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I INTRODUCTION by F.T. Manheim

We define ferromanganese oxide crusts (hereafter referred to only as crusts) as
encrustations forming largely on hard substrates that are at least periodically
kept free from detrital sedimentation by strong currents, steep slopes, or both.
In near-shore or hydrothermal environments where metal supply is much greater
than it is in most of the open ocean, crusts may also form on soft sediments.
Thus, the open ocean crusts, which are largely found in raised areas like
seamounts and ridges, contrast with abyssal nodules, which are found lying on
or in soft sediments, usually at depths greater than 4500 m. The chemical
composition, mineralogy, and source of metals for crusts are significantly
different than for abyssal nodules (Figs. II-1 to .II-4).

In the years before the increased interest in crusts (1981) most investigations
categorized ferromanganese oxide phases in the oceans under the blanket term
"nodules”, which confuses terminology as well as understanding of habitats. In
the historical summary we refer to the collective "nodules” as ferromanganese
oxide deposits, whereas abyssal nodules, specified or presumed, are referred to
simply as abyssal nodules. The abyssal nodules will not be discussed in this
report except for comparison or background purposes, since an extensive
literature exists for them (see Glasby, 1977; Meylan and others, 1981; Haynes
and others, 1982; McKelvey and others, 1983; Murdmaa and Skornyakova, 1986, and
Baturin, 1986 for background references).

The pioneering German "Midpac I" investigation of cobalt-rich ferromanganese
oxide phases in the Central Pacific in 1981 set in motion several series of
events. On the scientific front, interest in the processes causing cobalt
enrichment in seamount "nodules" and crusts was heightened. Recognition of the
possible resources in cobalt rich crusts within 200 miles of U.S. and territorial
coasts stimulated environmental impact studies pursuant to possible lease sales
by the Minerals Management Service and cooperative reconnaisance cruises by the
U.S. Geological Survey. Interest in cobalt resources was among background
factors cited in supporting documentation for the declaration of an Exclusive
Economic Zone by President Reagan in March, 1983.

Crusts pose more serious problems than do abyssal nodules (see definition in
Chapter II) in terms of a comprehensive chemical overview. Unlike nodules,
crusts tend to occur in a highly localized manner on and around seamounts and
ocean ridges, to some extent on certain current-swept terraces and plateaus,
and on some steep island slopes. Their habitat is often rough and irregular.
Systematic and effective sampling and definitive descriptions of these habitats
have not yet been accomplished.

Second, unlike nodules, which form as discrete hard objects in a soft sediment
matrix, crusts generally adhere to hard substrates in such a fashion that they
cannot easily be separated from underlying substrate during recovery. Third,
there is a complete spectrum of occurrence from oxide layers that are little
more than stains to those that are as much as 25 cm oxide thick. Elemental
composition of crusts varies from nearly pure manganese or iron oxides (both
frequently hydrothermal in origin) to the fairly consistent admixtures that
characterize cobalt-rich crusts. What do we choose as "dividing lines", and
how does one compare chemical compositions from such diverse material? Finally,

1



earlier literature data information is often highly variable in quality, and less
consistent and reliable than are data from newer, targeted cruises. Earlier
crust specimens were often by-products of sampling for igneous rocks, and sample
preservation, contamination, labelling, and analytical efforts were less
carefully controlled. Yet, the regional coverage provided by this material is
valuable, and warrants effort to whenever possible retain the useful information
in it.

Our primary effort has been to collect and evaluate all available samples and
information, to analyze new samples by means of well-controlled and defined
analytical procedures, and to present all information through the end of 1987
in a consistent and complete form. As a part of this effort, we have classified
and normalized all data for mapping purposes so that information from diverse
sources can be compared over larger geographic areas, as discussed below.

For resolving the difficult problem of contamination and water treatment,
described later, we have chosen a basic procedure that normalizes data to a
constant Fe+Mn content. As the basis of the vernadite (6Mn0O,) mineral phase
that dominates most crusts, Fet+Mn oxide content will naturally tend to vary
inversely with degree of substrate contamination and water content. When the
effect of the latter two variables is minimized, Fe and Mn have been shown to
have an inverse relationship. There are occasional exceptions to this but they
do not invalidate its general utility; in fact, these cases may involve
geochemical or mineralogical phenomena of special interest. We are aware that
iron is involved in phases other than the oxide phase, like silicates and
phosphates. However, we believe that complications and limitations such as on
geographical distribution of samples 1introduced by making more refined
corrections outweigh the benefits of more precise correction at this time.
Investigators who wish to use other means of dealing with the comparability
problem have the complete basic information in our database to create their own
models.

The goal of this report is to present the data base in a form that can be used
in computer-addressable and paper format, along with a basic set of descriptive
output like regional means, frequency plots, interelement plots, and contoured
maps based on gridded data. These enhance the description of the database as
well as offer examples of the kinds of treatments that may yield useful
information to investigators.

Magnetic tapes and floppy disks will be made available to major information
repositories, primarily the National Geologic Data Center (NOAA), in Boulder
Colorado, from which the data can be readily retrieved. Our office will not
continue complete encoding and support of newly available information, as has
been done to date. However, we will be glad to assist inquiries about the
interpretation and retrieval of data from the database and may update selected
portions of the data.



II HISTORY OF INVESTIGATION By F.T. Manheim

Ferromanganese oxide crusts are members of a family of manganese and iron oxide
precipitates that are widely distributed in the lithosphere. Scientists as early
as Alexander von Humboldt and Jens Jakob Berzelius in the late 18th and early
19th century (Boussingault, 1882) recognized that manganese oxide precipitates
are omnipresent wherever aqueous media are in contact with solid surfaces for
a long period of time in the presence of oxygen. On land, oxide concretions and
crusts are widespread in lakes and bogs of glaciated terranes, e.g. in
Scandinavia, Britain, northern Germany, and European Russia, and were used as
early as 800-500 B.C. for iron production (Arrhenius, 1959; Tylecote, 1962; R.
Maddin, 1987, oral communication). The iron was reduced with charcoal at
temperatures around 1100°C with the aid of a bellows, and the resulting sponge
was hammered to remove slag and impurities. Further forging and hammering
produced nails, swords, and iron implements of all kinds. Swedenborg (1734) in
his great monograph on iron (De Ferro) gives a knowledgeable account of both the
location of lake and bog ores, as well as a quite "modern" summary of their
origin by precipitation from solution, with metal supply attributed to soil
leaching and ground water. Bog and lake ore was used in North America in the
Colonial era and into the 19th century; it continued to be used in Sweden until
the early 1920's for 1local iron production (Naumann, 1922). Although
historically the ores served only as a source of iron, they were temporarily used
in Finland as a source of manganese during World War II, when that country was
cut off from external supply (Vaasjoki, 1956).

" The freshwater nodule deposits had been largely forgotten until the awakening
of interest in abyssal manganese nodules in the 1960’s. New studies showed
extensive freshwater nodules in Green Bay, Wisconsin, as well as in other lakes
(Callender and Bowser, 1976 and references cited). Though all natural freshwater
ferromanganese oxides have much lower trace metal content than do marine oxides,
the Green Bay as well as Blake Plateau crusts and deep ocean nodules were
revealed to have potential use as catalyst material for petroleum refining, as
demonstrated by American and foreign patents and reports in the middle 1970's
(Van Heck and others, 1973, and authors cited in Hubred, 1981).

The most widely noted ferromanganese oxide phase, abyssal nodules, was discovered
in the deep oceans by the Challenger Expedition of 1873-4 (Murray, 1876;
Buchanan, 1876). The 532 page report on bottom materials from the Challenger
expedition (Murray and Renard, 1891) long yielded the dominant body of deepsea
information on manganese oxide concretions, and the archived collection of
concretions in the British Museum has continued to serve scientific research up
to the present time. The Challenger dredge hauls yielded not only the classical
black manganese nodules from abyssal depths (4500-6000m), often containing nuclei
of sharks’ teeth, whale earbones, pumice, volcanic rock or fragments of nodules,
but also supplied a less noted variety of oxide coatings, layerings, and crusts
(even slabs) of ferromanganese oxide material from lesser depths, some as shallow
as 370m.

The chemist on board H.M.S. Challenger, J.Y. Buchanan, and his coworkers analyzed
the newly-discovered deep-ocean concretions, demonstrating that they contained
significant minor admixtures of copper, nickel and cobalt (Buchanan, 1876).
These and other elements including thorium and thallium, which were not to be
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further investigated for another 60 years, were first detected qualitatively by
the then quite new spectroscope. In a later paper, Buchanan (1891) showed that
the abyssal manganese nodules contained much higher concentrations of minor
metals than did shallow marine (estuarine) nodules from Loch Fyne in Scotland
(TableII-1). He also demonstrated that the oxidation state of the deep ocean
forms was considerably higher than that of the nearshore forms (Manheim, 1965).
However, Buchanan apparently did not analyze any of the crusts from shallower
oceanic depths for trace constituents. The differences in chemical composition
and origin between the abyssal nodules and |crusts remained as a task for much
later investigators, and is the principal subject for this database effort.
Typical crusts from the Mid Pacific area are shown in (Figs. II-1 to II-4).











































































Mn crusts present and collected ranged in thickness from thin stains to crusts
up to 10 centimeters thick. Thin crusts generally occurred on fresh volcanic
substrates, whereas thicker crusts generally occurred over older, more weathered
substrates. Care was taken to prevent a mixing of the two types of crusts during
collection or transit. Fairly thin crusts tended to adhere well to fresh
substrates. A sample with a thin crust was usually packed intact for tramsit
without any great concern for separation or mixing of crust and substrate.
Thicker crusts over more weathered substrated posed a problem in preventing
mixing during transit. Thick crusts tend to be friable and brittle and often
were easily pulverized. Weathered volcanic substrates and volcano-clastic
substrates were often punky and tended to distintegrate. Packing this type of
crust and substrate together for transit risked mixing and contamination. For
this reason, thick crusts over weathered substrates were separated at the time
of collection and packed separately for transit.

Before any separation was done, samples to be collected were observed, described,
and photographed. Noted characteristics included crust thickness, substrate,
surficial crust morphology, and distinguishing features. Crust thickness was
measured at several points. Where there was significant variability, a range
was recorded. The dark color of the crusts made it imperative to make special
exposure tests if detail was to be seen on each photo.

Much care was taken to prevent metal contamination during the collection,
separation and preparation procedures. At no time during any of these procedures
were metal objects allowed to touch either the crusts or the substrates. Plastic
spatulas and picks were used to separate crusts from substrates. It is, however,
recognized that most samples were collected with metal dredges and also might
have been contaminated during shipboard operations. Thicker crusts were often
easy to separate, cleaving at the weathered zone. Some substrate might adhere
to the base of the crust after separation. This was carefully scraped off before
preparation for analysis. Thin crusts were generally harder to separate from
substrates. A good deal of scraping and picking was done to assure that all bits
of substrate adhering to pieces of crust were scraped off.
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Table I1II-1. 1Individual institution listings

INSTITUTION:
DATE OF VISIT:

SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:

CURATION FACILITY:

PROBLEMS :

Woods Hole Oceanographic Institution
2/20/83 - 3/1/83 (Includes collection of
Branch of Atlantic & Gulf of Mexico, U.S.
Geological Survey Materials)

51

Eastern North A

James Broda

One large warehouse. Samples stored in
drawers by dredge numbers.

This collection is completely catalogued
including cataloguing for manganese crust
occurrence. This facilitated the
collection process greatly. Dredge hauls
are stored sep#rately in drawers, making
it relatively easy to select a sample which
is representative of the entire dredge.

lantic

Smithsonian Institute

2/14/83-2/17/83

25

Various locations

William Melson, Timothy O'Hearn

One large section of the Mineralogy
Department in the Natural History Building.
All dredge material at this facility is
well catalogued, described and curated.
The quantity of stored dredges is small.
We were given guidelines as far as how
much sample maQerial we could take. All
material taken' from this institution is
considered to be on loan.

Scripps institute of oceanography
3/21/83-3/25/83|, 4/7/83-4/10/83

156

Central and Eastern Pacific

Thomas Walsh, Gurator, Core and Dredge
Facility

Dredges are stored at two locations:
Seaweed Canyon, on the campus, a small
garage-like facility where dredge contents
are stored in individual drawers by cruise,
and Camp Edwards Military Reservation in
Clairmont Mesa, where dredges are stored
in crates on pallots in an old U.S. Army
warehouse.

Catalogued descriptions of this dredge
collection are not complete. Many dredges
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COMMENTS :

INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

INSTITUTION:

DATE OF VISIT:

SAMPLES TAKEN:
COOPERATING PERSONNEL:

GENERAL SAMPLE LOCATION:

CURATION FACILITY:

COMMENTS :

in Camp Edwards location were not open.
Time-consuming trial and error search and
sampling was necessary. Some samples did
not have location data readily available.

Most dredges were stored in their original
canvas sacks in unopened crates stacked
three high (Fig. III-1.) Some of the
dredges were stored in numerous crates.
In these cases, time considerations made
it impossible to search the entire dredge
contents, Camp Edwards facility did not
have functioning lighting or electricity,
and this also made the collection process
more time-consuming. Some of the samples
did not have location data available at the
time of collection. Despite the
conditions, well over 100 good samples were
obtained with the constant help of the
facility curator, Mr. Thomas Walsh.

University of Southern California

3/26/83

3

Gulf of California

Suzanne Reynolds

One fairly small storage room located
under tennis pavilion

Dredges stored here are mostly from
shallow-water locations.

University of Miami

5/2/83-5/6/83

22

Kjell Hayling

Eastern North Atlantic, Carribean, Bahama
Slope

Dredged samples were stored in canvas sacks
on wooden shelves on the walls of the
marine facility building.

This collection was well
catalogued, including manganese occurrence.
However, the dredges themselves are not
organized in any order relating to the
catalog. Entire dredge contents were
usually stored together, so a search
through the entire dredge was facilitated
and a representative sample could be
gotten. We were unable to locate five
samples which were in the catalog.
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INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:
COMMENTS :

INSTITUTION:

DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:

CURATION FACILITY:

COMMENTS :

Florida State University
5/9/83-5/13/83
66

Southern Oceans, Antarctic locations
Dennis Cassidy

Large refrigerated core and dredge facility
Dredge contents, or partialrepresentative
portions were neatly stored in small bins
on stacking shelves. This facility is
immaculately maintained by Mr. Cassidy,
and this made the collection effort very
easy and time-efficient. Samples open to
observation in individual bins made it
easy to pick a sample representative of
the entire dredge.

Hawaii Instituté of Geophysics, University
of Hawaii |

7/8/83-7/22/83

125

Central Pacific

Chris Mato, Loren Kroenke, Frisbee
Campbell, Fritz Theyer, Don Hussong,
Barbara Sinton

Because of problems in completing a new
storage facility at Snug Harbor, there was
no systematic storage for dredged
materials. Some are stored in a trailer
van parked at the Snug Harbor Marine
Facility, and the rest is stored in the
basement, in the compressor room, and on
the catwalks throughout the Hawaii
Insitute of Geophysics. Sampling was time
consuming. Location data were not
available for a portion of samples.
Whereas there Jwas an ongoing computer
cataloging prqject, at the time of
collection most|of the dredges and cruises
we were interesﬁed in were not yet entered.
Most dredges are stored in canvas sacks.
Lack of electricity and other problems
hindered collection in most locations. Some
dredges were quite large and took up as
many as 15 canvas sacks. Time constraints
made complete | searches through these
dredges impractical, so some of our samples
may unrepresentative of the dredge. In
spite of the difficulties, The University
of Hawaii collections represent a key
resource for crust study in the Pacific
ocean, and approximately two weeks were
spent at the facility.

32



INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION PERSONNEL:

COMMENTS :

INSTITUTION:

DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

_INSTITUTION:

DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

University of Washington

8/15/83-8/16/83

30

Western Pacific

Debby Kelly, Paul Johnson

Samples were already collected prior to my
arrival and I did not get to work in the
curation facility.

The collection process was nearly completed
ahead of time, but there may be other
samples of interest.

Oregon State University

8/17/83-8/19/83

15

Western Pacific

Elizabeth Asbury

Roofed, open-air garage like facility. Most
samples are stored in bins on shelves, but
some larger dredge contents are stored in
sealed crates.

Dredges were catalogued for availability,
but not for Mn occurrence, making a trial
and error search necessary. Collection did
not contain much manganese-encrusted
material. The dredge collection was being
reorganized and recatalogued at the time
of wvisit. Time limited the number of
dredges sampled.

U.S. Geological Survey, Branch of Pacific
Marine Geology, Menlo Park, CA.
8/29/83-8/30/83, 6/4/84-6/7/84

40

Central and Western Pacific

Dave Clague, Bob Boyer

Many dredges are stored in sacks on shelves
in the flume room, building B, Deer Creek
Marine Building, Palo Alto. Others are
stored in USGS.warehouses on O'Brien Rd.
in Redwood City.

The collection process was time consuming
due to the lack of systematic cataloguing
of the dredges. There may be more of
interest.
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INSTITUTION:

DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

INSTITUTION:
DATE OF VISIT:
SAMPLES TAKEN:

GENERAL SAMPLE LOCATION:

COOPERATING PERSONNEL:
CURATION FACILITY:

COMMENTS :

SPECIAL NOTE:

Naval Oceanographic Research and
Development Activity (NORDA), Bay St.
Louis, Miss.

6/25/83-6/28/83

18

Eastern Central Atlantic

Julius Egloff

Dredges are stored in steel drawers by
cruise in a Ptility building at the
facility.

Dredges at this facility are not
catalogued. It was not too difficult or
time consuming to search through the entire
dredges in the| storage bins for a good
representative |samples. We do not have
location and depth data for a number of

NORDA samples.

Lamont-Doherty Geological Observatory
6/18/84-6/21/84

80

Atlantic

Floyd McCoy

Dredges are stored in pine boxes stacked
on storage shelves in a warehouse room.
Lamont has riginal cruise dredge
descriptions available, and they also
catalog their dredges for manganese
occurrence. This speeded the collection
process greatly, since we knew which
samples we wanted to collect before
arriving. However we could not find a
number of targeted dredges.

University of Alaska

8/25/84 - 8/26/84

8

Gulf of Alaska

Donald Taylor

Samples stored in trays in storage cabinets
located in laboratory.

Most of the samples available had only
manganese stains. None had thick, separable
crusts. Took eight samples for archives.

The U.S. Geological Survey office,
Anchorage Alaska indicated that no offshore
dredgings or other prospectively useful
materials were held at their facilities.
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INSTITUTION:

DATE OF VISIT:
SAMPLES TAKEN:

COOPERATING PERSONNEL:

COMMENTS :

Graduate School of Oceanography, University
of Rhode Island, Narragansett

Various times during 1983

None

Jean-Guy Schilling

The GSO has a number of crusts from
dredgings in Atlantic ridge and seamount
areas, but permission was not given to
sample during the collection period.
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IV COMPUTER DATABASE DEVELOPMENT by C.M. Lane-Bostwick and F.T. Manheim

Introduction and early development

In December 1982, the U.S. Geological Survey in Woods Hole established a central
repository of data specifically related to ferromanganese crusts and their
chemical composition (Manheim and others, 1983). While field collections were
in process (see Chapter III), data encoded in the Scripps Institute of
Oceanography Nodule Data Bank (SNDB) were downloaded for incorporation into the
database. We utilized the SNDB's format as a model, although a few of their
attributes were modified and new attributes were added to reflect the nature of
the current data. This modified data format is detailed in Lane and others.
(1986).

New crust sample data collected from repositories and on recent cruises and their
subsequent chemical analyses were entered on microprocessors using a data entry
program, Datastar. Datastar allows a form to be generated to facilitate data
entry by inexperienced computer users. These data and data obtained from SNDB
were then converted into the format required by the Geological Retrieval and
Synopsis Program (GRASP) (Bowen and Botbol, 1975). GRASP was designed to
function primarily as a data retrieval system. Its structure is relational
allowing the user to join datafiles that have a common key field. This feature
was particularly useful for retrieving crust sample data from the SNDB. GRASP
also permits basic statistical computations, output to graphics, and creation
of subsets of large datafiles based on logical conditions,.

SIO0 Nodule Databank

The SIO data (SNDB) were received in 1983 from the National Geophysical Data
Center (NGDC) as two separate files, one for station data and one for chemical
data. Each record in the chemical analysis file is linked to a corresponding
record in the station data file by a field common to both, the sequence number
(SEQNO). This is a unique 7-digit number that incorporates a 10-degree numbered
grid system ("Frazer" square) as the first 3 digits with the last 4 digits
representing an assigned serial number. Wé retained this concept in the USGS
ferromanganese crust datafiles. However to distinguish our entries from those
downloaded from the SNDB, we use a 6 digit number where the first 3 digits are
based on the more widely known "Marsden square" system and the last 3 digits are
an assigned serial number for each sample within that 10-degree grid segment.
The maps of Lane and others. (1986) incorporate both for user convenience.

The SNDB station datafile has over 10,000 records of manganese deposits
("nodules") from institutional archives and literature. The chemical datafile
has 6,832 records, each representing a chemical analysis, often with more than
one analysis for the same sample. After uploading the total SIO databank sample
file from tape, we 1incorporated those station records that were coded to
indicate that chemical data were available. This subset resulted in a datafile
that contained 2,842 station records.

In the attributes of the chemical analyses data set, Frazer and others (1978)
define 10 separate types of ferromanganese oxide samples that were analyzed, 5
of which pertain or may pertain to ferromanganese encrustations. The next step
was to set conditions to search for only those analyses performed on samples

defined as 1.) Mn-encrusted sediment, 2.) Mn-coated rock, 3.) crust or pavement,
|
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4.) Mn-coated organic material or 5.) several crusts. This subset resulted in
825 analyses. In addition, observing that samples having cobalt greater than
0.5 percent nearly always occurred on seamounts or other sites suggesting a
probable crust environment, samples having Co > 0.50 percent were added to the
previous subset. Nodule-like seamount crusts were shown on the 1981 Midpac
cruise to have similar chemical composition to slab crusts. This addition
brought the total number of extracted analyses to 1,095. These analyses were
linked to the station datafile and found to be associated with 622
sample-stations (Table IV-1). The SIO station and chemical data extracted as
described above are listed in Appendix B and Table 9 of Appendix C, respectively.
Trace analyses for rare earth elements are listed separately in Table 10 of
Appendix C.

UNIX and PC hardware

During the development of the database, technology was progressing rapidly. The
implementation of a Unix based computer system and the improvement of software
available for MSDOS IBM-PC compatibles enhanced are graphic and typesetting
capabilities. Central to the graphic display of our database have been MAPGEN,
PLOTGEN, GRIDS and CONTOUR (Evenden, 1986, Botbol, J., and Evendon, G., in
preparation). Table displays were improved by using UNIX troff and tbl software
programs. In the PC environment detailed statistical operations were
accomplished using Northwest Analytical STATPAK software, data entry with
DATASTAR and general computations with LOTUS 1-2-3. All of the above were output
on various peripheral devices which have also improved over the years; the most
recent output being the gray scale maps of gridded elemental data as shown in
Chapter IX.

Table IV-1. Sources of crust samples from SNDB.

Institution Samples Major chem. Trace chem.
analyses analyses
HIG 48 80 1
510 176 320 52
LDGO 109 134 5
WHOI 9 11 3
FsU 43 54 21
USSR 66 87 4
Unknown 171 409 53
Total 622 1095 139

New data acquisitions (USGS Woods Hole)

New data acquisitions include material collected from institutional archives as
enumerated in Chapter III, shipboard samplings from 1981 onward and from
miscellaneous smaller collections and literature references. A total of about
2000 analyses from about 1500 stations is incorporated. The total 1list is
included in the data tables. The enumeration of complete sources is shown in
Table 1IV-2. No further attempt has been made to maintain comprehensive support
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of this database after April 1988, however selected data sets can be added on
a discretionary basis. The arrangement of data categories is displayed and
discussed in Chapter VIII (Data), and further explanation and commentary is
provided in Lane and others (1986).

Table IV-2. Status of crusts collected by USGS Woods Hole by institution.

Institution Samples Major and minor
chemical analyses

HIG 402 429
SI10* 159 100
LDGO 76 : 35
WHOI 81 27
FSU 64 60
UWASH 31 28
NOAA 22 22
UMIAMI 18 26
SMIT 13 ‘ 8
TUCLZ 306 ! 324
USGS-WH 117 ‘ 271
USGS-MENLO 106 | 121
0su 3 0
NORDA 18 0
UALASKA 8 0
GSJ 15 24
NGDC 288 460
Other 22 22

* Additional samples are available but have not been entered pending receipt of
station data

Although the database’s primary objective has been to permit computer retrieval
and manipulation of data, this output incorporates features intended to
facilitate use of a hard paper copy. All chemical data are reported in widely
used rock chemical/geochemical tabular format rather than computer format. The
first three digits in the sequence number (SEQNO) identify the 10°
latitude-longitude block in the station maps (Lane et al, 1986) or any other
Marsden-indexed map without having to scale off latitudes and longitudes.
Therefore, chemical samples for any area on a map can be located by the first
three digits of the sequence numbers by which all chemical tables are listed.
Chemical tables are also prefaced by latitude, longitude, depth and lab number
to aid in identifications in the hard-copy printout. The SNDB data retain their
sequence numbers as assigned by Frazer and Fisk. Maps available in Lane and
others, 1986 aid in using their 10° grid numbering system. NGDC data are listed
in Appendix A and Table 11 of Appendix C and are prefaced by their ’'MMBIB’
identifier; a unique field that incorporates author and date of publication of
reference where data were obtained.
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V ANALYTICAL METHODS: SAMPLE PREPARATION, WATER CONTENT AND MAJOR ELEMENT
DETERMINATION BY X-RAY FLUORESCENCE SPECTROMETRY

by J.A. Commeau and F.T. Manheim

Sample preparation technique is critical for wvalid chemical analyses, as some
of the comparisons in Chapter VII show. Analytical data from the general
literature is particularly prone to errors of various kinds. Some have been
discussed by Frazer and Fisk, 1979, who made a careful evaluation of the data
they culled from the literature. Many errors in the Scripps Institution Nodule
Data Bank (SNDB) remain; some are definable, whereas others are suggested mainly
by internal inconsistencies, or marked deviations when data from a given region
are compared with more carefully controlled data.

Principal sources of error are 1) the great specific surface area of crusts and
hence their tendency to retain or attract hygroscopic moisture; variable
treatment of this moisture can in extreme cases lead to analytical wvalue
differences as great as 40-50 percent, as demonstrated in Table V-1, 2)
inhomogeneities in samples, especially where segregated mineral phases have
differing composition, 3) contamination of samples, either through handling with
metal -containing equipment, or by contamination of samples in grinding vessels
previously used to prepare samples having a different composition, and 4) by
analytical or computational errors. Ferromanganese oxides, with their associated
metals, have been a traditionally difficult material to analyze, depending on
methods., The iron and manganese can potentially create matrix effects or
spectral line influence in emission spectrometric, atomic absorption and X-ray
fluorescence techniques; many elements can offer interferences with
spectrophotometric techniques. Inductively coupled plasma spectrometry has
reduced though not eliminated matrix influences. However, properly controlled
methods of any type may yield quality data.

Sample selection and preparation

The basic procedure for selecting crusts was to choose a complete crust
thickness, excluding substrate as much as possible. A section that would yield
from 5 to 25 grams of sample was sought, but many samples yielded less material.
Subsamples had to be scaled to accomodate all analytical uses and duplications,
where desired. In a few areas, and where the amount of crust permitted, separate
subsampling of crust intervals, especially the top millimeter, was performed.
Given the variability of crust thickness and chemical variability with depth in
the crust, a top sample would provide a more synoptic analytical base over broad
ocean areas than total crust thickness. Normally, macrosampling was limited
to.5cm horizons, and no finely detailed subsampling such as was performed using
dental drills (Halbach and Puteanus, 1984) was attempted. For thin crusts, large
areas were scraped to obtain the required volume of material. These thin crusts
provide representative material for geographic areas that otherwise would not
yield ferromanganese oxide material, or fill in a range of water depths. Thinner
crusts are often found on deeper water flanks of seamounts and sometimes on the
top surface of seamounts. They may, of course, also occur in any other position
on younger substrates.

Segregation of crusts from underlying substrate was necessary in order to achieve
a basis for comparison of crusts. Because crusts, unlike abyssal nodules, adhere
to hard substrates, the proportion of crust in recovered rock samples is highly
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variable and arbitrary, depending on the type of recovery device, size of
material recovered, physical preservation, etc. The chemical analyses show that
a few samples from the USGS data set are dominated or strongly influenced by
substrate rock. The material in these cases was often (probably dark) basalt,
and may have also entered the samples when thin oxide crusts were scraped from
surfaces. Much greater substrate contamination is encountered in the data from
the SNDB. Samples with large proportions of substrate contaminant have been
useful in one respect. They serve in plots of the kind, Si vs Fe + Mn (Chapter
IX, Fig. 13) as end member phases, and indirectly help elucidate the chemical
influence of less obvious quantities of unavoidable detrital matter in the
crusts. Some types of markedly contaminated samples are indicated by special
symbols in the chemical tables (Appendix C) and are discussed in Chapter VIII.

Preparation of bowl for grinding
|

Our grinding was performed in a Phoenix Siebtechnik automatic grinding machine,
using agate bowls, lids, and pucks. Several days prior to beginning the powdering
operation the metal lip of the bowl and 1id is lightly coated with epoxy resin.
This prevents contamination of the sample by contact with the steel-encased gate
lip during sample handling. Acetone removes unwanted wet epoxy from the agate
surface. Prior to grinding crust, crushed glass is ground for 10 minutes to
clean off the agate grinding surface. The polish of this surface must be
preserved to ensure the most efficient powdering of the sample.

Preparation of crusts for grinding

Substrate is carefully removed and discarded or saved for analysis in special
cases (i.e. phosphorite). A mini-slab less than 2 cm thick is cut from the crust
perpendicular to the surface and substrate. This slab is used for total
analysis. Other sections may be separated into horizons or layers as appropriate.
Each section to be powdered is stored in labeled polyethylene or polystyrene
vials or bags until processed. Material for SEM or microprobe analysis is taken
from a section adjacent and parallel to the section for bulk analysis.

Grinding and sieving

The samples for bulk chemcal analyses (XRF, AA, ICP, etc.) are ground in the
described automatic mortar and subsequently sieved to <105 microns. This size
fraction is a compromise between an optimally desirable finer size, such as the
74u sieve generally used in Scripps Institution analytical work, and
consideration of time and tedium in preparation. Commercial sieve and sizing
experts were unable to inform us of any metal-free, automated pulverizing
equipment.

1) Grinding. The standard grinding time is 8 minutes. Samples with
high silica content may take longer. Approximately 5-25g of sample
are powdered per run.

2) Sieving. A 105 micron nylon mesh is secured between two plastic
rings and set in a glass baking dish which prevents sample loss due
to spillage. A secretarial eraser/brush is used to push the powder
through the sieve. The powder is homogenized before splitting into
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subsamples, and stored in properly labelled polyethylene or other
plastic vials, and lids are sealed with cellophane tape.

3) Cleaning. All parts (bowl, puck, 1id, sieve rings, mesh, brushes,
glass dish) are thoroughly cleaned between each sample to avoid
cross contamination of samples. Loose particles are removed by
washing in hot, soapy water with a sponge. Remaining ferromanganese
material is removed by washing with 10 percent  hydroxylamine
hydrochloride (NH,0H.HCL) and 1 percent oxalic acid. The use of
rubber gloves during cleaning is recommended. Care should be taken
to avoid prolonged contact of the oxalic acid with organic
compounds. When no trace of ferromanganese stain remains on a
surface it is rinsed with distilled water and then with methanol
which speeds drying. The next sample may be started as soon as
equipment is dry.

Processing time per sample is approximately 45 minutes with
practice. Speed should not be obtained at the expense of
contamination. Many sieve meshes and brushes are used so that one
is always dry and ready to use. The use of two grinding bowls,
pucks, and lids eliminates waiting for drying. Minimum and maximum
capacities of grinding apparatus are carefully observed. Overloading
results in poor grinding and underloading may damage the bowl
interiors. Repairs are expensive and time-consuming.

Water content

Table V-1. Example of differences in reportable manganese concentration,
depending on sample treatment. Sample is a ferromanganese oxide-phosphorite
pavement from the Blake Plateau. Values are in weight percent. Wt. loss =
cumulative loss from original weight. :

Reporting basis Wt. loss MnoO,
(total)
A. Powdered samples, with natural 17.53

hygroscopic moisture

B. Same, after heating at 110°C overnight 6.11 18.67
C. Same, after heating at 500°C one hour 14.09 20.40
D. Same, after igniting at 1000°C one hour 28.87 24.64

In the above sample, the MnO, value on an ignited basis is 40 percent higher
than MnO, on an air-dry basis. Some samples have much higher (>20 percent )
hygroscopic moisture even if they appear dry. Moreover, still other reporting
bases than those mentioned above have been used. The standard reporting basis
for this report, as well as for the Scripps Institution Data Bank is oven-dry,
heated at 110°C overnight or the equivalent.

Hygroscopic water content on crusts can be determined in two ways. Analytical
portions of powder can be dried at 110°C overnight, and kept in desiccators prior
to weighing out for analytical purposes. However, the hygroscopic nature of the
crust is so great that it can actually draw water from some desiccants, such as
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silica gel. In addition, with frequent opening of desiccators it is nearly
impossible to avoid rapid water uptake in samples. We therefore prefer to use
a well-homogenized powder sample that has been equilibrated with ambient air,
and weigh out this material for analytical purposes. Another sample, weighed
out at the same time is used for hygroscopic moisture analysis.

About one gram of manganese crust powder is spread evenly in the bottom of
evaporating dishes or preferably weighing bottles with well-fitting stoppers.
The bottles are placed open in a regular convection oven at 110°C overnight or
for an equivalent period of time. Tops are emplaced while the bottles are still
hot before containers are moved to a desiccator with a powerful desiccant like
fresh P,05 in an aluminum foil dish beneath the sample rack. Desiccant is
replaced or hydrous surfaces are peeled off regularly. Weighing before and after
heating is performed with a single-pan semi-micro analytical balance having a
resolution of.1 mg.

All raw analytical data based on air-dry samples are corrected for hygroscopic
moistures as in equation 1, where V (corr) is the corrected analytical value,
V is the uncorrected value, and H is the percent hygroscopic water content in
the sample split used for hygroscopic moisture analyses.

V (corr) = V x 100 / (100-H) 1)

|
X-ray fluorescence spectrometry ‘

The X-ray fluorescence analysis of major and minor elements of ferromanganese
crusts was performed on an automated, software-controlled X-ray spectrometer
(Diano XRD8300). All samples and standards were prepared following the methods
of Rose and others (1963).

Sample preparation

Sample powders and reference standards were fused using anhydrous lithium
tetraborate along with the addition of lanthanum oxide. The fusion process
eliminates the effect of mineral and physical properties of samples, including
grain size, and addition of lanthanum as La,0;, a high-atomic number element,
diminishes absorption or enhancement effects.

A crust sample weighing 0.125g is prepared with .125g of high-purity La,0; and
1.00 grams of Li,B,0,. The components are pre-mixed by hand by rolling on a
weighing paper, and then transferred to a graphite crucible for fusion. Because
of the hygroscopic nature of ferromanganese materials the samples are pre-ignited
at 500°C for 15 minutes prior to fusion. This is done to prevent the samples from
splattering at the higher fusion temperature.

Fusion is then completed at 1100°C for 15 minutes. The fused samples are allowed
to cool and the resultant bead is weighed. Fine-grained chromatographic
cellulose is added to the bead weight to bring the total weight to 1.500g. This
is to prevent differences from sample to sample in final weight owing to ignition
loss and the cellulose also acts as a binder when the glass bead is cracked,
ground, and finally pressed into a pellet 1 1/2" in diameter.
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Analytical conditions

The analyses were performed on an automated vacuum spectrometer system with a
ten-position sample carousel, dual-target X-ray tube (W and Cr) with a front
flow proportional counter and a rear sealed proportional counter. All instrument
junctions and all software for data-handling, manipulation and storage are
performed by the XRD0O780 microprocessor board installed on the machine.

Intensity ratios of reference materials are used in establishing calibration
curves for each element. A series of multiple linear regression equations is
available in the software to provide a means to correct for -absorption,
enhancement, line interferences from other elements and background variations.
Each equation has a specific application for one or a combination of effects.
Once the slope, intercept and coefficient of determination has been established
for each element from the appropriate calibration curve, the data are stored in
tabular form in the Z-80 software. The actual samples are then run, ratioing
all analyses to a reference sample or drift monitor as a check on instrument
stability and precision for repeat analyses over extended periods of time.
Information on the reproducibility and accuracy of the basic X-ray fluorescence
method is given in Table V-2, which gives data on the ferromangese crust
standard, MCC, a composite of samples from the Line-Islands Midpac area,
recovered in the Midpac I cruise. Each of the analyses shown was separately
prepared at various times over a period of a year. See also discussion in Chapter
VII.

Table V-2. Detection limits and error distribution for elements determined by
X-ray fluorescence. n refers to number of samples, S.D. is standard deviation,
and CV refers to coefficient of variation. '

Element Reston Woods Hole SD cv

x (n=2) x (n=5) (%)
Si 4.75 4.58 0.055 1.2
Al 1.3 1.53 0.054 3.8
Mg 1.27 1.23 0.075 6.1
Cu 0.071 - - -
Ni 0.45 0.45 0.0045 1.0
Co 0.68 0.73 0.0217 3.0
Fe 13.9 14.42 0.063 0.44
Ti 1.07 1.02 0.0045 0.44
Mn 20.45 20.94 0.125 0.59
Ca 3.1 2.96 0.022 0.73
K 0.70 0.70 0.0084 1.2
P 0.63 0.68 0.0184 2.2
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VI ANALYTICAL METHODS: THE DETERMINATION OF 27 ELEMENTS
IN FERROMANGANESE MATERIALS

by P.J. Aruscavage, H. Kirschenbaum and F. Brown

Introduction

Assessment of the geochemistry and economic potential of marine ferromanganese
oxides requires a large chemical data base. The challenge is to process large
numbers of samples for many elements, from trace levels to major concentrations,
with precision and accuracy in complex polymetallic deposits. Along with the
manganese, iron, nickel and cobalt, less common elements like cerium, cadmium,
vanadium, and molybdenum must be analyzed in complex polymetallic deposits, with
concentrations and combinations unlike those in many land deposits and ores.

Comparative studies on the wutility of ICP, atomic absorption, and other
techniques for the elemental analysis of geological samples has been published
(Thompson, 1985; Kane and Dorrzapf, 1987; Willis, 1986). Books and articles
describing the theory and use of ICP and AA techniques are abundant (Fassel,
V.A., 1978; Thompson and Walsh, 1983; Varma, A., 1984; Slavin, W., 1982;
Koirtyohann, S.R., and Kaiser, M.L., 1982; Slavin, W., 1984). With the
requirements in mind, we decided to pursue a scheme of analysis based primarily
around the induction coupled plasma atomic emission spectrometry (ICPAES)
technique because of its simultaneous multielement capability and its relatively
large linear concentration range. Atomic absorption techniques are used only
for those elements where the sensitivity, drecision, or accuracy of the ICPAES
technique are not sufficient for the determination.

Instrumentation

FAA Spectrometry

A Perkin-Elmer model 5000 atomic absorptiion spectrometer equipped with an
automatic burner control, a deuterium background correction system, and a pre
mix burner assembly consisting of an adjustable platinum/rhodium nebulizer,
glass impact bead or plastic flow spoiler, and 10 cm single slot burner head
was used for all determinations of Pb, Zn and K. The analytical conditions are
given in Table VI-1.

GFAA Spectrometry

A Perkin-Elmer model 5000 Zeeman atomic abgorption spectrometer equipped with
a model HGA 500 graphite furnace controllerJ model AS-40 autosampler, dual lamp
EDL power supply and a data system 10 computer with high speed graphics
capability was used for the determination of As, Cd, Cr, Pt, Pd and Rh. The
analytical conditions are given in Table VI-2.

ICP Spectrometry
A computer controlled simultaneous ICP spectrometer system was used for all

determinations except Pt, Pd, Rh, Cd, Cr, As, Zn, K, and Pb. The system is
composed of:
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1. Two-Jarrell-Ash Mark III model 1160 direct-reader polychromators optically
linked to an inductively coupled argon plasma source with 63 preset emission
lines for determining 56 different elements with a computer controlled
background correction capability.

2. Digital Equipment Corporation (DEC) Model PDP-11/34 minicomputer system
with dual RLO1 hard disk storage devices.

3. Jarrell-Ash RF generator with automatic impedance matching network.

4. VT 100 computer interface.

5. Fixed cross flow nebulizer.

6. Carter Fone 5130 printer system.

7. Gilson minipulse peristaltic pump.

Reagents

The chemicals mentioned in the procedures are all of reagent grade quality.
National Bureau of Standards (NBS) Standard Reference Materials (SRM) were used
to make working standards for ICP, FAA. and GFAA measurements. Doubly distilled
water was used throughout the procedures.

Procedures
Digestion # see figure 1

Weigh 100mg sample (-100 mesh or finer) into a 30-mL Teflon container.

Add 3 mL HNO3, 1 mL HC104, and 10 mL HF.

Cover and digest sample for 2 hr. at 150°C.

Cool; open container and evaporate to drymess.

Add 25 mL 3N HCl and 0.1 mL 30% H,0,. Heat gently on a hot plate at 120°C

to dissolve MnO,.

Transfer the solution to a tared 50-mL disposable polypropylene centrifuge

tube.

7. Adjust the weight of solution to 52.5 grams (50 mL) with 3N HCl. The
dilution factor of this solution is 500.

8. Pipet a 1.0 mL aliquot and transfer to a 15-mL disposable polypropylene
centrifuge tube.

9. Add 9.0 ml H,0. The dilution factor of this solution is 5000.

v W=

[=)}

As shown in figure 1, the elements Cu, Ni, Mo, Sr, V, Y, Cr, Ba, Co, and P are
determined by ICP spectrometry, K, Pb, and Zn by FAA spectrometry and Cr by
Zeeman GFAA spectrometry on the concentrated solution. Mn, Ti, Al, Fe,mg and
Ca is determined by ICP spectrometry and Cd by Zeeman GFAA spectrometry on the
diluted solution. The instrumental conditions are shown in Tables VI-1 through
VI-3.

Digestion #2 (see figure 1)

1. Weigh 100mg sample (-100 mesh or finer) into a 15-mL polypropylene
centrifuge tube.

2. Pipet 5.0 mL (1+1) HCl1l into the tube and cap tightly. Mix sample with the
acid.

3. Place in oven at 90°C for 2 hr.

4. Remove from oven, cool and pipet 5.0 mL water into the tube and mix.
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Digestion #1

100mg sample
decomposed with
HNO 3, HC10 4, HF

FAA ICP
Pb, K, Zn Co, Ni, Cu, V, CE,
Sr,Ra, Y, Mo, P
Zeeman GFAA 1:10 Dilution
ICP Zeeman
GFAA
Cr Al Fe, Ca, Mg, Cd
T, Mn
~ Digestion #2 Digestion #3 Digestion #4
100mg sample 100mg sample Sgm sample
+ + +
(1+1) HCI (LiBO 2 + LiB 40 9) PbO flux +
dissolution fusion Au Wire
GFAA ICP GFAA
' |
As Si, Na Pt, Pd, Rh

Figure IV-1 Analytical scheme for the determination of 27
elements in Ferromanganese materials.
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Centrifuge for 5 min.

Pipet .05 mL of sample solution into a 5 mL disposal polystyrene
microbeaker. Pipet .95 mL of 500 ppm Ni(NO3) into the beaker. Mix by
swirling beaker. As shown in figure 1, arsenic is determined by Zeeman
GFAA spectrometry. The dilution factor for the solution is equal to 2000.

Digestion #3 (see figure 1) .

1. Prepare flux mixture of 1 part powdered lithium metaborate (LiBO,) and 2
parts anhydrous lithium tetraborate (LiB,0,).

[« ¥, ]

2. Weigh 100mg of sample (-100 mesh or finer) on a glassine powder paper.

3. Mix 0.9 gms of flux with the sample and carefully transfer the mixture to
a graphite crucible. Lightly tamp down crucible several times.

4, Dry the mixture in oven at 105°C for 60 min.

5. Fuse the mixture in on electric furnace at 1000°C for 30 min.

6. Remove the crucibles from the furnace and allow to cool. When cool, the

beads produed should be easily dislodged with the touch of a spatula.

7. To a 250-mL plastic bottle add a Teflon covered magnetic stir bar, the
sample bead, 50 mL boiling water, and 5 mL (1+1) HNO,.

8. Stir the mixture rapidly for 60 min. on magnetic stirrer.

9. Add about 100 mL water to bottle and transfer the solution to a 200-mL
volumetric flask. Rinse the bottle with H,0 and add to contents in flask.

10. Pipet 5.0 mL of 1000g/mL indium solution, for internal standardization, into
the volumetric flask. Fill to volume with H20, mix, and pour the solution
back into a dry plastic bottle.

Si and Na are determined by ICP spectrometry as shown in figure 1. The dilution
factor of the solution is equal to 2000. The instrumental conditions are shown
in Tables VI-3a, 3b.

The Determination of Pt, Pd and Rh

The elements Pt, Pd and Rh are determined by GFAA Spectrometry after separation
by classical fire-assay methods and collection in a gold bead (Aruscavage and
others., 1984). Briefly, the sample (typically 5 grams) is mixed 1in a clay
crucible with a reducing flux consisting of 30g Na,CO,;, 35g PbO, 10g SiO,, 35g
Na,B,0;, 3.5g flour, lg CaF, and 2mg gold wire. The sample is fused for approx.
1 hr at 1000°, poured into iron molds and the reduced lead metal containing Au,
Pt, Pd, and Rh is then oxidized in a bone ash cupel at 850°C. The gold bead that
remains is then dissolved in aqua-regia and subsequently the solution is analyzed
for Pt, Pd and Rh by the GFAA technique. Table VI-2 shows the operating
conditions for each of the elements.

Results and Discussion

Decomposition of the ferromanganese materials
After testing various procedures for decomposing these materials, we found that
the best results were obtained using three separate and different methods for
various elements. Because of the volatility of silicon tetrafluoride, a fusion
of the sample with a lithium metaborate/tetraborate mixture similar to that used

for the routine determination of rock forming major elements in silicates gave
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the best data for silica and sodium. However because of the large blanks and
high dilutions required to lower the salt content from the fusion, an acid
decomposition was most useful for the trace and minor elements. The
decomposition for arsenic presented a special problem in that its fluoride is
also volatile and special precautions must be taken when using a hydrofluoric
acid digestion. However we found that greater than 95% of the arsenic was
leached from a test set of nodules with a hydrochloric acid digestion when
compared with a total decomposition of the sample with hydrofluoric acid in a
teflon lined bomb, thus making sample processing much easier.

ICP Determinations

Multielement capability is a main advantage of the ICP method, compared to atomic
absorption methods. However, this advantage is often offset by spectral
interferences common to optical emission techniques (A good guide to the
selection of proper wavelengths and possible interferences in ICP atomic
emission spectroscopy is the publication by Winge and others, 1985). Using
standard procedures for investigating potential interferences in these high
Mn-Fe matrices we found significant spectral interferences for the elements Mg,
P, Co, Mo, V, Ce, Zn, Pb, As, and Cd. The extent of these interferences, shown
in Table VI-5, is based on the background correction position given in Table VI-
3b for the standard nodules A-1 and P-1. These interference corrections are
applied automatically by computer algorithms (i.e. Pb (corr) = Pb (uncorr) +
Co (corr) x K factor where K factor is the correction coefficient per
concentration value Co in the sample. Because of the large corrections required
or the poor sensitivity for the determination, the elements Zn, Pb, Cr, As, Cd,
K, Pt, Pd and Rh are determined by atomic absorption techniques.

Atomic absorption determinations

Although atomic absorption techniques are largely free of spectral interferences,
interferences caused by differing chemical matrices are common, especially in
the graphite furnace technique. Possible interferences on Pt, Pd and Rh were
tested previously (Aruscavage and others., 1984) by spiking 10 ng of the
individual analyte elements (Pt, Pd, and Rh) with up to 1000 ng of interferent
(Pt, Pd, Rh, and Ag). We found insignificant interferences (< 5% depression)
in all cases except for the depressing effect of Rh on the Pd signal which
amounted to 8% depression. The flame atomic absorption technique was found to
be relatively free of interference except in the case of potassium. Because
of its low ionization potential in the air-acetylene flame, potassium is ionized
to a greater extent in pure solutions of the element than in digested samples
which contain large amounts of easily ionizable elements such as sodium. This
difference can cause an error in the results towards too high of values if
calibration of sensitivity is made using ese pure standard solutions. This
interference can be corrected by adding a high concentration of ionizable salt
such as NaCl to both samples and standards. We found, however that using a
manganese nodule standard (P-1) for calibration eleminated the need for addition
of salt and accurate results were obtained.

In the graphite furnace determination of Cd, Cr, and As we found significant
signal supression caused by Fe and Mn. Fortunately, the suppression on Cd
leveled off very quickly at about 25% supression for 10 ppm Fe or 25 ppm Mn.
For Cr the supression (15%) leveled off at ‘asbout 100 ppm Fe or Mn. By adding
appropriate amounts of Fe to the calibration solutions for Cd and Cr, accurate
results were obtained. For the determination of arsenic, nickel nitrate was
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added to the solutions to allow higher charring temperatures and to provide a
more stable matrix during atomization. Under these conditions no interference
was observed.

Precision and Accuracy

The results for replicate analysis of the two USGS manganese nodule standards
are shown in Table VI-4. The precision for most elements is better than 10%
RSD except for Arsenic.

The accuracy of the procedure as shown by a comparison to literature values is
also good and normally within 1 standard deviation from the published values.
Exceptions are Ca, Ni, Mo, Ba, Sr, and Cr in nodule A-1 and Mo, V and Ba in
nodule P-1. The determination limits are based on signals that are
approximately 2 times that of the variation in the blanks or low standards are
shown in Table VI-6.

Table VI-1. Operating conditions for FAAS determinations

Element Pb Zn K
Wavelength (nm) 283.3 219.9 766.5
Band-pass (nm) 0.7 0.7 1.4
Flow Spoiler Glass bead plastic insert plastic insert
Flame Air/Acetylene Air/Acetylene Air/Acetylene
Flame conditions oxidizing-blue oxidizing-blue oxidizing-blue
High standard 6 ppm 2 ppm 21 ppm (1)
Standard sensitivity 0.10 0.20 0.20
(absorbance)
Linear range 0-12 ppm 0-2 ppm 0-21 ppm
Background correction deuterium , deuterium none

Notes: (1) = a 500 dilution of the USGS standard Nod-P-1 is used for calibration
purposes. The sensitivity for this solution is achieved by rotation of the
burner head to a 45° angle to the light path.
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Table VI-2.

Operating conditions for GFAAS determinations

Element cd Cr As Pt Pd Rh
Wavelength (nm) 228.8 357.9 193.7 265.9 340.5 343.5
Bandpass (nm) 0.7 0.7 0.7 0.7 0.7 0.7
Light source H.C. H.C. EDL H.C. H.C. H.C.
Current/watts 6 ma 25 ma 8 w 30 ma 30 ma 30 ma
Bkg. correction Zeeman Zeeman | Zeeman Zeeman Zeeman Zeeman
Mode Peak Peak Peak Peak Peak Peak
Area Area Area Height Height  Height
Integration 4 6 5 4 4 4
time(sec)
High calibration 2(D 2002 100 200 100¢® 20
standard (ppb)
Standard absorbance .12 .30 .38 .16 .38 .19
Dry temp. (°C) 120 120 120 130 130 130
Char Temp. (°C) 250 1000 500 1600 1100 1250
Atom. Temp. (°C) 2100 2700 2700 2700 2700 2700
Purge Gas Argon Argon Argon Argon Argon Argon
Gas flow at atom,. "0 200 0 0 0 0
Ramp to atom. (sec.) 1 1 1 0 0 0
Graphite tube type non- non- non- pyrolytic pyrolytic pyrolyti

atomization

sample aliquot ()1)
modifier

pyrolytic pyrolytic pyrolytic

off-wall off-wall off-wall off-wall off-wall off-wall
20 10 20 20 20 20
none Mg(NO3), Ni(NO;), none none none

Notes:
(L)
(2)
(3
(4)
(5)

solution contains 10 ppm Fe
solution contains 100 ppm Fe
solutions contain 2 Mg/ml Au

H.C. = Hollow Cathode

EDL = Electrodeless Discharge Lamp



Table VI-3a. Operating conditions for ICP

Al
Fe
Ca
Mg

Ti
Mn
Co
Ni
Cu
Mo

Ba
Ce
Sr

Si
Na

Forward power

Reflected power

Coolant gas flow
Nebulizer gas flow

Signal integration time
Sample uptake

pump

Observation height above
load coil

Internal reference channels

Nebulizer
Inductance coil
Power frequency

determinations

= 1.1 kw

= <5 watts

= 17 1/m Argon
= 0.55 1/m Argon

= 3 sec
= 0.9 ml/minute
- peristaltic
- 16 mm
= low voltage card
In channel (for Na, Si)
= fixed cross flow
= 5 turn copper, water-cooled

= 27.12 mHz

Table VI-3b. Operating conditions for ICP determinations

Wave - Background High conc- Inter-element Correction
length (/) position (/) standards (ppm) corrections factor(ppm)

3082 + 0.48 10 - -

2599 + 0.48 25 - -

3158 + 0.48 100 - -

2795 + 0.48 10 Mn -.00100 :
2149 + 0.48 10 Mn; Cu -.00020; +.00200
3349 + 0.48 10 - -

2576 + 0.48 100 - -

2286 + 0.48 10 Fe; Ti +.00040; +.00180
2316 + 0.48 10 - -

3247 - 0.48 10 - -

2020 - 0.48 10 Mn; Fe +.00004; +.00010
2924 - 0.48 10 Fe -.00030

4554 + 0.48 10 - -

4186 - 0.48 10 Ti -.00800

4077 + 0.48 5 - -

3710 + 0.48 5 - -

2516 + 0.48 10 - -

5890 + 0.48 10 - -

4511 + 0.48 10 - -

In
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Table VI-5. 1ICP spectral interferences, see text for discussion

Wavelength (/)

Analyte Element

2203
2203
2203
2020
2020
2138
2286
2286
2924
4186
2149
2149
2795

Table VI-6, Determination Limits

Element

Cu
Ni
Mo
Sr
v

Zn
Y

Ce
Ba
Co
Pb
Mn
Ti
Al
Fe
K

mg

Sio,
NaOz

P

Ca
As
cd
Cr

Pb
Pb
Pb
Mo
Mo
Zn
Co
Co
v

Ce
P

P

Mg

Interference A-1 P-1
Mn 3 6
Co 15 15
Al 4 7
Mn 2 2
Fe 3 1
Mn 13 8
Fe 2 1
Ti 2 <1
Fe 6 4
Ti 4 9
Mn <1 3
Cu <1 7
Mn <1 2
Instrument PPm
ICP 5
ICP 5
ICP 5
ICP 2.5
ICP 5
FAA 15
ICP 5
ICP 10
ICP 2.5
ICP 5
FAA 10
ICP 25
ICP 10
ICP 250
ICP 250
FAA 1250
ICP 25
ICcp 250
ICP 250
Zeeman GFAA 2
Zeeman GFAA 0.1
Zeeman GFAA 1
ICP 500
ICP 500
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VII INTERLABORATORY CALIBRATIONS AND OTHER ANALYTICAL CHECKS
by F.T. Manheim and J.A. Commeau
with contributions by

B.J. Haynes, D. Root, V. Marchig, P. Halbach, and D. Puteanus

Several types of analytical problems were studied with the help of different
laboratories and analytical methods: influence of grinding and sieving
(homogeneity), water content, and systematic error in elemental analysis.

Influence of grinding and sieving on analytical values

Intercomparison of analytical determinations on ground, unsieved samples from
the "Midpac I" cruise (Halbach and others, 1982) showed significant differences,
depending on sample treatment. For example, analyses of cobalt and titanium by
lithium borate flux X-ray fluorescence spectrometry and DC-plasma spectrometry,
performed in the Woods Hole USGS laboratories yielded a pooled coefficient of
variation for 10 pairs of cobalt determinations of 6.9 percent, expressed as
percent of moisture-free weight. The corresponding value for titanium was still
larger, at 19.1 percent. Inhomogeneities were suspected.

Further study showed that titanium tended to occur preferentially in more
resistant coarser grains, along with iron and other detrital elements such as
aluminum and silica, whereas cobalt was more homogeneously distributed in finer
fractions along with manganese, nickel, copper, molybdenum, lead, and zinc. A
second set of comparisons was performed on ground and sieved (100 mesh) samples
from the R/V S.P. Lee cruise (Hein and others, 1985). In this case data of three
different laboratories, including atomic-absorption analyses performed at the
Technical University, Clausthal-Zellerfeld, agreed to within much closer limits:
4.3 percent and 5.8 percent pooled coefficient of variation for cobalt and
titanium, respectively. As discussed in Chapter V, the basic grinding and sieving
procedure was followed for all samples analyzed by us. It should be noted that
the sieving through 200 mesh screen would have perhaps yielded even better sample
homogeneity than sieving to 200 mesh (M. Fisk, United Nations, 1985, written
communication). However, avoidance of biasing the results requires repeated
regrinding of residual fractions until all fractions pass through the mesh. Time
and availability of assistance to process the many samples did not permit this
additional precaution. ‘

Interlaboratory calibration of R S.P. lee cruise data

The cooperative cruise of the R/V S.P. Lee in 1983 provided an excellent
opportunity for a wide-range interlaboratory study on samples of crusts ground
and sieved aboard the vessel. Analytical data on splits of approximately 56
samples were performed by the U.S. Geological Survey laboratories in Reston
Virginia and Woods Hole Massachusetts, (see Chapter V), the Bureau of Mines
laboratory in Avondale, Maryland, and the laboratory of the German Geological
Survey in Hannover, Federal Republic of Germany. In addition, shipboard analyses
were performed on a small, portable X-ray fluorescence unit (Portaspec, made
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by the Hankinson Corp.) for six fixed elements (Mn, Fe, Ni, Co, Cu, plus
semi-quantitative estimations on Zn and Pb). All the analyses except the
shipboard and those of the German Geological Survey had accompanying hygroscopic
moisture determinations, permitting recalculation to a moisture-free basis.
Because hygroscopic moisture was significant in the "air-dry" powder (to 20
percent) the German data were recalculated to a moisture-free basis based on
water values from the USGS-Reston data set. This correction was justified by
comparison between water content for the Woods Hole and the Reston splits (Table
VII-1). With two exceptions, the samples show remarkably good agreement,
considering the expected changes due to sample equilibration with different
laboratory environments. The data in Table VII-1 show that the pooled error for
sample pairs (coefficient of variation) was only 1.66 percent of the analytical
values, considerably less than deviations for elemental determinations, reported
above and in Table VII-3.

Table VII-1. Hygroscopic water determinations for S.P. Lee Cruise L5-83-HW, USGS
Reston VA(R) and Woods Hole MA (W), data. K = mean correction factor, given by
100/(100-H,07). CV = difference between correction factors for the two sets of
data, as a percentage of the corrected sample value.

SEQNO H,0"(R) H,0°(W) K CV  SEQNO H,0°(R) H,0 (W) K cv
17006 17.0 18.4 1.215 1.41 53029 13.0 14.4 1.158 1.34
17008 10.4 11.3 1.121 0.78 53030 8.7 6.8 1.084 1.56
17010 5.9 5.3 1.059 0.49 53032 10.3 10.2 1.115 0.07
17012 4.0 12.0 1.089 6.64 89013 7.5 5.5 1.069 1.61
17014 9.7 10.3 1.113 0.28 89017 17.6 19.8 1.231 2.33
17016 9.3 13.9 1.132 4.14 89020 5.6 5.6 1.059 0.00
17018 8.8 9.4 1.100 0.56 89022 7.2 9.3 1.090 1.77
.. 53020 16.4 16.7 1.198 0.28 89025 6.2 5.7 1.088 0.39
53026 15.3 14.3 1.184 2.33 89026 4.9 10.0 1.081 4.21
53027 11.0 13.8 1.142 2.62 89031 14.7 15.0 1.176 0.28

Grand mean, K (correction factor) = 1.125.

Pooled CV (grand mean of CV values) = 1.66 ( percent )
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H,0" values

H,0+ is obtained by subtracting H,0"from total water obtained by the Penfield
method (Shapiro, 1975). H,07is determined on a split of powder taken at the
same time as splits taken for many other elements (Ch. VI). Unfortunately, time
delay between the H,0" and H,0 determination permitted change in total water
content, owing to gain or loss from atmospheric moisture, thus affecting the H,0"
values. This problem was recognized early in examining summation values, but
because of the large number of samples to be run and frequent shortage of
material, it was impractical to perform additional separate Hy0 measurements for
the H,0 determinations. Errors from this source are believed to account for most
of the deviation of the summation value from the expected value.

A two-way analysis of variance was performed on the three to five sets of
elemental data by the different laboratories to determine possible presence of
systematic bias in the analyses. An example of one data set is given in Table
VII-2. A summary of all elements studied is provided in Table VII-3. The
simplest description of systematic bias of data by the different laboratories
is given by the lab effect, or differences of the column means, representing data
by a given 1laboratory for a given element, from the grand mean for all
laboratories. Total of all lab effects were equal to zero.

One may observe that the largest (+) lab effect for iron is obtained from the
shipboard analyses, as might be expected. These average about 5 percent higher
than the mean of data from all laboratories. The F statistic is 14.4, much
greater than the value of 2.9, expected for 4 degrees of freedom for the columns
and 18 degrees of freedom for the rows (95 percent confidence level). This
means that we reject the null hypothesis that the differences between the
laboratories’ data are not statistically significant.

In nearly every case except for cobalt Table VII-3 suggests that there are
statistically significant differences in data from the participating
laboratories. However, with some exceptions, these are probably not large enough
to be of practical significance. We have included the shipboard measurements
in the set to permit comparative evaluations, but a more judicious approach
toward estimating true values would exclude these data, which are subject to
fewer analytical controls than the laboratory determinations. A more subjective
effort to arrive at "true" values might choose the mean of three out of the four,
or two of three sets of data for each element on the basis of pairwise
comparisons among the sets. There seems to be no concensus on this important
problem, as a recent debate on the merits of various approaches to "best values"
estimation suggests (Abbey and Rousseau, 1985).
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Table VII-2. Comparison among five data sets for Fe analyses on ground and
sieved crust samples from S.P.Lee Cruise L5-HW-83. RES = Reston USGS
laboratories, WH = Woods Hole USGS laboratories, GERM = German Geological
Survey, SH = shipboard analyses, and BURM = Bureau of Mines (Avondale) analyses.
LE = lab effect, DF = degrees of freedom, SS = mean square due to regression,
and MS mean square due to residual variation (error). F or "F statistic" =

SS/MS.

SEQNO RES WH GERM SHIP BURM Row Row
mean SD

17006 16.86 16.28 16.02 19.03 18.42 17.32 1.334
17008 19.41 18.89 18.74 20.98 19.35 19.47 0.890
17010 18.80 17.61 18.38 21.25 18.67 18.94 1.370
17012 8.85 9.13 8.46 8.64 9.97 9.01 0.592
17014 13.28 13.38 13.84 13.95 14.96 13.88 0.668
17016 L 12.45 12,69 12.05 13.23 13.84 12.85 0.699
53018 17.54 17.01 16.72 18.64 18.43 17.67 0.848
53020 19.61 19.09 18.60 20.81 18.91 19.40 0.867
53026 19.95 19.05 19.18 22.07 18.36 19.72 1.421
53027 19.32 18.94 18.96 19.99 19.21 19.28 0.427
53029 16.32 15.82 15.28 16.55 17.08 16.21 0.689
53030 14.89 14.03 14.84 15.11 16.33 15.04 0.829
53032 13.60 13.22 13.48 13.71 14.43 13.69 0.453
89013 18.91 18.32 18.70 19.45 20.82 19.24 0.973
89017 17.47 16.89 16.54 18.44 18.98 17.66 1.029
89022 22.41 21.70 21.62 24.89 22.01 22.53 1.358
89025 22.17 20.85 22.79 21.74 20.86 21.68 0.842
89026 19.03 18.89 18.87 19.55 18.21 18.91 0.479
89031 19.34 18.74 17.62 19.69 19.87 19.05 0.909

Column 17.38 16.87 16.88 18.30 17.83 17.45

mean
LE -0.07 -0.58 -0.57 +0.85 +0.38

DF SS MS
Columns 4 29.15 7.29
Rows 18 984.79 74.71
Residual error 72 36.48 0.507
Total 94 1050.42
F = 14.38
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VIII DATA By C.M. Lane and F.T. Manheim

Geological and Station Data

The geological and station data for ferromanganese crust samples collected by
the USGS summarized in this report consist of the geographic location in decimal
degrees, water depth, cruise identification, average crust thickness within
dredge recoveries, sampling device, institution of origin, and brief description
of the nature of the dredge or other sampler recovery. An example of the station
data, as it is reported in Appendix A, is given in Table VIII-1. We have
reported some stations where chemical analyses are not available. These fall
into the following categories: 1) crusts were observed at a particular station
but there was not enough sample for analysis, 2) absence of crusts at a
particular site was regarded as significant or 3) sites were camera stations TV
grab stations or hydrographic stations. Key attributes such as depth may be
missing for a few samples. Further research (e.g., for missing cruise reports)
may fill in these gaps in the station data. Locations of principal sites are
shown in Fig. VIII-1.

The geological and station data for ferromanganese crusts acquired from SNDB is
reported in Appendix B. Similar attributes are represented, however crust
thicknesses and description of dredge content were not reported by SNDB. When
available length of core, surface lithology and estimated coverage with source
of estimate are reported. To facilitate further research original SNDB reference
numbers to data sources are given in Appendix B.

Both Appendix A and Appendix B are indexed by geographic area as indicated below.
Data in Appendix A have been sorted by latitude because there were often many
samples per station  and samples were not always consecutively assigned sequence
numbers whereas Appendix B is sorted on sequence number. In the tables latitudes
are negative south of the Equator, and longitudes are negative west of Greenwich,
England. Map insets are shown in Fig. VIII-I.

Al Marshall Islands area (0-35°N; 135°E - 175°E)

A2 Central North Pacific (N. Line Islands and Hawaiian
Archipelago) 5°S - 35°N; 145°W-175°E)

A3 South Pacific (S. Line Islands - French Polynesia) (30°S - 0°;
140°W - 175°E)

A4 United States West Coast offshore EEZ (30°N - 50°N); 115°W -
135°%)

A5 Blake Plateau (27°N - 35°N; 70°W - 81°W)

A6 Southeast Atlantic (20°N -35°N; 119°W - 117.5°W)

A7 New England Seamounts (30°N -48°N; 45°W - 72°W)

A8 Other areas not included above

A9 NGDC data

Al0 Reference data
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Explanation of column headings

In the following section each of the column headings for Appendix A will be
briefly commented on and qualified. Latitudes and longitudes are given in
decimal degrees. "Depth interval" is given in meters. Where available both the
start and end positions and corresponding depth for a dredge are reported,
however only the position and depth for the beginning of a dredge is used for
graphic output.

"Sample" refers to a concatenated designation which includes the original cruise
identification, followed by a slash and a sample designation, for example "/Dé&4
- 4" for Dredge No 4, sample 4. There is no uniform procedure amongst
organizations for labeling dredge material or subsamples of these dredges. In
some cases the only feature that differentiates between subsamples may be
. different thickness entries for the crust. These differences are also reflected
in the assignment of a new sequence number (SEQNO). The sequence number has been
described in Chapter IV and is a unique sample identifier.

"Thickness" refers to thickness in millimeters of the sample or subsample.
Thickness ranges for the dredge or other gross sampling are given under
"Description”. Following "sample device", "Inst" refers to institution of
origin. The coding for abbreviations is as follows: TUCLZ Technical University,
Clausthal-Zellerfeld, Federal Republic of Germany; SIO, Scripps Institution of
Oceanography; HIG Hawaii Institute of Geophysics; OSU Oregon State University;
FSU Florida State University; LDGO Lamont Doherty Geological Observatory; UWASH
University of Washington; SMIT Smithsonian Institution; NOAA National Oceanic
and Atmospheric Administration; WHOI Woods Hole Oceanographic Institute, USGS-
WH U.S. Geological Survey Woods Hole MA, and USGS-MEN U.S. Geological Survey
Menlo Park CA. '

Explanations of variables in the USGS file of station data are listed below.
The number following the variable name refers to the type of variable (1 =
integer, 2 = real number, 3 = dictionary, 4 = code, and 6 = character string).

SEQNO 1 Sequence number

LAT1 1 Latitude on bottom (decimal degrees)
LAT2 2 Latitude off bottom (decimal degrees)
LON1 1 Longitude on bottom (decimal degrees)
LON2 2 Longitude off bottom (decimal degrees)
DEPTHL 2 Depth on bottom (meters)

DEPTH2 2 Depth off bottom (meters)

CRUISE 6 Cruise identification

STATIO 6 Station number

SAMP# 6 Sample number

MONCOL 1 Month collected

DAYCOL 1 Day collected

YRCOL 1 Year collected (2 digits)

HOUR 1 Time collected

SEC 1 Time collected

PHASE1l 6 Phases collected

SMPDEV 3 Sampling device

AMTCOL 2 Amount collected
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UNITSC 6 Units of amount collected

INST 3 Institution affiliated with the sample
PHOTO 4 Photo available (Y or N)

PHASE2 6 Phase analyzed

THICK 2 Thickness of crust (mm)

MORPH 3 Morphology of crust

REFID 6 Reference number to link with reference file
NAVCDE 4 Navigation quality code

COMMNT 6 Comments

Chemical data

Chemical data are provided in two basic modes; oxides and elements. Examples
'of these are._given in Tables VIII-2 and VIII-3. First, where sufficient data
are available to permit a chemical summation, i.e. the U.S. Geological Survey
(Reston) data, concentrations are presented in oxide form corresponding to the
oxidation state nominally assumed for the crusts. The second mode reports
elemental concentrations, which include a basic assay of at least five elements:
Mn, Fe, Co, Ni, Cu. The SNDB falls into this category (Appendix C, Table 9).
A third mode, normalized data, is not given in tabular form, but is utilized in
the chemical maps and selected diagrams. Normalizations procedures are discussed
later.

Complete data sets are reported in Appendix C, as itemized below. 'All Tables
(CO01-Cl1l) represent hygroscopic water-free data.

col USGS (Reston)

c02 USGS (Woods Hole)

co3 Bureau of Mines (Avondale) (B. Haynes)

co4 German Geological Survey (V. Marchig) and TUCLZ (Halbach and
others.) ’

co5 Shipbard data by Portaspec X-ray fluorescence, Midpac area and

Marshall Islands areas (F. Manheim and T. Ling)
C05a Shipboard data by XRF on board R/V Sonne, Midpac cruises 2a and
2b (P. Halbach and D. Puteanus)

C06 Analytical Services Co., Oregon, HIG KK84 samples.
co7 Geological Survey of Japan (A. Usui)

cos8 Aplin thesis -major and minor elements

C08a Aplin thesis -rare earth elements

co9 SNDB crust samples -major and minor elements

Cl0 SNDB crust samples -trace elements

Ccl1 NGDC crust samples

C12-Cl18 Recent crust data from references

Some special remarks are appropriate regarding the unmodified, water-corrected
data and derivation of the oxide sum. All data are presented

on a hygroscopic moisture-free basis. Therefore, the H,0” value is not included
in the summation. The summation does not include Cl ‘and SO, values (mainly due
to dried sea water in pore fluid) nor trace metals. We have found the sum of
the majors to have a normal distribution with a mean value 98.6, rather than
100.0. This is in reasonable agreement with the estimated contributions from
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the above sources. As has been discussed under analytical chemistry, Chapter VII,
scatter about the expected sum is believed to be mainly due to unavoidable
inaccuracy in determination of H,0". This is reflected in Tables VI-1 to VI-3
under discussion of the interlaboratory calibrations. r(gamma) refers to the
correction factor that would be needed to bring the observed sum to the
theoretical sum of 98.6. Table VIII-2 is an example of summed data as reported
in Table 01 of Appendix C. Laboratory number refers to the sample number
assigned by the performing laboratory, enabling recheck of data by analysts.
Sample interval refers to the portion of the crust taken for analysis. Where
no description is given one can generally assume that a bulk sample was used.
However, one should recognize that many, especially older SNDB materials may
represent indeterminate samplings of crusts, and even for newer material,
surfaces of crusts may be ground off by unprotected chain dredge bags during
recovery.

Other data sets are reported in terms of elements. Where H,0-data are available
they are reported, although the data are already corrected for hygroscopic
moisture. For the SNDB data shown in Table VIII-3 the

reference number refers to the cross-reference list provided in Chapter XIII
(Frazer and Fisk, 1980).

Crust sample and analytical material are highly heterogeneous. They present
some problems common to the study of abyssal manganese nodules, and additional
sources of error or complicating factors. These can render data interpretation
difficult or misleading. The main sources of wuncertainty include high
hygroscopic water content of crusts, as discussed in Chapter V, contamination
with  substrate, poor selection of samples (i.e. not crusts at all), and
.analytical and other factors. '

Total water (hygroscopic and bound) may exceed 40 percent, and the way analyses
are presented is therefore critical. For example, some of the early data of both
J. Mero and D.S. Cronan (see Table XIII-1) referred to an ignited (about 800°C)
basis, thus maximizing reported metal content. On the other end of the spectrum,
some workers have reported data on an air-dry basis, and some even on a partly
sea-water-wet basis (!). Still other literature data report acid-soluble or
reducible metal concentrations. We have chosen a 105-110°C, oven-dried basis
both on grounds of established use (SNDB and most Russian data) as well as on
the basis of convenience and reproducibility (see Table V-1). For other data
culled from the literature or unpublished sources the leaders of the Scripps
study frequently applied discretionary corrections (Frazer and others., 1978).
Spot checks revealed inconsistencies in some of the revised data. Similar
problems were reported to us by J.R. Hein and L. Morgenson (oral communication,
1986) .

Normalized data

An even more serious problem than water content is that of contamination. Unlike
abyssal nodules, most crusts form layers on tabular substrates or envelope large
talus fragments. In removing crust for analysis many older samplings
incorporated large amounts of substrate material into the analyzed sample, so
that "crusts" at the far end of this spectrum can have a nearly pure basaltic,
hyaloclastite, volcanic ash, phosphorite or carbonate composition. These
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Table 1. Composition of crusts analyzed by USGS Reston Labs (cont’d).

Sequenced 020006 020007 020007 020007 020007 020008 020009 020009 020009 020010 020010 020010
Latitude 8.758 8755 8.755 8.755 8.755 8.755 8.755 8.758 8.755 8.755 8.755 8.755
Lengitade 169.792 169.792 169.792 169.792 169.792 169.792 169.792 169.792 169.792 169.792 169.792 169.792
Depth 2900 2900 2900 2900 2900 2900 2900 2900 2900 2900 2900 2900
Lab# D6-1-C D6-2-A D6-2-8B D6-2-C D6-2D D64-A D6-6-A D6-6-B D6-6-C D6-13-A D6-13-B D6-13-C
Si0L(wt.%) 217 8.29 120 639 341 643 | 448 873 549 573 100 6.66
TiO, 1.01 1.87 236 230 149 152 147 223 230 1.n 222 225
MZ a3 47 42 420 382 42 419 442 4923 44.1 382 »s
Fe,0, 127 270 20 268 183 23 2.7 263 233 262 211 232
AlZOS 50 131 289 140 66 36 A9 1.87 119 n 2.00 147
Cos0, 350 1.07 ns 1.06 644 969 1.2 509 788 115 867 926
Ni0 583 612 556 666 696 S12 6592 621 617 626 673 £23
G0 161 069 13 152 126 o 053 138 197 091 148 21
Ca0 24 kX)) s an 139 s 414 s 416 330 37 364
MgO 161 1.84 1.9 191 159 196 1.87 .77 1.76 138 130 180
leo 193 245 239 220 230 3.09 247 241 208 250 239 31
K0 A2 56 » 57 AS 2 59 3 KL il n 5
0, 432 67 66 £ 1.64 58 57 S5 .68 .66 56 56
P504 13.64 1.01 1.7 97 724 114 1.06 85 1.02 1.00 8 31
H20¢ 58 75 84 84 12 15 15 32 30 74 5 7.6
H0- 143 32 222 217 19.6 25 284 21 237 2638 26.2 %5
Sum %S 95 100.9 99.3 984 9.0 93 1009 996 98.1 98.9 3
As(ppm) 49 199 219 270 300 150 250 290 340 24 290 330
Ba 1900 1900 1800 2300 1600 1200 1900 2800 1300 1800 2400 1500
cd 87 33 30 43 40 36 3s il 44 37 31 38
Ce 1500 1400 950 1200 840 890 940 1300 750 1000 1200 830
[+ 3 9 6 17 9 33 3 2 5 3 2 9 11
Mo 430 570 300 540 510 500 460 600 720 370 500 590
Pb 1800 1400 1400 1700 1700 1600 1400 1400 1900 1300 1400 1800
Sr 1500 1900 1500 1800 1700 1600 1700 2000 1800 1500 1600 1600
v 570 620 570 750 760 70 650 830 840 580 790 750
Y 130 20 193 153 187 201 167 157 Avs 149 17 208
Zn 950 'l 780 970 740 660 850 1100 680 70 880 T20
v 991 991 78 993 1.002 996 993 978 590 1.008 997 1.014
Sampled Mo-P,0g  Bouyoids  7-15mm  2040mm  40-60mm Bulk 0-10mm  10-25man  25-3Smm Parous 525mm  25-45mm
Inserval comont 0-7mm - - - 0-Smm - - - 0-Smm - -
Sequenced 036001 039001 041001 043001 046001 047001 047003 047004 047005 047006 047007 047008
Latitade 42 15.340 10895 15483 13.042 10367 10.400 10.600 11458 11483 11458 12.550
Longituds 2483 -21.850 -45.297 -64.083 -97.067 -108.383  -108433  -108800  -103300  -103.217 -103.233 -108.267
Depth 2652 . 4640 1086 3888 3140 3843 4592 1498 1235 1408 1240
Lab# W-222718 W-231374 W-222720 W-228415 W-231351 W-222681 W-22682 W-222579 W-222541 W-222542 W-222543 W-22544
S")z(n.ﬁ) 43 431 163 927 2.0 180 304 85 KB4 183 205 195
Tio, 23 1.65 .88 85 8 1.36 09 1.39 .65 s A7 79
MO, 19.0 203 199 21 23.6 2.1 241 25 188 26 19.0 21
Fe 04 s 346 350 30.2 19.5 27 b3 165 2.0 341 U 320
ALO, 624 3.04 554 438 715 390 | a2 119 63 443 475 439
Coy0, 25 193 250 379 048 187 ‘\ 174} 157 045 10 054 097
Nio ASO 19 218 546 540 334 | as2 602 242 255 1M 254
[ Te] 354 036 089 078 Ja172 153 153 7<) 17 110 104 a2
G0 124 106 208 438 356 380 8 1.94 22 363 3.1s 5.07
MO 332 255 23 346 249 211 288 287 2.60 208 172 199
N0 259 1.26 159 162 308 234 253 2n 2.6 257 290 230
K20 1.14 38 .60 £8 1.09 60 22 1.5 8 74 81 31
mz A1 442 A5 220 18 A8 06 14 31 A4 A7 162
P,0¢ A9 261 1.09 112 60 39 16 AS 82 1.04 1.08 1.03
H2°’ 9.1 6.6 93 11.1 72 74 10 89 63 17 13 16
H,0- 152 14.1 182 13.7 128 200 101 133 187 203 19.2 199
Sum 969 93 959 974 99.1 %83 1002 92 982 989 975 986
As(ppm) 142 480 430 570 161 28 32 81 178 260 35 2s
Ba 1400 1500 930 1700 1300 1400 580 3000 1200 1300 1400 1200
c 17 49 24 45 37 29 33 23 27 25 k3 26
Ce 1300 2900 1600 780 310 550 47 280 154 290 20 260
[o ] 67 57 23 60 “ 14 3 2 57 34 2 42
Mo < 310 2% 380 300 20 200 108 100 188 90 150
Po 1000 1900 980 930 172 380 <55 196 190 290 136 250
St 340 1400 1000 1300 890 1300 anm 620 1000 1200 1100 1200
v 440 1200 940 1000 500 610 75 420 450 580 540 540
Y 64 181 m 174 115 188 20 57 116 163 136 150
In 7o 550 550 90 570 590 870 670 650 650 660 640
Y 1018 1.056 1.028 1.013 995 998 984 9% 1.004 997 1011 1.000
Sampled Bulk Bulk Bulk Bulk Bulk Bulk Bulk Bulk Bulk Bulk Bulk Bulk
Insmeval 0-14mm 0-15mm 0-24mm 0-5mm 0-35mm - . 0-12mm - . - .

Table Vil -2.Example of the Analytical lab's chemical data tables,

in oxide form, as iP Appendix C1.
Y-l




admixtures can seriously bias both regional elemental variability as well as
statistical studies involving histograms, correlation coefficients, and factor
analysis.

Contamination was present even in newer samples from dedicated crust cruises.
It is recognized that for mining engineering, processing and other purposes
variable amounts of crust admixture may be taken into consideration, but it is
clearly necessary from the point of view of establishing the nature and regional
variability of the crust phases to limit the arbitrary admixture of extraneous
material,

We therefore created a normalized data set from the total data population.
Crusts consist basically of two major phases, a metal oxide phase, itself often
composed of several potential subphases, and a detrital phase, also potentially
containing subphases. At the simplest level, most of the heavy metal and
transition metals that are of both economic and special geochemical interest are
associated with the former phase. After careful consideration of alternatives
and cross-plotting of chemical information, we concluded that the most stable
and workable normalization technique would utilize the sum of iron and manganese
as the normalizing factor. This choice also reflects past observations that
when influence of diluting (non-crust) substances is minimized, Fe and Mn
ferromanganese phases show an inversely correlated behavior, with a relatively
constant sum.

As noted in Fig. IX-7, for the well-controlled USGS data set, the bulk of the
data asympototically approach a maximum Fe+Mn value representing a hypothetical
"pure crust" material when Mn is plotted against MntFe. A similar relationship
is obtained when Fe is plotted against Fe+Mn. Based on the histogram in
Fig. VIII-2 and other studies we chose a value of 50.00 to represent the "pure
~crust" end member. The end member composition retains about 22 percent of other
constituents including H20+, Si, Al, Mg, K, etc. Some of these are incorporated
in the manganese mineral structure.

A set of data wherein the normalized wvalue of each of the "metalliferous"
components assumed to be associated with the Mn-Fe oxide phase, M*, is obtained
by the relationship:

M* = 50,00 x M/(Fe+Mn)

where M is the concentration of a given element in the group, Mn, Fe, Co, Ni,
Cu, Zn, Cd, Pb, Mo, V, As, and Ce. Thus, values for most samples with (Fe+Mn)
< 50.00 will be increased in concentration. An exclusion before normalization
is applied for samples meeting the test, Mn/Fe >5. This exclusion eliminates
some hydrothermal oxide samples which typically have very high Mn/Fe ratios
(Toth, 1980).

Where Fe+Mn values are very low, the normalization process may sometimes create
unreasonably high (apparent) minor metal concentration, e.g. in SEQNO 127006,
values of 5000 ppm Zn and 497 ppm Cd were obtained for original Fe+Mn of only
0.21 percent in a nearly pure carbonate rock. However, such outliers are few
and are excluded for mapping.
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Table 9. Composition of crusts from the Scripps Nodule Databank (cont’d).

Sequence#  0800024-01  0870004-00 0890009-00  0910002-00 0910005-01  0910005.02 1120022-00 1130048-00 1130061-00 1130062-01  1130063-01
Latitade -62.850 -64517 64.183 -63.067 -63.100 -63.100 -56.617 -55.933 -53.042 -59.142 -53.058
Longitude -74.758 -145967 -165.933 178.433 177.617 1m.617 -34.800 -45.202 48383 -48.883 -48.950
Depth 4008 ns 2932 3583 3383 3383 3696 3740 3118 3850 3255
Si(wt.%) - - 113 155 - - . - - - -
Ti . 9 Ex] AS ) 116 . - 33 . -
Mo 103 181 143 880 135 121 20 266 740 123 21
Fe 257 173 110 124 24 2.0 192 130 199 36 45
Al . - 240 390 - . - . - - -
Co 140 S70 170 140 330 350 A80 120 340 150 210
Ni 100 290 .700 20 200 130 260 590 060 20 T0
Ca 100 090 290 130 080 080 050 410 .090 .100 160
Ca 223 - 152 179 . - 2% 200 . 214 168
Mg 299 - - . . - 96 1.90 . 182 1.6
Na 216 - - - - - 157 357 - PX ) 278
K 98 - - - - . 34 107 - 9 107
P . . . . . . . . . . .
H,0- - m 174 122 191 204 . . 150 - -
Ba - 1200 3900 2500 1700 2800 - - 1100 . .
Cd - - - - - - - . - . -
Ce . . . . . . . . . - .
Cr . - . . . . . . . .
Mo - 1300 110 s 1100 20 - - 510 - -
Py 2000 B 1500 1400 . - 3100 900 - 2600 800
Sr - 1300 1000 1100 1300 1300 - - 860 - -
v - 560 . - 1200 920 - - 490 . .
Y . - . . . . - . - . .
Za 640 400 1000 530 600 500 1800 2700 300 870 1600
Sample Mar-coamd Nodule Crust Crust Crust Crust Crust Mn-coated Sevoral Crust Crust
type rock - . . - - . rock crasts . -
Portion unknown without croes cross outer outer k

sampled - nnclous section section crum cast - - - - -
Refarence A368 A2 A197 A197 A2 A2 A363 Al A2 A368 A36s
Sequenced  1130065-00  1140011-01  1140029-01  1140040-05 114005100 1140081-01 114008102 1140088-01 1140119-00 1140127-00 1140127-01
Latitade -59.033 -53.000 -57538 -55.100 -55.133 -56.267 -56.267 -56.233 -55.642 -52.833 -52.833
Longitude -48.978 -52.900 -55.138 -55.833 -56.050 -58.27% -58.275 -58.700 -55912 -50.500 -50.500
Depth 3862 3101 4075 23N 3914 4087 4087 4133 4085 2842 2842
SKwL %) - 138 - - - . . - - - -
Ti - 25 . . 37 A0 A1 - - - .
Mn 184 1038 11.3 140 390 1.00 1,00 156 620 9350 9.20
Fe 2.1 153 179 22 192 14.5 168 403 208 147 189
Al - 270 - - - - - - - 357 3.00
Co 160 150 160 280 120 130 150 020 .100 100 J40
Ni 500 390 240 20 120 290 130 030 110 240 070
Ca 250 080 080 070 090 .160 160 060 040 100 090
Ca 165 119 1.66 135 . - - 151 - . -
Mg 1.70 . 252 154 . - . 178 - - .
Na 3.08 - 407 209 - - - 219 . - -
K 96 - 259 n - - - 91 - - -
P - - - - - - - - - - -
H2°' - 130 . - 73 101 17 - - - -
Bs - 3000 - - 580 400 510 - . - -
cd . . - - - . . . . - -
Co . - . . . . . - . . .
C - - - . . . - - . 52 14
Mo . 140 . . 510 260 20 . . 160 230
Py 200. 1200 1100 3200 - - - 2400 . 600 1100
St - 800 . - 760 480 520 . . - -
v - - - - 10 230 660 . - 330 510
Y - - - - - - - . - . -
Zn 1100 670 520 900 300 460 450 660 - 720 1700
Samplo Crust Crust Crust Crust Crust Crust Crust Mn-costed Crust Cust Crust
type . . . . . - - rock . - -
Partion unknown cross wiknown unknown outar k

Nuclous - - . - - . . - - - -
Refarence A368 A197 A368 A368 A2 A7 A1 Al68 A313 A333 A333

Table VIil -3.Example of the SNDB chemical data tables as in Appendix
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A slightly different normalization factor (51.3) was used in Figs. IX-1lc and IX-
2c, from a prior report (Manheim and Lane-Bostwick, 1987). Use of the new
normalization factor does not change the principal features.

Exclusion data set

This data set removes samples with large amounts of dilutants like silicates and
phosphorite, which can yield spurious correlation coefficients. Dilutants also
create a spurious low-end tail in frequency plots of elements in the main
ferromanganese oxide group (Fe, Mn, Cu, Ni, Co, Zn, etc.) (e.g. Fig. VIII-3).

The special "exclusion" data set is not given in tabular form, but was utilized
in descriptive output (Tables IX-1 thru IX-4) and Co histograms (Figs. IX-1B,
IX-2B). This set was employed in Manheim (1986) to assess regional means for
the world oceans and parts of the Pacific Ocean. The qualifying values are those
passing all of the following tests (in percent, on a hygroscopic water water -
free basis):

Mn > 15 Fe <23 P<3

Mn/Fe < 5 Al < 2.5
Si <7 Ca <6
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IX Data Interpetation and Mapping by F.T. Manheim and C.M. Lane

Frequency descriptions and regional means

The various data sets incorporated in the database presented herein offer a large
variety of material for display of frequency distributions. These demonstrate
both the distribution of chemical values and some of the complicating factors
like contamination, mentioned earlier. Figs. IX-1A through IX-1C show histograms
for cobalt in the SNDB. The number of class intervals in the histogram was
chosen to display maximum coherent detail on modes and submodes. The SNDB data
set has complex and irregular features. The new USGS. data set (Figure IX-2A)
has a smoother lognormal character and suggests a trimodal distribution: a
lognormal population with a cobalt mode just under 1.0 percent, a secondary mode
at approximately 0.1 percent Co, and a weak scattering of data with a mode less
than 0.01 percent. The main mode is attributable to hydrogenetic, high-cobalt
crusts (see Chapter II), the secondary mode to phases partly influenced by
hydrothermal manganese deposits, and the last mode to a combination of highly
substrate-contaminated samples, and hydrothermal phases. Use of the exclusion
data set (Fig. IX-2B) goes farthest toward delimiting the hydrogenetic mode,
which is the critical population for economic interest. The exclusion data set
has a scattering of low-cobalt values, which have not yet been investigated in
detail. Data normalized to the sum, Fe+Mn, is less effective in removing the
tail of low wvalues (Figs. IX-lc and IX-2c¢) but retains more samples that would
be eliminated in the exclusion set.

If means are calculated uéing the raw (water-corrected) or normalized data, the
central value will be shifted toward lower concentrations

because of the low-Co tail. This reflects "dirty samples" (contaminants and
extraneous phases, .including hydrothermally influenced compositions). Medians
are a better measure of central tendency, but are likewise influenced by the
tail. The most consistent population measures involve the "exclusion data set"
discussed in Chapter VIII. It carries the disadvantage that some analyses are
sacrificed. However, it has been chosen as the most consistent basis for
regional means. Means for the total Pacific Ocean, Marshall Islands area,
Atlantic and Indian oceans are presented in Tables IX-1 to IX-4.
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Table IX-1. Descriptive statistics for the Total Pacific Ocean (exclusion data
set: see Chapter VIII discussion). Values for minimum, maximum, mean and SD
in percent moisture-free material, except Pt(ppm). Note, however, that the
Pacific mean is biased by a large data population in the central, cobalt-rich
seamount areas.

Variable Number Minimum Maximum Mean SD cv
samples

Lat 834 -43.000 55.127! 19.0769 10.3106 54.0
Lon 834 -179.745 179.288 -102.8786 130.4872 -126.8
Depth 819 598. 6890. 2011.80 721. 35.9
Mn 773 15.100 38.79 25.02 4,14 16.6
Fe 802 5.980 22.95 16.89 2.93 17.4
Ni 773 0.120 1.536 0.46 0.17 36.6
Co 805 0.029 3.02 0.87 0.37 42.5
Cu 603 0.013 0.55 0.08 0.05 69.4
mg 632 0.710 2.39 1.16 0.20 17.6
Ca 655 1.410 5.97 2.83 0.78 27.8
Al 746 0.064 2.50 0.95 0.51 54,1
Ti 675 0.102 2.46 1.12 0.28 25.4
K 443 0.064 1.01 0.54 0.10 20.1
P 653 0.026 1.88 0.51 0.25 49.3
Si 542 0.610 6.99 3.42 1.64 48.1
Na 293 0.207 3.32 1.74 0.48 27.8
CO, 63 0.086 2.21 0.54 0.21 40.0
Ba 401 0.0842 0.4300 0.1850 0.0598 32.3
Mo 399 0.0171 0.1493 0.0569 0.0207 36.3
Pb 476 0.0154 0.3700 0.1921 0.0559 29.1
Sr 444 0.0827 0.2453 0.1671 0.0226 13.5
v 399 0.0249 0.1600 0.0695 0.0129 18.6
Zn 460 0.0100 0.6712 0.0734 0.0393 53.6
Y 264 0.0083 0.0501 0.0188 0.0044 23.6
Ce 264 0.0061 0.2849 0.1232 0.0369 29.9
As 265 0.0140 0.3430 0.0292 0.0216 74.1
Ccd 271 <0.0007 0.0014 0.0004 0.0002 62.4
H,0” 563 4.00 37.93 16.45 6.67 40.6
H,0* 281 3.78 17.59 8.73 1.67 19.2
Pt(ppm) 8 0.1639 1.2935 0.4840 0.3934 81.3

*Decimals are a function of software output and do not reflect level of
accuracy.



Table IX-2. Descriptive statistics for the Marshall Islands area. Values for
minimum, maximum, mean and SD in percent moisture-free material, except Pt(ppm).

Variable Number Minimum Maximum Mean SD cv
samples

Lat 100 6.667 33.666 16.961 7.442 43.9
Lon 100 138.968 174.325 162.523 10.709 6.6
Depth 100 905. 3835, 1944, 680. 35.0
Mn 100 15.87 32.51 25.95 3.48 13.4
Fe 100 5.98 21.02 16.31 2.68 16.4
Ni 100 0.26 1.05 0.52 0.14 28.4
Co 100 0.07 1.96 0.85 0.33 39.1
Cu 86 0.022 0.264 0.08 0.047 56.3
mg 82 0.84 1.72 1.16 0.16 14.5
Ca 82 1.72 5.70 2.88 0.62 21.6
Al 100 0.12 2.37 0.80 0.48 59.8
Ti 80 0.56 1.57 1.09 0.21 19.2
K 80 0.32 1.00 0.54 0.11 22.1
P 80 0.27 1.74 0.51 0.24 47.1
Si 98 0.61 6.91 3.16 1.54 48.8
Na 66 1.19 2.49 1.90 0.21 11.4
€O, 66 0.44 1.20 0.62 0.16 26.2
Ba 68 0.1091 0.3609 0.1705 0.0504 29.5
Mo 66 0.0195 0.1117 0.0541 0.0159 29.4
Pb 84 0.1340 0.3000 0.1924 0.0395 20.5
Sr 68 0.1152 0.2453 0.1622 0.0174 10.7
A 66 0.0442 0.0842 0.0679 0.0082 12.1
Zn 86 0.0400 0.6712 0.0813 0.0661 81.4
Y 66 0.0099 0.0501 0.0194 0.0058 29.9
Ce 66 0.0747 0.2143 0.1156 0.0286 24.8
As 66 0.0140 0.0383 0.0282 0.0044 15.7
cd 66 0.0002 0.0006 0.0004 0.0001 22.5
H,0” 80 11.16 31.40 23.70 4,37 18.5
HZO+ 83 3.78 11.95 8.10 1.54 19.0
Pt(ppm) 8 0.1639 1.2935 0.4840 0.3934 81.3
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Table IX-3. Descriptive statistics for the Atlantic Ocean. Values for minimum,
maximum, mean and SD in percent moisture-free material, except Pt(ppm).

Variable Number Minimum Maximum Mean SD cv
samples

Lat 89 -59.033 45.800 4.556 36.094 792.2
Lon 89 -86.548 22.383 -31.637 28.624 -90.5
Depth 89 649, 5842. 2594. 1250. 48.2
Mn 82 15.02 42.50 20.27 4.98 24.6
Fe 83 7.51 22.90 18.63 3.37 18.1
Ni 83 0.02 1.56 0.39 0.24 61.2
Co 83 0.01 3.00 0.54 0.40 73.2
Cu 83 .010 0.800, 0.107 0.113 105.3

mg 57 0.93 4,17/ 1.64 0.61 37.2
Ca 61 0.16 5.30 2.54 0.96 37.9
Al 16 0.40 2.31 1.32 0.55 41.8
Ti 15 0.02 1.37 0.70 0.38 54.9
K 58 0.18 1.69 0.45 0.28 62.7
P 12 0.16 1.80 0.62 0.48 77 .4
Si 19 0.50 6.96 3.22 1.84 57.3
Na 59 0.21 3.96 1.66 0.70 42.2
Ba 13 0.0703 0.7100 0.2071 0.17 83.6
Mo 17 0.0160 0.06E0 0.0385 0.0132 34.2
Pb 63 0.0106 0.3500 0.1647 0.0803 48.8
Sr 15 0.0615 0.2043 0.1394 0.0390 28.0
\Y 13 0.0108 0.1500 0.0934 0.0367 39.3
Zn 62 0.0040 0.2730 0.0809 0.0472 58.4
Y 13 0.0057 0.0250 0.0170 0.0066 39.0
Ce 9 0.0127 0.2519 0.1687 0.0820 48.6
As 13 0.0095 0.0602 0.0362 0.0148 40.9
cd 9 0.0003 0.0014 0.0005 0.0004 75.1
H,0" 13 5.30 21.70 16.32 5.7502 35.2
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Table IX-4. Descriptive statistics for the Indian Ocean. Values for minimum,
maximum, mean and SD in percent moisture-free matieral, except Pt(ppm).

Variable Number Minimum Maximum Mean SD cv
samples

Lat 129 -52.083 12.728 -4.286 12.571  -293.3
Lon 129 25.050 118.675 64.478 17.058 26.5
Depth 129 1170. 5579. 3402. 1044 . 30.7
Mn 128 15.00 38.30 18.15 3.17 17.5
Fe 128 7.20 23.00 16.68 3.44 20.6
Ni 128 0.08 1.17 0.39 0.20 51.4
Co 129 0.06 1.22 0.37 0.23 61.5
Cu 129 0.020 0.830 0.129 0.12 95.0
mg 59 0.94 2.04 1.22 0.30 24.4
Ca 80 0.99 5.98 2.03 0.87 43.2
Al 72 0.37 2.35 1.32 0.50 38.1
Ti 84 0.27 1.76 0.70 0.26 37.3
K 3 0.51 0.62 0.56 0.05 9.5
P 7 0.23 1.65 0.59 0.53 90.1
Si 23 1.60 6.90 5.35 1.27 23.8
Na 3 1.60 2.31 1.92 0.36 18.8
Ba 10 0.1102 0.3990 0.1652 0.0847 51.3
Mo 32 0.0280 0.0717 0.0440 0.0110 25.0
Pb 107 0.0200 1.3700 0.1494 0.1741 116.5
Sr 7 0.0810 0.1675 0.1271 0.0278 21.9
\ 27 0.0430 0.1166. 0.0767 0.0168 21.9
Zn 102 0.0110 0.1100 0.0564 0.0171 30.4
Y 7 0.0112 0.0510 0.0207 0.0137 66.0
Ce 3 0.1284 0.2036 0.1769 0.0421 23.8
As 6 0.0236 0.0359 0.0283  0.0047 16.8
cd 6 0.0003 0.0011 0.0006 0.0002 29.6
H,0" 6 19.50 32.30 25.70 5.32 20.7
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Elemental concentrations vs. water depth

The data in all depth figures represent area 2 in Fig. VIII-1 (Mid Pacific area)
without duplicate analyses. The inverse relationship between cobalt and water
depth of crust occurrence is demonstrated in the Mid-Pacific data set, Figure
IX-3. This diagram shows much scatter and much more diffuse trends than studies
limited to smaller geographic areas {(e.g. Halbach and others, 1983; Halbach and
Manheim, 1984). Mn and Ni likewise show highest values in the shallowest
occurrences. A plot of depth vs. Co/Mn (Fig. IX-4) reveals that removing the
effect of the Mn relationship still leaves al marginal inverse Co-depth function.
In contrast, Cu is well known to have direct correlation with depth (Fig. IX-5).
Consequently, the ratio of Co to Cu (Co/Cu) would be expected to be a sensitive
discriminator for water depth of origin for crusts. As we see in Fig. IX-3, a
trend is found, but much scatter remains. Some of this scatter can be explained
by uncertainty in establishing the depth of c¢rust occurence, because sample sites
comprised dredge hauls that covered significant vertical ranges; other factors
contributing scatter include crusts on talus that has slumped to a present
position deeper than where they formed, and changing depth with time for some
seamounts. ‘

Fe is illustrated in Fig. IX-5, which shows a rapid increase in Fe concentration
from 1000 to 2000 m, followed by a much more gentle increase concentration with
depth. Halbach and Puteanus(1984) suggest that the increase in iron
concentrations with depth may be associated with debris from foraminifera that
decompose in and beneath the oxygen-minimum zone in the North-Central Pacific
equatorial area. The aluminosilicate group of elements tend to increase in
concentration with depth in a linear fashion.

Interelement plots

The varied nature of interelement relationships calls for many types of plots.
Fig. IX-7 displays interelement plots using the full USGS data set, whereas
remaining plots display the smaller Mid Pacific set utilized for element/depth
plots discussed earlier. Several of the sample populations included in the USGS
data set can be seen in figure IX-7 (Mn/Fe vs. Mn + Fe). The main hydrogenetic
crust population is represented by the demse clustering from 30 to 50 percent
Mn+Fe, and from .5 to 5 Mn/Fe. Samples with greater Mn/Fe are often
hydrothermally influenced, whereas samples with Mn+Fe < 30 percent are
appreciably admixed with substrate material. Substrates having >8% iron content,
like basalt and altered basalt tend toward lower Mn/Fe values.

A large increase in the number of analyses for non-oxide elements is provided
by the new data. This is illustrated by comparing Figs. IX-8 (new data) and
IX-8b (SNDB) (Al vs. Si). At low Si values in the main hydrogenetic crust a
Si/Al ratio of about 5.0 is found. A population of samples with very low Si/Al
ratios implies mineral phases richer in, Al than Si and include recently
discovered lithiophorite-like manganese minerals (Manheim and others, 1988; Olson
and others, 1988).

A plot of Si against Mn+Fe (Fig. IX-8c) shows the expected inverse relationship
for samples in the main crust mode. A smaller low-Si population is associated
with phosphatic substrate as displayed when we plot detrital Al against Mn (Fig.
IX-8d). The portion of Al that forms part of the Mn mineral structure,
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Figure IX-3 Plots of water depth vs. Co/Cu, Ni, Cc, Mn, Mo, Pb for
Mid-PacificOcean.
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delineated as Al*, is given by Al*=0.016xMn on the basis of additional data.
The plot of Al corrected for this fraction intersects 0.0 percent Al at about
32 percent Mn (Fig. IX-8d). An attempt to relate the corrected Al/H,0* ratio
and Si (Fig. IX-8f) gives a strong divergence for increasingly impure crusts (see
Figs. IX-7 and IX-8f). The nearly vertical trend, best shown in the larger
population (Fig. IX-7) is related to unweathered basalt admixtures at about 46
percent 5i0,, whereas the upcurving trend to the highest Si values is thought to
represent altered basaltic materials.

Various elemental plots against Mn are depicted in Figs. IX-9 and IX-10. The
larger data set for Co and Mn data is also shown in the earlier IX-7 plot. For
all elements except Fe and Cu a positive correlation is obtained. However,
outliers are often found at Mn values of about 40 percent or higher, which
usually represent hydrothermal oxides. For Pb, Co, Ce, As, and Mo the outliers
tend to be on the low side, whereas for Cd, Zn and Ba the outliers tend toward
higher wvalues. This is consistent with the finding of these elements in
polymetallic sulfides deposits. Ni concentrations for high-Mn outliers are well
below the envelope of more normal Mn values, but are subsequentially higher than
in the case of Co.

The behavior of elements such asmg and Ti in crusts is still poorly understood
(Fig. IX-11), much of the scatter being due to admixture in substrate. Note the
very small spread ofmg values between 1.0 and 1.5 percent for the main envelope
of purer crust data, in contrast to much wider dispersion in contaminated samples
(IX-1le).

In Fig. IX-12 Co and Ni show linear correlation within the main body of purer
crusts, whereas an arcuate envelope for the Fe and Si plot (Fig. IX-12d). The
large scatter is due to dilution with a variety of phases including basalt and
smectite formed from weathering of basalt. As expected, redox-active Ce, which
is precipitated with the Mn element group, is poorly correlated with Y, whose
behavior is generally linked with the rare earth element group (Fig. IX-12c).
_ A distinctive envelope of Sr values between .1 and .2 percent is obtained for
the pure crusts (Fig. IX-12e).

Histograms

Figs. IX-13 through IX-16 depict normal histograms for 20 constituents in the
USGS data set, whereas Figs. IX-17 through IX-19 show paired normal and lognormal
histograms for nin additional constituents. The distribution may be grouped
roughly as follows:

Normal Broad, irregular Lognormal
Fe, Ti Ce, Mo Al, P

Na, H,0" Pb, Y Si, Cu
(H,0%), Zn* Mn/Fe, (Ca)

Cd*, Ba* Ni%*, Mnt#

where parenthesis refers to slightly skewed distributions, * refers to small tail
toward higher values, attributed to hydrothermal samples, and ** refers to small
tail toward lower values, probably linked to hydrothermal samples, especially
those with higher iron content in the case of Mn. Co remains skewed toward lower
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values even in a lognormal plot, which is attributed largely to hydrothermally
affected samples.

Correlation coefficients

Correlation matrices for the Mid-Pacific, southern Line Islands, Marshall
Islands, Indian Ocean, Atlantic Ocean and Pacific Ocean areas are presented in
Tables IX-5 to IX-9, using the Pearson-Product-Moment statistic. In general,
the principal correlation groups include the Mn oxides, silicates, phosphates,
and Fe- depth-latitude. We recognize that dilution by silicates, phosphates,
or other substrate materials will tend to create false correlations among
elements within the oxide group. '

One method of clarifying the influence of dilutants on correlation matrices is
to compare correlation coefficients for the raw data sets and exclusion sets for
major oceans and ocean areas. A summary table of some of the principal
associations for the Mid-Pacific area is given in Table IX-10, including a small,
homogeneous data set from the top 5 mm of crusts from Necker Ridge, Horizon
Guyot, and S.P. Lee Guyot (data reported in Hein and others, 1985).

Four principal geochemical associations are examined in Table IX-10: Depth, Mn
oxides, silicates (divided into two subcategories Si and Al), and Ca. Table IX-
10 shows that in most cases the exclusion data set has stronger statistical
affinities than the unmodified sets. The correlation levels increase with
decreasing sample size and reduction of contaminants and extraneous phases.
Exceptions occur for hygroscopic moisture H,0": Mn, CO0,:Ca and K:Al. The
manganese phases have great surface area, and therefore greater tendency toward
higher hygroscopic moisture. This relationship, though at a low level, is more
pronounced in the most heterogeneous data set. Likewise, correlation between
elements associated with carbonates and aluminosilicates is greater in this set.
Dilution by silicates, phosphates, or other substrate materials that create
outliers not only tend to create false correlations among elements within the
oxide group. False correlations may also be induced among constituents making
up dilutants; i.e. a group of crust samples contaminated with phosphates and
silicates may tend to show false correlations between elements in phosphates and
silicates, because both phases may change in concentration in reverse proportion
to the amount of "dilution" by Mn-Fe oxide phase that may be present. One means
of minimizing these problems is referred to below.

The Pearson-Product-Moment (P-P) correlation coefficient presumes a normally
distributed population even though it has been and remains widely used in
geochemical studies on which non-normally distributed populations are present.
A correlation method that does not depend on frequency distribution is rank
correlation (5-R). A new program was developed in house to perform both the P-
P and the S-R correlations. The results are in Table IX-1ll and IX-12 and used
the smaller data set in the Mid Pacific area to be consistent with majority of
the interelement plots. The numbers for the bottom matrix refer to number of
sample points used for each correlation. The S-R data set displays much lower
correlations for elements where a tail or a few outliers affect the Pearson
Product Moment matrices. For example, the P-P correlation for Ca:P is .95,
whereas the S-R correlation yields only .59. The P-P index 1is strongly
influenced by a few samples which have high apatite content. On the other hand,
the correlations Mn:Co, Mn:Ni, Co:Ni, Pb:Co, Mo:Co, and As:Co are all higher
for the SR procedure.
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129. Nota: For both tabies shipboard data ara not included and H2O+ is not

Tebia IX-Ba. Corrsiation metrix for the Indien Ocesn using UGS + SI0 "exclusion” data. Total number of sempies
fisted dus to too few date peirs.
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Table IX-9. Corrwlation matrix for total Pacific ocesn using USES “exclusion” deta, total data points = 8.
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Table IX-12. Spearman Rank Corrsiation Metrix for Mid—Pacific arsa as definsd by mep in back flep (259 dastapoints).
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Principal components analysis

Q-mode factor analysis was undertaken on an earlier data set, using standard
methodologies as discussed in Harman (1967) and Davis (1986). Partial results
were reported in Manheim and Lane (1987). Since the results yield little
difference from relationships already noted from plots and the correlation
matrices we offer only highlights here. For large data sets a "Mn oxide" factor
includes Mo, Ni, Mn, Sr, Pb, Co, and V; a factor described as "Fe-Lat" includes
Fe, latitude and Pb; and a "aluminosilicate phase" factor includes K, Al,mg and
depth. A "depth" factor includes Na, Fe, depth and Cu, and a "phosphate" factor
selected Ca, Y, P, Ba, CO,, and Sr. Finally, with a small data set consisiting
of tops of seamount crusts collected by the "S.P. Lee"” cruise in 1983 an
additional Ba-Zn-Cd factor not previously discerned was suggested.

Bathymetric base map

Because crusts are closely related, both by habitat and chemistry, to distinct
topographic zones we have prepared a bathymetric base map for active investiga-
tion areas in the Central Pacific Ocean. Bathymetric data for the Central
Pacific map in the pocket are plotted on a spheroidal Mercator projection using
the National Geophysical Data Center gridded bathymetric data set, DBDBS.
Computer contouring was performed by Peter Sloss at NGDC, Boulder, with
subsequent modifications at Woods Hole. The computer contours have been manually
smoothed in drafting, and obviously improper or erratic features such as line
crossings removed or modified. A subprogram has been used to identify ambiguous
contours and permit additional labelling.

The basemap is of importance because navigation problems have led to conflicting
and questionable locations for given seamounts. The DBDB5 database, referred
to in earlier versions as the U.S. Navy SYNBAPS, is a subset of the NGDC ETOPO5S
database which is the most carefully controlled and readily available gridded
global elevation data set known to us. It is stored as 360-degree longitude
circles for each 5 minutes of latitude starting at the North pole and stepping
southward. Each logical record contains 4320 (360 x 12) S5-minute grid points,
and there are 2160 logical records in the file. Data values are positive above
sea level and negative below and are given to the nearest whole meter.
Following general oceanographic practice, the tape is "uncorrected” for local
sound velocity, which permits intercorrelation with most bathymetric data bases
of large scale.

Coastlines and land areas associated with ETOPOS5 tend to be schematic and are
often inaccurate. Hence, we have utilized the World Data Bank II (1984) data
set for coastlines and land areas. We have added to the Central Pacific base
map station locations and contours for normalized cobalt concentration for all
depths.

Maps of elements

Graphic displays of chemical elements and components in map format offer many
striking relationships. In this section we use two alternative display modes.
The first, 1is computer gridding and contouring, and the second replaces
contouring by gray scale maps. Computer gridding, interpolation and contouring
are procedures that can yield very differemt final products, depending on the
parameters utilized. The following briefly describes the parameters used in
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this study. The GRIDS and CONTOUR subroutines were written by G. Evenden of
this Branch.

GRIDS superimposes a rectangular grid on the area desired to be mapped, bounded
by latl, lat2, longl, and long2. A cell size of 1 cm for the original map size
of 1:5,000,000 is arbitrarily chosen to correspond to an apparent sample density
ranging from O to 10 points per cell. The interpolation method fits a least
squares polynomial surface to the data points. The intersection of the surface
with the grid establishes nodal values, which can then be contoured. 1In our
gridding we arbitrarily chose a search radius of 5 cm. This ensures continuous
interpolation in areas such as the northeast Pacific and Southeast Pacific, where
relatively few data points are available, but where it 1is geologically
reasonable to estimate data values.

The gridding option we chose divided points within the search radius into octants
or pie slices, with no more than 10 points per octant. Cells that have more than
3 conterminous empty octants will be rejected, yielding "white space” on the map
for these areas.

After examining Oth, 1lst and 2nd degree polynomial surface options, we chose the
first degree surface to establish nodal grid values for most maps. This permits
relatively high-resolution mapping, and closer conformity of contours to actual
data points, especially in the Central Pacific where the greatest data density
is available. The computer derived contours, slightly smoothed manually in
drafting, have been modified to remove some closely spaced contours in areas of
sparse data coverage, where this degree of detail is not justified, to connect
contours where continuity appears reasonable and to terminate contours at the
coasts where needed. The influence of the change in elemental values that is
often obtained due to the influence of the continental margin, could not be
incorporated into the gridding software. For example, cobalt wvalues often
decrease to about the 0.1 percent level at or near the shelf break. Thus,
unrealistic values may be projected by contours in close proximity to land areas.

The normalized cobalt map at a >4000 m depth horizon (Figs. IX-20) is gridded
with fewer data points. For this figure we have utilized the zero-degree
polynomial surface function. This yields smoother, more generalized contours
whose nodal values may not "honor the data points"; i.e. contours drawn through
the nodal values do not necessarily agree with the data points themselves, but
project the influence of data values to greater distances from these points.
It should be noted that this map and a large base map were drawn on the database
at an earlier date (early 1986) than the other maps. However regional anomalies
depicted by the contours are little affected.

The regional base map in the pocket of the first production of this report also
excluded points having Mn/Fe values of <.5 and >5 in order to emphasize "normal"
hydrogenetic crust distribution. In the Central Pacific area, occasional older
generation of hydrothermal crusts have been found (Manheim and Halbach, 1984;
DeCarlo and others, 1987). The recent maps located at the end of this chapter
eliminate these restrictions, which permits more detailed control in the more
peripheral areas of the Pacific ocean.
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Figure IX-20 Elemental concentration of normalized cobalt

in the Pacific Ocean, water depths > 4000m.
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Where appropriate we have displayed both the contoured and gray scale maps for
a particular element (Figs. IX-21 to IX-65). Most of the trace elements are
shown only in the gray scale map output. Both contour and gray-scale maps are
based on a grid cell size of 1 em for a 1:50 million map. Contoured and gray
scale maps each have their advantages and disadvantages. Contours offer greater
detail, but also have greater potential to mislead, if not carefully controlled
and checked. The gray scale maps are particularly effective and convenient for
the minor constituents that have lesser sample coverage.

Within the main Central Pacific seamount crust areas manganese oxides of
hydrothermal origin are rare, and when found usually can be shown to be formed
early in seamount history (Halbach and Manheim, 1984). On the other hand, in
the eastern Pacific large regional areas are characterized by modern and
subrecent hydrothermal influence (Manheim, Lane-Bostwick, 1988). This means that
for insight into the distribution of hydrothermal phases, maps of normalized but
unqualified data provide a better indicator of the extent of chemical influence
of hydrothermally discharged water on the Pacific Ocean floor. These
relationships indicate that no one data set can be used for all purposes; one
must be prepared to explore a variety of data combinations, manipulations, and
presentation modes to realize the full value of available information.

In Table IX-13 we give a brief discussion of some major features of crust
composition and their relationships, as depicted in (Figs. IX-21 to IX-65). It
is noteworthy that in virtually all cases large regional features of composition
are the rule, not scattered local patterns. We believe that these large features
support the hypothesis (Manheim, 1986, and references cited) that metals in
crusts come mainly from ambient water rather than from underlying sediment and
rock substrates. Abyssal manganese nodules, in contrast, get much of their metal
content from host sediments (Dymond and others, 1984, and references cited).

Cobalt is probably the most distinctive representative of hydrogenetic metals
in crusts, and its distribution is particularly informative of processes taking
place in the bottom water-crust interface. From the regional point of view
cobalt-enriched areas occupy the central parts of the Pacific ocean, far from
continental influence or sources of Fe and Mn, such as the vent zones that
discharge fluids at temperaturs over 350°C (Von Damm and others, 1985). A recent
article suggests that the isolation and selective loss of Fe and Mn from water
masses in the central area, not special sources of Co, cause enrichment of Co
as well as other metals such as Pb and Ce in these areas (Manheim and Lane-
Bostwick, 1988).

From the geochemical point of view the cobalt-depleted areas are of equal
interest as the cobalt-enriched ones. We have pointed out that major submarine
hydrothermal discharge areas in the Pacific: the Galapagos, Juan de Fuca, and
the Tonga-Lau rift zones, and the Marianas back-arc area all are characterized
by halos of cobalt-depleted crusts (Manheim and Lane-Bostwick, 1988), and that
cobalt (Fig. IX-21, IX-22) serves as a monitor of such discharge in the ocean
in the present and the past.

The rate of accumulation of crusts was demonstrated by Halbach and others., 1983
to be inversely proportional to their cobalt content. This relationship was

further extended by Manheim (1986) to a variety of marine manganese-rich
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sedimentary phases, and suggested to be described by the algorithm R = 6.8 x
10/CoL67. A preliminary map of accumulation rate based on this algorithm is
included in this report (Fig. IX-37, IX-38). The age/Co relationship was
analyzed in more detail by F.T. Manheim and D.E. Olson (unpublished data)
recently, refining the formula but in general terms confirming the inverse log-
linear relationship.

Recent studies have enhanced this data base. Several offer additional discussion
of discrete areas in the Pacific Ocean, for which only sparse information existed
before: the maps are discussed in more detail by recent field studies of
discrete areas, such as those of Chave and others, 1986, DeCarlo and others, 1987
(Circum-Hawaii area); Halbach, 1986, Hein and others, 1985a, 1987 (Mid Pacific
Mountains area), Hein and others, 1988 (Marshall Islands area), and Usui (1987)
seamount crusts from the Izu-Bonin area, %?d the De Carlo and others (1988)
(Kiribati area). Most recent mean chemical wvalues for discrete areas in the
Pacific are given by Hein and others., 1988.

Data from other areas of the world oceans are much sparser than for the Pacific.
They were summarized briefly in Manheim (1986), and descriptive statistics are
listed in Tables IX-1 to IX-4. In the Atlantic Ocean a large collection of data
are available for the Blake Plateau, where pavements having up to 5 em -thick
oxide layers encrust phosphorite substrates under the Gulf Stream. Similar
substrates and encrustations are present in the Caribbean (Kang et), 1986, and
the Ceira platform off Brazil, and, in the New England Seamounts.

In the Mid-Atlantic Ridge new data by Goddard and others (1987) have obtained
compositions that tend to be either Mn or Fe-rich and impoverished in trace
metals when they are of hydrothermal origin, or higher in Co, Pb, etc. when they
are hydrogenetic. Co values approaching 1.0 percent are obtained in the Sierra
Leone Rise area, but reach very low values in the Mid Atlantic Ridge (Goddard
and others, 1987) and in the New England Seamount crusts (<.l percent Co).

Values in our data base for the New England Seamount are closer to normal
hydrogenetic Atlantic types, and this discrepancy has not been resolved yet.

Synthesis of the Atlantic and Indian crusts has not been undertaken. A greater

geographic distribution of crust material needs to be recovered to prepare
meaningful regional maps.
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Table IX-13. Some principal features of chemical constituents are enumerated
below. Areas in the third column refer to enrichments except where noted.

Elements with

Component similar patterns Regional distributions & notes

A1203 Si(limited) Lowest in Galapagos rift, Chatham and
Shatskiy rise area; high toward polar
regions

As Ce, Pb, Co Highest in the Tonga-Lau-Fiji area, off
southern South America

Ba Cu, Zn, Ni Highest in the Clarion-Clipperton fracture
zone & Cook Is. area

Ca P Wide N-S band in E. Central Pacific; also Peru
Basin; probably due mainly to physical
phosphorite admixture

cd Zn High in Clarion Clipperton zone but lacks
sample distribution

Ce Co Low in hydrothermal areas, highest values
unclear affinity

Cr Al Tonga-Lau-Fiji

Co Ce, Pb, Ni Marshall 1Is., French Polynesia, 140°,
Northern Line Islands, S. Central Pacific

Cu Zn, Ni, Cd Clarion-Clipperton zone

Fe v, Ti 10°S, 110°W, Juan de Fuca, SW of
Tasmania, Tonga-Lau-Fiji

mg Cr Juan de Fuca fracture zone

Mn Cu NW Pacific, SE Pacific, Clarion

Mn/Fe Cu Galapagos, Clarion-Clipp., erton zone, Tonga
Lau-Fiji, Marianas

Mo Juan de Fuca, NW Pacific

Ni Cu, Zn Clarion-Clipperton Zone, off New Zealand,
SE Pacific

P Ca E. Central Pacific, Peru Trench

Pb Ce, Co Enriched areas roughly similar to those of
Co

Si/Al Al Low near New Zealand
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X DISCUSSION

Much of the interest in element mapping of crust composition lies in the
postulate that sources of the metalliferous crust components are largely
obtained from ambient water, rather than from underlying sediment and rock
substrates. Because water masses show coherent chemical character over much
larger areas than do bottom sediments and substrates, crust compositions should
show a more consistent and and predictable regional chemical composition than
do abyssal nodules. The maps (of cobalt distribution) strikingly bear out this
expectation, not only showing a series of high-cobalt bullseyes, but also
showing distinct regional lows that correlate closely to what is known about the
distribution of hydrothermal fluid discharge in the oceans. These patterns also
suggest other active hydrothermal areas in parts of the Pacific Ocean that have
not yet been explored for polymetallic deposits and discharge zones. The
southeast Pacific south of the Peru basin is a case in point,.

For application to more local economic targets the cobalt maps reported here
appear to reflect real regional variability, although the distribution of
shallow seamounts is an ancillary factor that affects cobalt highs on all-depth
maps. This conclusion tends to reduce changes that isolated high-cobalt crust
regions will be found in peripheral areas of the Pacific ocean.

Second, the maps show several cobalt-enhanced areas for which only sparse
sampling exists. Most of these areas are outside the US EEZ zones, but some
occur within the EEZ zones of independent countries (Cook and Society Islands,
and Tuamotu Archipelago, Marshall Islands), and need to be confirmed by
additional sampling.

The data suggests that there is no constant cobalt-depth zonation throughout
the oceans, but that the relationships, though remaining inversely correlated,
in hydrogenetic areas are quite different in different parts of the ocean. A
future task will be to explore details of depth zonation for other elements
besides cobalt.

Although the data on crust thickness is far more limited than the chemical
information, and some is of very poor quality. We should wuse what there is to
examine regional relationships that will add to the base of scientific and
economic knowledge. A current subject of expanding interest is chemical "crust
stratigraphy", which promises to shed light on the distribution of seamounts,
water masses and hydrothermal activity in earlier oceans.
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XI SUMMARY AND CONCLUSIONS

Our database has placed in usable and coherent form more than three times the
number of crust analyses available than when we began the work in 1983, The
current total is about 2400 analyses, approaching 100,000 individual data items.
Many of the new data maintain a higher standard of sampling and analytical
quality than preexisting data, and have been preferentially used here to develop
normalization and correction algorithms for earlier data.

The Scripps Institution Nodule Data Bank | (SNDB), updated by the NGDC, was
carefully searched and qualified with respect to crust data. We searched some
13 U.S. repositories for existing seafloor samples containing crusts. We
followed this by applications of a carefully-controlled analytical methodology
for 27 chemical constitutents, and conducted interlaboratory calibrations of
various sampling and analytical procedures. The new shipboard samples and data
were added to the database.

The database was implemented on the UNIX system and desktop microcomputers at
USGS, Woods Hole, Mass. offices. Mapping aﬁd statistical software were applied
to data manipulation, samples of which are included in this report, specially
designed for hard-copy viewing by persons with a variety of interests:
geological/resource analysis, geochemical, analytical, and administrative. All
chemical tables in this paper copy are in standard rock and geochemical analysis
format, and are preceded by location and depth, as well as sequence number data.

Ferromanganese crusts and their composition are subject to many sources of
error, and critical use of data are shown to be even more important than for
abyssal nodules. A system of values normalized against Fe+Mn concentrations
helps compensate for the serious problem of substrate contamination as well as
variable treatments of hygroscopic and bound moisture in past reports.

Our efforts at elemental mapping confirm that ferromanganese crusts have chemical
coherence over large geographical regions. Our maps of cobalt concentration show
three well-defined high concentration areas. The largest one, in the central-we-
stern Pacific is a true regional feature extending deeper than 4000m; i.e. it
is not merely a function of prevalence of shallow seamounts. Regions having low
cobalt concentration in crusts are found in the vicinity of submarine hydrother-
mal vents and characterize a large part of the East Pacific Ocean. Other trace
metals show distinctive associations; Zn, Nﬁ, and Cu are highly concentrated in
the Clarion-Clipperton fracture zone, Ce, Pb and As show some common features
with Co, whereas V is enriched along with Fe, for examples in the East Pacific
Rise and Juan de Fuca areas.

We hope that this database and updated versions will be useful in evaluating and
synthesizing economically useful relationships pertaining to ferromanganese
crust composition, as well as offering new scientific knowledge bearing on a
variety of ocean geological and geochemical problems.
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XIITI REFERENCES

The references are provided in two tables. The first (Table XI-1) is an index
for references pertaining to both the station and chemical data of the SNDB.
Then follows the Scripps Institution reference file, presented as in the
original in both a chronological and alphabetical order.

Most of the references in the U.S.G.S. crust reference list are supplementary
to the Scripps reference file, although a few duplications of commonly-referred
to papers have been retained to permit readyifeference to the discussion sections
without switching back and forth between the two references lists. Some of the
articles in the USGS references pertain primarily to nodules, but have pertinent
sections in them relating to crusts. Others that have minor references to
crusts have not been included in this list. Finally, a few ancillary references
pertaining to subjects mentioned in the text are also included.
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Table X-1. Cross reference table of SIO "REFID" and SIO references
to be used in conjunction with station and chemical tables as needed.

A0O05 --- 1960 List of cores, Tethys expedition - SIO.

A033 --- 1965 List of cores, Wahine expedition - SIO.

A056 --- - Confidential Source.

A098 --- - Joint Oceanographic Institutions for Deep Earth Sampling
(JOIDES), preliminary core reports.

Al05 --- 1968 Preliminary megascopic descriptions of cores taken on
Vema, LDGO.

A108 --- 1968 Megascopic core descriptions - Vema 22, LDGO.

Al09 --- 1966 Megascopic core descriptions - Vema 23, LDGO.

Al1l10  --- 1965 Preliminary megascopic descriptions of cores taken on
Vema, LDGO.

All4 --- 1969 Preliminary megascopic core descriptions taken on Robert
D. Conrad, LDGO.

All5 .-- 1966 Preliminary megascopic descriptions of cores taken on
Robert D. Conrad cruise 10, LDGO.

Allé --- 1967 Preliminary megascopic core descriptions of cores taken
on Robert D. Conrad cruise 11, LDGO.

All7 --- 1970 SIO list of cores and dredge hauls, Scan expedition.

All9 --- 1971 SIO list of Samples, 7-TOW.

Al21 --- 1966 List of cores and dredge hauls, Zetes expedition, SIO.

Al23 --- 1969 Preliminary megascopic description of cores taken on
Vema, LDGO.

Al25 --- 1969 List of cores, Circe expedition, SIO.

Al30 --- - Trawls, dredges and grab samples, LDGO.

Al40 --- 1965 Akademiia Nauk, SSSR.

Al45 --- 1968 List of cores and dredge hauls and visual core
description log, Styx expedition,

Al46 --- 1966 List of cores, Tripod expedition - SIO.

Al50 --- - Florida State University, Core description.

Al58 --- 1970 Preliminary megascopic core descriptions of cores taken
on Robert D. Conrad cruise 13, LDGO.

Alé67 .- 1971 List of cores and dredge hauls, Aries expedition, SIO.

Al74 --- 1971 List of cores and dredge hauls, Antipode expedition,
SIO.

Al94 --- 1967 National Institute of Oceanography, RSS Discovery cruise
16.

A213 --- 1973 Unidentified Source, coded as Amigo.

A221 --- 1972 List of sediment cores, Cato expedition, SIO.

A226 --- 1973 Florida State University, Eltanin cruise 4-54.

A233 --- 1973 List of cores and dredge hauls, Benthiface
expedition, SIO.

A241 --- 1974 Inter-University Program Research on Ferromanganese

Deposits of the Ocean. Station summary and sample logs.

A242 --- 1975 Inter-University Program of Research on
Ferromanganese Deposits of the Ocean. Station summary
and sample logs.

A252 --- 1975 National Oceanographic Data Center. Bottom Photograph
Camera Station File (photo). Note: depth of photo
stations may refer to camera depth.

A257  --- 1974 List of cores and dredge hauls.
A265 --- 1972 Megascopic core descriptions Vema 29, LDGO.
A266 --- 1971 Megascopic core descriptions Vema 28, LDGO.
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A267
A269
A290

A306

A308
A325
A333
A336

A337
A339

A340
A352
A386
A392
A393
A4Q7
A4Q9
A419
A421
A426
A430
B509

B511
B540
B579

B733

B830

M0O1
M002
M003
M004
M0O09
MO13
MO15
M025
M033

N184

N684
N729

1972
1975
1965

1973

1973
1976
1976
1975

1977
1976

1976
1973
1977
1977
1977

1978
1979
1979
1979
1958

1960
1966
1965

1963
1964

1961
1962
1963

1958
1964
1961
1963
1958

1954

1962
1958

Megascopic core descriptions, Conrad, LDGO.

List of cores and dredge hauls, Eurydice expedition, SIO.
Kennecott Copper Inc., (Special Products). Analyses of
manganese nodules obtained from Scripps Institution of
Oceanography.

Megascopic core descriptions (R/V Robert D. Conrad
cruise 16, LDGO.

Megascopic core descriptions. R/V Vema cruise 30, LDGO.
Sample data index, Deepsonde expedition, SIO.

Nodule analyses done by Kennecott Exploration, Inc.
Preliminary megascopic core descriptions taken on Robert
D. Conrad, LDGO.

Domes Project. Index of Box Cores.

List of cores and dredge hauls. Pleiades
expedition, SIO.

Sample index, Indopac, SIO.

Kennecott Exploration, Inc.

Seascope Exploration Data Summary.

International CLB Group.

International CLB Group.

Kennecott Exploratipn, Inc.

Deepsea Ventures, Inc.

Kennecott Copper Corporation.

List of cores and dredge hauls Indomed expedition, SIO.
Preussag, VA-07.

U.S. Navy Cruises Bartlett (1971) and Kane (1970).
Preliminary megascopic description of cores taken on
Vema, LDGO.

Vema 16 preliminary description, LDGO.

Data file, WHOI ref. no. 66-8.

Preliminary megascopic descriptions of cores taken on
Vema, LDGO.

Preliminary megascopic descriptions of cores taken on
Vema, LDGO.

Preliminary megascopic descriptions of cores taken on
Vema, LDGO.

Core and dredge lists, Monsoon expedition, SIO.
Various logs, Proa expedition,

Lusiad Expedition core and dredge list, SIO.

Carrousel II expedition list of cores

Downwind expedition core and dredge lists, SIO.

Various logs, Dodo expedition, SIO.

List of cores, Japanyon expedition, SIO.

Core and dredge list, Luciad expedition, SIO.

Downwind expedition list of cores and dredge samples,
SIo.

List of cores collected on Acapulco Trench (Chubasco)

expedition, SIO.
Akademiia Nauk, SSSR.
Akademiia Nauk, SSSR.
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27?2
A006
A009
A010
A012
A033
A068
A069
A077
A082
A083
A088
All7
All9
Al40
Al48
Al65
Al66
Al78
Al79
Al89
Al94
Al95
Al97
Al99
A200
A201
A202
A203
A206
A217
A220
A223
A227
A230
A232
A240
A243
A246
A247
A248
A249
A250
A251
A254
A255
A256
A260
A261
A262
A272

Heezen
Revelle
Murray
Murray
Murray
Moore
Goldberg

Khristianova

Young
Fisher
Bruun
Von Gumbel
Johnson
Johnson
Skornyakova
Bezrukov
Goldberg
Barnes
Skornyakova
Horn
Cronan
Glasby
Glasby
Mero
Bender
Ahrens
Willis
Grant
Cronan
Tin
Glasby
Isaeva
Glockhoff
Meylan
Bonatti
Burns
Cronan
Ostwald
Bezrukov
Frazer
Shima
Okada
Glasby
Andrews
Fein
Dietz
Yabuki
Summerhayes
Menard
Hewett
Van der
Weijden

A276
A277
A280
A281
A283
A284
A285
A289
A291
A293
A298
A301
A303
A305
A309
A321
A323
A324
A324
A326
A332
A334
A338
A342
A343
A346
A347
A349
A351
A354
A360
A361
A361
A363
A366
A367
A368
A369
A371
A372
A373
A374
A376
A379
A380
A381
A383
A388
A389
A390
A395
A405

Nikolayev
Hubred
Mizuno
Meylan
Aunmento
Lonsdale
Mero
Cassidy
Cronan
Backer
Frazer
Korkisch
Korkisch
Gilbert
Greenslate
Fisk
Piper
Morgan
Morgan
Marchig
Friedrich
Greenslate
Greenslate
Frazer
Bezrukov
Krishnaswami
Walsh
Monzier
Mueller
Smith
Batiza
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SNDB REFERENCE LIST

Reference list for Scripps Institution Nodule Data Bank (SNDB). Original Scripps
chronological format has been retained. References are as delivered by NGDC in
1983.

Carrousel II expedition list of cores, dredge samples and camera stations.
Scripps Institution of Oceanography (unpublished) :M004 Confidential Source.
:A056

Deepsea Ventures, Inc. Analyses of SIO Nodules. Personal communication. :A409

Florida State University, core descriptions and locations cruises 16-27, USNS
Eltanin. Antarctic Core Facility, Dept. of Geology, Florida State University,
NSF, Office of Polar Programs. :A150

Joint Oceanographic Institutions for Deep Earth Sampling (JOIDES), Preliminary
Core Reports (beginning with Site 32), (R/V Glomar Challenger). Unpublished
:A098

Kennecott Exploration, Inc. Nodules analyses by AA, dried at 105C for 24 hours:
Ocean Mining Lab. Private communication, D. Felix. :A407

National Oceanographic Data Center. Bottom Photograph Camera Station File
(photo). Note: depth of photo stations may refer to camera depth. ENDEX/OASIS.
Washington, D.C. :A252

Trawls, dredges, and grab samples (R/V Robert D. Conrad, cruises 5-18; R/V Vema,
cruises 12-30), Lamont-Doherty Geological Observatory (unpublished) :A130

1954, List of cores collected on Acapulco Trench (Chubasco) expedition, 1954,
(R/V New Horizon), Scripps Institution of Oceanography :N184

1958, Akademiia Nauk, SSSR, Institut Okeanologii, Tablitsa donnykh oBottom
Sediment Listings), Cruise 26 (Pacific Ocean) of the Vityaz, 17 Nov. 1957 to
16 February 1958, (unpublished) :N729

1958, Downwind expedition core and dredge lists, smooth plots. (R/V Spencer F.
Baird, Oct. 1957-Feb. 1958), Scripps Institution of Oceanography :M009

1958, List of cores and dredge samples, copied from shipboard 1logs, Downwind
expedition, Oct. 1957-Feb. 1958. (R/V Horizon) Scripps Institution of
Oceanography (unpublished) :M033

1958, Preliminary megascopic core descriptiion taken on Vema, cruise 14, Nov,.
1957-Aug. 1958. Prepared by Geology Dept. Lamont-Doherty Geological Observatory
(unpublished) :B509

1960, List of cores, Tethys expedition, Juné-July 1960. (R/V Spencer F. Baird)
Scripps Institution of Oceanography (unpublished) :A005

1960, Vema 16 preliminary description (Vema, Oct. 1959-Sept. 1960)
Lamont-Doherty Geological Observatory (unpublished manuscript) :B511

164



1961, Core and dredge lists, Monsoon expedition, Aug. 1960- Apr. 1961. (R/V
Argo) Scripps Institution of Oceanography (unpublished) :M001

1961, List of cores, copied from shipboard logs, Japanyon expedition, May
1961-Sept. 1961. (R/V Spencer F. Baird) Scripps Institution of Oceanography
(unpublished) :M015

1962, Akademiia Nauk, SSSR, Institut Okeanologii, Tablitsa Donnykh Osadkov
(Bottom Sediment Listings),cruise 35 (Indian Ocean) of the Vityaz, 2 July 1962
to 2 Nov 1962. WDC-A 137 B-9 : N684

1962, Various logs, Proa expedition March-Oct. 1962. (R/V Spencer F. Baird)
Scripps Institution of Oceanography (unpublished) :M002

1963, Core and dredge list, Lusiad expedition, May 1962-Aug. 1963. (R/V Horizon,
R/V Argo) Scripps Institution of Oceanography. :M025

1963, Lusiad Expedition core and dredge list, camera log. (R/V Argo, May
1962-Aug. 1963) Scripps Institution of Oceanography (unpublished) :M003

1963, Preliminary megascopic core descriptions taken on Vema, cruise 19, Feb.
- Dec. 1963. Lamont-Doherty Geological Observatory (unpublished) :B733

1964, Preliminary megascopic core descriptions taken on Vema, cruise 20,
Feb.-Dec. 1964. Lamont-Doherty Geological Observatory (unpublished) :B830
1964, Various logs, Dodo expedition April - Dec. 1964. (R/V Argo) Scripps
Institution of Oceanography (unpublished) :MO13

1965, Akademiia Nauk, SSSR, Institut Okeanologii. Tablitsa Donnykh Osadkov
(Bottom Sediment Listings). cruise 37 (Western Pacific Ocean) of the Vityaz,
3 May to 10 July 1965. WDC-A No. 137.1 B-11l. Unpublished. (Vityaz) :Al40

1965, Kennecott Copper Co. (Special Products). Analyses of manganese nodules
obtained from Scripps Institution of Oceanography, 1965. Unpublished. :A290

1965, List of cores, Wahine expedition, Feb. - April 1965. (R/V Spencer. Baird)
Scripps Institution of Oceanography (unpublished) :A033

1965, Preliminary megascopic core descriptions taken on Vema, cruise 21, Aug.
- Dec. 1965. Lamont-Doherty Geological Observatory (unpublished) :A110

1965, Preliminary megascopic core descriptions taken on the Vema, cruise 18,
Dec. 1961- Dec. 1962. Revised June 1965. Lamont-Doherty Geological Observatory
(unpublished) :B579

1966, Data file, continental margin program, Atlantic coast of the U. S., Vol.
1, Sample collection data. Woods Hole Oceanographic Institution Ref. No. 66-8,
March. :B540

1966, List of cores and dredge hauls, Zetes expedition, March- Aug. 1966. (R/V
Argo) Scripps Institution of Oceanography (unpublished) :A121

1966, List of cores, Tripod expedition, Nov. - Dec. 1966. (R/V Argo) Scripps
Institution of Oceanography (unpublished) :Al46
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1966, Megascopic core descriptions taken on Vema, cruise 23, July 27-Dec. 13,
1966. Revised Apr. 1968. Lamont-Doherty Geological Observatory (unpublished)
:A109

1966, Preliminary megascopic core descriptions taken on Robert D. Conrad cruise
10, Jan. 1965 - Oct. 1966. Lamont-Doherty Geological Observatory (unpublished)
:Al115 '

1967, National Institute of Oceanography, RSS Discovery cruise 16 report,
geology and geophysics in the Red Sea, Gulf of Aden and N. W. Indian Ocean. NIO
Cruise Report series, CR-16, Wormley, England, Jan-May. :A194

1967, Preliminary megascopic core descriptions taken on Robert D. Conrad cruise
11, Nov. 30, 1966- Nov. 11, 1967. Lamont- Doherty Geological Observatory
(unpublished) :A116

1968, List of cores and dredge hauls and wvisual core description log, Styx
expedition, Apr. - Sept. 1968. (R/V Alexander Agassiz) Scripps Institution of
Oceanography (unpublished) :Al45

1968, Megascopic core descriptions taken on Vema cruise 22, Jan. 1l-Jun. 12,
1966. Revised April 1968. Lamont-Doherty Geological Observatory (unpublished)
:A108

1968, Preliminary megascopic core descriptions taken on Vema, cruise 24,
Jan.-Dec. 1967. Revised Oct. 1968. Lamont-Doherty Geological Observatory.
(unpublished) :A105

1969, List of cores, Circe expedition, March 1968-Jan. 1969. (R/V Argo) Scripps
Institution of Oceanography(unpublished) : Al25

1969, Preliminary megascopic core descriptions taken on Robert D. Conrad, Cruise
12, Jan 1968 - April 1969, prepared by the geology dept. Lamont-Doherty
Geological Observatory. :All4

1969, Preliminary megascopic core description taken on Vema, cruise 26, July
1968 to May 1969, prepared by the Geology Deptartment Lamont-Doherty Geological
Observatory :A123

1970, Preliminary megascopic core descriptions taken on Robert D. Conrad cruise
13, Sept. 10, 1969 - Jan. 9, 1970. Lamont- Doherty Geological Observatory
(unpublished) :A158

1970, SIO list of cores and dredge hauls, scan expedition, Mar. 1969-Feb.1970,
and from initial reports of the Deep Sea Drilling Project, Vol. V, VI, VIII.
tAll7

1971, List of cores and dredge hauls, Antipode expedition, June 1970-October
1971. (R/V Melville) Scripps Institution of Oceanography (unpublished) :Al174

1971, List of cores and dredge hauls, Aries expedition, Nov. 1970-Oct. 1971.
(R/V Thomas Washington) Scripps Institution of Oceanography (unpublished)
1Al67
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1971, Megascopic core descriptions taken on Vema, cruise 28, 25 June 1970 - 14
Nov. 1971. Lamont-Doherty Geological Observatory :A266

1971, Scripps Institution of Oceanography, List of geological samples, copied
from Shipboard Logs, Seven-Tow Expedition, Feb.- Sept. 1970. (R/V Thos.
Washington) (unpublished.):All9

1972, List of sediment cores copied from shipboard logs, Cato expedition, Aug.
- Sept. 1972. (R/V Melville) Scripps Institution of Oceanography (unpublished)
1A221

1972, Megascopic core descriptions taken on Vema, cruise 29, 18 Nov. 1971 - 7
Oct. 1972. Lamont-Doherty Geological Observatory (unpublished) :A265

1972, Megascopic core descriptions, taken on Robert D. Conrad cruise 15, 29
Sept. 1971 - 4 Aug. 1972 Lamont-Doherty Geological Observatory 2 (unpublished)
1A267

1973, Florida State University, Department of Geology, Antarctic Core Facility,
USNS Eltanin core descriptions, Cruises 4-54. Sedimentology research laboratory
contribution no. 37, July 1973. :A226

1973, Kennecott Exploration, Inc., San Diego, California. Atomic absorption
analyses of nine Aries samples. Communication, David Felix, 1973 :A352

1973, List of cores and dredge hauls copied from shipboard 1logs, Benthiface
expedition, June-July 1973. (R/V Melville) Scripps Institution of Oceanography.
:A233 v

1973, Megascopic core descriptions taken on R/V Robert-D. Conrad cruise 16, 10
Aug. 1972 to 14 Sept. 1973) Lamont-Doherty Geological Observatory (unpublished)
:A306

1973, Megascopic core descriptions taken on Vema cruise 30, 22 Nov. 1972 - 29
Dec. 1973. Lamont-Doherty Geological Observatory (unpublished) :A308
1973, Unidentified source, Nov. 1973. Coded as Amigo. :A213

1974, Inter-University Program Research on Ferromanganese Deposits of the Ocean.
Station summary and sample logs, cruise  MN-7401, July-Aug. 1974. Seabed
Assessment Program, IDOE, National Science Foundation, HIG-74-9. Sept. 1974 (R/V
Moana Wave) :A241

1974, List of cores and dredge hauls, Tasaday expedition. July 1973-Jan. 1974
(R/V Thomas Washington) Scripps Institution of Oceanography (unpublished) :A257

1975, Inter-University Program of Research on Ferromanganese ' Deposits of the
Ocean. Station summary and sample logs, cruise MN-7402, Sept.-Oct. 1974. Seabed
Assessment Program, IDOE, National Science Foundation, May 1975. :A242

1975, List of cores and dredge hauls copied from shipboard 1logs, Eurydice

expedition, 4 Sept. 1974-2 May 1975. (R/V Thomas Washington) Scripps Institution
of Oceanography (unpublished) : A269
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1975, Preliminary megascopic core descriptions taken on Robert D. Conrad, cruise
17, Oct. 1973-Jan. 1975. Lamont-Doherty Geological Observatory (unpublished)
:A336

1976, List of cores and dredge hauls. Pleiades expedition 29 May 1976-23 Sept.
1976. (R/V Melville) Scripps Institution of Oceanography (unpublished) :A339

1976, Nodule analyses done by Kemnecott Exploration, Inc. Samples from Vema
29-32, Robert D. Conrad 15-18, 1973-1976. Lamont-Doherty Geological Observatory
(unpublished) :A333

1976, Sample data index, informal report and index of navigation, depth,
magnetic, and subbottom profiler data. Deepsonde expedition leg 2, 9 Feb. --9
Maxr. 1976 (R/V Thomas Washington) Scripps Institution of Oceanography
(unpublished) : A325

1976, Sample index, core data. Indopac (first half), San Diego, CA 24 March 1976
- Apra, Guam - 29 Sept. 1976. (R/V Thomas‘Washington) Scripps Institution of
Oceanography (unpublished) :A340

1977, Domes Project. Index of Box Cores, Cruise RP-8-0C-75 1leg 3. Private
communication J. Greenslate, 1977. :A337

1977, International CLB Group. Chemical analyses of manganese nodules from
samples gathered on Kyokuyo Maru during 1972 fullscale CLB system test. Private
communication, 1977 :Q§92

1977, International CLB Group. Chemical assay data on manganese nodule samples
gathered by CNEXO free-fall samples on Kana Keoki during 1972 full scale CLB
system test. Private communication, 1977 :A393

1977, Seascope Exploration Data Summary, Feb.-July 1972 (unpublished). Received
June, 1977. :A386

1978, Kennecott Copper Corporation, Deepsea Nodules Analytical Report.
Lamont-Doherty nodules and micronodules analyzed by wet chemistry in 1967-68.
private communication, S.K. Addy, 1978 : A419

1979, List of cores and dredge hauls copied from shipboard 1logs. Scripps
Institution of Oceanography, Indomed expedition, Sept. 1977-April 1979. (R/V
Melville) :A421

1979, Preussag, Aktiengesellschaft. Station locations, sediment descriptions
and nodule chemistry for cruise VA-07 Indian Ocean. Private communication, AMR,
1979 :A426

1979, U.S. Navy Cruises Bartlett (1971) and &ane (1970). Station locations for
cores and dredges. Private communication,} J. Green, Norda. Bay St. Louis,
Missouri 1979 :A430

Ahrens, L.H., Willis, J.P., and Oosthuizen, C.0., 1967, Further observations
on the composition of manganese nodules with particular reference to some of
the rarer elements: Geochimica et Cosmochimica Acta, Vol. 31, pp. 2169-2180
:A200
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Andersen, M.E., 1978, Accumulation rates of manganese nodules and sediments:an
alpha track method. MS thesis, USCD. : A418

Andrews, J.E., Landmesser, C.W., and Morgenstein, M., 1973, Hawaii Institute
of Geophysics data banks for manganese collections and hydration-rind dating.
Seabed Assessment Program, IDOE, National Science Foundation, Tech. Rept. No. 5
HIG-73-5, data rept. no. 23, March 1973. :A251

Andrews, J.E., and Friedrich, G.H.W. 1979, Distribution patterns of manganese
nodule deposits in the northeast equatorial Pacific: Marine Mining, Vol. 2, No.
1-2, pp. 1-43 : A446

Andrushchenko, N.F., Gradusov, B.P., Yeroshchev-Shak, V.A., Yanshima, R.S., and
Borisovsky, 1975, Composition and structure of metamorphosed ferromanganese
nodules, new vein formations of manganese hydroxides, and the surrounding
pelagic sediments 1in the southern basin of the Pacific Ocean floor:
International Geology Review, Vol. 17, No. 12, 1975. pp. 1375-1392. :A390

Aumento, F., Lawrence, D.E., and Plant, A.G., 1968, The ferromanganese pavement
on the San Pablo Seamount: Canada Geological Survey Paper 68-32 to 68-39, pp.
1-30. :A283

Backer, H. Glasby, G.P., and Meylan, M.A., 1976, Manganese mnodules from the
southwestern Pacific basin:NZQOI Oceanographic Field Report No. 6, March. :A293

Barnes, S.S., 1967, The Formation of Oceanic Ferromanganese Nodules. Unpublished
PhD dissertation, Univ. of Calif.,San Diego. :A166

Batiza, R., 1979, Origin and Evolution of Small Oceanic Volcanoes near Mid-ocean
Ridges. Cruise report, rise III, leg 3, Washington University, St. Louis. 29
March to 22 April 1979. (R/V New Horizon) :A431

Batiza, R., Rosendahl, B.R., and Fisher, R.L., 1977, Evolution of oceanic crust
w. Petrology and chemistry of.basalts from the East Pacific Rise and the
Siqueiros Transform Fault. Journal Geophysical Research, Vol. 82, No. 2, Jan.
1977 :A360

Bender, M.F. and Shultz, C., 1979, The distribution of trace metals in cores

from a traverse across the Indian Ocean: Geochimica et Cosmochimica Acta, Vol.
33, pp. 292-297. (Vema- 18) :A199

Bezrukov, P. L. (editor) 1970 Osadkoobrazovaniye v Tixom okeane". Kn. 1I2
("Sedimentation in the Pacific Ocean" part I and II). Tom VI, Tixii Okean. Chief
ed. V.G. Kort, Moscow, 1970. :Al148

Bezrukov, P. L. (editor) 1976, Ferromanganese mnodules of the Pacific Ocean.
Transactions of the P. P. Shirshov Institute of Oceanology, Vol. 109, Moscow.
[ZHELEZO-MARGANTSEVYE KONKRETSII TIKHOGO OKEANA] : A343

Bezrukov, P.L. and Andrushchenko, P.F., 1974, Geochemistry of iron-manganese

nodules from the Indian Ocean:International Geology Review, Vol. 16, No. 9, pp.
1044-1061. :A246

Bischoff, J.L., and Piper, D.Z. (editors). 1979, Station locations from map in
U. F. Stackelberg, sedimentation,hiatuses, and development of manganese nodules:
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Valdivia Site 13/2, northern central Pacific:In Marine Geology and Oceanography
of the Pacific Manganese Nodule Province, Pl Plenum Press, New York :A446

Bonatti, E., 1967, Mechanisms of deep-sea volcanism in the South Pacific:
Researches in Geochemistry, Philip H. Abelson (ed.), John Wiley Sons, Vol. 2,
pp. 453-481. :A230

Bruun, A.F., 1959, General Introduction to the Reports and List of the Deep Sea
Stations, Galathea Report: Scientific Results of the Danish Deep Sea Expedition
Round the World 1950-1952, Veol. 1, pp. 7-48, Copenhagen. :A083

Burns, R,G., and Fuerstenau, D.W.. 1966, Electron-probe determination of
inter-element relationships in manganese nodules:American Min Vol. 51, May-June.
1 A232

Campbell, J.F. (chief sc), 1980, Narrative cruise report of KK- 80-04-14 leg 2,
18 May-11 June 1980. (R/V Kana Keoki) (unpublished.) :A458

Cassidy, D.S., Kahharoeddin, F.A., Zemmels, I., and Knapp, M.B., 1977, USNS
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55 core descriptions. Antarctic research facility, Florida State Univ., sed.
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Colley, N., Cronan, D.S., and Moorby, S., 1978, Some geochemical and
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Genese des Nodules de Manganese, GIF-SUR-YVETTE, 25-30 Sept. 1978. :A433
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Cronan, D., 1973, Manganese nodules in sediments cored during leg 16, Deep Sea
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Cronan, D.S., 1980, Underwater minerals:Academic Press, 362 p. :A467
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Admirante Ridge, Western Indian Ocean:Deep-Sea Research, Vol. 15, pp. 521-534
:A082
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