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ABSTRACT

The differential solubility of ferromanganese
oxides can lead to stratigraphic separation of iron
and manganese. Results of chemical analysis of a
sequence of ferromanganese nodules overlying iron-
rich crusts in northern Green Bay show that selec-
tive ion transport is important in concentrating
manganese and associated trace elements near the
oxygenated water-sediment interface.

Manganese carbonate, which cements ferromanga-
nese nodules, occurs in dark-gray silty sands that
are located adjacent to the organic-rich muds of
southern Green Bay. These muds _contain an average of
of approximately 3.5 ppm (6x10~°M) interstitial Mn
and 2.8 meq/l carbonate alkalinity. Thermodynamic
calculation shows that interstitial water approaches
equilibrium with MnCO3 in the upper 10 cm of sedi-
ment. This carbonate has a composition—(Mn73Ca3z2
Feg5)C03, and has been identified as rhodochrosite.

INTRODUCTION

Marine manganese nodules are now recognized as
an economic, exploitable resource of manganese and
the major accessory metals cobalt, nickel, and
copper. Considerable financial investment has al-
ready been expended in mapping potential deposits,
developing mining and chemical separation methods,
and conducting in situ pilot plant operations. 1In
view of this situation, it is most important to
understand the geochemical processes that control
regional variations in nodule chemical composition.
Such variation will be one of the most important
factors in determining which deposits canstitute an
economically exploitable ore body.

Most current theories concerning the origin of
marine ferromanganese nodules rely on one of several
mechanisms to account for chemical composition;
metals are derived from the reaction of sea water
with sub-marine volcanics (Bonatti and Nayudu, 1965),
diagenetic mobilization of metals within the sedi-
mentary column (Lynn and Bonatti, 1965), or direct
precipitation of metals from sea water overlying the
ocean floor (Goldberg, 1954; Goldberg and Arrhenius,
1958). Regional variation in nodule composition
can result from variation in one source mechanism
(i.e., regional differences in the type of wvolcan-
ism), or from the combination of several mechanisms
which may influence nodule composition in slowly-
versus-rapidly accreting deposits (e.g., direct pre-
cipitation versus diagenetic mobilization). Price
and Calvert (1970) have suggested that regional var-
iations in nodule composition reflect the broad pat-
tern of sedimentation in the Pacific Ocean.

While Green Bay, Lake Michigan is not an ncean
basin, it does possess some similar attributes. The
range of nodule-associated sediment types (sands,
muds, biogenetic organic matter) is similar, and
Green Bay interstitial water chemistry (particularly
Fe and Mn) shows striking similarities to profiles
from the Pacific and Arctic Oceans (Bischoff and Ku,
1970; Bischoff and Sayles, 1972; Li et al., 1969).
The range in Fe/Mn ratios of Green Bay nodules varies
from shallow marine to deep ocean values, and Green
Bay nodules contain the Fe and Mn minerals (goethite,
todorokite, birnessite) so often attributed to marine
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nodules (Tooms et al., 1969). Green Bay exhibits a
sediment-trap effect similar to the Pacific Ocean
in that the northeast part of the Bay is isolated
from major sediment inputs (Figure 1) much like the
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vast area of the central Pacific Ocean.

With the exception of Co, Cu, and Ni, the minor,
and trace element content of Green Bay and Lake Mic-
higan nodules is similar to marine nodules (Table
l). 1In addition, Green Bay nodules have much higher
Ba contents which reflect the presence of psilo-
melane, a Ba-rich manganese dioxide characteristic
of some manganese ore deposits. The effects of sul-
fate upon nodule chemistry can be evaluated by com-
paring Green Bay with oceanic nodule occurrences
because the low sulfate content of freshwater pre-
cludes a solubility control for Ba (Church and Wol-
gemuth, 1972) or a diagenetic control for Fe, in
the form of FeS; (Cheney and Vredenburgh, 1968), so
commonly cited for the marine environment.

Therefore, the many similarities between Green
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Bay, Lake Michigan nodules and shallow- to deep-water
marine nodules, in combination with the less compli-
cated sedimentary and geochemical nature of the fresh
water occurrence, make the study of Green Bay, Lake

Michigan ferromanganese nodules a potentially impor-
tant contribution to the understanding of processes

affecting the chemical composition of marine nodules.

TABLE 1

COMPARISON OF AVERAGE LAKE MICHIGAN AND OCEANIC
ELEMENTAL CONCENTRATIONS IN FERROMANGANESE NODULES

(wt.2)

Element Green Bay Deep-Sea<
As 0.0475 0.05000
Ba 0.956 0.250¢
cd 0.0012 0.0010
Co 0.0134 0.28
Cu 0.0032 0.40
Fe 19.8 11.7
Mn 8.9 19.0
Mo 0.0033 0.038
Ni 0.0358 0.58
Org. C 0.83 0.10
Pb 0.0100 0.10
Sr 0.0162 0.0850
An 0.0405 0.04-0.40

2 Manheim (1965)
b sevast 'yanov (1967), Black Sea

€ Arrhenius (1963)

COLLECTION OF SAMPLES

Samples for this study were collected during
August 1971 and June 1972 using the University of
Michigan's Research Vessels INLAND SEAS and MYSIS.
Ferromanganese nodules, crusts, and associated sed-
iments w.re obtained with a Ponar dredge, Benthos
gravity corer, or an airlift (underwater vacuum
cleaner). Nodules were seperated from most of the
bulk sediment by passing the material through 2.0,
1.0, and 0.5 mm (sieve opening) sieves. The sepera-
ted nodules were stored in plastic bags.

Benthos gravity cores (8 om diameter) were extr-
uded in an upright position and 1- to 2-cm slices
were placed in linear polyethylene bottles using a
plastic spatula. A detailed stratigraphic descrip-
tion was made of the cores as they were s led. Sub-
sequently the core samples were frozen and freeze-
dried at the laboratory in Ann Arbor. Ponar samples
containing a well-preserved stratigraphic record of
ferromanganese nodules and crusts were sectioned in
the sampling bucket in order to obtain representative
samples of these important ferromanganese segregations.
All subsampling of Ponar grabs was done using plastic
utensils, and samples were placed in plastic bags.

All samples were transported in plastic contain-
ers to the laboratory where core samples were freeze-
dried and nodules/crusts were oven-dried at 60°C for
up to 72 hours. Ferromanganese nodules and crusts
were hand-picked to separate the nodule/crust mater-
ial from each other and from any other sedimentary
particles.

106

ANALYSIS OF SAMPLES

The dried, concentrated nodule/crust samples
were ground in an agate mortar to pass through a
200-mesh nylon sieve. Sediment samples were ground
to a 200-mesh powder using a Spex Mixer-Mill equip-
ped with a tungsten-carbide mill and ball. Sample
powders were extracted with 10% hydrochloric acid
and several additions of 30% hydrogen peroxide over
a period of 2 days. The insoluble residue (mainly
silicates in the form of quartz, feldspar, and
clays) was seperated from the soluble material by
centrifugation and decantation. This residue was
then collected on preweighted filter paper in order
to determine the amount of insoluble residue. The
soluble portions were made up to volume in 50-ml
volumetric flasks and stored in polyethylene bottles.

All ferromanganese nodule and crust samples
were analyzed for arsenic, barium, cadmium, calcium,
cobalt, chromium, copper, iron, lead, magnesium,
manganese, nickel, potassium, strontium, and zinc by
atomic absorption spectrophotometry. Sodium was
analyzed by flame emission spectrophotometry. Most
elements were determined with a Jarrell-Ash MVAA
spectrophotometer while arsenic, barium, chromium,
strontium and sodium were determined using a Perkin-
Elmer 403 AA/AE spectrophotometer. Standard machine
parameters and sample treatment techniques were used
(Jarrell-Ash, 1970; Perkin-Elmer, 1968). All stand-
ards were prepared in 10% hydrochloric acid using
either commercial (Fisher Scientific Company) or
laboratory prepared standards. Interference from
high concentrations of iron, manganese, calcium,
barium, sodium, and potassium on the atomic absorp-
tion of minor and trace elements was found to be
negligible with the exception of high concentrations
of iron on cobalt, copper, and nickel and high con-
centrations of calcium and barium on strontium
(Rossmann, 1973). While samples for strontium anal-
ysis are diluted, those for Co-Cu-Ni are run undi-
luted and therefore the final results for these
metals in high-iron samples must be considered some-
what too high (up to 20% of the mean value).

Final concentrations of metals (weight percent
or parts per million total nodule/crust weight) were
determined using a computer least squares curve=-
fitting program that compared the absorption readings
of several standards (usually four) with those of
samples.

Mineral identifications were preformed using
X-ray diffraction analysis; either a powder camera
with manganese-filtered iron radiation, or glass
slide smears with copper radiation and a scintil-
lation counter with pulse energy discrimination and
a carbon monochrometor.

GEOCHEMISTRY OF GREEN BAY, LAKE MICHIGAN

Because of the many similarities between Green
Bay and oceanic ferromanganese nodules, it is clear
that a comparative study of the two environments
would yield valuable data that could serve to elu-
cidate the critical factors that control marine
nodule composition. Scientists at the University of
Michigan and the University of Wisconsin (Edward
Callender, Carl J. Bowser, Ronald Rossmann) have
been conducting geochemical studies on Green Bay
since 1967 and a wealth of information now exists.
Since the geochemistry of marine ferromanganese
nodule localities (Pacific Ocean, Indian Ocean) is
known to the oceanographic scientific community, a
brief description of the geochemistry of Green Bay,
Lake Michigan is presented in order to point out
some of the similarities and differences between
marine basins and this important fresh-water nodule
locality.

Hydrography

Green Bay is approximately 200 km long, 20 km
wide, and has a mean depth of 17 m (Figure 1). The
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area of the bay is 4200 km2 and the volume is 70 km3,
approximately one-seventieth the volume of Lake
Michigan. The bay can be divided into two distinct
areas; a southern and a northern basin, seperated
from one another by Chamber Island, a large island
situated in the middle of the bay (Figure 1). The
major river inputs tg Green Bay are the Fox River
(annual flow of 4 k? /year) and the Menominee River
(annual flow of 3km”/year) which constitute 70% of
the total annual river inflow to the bay (10 km3/year,
approximately one-third of the total river input to
all of Lake Michigan). The Fox River is the major
source of domestic and industrial wastes to southern
Green Bay (Schraufragel, 1967).

Environmetal Characteristics

The southern basin of Green Bay is in an advan-—
ced state of tropic evolution. Primary production
is seven times higher in southern Green Bay than in
northern Green Bay and northern Lake Michigan (Schel-
ske and Callender, 1971). Water transparency (Secchi
disc) is substantially lower in southern Green Bay
(2 m in the south versus 5.5 m in the north), a con-
dition that reflects greater suspended particulate
matter composed chiefly of phytoplankton and detri
tus.

During observed periods of thermal stratifica-
tion, dissolved oxygen concentrations in southern
Green Bay hypolimnetic waters fall below 30% satura-
tion, while those in northern Green Bay are generally
at levels greater than 80% saturation. Southern
basin surface waters consistently have higher oxygen
saturation levels than northern basin waters, reflec-
ting the increased productivity in the southern
waters. Bottom-water pH is lowest in the southern
basin during stratification (pH 7.8). With the on-
set of mixing in the fall and spring, bay water is
isothermal and near saturation with oxygen. The
orthophosphate content is higher ( 2.0 ug/l versus
<0.5 pg/1l) and the nitrate lower (36 ug/l versus
89 ug/l) in the southern Green Bay relative to north-
ern Green Bay, indicating increased nutrient inputs
(PO4) and greater phytoplankton utilization of nit-
rate (Schelske and Callender, 1971)

Sediments

The southern basin of Green Bay is predominantly
underlain by gelatinous dark-gray to black, organic-
rich muds and silts (Figure 2) exhibiting redox
potentials between +300 and 0 mv., Much of this sed-
iment was derived from Fox River inflow which con-
tains large quantities of suspended material. The
northern basin of green bay is underlain by brown,
dominantly quartzose, fairly well-sorted, medium to
fine sand containing ferromanganese nodules 0.5 to
5 mm in diameter. Redox potentials of these sands
are greater than +300 mv, usally in the range of
+400 to +500 mv (Figure 3).

The first major deposits of ferromanganese nod-
ules in the Great Lakes were discovered in Green Bay
in 1967 (Rossmann and Callender, 1968). Throughout
Green Bay the nodules are grenerally spherical in
shape, ranging in size from 0.5 mm to 2 cm in dia-
meter. They are dark brown to black in color when
wet and orange-brown to dark gray when dry. Many of
the smaller nodules are agglomerates of ferromangan-
ese coated sand grains. Nodule nuclei consist mainly
of quartz and feldspar with lesser occurrences of
clay, limestone, and wood fragments. Microscopic
examination of the nodules reveals a typical concent-
ration structure of alternating iron- and manganese-
rich bands. In northern Green Bay, nodules comprise
10 to B0 percent of the associated sands. The
nodules and associated sands are generally covered
by a light gray-brown flocculent material comprised
of silt and organic detritus.

Nodules occur in areas of low to negative
sedimentation rates, and in a few localities off the
mouths of rivers where they have become buried by
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finer sediment. Generally, only a few centimenters
to one-half meter of sand overlies stiff glacial
clay that probably predates the Chippewa low lake
level of approximately 10,000 years ago (Hough, per-
sonnal comm.). A minimum accretion rate for ferro-
mangaese nodules in Green Bay is calculated to be
0.5 mm/1000 years using the above date. While

sands in northern Green Bay currently exist under
low, or even negative, sedimentation rates, the muds
of southern Green Bay represent local sedimentation
rates up to a maximum of approximately 10 cm/y.

This figure was estimated from seismic profiling
which shows that up to two meters of sediment accu-
mulated locally in 1B years (Moore and Meyer, 1969).
Based on their data, the average sedimentation rate
for the southern part of Green Bay has been esimated
to be 1 cm/y.

Table 2 shows the average chemial composition
of organic-rich muds from southern Green Bay, oxid-
ized sand-silt-clay from northern Green Bay, and
ferromanganese nodules from throughout Green Bay.
The iron content of the oxidized sediments is only
twice that of the organic muds illustrating that iron
can occur not only in oxide minerals but also with
clay minerals and organic matter. However, mangan-
ese is 14 times more concentrated in oxidized than
in the agquatic environment. While most other trans-
ition metals show a preference for oxidized sedi-
ments, Cu and Cr show a preference for dark-gray,
organic-rich muds (Table 2).

Geochemical Process

Based on extensive studies of Green Bay water/
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sediment geochemistry, the following mechanism for
incorporation of trace metals into nodules is pro-
posed (Callender et al., 1973):

(1) Input of trace metals from rivers as dis-
solved and particulate matter.

(2) Precipitation of metals in oxygenated lake
water, utilization by living organic matter, or
sorption onto particle surfaces.

(3) sSedimentation and subsequent burial of
trace metals and organic matter.

(4) Sedimentary diagenesis resulting in the
resolubilization of some trace elements and the
complexation/chelation of others.

(5) Diffusion and mass transport of metals
toward sediment-water interface and subsequent
precipitation as iron and manganese oxides
(nodules) when interstitial water comes in con-
tact with relatively oxygen-rich lake water.

Trace elements in sediment interstitial fluids
can be selectively sorbed by either iron- or mangan-
ese-oxide phases. The Fe/Mn oxide ratio of resultant
ferromanganese nodules will be a function of the
relative inputs of the two metals into the water-
sediment interface zone, the redox potential of
waters in which precipitation of oxides occur, and
the relative precipitation rates of the two oxide
phases. Under sufficiently low redox potentials
(+100 mv at pH 7), iron is insoluble whereas mangan-
ese remains in solution, but at higher Eh values

TABLE 2

CONCENTRATION (PARTS PER MILLION) OF ACID-SOLUBLE
TRANSITION METALS IN GREEN BAY SEDIMENT AND
FERROMANGANESE NODULES

Dark Muds Oxidized Ferromanganese
Element (8. Green Bay) Sand-sSilt-Clay® Nodules
(N, Green Bay) (Green Bay)

No. Samples ([ ) (23) (20) (60)
Iron 100,500 195,600 273,000
Manganese 4,300 62,000 128,000
Arsenic 171 g8 578
Barium 3l 3,479 12,500
Cobalt 60 93 160
Copper 97 i3 41
Chromium 176 90 49
Nickel B85 ise 458
Zinc 357 420 460
Organic carbon® 6.5 2.8 0.83
Eh, + Mv +84 +413 -—-
Fe/Mn 23.4 3.1 2.1

4pulk sediment includes ferromanganese nodules

Bueight percent

(+400 mv at pH 7) both metals are insoluble (Kraus-
kopf, 1957). Normally, oxygenated lake waters

would have sufficiently high redox potentials to
keep both iron- and manganese-oxide phases inscluble.
Solubilization of these phases would also be enhan-
ced by a general lowering of pH that occurs in hypo=-
limnetic waters which are deoxygenated in reponse

to the breakdown of organic matter (Callender et al.,
1973).

The trace element content of freshwater nodules
is generally lower than nodules from the deep-sea
(Table 1). This is due to the faster growth rate
of freshwater nodules (Harris and Troup, 1970),
ocean/lake water compositional differences, complex-
ation of trace elements in organic-rich source
materials (muds), and the fact that freshwater
nodules have generally higher iron to manganese
ratios. Both iron and manganese oxides occur as
discrete phases in nodules and these phases differ
in their sorption/desorption characteristics in
near neutral waters (Parks, 1965).

The trace element selectivity of iron- and man-
ganese-oxide phases in nodules is confirmed by stat-
istical analysis of electron microprobe and atomic
absorption data ( Rossmann et al., 1972). Strong
correlations are found between As, P and Si with
iron and between Ba, Co, Cu, Mo, Ni, Sr, and 2n with
manganese (Table 3). Rossmann (1973) believes that
the compositional variability of ferromanganese no-
dules in Green Bay, Lake Michigan, results from their
position relative to sources of metals which may be
more or less available depending upon the degree of
organic complexation or distance from the source.

FERROMANGANESE CRUSTS AND ASSOCIATED NODULES

The location of ferromanganese crusts and asso-
ciated nodules discussed in this report is shown in
Figure 4. Samples from station 71-108 represent an
iron-rich crust overlain by ferromanganese nodules
and flocculent material. The stratigraphic descrip-
tion of this station is given below:

"Thin layer of gray-brown flocculent material
(0.5 mm thick) over 3 cm brown silty medium
sand containing 75% of 0.5-2.0 mm nodules,
over 0.5-1.0 cm of same but oxidized to
orange-brown layer forming patches of crusts."
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TABLE 3

CORRELATION COEFFICIENTS FOR GREEN BAY
FERROMANGANESE NODULES

Element Fe Mn Ni Cu Co Ba Mo GSr Mg Zn Na K Cr

Fe

1.00-0.72-0.64-0.45-0.50-0.39-0.61-0.47-0.14~0.56-0.12~0,17 0.54

Mn 1.00 0.75 0.67 0.84 0.70 0,93 0.84 0.14 0.78 0.26 0,35-0.36
Ni 1.00 0.88 0.71 0.14 0.76 0.43 0.11 0.95 0.18 0.21-0.23
Cu 1.00 0.70 0.06 0.75 0.40 0.22 0,90 0.38 0.33-0.17
Co 1.00 0.65 0.91 0.81 0.13 0.80 0.28 0.45-0.26
Ba 1.00 0.62 0.88 0.07 0.23 0.08 0.30-0.34
Mo 1.00 0.76 0.01 0.84 0.22 0,26-0.20
Sr 1.00 0.24 0.49 0.34 0.42-0.30
Mg 1.00 0.09 0.56 0.71-0.10
Zn 1.00 0.18 0.25-0.22
Na 1.00 0.78 0.09
K 1.00-0.19
cr 1.00

y T | SHED
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FPigure 4. Location of ferromanganese crusts,

manganese carbonate, and crystalline man-
ganese nodules discussed in this paper.
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Samples from this station represent an excellent ex-
ample of differential precipitation of first iron and
then manganese oxides in a vertical sedimentary se-
guence as first proposed by Krauskopf (1957). Since
many trace elements are associated with the manganese
oxide phase, this differential oxidation mechanism

is one process that can lead to predictable composi-
tional differences in ferromanganese nodules.

Station 71-107 is a little to the west of 71-108
and more directly under the influence of an organic-
rich mud source (Figure 3) that is supplying large
amounts of iron for nodule growth (Rossman et al.,
1972).

"One cm of 0.5-2.0 mm nodules (75%) with brown
fine silty sand over 3 mm orange-brown oxi-
dized crust with nodules, over gray-brown
clayey fine sand.”"

Stations 71-19, 72-20, and 72-34 are located off the
Oconto River (Figure 4). Here nodules cemented by
manganese carbonate are found within muddy sands. A
stratigraphic description of a benthos core from sta-
tion 72-20 is given below:

0-1 cm: Olive-gray sandy silt over olive-gray
sand with 60% nodules, 2-5 mm diameter.

1-2 cm: Olive-gray slightly silty sand with
60% nodules, 1-5 mm diameter.

2-3 cm: Mottling with light~brown sand contai-
ning 50% nodules, cemented nodules
3 cm diameter.

3-4 cm: Mottled olive-gray and light-brown
sand with 40% nodules.

4-5 cm: Light olive-gray nodules, 1-5 mm dia-
meter, in mottled light and medium
dark-brown sand with irregular distri-
bution of cemented nodules.

5-6 cm: Carbonate crusts cementing nodules more
apparent, otherwise same as 4-5 cm.

6=-8 cm: Light gray-brown silty sand with 40-50%
nodules, 1-6 mm diameter.

8-10 cm: Same except at base of interval where
nodules are 1 mm diameter.
10-12 cm: Grading into olive-gray silty sand
with very few nodules, 5 mm diameter.
12-14 cm: Mottled dark olive-gray and grayish-
green silty fine sand.

In southern Green Bay, ferromanganese nodules
and crusts are found in dark olive-gray muddy sands
that are usually located adjacent to fine-grained,
organic-rich muds (Figure 3). In northern Green Bay,
nodules and crusts occur in relatively well-sorted
medium-fine sands to a depth of 5 cm. The nodules
range from 0.5 mm to 2 cm in diameter and are ovoid
to discoid in shape. In some instances the nodules
grow together to form a crust (71-98; Figure 4) or
are cemented by carbonate (71-19, 72-20, 72-34; Fi-
gure 4). Some of the larger nodules consist of a
black core and a thin, red rim (70-9, >2 mm diameter;
Appendix). Scattered clastic grains occur in the
cores and rims.

Composition - Ferromanganese Crusts and Nodules.

The chemical composition of ferromanganese
crusts and associated nodules are shown in Table 4
and in the Appendix. Because crusts and nodules from
station 71-108 present an ideal stratigraphic se-
quence of iron and manganese oxides that have resul-
ted from differential oxidation (Krauskopf, 1957),
the chemical composition of these separated phases is
considered in detail (Tables 4 and 5). Stratigraphi-
cally, nodules in the flocculent material overlie
nodules in medium sand which in turn overlie orange-
brown crusts. Nodules were separated into three size
fractions which were analyzed in duplicate. The data
in Table 4 show that the Fe/Mn ratio decreases with
increasing nodule diameter until it falls slightly
below 1 for nodules greater than 2 mm in diameter.
The manganese content of these larger nodules (20 wt%)
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is similar to that (19 wt%) of average deep-sea no-
dules (Table 1). On the other hand, Cu is 200 times
less concentrated in the Green Bay nodules while Co
and Ni are 15 and 20 times, respectively, less concen-
trated in the freshwater nodules. The Cu, Co, and Ni
contents of Green Bay, Lake Michigan nodules are com-
parable to similar-sized nodules from Loch Fyne, Scot-
land (Calvert and Price, 1970). A lock at correla-
tion coefficients for the data on crusts and nodules
from 71-108 (Table 5) shows that in general most trace
elements are strongly associated with the manganese-
oxide phase, an observation which is true for Green
Bay nodules in general (Table 3). While a strong cor-
relation exists between As and Fe, the correlation be-
tween Fe and Cr-Pb is much less pronounced even though
all these elements are inversely correlated with Mn.
Although Cr and Pb may be associated to some degree
with the iron-oxide phase (Calvert and Price, 1970),
they may also be associated with detrital silicates
that constitute the bulk of insoluble residues in
Green Bay nodules.

The very high Ba contents of Green Bay nodules
(up to 6 wt%) and the very high degree of correlation
of Ba with Mn in these nodules (Tables 3 and 5) must
be explained. The manganese mineral psilomelane has
been identified in ferromanganese nodules from Green
Bay, Lake Michigan (Rossmann, 1973). Structurally,
this mineral consists of treble strings of MnOg octa-
hedra joined by double strings to form a series of tun-
nels running in the direction of the b-axis. The tun-
nels are occupied by a double row of barium ions and
water molecules which are crystallographically indis-
tinguishable (Wadsley, 1953). Wadsley (1953) assigned
the mineral a formula of (Ba, H20)2 Mns Olo0. Although
there is a high degree of association between Mn and
Ba contents, psilomelane has been identified in Green
Bay nodules that are rich in Fe. Nodule sample GB-69-
25 listed in the Appendix has a Fe/Mn ratio of 5 and
contains psilomelane as well as the iron mineral goe-
thite (Rossmann, personal communication). Considering
the relationship between Mn and Ba in Green Bay nodules,
this sample appears to have a greater amount of Ba
(Figure 5) which may be attributable to the presence
of psilomelane.

Composition - Manganese Carbonate Crust

The average chemical composition of manganese car-
bonate crusts and cement from Green Bay is shown in
Table 6. Considering that the carbonate is approxima-
tely 75% pure, the crust/cement consists mostly of
MnCO3 (77%) with some CaCO3 (17%) and minor FeCO3
(4.5%). Taking into account the variability in chemi-
cal composition of four manganese carbonate samples
from Green Bay, the composition of the carbonate is
calculated to be: (Mnj2.5 Caz2.9 Feg,7)C03. The
6(21i) X-ray diffraction spacing for rhodochrosite is
2.84A (ASTM 7-268). The measured 211 spacing for car-
bonate from station 72-34 is 2.86& which compares fa-
vorably with that above.

The composition of manganese carbonate from Green
Bay is compared with similar material from other fresh-
water and marine environments in Table 7. Most notable
is the absence of Mg (less than 0.15 wt%) in the car-
bonate from Green Bay relative to the marine environ-
ment (1.6 wt%; Table 6). Generally, the trace-element
content of the manganese carbonate from Green Bay is
much lower than that of associated ferromanganese no-
dules (Table 8). The Ni content of the carbonate ce-
ment is comparable to the more manganese-rich nodules
from station 71-19 while the Na and K content is some-
what greater in the carbonate. It is apparent that
most minor and trace elements so common in the ferro-
manganese nodules are excluded from substitution in
the carbonate lattice.

DISCUSSION
Ferromanganese nodules from Green Bay, Lake Michi-
gan, are similar in composition to nodules from the

Baltic Sea (Manheim, 1965; Winterhalter, 1966), the
Black Sea (Sevast'yanov and Volkov, 1967), the White
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TABLE 6

CHEMICAL COMPOSITION OF MANGANESE CARBONATE CRUSTS
FROM GREEN BAY, LAKE MICHIGAN AND LOCH FYNE, SCOTLAND

Element Green Bay® Loch FyneP
W, % Mn 28.6 (5.57) 18.0
" Fe 1.6 (1.29) 1.9
" Ba 0.1 (0.09) 0.1
" ca 5.3 (5.82) 10.4
* Soluble 84 () 75
ppm Mg 1213 15,700
" ma 377 (177) -
" As 115 (346) 10
" cd 8 (4) -
" o 28 (85) 20
* o 8 (16) L
" Cu 3 (6) 40
" X 1217 (947) 8,700
" Ni 28 (62) 50
" Pb 45 (83) 20
" sr 24 (11) 425
" Zn 44 (61) 20

3presented as mean and standard deviation of four (4) samples.

bralvert and Price (1970)

TABLE 7
COMPOSITION OF MANGANESE-BEARING CARBONATES IN
RECENT SEDIMENTS
Locality Composition Source

Baltic Sea (Mn,, Ca, ) CO3-(Mng, cnuuqal C0, Manheim (1961)

Baltic Sea (Mns5g g Cazs 5 Mgy , Feg ) CO3 Hartmann (1964)

C’SDQU’ E03 Lynn and Bonatti

(1965)

Eastern Marginal (MRg,_
Pacific =0-80

Lake Pinnus-Yarvi, al.
a

(Mn Ca Fe ) CO5 to
Py 50.6 .. 45.3 "®4.0 3

L et R LI A

Shterenberg et.
(
34.2

1966)

Calvert and Price
(1970}

Loch Fyne,
Scotland

(Mn

47,7 a5 ™72 ©03

Green Bay, This work

{Mn_, Cay, Fa,}) CO; to
Lake Michigan s o 4 3

(Mng, Ca)g Pe3l coy

Sea (Gorshkova, 1931) and Lake Ontario (Cronan and
Thomas, 1970, 1972). Nodules from these localities
have Mn/Fe ratios that are generally less than unity.
This is in contrast to shallow-water nodules from
Loch Pyne, Scotland (Calvert and Price, 1970) and
Jervis Inlet, British Columbia (Grill et al., 1968)
which have Mn/Fe ratios that approach 8. Nodules
from both these localities contain abundant todoro-
kite, a manganese-oxide mineral that contains abun-
dant elemental impurities which can be accommodated
structurally (Frondel et al., 1960; Straczek et al.,
1960) .
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Figure 5. Inter-element relationships between manganese and barium (a), manganese and copper (b),

manganese and zinc (c), iron and lead (d), and iron and arsenic (e) in Green Bay ferro-

manganese crusts, associated nodules, and manganese carbonate.

scatter plots are listed in the Appendix.

Many authors have discussed the association of
minor elements with manganese and iron phases in deep-

sea and shallow marine ferromanganese nodules.

Based

on bulk chemical (Goldberg, 1954; Riley and Sinhaseni,
1958; Mero, 1962; Willis and Ahrens, 1962; Ahrens et
al., 1967; Cronan, 1969) and electron microprobe
analyses (Burns and Fuerstenau, 1966; Cronan and
Tooms, 1968) of deep-sea nodules, correlations between
Mn, Ni, Cu, K, Zn, Mg, Mo, and Ba and between Fe, Co,
Pb, Ti, V, Mo, Zr, and Ce have been cited.
logically, deep-sea nodules that contain todorokite
have been reported to be enriched in Ni and Cu (Bar-
and those that
contain birnessite to be enriched in Co and Pb

nes, 1967; Cronan and Tooms, 1967);

(Barnes, 1967).

Minera-

Data on the minor and trace element abundances
in nodules from lakes (Ljunggren, 1955; Rossmann et al.
1972; Cronan and Thomas, 1972), the Baltic Sea (Win-
terhalter, 1966), and Loch Fyne, Scotland (Calvert
and Price, 1970) suggest that Ba, Co, Cu, Mo, and Ni

The raw data for these

are correlated with Mn, and V and Cr and correlated
with Fe. Pb appears to be moderately correlated
with Fe (Calvert and Price, 1970), and Zn moderately
correlated with Mn (Rossmann et al., 1972; Cronan
and Thomas, 1972). Strong correlations exist be-
tween Mn and Ba, Co, Cu, Ni, Sr, and Zn and between
Fe and As in nodules and iron-rich crusts from sta-
tion 71-108 (Table 5). These correlations are simi-
lar to those calculated for Green Bay nodules in
general (Rossmann et al., 1972), and they suggest
that the differential solubility of iron and man-
ganese oxides does not affect significantly the par-
titioning of trace elements among these phases as
interstitial fluids become enriched in Mn relative
to Fe. However, if data from nodule localities re-
presenting different local sources of metals are
compared, it is apparent that differences in the
chemistry of source material result in significant
differences in the minor element composition of
nodules (Rossmann, 1973). Of primary importance is
the proximity to organic-rich muds which constitute

UNIVERSITY OF WISCONSIN



the most important immediate source of metals for
nodule growth. WNodules which occur adjacent to muds
have Fe/Mn ratios. greater than 10 (extreme northern
Green Bay; Figure 6) and lower minor element contents

Fe/Mn RATIOS

FOR GREEN BAY
FERROMANGANESE
NODULES e7r:20:

45°35'+ %

=

0]

87°00'
45°05't+

e7°s0
45°00'+ 05 101520
kilometers
% Fe/Mn Ratio

1111/ T
=Y
(I

B No Information or
Nodules Absent

87°35'
44°35' +

Figure 6. Iron/manganese ratio of ferro-
manganese nodules from Green Bay, Lake
Michigan (from Rossmann, 1973).

compared to nodules which are located farther from
muds (central northern Green Bay; Figure 6) and which
have Fe/Mn ratios close to unity and greater minor
element contents (Rossmann, 1973). Since most of the
minor elements found in ferromanganese nodules are
associated with the Mn-oxide phase, the Fe/Mn ratio
can be used to study the effect of source upon fer-
romanganese nodule chemistry. Green Bay, Lake Michi-
gan, is an excellent locality for such a study be-
cause there are strong differences in the depositional
environment as one goes from south to north. Rapidly
accumulating organic-rich sediments in the south and
extreme north contain interstitial waters enriched

in Fe, Mn and certain trace elements which constitute
a source of these metals in adjacent oxygenated bot-
tom waters flowing over sand deposits. Trace elements
that may be associated with dissolved and particulate
organic matter will be less available for adsorption
onto an iron- or manganese-oxide surface (Rashid,
1972). 1In areas where bottom currents and topography
have resulted in very slow sediment accumulation,
metals occur more probably as free or inorganically-
complexed ions which are more readily adsorbed by
ferromanganese oxides (Stumm and Morgan, 1970). The
distribution of Fe/Mn ratios in ferromanganese nodules
from Green Bay reflects this pattern of sedimentation
(Figures 1, 3, and 6). Nodules from areas that re-
ceive no sediment (north-central Green Bay, Figure 6)
or receive soluble and particulate material that is
depleted in Fe (east of the Menominee River, Figures
4 and 6) have the lowest Fe/Mn ratios and the highest
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minor element contents.

The relatively strong correlation between Fe and
As for nodules discussed in this report (Table 5,
Figure 5d) is in agreement with that for Green Bay
nodules in general (Callender et al., 1973). Sevast-
'yanov (1967) described the enrichment of As in some
Fe-rich nodules from the Black Sea, and Calvert and
Price (1970) show a strong correlation between Fe
and As in Fe-rich rims of nodules from Loch Fyne,
Scotland. Their values of from 500 to 1000 ppm As
compare favorably with As values for Green Bay no-
dules (Callender et al., 1973,. Calvert and Price
(1970) state that this enrichment probably results
from the replacement of arsenate for phosphate ions
in an iron phosphate. This implies that arsenate/
phosphate is coprecipitated with the iron and not
absorbed by hydrous iron oxide. Whichever the mech-
anism, the association of As and P with Fe in fer-
romanganese nodules is now well established and de-
serves a thorough geochemical study. It is interes-
ting to note that the nodules from Loch Fyne occur
as Fe rims surrounding Mn cores much the same as
Green Bay nodules whose diameter exceeds 2 mm (no-
dules from station 70-9, Appendix). The origin of
these Fe rims probably reflects the recent history
of the depositional environment within which the no-
dules grow and persist. It is possible that these
rims represent a dissolution stage (selective lea-
ching of the more soluble Mn oxide) which has been
brought about by a change in the sedimentation pat-
tern. Calvert and Price (1970) suggest that the Fe-
rich rim surrounding Mn-rich cores in Loch Fyne
nodules represents Fe-oxide precipitation under dif-
ferent environmental conditions where there is en-
richment of Fe from seawater overlying more oxidized
surface sediment.

The formation of manganese carbonate in the
gray sandy muds of southern Green Bay is, as in the
case of manganese carbonate from Loch Fyne (Cal-
vert and Price, 1970), diagenetic. The carbonate
forms after precipitation of ferromanganese nodules
since it occurs as a cement surrounding the nodules.
The two phases, oxide and carbonate, are not in
equilibrium. Environmental conditions near the sedi-
ment-water interface in areas of ferromanganese
oxide accretion are not conducive to precipitation
of a metal carbonate ‘which must derive its carbo-
nate content from interstitial water in contact with
decomposing organic matter (Berner, 1966). The man-
ganese carbonate occurrences in southern Green Bay
imply a high activity for both Mn*2 and C03-2 in
pore waters of the host muddy sands and/or the ad-
jacent organic-rich muds. Interstitial Mn concen-
trations average approximately 3.5 ppm (6.3x10~5M)
and carbonate alkalinities 2.8 meq/l. Thermodyna-
mic calculations using interstitial Mn, pH, and al-
kalinity data result in ion products for MnCO3 that
range from 14.3x10-1ll, for interstitial water at
0-5 cm, to 8.3x10-11 for interstitial water at 10-
15 em. Comparison of these values with the thermo-
dynamic solubility product for rhodochrosite (Kgp =
6.3x10-11 at 25°C and 1 atm) shows that interat121al
water is slightly supersaturated with respect to
MnCO3. The high carbonate activity probably results
from oxidation and fermentation of organic matter
(Presley and Kaplan, 1968), and the high manganese
activity from reduction of dispersed or nodular
ferromanganese oxides which become buried by accumu-
lating sediment (Calvert and Price, 1972). The
amount of carbonate produced by degradation of sedi-
mentary organic matter in southern Green Bay may be
substantial since the dark gray muds contain up to
6.5% organic carbon by weight. The amount of car-
bonate alkalinity that can be contributed to inter-
stitial fluids by dissolution of detrital carbonates
may be small since the carbonate content of these
muds averages less than 5% by weight (Callender,
1969).

Although the origin of manganese carbonate in
southern Green Bay is not yet clearly understood,

UNIVERSITY OF WISCONSIN
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TABLE 10

CORRELATION COEFFICIENTS FOR MANGANESE CARBONATE CRUSTS FROM GREEN BAY, LAKE MICHIGAN

VARIABLE

MN WT% 1.0000

FE WIs -.8111 1.0000

BA WT% -.4880 =-.1147 1.0000

CA Wrs -.9198 .9756 1063 1.0000

MG PPM =-.3025 -.3121 9796 -.0958

NA PPM .9995 -.7932 -.5140 -.9076

K PPM .7909 -.9994 .1483 -.9676

SR PPM -.9309 .5414 L7731 .7129

ZN PPM .9972 =.7651 -.5519 -.8879
MN WT% FE WT% BA WT% CA WT%

1.0000
-.3310 1.0000
.3441 . 7721 1.0000
.6298 -.9414 -.5126 1.0000
-.3730 .9990 .7428 =-.9556 1.0000
MG PPM NA PPM K PPM SR PPM ZIN PPM

the formation of the carbonate occurred after accre-
tion of ferromanganese nodules. The carbonate cements
the nodules but there is no evidence of carbonate re-
placing ferromanganese oxide, such as Calvert and
Price (1970) observed in Loch Fyne, Scotland. Rapidly
accumulating fine-grained sediment has been deposited
over nodulg-bearing sands in the vicinity of manga-
nese carbonate localities in southern Green Bay. The
change to a less oxidizing, less basic environment
where abundant dissolved carbonate is supplied to
interstitial water, that surrounds the previously pre-
cipitated ferromanganese nodules, results in the pre-
cipitation of manganese carbonate from a supersatu-
rated solution of interstitial water.

CONCLUSIONS

The many similarities between ferromanganese no-
dules from Green Bay, Lake Michigan, and shallow- to
deep-water marine nodules have been pointed out in
this report. The ready accessibility of the fresh-
water nodules, the simpler geochemical setting of
Green Bay (lack of sulfate), and the fact that a
wealth of geochemical data now exists on Green Bay,
Lake Michigan, serve to emphasize the importance of
this freshwater nodule province to the international
program studying the origin of marine ferromanganese
nodules. Data have been presented which shed light on
two mechanisms that affect the chemical composition
of ferromanganese nodules. Future studies of the ori-
gin of ferromanganese nodules in Green Bay, Lake
Michigan should include the following:

1) The diagenetic mobilization of transition
elements in areas of slowly and rapidly
accumulating sediment.

2) The effect of organo-metallic complexes on
the chemical composition of natural solu-
tions that nourish the growth of ferroman-
ganese nodules.

3) Quantitative element-phase associations
in ferromanganese nodules originating under
different environmental conditions,

4) Trace-element partitioning between oxide,
carbonate, and sulfide phases in sediments
associated with ferromanganese nodules.

5) The mechanism of trace-element incorporation
into rapidly versus slowly accreting ferro-
manganese nodules.
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