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FOREWORD

As the initial minerals resource investigation of the University of

Wisconsin Sea Grant Program, th1s study of the sediments and manganese

nodules of Green Bay, Wisconsin, has brought forceful attention to the

resource potential of the Great Lake, Moreover, the importance of

also conducting a base-line geo-environmental survey, in addition to

describing the sediment and manganese resources, cannot be overlooked.

This is particularly so in the present per1od of awaken1ng national

concern for environmental safeguards in further use of the Great Lakes.

While the econom1c implications of the manganese deposits are not fully

known --- they are complex and related to many factors --- the recog-

n1tion and assessment of this modest resource suggests that other and

perhaps more valuable mineral resources 'Iie beneath the sovereign waters

of the state of Wisconsin. Indeed, the potential for adding to this

nation's mineral wealth by exploring all the Great Lake floors and sub-

lake rocks is only now coming to the attention of mining companies and

state and federal agencies. Such sur veys as this also provide clues to

pollution sources, to sites where underwater engineering and construction

may be planned, and to new sources of sand and gravel.

It is our des1re to see this technical report, with its wealth of

scientific data, widely circulated through the industrial sector.

Further, we solicit comments from the reader in regard to economic,

sc1ent1fic and regulatory matters which pertain, or may eventually

perta1n, to man's use of Green Bay, Wisconsin.





ABSTRACT

During the period of June 1968, to August 1972, with Sea Grant

support, staff personnel of the University of Wisconsin conducted a

comprehensive survey of the sediments, sub-lake geologic structures, and

manganese nodule resources of Green Bay, Wisconsin. The objectives

of the investigation were largely confined to mapping and assessing the

sediments and manganese mineral resources, to determining sub-lake

structures of concern to engineering development or source of metals,

to characterizing the polluted muds and their sources, and to providing

an environmental base line. In meeting these objectives, the USCGC

MESQUITE was used ta make over 1/00 miles of seismic profiles, to

obtain over 700 core and dredge samples, apid to obtain selected bath-

ymetric and water chemistry data. The shi pboard work was confined ta

1968 and 1969, and detailed laboratory investigations were subsequently

conducted, terminating in August of 1972. A low grade manganese

resource in the form of small nodule' �.5 to 10.0 mm in diameter! was

identified and mapped. While the manganese content is reported to

vary from 4.4X ta 16.0'A by weight, the nodules in themselves are of

potential economic value due to their high specific surface area and

possible use in catalysis and chemical absorption applications. The

overall manganese deposits cover approximately 1.3x10 Km of lake floor.3 2

However, the Mn-rich nodules are largely confined to two sites in the

middle bay area, and the largest nodules --- potentially useful in

absorption processes --- are confined to the area around Sturgeon Bay,

Correlation studies indicate a fairly strong correlation between Mn and

the group IIA cations Ng, Sr, and Ba. Comparisons between nodule com-



position and associated sediment composition reveal no apparent relation

between nodule and associated sediment composition, though a cor-

relation between nodule size and mean sediment size is likely.

X ray diffraction analyses of several bu1k surficial sediment samples

and microscopic point counts of selected samples show that the Green

Bay sands are predominately quartzose and feldspathic with an un-

expectedly 1ow concentration of carbonate minerals. Orientated dif-

fractograms of the silt and clay fraction suggest the presence of

Kaolinite, chlorites, and several micas, but no expandable layered

clays were detected.

The study has not been concerned with explaining complex geochemical

processes, although some conclusions regarding sediment and manganese

origin are presented. awhile the ferromanganese deposits have been,

and continue to be, the subject of economic interest by several com-

panies, explorat1on and extraction periits are presently being held

in abeyance unti1 legal and operational guidelines are prepared by the

state. To aid in effective utilization of the manganese nodules, we

recommend that mining guidelines be established, and in order that

industry may further research other uses of the nodules, we recommend

that substantial bulk sampl1ng be made, particularly of the large

nodules near Sturgeon Bay.
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CHAPTER 1

INTRODUCTION





The purpose of our investigation has been four-fold:

�! - to map and characterize the sediments flooring

Green Bay in terms of their texture, mineral content,

chemical content, and origin

�! - to map and assess the economic potential of the

manganese deposits covering much of the bay

�! - to determine the sub-bottom geologic structures and

bay floor physical conditions as they relate to en-

gineering development, and, in part, to possible

sources of metals

�! - to characterize and chart the source and dispersal

patterns of polluted muds enterihg the bay from the

Fox River

While these were the stated objectives made early in the survey, in

accomplishing our survey tasks we have also provided � - through

detailed field and laboratory work � - a modern environmental base-

line for future reference by others. The intensive sampling and geo-

physical profiling has never been conducted on such a scale for any

other body of water in the Great Lakes, and such detail makes Green

Bay unique among the studied fresh water bays in the Great Lakes.



We would also point out that the manganese deposits in Green Bay have

been known for many years, although they had never been scientifically

surveyed, mapped, nor characterized as a specific mineral resource.

Interestingly, Mr. Peter Renfro, a former student in Professor Twen-

kofel's sedimentation class at the University of Wisconsin, informed one

of us  JRM! that Twenkofel mentioned Green Bay manganese-rich sediments

 and other Wisconsin lakes wi th manganese! in his lectures during the

1940s. Moreover, a few samples of Green Bay manganese deposits had

been collected prior to our investigation  Callender, 1969!, although

these were obtained for geochemical study and not to assess the

resource. Thus, our investigation has been pragmatic in nature as far

as the manganese is concerned: map, identify and assess the deposits

as a mineral resource. To this end, our efforts have been di rected,

and, in fact, this is the substance oF our purpose and our present

reports

Philosophically, the principa'1 investigators have approached the problem

of conflict between extraction and preservation using the concept of

multiple use of the environment. While such a concept is not one with

precise definition, it seems to us that it does provide f' or an avenue

of cooperation leading to wise use. We, too, are concerned that the

environment not be further spoiled; we also believe that preferred

extraction, with realistic guidelines, can be conducted for the benefit

of all sectors.

This atti tude has clearly influenced our approach to this study, and

we feel that any shortcomings inherent in the concept are balanced in

total consideration.



!. B. 1 5 2. DESCRIPTION OF THE AREA

GEOLOGY, REGIONAL SETTING, AND HYDROLOGY

Green Bay is located in the northeastern part of Wisconsin

with southern and northernmost boundaries at the city of Green Bay,

44'31' N, and Big Bay de Noc, 45'54' N respectively. It is bounded

to the west by portions of Michigan and Wisconsin and to the east

by the Door Peninsula, Wisconsin. The Door Peninsula, along with

Washington, Rock, and St. Martin's Island, separate Green Bay from

Lake Michigan. The general trend of the elongated body of water

is from southwest to northeast. Generally, depths of the bay are

less than 100 feet. The deepest point is only 176 feet, occurring

four miles west of Washington Island. Green Bay is very shallow

in the southern portion  less than 40 feet! w1th increasing depths

to the north toward the middle of the bay. The bathymetric contour

lines roughly parallel the bay.  Fig. 1!

The approximate length of the bay is 120 miles, and 1t

averages 12 miles in width. The area of the bay is estimated to

be approximately 1,500 square miles. The surrounding topography

ranges in elev ation from 580 feet above sea level along the shore

of Green Bay to 900 feet above sea level along the northwestern

side of the Green Bay valley.

The regional geology consists of several sed1mentary units

ranging in age from Cambrian to Silurian which dip to the southeast

with a slope of less than one degree. The strike of these units

roughly parallels the trend of the bay. These sediments were la1d

down during the Paleozoic era over the subsiding Precambrian

Canadian Shield. They are typically shallow marine deposits of



dolomite and sandstones. The various units alonq with their ave

and average thickness are as follows:

UNIT AGE THICKflf SS

300'-700'

200'-350'

200'-350'

0 -330'

Ni agara Dolomite

Richmond Shale

Galena-Black River Dolomite

St. Peter Sandstone

Prairie du Chien Dolomite

St. Croixan Sandstone  Potsdam!

SilUrian

Ordovician

Ordovician

Ordovician

Ordovician

Cambrian

200'

500'-l000'

FOX-WOLF RIVER BASIN

Draininq this basin is the larqest river which empties into

Green Bay --- the Fox River. This river flows into Green Bay from

the larqest inland lake in Wisconsin --- Lake Winnebaqo. The ~iver

actually enters the bay at the city of Green Bay in the southernmost

portion of the bay.

The resistant Silurian Dolomite of the Door Peninsula causes

the eastern shores of Green Bay to have ei ther cobbly beaches or

steep rock cliffs with fine qrain muds offshore. The gently shoaling

water on the western shore reflects the soft Ordovician shale geology.

It is the erosion of these soft sandstones and sha'les that produces

the low gradient beaches a lonq the western shore.

A complex of crystalline igneous and metamorphic rock occurs to

the west of these sedimentary units. This 600 million year old bed-

rock represents roots of ancient mountains. One is referred to the

geologic map of the area  Fig. 2 Geo. ! for a better understandino.

The major water input of the bay is from the drainaqe of two

river basins --- the Fox-Wolf and Nenominee-Oconto-Peshtiqo River

Basins. A general description of these two basins follows.



The basin itself is located in two geoqraphical provinces,

the Eastern Ridqe and Lowlands and th» Northern Hiqhl ands. The

Eastern Ridge and Hiqhlands is a continuation of the depression

occupied by Green Bay. The drainaqe area of the Fox-Wolf River

Basin is approximately 6,520 square miles. It has been estimated

that the Fox River contributes to the bay 40 tons of sediment per

square mile per year.

The drainage pattern of the basin is controlled by the topo-

graphy af bedrock surfaces. The region may be described as havinq

relatively broad flat plains with several north-south ridqes domin-

atinq the topography. The most siqnificant of these ridges is the

Niagara Cuesta which forms a hiqh escarpment east of Lake Winnebago.

The escarpment is due to the differential erosion of the Niaqara

Dolomite and Richmond Shale. The esca rpment is not discernible

everywhere because of qlacial drift covers.

The Prairie du Chien Group and St. Peter Sandstone form the

principa 1 bedrock aquifers in the basin. The Niaqara Dolomite,

although not in the basin, forms an important aquifer to the east

of the basin. Where thick, permeable, extensive aquifers underlie

the basin, base runoff to streams is large and the streams have a

consistently high sustained flow. Conversely, where aquifers are

impermeable and very thin, base runoff is low and the stream flow

is highly irregular.

NENON INEE -OCONTO-PESHT IGO R I VER BAS IN

The location of this basin is adjacent to and north of the Fox-

Wolf River Basin, and west of Green Bay. The two major rivers that

drain this basin are the Oconto and Henominee rivers. The entire

basin covers approximately 4,300 square miles. It is bounded by the



Brule River  Michigan! to the north, the Wisconsin, Wolf, and Fox

rivers to the south, and Green Bay to the east. The qeneral topo-

graphy of the basin may be described as an irreqular rol 1inq land-

scape with uneven glacial till over lying the eroded bedrock.

In the northern part of the basin the bedrock is part of a

Precambrian igneous and metamorphic crystalline dome. This resistant

metamorphic complex forms the hiqhlands of northern Wisconsin . The

southern. portion of the basin is dominated by sedimentary bedrock

overlying the crystalline bedrock,  see qeologic cross-section of

area, Fig. 3.!

The profiles of the streams often reflect the underlyinq bedrock

and to some extent the qlacial till. An example of this is the Oconto

and Wol f rivers which flow essential ly para lie'1 and then change

abruptly to fol'low the softer sandstone and limestone formations

a long the face of the contacts. The Oconto, upon encounterinq the

resisting Lower Magnesian Limestone, turns east and flows along this

contact until it breaks through to Green Bay, while the Wolf flows ta

the south.

The Henominee and Brule rivers flow over Precambrian crystalline

bedrock at their headwaters. In the last 40 miles before reaching

Green Bay. the Menominee flows over essentially the same units but in

its lower reaches it flows across ground moraines and glacial lake

deposits which overlie the Paleozoic sedimentary rock.

Aquifers provide water to many wells and springs in the basin .

They also furnish a perennial base to stream flow. 'The principal

aquifers in this basin are the Prairie du Chien Group and the St.

Peter Sandstone. The Galena-Platteville unit is another important

aquifer. The median values for dissolved solids of all these aquifers

are 264 mg/l for the sand and gravel type and 5,084 mq/1 for the



crystalline type.

The reason for the importance of dissolved solids in the aquifers

is that the streamf low is derived from surface runoff and qround water

discharqe from these aquifers.

ft is estimated that l,400 billion gallons of streamf low leave

the basin yearly, of which 43 percent originate in Michigan.

Streamf low is more mineralized. in the southern and southeastern

portions of the basin due to the slow movement of around water throuoh

moraine and clayey lake deposits.

The estimated input of sediment to the bay from this basin is

approximately 20 tons per square mile per year.



I. B. 3. PLEISTOCENE TO MODERN TIMES

The Pleistocene to recent history of Green Bay is primarily

one of advancing and retreating continental glacial ice sheets. In

most cases, each stage of advancing ice obliterated or at best left

only vague clues of former glacial and fnterglacial events within

the area. However, workers such as Hough �958! determined and

described the complex glacial history of the Great Lakes area. From

their work it appears that, depending on the water level in the

Lake I4lichigan basin, Green Bay alternately formed either a 1arge

fresh water estuary not unlike its present form, or a broad

river valley. The following summary pertinent to this study comes

mainly from Hough �958!.

The events pertinent to surficial sediments and detailed

morphology start during the Toleston stage of Lake Chicago, approx-

imately 10,000 years ago. At this time Lake Chicago in the Lake

Michigan Basin and Lake Duluth in the Lake Superior Basin both

stood at higher levels than at prese~t. Lake Chicago was approxi-

mately ZO feet higher than the present Lake Michigan �80 ft.!, and

Lake Duluth was nearly 500 feet above its present 600 foot level.

Both lakes drained south into the Mississippi River. Lake Chicago

flowed through the Chicago outlet, and Lake Duluth drained first

into an outlet near Brule, Wisconsin, then into the St. Croix River

which emptied into the Mississippi. The Toleston stage of Lake

Chicago ended as the retreating Mankato ice opened the Lake Michigan

Basin to the Huron Basin through the Little Travers Bay Lowlands

or the Straits of Mackinac. Because water in the Huron Basin also

stood at 605 feet and the Chicago outlet was already cut of bedrock,

no change occured in the level of Lake Michigan and Lake Huron.

These combined lakes are known as Lake Algonquins

l0



Though drainage was still to the south, a connection with the

Huron Basin permitted drainage to the east, and subsequent lower stages

were caused when channels further east were cleared of ice. Lake

Algonquin maintained a fairly constant level at 605 feet for nearly

3,000 years. As a result, distinct shore'Iine features developed,

many of which are still evident  see Thwaites, 1943!.

Near the end of the Lake Algonquin stage, a new drainage channel

opened on the northern side of what is now Georgian Bay. The with-

drawalof ice coupled with insufficient time for isostatic readjustment

allowed the lakes to drain to lower levels, with the Michigan Basin

draining into the Huron Basin via the Straits of Mackinac . As a

consequence of this drop in lake level, Green Bay was drastically

reduced in size and eventually tota!ly drained. Drainage took place

in steps, not as a steady fall in lake level, and when a new level

persisted, beaches formed. Stanley �936 and 1937! suggests that four

prominent "lower Algonquin" beaches exist in the Georgian Bay area

and all are parallel. Hough �958! concludes that these same beaches

existed in the Lake Michigan Basin. One of these, the Wyebridge

beach,was approximately 90 feet below the present lake level and may

be evident in Green Bay  See Fig. 5 '.i. The beach appears in several

high resolution profiles  see textural analysis for discussion!.

Textural characteristics also indicate possible beach sands coin-

ciding with topographic expression.

The next reduction in lake level, approximately 6,700 years

ago, drained Green Bay completely. The Fox, Menominee and Oconto

rivers probably all joined somewhere south of what is now Chambers

Island and formed one large northward flowing river which emptied

into the Lake Michigan Basin between Washington Island and the northern

end of the Door Peninsula. Evidence of this river is seen in high



resolution profileswhich show dissected sediments west of Chambers

Is]and  Fig. 4, Profile 6!. The morpho'logical expression of

the bottom also suggests a channel in this area.

During the time of the low stand of water in the Lake Michigan

Basin, Lake Duluth in the Superior Basin stood at over 1,000 feet.

Ice blocked the northern outlets which now connect these basins,and

drainage was to the south. However, when the ice front retreated

far enough to expose the Au Train Valley, a new, much lower drainage

channel opened. This channel allowed flow down the Au Train Val'ley

into Green Bay through Little Bay de Noc then out into the Lake

Michigan Basin. This new outlet resulted in a rapid lowering of

material in Green Bay by this draining. This canyon, up to 2 miles

wide and 100 feet deep~extends completely across Green Bay. Large

well-rounded boulders up to 3 feet across are found in various parts

of the canyon indicating rapid movement of water. Steep walls,

indicated by high resolution profiles and observed by divers, also

point to rapid downcutting ~ Preservation of these steep banks

indicates filling of the bay by a rapid rise in lake level. Hough

�958! indicates that such an event did in fact occur; lake level in

the Michigan Basin rose rapidly to 605 feet approximately 4,500 years

ago. Retreating ice then exposed lower drainage channels further

north and the Au Train Valley was abandoned.

Apparently little sediment was deposited in Green Bay from the

Au Train Drainage. Divers report sediment  sand! only a few inches

thick on the terrace above the canyon. However, large amounts of

material may have been deposited in the Lake Michigan Basin. Bath-

ymetric contours give the appearance of a delta-like protrusion

east of the channel connecting Gree~ Bay to Lake Michigan.

12



CHAPTER .11

JtIETHODS





I I. A. 'SURVEYING TECHN! QUES

There were two main cruises for sample collection aboard the

USCGC HESgUITE --- the summers of 1968 and 1969. Different surveyinq

techniques were used on each of these cruises.

Navigation for the 1968 cruise was accomplished by a combination

of triangulation  angles from visual sightings! and trilateration

 radar di stance measurements! .

Fixes were made and recorded at f'ive minute intervals on U.S.

Lake Survey Charts. In addition to the "normal" radar targets, four

reflector buoys were moored in the bay and three active radar trans-

ponders were located at known positions on shore to auqment the accur-

acy of the fixes.

For the 1969 crui se, a new naviga tiona1 system was employed. It

included a Motorola RPS-1 Range Positioninq System which consisted of

radar transponders placed on towers and lighthouses, dua1 channel

multiplex receivers  in series wi th ship's radar!, and a two channel

range console providing visual readouts of range from the transponders.

Ranges were automatically recorded at two minute intervals on

punched paper tape and magnetic tape. One inherent difficulty existinq

with this system was the necessity for an unobstructed "line of siqht"

between the ship 's radar antenna and the transponders. Any encountered

obstruction would cause a "blind spot' on the radar screen. It was

found the mast of the ship hampered reception for several deqrees

aft of the ship on each rotation of the antenna.

Rough weather caused sporadic rather than continuous reception.

On several occasions other ships of the same radar frequency triq-

qered the transponders or receivers to cause a false range readout-

15



Upon arrival at a pre-selected sampling station, bottom profiles

were taken to give some indication of the type of sediment s! present

on the bottom. This, along with the suspected bottom types, was used

in determining the type of sampler or corer to be used. Even wi th

these methods for estimating bottom types, it was often necessary

to use the other samp1er because of an insufficient sample.

There were two types of bottom samplers and piston corers used

for sample collection in Green Bay. The two types of surficial

sediment samplers were the "Shipek" and the "Van Veen." The Shipek

was used for most sampling except in areas with very large cobbles.

The Van Veen was used in unconsol idated sediments except where hiqh

currents or large cobbles existed.

Some cores were taken with a short Alpine Geophysical Associated

Model 210 corer. one and one-half inches in diameter. h plastic

liner in a protective brass core tube was used to obtain the short

cores. Other cores were obtained by use of a Benthos Model 2170,

300 pounds, four inches in diameter.

The length of an average core was six to ei qht feet. The major

problem that existed with obtaining a qood core was the difficulty

in estimating the bottom sediment type and sub-surface constituents.

Oftentimes, a surficial sample of sand would qive no indication

of the stiff red-qray clay that existed one to two feet below the

sediment-water interface. The sudden jolt of the corer impacting

with the clays caused the coring tube to be either bent or snapped

off completely.

Because of the shal low draft of the IJSCGC MESQUITE  less than

25 feet!, samples were not coll ected rear shore. Samples were

collected, however, by Dennis van Buskirk in these shallow areas by

use of a specially weighted bucket and SCUBA tsummer, 1969!.



Oistinctions were made between samples taken aboard the USCGC I~ESAUITE

and van Buskirk's samples by attaching a prefix to the sample number

-- GBA and DVB respectively.

Samples brought aboard the MESQUITE were washed into a large

baker s pan. After a qualitative inspection and labeling, the

samples were placed in one quart jars and stored aboard ship until

they could be transported to the Marine Laboratory for further analysis.

Cores were bled, capped, and stored in an upright position,

Samples taken by van Buskirk were also placed in quart jars

for transportation to the Marine Laboratory.

t'o preservati ves or chemical s were added to any of the samples

by either van Buskirk or on board the MESQUITE.

For the summer of 1968, 208 surf icial samp'les and 13 cores were

taken. In the summer of 1969, 178 surficial samples and 12 cores

were taken. There were 270 samples taken in the shallow regions by

van Buskirk  see sample stations, Fig. 9 ! .

17



II. A. 3. HIGH RESOLUTION PROFILING  From 1969 Technical Report
by J.R. Moore & R.P. Meyer!

E ui ment and Techni ue

A. High-Resolution Profiling System

The heart of this system is an Edo Corporation transducer and

fish, model 415-7 .0, and a modified Edo Corporation sonic transceiver,

model 248A/TVG. A Hewlett-Packard oscilloscope, model 141A, is the

return pulse monitor. The dual drum recorder and all interfacing

equipment are Wiscotisin design and construction. The recorder uses

components for Times Facsimile Corporation wire photo machines. The

principal departure in technique centers on the use of short sonic

pulse of high power. In the Green Bay research, we used a single

cycle of a 7kc osci'ilation with instantaneous input power to the

transducer of up to 1,400 watts.

B, Bathymetric Measuring System

The basic component of the system is an e'lasped time interval

counter, Hewlett-Packard model 52'lA. Interfacing and decision-making

units are of Wisconsin design and construction. The taking of this

measurement in digital form insures accurate and speedy processing

with the elimination of human error and drudgery. An independent

high-frequency back-up fathometer, a modified Raytheon model E 721A,

was also integrated into the system as a field modification.

A functional block diagram of the 1968 instrumentation system

is shown in Fig. 6 along with the over-the-side configuration of

the transducers, Fig. 7 . Several design features important to the

reliability and accuracy of the data are:

�! The independence of record time marks from recorder

operation in this case drum rotation. Each tenth second,

18



for a ten-microsecond duration, timing pulses from the master

chronometer are recorded, thus providing a continuing check

on recorder performance and the necessary scale for the

measurement reflection times.

�! The essentially simultaneous recording of both the 40 kc

and the 7 kc bathymetric data on the same chart, with one

transducer tied to the ship �0 kc! and one transducer supported

by elastic shock cord. In a first-order approximation, this

ties the lower frequency transducer to the water to remove ship

roll and pitch while the 40 kc unit was rigidly mounted to

a frame of reference which could not change during the course

of the survey.

�! The automatic taking and logging of digital bathymetric

data at selected regular intervals, and in addition, at the

time of input of navigational data. These data are, of course,

also recorded continously on the profiler records.

�! The profile recorder's rotational or time stability was

better than 400 micro-seconds peak to peak. about one foot

water depth equivalent!, the average rms value being about

1/3 foot,

~An a 1 s i s

A. Bathymetry

Figure 8 is a new bathymetric chart for southern Green Bay.

Depths less than 15 feet were not surveyed, due to vessel drift. The

bathymetry near the Oconto River is incomplete, due to lack of

sufficient data for an area of this complexity.

Bathymetric data for the southern bay are taken from 7 kc pro-

filer records, read to the nearest 0,0003 seconds �.5 feet depth! or
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0.04 inches on the profiler record. The digital bathymetric data

and computer navigation will both be checked against these pro-

filer records when the digital data analysis system is operational.

Corrections for datum and transducer depth have been applied.

Lake level for July 1968 was estab1ished at 1.7 feet above mean

low water level from measurements furn1shed by the Lake Survey

Division, Corps of Engineers. Fish depth, estimated from a

scale taped to the side of the support cable, recorded at the

beginning of each profile record as part of the teletype comments,

was checked using bottom reflections between the fixed 40 kc trans-

ducer, at two feet below the surface, and the recorded depth of

the 7 kc transducer. These show agreement w1th1n one foot for

southern recordings. Further checks of the 7 kc fish depth are

being made, using the multiple ref1ections. Crossings of the

1968 profile lines are planned in 1969.

At present, we know the 7 kc fish depth to 0.5 feet on 90

percent of the profiles. Finally, the bottom reflection times

have been reduced to water depth on the basis of 4,800 feet per

second for the velocity of sound in water. Cons1dering the

shallowness of the water, th1s cannot be an important source

of error.

In planning the experiment, bathymetry was not the h1ghest

priority consideration, the highest scientif1c priority be1ng

penetration and 1dentif1cation of sediment by its "acoustic sign-

ature." The 40 kc fathometer, which we now f1nd useful for

verifying the position of the 1 kc transducer, was installed for

quite another reason -- as it prov1ded additional acoustic data

from a source almost three octaves higher in frequency to aid in
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differentiating unconsolidated sediment types.

B. Sub-bottom Profiling

From the outset of the field work, which first covered

southern Green Bay, dramatic differences in the type of reflec-

tions received from the immediate sub-bottom were evident from

location to 'Iocation. In some areas only a surface sediment

reflection was found; the largest of these areas are �! that

area south of the Green Bay entrance light, and �! that area

east of the Peshtigo River.

In most areas of southern Green Bay, good penetration of the

bottom was attained and two types of sediment delineated. The

first, present almost everywhere on the bottom, represents a

grey black organic-rich mud~ and its acoustic signature was easily

recognized by its very weak return and poorly developed internal

sturcture. In no cases where this material was acoustically

predicted was it not found. The correlary was not true, for the

material was found in areas where we did not predict it. The

areas of non-prediction were areas in which the only reflection

seen was the immediate bottom, i.e., no sub-bottom penetration.

The only possibility for this type of acoustic response so far

thought plausible is that these effects characterize areas where

a gas is being generated in these sediments. Almost all the

profiles, however, were characterized by intermittent opacity

of this type.

The second and deeper type of sediment recognizable on

profiler records has been poorly .'ampled. We can only imagine

that this sediment, which appears to have much internal structure,

represents finely-layered older lake beds. At this time, it is
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difficul t to separate multiple reflections from what appear as

thinly bedded strata. One thing is c1ear, however. The soft

sediments are discordant as they lie on what appears to be an

ancient erosion surface terminating these bedded sediments.

SUB-f!OTTOti PROF tL IHG

One of the major objecti ves oI' the sub-bottom pro fi 1 inq in

Green Day was the identification or' surficia1 sediments by their

"acoustic siqnatvre."

From the profiles obtained, there were five major distinctions

made of bottom types -- qlaciolacu itrine clays, glacial ti'tl, sand,

post glacial muds, and bedrock.

The various "signatures" may be observed on several of the

profiles  see Fiq. 4 !. One may observe on profile eight of Fiqure

4 that bedrock occurs on the left hand side while glaciolacus trine

clay is observed in the adjacen t trouoh, overlain by postq'lacial

muds. Sand is distinguished on the same profile from muds by the

lack of penetration of the seismic reflection.

Glacial till is di fficult to differentiate from bedrock but

is characterized by havinq a less .irregular surface than bedrock.

G'laciolacustrine clays are identifiable because they are

readily penetrated acoustically and show a number of closely

spaced reflecting horizons which are often contorted into slump-

like structures  Fig. 4, profile 10!.

Postglacial muds are identifiable on the sub-bottom profiles

because of the high intensity of the sub-surface reflection. Host

postglacial muds are also characterized by a smooth surface relief.

Bedrock is distinguishable because of its high irregularity and

good ref lectivity.
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II. B. 1 TEXTURAL DATA

LABORATORY PROCEDURES

In the laboratory, samples were desiccated to remove

excess water. They were then divided into three parts for

drying. Two sets were dried i~ an oven at 70' C for twenty-

four hours while the other was dried at room temperature.

Each of the three sets was used for a specific analys1s:

�! clay analysis, �! thin section analysis, and �! tex-

tural analysis, neutron activation, and emission spectroscopy.

Size analysis was conduct d by s1eving thirty grams of

the sample for fifteen minutes on a Ro-Tap shaker using U.S.

Standard Sieves at one phi intervals. The range of sieves

used was from -1.0 phi to +4.5 phi.

If, after sieving, the cumulative we1ght of the in-

dividual sizes varied more than one gram from the original

weight, the sample was sieved again.

I I . B. 2. COMPOS IT IONA L DATA

Green Ba Com ositional Data

Analytical techniques: Five gram cuts from selected

DVB samples and the ferromanganese nodules From the GBA

samples were dried, ground, and submitted to the Wisconsin

Alumni Research Foundation in Madison for emission spectros-

copy elemental analysis. Each sample was analyzed according

to the following procedure:

+
Approximately O.l gram wa' weighed to within -li 1n a



platinum crucible, then heated to 500'C for two hours. The

sample was cooled, and dissolved completely in 5 ml. of 48% HF.

After drying, the sample was again dissolved  in concentrated

HCl!, and dried once more. Final preparation consisted of

taking the sample up in 10% HN03 and adding Li>C03 as both

a buffer and internal standard.

The precision of this method was within a few percent for

all of the elemental percentages determined by WARF. Specific-

ations for the spectrometer used as well as precision estimated

for individual elements can be found in Christensen �968!.

Phosphorus could not be accurately determined with this

method and wet chemical techniques had to be used. The Standard

Methods Molybdate Yellow Method was chosen because of its

relative insensitivity to Fe. Several controls and standard

additions were run, and the results are accurate to within

1 part per thousand.  Table C !.

The bulk elemental analysIs for the GBA samples was

done by neutron activation tecnniques. Samples were ground

to a fine powder, weighed, and submitted to the Univeristy

of Wisconsin Nuclear Engineering Department for neutron

activation analysis  Hall, 1969!. The ground sediments were

irradiated with thermal neutrons.

Gamma ray spectra were then recorded at varying intervals

depending on the half-life of the element under scrutiny and

compared to control spectra for the elements Nn, Fe, Cu, Zr,

Ag, Ni, Ti, and Co. The sensitivities of these elemental deter-
-5

minations varied between 100 m; for Fe and 5 x 10 mg for Nn.



I I . B. 3. MICROSCOPE llORK

Mineral analysis microscope I.D. method samples selected for

mineral content analysis were first dried then impreqnated with

polymethyl methacrylate as described by Moore �963!, Hardened

plugs were then sent out for commercial thin secti oning. Mineral

identification was made usinq a petrographic microscope, while

counting and spacing was accomplished with the aid of a staqe

micrometer. The average reported in table A represents 200 qrains

counted per sample.

Manganese nodules were hand picked from bulk samples then

prepared for thin sectioning using the same process as used on

the bulk sediment samples. Nodule core miner alooy was determined

using a petr oqraphic microscope.



I I B. 4 X-RRY D1FFRRCT IGLOO

Green Bay Clay Study

An a ly ti cal Techni ques

Fifty-eiqht samples were selected from the GBA and OVD samples

such that the bay was covered as uni fo mly as possible wi thout

regard to sediment type. A procedure,imi lar to that described in

Carroll �970! was used to separate the clay and silt sized particles

from the sands. A lonqer settling time was substituted for centri-

fugation �0 - 15 minutes / 5 cm.!. The clay-water slurry was then

deposi ted on Iil ass slides and al lowed Io dry at room temperature to

permi t orientation of the clay particles. Duplicates of seven of

the slides were made in order to determine the reproducibility of

this procedure.

The slides vrere then x-rayed wi th a Norelco diffractometer

using Cu-K~ radiation under the following conditions:

Ten slides of the fifty-eight were then glycolated for two hours

and baked for one hour at 300' C; each slide was x-rayed after each

of these treatments. These procedures were abandoned after siqnifi-

cant changes were not detected in any of the resul tant patterns,

In order to distinauish between the chlorites and kaolinites

present, the 7 A and 3.5 A peaks of these minerals were x-rayed

under slow-scan conditions similar to those used by 8iscaye �965! .

The following instrument settinqs were used:
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Fi 1 ter
Scan Speed
F ul 1 Sca 1 e
Di vergence s 1 i t
Receivinq slit
Range
Time Cons tant

qraphite monochrometer
1 / minute
500 cps
1 0
10

4'-40"  two theta!
1 sec.



1/8' per minute
100 cps
1 0
0.'I'

12.1'-13.1' and 24.4'-25.6'

10 sec.

Scan Speed
Full Scale
Oi vergence s li t
Recei vinq sl i t
Ranqe
Time Constant

The slow scan method is quite effective in resolvinq the two peaks,

and re lative peak heights are easily obtainable� .

X ray examination of the entire sample was alsa carried out

for twenty selected samples using standard powder methods. The

sample was qround, dried at 100 C for two hours, and then ground

aqain by hand. The samples were x-rayed under the fol lowing con-

ditions:

1'/min.
1000 cps
1 0

1'
S'-60' �@
2

Scan Speed
Full Scale
Di verqen ce s 'i i t
Receiving Slit
Ranqe
Time Constant

I!. 8 5 ORGANIC CONTENT OF SELECTED SAMPLES

A determination of readi1y oxidized orqanic carbon was run on

20 sediment samples, 19 from the bay itself and one from the Fox
R~ver within the city limits of Green Bay, Ltisconsin, The fiqures
given in Table 6 represent the total dry weight loss of samples
treated with 305 H 0 . It is assumed al1 of this weight loss is
due to the oxidation of orqanic carbon.
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The purpose of this examination was to seek supportinq data for the

microscope point count determinations and to check for any obvious

irregularities in the mineralogy of the sediments.



Each sample was dried at 'l00' C for 48 hours and then weiqhed.

The samples were then placed in 400 m1 beakers and covered with

50 ml of 30 II202 and al lowed to react at room tempera tur e. Addi-
was added every 24 hours until no further reaction wasti on a 1 II> 02

noted. Al 1 samples remained covered wi th 30% H20 for two weeks.
2 2

was then filtered, washed, dried, and weighed. TotalEach samp1e

weight loss was converted to a percentage of the orioinal sample

weight.

I I . U. 6. FEPROMANGANESE NOD'ULES

�73 km ! X �0 km! X  .'IS! ~ 7.46 X 10 m

From these volumes and a knowledne of the averaqe density

of the nodules  determined at 2.39g/cm ! the total wei qhts of the

nodules and the amounts of Fe, Nn, and Cu were calculated. The

results of these calculations are given in Table D.
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The total reserves of Fe, Mn, and Cu in the ferromanganese

nodules of Green Bay were estimated usinq the volume distribution

map from Ilail �969!  Fiq.10 !. Averaqe values for the Fe, Mn,

and Cu were calculated from emission spectroscopy data  Table C! .

Areas were determined by tracinq the map onto uniformly

thick  Pietzqen! qraph paper and then carefully cuttinq out and

weiqh'in<i the qraph paper representinq different areas. The

volumes of nodules were determined by assuming a depth of 10 cm.

for every bed and then mul tiplying the resultant volume by the

middle percentage for each range. For example, the area in the

bay which has 10-30'/, nodules was 373 km in extent. The volume2

of nodules in this area was calculated as:



II, C. 1. TEXTUpRL DRT 

fiRRP ft I CRL P IIRL YS I S

Cumul a ti ve curves we re drawn to de ri ve Inman 's nomen ts �953!

for the modal cl ass, median, rnLan, dispersion, skewness, and kurtosis

of the individual sediment samples. The graphs were drawn on

arithmetic probability paper where the independent variable was

the logarithm  or phi equivalent! of the measured sample, and the

dependent variable of frequency was the cumulative weight percent.

Inman's moment formulas are as follows:

f'lode, No = read directly as the hitches t frequency

t3edian, <id =

Mean, Nz = $84 + gl,;

Dispersion, s = 884 - {il16

Skewness, Sk ~ Mz - Nd

sy

Kurtosis, K 1/2 �95 g5! sp

The interpretation of size frequency distributions expressed

as cumulative curves, as unique frequency curves, or as probability

curves is likely to remain qualitative and largely sub jectiv'e

unless an appropriate change in analytical technique is adopted

which resu'its in a simple curve  Ar iffiths, 1967!

The inherent difficul.ty with the above procedure lies in the

fact that grain-size distributions, e.g., the cumulative curve
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obtained from the sieve analysis, possesses an open end, usually

occuring in the finer sizes. This sc metimes 'leads to ambiquous

results.

I I C. 2. CORRELAT ION COEFF IC IEHT

GREEN BAY PAPER - ELEMENTAL DATA

Data Anal~sis: To more effectively interpret the elemental and

textural data from the GBA and DVB samples, correlation coefficients

were calculated for many pairs of parameters  Tables E and F!. A

correl ation coefficient is a stati s ti cal quanti ty which tests for

possible functional relationships between two parameters. lti th

the Green 8ay data, a correlation coefficIent for a linear relation

was sought. 0 linear correlation coefficient  r! can be defined

as fol lows:

r Sx
Sy

where m the slope of the linear least squares fit to the data

Sx ~ the standard deviation of the x data set

Sy the standard deviation of the y data set

If the x and y data s~~ts form a perfectly linear relationship,

the x/y term would be equal to the reciprocal of the absolute

value of the slope of the line. The correlation coefficient would

then be equal to either +1 or -1, depending on the sign of m. In

the general case, the correlation coefficient must be between -1 and

+l, and the closer it is to either extreme, the closer the data points

fit a least squares line. For ease in computation, correlation

coefficients for this study were calculated from the following

equivalent f ormul a:

 ~2»;y -Z< ~y!
I i!

[P ~ *- i» 3=3 t'"- ~'-  iy,! 3
l<l a' I I I
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Al l correlation coefficients were calculated using the Universi ty

of Wisconsin Univac 1108 computer.

Another way to understand the s iqni ficance of' a correlation

coefficient is to consider its square. The quantity r2 represents

the approximate fraction of one data set which statistical ly corre-

lates with another data set. Thus a correl ation coefficient of .50

implies that 25% of the values from the x data set may be related

to the y parameter .

1t is important to realize that there are some potential

problems in interpretation of correlation coeffi cients. 'llhen

dealing with fractional quantities  percentages, ppm, etc.! there

i s al ways a negati ve cor rel a ti on operating amonq al 1 par ameters,

for they must always have a constant sum. This is particularly

significant when one is analyzinq parameters which

constitute major percentages of a sample  e.g., see Chayes, 1960!.

When the vartances of the parameters being tes ted are well below

the sum of all the variances  as is the case with trace metals!,

then this anomalously negative correlation is insignificant.

The elements under consideration in the bulk sediment analyses

averaqed approximately 1.5% of the total sediment sample, and

varied between less than 1$ and 16~; the individual variances were

less than 1~ of the total variance in all cases . The elemental

percentages which were determined for the nodules averaqed 34K of

the total sample, and had a total variance of only 2.011. Most

of this total variance was in the Fe and 	n vari ances   Fe - 1. 6X

and Mn - 0,34%!, and cor relations involving these two elements had

to be considered with this fact in mind.
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Another important aspect to consider is the number of data

points which are used. A correl a tion coeffi cient calculated from

a fini te set of number pairs is only an estimate of the population

correlation coefficient. and as s hach represents a potential rance

for the values of the popul at i on coef fi cient  g! . The wi dth of

this range is approximately inversely proportional to the number

of data points used in the calculation and is directly proportional

to the difference between the cor relation coefficient and the

extremes � or -1! . Tables are available which convert calculated

correlation coefficients into potential ranges for fixed confidence

coefficients and with given numbers of pairs Guenther, ]965, p.

340-41!. In this study, if the absolute values of the range limits

are between .5 and 1, then the two parameters are said to be

correlated. If the range limits are between -.3 and +.3, then

the two parameters are considered to be independent of each other.

and with given numbers of pairs  Guen ther, 1965, pp. 340-1! . In

this study, if the absolute values of the range limits are between

.5 and 1, then the two parameters are said to be correlated. If the

range limits are between -.3 and +.3, then the two parameters are

considered to be independent of each other.

For the purposes of the correlation study, the sample stations

were divided into four separate regimes: the deep water  GBA!

stations, and the northern eastern, and southern, shallow water  DVB!

stations.   Figure ll !. Separate correlation coefficients were

calculated for each regime. The elemental data from the nodules

was included in the correlation calculations for the deep water

stations because nodules were found only in this reqime.



I I C. 3. X-RAY STUDIES

GREEN BAY CLAY STUDY

The only clays considered were the 7 A, 14 A, and 10 A
0

clays. No 15 A clays were detected either in the first

examination or after glycolation. For the purposes of this
0 0 0

study, the 7 A, 14 A, and 10 A clays are called kao'Iinites,

chlorites, and 281 micas respectively. Further detailed

categorization was not attempted. Nlixed layer clays were not

considered due to the negative results of the glycolation and

heating procedures.

Peak intensities were approximated by peak heights for

all measurements, This was necessary because the peak widths

of kaolinite and chlorite were not resolvable from each other.

The errors introduced through this approximation are not

believed to be large, because the degree of crystallinity of

the three clays remained essentially constant throughout the

study, and the resulting peak intensities were generally pro-

portional to the peak heights.

The reproducibility of peak intensities from different

slides of the same sample was surprisingly good. Two slides

each were prepared from seven randomly chosen samples, and the

resultant pairs of diffraction patterns  slow scan! were

examined for consistent relative intensities  Table G!. The

different ratios showed an average error of less than ten

percent, well within the expectations of the study.

The peak-height intensities derived above were then
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compared in a relative manner by taking simple ratios of

the peak heights. Biscaye �965! has defined a method for

comparing more than two clays at a time, but this method

depends upon the assumption that the clays under consideration

comprise a constant proportion of the total sample. This

condition was not met by the Green Bay sediments, and thus

the three possible pairs of clays were analyzed separately.
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CHAPTER ill

RESULTS





I I I. A. 5 B. TEXTURAL ANALYSIS 8 fl IflERALOGY OF THE SEDI!".E/ITS

BOTTOM S E 0 I >1E HT S

Figure lZ shows the basic sediment distribution for Green Ray.

Five basic sediment types, mud, sandy mud, sand, cl ay, and rock,

are grouped by field note descriptions and megascopic laboratory

examination. The five c'tasses described consist of': �! Dark

gray to black muds; oroanic rich muds with extremely hiqh water

content. Clay and silt size detritus, with wood chips and sewage

are 'l oca1 1 y common near ri ver mouth s . �! Sandy-muds   and muddy-

hands! -- usually dark qray to light brown dependinq on the amount

of organic mud or clay. These are apparently transition sediments

between the sands and finer sediments; many would be classified as

sands by exacting terminology based on sieving. �! Buff to very

light brown sands are coarse to very fine-grained but mainly

medium to fine-grained, fairly well sorted, chiefly quartzose.

�! Br ick red, stiff P'1eistocene glacial deposits, which are

probably tills or layered clays. �! Rocks and qravel -- chiefly

large fragments of dolomite and sands tone, some metamorphic and

granitic material, 3 to 6 inches in diameter, blocky to subrounded,

manganese stains common on most, patchy distribution.

Sand, mud, and muddy sand   or sandy mud! are by far the most

common sediment types; rock or gravel and cl ay are restricted to

smaller areas. There seems to be a direct relation between sediment

type and bottom topography, with the finer sediments found in

deep water, and the coarser types in shallower water. Such a

distribution probably results from a combination of ancient shore-

'I ines, supply of clastics, and bottom topoqraphy.

Medium to fine-grained quartzose sands dominate the northern

end and western side of Green Bay. Geoloqy seems to control the
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absence of sands on the eastern side. It is generally assumed

that the sands are derived from glacial drift and weathered sand-

stone and shale.

Mineral content of the sands varies, but the overall composition

is predominately quartz with feldspar' being second in abundance

in most cases . Average composi tion is 70% qua rtz and 15% fe ldspa rs;

varyinq amounts of carbonates, amphiboles, micas, and zi rcon occur

without a siqnificant pattern. l}uartz conten t tends to increase as

size decreases, with most silt size material beinq almost pure qua rtz.

Murray  ]953! reports similar trends in the Cary and Valders tills

which are found not only surrounding the bay but cover most of its

drainage basin.

Using the mean size  IRINz measure, a contoured chart was drawn

for the Green Bay Deposits  Fig. 13!. The most notable thing about

the pattern of size distribution is its randomness. There is a

trend towards finer grained sands in the southern half of the bay,

but by and large mean grain size does not define depth. Any parti'c-

ular mean size class can be found at any depth. Medium grained

sands may lag at intermediate depths.

Several large bodies of mediuln qrained sand alonq the west

side of the bay seem to be related to adjacent rivers. These areas

are off the Menominee and Oconto rivers. Hathymetric contours

which indicate the channe'ls of both rivers, extend into the bay.

probably as the result of lowered lake levels within the last

7,000 years . Slightly coarser material supplied by the rivers

formed these sand bodies. However, a third medium grained sand

body 'located north of Menominee in the Rocherem Point - Arthur Bay

area shows no connection with a river, indicatinq that the differences

$n grain size may only indicate a difference in source areas.
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Dispersion, sigma, a statistically derived measure based on a

cumulative curve, was plotted to determine the degree of sorting.

Sigma is not necessarily related to the textural size measures and

is therefore useful in determining changes within a given mean size

range. Values of sigma for the sediiIents in Green Bay range from

very we11 sorted at .35 to very poor'ty sorted at 3.0  Fig. 14 !.

While mean size distribution is seemingly independent of depth,

sigma is, in the case of Green Bay, quite depth dependent, Hell

sorted sediments are limited to waters 60 feet deep or less, and

moderately well sorted sediments occur only in water less than 85 feet

in depth. Such relationships do not ho1d for less well sorted sedi-

ments which appear at all depths.

One thing implied by figure 14 is the gradational contact between

sorting provinces. Although this may be substantiated in some parts

of the bay, it cannot be proven in all areas. Sorting trends between

Washington Island and the mouth of Little Bay De Noc, for example, are

interrupted by a very sharp change in depth. In this case intermediate

sorting values appearing on the map have no basis and are only placed

between well sorted and poorly sorted sands for the sake of a contin-

uity which may not even exist. Divers report an extremely sharp

break in slope with very little sediment mixing other than an oc-

casional slump. On the other hand, most areas of gradual shoaling

show a definite, gradual change in sorting with depth.

intra-measure relationships, designed to show relationships

between grain size and sorting, show a slight tendency for medium

grained sands to be better sorted than fine grained sands. Such a

relationship is the inverse of the generally accepted norm  Folk, 1968!
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and probably results from a combination of factors. One possible

explanation is the presence of submerged beaches. Beach sediments

would be better sorted than open lake sediments, having had the

more mobile fine sand removed. This Fine sand would be deposited

in deeper water where the enerqy available is too low for sortinq to

take place.

The possibi li ty of submerqed beaches accountinq for at least

some of the textural variations seemed quite likely. Green Bay's

history of risina and fallinq water levels, combined with what

appears to be terraces on some hiqh resolution profiles, lead to the

plottinq of certain textural parameter s which can indicate the

environment of depositi on. Friedman �961! contends that sorting,

when p'lotted against skewness, will separate river deposited sands

from beach sands, Because Creen Bay was dry for a 2,00Q year peri od

ending about 5,000 years ago, the sedimentary environment would be

one of river and stream deposits. Such deposits would be found

toward the center of the valley rather than on the steeper valley

sides. The postulated beach would have been created durinq one of

the stands as the lake level dropped. Survival of the beach terrace

and deposits seem likely, because many older beaches cut at hiqh

stands still remain. One further assumption is made, that the rate

of clastic deposition is very low in the northern part of the bay .

This last assumption seems reasonable because the three major rivers

draining into Green Bay -- the Fox, tdenominee, and Oconto, are all

at the southern end of the bay. Further, many of the suspected

beach areas are on slightly elevated topoqraphy many miles from

shore.

Samples having textural characteristics indicative of a beach

depositional environment are shown in Fiqure 15. Also plotted is
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the proposed drowned shoreline based on present day depths.

Buds, consisting of silt and clay size mineral nrains mixed

with varying amounts of oraanic material, constitute a sizeable

portion of the sediments found in Green Bay. !tost muds are mixed with

at least a little fine-qrained, poorly sorted quartz sand. An

extremely high water content, up to 801, points to very recent

deposition. Such sediments Would either be compacted or washed

away i f they had been there lonq.

Muddy sediments tend to increase in abundance and thickness

toward the central or long axis of the bay. Thickness varies from

several inches, as reported by divers off Little Bay De Roc, to

over 30 feet  Moore and Meyer, 1968! 2 mi 1es northwes t of Little

Sturgeon Bay. Muddy sediments are generally more abundant in the

southern half of the bay. In this area mud, sandy mud, and muddy

sands are by far the dominant sediments.

Sands and mud usually do not make sharp contact; there is a

gradation from sand to muddy sand, to sandy mud, to mud in most

cases. This points to mixinq which is likely in view of t' he mo-

bility of the mud. The sand fraction shows a decrease in qrain

size and sorting combined with increased angularity as the mud

fraction increases . These condi ti ons s ug<~es t that mi xinq occurs

in low enerqy zones intermediate between conditions providino for

moderately sorted, shallow water sands and quiet, very 1ow enerqy

zones where pure muds settle out.

Muddy sediments present in shallow waters, where sands are

usually found, are restricted to more or less sheltered areas.

These include the head of Little Bay Oe Noc, the east side of Biq

Bay De Noc, and the shallow waters in and around Sturqeon Bay.

In each case, the area is either sheltered or restricted, suqgestinq

41



1ow energy conditions suitab'le for the accumulation of muds.

Composition of the mud itself is best described as very fine,

partly reduced organic materia1 with lesser and varying amounts of

silt and clay size silicate mineral fragments. Occasionally wood

chips and/or sewage are observed in a sample. The bulk volume of

this sediment, in situ, is water, up to 80'A in some cases. In some

areas gas, perhaps generated from the organic content of the mud,

may account for a considerable volume of the sediment. This gas is

probably responsible for the complete lack of penetration noted in

some areas with regard to sub-bottom profiling  Fig. 4, Profile 8! ~

Ninera1s, as identified by x-ray techniques, include quartz,
O 0 O

feldspars, 7A, 10A, 14 A layer silicates and occasional traces

of hornblende and carbonates. quartz and feldspars seem to show

no pattern of distribution. A discu.sion of clays and their dis-

tribution is included below.

The organic content of the muds ranges between 5.8X and

15.6'f organic carbon by dry weight  lable 8!. These numbers

probably do not represent the total organic content as they were

derived by treating the sediment with 30% H 0 until all reaction

ceased. The highest percentages of organic material seem to follow

the long axis of the bay with lesser amounts occurring toward

shallow water. One particular exception is sample 0115, taken from

the Fax River directly north of the Chicago and Northwestern railroad

bridge in the city of Green Bay. Mater depth is 20 feet in mid-

river where the sample was taken. Such a high organic content from

sediments taken fram a flowing river indicates that large quantities

of organic material such as sewage or nutr'ients are being introduced

into the river.



The organic content then falls off as the amount of mud decreases.

About 1S miles north of the mou th of the Fox River the organic con-

tent and amount of mud both increase, The organic content remains

approximately the same throughout the entire mud facies in the

southern half of the bay.

A characteristic acoustic response verified by physical samples

allowed for accurate and confident mapping of the mud facies. The

muds are acoustically transparent provided there is no gas content,

at which point they become opaque; this is, no sub-bottom penetra-

tion occurs, and on'Iy the surface ref1ection is recorded. The

largest areas of "opaque" muds are �! the area south of the Green

Bay entrance light, and �! a larger area east of the Peshtigo River.

The thickness of unconsolidated muds ranges up to 30 feet.

The mud accumulates in depressions on the old subareal erosion

surfaces. It is probable that the fine sediments, other than the

stiff red clays, have such a low shear strength that they cannot

persist in any great thickness on even gentle slopes. As a result,

they move down slope by flowing, probably helped by water movement

and possible slumping. It is interesting to note that the greatest

concentrations of Fe and Nn, excluding the pellets, are found in

association with the thickest deposits of mud.

The pattern presented by infilled areas suggests some connection

to the Fox and Peshtigo rivers. The 1argest changes in depth occur

off these rivers. In addition the sediments off the Peshtigo

River are "seismically opaque" suggesting gas production from

organic decomposition within the sediments  Fig. 4, Profile 8!.

Howmiller and Beeton �971! report changes in the bottom fauna

of southern Green Bay between 1952 and 1969. They cite the increase
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in oligochaete  sludge worm! and chironomidea, the larvae of midges,

which are both pollution resistant animals. There is also a sharp

decline in the abundance of snails, leeches, fingernail clams, and

amphipods -- all less tolerant to pollution. They conclude these

major changes are the direct result of' pollution.

Rocks and gravel make up a small but distinct sediment type

confined for the most part to the northern part of the bay and

beaches on the Door Peninsula. Rocks and gravel, other than the

beach deposits, may indicate strong currents, Such high energy

deposits occur in the channels north of Washington Island. Other

deposits, such as those around Big Bay De Noc are most likely lag

deposits from gently washed till.

Occasionally Pleistocene glacial deposits, tills or glacial

lake clays, crop out on the floor of the bay. These "clays" occur

infrequently as true surficial sediments. They are usually covered

with several inches of sand or mud. Similar deposits occur in

Lake Michigan  Hough 1953, Moore 1961! where they are also inter-

preted as glacial till.

GREEN BAY CLAY STUDY

The semi-quantitative x-ray analysis of the clay mineralogy of

the Green Bay sediments yielded the following distributions of

kaolinite/mica ratios and chlorite/mica ratios  Fig. 16!. One

trend is apparent; both the kaolinite/mica and the chlorite/mica

ratios show distinctly higher values in the south of the bay than

they do in the north. This is true even though the kaolinite/chlorite

ratio appears to be independent of location. Kaolinite/mica and

ch1orite/mica average 1.47 and 1.42 respectively, south of Sturgeon
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Bay and 0.77 and 0.86 to the north of this point. The mica peak

has roughly the same intensity throughout the bay, and thus can

be considered the baseline by which the other variations can be

evaluated.

Of some interest is the fact that the ratios are not related

noticeably to sediment type. Though the fine-grained sediments

naturally have stronger overall intensities for the clay minerals,

the ratios between the intensities are quite independent of grain

size.

III. C. ELEMENTAL TRENDS IN BULK SEDIMENT

Bulk Sediment Com osition

Elemental compositions of the GBA and DVB samples of the Green

Bay surficial sediments can be found in Tables I and J. Emmission

spectroscopy was used for shallow water  DVB! samples, and each

sample was analysed for Mg, Ca, Ba, Sr, Cr, Mn, Fe, Cu, Zn, and Al.

The GBA samples were analysed using neutron activation, and con-

centrations of the elements Mn, Zr, Cu, Fe, Ag, Ni, and Ti were

determined.

Average elemental compositions of four separate areas in Green

Bay  Fig. 11 ! were calculated and are assembled in Table C. Standard

deviations were also calculated and are presented in order to

demonstrate the large amount of variation which can be found in

each area.

Several significant correlations were discovered between

various elemental concentrations in the GBA and DYB samples. These

correlations are listed in Table K for the GBA bulk samples and

ferromanganese nodules and in Table E for the DVB samples. The
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possible implications which can be derived from correlation study

and the various elemental distributions in the four sedimentary

regimes are presented in the discussion section below.

III. D. 1 & 2 FERRONANGANESE NODULES

The volume distribution of the 'erromanganese nodules of

Green Bay is presented in Figure 10, The nodules are generally

associated with the sands and muddy .;ands in the northern part of

the bay and are almost always found .in water deeper than forty feet.

The nodules range from el mm. to over 1 cm. in diameter, with

the largest nodules occurring mostly in a small, highly concentrated

area just outside the mouth of Sturgeon Bay. The size of the nodules

appears, from a megascopic examination, to be larger than the

sediments in which they are found.

From impregnated thin sections ', tudied under the petrographic

microscope  Fig. 17 !, it is possible to make some generalizations.

About half of the pellets contain a smali nucleus, usually a small

grain of quartz or feldspar. Two general growth types are present:

�! a round pellet, sometimes conforriing to nucleus grain geometry,

and �! an aggregate growth pattern type with uneven outline. Generally,

the smaller rounded pellets contain a proportionally smaller amount

of manganese, in part because of a high nucleus--to Mn02 ratio,

while the irregular shaped or aggregate type pellets contain pro-

portionately larger amounts of manganese. The majority of the

pellets are of B-B shot size and vary in manganese content relative

to iron with geographic distribution  moore, 1969!. Also quite dis-

tinct in some nodules are the alternating concentric bands of Hn rich

and Fe rich zones which are so characteristic of marine nodules. The

detailed structure of these features has been explored using electron

probe by Rossman et al �972!.
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Elemental compositions of the nodules can be found in

Table M. Emission spectroscopy was used to determine concen-

trationss of Mg, Fe, Cu, Zn, Mn, Cr, Al, Ba, and Sr, and 1n

the nodules. Average values for these concentrations can be

found in Table C.

Table N compares the elemen ta1 composition of Green Bay

nodules with compositions of other ferromanganese nodu'les. The

values given are averages, and there is a considerable variation

from station to station. It is believed, however, that these

averages accurately reflect the overa11 compositional trends in

the Green Bay nodules, and that useful comparisons w1th other

fresh water and w1th salt water nodules can be made,

The most noticeable difference between the Green Bay

nodules and other fresh water deoosits is the relatively low

percentage of manganese in the Green Bay nodules. The results

of this survey show that the manganese percentage in freshwater

deposits is not generally lower than the percentage in marine

deposits. It appears instead that the lower Mn/Fe ratio in

fresh water nodules is caused by an increased percentage of

Fe. Green Bay nodules, however, appear to contain less than

half as much manganese as other fresh water deposits.

Also evident in this table is the scarcity of trace

elements in fresh water nodules. Marine deposits contain

ten to a hundred times the concentrations of economically 1m-

portant elements such as Co, Ni, and Cu.

The surf1cial sediments associated with fresh water

ferromanganese nodules are notic ably lower in trace element
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concentrations than the assoc1ated sediments of marine nodules

 Table 0!. Oceanic sediments are appreciably higher in Nn,

Fe, Cu, Ni, and Co; though sed1ment e1emental composition does

not seem to correlate generally to nodule composition, it is

possible that this relative scarcity of trace elements in the

fresh water sediments could be part of the reason for the

low trace element concentrations in f~esh water nodules. Also

important is the fact that fresh water nodules generally form

much more rapidly than marine types, allowing less time for

trace element adsorption.

Several s1gnificant correlations were discovered among the

compositional and textural parameters of the nodules and the

bulk sediment samples. In genera1, it can be said that the

correlations present in the nodules are not the same as those

in the bulk samples; this is true for the deep water sediments

as well as for the three shallow water regimes. In addition,

the Fe, Hn, and Cu percentages in the nodules do not correlate

with the percentages of these elements in the associated

sediments of the same sample stations. Significant correlations

are given in Table K for the deep water samples and in Table L

for the other three areas.

Due to an incomplete record of sample station water depths,

it was not possible to calculate correlation coefficients between

water depth and various elemental percentages. It was d1s-

covered, however, that the Fe percentage map in the nodules

shows a great deal of similarity to the bathymetr1c map of the

bay  Figs. 18 & 19!. Fe appears to have a strong 1nverse relation-

ship to water depth. Nn concentration in the nodules displays
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the reverse relationship  Fig. 7cI! but this trend is not

nearly as pronounced, and is likely to be caused by the imposed

negative correlation between Fe and Nn  see Data analysis!.
Average elemental compositions of the four separate regimes

of Green Bay  Fig. ill and of the ferromanganese nodules have
been assembled in Table C. Standard deviations for each average
are also presented in this table. These averages were used in
conjunction with Figure l0 to estimate the total reserves of
Fe, Nn, and Cu in the nodules of Green Bay; the resulting es-

timates are given in Table D.

Obvious contrasts among the four separate regimes are

rare, and almost all of the elements are equally abundant in
all four populations. The exception to this is the nodules,
which vary considerab'Iy from the bulk samples in their con-
centrations of Fe, Mn, and Cu. The implications of these
results will be considered in the discussion section.





CHAPTER IV

DISCussIQN





IV. A. TEXTURAL ANALYSIS

The Carry and Valders tills of I~i sconsin age are the primary

sources of cl astic sediments in Creen Bay, These ti ll s are found

not only adjacent to the bay but also cover large portions of its

drainage basin. Additional clastics may be derived from exposures

of sandstone and shale to the northwest. Door and Eschman �970!

suqaest that sands are delivered to the bay from these weathered

outcrops by the Escanaba River.

Hurray �953!, in a study of the petrology of the Carry and

Valders tills, computed the following average size distributions:

CLAY MEAN MEAN S IZE
� 256 SIZE 0F SANDSTONE

CiRAVEL SAND
! 1.0mm 1 to

SiLT
�0 to lg

VALDERS

CARRY

20% . 06mm . 32mm

2f .14mm . 34mm25710K 63K

Both ti'l 1 s are apparent'ly capable of supplying the .4 to .2mm sands

which are the predominant ci astics found in the bay. I eathered

shale and sandstone may account for the sliqht increase in wel 1

rounded and frosted grains in the northwest quarter of the bay.

These grains, however, may also be derived from the till havinq

been orfginally derived from sedimentary rocks eroded by glacial

action.

IJave and ice erosion probably account for most of the sedfment

wfth river and stream runoff supplying the rest. Such processes

act to improve sortinq, and the repetf tion of these processes of

delivery with shallow water deposition improve sorting even more.

Repetition of delivery and deposition is 1 fkely fn view of the

numerous chanqes in lake level since the retreat of the last qlacfal

ice. Abandoned beaches, left by drops in water level, are subject

to erosion and redeposftfon at the new beach. Conversely, a drowned

53



beach results in moderately well sorted naterial in deep water

surrounded by less well sorted sediments.

Complete drainaqe about 7,000 years ago probably res ul ted in

the formation of river deoosits near the central part of the bay.

These river deposits were reworked so~~ewhat as Lake I!ichiqan re-

filled, Because the water level was rising at a steady rate, beaches

did not have time to form. The overall environment in Green i'ay wi th

reqard to energy is rather quiet compared to an ocean environment.

This means that it takes some time for prominent beaches to form or

for river-laid deposits to be reworked sufficiently to lose their

characteristic textural properties.

The mineral composition of bay deposits and the til ls are

quite similar. Dominant heavy minerais in both are amphiboles

with lesser and varyinq amounts of garnet and opaque minerals.

Traces of apatite, sphene,staurolite, and zircon also appear.

Moore �961! concludes that the red clay till found in north-

eastern Lake Mi chiqan i s ei ther the Yalders ti 1 1 or reworked

Val ders till . He bases this conclusion on texture, color, and heavy

mineral content. Simi lar sediments in Green Bay are probably from

same till. High resolution profiles taken in Lake Michigan  Lineback,

Gross, Meyer and Vnger, 1971! show thIs ti11 overlain by lake sediments.

Identical sequences are observed in profi les taken in Green Ray.

The tills in Green Bay are presumably the same as those in Lake Mich-

igan and are probably either of Carry or Yalders aqe.

The bottom sediments of the western and northern portions of

the bay are sands, while thick unconsolidated organic rich muds dom-

inate the eastern side. The sands extend 6 to 10 miles from shore

before becomfnq covered with mud. No sharp contact occurs between

the two facies, indicatfnq at least some mixing or contemporaneous

deposition.
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}'iqh content of water and organic matter oenerall v indicate

recent, rapid deposition. The muds are being deposited over a

pre-exi sting sandy bottom~ filling in deeper parts wi th highly

uncon:olidated material. This westward decrease in nrain size

with depth might indicate an adjustment to energy conditions

coupled with high rates of fine sediment deposition. However,

the hiqh depositional rate probably resul ts from human influences.

The sands themselves show no qeneral decrease in grain s i ze away

from shore but rather a "patchy" nature in their dis tribution.

Sand size distribution is probably controlled by source and

reworking with changes in lake level� and seems adjusted to the

present energy conditions.

Further indication of adjustment consists of conti nuous

trends in sorting. Deeper water deposits are almost always less

well sorted than their shallow water counterparts, even for

continuous sand bodies of the same grain size extending from

shallow to deep areas. Exceptions to this generalization are

those areas receiving large amounts of sediment such as the mouth

of the l1enominee Piver.

8ased on sorting and grain size alone, it appears that Green

8ay is adjusted to its energy environment and for the most part one

finds fine grained sediments in deeper waters with improved sorting

toward shore. However, the extremely rapid rates of deposition, not

only in small areas of enhanced supply but over the entire western

half of the southern end of the bay> indicate that conditions are

Other than normal. These sedimentation rates occur only in muddy

sediments and are highest near sources of pollution such as

Nenominee-lkarinette, Oconto, and Green 8ay . The composition of'



these sediments also indicates conditions other than those naturally

supplying fine material. These factors include the presence of

sewage and wood chips, the hiqh organic content and increased con-

centrations of certain elements such as Cr, Cu, and Zn wi th increased

orqanic content. Sedimentation rates for clastic ma teria 1 is much

lower than for the muds~ especially in the northern part of the bay.

There erosion surfaces cut by the drainaqe of the Superior basin

7,000 to 8,000 years aqo are covered with only 3 or 4 inches of sand .

The organic muds should and do conform to the enerqy conditions

wi thin the bay. The primary force ac tina on these sediments is

gravi ty. and the resul ts are as expec ted; the muds beinq hiqhly

mobile flow into 1ows on the bottom thereby smoothing out the

topography. The only other force actInq on these sediments is

that imposed by ~ater movement.

Johnson �963! concludes that the tidal range in Green Bay is

small; sprinq tides ranqe from 0.55 to 0,73 feet while neap tides

have a ranqe of 0.4 to 0.5 feet. He concludes that winds play a

greater role in altering water level than tides. Ahrnsbrak and

Ragotzkie �970! calculate a mathematical model of seich -induced

and wind driven circulation. Hear the mouth of the Red River, some

15 miles north of the mouth of the Fox River, the Fox River water

moves out into the bay and loses its identity as a water mass.

Although these are surface circulation patterns, they must affect

the sediments. Muds become dominant where the water mass loses its

identity in southern Green Bay . This model agrees with circulation

patterns arrived at by synoptic surveys taken by those authors and

by Hodlin and Beeton �970!. In both cases, Fox River water was

traced and a circulation pattern deduced. Water moves north out of
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the Fox River and along the eastern shore of the bay. The mean size

map shows the relation quite clearly. Fine grained sands can be

found near shore directly below the path of the Fox River water. Once

this water moves out into the bay and mixes, muds predominate the

bottom sediments.

Conducti vi ty measurements  tlodlin and Beeton, 1970! indi cate

circulation may take the form of water movinq southward near shore

on both sides of the bay between the tip of the Door Peninsula to

as far south as Sturgeon Bay and Bconto, The return flow is then

up the center of the bay and to the west of Chambers Island. Local

residents are familiar with currents movinq south between Chambers

Island and the eastern shore, then alonq shore throuqh Strawberry

Channel  J. L. Gi1 son personal communi cation! .

From drift bottle studies by Ayers et al �958!, currents were

found to be moving eastward through the passages into Lake Michigan

north of the Door Peninsula. The dominant circulation in Lake

Michigan is counterclockwise. Ayers et al �958! report low

transparency, warm water off l!ashinqton Island; and this seems to

indicate movement into Lake Michigan from Green Hay since the bay

water norma'l'ly has a hiqher suspended sediment load. the result of

several rivers flowinq into the bay. Also the water from the bay

should be warmer than Lake Michigan water as it is in a shallower

basin and can more readily be warmed by the sun.



GREE ~ l3AV ClaY STUDY

Discussion

The clay minerals in Green 8ay are distributed in a pattern

similar to that followed by other chemical, textural, and mineral-

ogical parameters, and again draw attention to the contrasting

depositional environments present in the northern and southern

parts of the bay. The greater relative abundance of kaolinite

in the south implies that these sediments have been exposed to

a greater degree of chemical  especially acid! weathering than

the northern sediments  Hillot, Chapter l0!. This corresponds

quite wel1 to the nature of the drainaze basins which are repre-

sented by these sediments. The occurrence of chlorite is much

more ambiquous; chlorite is found in several sedimentary environ-

ments, and is usually simply a detrital component from many rock

types. Its predominance in the southern part of the bay, however,

does indicate separate origins for the northern and southern

fine-grained sediments.

58



I!'. Il. GEOCIIF I~ I STRY OF SURF IC IAL SEOIihEIITS

DI SCUSS IOII - CO,'IF OS IT IOI'IAL DATA

Ana lys i s of the compos i ti ona I da ta f rom the Green I'ay sediments,

supported by textural data, microscope point counts, and x-ray dif-

fraction data, has been quite valuable in the attempt to understand

the overall mineralogy of the sediments and the distributions of

trace elements in the muds, sands, and ferromanqanese nodules.

The elemental composition of the recent sediments of Green Bay

is, with a few exceptions, quite uniform, and the somewhat arbitrary

division of the bay into four populations resolves onlv a few siQ-

nificant anomalies. The compositiona l data supports the microscopic

point count to some degree, and agrees with the x-ray determination

that the feldspar present in the sands is primarily K-feldspar.

Aside from some trace element concentrations in the southern

part of the bay, only two elements, Ca and !ig, display any observ-

able trends. These two elements are highly correlated with each

other in the southern, eastern, and northern parts of the bay and

are concentrated by a factor of two in the south  Tables L and C!.

The correlation is probably due to dolomite, which is abundant as

a fine-grained flour in the many glacial tills throuoh which the

Nenominee and Fox rivers flow. The dolomite which is present in

the Green Bay sediments must be fairly fine-grained; it was

commonly detected in the bulk x-ray analyses, but was found only

occasionally in the point count examinations.

The enrichment of these elements in the south, however, is

not as clear, for there is no reason to believe that the sediments

derived from the southern rivers are any richer in dolomite than

those from the northern rivers. It is possible that the observed
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enrichment is due to the present low rate of deposition in the

north and to the f1ne-grained nature of the dolomite.

It is believed that the sands to the north of Chambers Island

are primarily beach sands which had seen exposed to relatively

high energy cond1tions before the1r recent submersion some few

thousands of years ago  See Textural Analysis Results!. If this

is true, then the fine-grained dolomite which was 1n these older

sediments would have been largely removed before the water level

rose to its present height. The most recent sediments 1n the bay

are derived chiefly from the Fox River and are concentrated in the

southern portion of the bay. This explanation for the observed

enrichment is possible, but a more detailed analysis of the size

and concentraiion distributions of the dolomitic flour would be

necessary before a firm conclusion could be made.

The elements Cr, Fe, Cu, and Zn show some interesting

trends in the southern part of the bay. All of the elements  with

the exception of Fe-Cr! are correlated with each other in the south

but are not consistently associated in either the east or the north

 Table F!. Aluminum does not correlate with any of these elements.

These correlations, together with the fact that Cu, Zn, and Cr are

significantly more concentrated in the south than an any other area,

strongly imply that the metals are associated to a major extent

with the organ1c components of the southern Green Bay sediments.

Organ1c extractions and hydrogen peroxide oxidations in this study,

and numerous pieces of evidence from other studies  Sager, P.K., 15th

Conf. on Great Lakes Res., 'l972, p. 78 ; L. Vanderhoef, 1972, p. 116

A.M. Beeton, Annual Progress Report of Sea Grant Activities, Tech.

Report 08, July, 1971, p. 13! all attest to the high organ1c content
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in the southern waters and sediments. Transition elements are

attracted to many sites on organic molecules, and complex readily

with nucleophilic sites such as carbonyl groups, hydroxides, and

amines  Riley and Skirrow, Chemical Oceanography, v. I, Academic

Press, London, 1965, p. 17!. Organic extractions of sediments

and subsequent Infra-red Spectroscopy have shown that the appro

priate organics  e.g. ketones, esters, and alcohols! are quite

common in the sediments of the southern part of the bay.

Adsorption of these transition elements onto phyllosilicates does

occur, and may be partially responsible for the observed enrichment;

southern Green Bay does have a higher percentage of clay minerals

than the north, and Cr and B in parti:ular are known to be ad-

sorbed by illites in marine sediments. Cr can also occupy the
0

octahedral site of 10 A micas  Deer, Rowie, and 2ussman, l967,

p. 202 ; Moore, J.R., 1963!. Adsorption onto clays may account

for some of the enrichment of trace elements in Green Bay.

It is evident from an inspection of Table C that the ferro-

manganese nodules in Green Bay selectively concentrate several

elements. Specifically, Fe is concentrated by a factor of 20, Nn

by a factor of 2OO~ Cu by a factor of 5 to 10. The mechanisms which

cause these selective enrichments are intimately involved with the oxidation

potential in the bottom and interstitial waters of the bay. It is known that the

Eh in the southern part of the bay is quite low, due to the high organic content

in the waters and sediments  Sridharan, 1971!. This low redox potential causes

dissolution of the Fe and Mn oxides present io the sediments, it is probable

that an interstitial or bottom water flow could then carry the dissolved metals

northward. Oxidation and precipitation could result when the Fe and Nn+2 +2

encounter the more oxidizing conditions which occur north of Sturgeon Bay

 Callender, 1969!.
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Extensive work with the nodules themselves is necessary in

order to establish any mechanism for the origin of the Green Bay

nodules, but the composition al analyses and correlation studies

of this project have uncovered some interesting trends which relate

directly to the problem. The already noted correlatian between

Fe in the nodu1es and water depth is one such observation  Figures

18 and 19!. It is reasonable from ditfusion arguments alone to

expect that the oxidation potential in Green Bay should decrease

with depth, especially when averaged aver a period of time. This

average gradient will lead to an inversely related gradient of

Fe solubility and thereby cause greater rates of accumulation of

Fe in the shallow waters than in the deeper waters. Manganese is

more soluble than Fe under the same conditions and would not be

expected to follow the trend as closely. The observed positive

correlation of Mn with depth is questionable at any rate, and is

probably an imposed correlation caused by the large percentage of

Fe. This marked vertical correlation of Fe with d epth lends

credence to the notion that interstitial transport is an important

concern, but the south to north flow of the Fox River remains the

most probable source path for the two metals. Another observation

of this study which relates to the formation of the nodules is the

possible correlation between mean sediment size and nodule diameter

 r = .552!. It has been proposed that the spherical shape of the

Green Bay nodules is caused by bottom currents which keep the nodules

constantly in motion and prevent pre Ferential growth on one side

 Hall, 1969!. It is true that large rocks in the bay have been

found with Fe and Mn oxide concretion only on their upper faces

 Callender, 1969!, but these rocks are too large to have been affected

by currents. The correlation analysis supports this explanation



of' the nodule shape and suggests that nodules will be associated

with sands which are their hydrological equivalents. Confirmation

of this latter prediction would be strong evidence for the validity

of the former.

The correlation coeff1cients calculated between the various

elements of the nodules and the same elements in the bulk sediments

make some general conclusions possible. The lack of correlation

between the Fe, Mn, and Cu in the nodules with the same elements

in the associated sed1ments  Table E! implies that the sources for

these metals must be different than the immediate site of precip1-

tation. The inconsistency between the correlation found in the

nodule compositions and those found in the DVB populations  Tables

E and F! also suggest that the nodule compositions are not directly

related to the composition of the sediments in the bay.

The correlat1ons found between different elemental concen-

trations 1n Green Bay agree qu1te well with the electron probe

studies of Green Bay nodules done by Rossman, et al �972!.

Rossman found a strong correlat1on between Nn and Ba in his exam-

ination of the nodules, and his findings are supported quite well

by the correlation coefficient from this study  r = .780!. Other

s1gnificant correlations 1n the nodules from this study are between

Mn and Sr and Mn and Mg. It is interesting how the Group II cations

 Mn, Sr, and Ba; Ca was not determined! all seem to be strongly

correlated with the Mn phase of the nodules.

63



C. Economic Potentials

1.Mn nodules - a. Elemental content

In the early stage of mapping these deposits much attention

was given by the press and trade journals to the nodules as a

source of elemental manganese. While such consideration is not

unwarranted, particularly as the foreign sources of manganese

become involved in politics and caoricious pricing, we have always

stressed the importance of the nodules ~er se. Nevertheless, given

the favorable conditions of shallow mining, easy separation, local

ore boat docks, and reasonably near iron and steel mills, there

is some potential for using the richer Nn nodules as a "sweetening"

manganese source in the upper Great Lakes mills. Should cheap

foreign sources be cut off by political constraints or a changing

defense posture, the Green Bay resource would become an alternative

supply. To provide for such a conI;ingency, we recommend full

metallurgical testing of large  bulk! samples by industrial lab-

oratories.

b. Potential Use in Automobile

Perhaps the most fruitful use of the nodules would be as

noxious fume scrubbers in the exhaust system of combution engines.

As we see greater demands for cleaning the environment, such use

becomes more attractive. Independent analyses have shown that

the nodules possess in excess of 200 square meters of specific

surface area per dry gram of nodule material. Moreover, the

nodules are of a size that permits them to be easily packed in

disposable cylinders and inserted, periodically, in the exhaust

piping of any automobile. With their relative cheapness --- we estimate
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they can be produced in packaged form for 10 cents per pound

makes the nodules economically as well as technically desirable.

Again, bulk samples are needed for extensive R and D testing in

industrial 1aboratories.

A second use which relates to nodule surface area is that

of catalysis material. Although little research has been done

on this  Weisz, 1967!, the nodules apparently do possess desirable

catalytic properties. As in other potential applications, large

pilot plan- and samples will be needed to fully evaluate their

catalytic properties.

2. Sand Reserves

Large-scale development of the Green Bay and Door Peninsula

coastal zone for recreation and summer homes will continue to

constrain using beach or even older g'Iacial sands for construction

and beach replinishment. However, our survey has confirmed a sand

resource on the bottom of Green Bay, western side, that extends

for about 40 miles along the shore and is at least 3 miles wide

on the average. The sand is well sorted, medium grained, and

essentially quartzose in composition. Because of its proximity,

clean nature, and shallow mining depth, we suggest that local

industry could soon start extracting this sand for use in the

Green Bay area. The sand is amenable to clean hydraulic mining

and there are numerous markets for barge-transported sand within

60 miles of the resources

3. Legal Problems

The one constraint that has done more to hold back industrial

extraction is that of the confused legal regime. Any entrepreneur
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must be given legal protection in investing exploration and ex-

ploitation capital. We would suggest that early attention be

given by regulatory agencies to this problem, and that legal

offshore prospecting permits be issued to prospective miners.

Such permits would allow the investor/exploration/st to protect

his invested capital, while still allowing the state to regulate

and monitor the exploration program. If the reserves warrant

extraction, specific guidelines should be formulated to cover

royalties, operations, safety practices, and anti-pol1ution

measures. While ful'I-scale mining would require full legal cov-

erage, we would recommend that bulk sampling  for commercial test-

ing! be allowed --- indeed, encouraged --- under a simple letter

of agreement between the State Geologist and the company concerned.

In short, we can not over stress the need for early legal

protection of both the explorationtst and the state in order to

encourage orderly extraction which would benefit both the state

and the local communities.
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CHAPTER V

CONCLUSIONS





V. CONCLUSIONS

Textural, mineralogical, and geochemical analyses of a large

collection of Green Bay surficial sed1ment samples, correlated with

high resolution acoustical profiling data, permit us to make the

following conclusions about the Green Bay recent sed1ments:

1! Recent sedimentation in the bay is dominated to a large

extent by the input from the Fox River which can be reasonably

traced at least as far north as Chambers Island. The Menom1nee

River provides a sign1ficant but more localized 1nput.

2! High resolution profiles reveal several Pleistocene channel

and beach relicts which are quite 1n Fluential 1n determining the

detailed morphology of the bay.

3! The maximum age of the bay at the current water level

and thus the absolute limit for the age of the ferromanganese

deposits is between 3/00 and 4/00 years.

4! X-ray analyses of clays, studies of organic content and

structure, elemental analyses, and simple megascopic exam1nation

all support the contention that the f1ne-grained sediments 1n the

southern third of the bay  see Figure 14! are high in reduced

organic matter, adsorb and mobilize .ignificant quantities of Fe,

Mn, and other transition metals, and are generally characteristic of

a highly eutrophic environment.

5! The complete lack of correlation between nodule elemental

composition and adjacent sediment composition suggest that the metals

in the nodules are not derived primarily from the immediate sites

of precipitation.

6! An estimate of the total reserves of ferromanganese

deposits in Green Bay  Table 0! and a distribution map  F1gure 10!
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have been constructed from our data.

7! Lastly, we recommend that an effort be made at an early date

to provide large, or bulk, samples of both the manganese nodules and

the sand. Such samples are necessary in order for commercial firms

to adequately test the various chemical, physical and metallurgical

properties. Noreover, any process use of the nodules requires an

initial pilot plan and test of relatively large samples in order to

design full-scale systems and to ascertain the economic  i.e.,

profit-to-cost ratio! factors of com~ercial use.

To provide such samples, we recoTjmend that industry be allowed

to conduct such bulk dredging as would provide adequately for pilot,

plan and testing. Since such dredging would not be an economic

venture as such, but only a prelude to possible mining, i.e., a

decision making step, a simple agreement between the State Geologist

and the company would suffice. Cooperative  applied! research

between the company and the University's Underwater Ninerals Program

during bulk sampling would provide for independent monitoring of

such sampling activities.

70



REFERENCES





REFERENCES

AHRNSHRAK, W.F., and RAGOTZKIE, R.A., 1970. Mixing Processes

in Green Bay. Proc. 13th Conf. Great Lakes Res., pp.

88-890.

AYERS, J.C., CHALANDER, D.C,, LAUFF, G.H., POWERS, C.F., and

HENSON, E,B., 1958. Currents and Water Masses of Lake

Michigan. Great Lakes Research Institute Pub. No. 3,

Ann Arbor.

BEETON, A.M., 1971. Annual Progress Report of Sea Grant

Activities. Tech. Report ¹8, p. 13, July, 1971.

BISCAYE,P.E., 1965. X-Rays of Clays. Geol. Soc. Am. Bull.

76, pp. 803-832,

BOWSER, CALLENDER, and ROSSMAN, 1970. Electron Probe and

X-Ray Studies of the Fresh Water Mn Nodules. GSA

Abstracts with Programs, v. 2, n. 7, p. 500.

CALLENDER, 1969. Green Bay Nodules, Conference on Great

Lakes Research, v. 12.

CHAYES, F,, 1960. On Correlating Between Values of a Constant

Sum. J. Geophys., 65: 4185-4193.

CHRISTENSEN, ROBERT E., BECKMAh, ROBERT M., BIRDSALL, JOHN

1968. Spices and Other Condiments. Journal Official

Analytical Chemists, v. 51, pp. 1003-1010.

CRONAN, D.S., 1969. Inter-element Associations in pelagic

deposits. Chemical Geology, v. 5, pp. 99-106.

CRONAN, D.S., and TOOMS, J., 1969. Geochemistry of Nodules

and. Associated Sediment from Pacific and Indian Oceans.

Deep Sea Research, v. 16, pp. 335-359.
DEER, HOWIE, and ZUSSMAN, l967, Introduction to Rock Formin

Minerals. Longmans, Green f� Co., London, p. 202.

DORR, J.A., and ESCHMAN, D.F., 1970. Geolo of Michi an.

The University of Michigan Press, Ann Arbor.

7:3



FOLK, ROBERT L., 1968. Petrolog,y of Sedimentary Rocks.

Hemphills, Austin, Texas.

FRIEDMAN, G.M., 1961. Distinction Between Beach Dune and

River Sands from their Textural Characteristics.

Journal of Sedimentary Petrology, v. 31, no. 4,

pp, 514-529, December, 1961.

GRIFFITHS, J.C., 1967. Scientific Method in Anal sis of

Sediments, New York� McGraw-Hill Book Co., 483 pp.

GUENTHFR, 1965. Conce ts of Statistical Inference. McGraw-

Hill, New York, pp. 340-341.

HALL, A., 1969. The Sedimentation of Green Ba . Master' s

Thesis: University of Wisconsin, 1969.

HARRISS, R., and TROUP, A., 1970. Chemistr and Ori in of

Fresh Water Mn Concretions. Lim. 5 Ocean. : v. 15,

pp. 702-712.

HINDALL, S.M., and FLINT, R.F., 1970, "Sediment Yields of

Wisconsin Streams," U.S.G.S. Hydrologic Investigations

Atlas HA-376.

HOOD, D.W., 1964. C f, E Special News Report, July 1, 1964.

HOUGH, J.L., 1953. Pleistocene Chronalo of the Great Lakes

~Re ion. University of l linoi.s Press, Urlkana.

k,, ~ik k
Illinois Press, Urbana.

HOWMILLER, R.P., and BEETON, A.M., 1971. Biological Evaluation

of Environmental Quality, Green Bay, Lake Michigan.

Journal Water Pollution Control Federation, January,

1971.

JOHNSON, R.L., 1963. Tides and Seiches in Green Bay. Univer-

sity of Michigan, Great Lakes Research Division, Pub.

no. 10: 51-54.

KINDLE, M., 1935. Mn Concretions in Nova Scotia Lakes. Royal

Canadian Transcripts: Sec. N, v. 29, pp. 163-180.

74



LINEBACK, J.A., GROSS, D.L., MEYER, R.P., and UNGER, W.L.,

1971. High-Resolution Sei.smic Profiles and Gravity

Cores of Sediments in Southern Lake Michigan.

Illinois Geol. Survey Environmental Geology Note 47,

30 p.

LJUNGGREN, P., 1955. X-Ray Studies of Bog Ore. Geol. Foren

Fornandl: v. 77, pp. 135-147.

MANHEIM, F., 1965. Symposium on Marine Geochem. Kingston,

University of Rhode Island Occasional Publication P3,

pp. 217-276.

MERO, J., 1962. Occurrence of Mn Nodules. Economic Geol.,

V. 57, pp. 747- 767.

MEYER, R.P., and MOORE, J.R., l969. "Progress Report on the

Geological-Geophysical Survey of Green Bay," The Univer-

sity of Wisconsin Sea Grant Program.

Verlag, pp. 302-322.

MODLIN, R.F., and BEETON, A.M... 1970. Dispersal of Fox River

Water in Green Bay, Lak» Michigan. Proc. 13th Conf.

Great Lakes Res. 1970, pp. 468-476.

MOORE, JOHN E~RA, 1961. Petrography of Northeastern Lake

Michigan Bottom Sediments. Journal of Sedimentary

Petrology, v. 31, no. 3,, pp. 402-436, September, 1961.

MOORE, J.R., 1963. Bottom Sed.iment Studies in Buzzard's Bay,

Massachusetts. J. Sed. Pet., 33: 511-518.

MOORE, J.R., 1969. Progress Report on Geol. 5 Geophys. Survey

of Green Bay. U.W. Sea Grant Program Technical Report

tl.

MOORE, J. ROBERT, and MEYER, R,.P., 1969. Progress Report on

the Geological-Geophysi< al Survey of Green Bay, 1968.

Sea Grant Program Techn.i.cal Report Ol, May, 1969,

University of Wisconsin, Madison.

75



MURRAY, RAYMOND C., 1953. The Petrology of the Cary and

Va 1 dus T i 1 1 s of Nor the as t ern Wisconsin. Amer i can

Journal of Science, vol. 251, pp. 140-155, February,

1953.

NEUTRON ACTIVATION ANALYSIS, Un i ted,States Atomic Energy

Com., 1963.

OAKES, E.L., and HAMILTON, L.J. "Water Resources of Wiscon-

sin-Menomonee-Oconto-Pesl..tigo River Basins," Geological

Survey Hydrologic Investigation Atlas, unpublished to

date.

OLCOTT, PERRY G., 1968. "Water Resources of Wisconsin-Fox-

Wolf River Basin," U.S.G.S. Atlas HA-321.

Academic Press, London, 1965, p. 171.

SAGER, P.E., 1972. 15th Conference of Great 1.akes Res., p.

78.

Bull. v. 54, pp. 87-144.

"Pleistocene Geology of

Bull, Geol. Soc. Amer.,

VANDERHOEF, L., 1972. 15th Conference of Great Lakes Res., p.

116, 1972.

WATER RESOURCES MANAGEMENT IN W1SCONSIN, Dept. of' Natural

Resources, Madison, Wisconsin, 1968, 42 pp.

BQssMAN, R. et.. al. , " Inter-element geochemistry of L.

Michigan Ferromanganese Nodules" Contribution No. 142

Gt. Lakes Research Div., Univ. Michigan 24th !GC, 1972-Sec. 10

76

STANLEY, G.M., 1936. Lower Algonquin

Peninsula. Geol. Soc. Anierica

STANLEY, G.M., 1937. Lower Algonquin

Georgian Bay. Geol. Soc. Amer

THWAITES, F.T., 1943. Pleistocene of

Wisconsin. Geol. Soc. Az~erica

THWAITES, F.T., and BETRAND, K., 1957

the Door Peninsula, Wisconsin,

v. 68.

Beaches of Penetanguishene

Bull. v. 47, pp. 1933-1960.

Beaches of Cape Rich,

ica vs 48, pp. 1665-1686.

Part of Northeastern



SRIBHARAN, L., "Aqueous environ. of Phosphorous in lower

Green Bay", Ph.D. thesis, Water Chemistry, Univ. Wis.,

Madison, 1971.

WEISZ, PAUL B.,  Cen. Res. Div. Lab., Princeton!, J. Catal.

6 �!, 425-430, �966!.

WEISZ, PAUL B., �967!. Sorption diffusion in Heterogeneous

Systems, Trans. Faraday Soc., 63 �!, 1801-1814.

77





TABULAR DATA





Table A

MICROSCOPIC I DENT I FI CATION OF SELECTEI! MINERALS

200 GRAINS!

Feld-

t;azar tz ~sar
Amphi-
boles

Sample
Number

C03
Mica Biotite

13

20

12

21

15

20

24

23

26

8

6

10

21

15

GBA 52

GBA 57

GBA 79

GBA 80

GBA 84

GBA 85

GBA 88

GBA 94

GBA 95

GBA 102

GBA 103

GBA 115

GBA 118

GBA 131

GBA 135

GBA 139

GBA 145

GBA 156

GBA 164

GBA 172

GBA 176

GBA 183

GBA 193

GBA 196

GBA 205

GBA ZZD

GBA 238

70

63

61

78

79

76

66

77

80

86

71

63

82

48

21

79

72

69

52

60

75

46

58

64

48

61

63

13

15

23

12

8

14 8 5 6 2
19

18

13

9 6
16 8

5

12

5

2

4

10

6

2

0

3

15

4

42

72

3

20

4

28

3

2

16

4

1

12

6

18

Chlorite Opaque Zircon



Feld-
 luartz ~aar

Sample
liber

70 165

10

22

37

14

14

10

1

82

GBA 258

GBA 290

GBA 291

GBA 294

GBA 307

GBA 309

GBA 314

GBA 315

GBA 319

GBA 333

GBA 342

GBA 344

GBA 354

GBA 357

GBA 368

77

57

48

84

60

75

48

57

80

38

48

84

63

74

23

15

17

21

9 6
10 9
10 8

MICROSCOPIC IDENTIFICATION t cont .!

C03 Amphi-
boles Mica Biotite

4 5 3 0 5 3
25

11 1
45

32

1

21

17

Chlorite OpeLUe Zircon



Table 8

PERCENT ORGANIC CARBON IN SELECrED SEDIMENT SAMPLES

15. 61D 115

6

5

253

248

209

73

150

271

149

5. 84

8.06

13.19

13.60

6.12

3,12

11.12

5.87

2.70

2.97206

132

306

164

318

357

100

114

112

113

6. 88

2. 56

9. 52

2.09

2.58

3,88

5.11

6.59
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Northern
A~v. S.D.

Southern
A~v. S.D.

Nodules
A~v. S.D.

Deep Water
Av . S.D.

Eastern

A~v. S.D.

Mg 7.1 7.4

Sr .031 .024

Ba .44 .18

Cr .013 .023

Mn .32 .22

Fe 8.4 4.5

Zn .028 .026

Al 16.0 9.6

Ca 17.0 19.0

8.4 4.4 17.0 16.0 2.1 1.1

.27 .55

12.23 47.07

.16 .09

.028 .019

.40 .15

.030 .023

.37 .13

.OZ9 . 023

.35 .12

.040 .038

.34 .20 3.1 5.7

9.6 4.8

86.0 58.0

230.0 130.09.5 5.39.8 4.5

.72.047 .69.034 .015

13.8 8.2

35.0 33.0

20.0 7.4

17.0 9.1

16.44 36.39

Avg.~ Average

S.D. = Standard Deviation
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Table C

AVERAGE COMPOSITION OF GREEV BAY SEDIMENTS

 PARTS PER THOUS'!!



0-10$ 10-304 30-508 50-1005

3.7.3 x 10 1.78 x 10
8 8

6.28 x 10
7

volume of sediment
 m3! [1]

volume of nodules

 m3! [2]

weight of nodules
 gm.! [3]

3.73 x 107

7.46 x 10
6

1.7? x 10

weight of Mn

weight of Fe
 Z ! [5]

1.48 x l0

3.97 x 10

total weight Mn
 gm.!

total weight Fe
 gm.!

[2] multiply volume of sediment by median '-I of group

[3] multiply volume of nodules by density of 2.3 gm./cm.3
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Table D

GREEN BAY FERPQh'fANGANESE NODULES

ESTIMATED RESERVES

total area of sediment
containing nodules  m2! 7,32 x 10

7.32 x 10
7

3.66 x 10
6

8.42 x 10

7.24 x 10

1.94 x 10

4.54 x 10

12.20 x 10

[1] assume sample depth of 10 cm.

[4] 8.68 Mn in nodules  from previous results!

[5] 23.14 Fe in nodules  from previous results!

1.78 x lO
7

7.12 x 10
6

1.64 x 10

1.41 x 10

3.79 x 10

6.28 x 10
6

4.71 x 10
6

1.08 x 10

9.29 x 10

2.50 x 10
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Table F

CORRELATION COEFFICIENTS

DVB SAMPLES

@~Pet B~a~n ~Fe ~ ~Sr ~i ~Zn ra M~npn ~Cr rn

Ca Pct .917 .205 .145

.973 .279 .315

.925 -.148 ~ 096

Mg Pct

Ba ppm

� .076 .134 � .105
.219 � .062 .460

.334 .383 .128

Sr ppm

.814 .407

.613 .773

.279 .915
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.422

.211
-.139

.226

.392

.126

.239
-.074

.505

.312

.119

.265

.439

.074

.123

.677

.682

.485

.172

.266

.404

.080

.490

.089

. 215

. 559

.132

.154

.012

.304

.362

.688

.733

.195

.476

.655

.349

.554

.650

.243

-.095
.146

.732

.535

.547

.451

.338

.171

.428

.338

.171

.082
-.034

.237

-.079
.532
.538

.153

.620

.217



Difference

in Ratio

Sample
Station K/CCh1orite IKaolin I

GBA 35A 17.5 19.0 ~ 922 .020

18.0 20.0 .90235B

11.0 142 ' 0 .786 .1019OA

90B 11.0 .68716.0

13.0 .722102A

102B

.01518.0

14.0 19.0 . 737

10. 5 9.5 1.100

1.110

.001189A

189B 15.0 13.S

.034368A 11.0 15.0 .733

.69811.0 16.0368B

.OOS1.250

1.300

15.0 12.0DVB 194A

30.0 23.0194B

45.0 47.0 .957 . 043337A

337B 1. 00015. 0 15.0

Table G

CLAY X-RAY ANALYSIS

 REPRDDUCIBILITY OF PEAK K=I RT RATIOS!
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Table 3

-HULK SAMPLE ELDKNTAI. DATA-

PER CENT

Ca M

PART'~ PER MtLLIONDVB

Sample
Number SrBa Fe 2ll Cr

54.1

<30. 0

<30.0

<30. 0

32.6

<30. 0
<30.0

<30. 0

<30.0
58.3

111

106

107

109

110
ill
115

116

117

118

125

126
132

133

135

136

137

141
143

164

166

173

175
180
181

182

183

184

185
186

187

188

189

191
194
195

196

198
203

206
209

6.750

5.220

1.620
3.550

2.710

2.040
2.000
Z.ZOO

1.830

3 350

3.170

2.Z30
2.810

1.020
.807

.849

.678

1.280
4.190

.565

l. 940

.774

1.450

<. 500

<. 500

1.350

5.250

.820

.766

3.480

553

<. 500

2.240

2.090
<.500
1.100

,703
,540

1,690

1,540

3. 060
2.470

.855

1.850
1.150

.907

.928

1,210

.876
1. 540

1.460
.865

1.270

.505

.400

.307

.338

.621

2.470

.329

.918

.360

.761

.157

.145

.682

1.640
.485

.351

.430

.216

.174

.912

.781

.166

.430

.Z84

.211

.744

.697

16000.
>30000.

19200.

>30000.

>30000.

>30000,
>30000.

>30000.

>30000.

24700.

>30000.

15100.

16500.

18100.

15900.

19000.

15600.

24400.

23700.

21400.

26200.
22600.

>30000.

15600.

19400.
16600.

21900.

18100,

16200.

11900.

13000.
15300.

21900.

>30000.
12900.

19400.

25300.
25100.

>30000.

28900.

285.
344.

318.
479.

497.

410.
391.
448.

525 '
375.

445 ~

237.
267.

253.

292.

331.

276,
456.

395.

306.

487.
431.
500.

365.
384.

253.

391.

378.

318.

156.

225.

314.

270.
547.
195.

383.
530.
613.

737.
577.

8350.
19700.

4770.

21300.

13100.

20800.

16500.
>25000.

16100.
12000.

22900.
6080.
7760.

6250.
6120.
7380,

5610,
8140.

9240.

7380.

15000,

8140,
>25000.

7160.
5860.

12200.

12700.
24600.

13900.

5510.

6320.
8800.

>25000.
11900.

5260.

5110.
1Z600.

7010.

8830.

8930.

58.1
5Z.6

<10.0

61.9
50.3

34.9

36.6

66.6

60.4

36.0

42. 5

27

23

<10.0

<10. 0

17.2

<10,0

26.0

23.6

30,1
<10. 0

31.9

13.1

12.2

Z4.7

55.6
25. 3

31. 8

52. 5

<10. 0

<10. 0

36.6

57.9

25.9

24./

46.6
37.1

82.0

54.1

35.3

67.5

<10.0
95.9

55.6

222.0
162.0

183.0

100.0

39.5

88.9
<10.0

24.8

24.8
36.3

22.2

20.6

30.7

<10.0
42.9

42.9
49.5

130.0

10.6

<10. 0
76. 2

41.0
31.5

<10.0

<10.0

10.0

14.8
38.8

31.5

14.2
< 10.0

20.4

34.1

36.3

48 ' 4

995.
498.

166.
582.

360.

391.

312.

387.

254.

393.

679.
181.

222.

148.

165.

174.

149.

234.

309.
222.

902.

358,
1360.

204.
144.
478.

404.
510.

287.

161.

212.

239.
496.

382.

193.
152.

309.
217.

289.
319.

50. 0
60. 9

<30. 0

81.1

48.0

169.0

120.0

104.0

70.2

30.9

35.3

44.9
62.0

<30.0

<30.0
< 30.0

31. 9

39.4

<30. 0

< 30.0

< 30.0

< 30.0

43.1

36.0

< 30.O
< 30.0

< 30.0

< 30,0

< 30.0
< 30,0



Table j

-BULK SAMPLE ELF~AL DATA-

DVB

Sample
NUmber

PART.'! PER MILLIONPER CENT

Mg Ba Fe

23100.

18300.
23100.
15600.

21700.

> 30000.

19000.

22400.
18400.

2310G.

112

210

211

212
213

214
215
216

217
218
219

220

221

225
229

231

234

239

244
248
249

250

2S1

252

253

255
256

258

259
260
261

262

263

264

265

266

267

269

271

274

276

2,000
-'". 440

3,080
1.190

.991

.060
c .50Q

j,320
.:. 500

4.150

.. 550

.. 500

1.060

1.100

.983
4,820

.500

.916

.811

I.940

.690

2.050

1.690

1.770

1.120

1.650
2.140

2.820
1.320

1.700

".150

1.290

.561
I .090

I.920
2.290
j .310

1.410

2.390

.899

.886

1,180
1.380

.515

.415

1.0SG
<.100

.450

.203

1.980

3.950

.203

.475

.53S

.545
2.120

.207

.515

.505

1.010

.386

1.040

.875

.881

.525

.818
1.040

1.530

.600

.896

1.140
.625

.207

.480

.912
1.060

.620

.615
1.210

.450

>30000.

29900.
>30000.

>30000.

>30000 '

>30000.

15400.

15100.

14200.

24700.

17100.

24000.
17700.

23200.

19000.

29500.

27200.

18600.
27100.
17300.

15400.

29000.

14100.

26100.

26800.
21400.

17200.

18200.
18200.
17000.

722.

616.
709.
712.

697 '

708.
325.

286.
318.

650.

643.

384.

486.
303.

506.

712.

375.

461.

313.

402.

239.

437.

302.

478.

431,
628.

566.

310.

605.
224.

234.

606.
246.

586.

581.

443.
329.

339.

334.
307.

10200.

8820.

8030.

8130.

7100.

11500.

4070.

4340.

4560.

9530.

8330,

6700.
6930.
7130.

9150.

13200.

7040,

8220.
16000.

11200.

13100.

9140.
12800.

7340,

7130.

8910.

9880.

14500.
6710.

11600,

7060.

12400.
3710.
6800.

10700,

8300.

10500.

5720,

9750.

760O.

75.8

51.7

72.7

4.'i, 4

74.3

16.1

18.1

10.2

31.2

54,8

10.2
<10.0

< 10.0

38,9

68.8

Io.o
1".1

I~.,j

2!i., 9

11,.:?

1$.1

31. 2

23,6

31 ..:?
4." .,6

4<,8

36�0

49.0
1.'. 1

-10 0

49.0
<1O.G

Si'�2

64,9

'= 10�0

- 10.0

Z1�8

16�1

42.4

27.7

29.5

34.1

25.8

47.3

<10.0

<10.0

<10.0

49.0

34.9

<10. 0
26.1

24.0

30.7

45.1

13.6

32.0
35.8

45.4

27.7

39.3

39.3

37.1

29.7

40.0

29.7

50.1

27.9

28.7

40.0

38.8
<10.0

33.2

27.9
34. 6
14.2

26.4

35.8

29.7

354.

26] .
281.

302.

239.

431.

116.

124.

177.

381.

503.

199

224.

209.

302.

508.

233.

279.
460.

350.

367.

352.

34S.
342.

552.

322.

370.

684.
240.

408,

390.

391.

248.

241.

364.

414.
273.

158.

377.

298.

<30. 0

<30.0
<30. 0
<30.0

<30,0
34. 3

<30.0

<30.0
<30.0

<30.0

<30.0

<30.0

33. 9

31.9

50.4
64.Z

<30.0

<30. 0

45.5
<30.0

<30.0
42.8

31.2

39.0

<30. 0

50.4
<30.0

57.1
34.9

<30.0

56. 3

44.9
<30.0

39.7

<30.0

32.5
<30.0

39.0

33.2

31.5



Table J

-BULK SAMPLE ELEMENl'AL DATA-

DVB

Sample
Number

PARTS PER MILLION

Ca Ba Sr Cr

625.

300.
462,
244.

4.090

.828
3.780
1.940

278

279
280

282

2.020

.386
1.470

1.060

28200.

16300.
22600.

15900.

283 11.700 7.210 190.12900.
285
290

291
292
294

5.800
1.270

1.650

3.330

1.220

9.790
2.230

2.930

6.580
2.220

329.

253.

283.
337.

225.

21300.

14200.

15100.
15100.

14600.

7140, < 10. 0
6640, 23,6
8360, 32.4

6320, <10.0

5.110 372 5520. 39.5
5610. 17.].

3160. < 10.0

51. 2

49.8

295 10.000 13500.

27.7
99.4

23.2

< 10.0
27.1

40.5

33.7

20.9

33.4
15.4

<10.0
20.9

22.2

<10.0
46.2

49.5

<10.0

51.5

9030. 1.7,1
6870. < 10.0

< 30.0
55.6
62.7

68.7

556.
339.
424.

236.

12100.
235.00

19100.

7470.

30.6

41.3

63.4

67.3

47.0

71.7

55.1

53.1

331.

565.
430.

619.

347 .674
354 2.680
355 1.460

357 15.700

.311
1.470

.692

4.330

30000.
29800,

>30000.

12100.

296

299
300

309

310
316

319

320
322

32S

333

334

335
336

337

338

339

340
342

3.590

7.010
8.980

2.710

2.710
1.430

4.270

1.380

1.560

1,850
< 500

<. 500
1.450
1.740

.686

4.5ZO

5.210

1.190

7.640

1.980

4.080
5.210

.797

.959

.676

1.650

.671

.645

.964

.182

.216

.630

.635

~ 275

1.540
1.630

.400
2.360

16300.

11500.
18200.

18800.
15500.
14800.

27900.

18800.

17500.

15200.

20000.

20000.
17500.
15300.

21100.

23300.
28200.

14500.
>30000.

316.

308.
405.

300.

246.
283.

437.

313.
328.

261.

413.

394.
395.
288.

413.
394.
569.

264.
568.

10500

9710
10300

7050

9330
16000

15400

5770

6440
7330

18500

9710
7090

12900,
8680.
4960.

6280,
9880.

11000.

3750.
15200.

41.3

17.]

32.4

13.1

14.1

44.2

27.1

49.0
33.6

28.3

51.0

ZZ.4
.15.1

13.1

<.10. 0

<10.0

<10.0

27.7

56.4

<10.0
54.8

50.6

27 F 9
43.9
33.7

60.6
82.0
28.2

21 ' 9

34.6
29.2

513.

345.
445.

251.

584.
859.

272.

263.
462.

283.

423.
242.

192.

629.

170.
189.
256.

487.

305.
211.

457.
200.

296.

240.

212.

153.

394.
460.

132.

493.

53.4

<30.0
52.6
41.1

79.8
70.9

44.5

<30.0
37.0

37.0

86.2
55.2

46.6
73 ' 9

30.5

<30.0
34. 6

51.1
< 30.0
< 30.0

36.7
< 30.0
< 30.0
< 30.0
< 30.0

< 30.0
47.9

53.0
< 30.0

86.6



Table k;

SIGNIFICANCE CORRELATIONS  .95 CONFIDENCE COEFFICIENT!

GBA SAMPLES

Min. rho. Max. rho.Data Set

Mg  n! -Mn n!
1

Mg n! -Sr n!

Zn n! -Cr n!

Mn n! -Ba n!

Mn n! -Sr n! 4

Mn n! -Mean

Fe n! -Fe b!

Cr  n! -Ba n!

Cr  n! -Mean

Ba n! -Sr n!

Mean mm! -Dia {n!

.79 .91 105.867

.61.739 .82 104

-.19.004 .19 101

.84.68.780 105

.60.735 .80 105

-.19� .002 .19 104

97.30-.075.112

.12 100-.05-.034

� .020 .17 100-.21

.747 .82 109.56

.47 97.552

1n = ferromanganese nodules

2b = bulk sediment sample

3
Dia n! = nodule diameter  mm!

4Mean = mean sediment particle size  phi units!

114



Min. rho. Number PointsMax. rho.Data Set

Ca-Mg  N!
1

Ca-Mg  E!
2

Ca-Mg  S!

.81.917 .94 34

.92.973 27.99

43.85 95.925

.41.677 ,81

.43.682 23.87

31-.36 .36.006

.50.733 39.83

.80 .95 30.915

1Northern Sample Station  See Map ll !

2Eastern Sample Station  See Map ll !

3Southern Sample Station  See Map ll!

115

Sr-Ba  N!

Sr-Ba  E!

Zn-Al  S!

Zn-Fe  S!

Cr-Zn  S!

Table L

SIGNIFICANT CORRELATION  .95 CONFIDENCE COEFFICIENT!

DVB SAMPLES



Table M

-ELBKNTAL DATA-

GBA
Sample Diameter Mg Fe
NUmber nmi t

Cr Al Ba Sr

hKL
CU

 
Zil

 

1.0

1.0
.5

188.

213.

178.
213.

2290.

1820.

690.

6900.

4900.
19900.

3900.
5600.

2>.700

19.600

10.050

48.400

.181

.148

.164

.242

.154

.422

.154

380.

3ZO.

Z95.

270.

.510

.390

2.030
.340

1.4 1.30

1.30

.91
1.40

1.3

4.0

4.300 .009

255. .288 .440
112. .288 1.340

200.
286.

286.

3490.

18100.

8700.

6700.

7200.
21800.

.116

,110

112.000

140.00G
1.4

.5

2.00
3.--

375

376
378 301.20200.3800,1Z8.000 .122.550.1542.50 210.3.7

116

301

302
304

306
308
311

312

313

314

316

317

322

324
325

326

332

333

334
335

338

339

342

357
358

361A

361B

366
369
371

373

1.4

1.2

1.5
~ 7

1.2

.7

.6

1.4

1.3

1.2

1,0

1.1

2.3
1.1
1.4

1.6

1.70 285.

2.00 310.
3.20 85.

.99 320.
1.20 330.

1.20 340.

1.50 272.
2.00 232.
1.50 290.

2.20 222.

.91 Z20.

2.70 250.

1.90 320.

1.30 325.
1.20 350.
1.70 305.

2.00 290.

1.70 340.
.99 382.

1.50 320.

.182

.112

.198

.112

.112

.143

.112

.102

.112

.198

.176

.112

.112

.176

.242

.198

.154

.264

.154

.165

.730

.520

.940

.420

.340
~ 450

.920

.850

.470

.780

.490

.420

.570

1.120

1.510

3.750

.360

.510

.390

.550

68,000

89.000
135,000

26,800

39,500
17,000

65,000
108.000

55.500

9G.OOO

35,50G

138.000

94,000

64.500

zo,eoo

65.000
1' 5. 000

72,400
15.000

56.400

. 116

.159

.099

.104

. 122

.193

.122

.136

.185

.198

. 104

.148

.145

.148

.187

.136

.170

. 116

. 136

10300.

7600.
25100,

4200.

5100 '

8100.

4200.

8700,
3800.

19300.

24000.

2200.
4700 '
2500,

3000.
4200.
2500.

5900.

6000.

6100.

8500.

14500.
9100.
2990.

5600.
1940.
8300.

171.00.

9400.

7800.

3950.

26700.

15500.
10'00.

1 80.

8000.

22900.

10500.

1380.

11400.

229.
273.

286.
166.

166.

213.

229.

229.
242.
286.

166.

319,

242.
233.

178.

Z42 ~
301.

229.
166.

229.



Table M

-ELB%NTAL DATA-

GBA

Sample Diameter
Number mm

Zfl

  t!
Mr., Cr

  '~t!   t!
Mg Fe

t. t!
Al

  !
Ba

  !

.154 1.710

.112 ,440

.112 .380

.112 ,380

161
162

163

166
172
173

176
177

179

180

182

184
187

188

191
194

195

196
204

222

223

236
241
254

255
265

266

271
274
275A

2758

276
279

282

284

285
290

291

296
298

1.6
1.3

.8

.8

.8

1.7

1.1
1.3

1.1
.6

.9

.6
~ 8

.8

.3

.9

1.2
.9

1.6

2.4

.9

4.0
2.8

.7

.7

2.5

2.0

2.1

.6

.5

.7

1.9

1.2

.7

1.2

.7

2.70
1.90
Z.ZQ

2.00

2.00

2. 70

2.9G
2.80

1.50
1.30

2.00
2. 00

2.30

3.20
2.80
3.00

2.30
.99

1.30

Z.SG

1.70

2.00
1.50

3.20

2.70

2.50

1.90

1.70

1.70

3.30

3.30
3.00

1.50
2.50

3. 00
2.40
3.10

1.70

3.40

255.

255.

191.

235.
300.

250.
215.

192.

355.
370,

340.
255.

69.

99.

69.
147.

240.
350.

255.

235.

232.

320,
171.

188.

19.

265.

155.

92.

250.

230.

85,
102.
147,
250.

149.
225.

215.

122.

340.
120.

.165

.154

.200

.154

.154

.178

.200

.265

.189

.200

.200

.165

.122

.233

.200

.189

.112

.154

.064

.112

.143

.154

.073

.102

.092

.187

.143

.143

.143

.112

.154

.154

.112

.112

.176

.630

.260

,490
.750

.390

.550

.830

.810

.550

.520

.920

.940

.720

.890

.490

.890

.240

.310

.170

.45G

.630

.700

.100
~ 170

.250

.630

.780

.810

.530

.550

.660

.570

.860

.660

.144

130.00G
70.800

88,000
112.000

105.00Q

124.000

145.000
1ZZ.QQQ

57.200

12.500

94.00Q

88.000
135.00Q

152.000

134.000

134.000

112.000

14.500

32.000

120.000

63.000

2 .800

25.7OQ
140.000

4,690
115.000

108.000

ZZ,ZOQ

49.8QO

SC.GQO

160.OQQ

155.000

130.000

21.700

108.000

145.000

1ZZ.QOO

138.000

49.800

1.50.000

.187

.187

.198

.170

.164

.198

.175

.198

.198

.216

.187

.175

.273

.152

.146

.164

.148

.148

.159

.110

~ 159

.099

.099

.187

.164

.142

.148

.122

.089

.094

.136

.164

.122

.142

.110

.148

.142

12500.

18100.

18100.
4200.

4200.
4200,

14300,

2500.
5100.

2500.
15500.

22400.

30100.
33400.
22400.

12000.

4700.
Z7900.

6600,

25100.

19900.

54000.
2500.

610.
6100.

25800.

75000.
38000.
39000.

24300.

27900.

33400.
25800.

39000.

6600.

12000.
21800.

9800.
22400.

9400.

13200.

13900.
21600.

17800.
2460G.

16900.

8900.
680.

15500.
13600.

9400.

11200.
18100.

19700.

11200.
S20.

2290.

29700.

15500.

2180 '

5200.

25600.

427.
20400.

9400.

1380.

6300.

5200.

11900.

11900.

7200.
4570.

12800.

24400.

13400.

1SZQG.

5800.
8900.

316.

301.

270.
316.

365.

386.
365.

210.
208.

316.

284.
256.

284.

292.

402.

256.

139.

200.

286.

178.

188.
166.

358.

117.

319.

301.

319.

205.

2/3.

242.

273.
242.

213.

213.

334.

273.
301.

213.

270.



Table M

-ELEMENTAL DAT.<�

GBA

Sample Diameter Mg Fe
Number  mn! �   t!

Cr Al

Bd
Ba SrCL1

  t!
ZI1

  t!

118

24

57
58

59

64
66

67
68
72

74

78

79

80

81

84

88

89

92

93
94

97
101

102

103

108

119

120

124

126

133

134

135

139
140

143
145

155

156
157
159

3.6

.9
1.1

.3

1.6

1.1

1.2
.8

.6

.5

.0

.0

.5

1.2

.8

.6
1.7

1.0

.4

.9

.7

1.0

.9

.7

.8

.7

.6

.5

.7

.5

.9

9
.8

1.4

.7

1.1

.8

.8

.8

Z.SO

2.70

2.10

1.20

1,40
.93

3.20

1.60

3.20

3.90

2.10

2.50

1.50

3.50

1.20
2,10
3.20

2.10

1.80
2.40

1.80
1.30

2.80

,93

3.20

2.80

2.20

2.20

3.00

1.30

1.70
1.50

2.30

2.90

2.50

3.80

2.90

2.70
1.50
1.30

300.

20S.

215.

77.

480.

345.

187.

300.

69.
64.

280.

200.

152.

210.

380.

90.

2ZS.

133.

235.
144.

380,
310.

325.

200.
220.

250.

123.

230.

71.
300.

64.

255.

230.
123.
275.

115.
230.

191.

300.

380.

.167

.280

.432

.259

.202

.134

.225

.167

.191

. 225

. 167

.180

.134

.193

.156

.145

.134

.134

.202

.180

.202

.180

.235

.104

.156

.198

.202

.235

.378

.200

.092

.154

~ 233

.165

.292

.165

.278

.154

.154

.154

. 360

.808

.800

.440

.320

.388
1. 588

.468

.780

5.748

. 568

.688

.340

1.088

.308

.428

.600

.320

.420

.570

.660

.920

.600

.260

.520

.550

.850

.530

.480

.310

.160

.670

.660

.830

.890

.240

.810

.750

.480

.440

l i 7. 000

l.-i 5. 000

I '.0. 000

5'3. 800

.',1. 375

; 0.300

l;. 000
;"D. 800

1,0.00'I
I:i5. 009

'5. 20 I

I'.8, OGC

iz. SGC
I'i5. DGC

4.36C

l l8.00 !.

I!! 5. ODC
.'Z.70C

81.00C
I  !8. 00 '.

'i5. 50C

.? 9. 4DC

115. ODC

46.90C

150.00C

1ID.ODC
1 O.ODC
I I! 8 . 00 '.'

I38.0DC
[ 5 . 50 '.'

1. 70C

!
.70C
1 I 5.00 '.

142.00C
131,0DC

!i 3. 6DC~

132.000
131.00C'

'T1. 80Ci

.' I. 70Ci

.187

.164

.152

.305

.3l4

.175

.198

.198

,127
.152

,239

.216

.187

.187

.216

.102

.170

.121

.193

.198

.239

.305

.221

.152

.198

.175

.175

.198

.127

.198

.152

.102

.150

.127

.175

.175

.193

.140

.164

.193

28700.

16100.

IZSDO.

46000.

4300.

1ZSDO.

12500.

4200,

25100.

19900.

20000.
26400.
35' l !  '!,

4200.

5200.

307 ! 0.

7600.

52000.

19300.
25100,

2500.

8100.

2200.

14800.

3800.

7000.

Z5100.

19300.

29300.

8100,

8100.

22400.

12000.
22400.

6200.

78000.

10300.

12500.

4200.
8100.

14'�0

I8300.

I4.'00.

7800.

3450.

430.

24100.

11900.

9 ! 00.
I 3600.

ll900.
] ri.'iD.

., 00.

00
'i �

11 '100.

47400.

3 ! 90.

9800.

103�0.

5 ! 00.
4150.

ZZIDO.

6900.

34900.
23100.

13200.

19200.
23600.

1821 '

1820.

7400.

16400.

17400.
29300.

8000.

16600.

20200.

13400.

3770.

346.

437.

346.

281.
223.

221..

455.

245.

402.
331.

237.

'il J

ZR] .
4,":

17 !.

28].

455.

208.

8]

313,

281 .

251.

352.
i 3 t

437.

417.

331.

289.

256.

198.

198.
Z56.

30j .

316.
301.

349.

316.

365.

240.

210.



Table N

AVERAGE FERRGI4WGANESE NODULE COMPOSITIONS

FRESH WATER AND SALT WATER

Location Re f er ence

Grand Lake

Ship Harbor Lake

Mosque Lake 95 10 250

English Lake District Gorham �5! 20 10 250

40

Karaluii-Finnish Lake Manheim �5!

Cronan 5 Toasts �9' 12.Z 16.8 .356 .62 .34

119

Nova Scotia

New Hampshire

Swedish Ores

Swedish Ores

Green Bay

Pacific Ocean

Atlantic Ocean

General Oceanic

Harriss �0!

Harriss �0!

Harriss �0!

Kindle �5!

Kindle �5!

I.junggren �5!

Manheim �5!

This Study

Mero �2!

Mero �2!

  l. !   ppn !
Fe Mn Co Ni Cu Zn

16,6 33.0 196 296 14 1665

16.7 26.6 221 112 7 475

40.2 15.7 135

15,2 11.1 40

13.6 22.5

26,5 14.5

3Z.5 17.0 230

22.5 14.0 130 40

35,6 4.7 80 40 40

23, 1 8.6 - � 17. 5 69. 1

14 0 24 2 0 35 .99 .53 .47

17,5 16.3 0.31 .42 .20



Assoc.

Sed 1
Green Bay

Nodules

Oceanic

93 ~Sam 1esElement

0.5117.68.64 16. 84 0.31

4. 430.956

0.008

23. 1 24. 3 12.2Ee

0.0230.0016

0.2688

0. 342

Zn 0.0691

0.0164 0.011Cr

0.0280.62 0.00078

0.0042

0.0091

0.307

0.01090.3560. 0147Co

]20

Table 0

ELEEKNTAI. AVERAGES

MARINE VS. FRESH WATER NODEJLES

 weight 5!

Nodules Nodules
1 2

Green Bay F.W.

1
This Study

2
From liarriss �0!

3 From Cronan and Tooms �9!

Assoc.
Sed.3
Oceanic
34 Sa41es



Table P

PHOSPHORUS IN NODULES 5 BULK SEDIMENTS

S le Number

1.83

6.68
5.18

12.9
4,26
4.03

6.34

5.77
5.79

3.91

5.29

3.55
1.05

.35
1.77
2.03

2.01
1. 46

1.63
6.56

5.55

5.45

.620

1.5

1.74
2.02
3.13

.97/1,164/.26/2.58/0.60
3.52

.68/.41/1,5

.27

2.95

.277

2.84

.46

1.89

10.86

2.7

6.07
3.12

3.79

2.47

3.84
3.36

2.99

3.73

7.15

6.69

. 984

. 419

.968

.46

.424

121

74

76
79
80

85
88

89

103
108
124

126
140
148

152
153

155

156
161

172

173
186

188

191

194

204

231
235

238

243
261

275

276
279

284

290
291

298
302

304

314

332

373

378

Nodule Phosphorus Value
 in t!

Bulk Phosphorus Value
 in t!
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Figure 19




