table 21,

TABLE 21
PARAMETERS TC BE MEASURED FOR COMPLETE CHARACTERIZA-
TION OF A MARINE MINERAL DEPOSIT (AFTER CORP, 19570)
1. Charts, Large Scale
Bathymetric

a
b. Topographic of surrounding land
c. Bottom conditions

2. Index and Engineering Properties of Bottom

a. Grain-size distribution

b. In-place density™

c. Mater content or void ratio

d, Specific gravity--bulk and individual constituents
e. Atterberg limits

f. Shear strength and sensitivity

¢. <Compressibilfty

?. Permeability

Velocity and attenuation

3. Mineralogical and Geological parameters

a. Lithology
b. Miperalogy
¢. Radiometric properties

4. Geophysical Parameters

a. Subbottom profiles
b. Magnetometer/gradiometer profiles
¢. Selsmic profiles

5. Environmental Parameters--Seasonal and During Test Perfods

. Wind speed and directfon

Wave height, period and direction
Current speed and direction

Tides

Water turbidity

Water temperature

Ecology

WoehiD O

There are compilations of oceanographic data on
tho air-sea interface and on the sea that can be
used to provide environmental information for a
petential mining operation in almost any Pacific
area. However, published data on the engineering
properties of the seafloor and its subbottom are not
plentiful. Although extensive engincering properties
investigations of offshore sediments have been con-
ducted, the geographic areas covered by these studies
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do not include zones of potential nodule mining.

Currently, industrial emphasis has been placed
on the development of geotechnical techniques for
the deiineation and expleoitation of marine placer
deposits, Similar development of technigues muat
eventually be made for materials associated with
non-placer-type deposits, particuilarly manganese
nodules,

In evaluating the economic feasibility of a
commercial offshore placer operation—our basis for
dredging investigations up to now—there are two
main factors to be considered: (1) the value of
mineralization available for extraction and (2) the
cost of delineation and mining. The latter factor
represents a2 major unknown which can only be answered
by extensive analysis of the mining system components
and their interaction with the environment. Success-
ful marine mining systems will be possible only by
achieving better operational control and a better
understanding of the engineering properties of the
deposit material being mined. Thus, characterization
is basic to successful mining systems design.

The most important parameters affecting dredge
performance and the most difficult to measure are
those describing the material to be dredged. The
usual method of determining dredging progress is to
conduct hydregraphic surveys before, during and after
dredging and compute the volume of material removed.
For control purposes during the actunal dredging
operation, continuous monitoring is required in order
to evaluate the dredging equipment and the ocperating
procedures and to ensure optimum productivity. This
information can best be obtained by the usc of per-
formance monitoring instruments. The U.S. Army Corps
of Engineers has made notable progress in up-grading
dredge performance by utilizing production measure-
ments and centrols during hopper dredging operations.
Mauriello and Dennis (1968) point out the relation-
ship between the characteristics of subbottom mate-
rials and dredging capability. Iwata {1970} describes
laboratory tests for grab dredging to relate ground
characteristics to dredge performance. Van Baarde-
wijk (1968) discusses in some detail the interaction
between dredge and s0il and presents a basic classi-
fication system established by the International
Association of Dredging Contractors for identifying
different seil types and the engineering measure-
ments required for determining their dredgability.
Even though the importance of the dredging para-
meters is recognized, their effects on system per-
formance have not been c¢losely studied, and much
remains to be done in order to assess their full
influence. For example, the frictional or strength
properties of a soil are significantly affected by
the rate of loading., Therefore, optimization in the
speed of a dredge cutter could improve its per-
formance. Water depth and the influence of pore
pressure on the engineering behavior of the sub-
bottom must also be considered. There is insufficient
kncwledge at present to justify extrapolation of
shallow water classification data to deeper water
depths.

Although the foregoing discussion stresses the
importance of subbottom characteristics in assessing
dredge performance, these characteristics are equally
important in evaluating cother subsystem components,
Great improvements could be made if the effect of
soil parameters on penetration rate, core recovery
and sample reliability were better understood. Tech-
nigques are being utilized to determine true in-place
dengity in conjunction with routine deposgit delineca-
tien. This can be accomplished by centrolled coring
using very thin-walled tubes for short penetrations,
by in situ penetration measurements based on a pre-
established penetraticon-density index or by indirect
means such as acoustic or nuclear-density measure-
ments.

The design and performance of other subsystems
are also affected by the deposit characteristics.



Transportation, beneficiation and waste disposal
techniques reguire adequate information concerning
the grain size and sedimentation characteristics of
the excavated material as well as its consistency and
plasticity grading in the disturbed state.

Froblems with bettom slope stability will also
rpeed solutions in order to prevent contamination of
tne mining areas or burial of bottom-supported equip-
ment as a result of slope failure. The use of equip-
ment on the bottom will reguire knowledge of the sea-
floor-bearing capacity. Sclution of these problems
requires knowledge of sediment shear strength and
compressibility. Sonic velocity characteristics of
the deposit material are needed for the interpreta-
ticn of subbottom profiles.

At present there is no way of knowing which
index or engineering parameters will correlate with
system pertformance and will have the controliing
effect on system design. It is necessary, therefore,
that a preliminary characterization of marine de-
pesits incorporate as many index and engineering
parameters as possible. A sample of the current data
sheet used at MMTC for marine placer classification
is shown on Figure 12. The terms under the general
description section have been proposed by Arthur
Casagrande at Harvard and give an extremely indica-
tive insight into engineering behavior. Similar in-
vestigations have recently been initiated by the
Underwater Minerals Program at the University of
Wisconsin, and their early review of data suggests
that such measurements are basic to designing the
mining systems for deepsea nodules as well as for
onshore placer deposits.

Oceancgraphic Reguirements

Measurement ©of physical and chemical occeano-
graphic variables is a necessary adjunct of deepsea
mineral exploration for a number of reasons. The
mineral content of the deposits may be influenced by
the nature of the water interface; operations will
be strongly influenced by the dynamics of the water
mass, and the biomass is "water dependent” in a
variety of ecological niches, any of which could be
affected by disturbance caused by mineral exploita-
tian,

The state-of-the-art for many of these measure-
ments, particularly on a widely dispersed, synoptic
basis, is not sufficiently advanced for mining use.
There are, for example, few reliable measurements of
bottom currents in the deep ocean. Most estimations
have been made from the configuration of sediment
ripples or the amount of sediment coating on jutting
rocks or nodules as observed in photographs or from
theoretical considerations. Cyclical or seasonal
measurements are virtuaily nonexistent.

The art of measuring sea state is a little more
advanced, but prediction is not yet fully reliable,
The geochemistry of ocean waters and the identifica-
tion and measurement of particuiates is again in a
primitive technological state with regard to the
dgepsca. Programs such as the Geochemical Ocean Sec-
tions Study (GEOSECS) of the IDOE will do much to
improve capabilities in this regard, but the very
vastness of the deepseas will make significant
coverage a formidable task.

Cur review of the available information leads
us to suggest that the measurement of oceanographic
variables shouid be by automatic, self-recording
in-situ sensing systems.

Meteorological Reguirements

Most data on weather and climate are reguired
in order to evaluate available working time in areas
adversely affected by weather conditions and also to
reduce the risk of loss of life and property. The
weather is mostly a surface phenomenon, and, because
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of its very substantial impingement on cperations at
sea, good meteorological data such as outlined ear-
lier are of paramount importance. All this could be
obviated in the deepsea, however, by placing the
operations in a submerged mode and making use of the
predictable "climate" of the seafloor environment.
Thus, prior to iniating a major meteorclegical pro-
grai, some zericus study should be given to the
possibility of placing parts of any nodulc mining
systen on the deepseafloor or, at least, to sub-
merging parts of the system beneath the surface of
the sea.

Ecologicai Requirements

The collection of data vn the life on the deep-
sea and the understanding of environmental c¢hange is
a complex and formidable task. The basic reguirement
for evaluating the influence of a mining is a knowl-
edge of existing life in the water and on the sca-
floor. The food chain cycle has to be determined
from the surface layers of primary photosynthetic
production to the detritus dependent creatures in
and on the bottom. Naturail changes must be recorded
and the effests of artificial change predicted and
superimpcsed. The ecological data base is virtually
unknown in the deepsea and new technigues will have
to be developed in crder to obtain the necessary
data,

ln the expleitation of ferromanganese nodules,
three major typss of disturbance can be anticipatced,
according to the present state-of-the-art. Hydraulic
systems will bring up cold water and seafloor sedi-
ment from the depths and disperse them over the sur—
face waters. Mechanical svstems will disperse a
sediment plume from the hottom to an indeterminate
height, and both systemg will cause overturning of
sediments in place, In +he exploration phase, then,
measuremaents will have to be made ¢f baseline con-
ditions ard populations. Disturbances will need to
be monitored, snd post-mining monitoring will have
to be maintained for about a yeax. With the current
lack of operations tc allow for post-operational
monitoring, it may be possible to acquire some useful
data from the examination of previous exploration
areas. This would require a careful search to locate
previous sites of experimental nodule mining.

Operaticnal Prareguisites

For all mining activities at sea, whether ex-
pleration or exploitation, there are certain basic
cperational prerequisites. These include a knowledge
of the weather, a platform from which to carry out
the mission, a source of powaer and a knowledge of
precise locavion. Lastly, the ability tc maintain
pesition at any desired lcocation is mandatory for
the accomplishment of most activities reguiring con-
tact with the seafloor. The state-cf-the-art for
=zach of these functions varies in some c<ases,
being well advanced as in navigaticn and, ip some
vases, being in a more primitive state as in envi-
ronmeatal forecasting. What sets these functions
apart is that their technological development will
not be dependent on the viability of mineral re-
source exploitation, and the costs of innovation will
not be a charge against the minerals resources base.

Environmental Predicticons_(after Baer and
Crutcher, 1%73)

The best long-range estimates of future envi-
ronmental conditions are provided by statistical
summaries of past occurrences. Such information is
commonly presented in atlas form (Figure 13). The
contours define the absolute magnitude of the vari-
cus mean surface wind velocities at different times
of the year. Table 22 lists the number of available
references which provide similar information for
other characteristics and parameters, and a more
comprahensive summary of atlases has been published
by Righy (19&8}).




Marine Minerals Techno]ogy Center

Sample Informatfon: Mineralogical and Chemical Information
ample No. . Container of .

Date taken . Person .

Depth to . Water depth .

ConditTon of sample .

Method of sampling . Organic carbon content

Other . Soluble salts

Geologic Information: Carbonate content

Description Qther Information:

Urigin i

General description: fi1l in or circle applicable terms.
Color . Odor .
Grain size--very coarse, coarse, med.-coarse, med.-fine, fine, very fine.
Fine grains visible (Yess than 0.05 mm)? -- yes or no
Dust sizes present? -- yes or no
Gradation -- very uniform, uniform, poorly graded, fairly well graded, well-graded,
very well graded.
Compactness {cohesionless materials) -- very loose, locse, med. dense ,danse(fim),
very dense (well compacted).
Consistency in undisturbed state -- soft, spongy, brittle, friable, elastic,
sticky, stiff, hard,

Consistency in remolded state -- sticky, soft, medium stiff, stiff, hard.
Plasticity grading -- nonplastic, trace of plasticity, med. plastic, highly plastic.
Consistency near plastic 1imit -- weak, soft, low toughness, medium toughness,

high toughness,
Fingernail rub test -- dull, shiny, very shiny
Dry strength -- none, very stight, slight-medium, high, very high
Reaction to shaking test -- none, slight, good, very good

Other --

Index Properties:

specific gravity -- {water at 1 gm/cc) Water content . Void ratio
apparent (natural state) . Degree of saturation .
absolute (ground to -200 mesh} . | Penetrometer reading -- Pocket

Ory density -- Proctor . Needle size
natural + remolded . Torvane .
Proctor max. . optimum molst. . | Atterberg Yimits -- Liquid Himit
Proctor min. . Plastic limit . Sticky 1imT%
relative density . Plasticity index T

Grain size data -- Symbc)1 designation on Unffied
effective size . Classification System
coefficient of uniformity .
other .
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Figure 12. Marine placer classification data, Part 1
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Engineering Properties

Unconfined Compression Test:
Compressive strength undisturbed

Remarks

Water content, w = .

Compressive strength remolded .
Water content, w = .

Sensitivity + Loading rate .
Moduli of deformation, M,= WMgo= .
Remar ks
Vane Shear Test:
Shear strength . Loading rate .

Consolidation Test:

Coefficient of compressibility,

a, = .

VT
Coafficient of consclidation,
C, = .

v

Compression index, . =

Coeff. of Fermeability, k =

Time for 100% primary conso
t 0:

Preconso]0

Remarks

idation pressure,pp =

lidation,

Direct Shear Test:
Peak angle of internal friction, Qm =
Shear displacement at peak

Normal displacement at peak

Ultimate angle of intermal friction,

uT o s
Shear displacement at ultimate

Permeability Test:

Type of test

Coefficient of permeability
Remarks

» k=

Sonic Velocity Test:

Normal displacement at uitimate

Remarks

Triaxial Test:

Run Number

Water content at start, w,

Water content at end, L2

Initial dry unit wt., d

Initial void ratio, €4

Initial degree of saturation, G

Confining pressure, o,

Time of loading

Rate of strain

Max. compressive strength,(g7-93) a

Max. principal stress ratio, (01/5%7m

Moduli of deformation, M
M

Max. neutral stress, (u'“o)max

Cohesion intercept, ¢

Angle of failure plane,or

Angle of internal friction, ’

Other information

w

Q

Remarks

Type of test « Sample condition

He.l

No.2 No,3 HNo,b No.,5 No.&

Average

Other Information:

Figure 12 (cont'd}, Marine placer classification data, Part 2

307




120 140 180

20 40 80

100 120 140

Magnitude of the mean surface wind in {2) July, (1) Tanuary., The
contours show the magnitude of the mean vector wind at 11 meters anemometer
height in m/sec. {From Y. Mintz and G. Dean, 1952, Qbsoreed Mean Ficld of Mution
of the Atmosphere, Geophysical Research Paper 17, Geophysics Rescarch Directurate
Air Force Cambridge Research Center,)

»

Figure 13. Mean surface wind speeds



TABLE 22

CLIMATOLOGICAL DATA GENERALLY AVAILABLE IN REFERENCE
FIRM BEGARDING WEATHER PREDICTION {AFTER BAER &
CRUTCHER, 1373 (IN PRESS))

. b mmmmemen e e
i | NO, OF
PARMRMETER DATA PRESENTED REFERENCES
A S
IBarometric Mean lsobars 11
i Fressure = [ m=----mmmmmmmme—m—e o
i Frequency Distributions 10
iVisibility Percentage Time Visibil-
| ity Below Specified
! Values 10
Winds Wind Roses - Percent
Frequency Gales, etc.
Wwind Components Only 13
Temperatures Fregquency Distributions
(pLr) Means Only 12
Temperatures Isotherms of Sea-Air
C {Water] Temperature Differences le
Ice Limits of Ice Extent 13
Long Period Entire Pub. on Tideg
Waves (Tides) | and Currents 3
Wind Waves Entire Pub. on Sea and
Swell 5
Large Scale Maps Depicting Prevail-
Currents ing Current Direction
mvii .| and Mean Speed Rang= 3

Climatclogical atlases can provide a general
insight into the gross conditions expected in the
area but do not provide detailed cnough information
for solution of specific design or planning problems
for specific locations. Such information usually
reguires o detailed analysis of original observa-
tional data, thecretical computations and interpre-
tations.

when the duration of local observations is not
adeguate, thecretical diagnostic procedures similar
to those used in short-range forecasting may be
applied in a procedure termed "hindcasting." The
accuracy of hindcasting can be improved significantly
when actual local observations are available for a
duplicate time pericd. These become even more impor-
tant when short-term forecasting is planned or when
high accuracy is needed. Therefore, an observation
program should be established prior to any opera-
tions, The program may vary somewhat according to
the ipformation needed but should generally include
a six hour minimum fregquency of observation.

Observing Technigues

Following are brief descripticns of observing
techniques which are commonly used,

Barometric Pressure

Normally, this variable is recorded continu-
ously on a microbarograph which is calibrated
pericdically against a mercurial or precision aner-
oid barometer. These data are needed in conjunciion
with other simultaneocus pressure data to predict
surface wind conditions.

Visibility

Ordinarily visually observed and manually
recorded though some locations may be instrumented
adequately. Importance is the regular occurrence of
haze or fog.
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Wind

Either continuous recordings should be made or
both mean and instantaneous gust values recorded.
Means should be averaged over at least 15 minutes.
The vertical profile of wind velocity varies signi-
ficantly with altitude so that the same vlevation
must be maintained. There would be an advantage in
multiple elevations which would be optimally spaced
at appreximately double the vclevation of the one
below, Great care must be used to locate the sensors
where they are exposed to an unobstructed wind,
remembering that new shore conditions are different
from open ocean conditions.

Almospheric Temperature

Many types of instruments are available to
record temperature. Special attention must be given
to achieve adeguate aeration of the sensor while
protecting it from spray and direct or reflected
sunlight,

Water Temperature

The instrument should have a time constant of
at. least 10 minutes and accuracy of 0.1°C. Shacp
gradients ogourring in the wvertical may be helpful
in determininog water currents.

Ice

In those high latitudes where ice 1s common, its
thickness and coverage should be recorded. Photo-
graphs taken by aircraft should be of great help 1n
describing such conditions.

Currents
Ccurrents are difficult to record directly
because of poor instrumental reliability. Thgy vary
with tides, waves, winds and depth and location. New

current meters are needed,

Long Perjod Waves

Tides are the best-known, long-period waves.
They may be recorded by battom-mounted pressure
sensors. Local resonant oscillations called "seiches”
can occur in bays. Trapped "edge waves” can move
along shorelines. Hurricanes and other storms cause
large "storm surges" near shore.

Wind Waves

These are hest recorded by staff, bottom-
mounted pressure gage or free floating accelearometer.
None of these methods is reliable for long-term
operation. In shallow water, waves vary significantly
with location because they are affected by bottom
topography. Waves are best described by spectral
statistics but can be summarized by "significant
height" which is four times the sgquare root of the
variance of the record. Individual wave heights are
spproximately Rayleigh distributed (Longnet-Higgins,
1952) which can be used to estimate extreme indivi-
dual waves from the significant height that most
atlases present. Newvertheless, much of the current
wave research is not directed toward sclving ocean
mining operational proklems. Accordingly, we
recommend that new research promulgated in respense
to the mining nceds he directed towards specific
problems such as waves attenuated by wave trqps
around mining barger, waves against ore carrlers
and, certainly, better wave prediction systems.

FPlatforms

A platform (ship, barge, etc.} is the funda-
mental requirement of any operation at sea. There
are three bhasic functions of platforms used in
marine exploration and exploitation: (1} the sup-
port of equipment for cobservation and measurement,



(2) the support of tools and equipment for working
with seafloor materials and (3) the transportation of
people and materials (Table 23). Platforms may be air
airborne, floating or in contact with the bottom;
they may be self-propelled or stationary, or they may
be manned or unmanned. Floating platforms size ranges
from massive bulk carrier units weighing upwards of
300,000 T to an individual diver weighing a few tens
of pounds, Many of them, such az the hovercraft,
perform across the interface and may thus be used in
several modes,

TABLE 23
CLASSIFICATION OF PLATFORM TYPES IN USE AT
PRESENT (1970) ACCORDING TO FUNCTION

|
| PLATFQRM FUNCTIGN ATREORNE SEASURFACE SUBMERGED BOTTOM CONTACT
P - - -
1
i
Meaturing 1 1 X X
Exploration | X 1 X X
Lurvey | H X X X
Ervironmental
Monitoring 1 b ¥ x
S S, - P —
HardT1rg :
Beill1ng . 1 - ]
Lredging : - X - X
Construction 1 b X X
Transparting
| .
| Persarnel : LS X X -
} Supplfes H X ] -

Frodects - X - -

Airhorne Platforms

The use of airborne vehicles is common for sup-
port of marine mining operations. These may include
fixed wing aircraft (Webb, 1965) and helicopters
{(Jenkins, 1973), hovercraft for exploration and
survey (Egyington and George, 1%70) and satellites
for survey, navigation and environmental monitoring.

Floating Platforms

A large variety of {loating placforms is avail-
able for all functions at sea. They include survey
vessels, drill ships, dredges, transports, semisub-
mersible platforms and submarines of various
configuration and purpose. Where conditions are
suitable, ice cover may be used as a base for working
(Daily, 1969}.

Submerged Platforms

The use of manned deepsea submersible vehicles
is becoming more widely accepted as depth and payload
capabilities increase, but the state~of-the-art is
still not sufficiently advanced for their use as an
economic exploration tocl. Towed, unmanned platforms
are an intregal part of any deepsea explcration
prugram for manganese nodule deposits, and they
carry such instruments at T.V., stereo cameras,
bottom samplers and acoustic probes., However, they
lack the capability of high speed towing and, for
the most part, are in a somewhat primitive stage of
development. Unmanned and untethered submersibles
controlled by acoustic telemetry are alsc in the
development stage but, as yet, unpertected.

In regard to development of submerged platforms,
we believe that engineers at Scripps Institute of
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Qceanography, Woods Hole Oceanographic Institute and
the University of Hawaii could make significant
advances in closing the gap between what is available
and what ig needed, There is also a role for indus-
try, and cooperative ventures between these academic
institutions and such firms as Westinghouse, for
example, would greatly enhance early succesaful de-
velopment.

Bottom Platforms

Platforms in contact with the bottom are
suitable for many purposes, particularly when sea
motion 13 to be avoided or a large machine base is
required. They include the many types of drilling
platforms, artificial islands and a number of
bottom crawlers being constructed for the develop-
ment of marine resources.

The choice of platform is made only after
consideration of the following factors:

Majcer function
Operaticnal envircnment
Ancillary functions
Magnitude of effort
Mobility

Cost

Design Considerations

The design of marine platforms is a very
specialized subject, ané consideration of different
factors is required for fleoating platforms and for
platforms in contact with the bhottom., {Airborne
platiorms are not considered here.}

Four steps are inveolved in the design of
floating platforms:

1. Specification of requirements kased on the
analysis of the task to be performed and
the geographic limits of the platform
operations, In tasks requiring contact with
the bottom such as drilling or dredging, it
will be necessary to specify the maximum
water depths and maximum penetration depths
required as well as anticipated subbottom
characteristics.

Preliminary design should allew for the
problems of internal forces, motion and
working environment that must be donsidered
in the selection of the type of platform.
The effect of wind, waves, current, drag
and inertia are all significant with
regard to anchoring and platform motion,
Suppression of motion is of extreme impor-
tance in most operations. Othor environ-
mental factors which must be considered
are blological fouling and corresion.
Special equipment for the cperaticns must
be specified at this time and limiting
factors disclosed. The propulsion power
required, allocation of space, platform
weight and checks of stability, strength
and free board are alsce needed during
preliminary design and the principal con-
figurations and dimensions optimized.

3., Contract design involwves the preparation of
drawings and specifications ¢f the platform
which are sufficiently detailed to be used
as a basis for preparing or soliciting bids
for fabrication,

4. Detailed design and construction is
generally carried out by the builder's yard
and includes the preparation of working
drawings, constructicon and launching. There
is no treatise eon mining dredges, but the
reader 15 referred to the many references
(62%2.12) dealing with the ship design, many
of which are directly related to mining
vassel design.



Platforms in contact with the bottom do not as
yet constitute a major requirement in marine mining
plat design, but they are used in the extraction of
sulfur offshore by the Frasch process (Lee et al.,
1960) and in the development of underground mines
from artificial islands cffshore (Beki, 1970), Crawl-
ers have a potential use in the exploration phase,
and they should be so considered.

In addition to the environmental considerations
discussions for floating platforms, the design of
fived offshore structures should provide for extran-—
eous loads due to earthquakes and for reduction in
structural integrity due to fatigue and corrosions.
Design factors for the deepsea are virtually
unknown — a significant gap.

Acguisition of Platforms

Although construction of new platforms to suit
each particular task is techniéally desirable, con-
version of existing platforms will probably be
necessary. The charter of wvessels for ocean opera-
tions is a transaction that regquires specialized
knowledge to ensure that the mining company obtains
a vesgsel suited to its needs. To protect themselves,
companies should always use the services of a com-
petent admiralty attorney before making any commit-
ment. We suspect that even in the law there are gaps
that must be closed.

Conversion of sea-going vessels to exploration
or mining platforms has been done in only a few
cases. Thus, the trade-offs of conversion cr new
construction should be considered very carefully in
a production operation where the additional stresses
of mining are added to those of seakeeping.

Divers are used as an adjunct to marine mining
operations in all three basic modes: to observe and
measure, manipulate tools and equipment and transport
people and things.

However, for deepsea work their use is limited
to maintenance and support of equipment on and near
the sea surface. We do neot detect any important gap
in this effort.

Costs

The costs of operation of platforms at sea vary
widely. Tables are useful as indications of ownership
cost, and Takles 24, 25 and 26 give an estimate of

the cost range for large tonnage sea-going transports.

As with most structures, the greater the size, the
lower the wunit cost. In order to advise would-be min-
ing groups in terms of real costs, we would recommend
that only a team of economists, accountants and
mining engineers could make reasconable estimates of
total costs.

Power

Power sources for use in deepsea operations are
subject to many of the same limitations applying to
remote sites on land. Selection of the optimum power
source wust be weighed against the following factors.

1. Amount of power required, including peak
power and sustained load.

2, Availability of suitable generating equip-
ment.
3. Cost.

Power sources for marine use are many and
varied and are constantly being improved, Most
existing wmining operaticns ovffshore use conventional
power sources such as portable diesel electric gen-
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erators, and there is a trend to the use of gas
turbine generators in the offshore oil industry.
These should be considered in any similar mining ven-
ture.

A serious limitation asscciated with the trans-
missicon of electric power at great ocean depths is
the difficulty of providing watertight cable connec-
tors, The trade-offs bhetween high voltage AC and
high woltage DC should be considered also with
regard to transmission loss. The use of nuclear
energy has been considered for future marine opoera-
tions, and the utilization ¢f energy from the ocean
itself should be considered. For submerged instru-
mentation and measurement, many small portable power
sources are available and reliable, and continuous
supply of power aboard floating platforms is avail-
able using conventional sources.

Figure 14 shows approximate costs of marine
systems in 1%65. Small powsr sources such as
batteries, fuel cells or certain isotopes can
operate successfully in the submerged mode. Fuel
cells and batteries generally cannot operate for
more than a few weeks without recharging or refuel-
ing. Systems with large energy reguirements may
require & nuclear reactor power source. They allow
long-term cperation at any depth, assuming pressure
containers can withstand the depth.
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Navigation and Survey
{1972)

(largely after Barnes,

ments

Techniques for precise pesitioning a ship at
sea are crucial to exploration and recovery, Deter-
mining the position of a vessel at sea can be
accomplished in a variety of ways, the choice of
which will depend on the scope of the operation,
accuracy required, system mobility, distance from
shore, cost and whether it meets the engineering
requirements of the task.

The methods of pesition determination can be
broadly categorized as: dead-reckoning, bottom
gounding, satellite, accustic Doppler, inertiail
guidance, automatic star and sun-moon trackers, ‘
visual onshore objects, astronomical and electronic.
The older methods of positicning by dead-reckoning
and simple use of contoured bathymetry charts in
conjunction with echo scunders give, at best, only



TABLE 24
CAPITAL AND OPERATING COSTS FOR SOME WORK PLATFORMS AT SEA {(COMPILED BY AUTHOR}

INDUSTRIAL RESEARCH HYPOTHETICAL WORKBOATS ACADEMIC RE- SUBMERSIBLES

SHIPS AND WORKBOATS SEARCH SHLPS {WESTINGHOUSE )
Platform Detafls Less than 200 ft.; 75 ft, 125 ft. 175 ft. 750-800 T

Less than 3,000 T 10 knots 11 knots 12 knots Gross

displacement
Accom, Crew 6 8 12 18-20
Technical Staff L] ] 16 10-14
Capital Costs § 300,000 400,000 850,000 200,000 to 3,000,000
1,000,000
{Acquisition or
conversion)
Operating Costs ] 1968 1968 1968
Amorttzatfon 25% Cap 12,000 16,000 34,000 * 50,000
Insurance 2,500 3,000 5,000 24,000 §,000
Capital [tems 3% Cap 1,600 2,000 3,000 43,000 10,000
[nsurance 3-4%
Maintenance 6-7% 0.01% Cap/day 5,000 6,700 $,000 84,000 21,000
Crew $50-75/man/day 19,000 24,000 42,000 212,000 40,000
Food $5/man/day 3,000 4,200 8,000 29,000
Fuel $0.15/Hp/day 4,500 5,000 7,500 25,000 2,000
Other 1% Cap 0.02% Cap/day 3,000 5,000 10,000 29,000 10,000
Management/Prof, 10% Cap 49,000 28,000
Total 50,500 65,900 118,500 495,000 160,000

Day cost 1,000 1,300 2,450 1,575 8,000
Remarks Gperating cost esti- Working 1,000 miles from homeport, 45 operating Monthly cost,

mates detailed above 50% working, 50% moving, 60 days days, 7 ships 15.20 dives,

are for pwnership. total. 40-60% usage.

AVERAGE COSTS OF OWNING AND MAINTAINING MARINE EQUIPMENT IN THE U.S.

TABLE 25

{ASSOCIATEL GENERAL CONTRACTORS OF AMERICA, INC., (1868).

*nat 1ncluded

AVERAGEEgggﬂﬁLOEXPENSE APPLICATION OF
.G.C. SCHEDULE TO
CAPTTAL INVESTMENT AVERAGE | ExpENsE | A-SCc SCHEDULE
WITHOUT FIELD REPAIRS USE PER
COASTWISE CRAFT MONTHS HEEK%NG £
Over - PER NTH Xpense
Interest Total P
Depre- h;:!;:g Taxes Owner- YEAR PERCENT Value HorE:ng
clation Repg1rs Storage Ship Bollars Month
Painting Insurance Expense Dollars
Derrick Boat 10 8 16 34 8 4.3
Dredge, Clamshel? 8 6 16 kly; 8 3.8
Dredge, Dipper 12 16 16 44 8 5.5
Dredge, Hydraulic 10 7 16 i3 9 3.7
Drill Boat 8 1 16 35 10 3.5 (F111 in your
Lighter 10 8 16 34 10 3.4 own values}
Mixer Boat 13 16 16 44 8 5.5
Pile Driver 12 8 16 36 8 4.5
Scow 8 6 16 30 10 3.0
Scaw, Dump 12 1 16 39 8 4.9
Tug 10 13 16 k] 10 3.9
Note: Column Three s a summation of the following: Interest 5%, Taxes 1.5%, Storage and Incidentals 4.5%,

Insurance 5%.
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an approximate jocation. Positioning with advanced
instrumentation such as used in satellite radic
telemetry, acoustic Doppler, inertial guidance and
tracking systems reguire large initial expenses and
may be ecopomically impractical. Visual positiening
employing transit and sextant instruments to calcu-
late distances by triangulation and three-point fix
onshore markers has long bheen adequate although
limited to near shore. Such could be used near
islands. Astronomic positioning by fixing to celes-—
tial pbodies has been used to locate offshore instal-
lations beyond the limit of visibility of shore
stations or reliable electronic contrel. Astronomic
pesiticning is a time-honored system of navigation,
put it 1s gradually giving way to more advanced
instrumentaticn as experimental electronic systems
become more operational and less expensive.

Electronic Systems

Presunt operaticnal electronic methods of
position determination are developed to the point
where they are practical, economical and, in fact,
essential to deepsea research and survey work. The
advantages of greater efficiency and aecuracy at
reasonable cost are increasing the adoption of elec-
tronic methods of navigation and positioning for
many mining survey projects.

~ Therc are at least 50 systems for electronic
position determination. These range from world-wide
coverage utilizing a network of shore stations, to
local systems with but two portable shore stations;
and, in cost, from millions of dollars to a few
thousands of dollars; and, in accuracy, from a
general location (with a few nautical miles) to
accurate Jocatiens (within a few meters).

Table 27 tabulates the electronic methods avail-
able by system, equipment specifications, capability
and cost and gives information regarding the types
of equipment available and the selection of the
system suited to varicus marine navigation and survey
operations.

Deepsea Navigation

The accuracy of navigation reguired becomes
greater as exploration and delineaticn become more
ref}ned: in broad exploration programs, satellite
navigation or even dead-reckoning and star sights may

ke utilized to a§van;age, but once deposit delineation
or characterization is required then accurate position

fixing within meters or less is mandatory. This can
only be accomplished by reference to a fixed point or
peints on the bottom, and, as yet, the technique of
accurate survey as on land has not seen perfected for
the deepsea on a non-military basis.

Short range systems such as radar, visual fixing
or Rayd15§ may be used between vess:ls for establish-
ing relative poeitiong among cperations enploying a
number of platforms.

. There is also a need to provide accurate naviga-
tion fo; conservation measures. To mine in a patchy
manner is neither good conservation nor good business
practice.

TABLE 26
CONSTRUCTION DATA FOR BULK TRANSPORT CARGC VESSELS
(MADDEN, 1970}
DEADWEIGHT TONS 200,000 20,000
CONSTRUCTION ($/DWT} $ 70 $ 220
HORSEPOWER 300,000 9,000
TONS,/HORSEPOWER 6.7 2.2
| HORSEPOWER/TONS .15 .45
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Ravigation of Undersea Platforms

while using basically the standard methods of
electronic positioning for surfacc movements, sub-
mersible platforms require altogether diffarent
navigational aids for positioning on the bottom,
These generally celate the position of the sub-
merged platform to the surface support platform or
to some local grid. Existing systems depend onh
support ship tracking systems, dead-reckoning or the
use of local bottom markers. Many factors must be
considered to decermine the best system for any
particular job. Platfeorm specifications such as
power, payload, dimensions, environment character-
isties such az depth, bottom features, quality of
the water and availability of systems must all be
considered before sclection. Some of the systems are
illustrated in Figure 15. Obviously, considerable
research remains to be done in order to provide
accurate but reasonably inexpensive navigation Sys-
tems for nodule mining,

Seafloor Survey

Mapping the seafloor is obviously wuch more
difficult than mapping cn land. Visibility 1s
limited, and bench marks must be set under watcr 1!
they arc reguirad,

There ave bhasically two kinds of base maps —
gr charts — nceded for marine mincrals operations
depending on the nature of the operation: its
whereabouts and whether the user is conducting an
exploration-type operation or engaged in the
exploitation of a deposit., Geodetic control at the
sga surface is attainanle to varying degrees of
accuracy using eacctronic positioning systems dis-
cussed previously, but costablishing a marine
gevdetic control point cn the secafloor, however,
reguires applizatiun of new methods not previously
encountered on land., Experiments conducted by
Mourad {197¢) indicate " . ., . the feasibility of
man ultimately being able to establish geodetic
reference points at sea to an accuracy comparable
to that achievable on land . . . " Perhaps then, 1t
is invumbent on an international body to establish
and mainkain seafloor bench marks.

In marine mineral exploratien, the primary base
map is a bathymetric chart; this is true regardless
of area and water depth. Tdeally, a scale of at
least 1:24,000 and preferably larger is required.
Available bathymetric charts may be dated, and
very few reflect the scale required unless they werc
made in shallow waters of bays ur estuaries. Charts
made prior to World War II, when modern clectronic
posizimning systems were nonexistent, generally
lack sufficient accuracy for mining control. Con-
version of scale by photo enlargement to requirced
size will yield, at best, the general or averaqo
relief of bottom topography even if accuracy of
position is assured. In most cases, the miner will
need to re-survey the area and produce his own
version designed on close grid profiles. Normally,
bathymetric control lines along the Continental Shelf
are spaced on five-mile intervals. In the slope and
decpsca regions, line spacing may be, at most, 10
miles. Considering the possibility that a mineral
deposit may not exceed 30 to 40 square miles in
area, it is highly impreobable that line densities
of these magnitudes will suffice for detail delipe-
ation and characterization of a deposit. The target
arza should be defined by a barhymetric survey on a
grid consisting of not more than 1/4 mile line
spacing at a resolution of at least onc percent of
the water depth from 50 to 600 ft, with increascd
tolerance for yreater depths. Control of this
tolerance can be greatly enhanced by the use of
submersibles. The wvalue of tight grid high resolu-
tion surveying for bathymetry is emphasized by the
interpretation of the morphology depicted in the
cemtoured data. High yield concentrations of
minerals {i.e., phosphorite, manganese, heavy metals)
are in many cases controlled by tectonics and geo-



ELECTRONIC POSITIONING SYSTEMS

TABLE 27

NAME RANGE ACCURACY
Satellite Systems 155
MX-702 h.p. 155.0 ft
Update Geo Navigator Global 200.0 ft
4007 AB 0.1 nm
Hyperbolic Systems
{Long Range)
g:ega 1 GTobal h stati
ega- obal: each station .
Omega RO10 &RCY1Y covers 5,000 miles 1-2.0 om abs.
Omega OR-100A
Loran-A 700 nm {day)
1,400 nm {night) 2.0 nm
Loran-C 1,200 nm 250-1,500.0 ft

Hyperbolic Systems
{Medium Range)}

Decca Navigator 250 nm 0.25-2.0 nm

Lorac-A 200 nm 15-400.0 ft

Lorac-B 200 nm 15-400.0 ft

Decca Survey 200 nm 25-300.0 ft

Hi-Fix (2 range or 3.7 ft Ehyp.)

hyperbolic) 25-200 nm 2.5 ft £2-range)

Rana F & G 50-76 nm 30-75.0 ft

Toron 400 nm 3-100.0 ft
Azimuthal

Consol 700 nm +6.0 nh
Sextent

Various 1-2 miles
Radar Ranging (Example)

Model 436 420,000 ft +5.0 ft
Ranging Systems

LAMDA 150-400 nm 15-40.0 ft {day)

Hydrodist 25 nm 5-100.0 ft

Shoran 12-40 nm 30-50.0 ft

EPI 12-400 nm 135-1,500.0 ft

Raydist DR-S 250 nm (day)

150 nm (night)} “few meters"
Autotape DM-40 62 miles 50 cm + 1
100,000 x range
Acoustic Systems
1-600 ft depth 0.2%-400 ft

MRQ-2015A Doppler Sonar

APRS

Deep Water Fixing &
Command Retrieval

Underwater Location
Equipment

TiP

Acoustic Position
Measurement {APMS)
Navtruk 435

to 3.000 ft depth
20,000 ft depth

to 1,200 ft depth
to 20,000 ft depth

80-20,000 ft depth
600 ft depth

0.5% 400-600 ft
distance travelled
0.5-1% depth

+50 ft radius from beacon

5-1% depth

0.2
0.5% distance

il4




3+

SEAFLOOR

SURFACE

x ?P RECEIVER

"z,
BAFFLED 6““
HYDROPHONES

-

: TRANSPONDER
TIMED PINGER ..——-_._}& 16 kHz

RANGE/BEARING TRACKING SYSTE

360° swivel
gdometer cabis

fy -

UNIGATOR

LAND TRANSMITTING
I =

ISLAVE STATIONS|
HN_T‘__E;;ROPHONES
R,
|PROVECTOR, &<+
] 5 e
e 9.] o
T s
.= SUB-MOUNTED
o ® TRANSPONDE
© 5
L o
> &
& = REFERENCE TRANSPONDER
& (ALTERNATE TO PRECISE SUR-

FACING POSITIONING SYSTEM)

DOPPLER NAVIGATION SYSTEM

RANGE 3 6 kHz

fransmitter /clock =
beacon

SEAFLOOR

s et

RECEIVER/MASTER CL OCK(L\/U

ALTITUDE

INDICATOR

SYNCRONIZED PINGER SYSTEM

TRANSCEIVER
e

ALTITUDE =
INDICATOR 9,\

TRANSPONDER

NAVIGATION

{IN PART AFTER SPIESS ET AL.1966)

Figure 15:

315

Submersible platform navigation systems (after U.S. Naval Oceanographic office, 1970)



logic features reflected in the surface relief
{Barmes, 1970).

Once the mine site location has been determined
and mine survey control is required for exploitation,
a new approach to seafloor geodetic control is re-
quired. The Pacific experiment conducted by Mourad
"1370) is o good example of present thinking on the
approach. Three acoustic transponders were planted
in about 6,200 ft of water, as illustrated in Figure
16. Each transponder cperated at a different fre-
quency using both battery and nuclear power sources

[}
o W]
l¢v£T?

H'D

Son Mecolas
fxlond

Acguihe tanspandery
Electonicy
Power source

Pigurc 16: Pacific geodetic control point

te supply energy. An equillateral triangle formed

the bottom geometry from which the coordinates of a
control point were determined., Four techniques were
used to ascertain the coordinates: LORAC airborne
line-cressing, satellite, ship inertial and acoustic.
The shore-based stations served as the trilateration
aetwork from which a land geodetic reference was
taken. By positioning a ship directly above the sub-
merged signalling devices, it was possible to use
the four technigues to locate the points precisely
and establish a marine control point from which sub-
merged mapping exercises could be referenced. The
standard point error in ship gecdetic position was
determined to be between {50 to +60 ft, To give some
ldea of how electronic systems have increased the
accuracy of measurement, Mourad notes that the fipal
adjusted coordinates of the control point improved
by about 1,600 to 2,000 ft from the original pogition
determined durinrg the installation of the underwater
transponders. This is significant in that it implies
that location of equipment or markers on the seaflopor
by other than properly related geodetic measurements
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will not stand the test of property (mining leases)
surveys as to right of ownership.

Submerged Mapping

As water depth increases, Lathymetric mapping
problems increase proportionately. Echo sounding
methods encounter problems in transmission velocity
variations due to density changes {i.c., scattering
layer). True depth dimensions in the abyssal regions
of the orean become distorted accordingly. The advent
of deep diving research submersibles land added
capability tc the marine miner in that he can com-
pensate for these variations that change the detail
resolution that can be attained in shallower water.

The submersible equipped with sonar, capable of
scanning athwartship segments right and left from
the fore and a2ft axis, can obtain the high resolution
bathymetric data required. The elements invelved in
the survey were:

1. A surface ship fitted with an acoustic ship
position measurement system.

A shore-based range system to permit the
surface ship's position to be accurately
known with respect to the shore.

A submersible fitted with a precision sonar
capable of scanning athwartship segment
right and left 30° from the submersible's
fore and aft axis and a pinger.

A pinger, compatible with the acoustic
position measurement system, placed on the
bottom in the survey area.

The ship's position is monitored continucusly
and the input ranges from the shoreline stations
recorded. Thus, the position of the submersible
relative to the ship is also monitored continucusly
and the input time differences recorded continuousliy,
Actual survey data are calculated on the submer-
sible's position with reference to an cxpendable
bottom pinger whose positlion relative to the ship is
established by repetitive measurements employing the
electronic positioning system and the acoustic ship
measurement system. {Estimated 1° circular probable
error after cne hcour measurement <20 ft.)

Using the system described above, the sub-
mersibla's positicn essentially is known continuous-
ly and is plotted every two minutes during each run
(approximately every 300 ft along its track). The
depth from the bottom to the submersible is sampled
every 4.8 sec i~15 ft} and the submersible’s depth
recorded continuously. Thus, it is possible to make
a first-order plot after cach dive to check the data
and plan further dives., The submersible transverses
the mine site about 430 ft above the bottom at a
speed of about 1.5 knots on a series of straight
headings, directed from the surface by underwater
telephone,

The surface ship holds to immediately above the
fixed bhottom pinger to minimize acoustic ship posi-
tion measurement errors. The submersible's actual
position is measured and plotted relative to that
pinger. The single ping accuracy of the submersible's
measured peosition is within 20 ft relative to the
pinger and 10 ft relative to the onshore stations.

The submersible's scnar sweeps back and forth
30° either side of the vertical line from the sonar
to the bottom and thus describes a zig-zag path on
the bottom about 500 ft wide and spaced about 15 ft
between parallel sweeps (Figure 17).

The
over the
ft sweep
about 10
assuming

rFath coverage of the bottom is 100 percent
width of about 500 ft as compared to a 63
width for a 6° beam towed depth sounder or
ft for a 1° beam width unit (in both cases
the towed fish is towed 600 ft above the
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Figure 17: Submerged mapping technigque

1. Technique was developed by the Delco Electronics (formerly Ac Electronics Defense Research Labor-
atories) General Motors Corporation, using their research submersihle the Deep Ocean Work Boat (DOWB).
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bottom),

The major advantage of submersible application
te bottom surveying is that, with a lane spacing of
500 ft, large arcas and prominent bottom features
impcrtant in submerged mining operations can be ob-
served that otherwise are not noticed using surface
echo sounding technigues,

Inderbitzen and Simpson (1970) conducted a field
reconnaissance on an area about 15 miles west of Del
Mar, California. Surveys were made of bottom sediment
and bathymetry using the Lockheed Missiles and Space
Company deepsca submersible DEEPQUEST. They reported
locating several deeply entrenched submarine gullies.
Figures 18 and 19 provide a contrast of bathymetric
data made using the submersible with data taken by a
surface vessel a few years earlier.

Bathymetric data shown on Figure 19 are exam-
ples of the excellent resolution obtainable from a
submersible. The submersible made it possible to ob-
tain such detail and also provided an coportunity
for direct observation of the bottom topography. It
is doubtful the core drill sites could have been
selected and drilled in geologically important areas
aionq the sloping terrain using a surface platform
alone,

used by Inderbitzen and
technigue described by

The mapping technique
simpsen was similar to the
Momsen (1969) and employed in sea operations using
the Delco Electronics Deep Ocean Work Boat (DOWB).
The Lockheed technique employs cither a single or
multiple number of transponders moored at selected
points on the seafloor. Surface buoys linked to the
transponders are located by electronic precision
positioning instruments aboard the surface tender.
Thaese positions are referenced to onshore triangula-
tion sites which give the sea fixes geodetic control
of something less than third order triangulation
accuracy. Periodic fixes are taken during a dive day
to compunsate for variations of position due to drift
caused by currents, wind and wave action.

A simpler technigue has been used by the West-
inghouse deepsea submersibles (DEEP STAR 2,000 and
4,000). A transponder is mounted to the hull of the
submersible, and, while on the bottom, a high fre-
quency signal is generated by the transponder ([active
or pag¢sive modes available), At the surface a small
skiff with a receiver is sent out frem the tender.
Abcard the skiff is a receiver unit which is tuned
to the transponder frequency. The sensitivity of the
receiver 18 peaked to maximum amplitude when the
skiff is direetly over the submersible. The tender
can then use radar (range and bearing) to fix the
position of the skiff and, therefore, the bottom fix
ol the submersible. This technique has accuracies
limited to the accuracy in obtaining fixes by radar
Lut offers distinct advantages, both in cost and
time. Submerged mapping of large areas is unlimited
ag to mobility and is independent of physical ar-
rangements of bottom transponders and distance from
the seafloor triad or single transponder units.
Obvicusly surface conditions due to inclement wea-
ther are a disadvantage.

Position Control

Maintaining and relocating the position of a
vessel or platform at sea to any degree of accuracy
18 a complicated operation even under ideal con-
ditiens. Some of the factors that affect this posi-
tion maintenance are (abstracted largely from a
compilation by Jenkins, 1973):

1. Sea state (wave heights, periocds, etc,}
2. Seafloor properties (type, strength, ete.)
3. Weather (wind force, etc.)

4. Anchor (type, size, holding power, etc.)
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5. Mooring lincu {cable and chain, ete,)

6. Mooring configuration (three point, cighl
peint anchoring, ete.}

7. Vessel characteristics (size, natural
pericds, etc.)

8, Tensicns in meoring lines

9. Currents (speed, direction}

10. Electronic equipment {computer, sonar, «Lkc.)

11. Vessel propulsion system {(number of engines,

hersepower rating type, bow thrusters, etec.)

Some aof these factors are known, some astimated
and some will have to be determined with models if
the accuracy of the position is toc be maintained
within a few feet, under a variety of sea and weather
conditions.

For more detailed discussion of the different
aspects of position control at sea, the reader is
referred to the references in the bikliography.

Relocation of a position carn be achieved by
standard navigation and survey methods and by rela-
tive positioning with acoustic and/or buoy markers.

Less expensive systems are radar reflectror
bueys (Figure 20), taut-wire, single accustic beacons
and bottom topographic markers. Wind, wave and cur-—
rents cause movements of the buoys, and the accuracy
of the positien to be maintained is a function of
this movement. Generally, in shalleow water or near
islands, the buoys have less movement, and accuracy
of positioning is higher.

A taut-wire system consists ¢of an anchor, thin
wire and tiltmeter unit (Figure 21). Some marine
surveyors consider this to be the most practical,
easiest and guickest system in use.

Williams (1267) describes a single acoustic
transponder beaccen that is accurate enough to pick
up movements of a few feet once the vessel is on
station over the beacon. This system only gives the
range to the beacon so a trial and error technique
is needed to get back on station once the ship has
moved off.

The two main methods of maintaining position
are by static anchoring and by dynamic anchoring,
but for the deepsea the latter is generally feasible.
A few of the various mporing systems are shown in
Figure 22. Comparisong between dynamic and static
anchoring with reference to recent operations are
shown in Table 28. Figure 23 shows the use of three
transponder beacons for position fixing.

Exploraticn and Tharacterization

Qver the past ten years, marine mipneral ex-
ploration programs have increased many fold and
valuable papers have been written on the tools and
technigques used. Over 70 new cr ongoing exploration
programs were reported in 1972 and included opera-
tions in three major oceans and coff the shores of
20 countries (Table 29%). Major emphasis was on tin,
titanium minerals and gold, all in near-shore, rela-
tively shallow areas. There have been selective
projects in deep water to sample manganese nodules
in the Atlantic and Pacific Oceans and metalliferous
muds in the Red Sea.

The exploration effort may be broken down into
five major categories: (1) mapping, {(2) geophysical
sensing, {3) sampling, (4) characterization and (%)
deposit evaluation. These are generally carried out
in sequence. Overall costs per square mile are
generally higher offshore than on land. Table 30
gives approximations of mineral exploration costs
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Figure 20: Use of three transponder buoys with
radar detectors for position fixing (after
Welling and Cruickshank, 19260)
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Figure 21: Taut wire system for dynamic anchor-
ing [(after Smith, 1965}
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Use of three transponder beacons
for position fixing

fafter Williams, 1567)



COMPARISON OF STATIC AND

TABLE 28

DYNAMIC ANCHORING SYSTEMS IN USE (AFTER MULLER AND MOURQT, 1970}

DESIGM
VESSEL MAME TYPE FUNCTION REQUIREMENTS SYSTEM COMPONENTS QOPERATIONAL EXPERIENCE
Reforme Center-well Gffshore Eight-anchor array
floating exploratory | 20,000 1. Danforth type
barge drilling anchors, wire cable, fair-
Jeaders, and four double
drum mooring winches.
E.¥. Tharton Self-pro- Offshore Water depth E{ght-anchor array 20,000 Array set to permit 45°
pelled driling €00 ft. Deil- | 1b. anchors, wire cable rotation §n either dir-
Catamaran 1ing depth and 8 mooring winches. ection about well center
over 20,000 to compensate for chaﬂ?es
ft. in wind direction, Al
expactations reported to
ba met during initial 7
mornths operation.
Wodeco ¥ Center-well Offshore Efght-anchor arvay, 10,000
f1oating barge | drilling 1b. amchars, wire cable.
Slue Water Column-Staki- | Offshore Elght-anchor array, 22,000
No. 2 1zed semi- drilling 1b anchors, wire cable.
submersible
Glomar Sirte | Self-pro- Offchore Efght-anchor array, 20,000 Mooring system has
pel'leg ore driiling b, Danforth type anchors, equaﬂgd {II expecta-
carrfer chain. tions. Successful oper-
conversion ation in Sea State 6.
Toto 2 Second tongue | Provide Water depth | Tnree-point meor, 6,000 1b. Instaliation required
of the gcean. permanent 5,500 ft. INT anchors, chafn and wire, services of 6 ships and
Moor anchorage intermediste ard main buoys, 3 work boats. Moar
far cruiser anodes. falled aftar 4 1/2 ser-
stzed ships vice; primary cuase of
fallure was corrosion 1n
wire ropes.
P{geon Self-pro- Conduct Water depth Four-point meor, 5,000 1b.
Ortolan pe'l_‘led rescue/ 1,000 ft, {NT anchors, chain buoys.
Catamaran satvage
ASR2./22. I operations
DYNAMIC ANCHORING
VESSEL NAME TYPE FUNCTION DESIGN REQUIREMENTS SYSTEM COMPONENTS OPERATIONAL EXPERIENCE
Glomar Conventional Exploratory | Water depth 3,000-18,000 | Two bow and two System behavior reported to
Challenger ship bull drilling as | ft. Accuracy of statfon | stern tunnef be excallent. Limiting en-
form part of NSF | keeping-radius equal to mounted side vironmental conditions:
Dee? Sea 3% water depth. thrusters and two | Approx. 30-40 kt. winds and
Drilling main screws. 2 kt. surface currents.
Project
Migssion Sonar re- Accoustical | Water depth 20,000 ft. Two salf-contained | Ship was maintaired at an
Capistrano search studfes Accuracy of statien 50 T, 1,250 hp. std. deviation of 142 ft.
ship keeping-1,000 ft, ra- Murray and Tregur- | from desired lecation in
dius with concurrent tha thruster pods. | 13,000 ft. of water with
beam winds of 25 kts. 28 kt. wind and 71 ft.
and 1 kt. surface cur- swells.
rents.
Cuss 1 Converted Experi- Water depth 20,000 ft, Four Harbormaster
Mavy YFNB mental Max. conditions undey outboard propul-
drilifag which drilling 15 to sion and steering
continye: units mounted
wind valocity 20 kis. port and sthd, at
surf, current 0.5 kts. fore and aft main
deep current 0.2 kts. deck extremfties.
R.¥. Melville Conventionzl Dceanc- Ship to remain station- Vertically Matn propulsion also fur-
R.¥. Knorr ship hull form | graphic ary over a fixed point mounted, multi- nished by cycloidal units;
AGOR 14715 research in 35 kt. winds and bladed, cycloidal | noe rudders required.
heavy seas. propellars, one
at bow and one at
stern,
Project Mohole | Column Stibi- Exploratory | Maintain station with Six rotatable pro-
1ized semi- drilling 3 kt surface current pulsion units and
submersible and simultaneous 33 kt. two main screws.

wind with 50% reserve
power for maneuvering.
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TABLE 29

MARINE MINERAL EXPLORATION ACTIVITIES (FROM CRUICKSHANK, 1972)
: LRCATION COYERAGE PURMISE OF ETPLORATION COMRARY ITATUS REPOATED
Deap Sama
Atlantic Ocean Mot spectfied Hanganese nodules Deapsea Yantores, Inc. Aetive

| OPRCITIE Ormen Area SE of Hawall VI kn § of
Lot Angeles
Gad Sen Mpprortastaly 21°NM°E
Indian Ocass hrahisn Sea
[ Approzimataly 21 *NIE
B T E— -
United Krgdom 5 Irich Sea off Melsh Coast, M
Neles and Lancashirg
i 32:?[& acTey Of f Torkshire
i Lontfrante]l Snels
| A Coast Cornwall
! W Loant Contimental Shelf
Bamedetach Extuary, A Wales
L
Grwanlamd Contingntel Shle
| w558 Rltfc San Coart
i LIRIEYYYS
:
i Mack Son, Kalewit By, Mow fyoe
! Tewvpatorid, Sy of Ayor
i Famhatha and Sakhalin [11andy
| Se4 of Dhkoteh
i Kpmchacks, Chwhotes, Kirvele
Jatands, Samnalin
Sen of Japam, Stherian Coastal
Waters
Laptey and E Liberien Sess
edan Givl? of Bathniy
Grevce Sea bwd of cosstal zome
Arica
Louth Afetca Plettanburg Bay
Continanta} Shelf, Caprbown Loy
Port Eltzabeth
Mo ewbigus 16 30* S Consta! daacher

Manganess noouley
futal M Fargun mads

Mineral exploration

Hot brine fovertige-
tiom

Sunitomo Shel] [o.

Internations} Geomarine Corp., Ocesn
Science and Enginsering, Iac.

Jociety for Fleld Reswarcn on Subyrtrets,
Grdad. Hanover

Hoodt Hole

Conplated test, 1 ton Lample obtained

Aetive

Active Lagling

Aetive

Mot spacified

Petash
Mineral ansessamt
Tin

Geologic mapping

A placers
hggregatat
Fhrom! te, rutitn
pTatimm

H.M. sendy, rutile,
Timenitw, 2irton

A1 winerals

.M. sands, Fe, Ma
L

-

Cu {Comntal?), Ttane—
maghal 1 be

Ay, H.N, 3ands

Tin

M1 typas of mineral
ory, wmciuding oil,
gas ard salt

Mitveral resourcm

Bentonite

Phosphorite
HM, sandg

Selmmograph Sve (UK}, Institute oF Geolop-
Teal Scfences, Univirsity of Wales
Yarkshire Potash Lid. (Rigeinto 2Tnc Corp.)
Tnstituts oF Geclogleal Stimnca

Adping Geophyiica? Assoc,

George Wegey and Co. for Inctitute af
Sanlagical Scimnce

Mg Tinto Zinc Corp.

XN 'nw (VD). Yan Mattumen, Plankevgort
W (hol tame)

Maring Rezource Comsu!tants, Iac.

UiSk Fedaral Ramearch [nacitute for Mar-
1ng Geology

All-Unlon SCIRMEITIC Nesaarch Inatitute
for Ocaen Geology and Geophysict
Marine Cooloqy Lab, Moscow Unfwartity
13

L3

~

.3
nx

Boliden M.
Bl lenic Govarmmant

Mhoaphaty Developsent Corp. Lid [FOSKDR)
md Univarsity of Capstown

Winaraly o Marracvena, Seotacnics 4 Miney
Low, Minaraic Busicod e Mozmmbigua Ldd

Semples THn

Active
Flanning parmission spplied for
In process

Aetive
Active 5 Jear progrey

Exploration permit granted
4 month program sctirated
Patovery report

hetive

Under developmant
Discovery report, commercis] grade
Operating

Clscovery raport (0 62' water
DIscovary raport N

Sole rights to sapleit sppline for

Being undartiken

B acorary raportad in 80" water
Active vamling

3 establ ished concatsiony

Flans annousced for mobiTs Nub base

Asip, Far Dnat
Japan

Indis

Aatuysta

Thal tand

Japan Continenta] Shelf

Charars in
Kar

Quitan Muatrict of
+ buacher

Lucoadive Intands

Malpccs, five mile abtratch of
coatt

{. Parliy az‘hdlh

Il Parak atmgor, Pinany
[11, Walicce, Jowers, Megri
Samb 1en

Walayria ¥ Count, bartwesn ll.!-

ton and Pulan Tiomn, 6,000 =
Hribere XS

.

..

W Coast

Andasan Saa, W Coast Phukat
N Coast, Ko Manmgan

¥ Const, Ranong

Unduruster mingrat
WPyl

Mingrat redourcen
Monazite

Fhosphorite
Cale syndy

Sn

Sn. sand, gravel
Mirers) resources
Tin
Tin
Tin
Tin
Fim

Tin

Hitachi Shipbullding amd Engirwaring a.,
Mitawhiph! Mepry Indatry Ltd, Miamishl
Elsctrtc Co. . Mamwura Takketha Ca.

Ocesnaarsohic Science snd Taghnoloey Council
A Caleutta company 1n collaboration with

Amricen, Canadien, Japanase Franch
Intarests

Geological purvay of Ingla

Geological survty of Indin

Macer Lid, {Connde} Sharikat Lowbungen
da! Perusaman Meluyw {Welapaia)

1. Ceaan Mining [US)
Il. Comz'nc Ria Tints
I, Mlifton

Royal Malapetan Ravy, Univeriity of Malay-
win, Tmparial Collsge (London)

UE maen) Dcraographic Office (ECAFE)
Eastern Mining Lo, (US-That}
Commtain (Fr}

Tronch Mipgt

L

SO0 mw Lo,

Slawtia Tin Syndicate
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Necommanded cragh progrem
11 shartly undertake wxploftation

Wl thortly endertake wiploitation
Fralini My Sefvey FECOE
Survey comirted 16 = 10 reported

Diac. of rich dep. sancunced. Cost: SMA0N
Mork copsed pemding decisien o righty

Confirmmd provios declartion of feter-
"t by Covarnaant ta samrd Tapme righis
14 day wurvey complatsd

Pratind ey Surwiy cogleted

Concession zecured

Mgfen o1 1ny

Actfva drelltng

Rich o scowery report

Exploration propram bagan

Dritling setiva




TABLE 29 {con't}

Cansdian Dupartiagnt of [nerdy, Mira1 ang
Reraurces

Industrisl Dpvelopesnt Adeindstration, P.R.
U5 Gealogical Survey

Worth Mmerican Resourcer Corp.
Sund1a Metala Corp.

Panama Iron Sand Developwant Corp,

1 yasr program [Hudion 701 beqimming 11769

Being underiphan

Concension rights obisired
hctive

Complated 2.5 5 10% T ruported

King Rarcurces Lorp

Woods Hole Oceanological Tnstitute, US Gea-
Togfcal Survay

University of Mew Hampthire Raythaon Co,
Michigan Twowological University

karr Ncles Corp,, Geargls Dypirtment of
Mtrws, Mining and Gealogy

alifornta Diviston of Wines ard Geology

Shall 017 Co., mmricen Smelting, Mining
ardl Rafining (o,

US Eeological Survey, US Loast Guard

U5 Geologicel Survey, Coast and Geodetic
Survey, Univeraity of dathington

U5 Geological Survey, US Coest Guard

Apcg Corp., et 011 Corp.
-3
tastitute of Gaophysics, Univertity of Mim.

B —-”'-.;n-;" c
Laneca Camadiun Continental Shelf Hineral retources
Cantral Smprica
et = L T T
Panam ::L-lnlln Coast, Bay ¢f Mon- autile, o, g
Kivars W
Rabos District Sagretity (623 Fe)
e SR
R frna Long Tsland 4n Cakce Bay nE
Sew g land Long Tuland snd N Jerssy Con-
tingats] Shalr Sand and grave!
Mapm Hpmpihire Cantinental Shatf Winerd] resourtes
mighigan Graen Byy, Lake Michigan Mn
Touislane V65,000 acren affshore Phosphats
Cal'forniy S 5en Franeince Bay Oytter shalle
Alaskn Offahore 5 m ¥ of dome 27,000
“©wre hy
Gondouwry. Bay Pt
Eattarn Bering Sea Au, Peavy winerals
Chukchi Saa Mineral resources
. fondnaws by, 20,000 acren off-
' shor Pt
: 5¢ M W Frudhos by Flpcer Ao oand PL
Ll e b e ol NS ey
' South Mwarice
5 Urv iy Aguat Dutcat, beach, 200 km N Limanite, rutile, mon-

of Moatevido azite

Mminditration Kacional du [ombustibles,
Alcoho] ¥ Portlamd (ANCAP}

Estahlishing bass

Report
MTIve urvey, 590,000 SN Grant
Semples retripved, 5 1T

Least sale of 118 tracts scheduled 5769

Atdve fovwitigation

Oril16ng from the foa, wintar 1968
Actlve, sumer 1969

Ative, summer 1963

Active, suswer 1569

tHsc, raport from 7 of 50 holes.  Resume 70
Planning tnvestiqutions

Cowleted 1568

Formstfon of national/forudgn companins
mutharized for develomment

larty of Facific

| Eastern Pacific

; Indones'a

Pacific 1elands

i)

R Gutres

St I tind mrdas NS Tin, hu, chromite, Fe

Baachas i Malaysia, Kores, Tat-

Tatwan Failippires KW cands
Seleched sresy offakore, M-

tung amd Bangha Tn

Rtau and W finghep offihore Tin
Offshore betwean M1 11ton and

Strghep and of? coait of W Kal-

teantan (Karimata} Tin

Orfshers arwas of Contral ang
5 Iymatra, Kalmntan and Sula-
was! besvy nineraly

Offshore Bangua and B1111ton Tin
3 mijog archipalagoes in 2 wife
Tan w™ of acesn Resource mapping

Selcind arens Miraral survey

O fahare ¥1t1 Levu and ¥arus

Ly Ay g pthgr

DeVtas and eﬂ,ho‘l‘! Cult of

Mprine Resourte Consvitants, lnc.
Private conaultant, ECAFE

Oceanological Science and Evginearing, Inc.
US), Mmprads Patroleum Corp. (US), fath-
won Investoenty {Aust. ) UK, D711 fngham
.?;').““ Lorp. (US), Slgnal OIT end Caa Co.

Mo Tinto Hnc Corp. (UK}, Bethiehem Stewl
Gorp. (US)

W B1111ton, Maatschappi
Bcean Mining, fnc.

Dnitad Mations. Indonesian State Mines

U5 Cealogical Survey, Territoriel Gov's.

Wrringar Ressarch (Can)

Crawford Maring Speciglinty

Active

Active

Craft Bo, & undar 1twdy
Oraft Mo, 1 under 1tudy

Enclusive comtract to #splore snd develop

Contracts undtr discuztion

Aotive

Reported planned

B agreement with F1j1 Govarmment 1igmed

Actfve

Papua, 1,000 o Magnetite wands Jumms wailace Cuploration Party, Lbd. {Aus.]  Application subject Lo approval
el land E faast Zanks Penimute o
1 Mangitata Miyar 100 m L Latsnr Alueingm wnd Chemics! Corp. Permtt approved
: WCoast, S 1tland, 150 5 10 m,
| Terromshau Myar to watho Rivgr Ay Maring Maing Corp. Lommenced ariTTRg, BAi3aic Complriet
N Inlamd between Baverley wnd Mduras Developments Lid., for Marcons Devel-
Prios fren 1ands opments (NI} Lto.. Subaidisry of Marcom wark 1n progresi, $0 to 100 mifllon T con-
Corp. (V) cantrate wtimsted
I Goloen By sres, Wtpert, Par-
| apary inlet to Pakiwau, inclu- B0 minarale of
ding horare River, S.G& wra interHt Kafsar Mining wnd Davelomant Ltd. Applied for prospacting
Dtags Coagt L] Alpine Geophysical Apsos fates Survay in progrea
Austral e
¥ Auztralie Braches naar Rustory 4.4, sands Coavtal fitanium Farty, LEo. wiil axplore
Witian Bay, TED acrus MM, A wll B Connuitdates, Mowma Gold Miles. M
Wining Co. Te proppact
Shark Bay, 2 witlion sires FoLash andl SEhr Mapa1Tan PRtroleus Auttralla, Ltd. DedlTing commenced
Quens | snd Burdebin Bluar Lrad besches, To_prospecty Scout drilling compl ebad
Mom, to be 1,000 W y Mad M. L., Vem Ltd. 0.0 auriyd
G fahors fort MacQuarie to Hot Laser £lsctronics Farty Lio. for Planet Completed initin] program. Oriliing will
g Rutfla Metals Ltd. follou
Point Plomer and Crescent Hest 4., sands Flaret Metaly (14, Scout driliing completed
5. Quesmaland and N M5 M. M, pandy Of Fahary Maddrch and (wvs | opmant Serty Cri111ng 10 progrets. 120 1ine rulet SB com-
Ltd,, for Planet Metalc, Inc, pluted
Cope York Maninsula, coastsl Flr sands fampa! fdatad Mintng Industries Lid. 320 holes, 31 mi! y’ indicated, 13 stfy
X Gl Barriar Meel Nirerals M [ceral)} Queent land Gavermmant Invertiquting
| Tasswnts Selected offshors armas Tin Ocaan Mining AG. Fhase 11 complated; Prase $I1 {n preparation
Lo N Coantline Rutile, zfroon Fhanmt Mataly LR, IXPRL R dmetit dritied
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Ing [hunt.] Party Ltd, plind far
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i Mat specified
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TABLE 30

COMPARATIVE DATA ON ONSHORE AND OFFSHORE MINERAL EXPLORATION COSTS (AFTER LAMPIETTI, 1970)
EXPLORATION GROSS APPROX, TIME WAS CQOsT,
LOCATION COMPANY METHOD MINERALS AREA, YALUEY, COSTS 6 YEAR' TARGET  § PER
SQ. MI. U.s. $X10 U.5. $xio FOUND SQ. MI.
NF FSHORE
|
"~ Tasmanfa, Tin & other
i Australia TQEC Selsmics & drilling Tin & other 1,500 50 0.050 1 No 433
S.W.
Thatland u.c. Sefsmics & drilling Tin 500 200300 1.0 3 Yes 2,000
S.H.
Africa C.D.M. Seismics & drilling Diamonds 2,500 300 2.5 2 Yes 1,000
Red Sea deeps  WHOI & Geophysics & deep Base-metal
priv. ind. coring sulphides 50 1,000-2,000  0.750 2 7 15,000
UNSHORE
| Kidd Creek, Texas S1lver,
Ontario Gulf Geophysics & copper,
Sulphide coring zinc 25,000 3,000 2.0 5 Yes 80
Bougaim- told,
fville RTZ Geochemics Copper 3,500 50,000 NA 3+ Yes --
iSferra Leone, Sherbro
I'Ww. Africa Minerals Drilling RutiTe 2,000 2,000 NA 10 Yes --
Trailridge, Mapping, sampling,
Florida duPont drilling I1menite 600 100 NA 2 Yes -
Carlin, Newmont Mapping, drilling,
Nevada Mining trenching, sampling Gold 25 100 0.5 3 Yes 20,000
Corp.

*Refers to gross value discovered for onshore and expected target for offshore.

for some onshore and offshore programs. The cost
range of $20,000 to 3$80,000 per square mile onshore
and $15,000 to $443,000 offshore, though mostly in
shallow water, emphasizes that the great disparity of
costs between different deposits is due largely to
environmental factors. In other cases, a particular
advantage obtained offshore in all depths of water
15 the greater use that can be made of integrated
geophysical sensing systems which form a useful and
highly mobile expleoration tool. Sampling, particu-
larly of unconsolidated materials, and especially in
the deepsea, is one of the greatest problems still
to be overcome, and developments to improve the
accuracy and lower the cost are critically needed at
this time.

Sampling Systems

Evaluation of marine mineral deposits requires
complete environmental characterization which in-
volves the sampling of the superjacent waters, the
scafloor and the subbottom, Different tools and tech-
nigues are reguired for each area, and a wide variety
of cff-the-shelf equipment is available. Neverthe-
less, the sampling of mineral deposits entails tech-
nical probklems of characterization and evaluatien
which have not been solved. Specific nodule samplers
are not yet commercially available.

Superjacent Waters

Water samples may be reguired for trace alement
analysis, pollution control menitoring or character-
ization of water masses.

A particular layer in the water column may be
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sampled in buelk with a suction apparatus. A weighted
hose is lowered to the desired depth and hydraulic
pumps on board the vessel bring the water to the
surface., Discrete water sample bottles are available
with capacities of up to five gallons. A number of
these are attached to a hydrographic wire at pre-
determined intervals. The bottles are open to the
free passage of water while being lowered and are
closed sequentially by messenger weights. Usually,

a set of reversing thermometers is attached to each
bottle and furnishes information as to depth and
water temperature where the bottle was closed. S5till,
sampling procedures and interpretation of the data
are largely for physical cceanographic studies.

Seafloor

Surficial sampling of the seafloor 1s usually
carried out using drag dredges or some form of
mechanical grab. Dredges vary 1n recovery volume
from a fraction of a yard to several cubic yards and
are generally designed to be dragged along the sea-
floor while the vessel is under steam. Bulk samples
of bottom surface materials are taken during tows
lasting up to several hoeurs, and the dredqging has
an averaging effect on the samples. Large diameter
pipe may be used to collect hard rock from the walls
of steep submarine slopes or bottom. This requires
towing the dredge with a strong cable and enough
speed to break off outcropping rocks. The source of
the sample may not be certain because of the lengthy
haul required. It is essential that the dredging
system be provided with a means of measuring cable
tension and also with adeguate safety releases on
the bucket in case the safe working lead limit is
excesded.



The grab will take gross samples of the seafloor
surface, and the size is limited generally by the
capacity of the hoisting equipment. The device is
armed at the surface and lowered to the seafloor
using a winch. In deep water, the device may tumble
and require a five minute stop in lowering at a point
about 00 ft above bottom to allow for gtabilization
af the device before the final plunge to bottom,
Tripping is automatic when the bottom is reached.

The jaws are drawn shut as slack is taken during re-
trieval, unlesas spring loaded, whereby the clam cr
bucket is c¢losed automatically.

Subpottom - Fine-Grained Sediments, Un-
consolidated

Tube-type corers are used for seafloor sampling
and range from simple open tubes {(free-fall) to pis-
ton corers with liners. All operate on the concept
of an open tube caused to penetrate into the sedi-
ments and retain a sample of the material which is
then brought back to the deck.

Open-tube gravity corers consist of an open tube
with weights on top and a core catcher on the bottom.
The device is lowered onto the seafloor as fast as
the winch can safely be played out. The sample is
retained in the tube by the core catcher. Recovery
is sometimes aided by a ball valve at the top of the
tube that, when closed, seals the tube and creates a
partial vacuum i1f the sample starts to fall ogut.

Free-fall piston corers utilize a piston placed
1n the tube at the water/sediment interface., On im-
pact the tube passes down around the piston and into
the sediments. The stationary piston prevents the
compressional forces of the expelling water from act-
ing on the sediments and, by suction, prevents the
sediments, in part, from being compressed.

Subhottom - Coarse-Grained Sediments and
Rogk

interlocking grains of sand and gravel make it
necessary to apply mechanical power fer drilling or
vibrating. This may be applied as impulsive, per-
cussive, vibratory, rotary or oscillatory jet motion,
or it may invelve high pressure water or air jets or
a combinaticon of these. Depths of penetration and
water depth capabilities are limited.

Quantitative sampling of consolidated deposits
has been perfected for petrcleum expleration but, as
yet, is too costly for mineral exploration. Deposits
of high unit value materials may be sampled by core
drilling, whereas low unit value materials are
usually sampled by gravity coring and/sor sludge sam-
pling.

Sampling of manganese nodules has utilized the
three basic methods of drag dredging, coring or box
coring, the latter two more recently on a free-fall
basis {Schatz, 1971; Kauffman and Siapno, 1972). One
of the preblems of this type of sampling is the time
of trip which, at a velecity of 300 £t/min and a rise
velocity of 100 ft/min, would take 90 min in 18,000
ft of water. Bulk sampling requires the use of a
large dredge and heavy winch and, with much lower
speeds, might reguire several hours per round trip.

Visual “"sampling” is carried out by photographic
camera or T.V. These are more or less primitive and
dependent on the type of carrier to which they are
attached. In either case, ground coverage is very
low and, considering the high cost of ship time,
very expensive,

We judge from our own studies, as well as from
a review of the literature, that the sampling prob-
lem is still far from solved. We would recommend
that small tool or machine works, in cooperation
with mining engineers, could revise new sampling
toels for the nodule explorationist.
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Sampling for Mineral Evaluation

Mineral depcsit sampling invelves two stages.
Firstly, gualitative sampling to indicate the nature
and probably extent of a deposit and, secondly,
quantitative sampling for characterization and
evaluation. Accurate sampling requires sophisticated
egquipment, and, for marine work, there are few sys-
tems that are reliahle and accurate,

Qualitative sampling of marine deposits will
involve such simple devices already described as
snappers, drop corers, drag dredges, etc. Accuracy
of positioning is not so critical at this stage but,
of course, is dependent on the type of deposit beinc
sampled. Any system which will give gquantitative
samples may be used for qualitative sampling.

In the development of sampling systems for
marine depcsits, sampling eguipment should be chosen,
developed or designed for a specific set of condi-
tions, Variables such as ground type, mineral type.
depth of sample, volume of materials, depth of water
and reliability reqguired must all be considered. No
one system will suit all conditions, and it would be
optimistic to assume that onhe could be built. We
recommend that specific samplers be designed for
specific depositional conditions, including varia-
tions in nodule size and matrix sediment.

Deposit characterization sampling is also done
to determine the enginesering properties of the sea-
floor and subseafloor materials and to relate these
to geophysical survey data and subsequent mineral
evaluation and even to design of the mining system,
Fewer samples will be regquired than for evaluation,
but they must be undisturbed samples to be meaning-
ful.

Sampling costs offshore are normally much
greater than for comparable situations on land.
Tables 31 and 32 indicate costs in drilling for
characterization in each case prior to the installa-
tion of engineering works. Costs are not available
for comparable situations for manganese nodules.

Geaphysical Sensing Systems

Prospecting for mineral deposits, including
nodules, and geologic structures and describing
anvironmental characteristics may be accomplished by
geophysical surveys. Most subsurface structures and
mineral depesits can be located if detectable dif-
ferences in their physical properties exist, and
many characteristics of the environment can be
correlated with measurable physical wvariables,

The major classical methods of gegphysical
sensing involve the in situ measurement of density,
magnetism, electrical conductivity {S5.F., resistiv-
ity and I.P.)} and elasticity (proportional to the
velocity of wave propagation). Other methods involve
the measurement of hoth natural and induced radio-
activity, thermal conductivity and chemical activitwn
Although the latter are not so widely practiced in
mining exploration, their use is becoming more wide-
spread with refined technology. Not so often con-
sidered are cptical methods of sensing which include
visual observations, using submersibles, T.V., or
cameras. Although well-developed for terrestrial
monitoring from space craft, the state-of-the-art
is not so well-advanced at sea, even for pollution
monitoring.

All of the methods are applicable to the sub-
sea environment, but they have not all heen applied
in practice. For the purposes of exploration for
marine alluvial deposits, only those dependent on
elastic, magnetic and optical properties are freely
applicable with existing equipment.

Echo scunders were developed pricr to World War
II to detect enemy submarines as well as depth to the



TABLE 37
DATA ON CHARACTERIZATION SAMPLING FOR OFFSHORE ENGINEERING PURFOSES

ENGIMEERTING CORING CASE KISTORY

YEAR 1957 1962 1964
LOCATION OF OPERATION Upper New York Bay Narragansett Bay San Francisco Bay
PURPOSE OF DRILLING foundational Exploration Foundational Exploration Sofl Sampling for Barto Tube
TYPE OF GROUND Schist, Siit & Sand Si1t, Sand, Clay & Shale Bay Mud, Clay & Rock
RANGE OF WATER DEPTH (FT) 55 50-100 0-100
RANGE OF HOLE DIAMETER {IN) 14-10, 6-4 & MX-Bx 10-8-6 2-8
TOTAL FOOTAGE DRILLEC 2,000 1,500 3,200
TOTAL TIME ON SITE (DAYS) 168 85 25
AVERAGE COST ($/FT) 92.00 210.00 19.50
TOTAL COST {$) 184,000 315,000 52,400
COST PER DAY (%) 1,100 3,800 2,100
FODTAGE PER DAY 12 18 125

TABLE 32

DATA ON ESTIMATED COSTS (1964) FOR CHARACTERIZATION SAMPLING IN SAN FRANCISCO BAY (STATE OF CALIFORNIA DIVISION

OF BAY TOLL CROSSINGS)

THE BUNCANSON RAYMOND CONCRETE BEN C. GERWICK
TABULATION OF BIDS CONTRACTORS — | HARRELSON COMPANY DIVISION INC,
Unit Cost | Total Unit Cost Total Unit Cost Total
(s (%) ($) ($) (%) (%)
MOBILIZATION AND DEMOBILIZATION L.S. 8,900 L.S. 45,700 L.S. 19,700
FLOATING RIG SETUPS FOF SEDIMENT BORINGS 500 10,500 900 18,900 900 18,800
LINEAR FEET SEDIMENT BORINGS* 14 41,000 1 32,288 26 76,310
UNDISTURBED SAMPLES 8 3,576 12 5,364 20 8,940
SETUPS FOR WASH BORINGS** 126 4,625 600 22,200 230 8,510
LINEAR FEET Of WASH BORINGS 4 7,200 10 18,000 7 12,600
TOTAL 8ID 75,801 142,449 144,960

* Boring at 21 designated sites, maximum 225 feet deep,
**Wash borings totalling 1,800 ft

totalling 2,935 ft

bottom. An acoustic signal was sent out at regular accuracy reguired for mining on exploraticn.
intervals, and, if a reflector was present, a return
wave was reflected back to the receiver. The half

time between signal and echo was a measure of the
distance from the reflecting body, assuming a con-
stant velocity. This was later applied to the more
sophisticated bottom profilers. The velocity of sound
in seawater is a function of the depth and the dis-
tribution of temperature and salinity. Most acoustic
depth sounding instruments are adjusted for a constant
sounding velocity, usually 800 to B20 fathoms/sec.

In those cases where it is desirable to correct the
readings to true depth, such can be done if the dis-
tribution of temperature and salinity are known but
not without complications. Accuracy is the key to

the selection of instruments and methods, and much
money <an be saved by requiring only that level of

In the search for marine placer deposits of
heavy minerals, the subbottom profiler is probably
the most useful of all the exploration aids. It may
alsc become useful in nodule exploration., A variety
of energy sources may be employed, including elec-
tric spark, compressed air, gas explesion, acpustic
transducers and electro-mechanical (Boomer} trans-
ducers. The return signals as recorded usually show
a reccgnizable secticon of subbottom. Shallow layers
of sediment, configurations in the bedrock, faults
and other features are clearly displayed and reguire
no sophisticated approach for interpretation. The
maximum theoretical penetration is dependent on the
time interval between pulses, the wave velocity in
the subbottom and nature of the deposits. A pulse
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interval of 1/2 sec and an average velccity of 8,000
ft/sec will allow a penetration of 2,000 ft under
ideal conditions. The actual penetraticn achleved is
dependent on the wave velocity, the pulse frequency
and tha pulse enerqgy. The resolution of the recorded
data is largely dependent on the pulse frequency and
the recording system. Band filters are commonly used
to clarify the recorded signal.

Penetration and resolution are widely variable
features on most models of wave velocity profiling
systems. In general, high frequencies give high
resolution with low penetration, while low frequen-
cies give low resclution with high penetration. The
general range of frequencies is at the lcw end of the
scale and varies from 150 kc 300 cps, and the general
range of pulse encrgy is from 100 to 25,000 joules
for non-explosive energy scurces. The choice of a
system for nodule investigations will depend very
much on the requirements of the survey, but for the
location of shallow placer deposits on the Continental
Shelf the smaller low-powered models, such as the
Rayflex Sonoprobe and Huntec Hydrosonde, have been
used with considerable success. We feel that there
is a need, however, to develop a system, perhaps to
be towed at depth, exclusively for deepsea nodule
surveys. Moreover, from our review of thé available
{Ttérature and our discussions with industry engin=-
eers, we have also identified the need for early ex-
perimental development of totally new seismic survey
systems. Most surfaco-towed acoustic profilers do not
provide sufficient resclution of nodule deposits:
thus, the advanced development of deep-towed systems,
such as 15 being pursued at Scripps Institute of
Oceanography, at the University of Wisconsin and in
the industrial sector, should be cxpanded.

Geoachemical Systems

Sensing systems for the measurement of geo-
chemical variables in the deepsea are unsophisticated.
In fact, for most cases, samples are required, and
these are usually processed in a labporatory ashore
by standard analytical methods. The most promising
advance for in situ analysis on the seafloor is
neutron activation analysis which appears applicable
to the exploration for manganese nedules. The liter-
ature 1s surprisingly extensive, and some promising
starts have been made (550D.4:543.5).

Professor John Noakes and his associates at the
\miversity of Georgia have already conducted some
successful underwater tests in the shallow waters of
the Continental Shelf, and they are presently ex-
tending the intermediate depth range of their in situ
analysis system using submersibles. In regard tc
neutron activation analysis of deepsea Jdeposits,
particularly nodulies, Noakes has devised a system
whereby samples are analyzed on deck using a portable
activation source, While this technique is useful in
troad exploration surveys, close-contrel surveys
during actual mining will require in situ measure-
ment of copper, cobalt, nickel, manganese and, per-
haps, iron. Meoreover, in situ measurement of selected
trace elements (those of economic interest) may be-
come necessary as the commercial recovery of trace
clements from the nodules becomes a routine process.

In short, the need is for early development of
a reliable, in_situ neutron activation analysis sys-—
tem that can be either towed near the bottom during
exploration or attached teo the mining unit during

expleoitation.

Data Processing Systems

Shipboard processing of data is an important
aspect of develeopment in deepsea exploration. Real
time output on positions, environmental characteris-
tics and deposit characteristics would enhance the
survey or exploration operaticn immeasurably. The
trend is toward this type of system, with integrated
geophysical sensors combined with environmental sen
sors, feeding to a contrel data processing bank on
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board ship. At the present time, the cost of these
systems is still excessive.

Perhaps an alternative toc an on-board computer
would be a radio-telephene link using a portable
terminal such as that designed and marketed by Texas
Instruments Ceompany. While such a terminal may not
allow total flexibility, its use has the decided aa-
vantage of inexpensive terminal installation abecard
ship, and it can be linked to much larger computers
than would normally be found on mining ships.

While computer facilities abcard ship are high-
ly desirable, they may not be necessary in the early
stages of nodule expleoration, except, perhaps, for
vessels that use satellite navigation. However, in
the second {or mining) stage, computers will be
necessary in order to maintain guality control dur-
ing mining and any at-sea processing, to Menitor
environmental variables and to provide routine
record-keeping ahd engineering data handling.

THE TECHNOLOGIC GAPS

In order to identify the gaps in technology, 1L
is first necessary to identify the needs. These we
have presented. As previously pointed out, the ex-
ploration process is one of measurement and pro-
curement ¢f knowledge. First, the knowledge yap must
be assessed, and, from an assessment of the state-
of-the~art of data acquisition and handling, the
priorities for improving technology may then be
determined. Pricrities have been assigned according
to the assumptions listed in Table 33.
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In Table 33 the various environmental parameters
which are inveolved in the "need to know" are listed
ir the first ceolumn, and the technological systems
irvolved in the data acquisition are listed horizon-
tally. Those reguirements involving ratings of high-
est rriority are:

Microtopographic mapping
Petrology
Mineralogy

Geochemistry and geodynanics of the de-
pesits and associated seafleor

Engineering properties, :including traf-
ficability of the seafloor

Information on bottom currents and water
quality throughout the water column, par-
ticularly in a narrow seaflocr and surface
interface zone

Baseline data on marine Life throughout the
water column, particularly on bottom fauna
and the effects of mining disturbance on it

Technological Research Priorities

Using the same system of rating as for the data
requirements, the technclogic gaps appear in Table
34 as items of first priority. In this matrix, the
systems are listed in column one, and the environ-
ments of use are listed horizontally. Prime needs
are shown for the following.

Environmental Predictions

The gaps here are technigues of observation for
ecolaogical baselines and the forecasting of change
due to natural effects and to disturbances of the
natural regime. Systems of observaticon and measure-
ment have been particularly neglected at abyssal
depths and for predictive analysis will reguire care-
ful multicyclical monitoring. With the possibility
of acyclical life occurring at these depths, pre-
dictive technigues may reguire some new approaches.

Environmental predictions for weather and sea
water, although not ideal, are well under active de-
velopment, and they must be accepted at the present
state-of-the-art.

Platforms

There is a considerable need to improve the rate
of ground coverage for most exploration tasks, and,
while this is sometimes dependent on the methods of
sensing, there is a definite inability to perform
high speed traversing near the bottom due to the lack
of a suitable vehicle., Manned submersibles with speeds
of 20 knots would greatly improve capabilities. On a
less ambitious scale, further developments of exist-
ing towed platforms or unmanned submersibles con-
trolled by accustic telemetry would be most helpful.
Bottom vehicles such as RUM, designed for geo-data
collection, are also needed—again, controlled by
cable from surface ships.

Navigation and Survey

Navigational aids for tight grid exploration
contral within normal terrestrial survey limits re-
quired for characterization will have to be placed on
the seafloor., Such hardware is not yet readily avail-
able.

Sampling Systems

Deepsea guantitative sampling systems for un-
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consolidated material are inadequate for low-cost
deposit evaluation, gectechnical properties measure-
ment and ecological assessment. Sampling by bore
hole of consolidated material is possible in nost
cases but not on an economic basis. Methods of sam-
pling both shallow and deep deposits of ferromangan-
ess crusts in crustal areas beneath glacial till or
valcanic flows are urgently required if the full
spectrum of ferromanganesc deposits are to be con-
sidered.

Geophysical Sensing Systems

Television and camera systems are well-advanced
in use but by nu means perfected as a quantitative
tool in fast surveys. Further extensive research 1is
required to improve these toels, with regard to
their ground specd and data cutput mode.

Acoustic scanning utilizing the elastic proper-
ties of the earth media as in depth recorders, sub-
bettom profilers and side scanning sconar is a vital
and versatile exploration technique. Improvements in
these systems is needed, particularly in spectral
analysis leading to correlative indicator recognition
and nodule signature definition. 1t is also of ex-
treme importance to increase the range of these
technigues—again, with the objective of increasing
ground coverage and lowering costs.

Mcthods of survey utilizing induced radio-
activity have been indicated to have a valid peten-
tial for in place, quantitative, elemental analysis.
The perfection of these techniques would come near
t¢ approaching an ideal system and should be given
a high priority in future development work.

Geochemical Systems

Mest analytical work is carried ogut in lakor-
atories ashore. Improved systems for shipboard
analysis should he sought, but their lack does not
prasently constitute a serious gap. Newtron activa-
tion analysis research on in-situ seafloor analysis
should be given priority at this time.

Data Processing Systems

Intograted systems for ip-situ measurement ana
shipboard analysis of all geo-, oceanc- and eco-
loyic phenomena should be developed specifically
for ferromanganese deposit exploration. Continual
improvement of these systems would be made to the
basic system which ideally would allow for instan-
taneous display in analeg and digital form of all
parameters of depositional and environmental
characterization at a reasonably rapid traverse
speed.

DISCUSSION AND CONCLUSIONS

In the preceding pages of this report we have
coutlined the more important envirenmental and tech-
nical/operational problems facing the explorationist.
By assessing the present knowledge, the environment
of prcbable nodule sites, and the present state-of-
the-art of expleoration techneology, we have identi-
fied those gaps which must be bridged before deep-
sea nodule mining can beccme a viable industry.

While the principal cenclusicns of our investigation
have been largely discussed in the preceding chapter,
i.e., as needs to meet the exploraticn gaps, there
are several other pertinent aspects that warrant
discussion. Among these are some of the viewpoints

of industry, and our suggestion for an alternative
approach to solving technelogical problems.

During the course c¢f preparing this repurt, we
visited with several industrial firms in North
America that are rcommitted to the exploration for,
and the exploitation of, deepsea manganese nodules.
In these several conversations with both managenent
and engineering staff personnel, we were informed of
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AHE: 14 FEY
THE CPRECHNOLGUTCAL GAED T
FERROMANGANESE DEPOSITS

TABLEH 1
pEIORTTIRS I FLHLLTHE
PLORATION OF MARINE

EXx-

Priorities are allocated to each component using
fellowing numerical ratings:

[N TR
FRIVRITY 1

The highest priority. Knowledgs which should

have slready been gained or technolegy which lags

seriously behind in any part of an interdepend-
nt system ig inciluded here.

PRIORITY 2

This includes projects which are necessary for
the improvement of the total system, but for
which there are temporary substitutes.

PRIDRITY 3

Basic research of more academic interest. This
work is vital to an understanding of the natural
system and cculd return substantial dividends by
nature of its discovery potential.

FRIORITY &

Needs which are not in themselves a unigque re-
quirement of Mn nodule exploration but of which
research awareness should pe maintained. No sub-
stantial input can be made from this program.

specific reeds that industry would like to see ful-
filled, or of specific problems cutside those ildenti-
fied in our original assessments. Parhaps it 1s best
that we consider briefly and in a composite manner
soma ¢f the inpdustry problems and then discuss an
alterrative approach to segmented research projects.

Ctne of the first needs brought to our attention
was that of providing a reliable in situ sensing sys-
tem which could guickly determine the copper, nickel,
cobalt, and manganese values of the nodules in any
given survey area. The idea being that it is a
definite cnhancement of the total mining system when
only the highest grade nodules are mined. While we
do not know if there are significant variations in
the metal content over several hundred feet, such
variatiens are known to be present on a larger scale.
Thus, the mining vessel engaged in recovery could
nr fit by raizsing or lowering its collecting device
to conform with changes in metal grade on the bottom.
Such a system would also be used in the exploration
vhase, which, for large areas of the Pacifie, would
sawve many months of costly laboratory analysie time.
Interestingly, this idea was expressed by several
workers in the field who are academically oriented,
for such a tool would also provide much needed data
for large areas where, at present, only a few samples
have been collected.

A second need expressed by industry personnel is
that cof ohtaining extensive data on the chemical com-
position of nuclei of manganese nodules. Although
many noduies npon splitting are found to possess only
a small nucleus, sometimes only a sand grain, there
arc arcas where metal-rich nodules have been sampled
and found ro contain large nuclei of different rock
tvypes, shark teeth, clay lumps, and altered wvolcanic
material. Since the nodules will be mined and prob-
ably returned to a shore processing plant before
processing, it behecoves the miner to return nodules
with smal)l nuclei and, heopefully, uniform chemical
composition, The chemical processing systems now
proposed involve some rather costly acids and other
compounds, and if the nuclei are sufficiently varia-
ble in their gross composition, considerable economic
loss would be brought about through undue waste of
processing ligquors., Meoreover, knowledge of the varia-
biility of the nucleus material is important to the
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cuplurationist who must councentrate his initial cof-
feortm, at loast, on those arcas where the nueler are
mugt faverable to his particular exploration schome,
Tasiec resecarch on the progipitation of nodule mate-
rial on the nucleus is warranted, and it appears
that such rescarch could provide clues to other
nodule characteristics. While an wnitial researcn
effort is underway on this problem at the University
of Wisconsin, much more work needs to be done, par-
ticularly in consort with companies and agenc:es

who have large collections of nodules for apnalysis.
Surprisingly, there has becn very little attention
yiven to the role of the nucleus in the origin of
the nodule, and in the nucleus as a factor in ore
grade.

A third problem brought to our attention by
both industrial and academic investigators is that
of the paucity of nodule samples presently available
for basic research and for process or pilot plant
testing. At this time, academic investigators and
even some industrial research and development lab-
cratories are dependent on existing samples which
are in museums, sample repositories, and agency
cellections. Several major companies have collectea
extensively and have assembled samples from hoth the
Atlantic and Pacific nodule areas, but, for the
most part, these samples are difficult to cbtain
and any analyses must be released only with the
permission of the donor. Such proprietary restric-
tiong have placed an undue hardship on the research
community, and we suspect that this situation wili
prevail in the year ahead. It seems to us, however,
that an alternative would be to have either a
national or ar international agency cngage in ex-
tensive collecting of large bulk samples solely to
provide material for the many investigators in thas
field. Buch an effort would require the cooperation
cof the several sea-going institutions as well as
international support in the form of both funding
and logistical aid. Even one dredging ship, in one
year, could provide sufficient bulk nodule samples
tc gatisfy the international research community for
this decade. This is readily apparent when one con-
siders the rapid strides that have been made in
nodule research using only those samples obtained by
srall grabs cor from museum and repository cellec-
tions. Furthermore, oven a single ship could chtain
closely spaced samples over a large part of the cen-
tral Pacific if it werce funded for a continuocus twa
or three-year period. In short, much research is
being held back not because of personnel or lakbor-
atory limitations, but simply because there 1s an
insufficient supply of nodule samples in the common
damain.

A fourth problem is one that was mure apparcent
than gpecified. This is the problem of communication
between the many workers in the internatiocnal com-
munity of nodule investigators. Admittedly, the
commonplace system of reporting research in scholar-
ly journals should serve to communicate new data,
new concepts, and new findings throughout the world.
In practice, however, the nodule investigators must
compete with all other scientists in the race to
convey edited papers to their colleagues. Even more
important is the lack of a central information cen-
ter on manganese research, a center where all data
are available, from which new data are rapidly
digseminated ameng the profession, and where con-
tributions in foreign languages are readily avail-
able in any of several translations. One of us spoke
with an investigator in an American university who
was cngaged in a project on nodule chemistry which
was, unknown to him, already being pursued at a
forazign institution. Such duplication of effort is
ccstly and unnecessary. Morgover, we detected that
investigators in academic¢ institutions were seldom
familiar with research going on in industrial lab-
oratories. In fact, we met one investigator on the
East Coast, who was far more familiar with a fellow
scientist’'s work in New Zealand than he was with an
american industrial research and develcopment labor-



atory engaged in manganese nodule studics only a few
miles away. Ferhaps the problem of communication and
dissemination uf nodule data and information is no
different than that faced by other scientists, but
we believe that 1t is sufficiently different and
sufficiently international in scope and importance
to warrant the organization of a central information
certer. Sucha an e¢ffort, appears. to us, to be a
worthy I.C.0.E. objective.

A fifth need expressed by industry discussants
is the acquisition of pre-mining site data at the
likeliest sites for nodule exploratior and, ulti-
mately, exploitation, Tm Both the Atlantic and
Pacific Oceans. Although we identified this as an
exploration gap in our preceding assessment, it is
noteworthy that such a need was also expressed by
industry personnel. Thus, it would seem that one of
the carliest efforts under I.D.0.E. sponsorship would
be to measure the several envirommental parameters at
selected Pacific mining sites. Inasmuch as some para-
meters may be cyclic in nature, we suggest that the
initial survey bo conducted at intervals over a
twelve months’ period, and if funding permits, over
a full two-year period. It is better that an in-
dependent organization, i.e., one with no commercial
tics, make such a hase-line survey rather than place
the hurden of a pre-mining survey on any econamically
oriented group.

Clearly, the above observations are in line with
the objectives of the I.D.0.E. Irogram, and while
they might have been covered in broad iiscussion of
some of the earlier proposed research, we feel that
they deserve specific attention. The problem of de-
fining the mining environment is critiral, and the
resulting data are of immediate use to all parties
involved in manganese nodule exploration. Qur attempt
here is to place some emphasis on those problems
which both the industrial and academic/internaticnal
sectors alike are concerned with. In spite of our
rather exhaustive survey of the litera=ure and our
many discussions with others in this field, we still
believe that certain technological gaps will not
become fully apparent until actual exploration and
exploitation are initiated. Accordingly, we have
congsidered an alternative approach, and this is
described below,

The axiom which states that experience is the
best teacher suggests to us that the mast direct
approach to identifying expleration and exploitation
problems and to providing the most timely soclutions
to these problems is to go out and explere for, and
then mine, manganese nodules. We visualize that such
a preject could be conducted with the full coepera-
ticr of both national and international groups and
177 luding both the academic and industrial sectors.
Moreover, by encouraging the I1.D.0.E. Office to
sponscer and to oversee {but not manage) such a pro-
wram, the knowledge gained would be freely available
to the internaticnal community. We have, at this
time, more than adequate expertise and physical re-
sources te conduct such a test mining program and,
indeed, given early support such a program could be
implemented within the year. Time and again we have
heard from our colleagues that no one knows the full
axtent of the problems to be encountered nor the
remedial actiuns to be taken until an actual deepsea
nodule mining program is underway. We subscribe to
this idea, and we encourage the I1.D.0.E, Office to
cnnsider such an idea as a valid one for a major
rescarch and development program. Additicnally, we
would point out that such a project would bring the
efforts of many scientists and engineers, both in
this country and abroad, to bear on a common +task.
As we see the eveolution of the "International Man-
ganese Program" from a modest meeting in Harriman,
New York, in 1972, to a major collection of indivi-
dual project reports in 1973, we are struck with the
disparity of effort and the often misunderstood ob-
jectives, Perhaps the nature of scientists is such
that they do prefer to focllow their own directions,
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and for however fruitful such a philosophy may e :n
some disciplines, the study of mangancse nodules is
truly interdisciplinary and must, by necessity, hrina

to bear the combined efforts of chemists, cnalneers,
geologists, oceanographers, aul others for solving
the common problem of cxploring and exploiling decp-

sea nodules. Accordingly, woe propose that o scuond
step in the I.D.0.E. Program be to suppork a full
scale exploration and mining program, as a test, and
that it seek national and international cooperation
and input. We would alse point out that the sale aof
mined nodule ore would provide some considerable
financial return to the program which should be usod
solely to offset the expenses of the project itself.
While it is not our prerogative to specify funding
levels, nor sclect sites, nor recommend thoe co-
investigators in such a program, we do encourage the
I.D.0.E. Office to be receptive to such a proposed
program and if acceopted, to designate a managing
committee to consider the operational details at an
early date.

In concluding this report, we would simply state
that 1t is our view that we pust bridge the high
priority technologic gaps that have been identified
herein. (As these are specifically identified in the
preceding chapters, we sce 10 roason to reiterateo
them here.) Our intention throughout this study has
been to determine the technologic gaps from as care-
ful and as broadly based an inguiry as it has heen
possible within the limited budget and time of our
study. We do nut suggest that we have investigated
every technolegic gap that has been brought to our
attention, but wo do believe that the significant
problems attendant to early exploration and initial
exploration of manganese ncodules have been identified.
In that this report will be of concern to many pro-
fessionals and to some laymen in disciplines outside
of marine science, 2.9., international relations,
law, economics, and politics, we have endeavored to
provide a reasonable background coverage of both the
environment and the technology. We trust that ocur
colleagues enhgaged in nodule studies and underwater
minerals expleration, in general, will view toler-—
antly our preceding descriptive passages. We have
endeavored to aveoid any personal bias, but inasmuch
as our own views frequently matched those of our
colleagues in applied investigations, we have prob-
ably given unintentional emphasis b0 some fow
recommendations.

Finally, we would encourage the I.D.0Q.E. Offic:
and our {ellow nodule enthusiasts to consider our
propesal carefully. We firmly believe that the bost
way to identify and to salve the reual problems in
nodule exploration and exploitation is to find the
nodules and mine them. Our idea four an 1.D.O.E. -
supported exploration and exploitation project, we
believe, satisfies the spirit of the individual in-
vestiratnrs and the purpose of the National Science

Foun:i. - .-n's 1.D.0.E. Program. Accordingly, we seek
Your corcern, your ceunsel, and, we hope, your sup-
port.

BIBLI

MINiN

'RAPHY ON FERROMANGANESE NODULES AND MARINE
PS

Tt was the authors' original intent to append
an extensive biblicgraphy to this report. However,
because of its size {(approximately 500 pages) this
bibliography, covering all aspects of ccean mining
and related subjects, will be published as a separate
technical report under the present 1.D.0.E. program.

The Universal Decimal Classification [(UDC} used
throughout the biblicgraphy was originally derived
from the Dewey Classification (DC) and has been and
is still being extended for use in classifying
articles in periodicals, monegraphs, and documents
of all kinds, under the auspices of the Federation
Internationale de Documentation (FIC) which authorizes
publication of internatiocnal editions in fourteen
different languages including French, German, Spanish



and Jajianese, An it by of Lhe maon divisions 1a
qacien opde e Abrideged Englich Bdivion 8.5, 1000A:

9630 1t may L obtained from the British Standards
tnstrtution in London. The volume contains a complete

explanation of the systom,

The format of the bibliography was drawn up in
collaboration with the U.S. Bureau of Mincs, Division
@t Automatic Data Processing at Denver. It is based
on the Finder System, developed for the library
cataluguing at the Marine Minerals Technolegy Center.
‘“he bibliography is in five sectiors listing subjects,
key words, references and authors, each keved to the
UDC subject number.

All references relating tc the deepsea ferro-
manganous deposits have been collected together under
a group prefix 622*70(26) :

622 mining industry

*70 non UDC regicnalization referring to
manganese; see subdivision of 546
(inorganic chemistry)

{26) oceans

relates prefix to following subject
number

Further breakdown by subject is denoted in the
subscript, as for example: 622*70(26):546(265)

622*70{(26): marine ferromanganese mineral
industry

546 composition

1265} distribution W Pacific

The bibliography, when published, will contain
the following sections:

Section I

UDC SEQUENTIAL NUMBER LISTING. Lists subject headings
according to Universal Decimal Classification in
numbered sequence (15 pages, approximately 750
entries}.

Section II

ALPEABETICAL SUBJECT LISTING. Lists subject headings
alphabetically and refers each subject to its appro-
priate UDC number. Multiple word subject headings
are listed for each word (52 pages, approxXimately
3000 entries),

Section III

KEY WORD LISTING FOR MANGANESE NODULE LITERATURE.
Lists key words in manganese nodule literature in
bibliography and refers each key word to its appro-
priate source or sources by author, year and UDC
subject number (37 pages, approximately 2000 entries).

Secticon IV

BIBLIOGRAPHY. Lists biblicgraphic references for
2ach UDC subject number alphabetically by author
within each number sequence. References on manganese
nodules are grouped under the prefix 622%70(26)
MANGANESE NCDULES (303 pages, approximately 3000
entries).

Section ¥

AUTHOR LISTING. Lists authors first alphabetically
and then by year. Refers each entry to its appre-
priate UDC subject number and subZect (81 pages,
approximately 4300 entries).

ACKNOWLEDGEMENTS

Acknowledgoement of support and assistance in
the preparation for this report is sincerely made to
the sraff of the Marine Research Laboratory of the
University of Wisconsin at Madison, the birector and
Staff of the Marine Minerals Technology Center, En-
vironmental Research Laboratories of NOAA at Tiburon,
and to the staff of the Automatic Processing Center
of the U.S5. Bureau of Mines at Denver.

Much of the original bibliographical collection
on manganese nodules was compiled by Mr. Gale Nubred
of the University of California.

Particular thanks go to Charles Morgan, Morton
Wakeland and Laurie Mann at the Marine Research lLah-
cratory for their able assistance in drafting, col-
lation and typing.

REFERENCES

A.G.C.A. Contractors Equipment Ownership Expense,
Publ. by Assoc. Gen, Contractors Amer., 1966.

Arrhenius, G. Pelagic sediments, In M.W. Hill,
{Ed.), The Sea, Interscicnce Publishers, N.Y.,
655-727, 1983,

Arrhenius, G., J. Mero and J. Korkisch. Origin of
oceanic Manganese minerals, Science, 144,
170-173, 1964. -

Baer, L. and B.JL. Crutcher. Environmental predic-
tions, In, Marine Mining Engineering Handbook,
Soc. Min. Engin., 1n press, 1973,

Barnes, B.B. Marine phosphorite deposit deliniation
techniques tested on the Coronado Bank, Southorn
California, Offshore Tech. Conf., OTC 1259,
Houston, Texas, 36p., 1970,

Barnes, E,B. Navigation and survey, unpubl. notes
{prepared for Mining Engineering Handbook!,
1972,

Barth, T.F.W. Theoretical Pectrology, John Wiley and
Sons, N.Y., dl6p., 1962,

Battelle Memerial Institute. Environmental disturh-
ances of concern to marine mining research: a
selected annotated bibliography., U.S. Dept. of
Commerce, NOAA Tech. Mem., ERI~MMTC-3, Marine
Mineral Tech. Center, Tiburen, Calif., 1971.

Bekli, T. Short note on the goology of the Miike cual
field, Gecl. Survey Japan, 1970.

Bender, M.L. Manganese nodules, Ip R. Fairbridge,
(Ed.}, Encyclopedia of Geochemistry and Environ-
mental Sciences, Reinhold, N,Y., 18970.

Bezrukov, P. Distributien of ircon-manganese nodules
on the floor of the Indian Ocean, Oceanclogy,
1014-1019, 1962, T

Blissenback, E. Continental drift and metalliferous
sediments, Qceanology Internatl., Brighton,
England, 412-87e, 1072,

Bonatti, E. Authigenesis of marine minerals, In R.
Fairbridge, (E4.), Encyclopedia of Geochemistry
and Environmental Sciences, Reinhold, N.Y.,
1972,

Brown, B.F. Metals and corrosion, Machine Design,
165-173, Jan. 18, 1968.

Eruckshaw, J.M. The work of the channel tunnel study
group, 1958-1960, Proc. Inst. Civil Engin., 18,
149-178, 1961,




Clark, F.W,
Survey Bull.,

The data of geochemistry, U.S5. Gecl,
770, B41p., 1324,

Cohn, P.D., and J.R. Welch. Power sources, In J.T.
Myers, (Ed.)}, Handbook of Ocean and Underwater

EngineeringJ MciGraw Hill, N.Y., 1969,

Corp, E.L. Preliminary engineering studies to
characterize the marine mining environment, U.S.

Dept. Interior, Bur. Mines, R.I. 7373, 1970,

Correns, W. Pelagic sediments of the North Atlantic
Ocean, [n P.D. Trask, (Ed.}, Recent Marine
SedingEEJ AAPG, Tulsa, Okla., 373-39%9, 1939,

Cronan, D.8., and J.5. Tooms. Sub-surface concentra-
ticns of manganese nodules in Pacific sediments,
Ceep-Sea Res., T4, 117-119, 1957,

Cruickshank, M.J. Mining and mineral recovery:
1971, Undersea Technology Handbook/Directory,
872, T 7

Cruickshank, M.J., C.M. Romanowitz, and M.P. Overall.
Offshore mining: present and future, Jour. Engin.
Min,, 1968.

Daily, A.F. Off the ice placer prospecting for geld,
Offshore Tech. Ceonf., Houston, Texas, May 18-21,
1969, 1025, 19895,

Ebersole, W.C. Predicting disturbances to the near
ard offshore sedimentary regime from marine
mining, Water, Air and So0il Pellution, 72-88,
1971,

Eggington, W.J., and D.B. George. Application of air
cushion technology to offshore drilling opera-
tions in the Arctic, Offshore Tech. Conf., OTC
1165, Houston, Texas, 203, 1970. T

Ehrlich, A.M.
nodules,
Technology,

Rare earth abundances in manganese
Ph.D. Thesis, Massachusetts Institute
3-218, 1968.

Ehrlich, H.L. The micrebiology of manganese nodules,
Firal Tech. Rept., ONR Task No. NR 137-655,
1-17, 1976, -

The Sea Off Scuthern Califcrnia, John
299-3004, 1%60.

Emery, K.O.
Wiley and Sons, N.Y.,

Forrester, J.W. World Dynamics, Wright-Allen Press
Co., 1971, T T
FoW.U'.CLA. An uppraisal of water pellution in the

Lake Supcrior basin., Fed. Water Poll. Control
Agmin,, U.S. Dept. Interior, 107p., 7969,

GALATHEA Report, 1, 1959.

Garland and Hagerty. {Ref. unavailable), 1972.
Goldberg, E.D., Marine geochemistry I: chemical
scavengers of the sea, Jour. Geol., 62, 243-284,

1954,

Galdberg, E.D. and G. Arrhenius. Chemistry of
Pacific pelagic sediments, Geochim. Cosmochim.
Acta, 13, 153-212, 1958.

Goodier, J.L. How manganese nodules develop, Ocean-
eleqgy, HG5-48, April 1972,

and H.W. Menard. Topograghy of the deep
In M.N. Hill (Ed.}, The Sea, IIT,
233-280, 1863,

Heezen, B.C.
gea floor,
John Wiley and Sens,

The ffoors of

Heezen, B.C., M. Tharp and M. Ewing.
the ocears I: the Neorth Atlantic, Geol. Soc.
Amer. Spec. Paper 65, 122p., 1969.

forn, D.R., B.M. Horn, and M.N. Delach. Ferroman-

334

ganese deposits of the North Pacific, IDOE, NSF

Tech. Rept. No. 1, NSF, GX-33616, 1972,

Chart of the World,
12 sheets, 1961,

Hydrographic Office. U.S.N.

Hydrographiec office,

Inderbitzen, A.L. An investigation of submarine
slope stability, Trans. Joint Conf., Marine

Tech, Soc. and Am, Soc, of Limn. and Ocean.,
June 19@33 1369730y, 779%5.

Inderbitzen, A.L. Marine geotechnique, what is it?
Oceanology Internatl., 19-21, Dec. 1970.

Inderbitzen, A.L., F. Simpson, and G. Goss. A com~
parison of in situ and laboratory vane shear
measurements, Lockheed Ocean Lab., LMSC No.
§B1703, 33p., 1970.

Iwata, il. Research on dredging grab buckets, World
Dredging Conf., Port and Harbor Research In-
stitute, Ministry of Transport, Japan, July

1970,

Jenkins, R.L. Position control, In, Marine Mining
Engineering Handhook, So¢. Min. Engin., in
press, 1973,

Johnson, G,L. and B.C. Heezen. Natural hazards to
submarine ecables, OUcean. Eng., 1, 535-553,
1369,

Kauffman, R. Future needs of deep ccean mincrat

exploration and surveying, Offshore Tech. Conf.
Froc., 1541, 309-323, 1572,

Kauffman and Siapno. (Ref. unavailable), 1872.

Die Tiefendes Weltemeeres,

Geogr-
Verolk, ‘0p.,

Kessinna, E.
naturwiss, %, Inst. Meereskunde,
1921.

Kuenen,

Ch.H. Marine Geology, John Wiley & Sons,
N.Y¥., 558p., To5

Kuenern, Ph.H.

Mavine mining: a re-evaluation,
1970.

Lampretti, F.J.
Marine Tech., 2, 919-933,

Materials selection for ocean engineer-
{Ed.), Ocean Engineering, John
56n.

LaQue, F.
ing, In Brahtz
Wiley and Sons, N.Y.,

Leopold, L.B., et _al. A procedure for evaluating
environmental impact, Geol. Survey Cir., 645,
J.5. Geovl. Survey, 1971,

Lindyren, W.

Mineral Deposits, McGraw Hill, N.Y.,
910p., - T

1933,

Lisitzin, A.P., Sedimentation in the world ocean,
Soc¢. Econ. Paleo Miner., Spec. Pub. 17, 21Bp.,

1972,
Lee, C.C., et al. tThe Grand Isle Mine, Mining
Engin., 12, &, 578-5%0, 1960.
Longnet-Higgins. (Ref. unavailable}., 1952.

McTlhenny, W.F. and D.A. Ballard. The sea as a
scurce of dissolved chemicals, 144th Nacl.
Amer. Chem. Soc. Meet., April 3, 1963.

McKelvey, V.E. Mineral potential of the submerged
parts of the continents, Proceedings of a
symposium on mineral resources of the worlad

ocean, Geol. Survey, U.5. Dept. Interior,
Univ. of Rhede Island, U,S.N., July 1968,
Decassional Pub. 4, 1964.

McKelvey, V.E., G.E. Stoertz and J.G. Vedder. Sub-

sea physiographic provinces and their mineral



potential, Geal, Surv., Cire, 619, U.S. Geol.
Survey, 196%a.

McKelvey, V.E., J.I. Tracey, G.E. Stoertz, and J.G.
Vedder, Subsea mineral rescurces and problems
related to their development, U.S. Geol. Survey
Circ. 619, 1969b.

McKelvey, V.E. and F.F.H. Wang. Preliminary maps,
world subsea mineral resources, Miscellaneous
Genlogical Investigaticons, Map I, 632, U.S.
Gecl. Survey, Wash. D.C., 1965.

Maddex, Philip J. Total transportation: the key to
lower delivered costs, Mining Engin., 5B-59,
June 1970,

Madsen, F.J. Abyssal zone, In R. Fairbridge (Ed.),
Encyclopedia of Oceancography, Reinheld, N.Y.,
THEE. ”

Mauriello, L.J. and R.A. Dennis. Assessing and con-
trolling hydraulic dredge performance, Proc.
World Dredging Conf., Rotterdam, Oct. 1968,

Menard, H.W. Marine Geology of the Pacific, McGraw
Hill, N.Y., 271p., 19864,

Menard, H.W. and 5.M. Smith. Hypsometry of ocean
basin provinces, J. Geophys. Res., 71, 1B,
4305-4325, 1966.

Mero, J.L. The Mineral Rescurces of the Sea,
Elsevier Publ. Co., N.Y., 31ip., 1965.

Momsen. {Ref. unavailable)., 1969,
Mouran. (Ref. unavailable)., 197¢C.
Muller, W.H. and L.F. Mourt. Some notes on offshore

positioning techniques, Qffshore Tech. Conf.,
OTC 1297, Dallas, Texas, 1370.

Muracka, J.S. Effects of marine crganisms, Machine
Degign, 194-1B6, Jan. 1B, 1968.

Murray, J. and A. Renard. Report on the CHALLENGER
Expedition, London, the Royal GocielLy, 1807.

National Commission on Material Policy. Towards a
National Materials Policy: Basic Data and
Issues, U.5. Gov. Prinfing Office, 1972.

Pratt, R.M. and P.F. McFarlin. Manganese pavements
on the Blake Plateau, Science, 3714, 1080=-1082,
1966 . e T/

kRevelle, R., et al. Pelagic sediments of the
Pacifiec, In, A. Poldervaart {(Ed.), Crust of the
Earth, Gegl. Soc. Amer. Spec. Papers, 62, 221-

236, 1955,

Rigby, M. {(Ed.}. Bibliography on marine atlases,
Amer, Meteor. Scc., Cont. No. 6, Washington,

D.C., 1968.

Roby, Robert N. An environmental analysis of a
similated sea-floor mining opsraticn: Marine
Minerals Tech. Center, Tiburon, Calif., unpub-
lished report, 1972,

Roels, O.A., et _al. Environmental impact of two
manganese nodule mining tests, unpublished
report, 1972,

Schatz, C.E. Observations of sampling and occurrence
of manganese nodules, Qffshors Tech. Conf.,
1364, 389-393, 1971,

Sheppard, Francis P. Submarine Geology, 2nd Ed.,
Harper & Row, 557p., 1963.

Smith, J.E. Structures in deep ocean, In, Engineer-

ing Manual for Underwater Construction, Buoys

and Anchoring Systems, USN Civil Eng. Lah.
Rept. No. 284-7, 1965,

Spiess, F.N. The ocean environment, Astronautics
§ Aeronautics, 1001g-p, 40-45, 1966,

Sgrensen, Jens C. A framework for identification
and control of rescurce degradation and con-
flicet in the multiple use of the coastal zone:
Ph,D. Thesis, 3ip., 1971.

Sorensen, P.E. and W.J, Mead. A new economic
appraisal of marine phosphorite deposits off
the California Coast, In, The Decade Ahead,

1970-1980, Marine Tech. Soc., &4Q01p., 1969.

Sverdrup, H.U., M.W. Johnson and R.H. Fleming. The
Oceans: Their Physics, Chemistry, and General
Biology, Prentice-Hall, Tre,, N.Y., 19832,

Theobeld, P.K., et al. Energy resources of the
U.8., U.5. Geol. Soc. Circ., 650, 1970,

Turekian, Karl K. Can exploration of the deep ocean
floor significantly perturb the envircnment,
Yale University, Conn., unpublished, 1972.

Twenhofel, W.H., Treatise on Sedimentation,
Williams & Wilkeys, Baltimore, Md., 9Z6p.,
1932.

U.5, Naval Oceanographic Office, Manned submersible

and underwater surveying, U.5, Naval Oceanc-
graphic Office, Washington, D.C., 156p., 137u.

Van Baardenwijk, A.P.H. The influence of the con-
ditions of soil on dredging output, Proc. World
Dredging Conf., Rotterdam, Oct. 1968,

Webb, B. Technology of sea diamond mining, Marine
Tech. Soc., Proc, 1st Annual Cont., June 1965
8-23, 1985,

Welling, C€.G. Some environmental factors associated
with deep ocean mining, 8th Annual Marine Tecnh.
Soc. Meet., Washington, D.C., Sept. 11-13,
1972.

Williams, W.P, Some technigues for underwater
navigation, Proc. Conf. Tech. of the Sea and
Sea Bed, 3, U.K. Atomic Energy Authority, Apr.,
533-545, 1967,

Zenkevitch, N. and N.S. Skornyakova. Iron and
manganese on the ocean bottom, Natura
(U.S.5.R.}), 3, #7-50, 1961.






