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INTRODUCTION

Manganese nodules were first discovered on the ocean floor 160 miles south-west

of the Canary Islands on February 18, 1803, during the first complex oceano-
logical cruise of the Challenger. They surprised researchers by their unusual shape
and also by their unusual chemical composition; nevertheless for many years after-
wards, they were considered merely as one of Nature's exotic marine tricks. After
the Second World War, a comprehensive investigation of the World Ocean started,
and new data were obtained on a wide distribution of manganese nodules and their
polymetallic composition, that made scientists consider nodules as one of the major
characteristics of the deep oceanic zone. Recently, meaning since the 1960's, nodules
have been recognized as a potential ore source, investigation of which is stimulated
by the progressive depletion of land-based mineral resources.

Several generations of scientists from various countries have contributed to the
problem of exploration of manganese nodules on the ocean floor. Though the problem
has been posed, it has not been solved yet because it required, in its turn, a
scrutiny of some fundamental aspects such as composition, nature, accretion rate of
nodules and retrieval of nodule fields. These problems have been discussed in
thousands of papers and larger publications; see, in particulare, Mero, 1965; Horn,
1972; Morgenstein, 1973; Bezrukov, 1976; Glasby, 1977; Bischoff and Piper, 1979;
Lalou, 1979; Manganese nodules, 1979; Varentsov, 1980; Cronan, 1980; Manganese
nodules..., 1984, 1986. However, many problems of nodule composition and origin
are far from being solved and it is not surprising that further research and inter-
pretation is stimulated on the basis of recent observational material, analytical
techniques and systematic approach.

Current oceanological thought considers the Ocean as a single system, the geo-
chemistry of which, to a great extent, is controlled by the interaction of the ocean
with the lithosphere and the atmosphere. Arising from this assumption, the compo-
sition of nodules should be analysed with due respect to the geochemistry of sea
water, sediments and pore water and also to the ways and forms of material supply
to the ocean from various endogenous and exogenic sources.

The present book has two aims. First, to give a general review of the marine
geochemistry of manganese as being the most representative element in nodules.
Manganese is characterized by complex migration forms and is a host element for
major ore and microelements of nodules. Our second purpose is to draw together all
available individual data on the geochemistry of nodules proper.

To cope with these two problems, representative data from numerous publications
were used on content and forms of manganese migration in river discharge, eolian
dust and precipitate, sea and oceanic water and suspension, marine organisms,
bottom sediments and pore water. Published and some original data on the geo-
chemistry of macro- and microelements in nodules, partly, on microstructure of
nodules, their mineralogy and accretion rates were also used.

The last chapter is devoted to the problems of nodule genesis.

When revising the available material for the book we learned that the data on
some microelements were scarce or not reliable, sometimes no data were available at
all. To fill in the gaps in our knowledge we carried out special analytical research
to determine cadmium, tungsten, mercury, rhenium, gold, silver, platinum and
elements of the platinum group in representative collections of nodules and ore
crusts gathered in various regions of the ocean, mainly in the Pacific, during the
cruises organized by P.P. Shirshov Oceanology Institute (R/V Vityaz, Akademik
Kurchatov, Dmitry Mendeleev, Akademik Mstislav Keldysh).

The material was analysed by various techniques, namely, chemical, spectro-
chemical, atomic-absorption, x-ray fluorescence, neutron activation, fire assay,
laser photo-ionization of atoms, microprobing and others.

ix
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PART I

MARINE GEOCHEMISTRY OF DISPERSED MANGANESE

According to one of the fundamental laws in geochemistry, dispersion and concen-
tration of elements in the Earth's crust and, in particular, within the sedimentary
cover co-exist in time and space, dispersion predominating considerably over concen-
tration though the same geochemical rules govern both groups of processes (Clarke,
1924; Vernadsky, 1954; Goldschmidt, 1954; Vinogradov, 1959).

So, to learn about the regularities of ore processes one should have an under-
standing of the laws that govern the distribution of background concentration of
elements in geological objects. This is especially true for a manganese nodule form-
ation process in the ocean which, in some cases, was analysed in ighorance of
manganese behaviour in the sea.

The general geochemical background of ore formation process in the sea is con-
sidered in the present part of the monograph, in particular: manganese supply to
the ocean; its behaviour in sea water; suspension; sea organisms; the processes of
Mn deposition to the bottom; its distribution in a surface layer and throughout a
sedimentary cover; its mobility in interstitial water; and its geochemical balance.



CHAPTER I

MANGANESE SUPFLY TO THE OCEAN

Manganese and other elements are supplied to the ocean from various sources and
by various routes. Continental massifs and the Earth's interior under the oceanic
floor are believed traditionally to be the main sources for the supply of material,
and river discharge volcanic eruptions and hydrothermal fluids are the main
routes for this material transportation. Besides this, some material can arrive

as a part of an air suspension and as aerosols, as cosmic dust, ground water dis-
charge, and due to coastal erosion. We shall show further that these sources are
of different significance and value.

1.1. MANGANESE IN RIVER DISCHARGE

The World ocean sedimentation dependcs considerably upon river discharge. The
World rivers drain an area of about 100 million km? and their annual water dis-
charge to the ocean is 35 to 44 thausand km3, 13 to 22 billion tonnes of suspension
and 3.3 to 4.8 billion tonnes of dissolved material (Lopatin, 1950; Alekin, 1966;
Holeman, 1968; Alekseev and Lisitsin, 1974; Lisitsin, 1974; L'vovich, 1974;
Gordeev and Lisitsin, 1978; Martin and Meybeck, 1979; Milliman, 1981; Milliman and
Meade, 1983).

River discharge intensity and composition depend upon the climate, topo-
graphy, rock and soil composition within a drainage area (Strakhov, 1960). Man-
ganese in river water migrates in a solution and suspension, in mineral and
organic forms.

Dissolved and suspended manganese: concentration and their ratio

Table 1 presents a general behaviour pattern of suspended and dissolved manganese
in a river discharge. It combines data on 34 lowland and mountain rivers in the
northern humid, arid and tropical areas of Europe, Asia, Africa, North and South
America. Data on average water, ion and suspension discharge of rivers were taken
from Lopatin, 1952; Shamov, 1954; Strakhov, 1962; Livingstone, 1963; Alekin and
Brazhnikova, 1964; Alekin, 1966; Gibbs, 1967; Zalogin and Rodionov, 1968;
Depetris and Griffin, 1968; Holeman, 1968; Turekian, 1971; Lisitsin, 1974; Carbonnel
and Meybeck, 1975; World Register, 1978; Discharge..., 1979; Martin and Meade,
1983; Martin and Gordeev, 1984, Data on suspended and dissolved manganese
concentration were taken from Glagoleva, 1959; Nesterova, 1960; Konovalov et al.,
1968; Kontorovich, 1968; Trefrey and Presley, 1976; Gibbs, 1977; Chudaeva, 1978;
Martin and Meybeck, 1978, 1979. The author's data on manganese concentration in
suspension of the Northern Dvine, Kuban, Don, Volga, Ural, Amu Darya, Rion were
also used.

Despite some discrepancy in the results obtained by different authors for
various years, the Table displays some regularities in manganese behaviour in
river discharge.

The water discharge of the rivers considered varies from 3 (the Southern Bug)
to 5500 km?®/yr (the Amazon), mean mineralization varies from 50 (the Mezen) to 760
mg/l (the Colorado), and mean turbidity from 22 (the Yenisei) to 6660 mg/l (the
Colorado).
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Dissolved manganese concentration in river water varies from several micrograms
per litre (the Ob, Lena, Kuban) to 45 pg/l (the Dniester). Anomalously

high concentrations of dissolved manganese (to 180-690 ug) were

recorded in the Kura water and especially in the Rion, both of which drain
manganese-bearing sedimentary layers. The average manganese concentration in the
water of the World rivers is 8 ug/l (from recent estimates), whereas the total
river discharge is 330000 t/yr (Gordeev, 1984; Martin and Gordeev, 1984).

The manganese concentration in river particulate suspension varies from 0.027
in the Parana to 0.1-0.2% in some other major World rivers, in particular, in the
Hwang Ho and Yangtze Rivers (Li et al., 1984). A higher percentage (0.6%) of
manganese was detected in the suspension from the Dnieper River and its maximum
was registered in individual suspension samples from Rion (to 5.9%) that is caused
by washout and supply of a suspended ore material in the river system (in the area
of the Rion River discharge, the Chiatura manganese field is located).

From Table 1 and some other papers (Turekian and Scott, 1967; Turekian,
1971; Windom et al., 1971; Martin et al., 1973; Duinker and Nolting, 1976;

Borole et al., 1977; Evans et al., 1977), the average manganese concentration in
river suspension is assumed to be 0.11% (Gordeev, 1983, 1984; Martin and Gordeev,
1984), which is consistent with its mean concentration in the Earth's crust, i.e.
0.125% (Ronov and Yaroshevsky, 1967). However, it is noticeably higher by com-
parison with its mean concentration in soils (0.09% (from Vinogradov, 1957)) and
sedimentary rocks (0.07% (from Vinogradov, 1962)).

Since the study of manganese concentration in rivers was initiated not so long
ago, i.e., during the period of active intrusion of a man in the natural geochemical
regime of river discharge, relatively high mean concentrations of manganese in river
suspensions may probably be the result of anthropogenic pollution (Teraoka and
Kobayashi, 1980).

The general concentration of suspended manganese in river water ranges from
10 (the Pechora, Lena) to hundreds and even thousands of micrograms per litre
(the Syr Darya, Amu Darya, Colorado), being principally a function of the
turbidity of river water, as has been shown by Volkov (1975). In cases where a
suspension proper is enriched by manganese, concentrations of suspended manganese
reach ever higher anomalous values (in the Rioni, it is up to 28200 ug/l). Total
suspended manganese supply from the World rivers is estimated as 20.4 million tonnes
per year (Gordeev, 1984).

Suspended manganese concentration in river water is always higher than the
solution concentration. In some lowland rivers of the northern humid zone, the water
of which is characterized by low turbidity, a relative share of suspended manganese
can sometimes be 60 to 80% (the Pechora, Ob, Irtysh, Lena), while in all mountain
rivers of the arid and humid zones and in the majority of lowland rivers with water
turbidity over 200 mg/l, a relative share of suspended manganese is 90 to 99% (see
Table 1), being 98.4% on average for all rivers (Gordeev, 1984).

The amount of an element in a solution relative to general mineralization ("dry
residue™) is one of the indicators of element mobility. In the rivers considered,
manganese concentration in a "dry residue" is within the range from 0.0003% (the
Dnieper) to 0.4% (the Kura), i.e., it is always lower than its mean concentration in
crustal sedimentary rocks.

Another indicator of an element's mobility in hypergenetic processes is its
"coefficient of migration in water", that is, the ratio of its concentration in a "dry
residue" to its mean concentration in the rocks within a drainage area (Perelman,
1961, 1968). In our case, since we lack the corresponding data, we can use
manganese concentration in suspension (last column in Table 1) which also gives a
distincitive picture: the ratio is always less than 1; for the majority of rivers it is
about 0.1 or lower. Such an estimate permits us to rate manganese as a moderate or
slightly mobile component in a river discharge.

Earlier, the migration potential of elements was assessed many times by the
"mobility sequence"” derived from the ratio of solution to suspension (Strakhov, 1962).
That leads us to conclude that there is no uniform behaviour of elements in various
rivers of the same climate zone. In the rivers within the Black Sea basin this series
is as follows (in order of increasing mobility): V-(Cr, Ni, Be, Ga, Zn)-Fe-Mn-P~
(Pb, Sn)-Ba-Cu-Sr (Strakhov, 1962), in the Ob River: V-Mn-Cr-Fe-P-Ni~Cu-Co
(Nesterova, 1960). Thus, in the first case, manganese turned out to be a relatively
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MANGANESE SUPPLY TO THE OCEAN 7

mobile element, while in the second it is less mobile.

In the World river discharge the ratio of suspension element concentration to
dissolved concentration varies from 0.02 (chlorine) to 770 (aluminium) (Gordeev, 1984).
From these data, the sequence of 15 elements in the World river discharge will be:

Al -Ti -Fe -Mn - Si-P -K-F - Mg - Na - Ga - Copg- S -1 - Cl
770 - 617 - 590 - 62 - 24 -2l -5-2.3-1.6-0.9-0.8-0.8"-0.4-0.06 - 0.02

Manganese forms in river discharge

The migration intensity of elements in surface water is connected with the forms of
their occurrence in solutions and suspensions.

It is a difficult problem to determine the forms of dissolved manganese (like
many other microelements) in river water. This problem is approached by both
analytical ‘and numerical methods.

From experimental data by Glagoleva (1959), up to 75% of dissolved manganese
in the rivers running in the south of the european part of the USSR migrates as a
component of a humic complex. It was determined that 73% of dissolved manganese
in the rivers of the Black Sea basin is in a colloidal form (Garanzha and Konovalov,
1977).

From data by Eremenko (1964, 1966), dissolved manganese in the water of the
Volga and Don Rivers occurs in the following forms: 61.9 to 85.4% are simple
positive ions; 10.8 to 28.6% are negative ions and complex molecules; 3.8 to 9.5%
are colloids and pseudocolloids with particle size less than 0.35 um.

In the Dnieper River, downstream of Kiev Dam, free cations of bivalent
manganese co-exist with complex manganese-organic compounds with molecular mass
of three classes: (120-150) x 103, about 70 x 103 and (0.5-50) x 103. Free cations
predominate during winter and spring, whereas complex high molecular compounds
predominate in summer during the vegetative season of water plants (Linnik and
Nabivanetz, 1978).

In the water of two rivers in England, manganese was detected by an ultra-
filtering technique as being predominant in the fraction with molecular weight less
than 30000 (Moore et al., 1979).

Analysis of dissolved manganese from the rivers of the Black Sea, Azov and
Caspian basins by a complex system of successive extractions revealed three forms
of its occurrence, namely, labile organic (complexes with lipoids), stable organic
(complexes with humic and fulvicacids and non-organic (ions, molecules, non-
organic complexes) forms (Table 2). Relative concentration of labile complexes
in lowland and mountain rivers turned out to be equal (23-24%), whereas concen-
tration of stable complexes decreases sharply in lowland rivers as compared to the
mountain ones (3.5 and 24.6%, respectively). The non-organic form is the pre-
dominating one: 72.5% in lowland and 52.2% in mountain rivers. Iron forms are
remarkably different - stable organic complexes prevail in lowland rivers (57.7%),
whereas in mountain rivers iron shows relatively regular distribution among all three
fractions (Demina et al., 1978).

Many researchers believe that modern fractioning techniques distort the natural
ratio between natural water components and therefore they are not reliable. So,
alongside experimental study, one uses numerical methods to determine various forms
of metals in river water. They are based on the analysis of total content of elements
and on the data on stability of compounds (Semenov et al., 1968). However, absence
of sufficient data on many compounds hinders its widespread application.

Forms of manganese occurrence in river suspension are as variable as they are
in solution. On the whole, they can be subdivided into labile and inert. The first
group embraces sorbed complexes, hydrooxides, readily soluble carbonate and organic
compounds; the second embraces elements in a crystal lattice of stable clastic
minerals and stable organic assemblages such as kerogen. To distinguish the two
forms samples are successively processed by various solvents; however, as no uni-
fied technique exists, this system is very ad hoec (Gordeev, 1983).

It is clear from Table 3 that relative concentration of superficially sorbed
manganese in different rivers varies from 0.6-0.9% (the Amazon and Yukon Rivers)
to 46.60% (the Ganges and Brahmaputra, and rivers of the Sea of Japan basin).
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TABLE 2

Forms of Mn and Fe dissolved in the rivers
of the Black, Azov and Caspian Sea areas (Demina et al., 1978)*

Forms Manganese Iron

Concentration (oncentration

Absolute (nug/l) Relative (%) Absolute (ug/l) Relative (%)

Lowland Mountain Lowland Mountain Lowland Mountain Lowland Mountair
Labile organic 0.38 0.82 24 23.2 17.5 11.4 24 30
Stable organic 0.06 0.87 3.5 24.6 42.2 11.4 57.7 30
Non-organic 1.16 1.85 72.5 52.2 13.3 15.2 18.3 40
Total dissolved 1.6 3.54 100 100 73 33 100 100

* Lowland rivers: Danube, Dnieper, Don, Southern Bug, Volga, Ural.
Mountain rivers: Rioni, Ingur, Codor, Chorokh, Bzyb, Kura, Samur, Sulak, Mzymta, Kacha,
Supsa, Sochi, Kuban, Terek.

TABLE 3

Manganese forms in river suspension

% of the total content)

River Manganese forms References
Sur- In compo- In compo- Organic Silicate
ficial sition of sition of

sorbed amorphous crystallized
hydrooxides hydrooxides

Amazon 0.9 59.4 6.0 33.7 Gibbs (1973)
Yukon 0.6 51.3 6.8 41.3 "
Rivers of the Black
Sea drainage basin 15.1 62.2 - - Glagoleva (1959)
Same, lowland - 84.1 5.8 1.5 17 Demina et al. (1978)
Same, mountain - 65.4 12.2 1.2 21.2 "
Rivers of the Sea of
Japan drainage
basin 60.3 9.0 12.9 16.8 Chudaeva et al. (1982)
Ganges-Brahmaputra:
bulk sample 46.4 12.7 13.2 27.17 Gordeev et al. (1983)
fraction 0.01 mm 42.8 15.1 15.2 26.9 "
fraction 0.001 mm 48.2 14.3 15.5 22 "
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In the rivers of the Black Sea, Azov and Caspian basins this form is 15% of the
total Mn content of suspended material.

The concentration of hydrooxide forms of manganese varies from 9-15% in the
Ganges, Brahmaputra, rivers of the Sea of Japan basin to 51-90% in other rivers.
From the data obtained for the rivers in the Black Sea area it follows that manganese
is associated with the hydrooxide form 5 to 13 times more often than with the
crystallized one because the former types are considerably more active geochemically.

The organic form is of lesser importance: from 1.2-1.5% in the rivers of the
Black Sea and Azov basins to 6-7% in the Amazon and Yukon rivers and up to
13-15% in the rivers of India and Far East (USSR).

The share of the silicate form of suspended manganese is a minimum in the
rivers of the Black Sea, Azov, Caspian and Sea of Japan basins (17-21%), a bit
higher in the Ganges and Brahmaputra (22-28%) and a maximum in the Amazon and
Yukon rivers (34-41%).

Thus, about 20.4 million tonnes of suspended and 0.33 million tonnes of dis-
solved manganese are the annual supply to the World Ocean through river discharge.
Suspended manganese is mainly in mineral sorbed and hydrooxide forms, whereas
dissolved manganese is in mineral and organic forms. )

1.2. MANGANESE IN THE ATMOSPHERE

The atmosphere plays a remarkable role in the energy and mass exchange between
the ocean and continents, as it supplies dust particles, aerosols and atmospheric
precipitation to the ocean various chemical elements, heavy metals in particular, being
incorporated in them. The content of some elements (Zn, Cu, Cd, Pb, Hg, Se, Sb,
As) with respect to iron and aluminium is anomalously high in the atmosphere in
contrast to that in the crustal rocks (Lantzy and Mackenzie, 1979; Prospero, 1981;
Miklishansky, 1983).

These elements arrive from various sources by different ways; for instance, due
to weathering of continental rocks and soils (Litsitsin, 1978; Winchester et al., 1981;
Schutz and Rahn, 1982), as gas and solid products of volcanism (Peterson and
Rotschi, 1952; Petterson, 1959; Zelenov, 1972; Mroz and Zoller, 1975; Sobotovich,
1976, 1982; Miklishansky et al., 1979; Golenetzky et al., 1981, 1982), due to anthro-
pogenic pollution (Bertine and Goldberg, 1971; Nriagu, 1979), as crustal sublimation
(Goldberg, 1976; Blimbcombe and Hunter, 1977), as a result of low-temperature
processes of biological methylization (Wood, 1974; Ridley et al., 1977), by emission
from the vegetation surface (Beauford et al., 1975, 1977).

The main manganese supply to the atmosphere comes from the continental
aeolian material - the role it plays in oceanic sedimentation has been studied for
over hundred years since the expedition of the Challenger.

In some pelagic oceanic deposits, components of obviously aeolian origin are
widely spread, namely, quartz grains transported from deserts, mica particles, fresh-
water diatoms, etec. (Lisitsin, 1978; Schutz et al., 1980). In the Northern Pacific,
the share of aeolian components in the fine-grained bottom sediments reaches 30% to
50%, whereas in the southern arid climate belt it seems to be over 50% in some
places (Windom, 1969, 1970; Duce et al., 1980).

Up to 12 million tonnes of dust is transported by wind yearly to the pelagic
zone of the North Pacific from the arid Asian regions (Uematsu, 1983) and about
250 million tonnes from the Sahara Desert to the Atlantic (Graham and Duce, 1979).
In total, from 2 to 3 billion tonnes of solid terrigeneous material is supplied yearly
to the atmosphere as a part of aeolian material (Goldberg, 1971; Petterson and Junge,
1971; Robinson and Robbins, 1971; Graham and Duce, 1979).

From Lisitsin's estimates (1974, 1978), the aeolian dust annual supply to the
World Ocean is up to 1.6 billion tonnes, whereas the amount of terrigenous material
in river discharge that reaches pelagic zone does not exceed 1.3-1.6 billion tonnes.

Concentrations and compositions of aerosol material in the lower atmosphere,
troposphere and stratosphere vary within a wide range. Aerosol concentration in the
atmosphere over the ocean varies from 0.003 to 30 and, on average, is about 0.5 pg/m3
(Savenko et al., 1975; Lisitsin, 1978; Prospero, 1979).

Terrigenous material predominates in aerosol composition in the lower atmos-
phere over near-continental oceanic zones, whereas in the stratosphere and tropos-
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phere, the role of atmospheric components, such as sulphate and other salts, in-
creases. According to their solubility potential the following fractions can be dis-
tinguished in aerosols: water-soluble, exchangeable, acid-soluble and residual
(Miklishansky et al., 1977; Miklishansky, 1983).

Several reviews have been devoted to the data on composition and distribution
of aerosols over the oceans (Chester, 1972; Duce et al., 1976; Lisitsin, 1978;
Winchester, 1978; Lantzy and Mackenzie, 1979; Prospero, 1981; Miklishansky, 1983).

The manganese content in the atmosphere over the ocean, in atmospheric precipi-
tation and aerosols has been assessed by many researchers (Tables 4 to 6).

Total manganese content in the air depends upon meteorological conditions and
upon the area of sampling. It varies from 0.004 to 650 ng/m3. The most clean atmos-
phere was registered over the South Pole, the manganese concentration in the air
there being 0.0044 to 0.019 ng/m?, and, on average, it is 0.0103 ng/m?® (Zoller et
al., 1974).

Manganese concentration in the air over the parts of the ocean at great distance
from continents is several tenths of a nanogram or several nanograms per cubic meter,
however, it increases by hundreds or even a thousand times, reaching several micro-
grams per cubic meter in the Atlantic near the Sahara Desert shore and in the north-
western Pacific, east off China, in the areas affected by dust storms (Lisitsin, 1978;
Tsunogai and Kondo, 1982).

A remarkable contrast in manganese concentration in the air is observed also in
the northern and southern parts of the Indian ocean, and in some pelagic and near-
continental parts of the Pacific.

The average manganese concentration in the air over pelagic oceanic zones cal-
culated from Table 4 is 2.6 in the Atlantic, 1.3 in the Indian ocean, 0.4 in the
Pacific, the total concentration over the oceans being 1.4 ng/m3. Manganese concen-
tration in the air over continents is usually higher and is some tens or hundreds of
nanograms per cubic meter, with a distinet maximum in arid zones.

Manganese concentration in precipitations (rain, snow, fog) varies from 0.015
to 94 pg/l. Its minimum was registered in humid climate belts, in regions far from
industrial centres; namely, the snow cover and glaciers of Antarctica and Greenland
(0.015 to 0.557), Bermuda Islands region (0.1 to 0.83), along the Puerto Rican
coast (0.67 to 1.7 ug/l).

Over continents (Antarctica excluded), the manganese concentration in precipi-
tations is higher and reaches tens of micrograms per litre, especially in industrial
areas of Europe and America. Its average concentration in precipitations over the
ocean is about 0.1 to 0.2ug/l from the available data sources (Martin and Harriss,
1973; Galloway et al., 1982).

Manganese concentration in aerosols, considered over both oceans and continents,
is within the range of 0.003 to 1.45%. In the aerosols sampled over the Atlantic it is
0.029-0.68%, over the Norwegian and Greenland Seas - 0.004-0.026%. In the aerosols
over the Indian ocean, manganese concentration varies from 0.014 to 0.15%, and,
over the Pacific, from 0.0054 to 0.067%.

Manganese concentration is 0.026-0.055% in the aerosols transferred by western
winds from Australia to New Zealand and precipitating on the Tasman and Franz
Joseph Glaciers.

In the coastal oceanic regions bordering the continental arid and industrial
regions, manganese concentration in aerosols usually goes up. Its maximum in sea
aerosols (0.25-0.68%) is registered in the northern part of the Atlantic and China
Sea. Even higher manganese concentrations (to 1.45%) were determined in some
industrial continental regions. Average manganese concentration in aerosols is 0.075%
over the Atlantic, 0.06% over the Indian ocean, 0.03% over the Pacific, 0.026% over
the Ross Sea (Antarctica), 0.13% over the seas of the South-East Asia. Average
manganese concentration in the total mass of oceanic aerosols is 0.018% from 119
samples (Lisitsin and Gordeev, 1974), and about 0.05% in their mineral fraction.

The rate of aerosol precipitation varies considerably but falls mainly within the
range of 0.2 to 2 cm/s and _is 0.8 em/s, on average, for the northern hemisphere,
as has been detected from 'Be and 210Pb isotopes (Turekian et al., 1977; Young
and Silker, 1980; Turekian and Cochran, 198la, b).

The total amount of manganese supply to the ocean through aerosols can be
calculated from the absolute mass of aeolian material (1.6 billions tonnes per year,
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TABLE 5
Concentration of manganese in the atmospheric precipitation (ug/1)
Region Mn concentration Number References
of
from to average samples
U.S.S.R.;

Northern part 1 32 8.7 8 Drozdova and Mahon'ko (1970)

North-western part 3 43 10.9 35 "

Central part 2.3 2.9 12.7 32 "

Moscow region 14 94 50 3 Savenko et al. (1978)

Crimea coast - - 10 1 "

" 0.35 20.50 14.8 11 Belyaev and Ovsyanyi (1969)
Washington state, U.S.A. 2.3 2.9 2.6 2 Rancitelli and Perkins (1970)
United Kingdom 5 60 8 7 Peirson et al. (1973, 1974)
Puerto Rico 0.67 1.7 0.89 10 Martens and Harriss (1973)
Bombay 0.2 26.9 8.6 40 Sadasivan et al. (1974)
Antarctic ice sheet 3.0 3.3 3.1 2 Vilensky and Miklishansky (1976)

TABLE 6
Manganese concentration in aerosols (%)
Region Mn concentration Number References
of
from to average samples

Northern Atlantic 0.036 0.47 0.156 18 Chester and Johnson (1971)
" 0.10 0.19 0.13 50 Chester and Stoner (1974)
" 0.029 0.68 0.15 8 Savenko et al. (1975)
" - - 0.04 - Miklishansky (1983)
Norwegian Sea - - 0.004% - Wilkniss et al. (1974)
Greenland Sea - - 0.026%* - "
Indian Ocean 0.014 0.059 - - Egorov et al. (1970)
" 0.06 0.15 0.11 2 Chester et al. (1974)
" 0.014 0.10 0.049 5 Savenko et al. (1975)
Pacific Ocean 0.042 0.067 0.050 3 Prospero and Bonatti (1969)
" 0.0054 0.0360 0.0143 25 Savenko et al. (1975)
" ~ - 0.0124 - Miklishansky (1983)
China, Japan and

Java Seas 0.07 0.25 0.13 6 Chester et al. (1974)
New Zealand, glaciers 0.026 0.055 0.04 6 Windom (1970)
Tennessee state, U.S.A. 0.0031 0.058 0.034 10 Lindberg and Harriss (1983)
U.S.S.R., coastal regions 0.0303 0.0435 0.0342 5 Egorov et al. (1970)
U.S.S.R., intracontinental

regions 0.18 1.45 0.56 6 "

* In fractions over 2 um, free of salts.
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Lisitsin, 1978) and from the average manganese concentration in it (0.05%). It is
800 thousand tonnes per year.

According to the research carried out in the North Seg, the rate at which
atmospheric manganese is supplied to this sea is 1.2 x 10 mol/m2/s (Cambray et
al., 1975). If we assume this as an average for the entire oceanic area, which equals
361 mkm?, the total manganese supply through aerosols will be 730 thousand tonnes
per year. However, such an amount is probably overestimated since, in the high
latitudes (the Arctic and Antarctic oceans), the rate of manganese supply by
aerosols is minimum and varies within the range from 2.2 to 8.5 ng/cm?/yr (Herron
et al., 1977; Boutron, 1979; Davidson et al., 1981). :

From the data on manganese concentration in the atmosphere over the Bermuda
Islands, atmospheric flows of this element were calculated by three different theo-
retical models. The results are 0.87, 1.9 and 5.5 x 1073/g/cm?/s (Duce et al., 1976).
For the entire ocean it will be 93000, 200000 and 585000 tonnes per year.

From another calculation, the total manganese supply to the ocean from the
atmosphere is 70 ng/cm?/yr, on average (Buat-Menard and Chesselet, 1979), that is,
250000 tonnes per year for the entire ocean.

Some scientists believe that a certain ratio does exist between the concentration
of chemical elements in the air and rain. It is:

concentration in the air, ng/m3 % 1.
concentration in rain water, ug/l

(Zhigalovskaya et al., 1973; Pierson et al., 1973; Cambray et al., 1975). If this
ratio holds, then the average manganese concentration in rain water over the ocean
should be about 1.4 ug/l in accordance with its average concentration in the air
(1.4 ng/m®). However, it was noted earlier that direct estimates provide another
average, about 0.2 ug/1.

The total precipitation over the ocean is 324000 km?®/yr, on average (Defant,
1961). Consequently, from various estimates, 64000 to 450000 tonnes of manganese,
washed out of aerosols, are supplied yearly to the ocean by these precipitations;
this is probably 50% of its total supply to the ocean through the atmosphere.

According to the earlier determination, water-soluble manganese in aerosols
varies within the range 10 to 80%, being 50% on average (Martens and Harriss, 1973;
Duce et al., 1976; Miklishansky et al., 1977; Hodge et al., 1978); this does not
contradict the earlier estimate.

The problem of the origin of aerosol material can be solved by mineralogical,
geochemical and isotopic techniques.

The terrigenous component in aerosols can be identified by quartz, feldspar,
clay minerals, oxygen-isotope composition of quartz, by 228Th in submicron fractions
(Lisitsin, 1978; Hirose and Sugimura, 1984). To define the sources of some elements
one can use correlations and ratio with characteristic 'reference" elements for
terrigenous material (aluminium, iron) and for sea water (sodium). In the aerosols
near the Australian coast, the coefficient of Mn to Al correlation is 0.87, on average
(Andreae, 1982).

Over the ocean, the (Mn/Al in the air) to (Mn/Al in the Earth's crust) ratio
varies from 0.03 to 5 and, on average, is 1.2 to 2.6 for the North Atlantic, 1.5
for Bermuda Islands, 2.6 for Hawaii, 1.7 for the southern Indian ocean and 5 for
its northern part, about 5 near Norwegian and Scotland Islands (Table 7).

In aerosols, the average coefficient varies from 1 to 6.

A similar coefficient with iron as an index was determined in the air, precipi-
tations and aerosols. In the air its average is 1.4 for the tropical zone of the North
Atlantic and over Hawaii, 1.7 to 2 in the Indian ocean and 2.6 over Great Britain.

This coefficient is 0.7 to 3.9 in the snow and glaciers of the Antarctica con-
tinent. In aerosols, as in the air, it is from 1 to 2.5 on average, which verifies the
terrigenous origin of the main manganese mass in the atmosphere material. A coeffi-
cient for the correlation between manganese and definitely terrigenous aluminium was
0.99 at the 0.01 level of confidence determined in 53 aerosol samples from the
tropical zone of the Northern Atlantic (Buat-Menard and Chesselet, 1979).

One obtains a different result when comparing the Mn/Al and Mn/Fe rations in
the air and sea water, the average concentration of manganese, iron and aluminium
being 0.027, 0.056 and 0.54 ug/l, respectively (Bruland, 1983). The average of
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the coefficient is 0.2 for aluminium and 0.04 for iron, which differs by one or two

orders from the atmosphere/crust coefficient.

TABLE 7

Coefficients of aerosol enrichment with manganese

Region Enrichment References
coefficient*

Relative to aluminium

Arctic coast region (2.3-4) Egorov et al. (1970)
United Kingdom 6(4-8) Peirson et al. (1973)
Northern Atlantic 1.2(0.03-3) Hoang and Servant (1971)
" 2.6 Duce et al. (1975)

Bermuda Islands 1.5 Duce et al. (1976)
Shetland Islands 4.6 Peirson et al. (1974)
Norwegian coast 5 Rahn (1975)
Indian Ocean 4(2~7) Egorov et al. (1970)
Northern tropical zone 1.3(0.8-2.2) Tsunogai and Kondo (1982)

of the Pacific 1.3(0.8-2.2) Tsunogai and Kondo (1982)
Hawaii Islands 2.6 Hoffman (1972)

0.9

Eniwetok Atoll 6(0.86-1.1) Duce et al. (1983)

Relative to iron

Nothern Atlantic 1.4(0.9-2.1) Hoffman et al. (1974)
United Kingdom 2.6(2.0-3.5) Peirson et al. (1973)
Indian Ocean 1.8(1.7-2.5) Egorov et al. (1970)
Hawaii Islands 1.4 Hoffman et al. (1972)
Northern tropical zone, Pacific 1.6(1.0-3.7) Tsunogai and Kondo (1982)
South Pole (0.69-1.1) Zoller et al. (1974)
Atlantic,Indian,Pacific Oceans 1.5(0.9-2.5) Maenhaut et al. (1977)

* Extrema are given in brackets.

One can have a more distinct picture when comparing concentrations of manganese
and sodium, which is the main cation of sea water. The ratio: (Mn/Na in the air,
precipitations, sea aerosols) to (Mn/Na in sea water) varies from 4600 to 40000
(Rancitelli and Perkins, 1970; Hoffman et al., 1972; Duce et al., 1983). This
testifies to a continental, rather than a marine origin of manganese in the atmosphere
and aerosols over the ocean.

The recirculation of manganese from the ocean to atmosphere has not been
studied thoroughly yet. Some specialists believe that the supply of chemical elements
to the atmosphere from the ocean results mainly from the bursting of air bubbles as
they go upward and reach the water surface (Horn, 1972).

To verify this supposition special tests were made. Nitrogen bubbles were
barbotted through sea water sampled in the Atlantic shelf (near Rhode Island) and
then the foam was collected and investigated for heavy metals (Wallace and Duce,
1975). It turned out that gas bubbles extract a considerable part of the metals dis-
solved in the water.

Numerically, the process was estimated as follows (in picogr/m?/s) : 2.1 for
manganese, 13 for aluminium, 260 for iron. When summing up the total manganese
extraction from the entire ocean one obtains 23000 tonnes per year.

From other estimates, based on a hypothetical mass exchange model between the
ocean and atmosphere, manganese extraction from the ocean surface is about 31000
tonnes per year (Miklishansky, 1983).
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Both these estimates show that manganese supply to the ocean from the atmosphere
is at least one order higher than its extraction from the ocean to the atmosphere.
Thus, the atmosphere, like river discharge, is an additional route for manganese
transfer from continent to the ocean.

1.3. COSMOGENIC MANGANESE

Cosmogenic components in the form of magnetic and silicate spherules are widespread
both over the continents and in sediments of the World Ocean where they were first
discovered during the Challenger expedition (Murray and Renard, 1891). The majority
of the spherules are products of meteorite ablation in the atmosphere (Papanastassiou
et al., 1982; Nishiizumi, 1983; Thiel et al., 1983).

In the pelagic zone of the Pacific, the concentration of cosmogenic spherules
over 30 microns in diameter is 330 units per kilogram of sediments, on average
(Brownlow et al., 1966). Sometimes in manganese nodules, the number of magnetic
spherules of 100 microns in diameter only reaches several thousands of units per
kilogram (Finkelman, 1970). According to the first calculations based on the data of
one deep-sea core from the Equatorial Pacific, the total outfall of magnetic spherules
to the Earth's surface is 125 tonnes per year (Laevastu and Mellis, 1955). Later,
however, it was supposed that their total mass is two to three orders greater
(Sobotovich, 1976). One of the first estimates for the total fall of cosmic material to
the Earth's surface was 35 to 70 thousand tonnes per year (Buddhue, 1950). Recent
estimates are 16 to 18 thousand tonnes per year (Bhandary et al., 1968;

Kondratiev et al., 1983) and 10 to 100 million tonnes per year (Sobotovich, 1976;
Golenetskt et al., 1981, 1982). Maximum values result from the attempt to consider
particles of submicron size of cometary origin which were not considered earlier,
though they might form the bulk of the cosmic material on the earth (Fesenkov,
1965; Bronshten, 1975; Nazarova et al., 1975).

The composition of meteorite and cosmic material is analysed in detail in some
reviews (Holweger, 1979; Mason, 1979; Meyer, 1979; Palme et al., 1981; Anders and
Ebihara, 1982; Cameron, 1982). Some data on manganese content in stony meteorites
are given in Table 8. From these data, one can assess the average concentration of
manganese in cosmic material of meteoritic origin as 0.19%. It can be slightly lower,
about 0.16% for some varieties of carboniferous chondrites (Kallemeyn and Wasson,
1982). On the whole, manganese concentration in cometary material seems to be the
same as in meteorites (Golenetsky et al., 1977), in lunar rocks it is 0.17 to 0.25%
(Green and Ringwood, 1973), whereas in cosmic spherules it varies within the range
from 0.01 to 0.72%, thus being about 0.3% on average (Marvin and Einaudi, 1967;
Papanastassiou et al., 1982).

If one assumes a mean absolute mass of cosmic material fall as being 10 million
tonnes per year and the mean concentration of manganese in it as being 0.2%, the
yearly supply of cosmogenic manganese will be 20 thousand tonnes. This is at least
one order lower, as compared to the total supply of manganese by aerosols. If one
assumes the maximum estimate of cosmogenic material supply (100 million tonnes per
year), the supply of cosmogenic manganese will be close to that of terrigenous
aerosols.

1.4. VOLCANOGENIC AND HYDROTHERMAL MANGANESE

Determining the role of endogenous processes in sedimentation and ore formation is
traditional in geology. As for marine geology, lately, rich new observational data
were obtained on this problem and they were subjected to generalization in various
aspects (Béstrom, 1973, 1980; Lisitsin, 1974, 1978, 1983; Strakhov, 1976; Bonatti,
1981; Fife and Losdale, 1981; Honnorez, 1981; Rona et al., 1983; Thompson, 1983;
Rona, 1984). The geochemical aspect of volcanic processes concerning marine sedi-
mentation was considered in papers by Markhinin (1967), Zelenov (1972), Trukhin
and Shuvalov (1979), Naboko (1980), Kononov (1983).
The main sources of endogenous material supply to the ocean are volcanic pyro-

clastic material, exhalation products and hydrothermal solutions.

" Manganese concentration in solid voleanic material varies from some hundredths
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TABLE 8
Manganese in stony meteorites (Schmitt et al., 1972)

Class Number Mn concentration (%) In atoms
of per 106 si
samples from to average

Chondrites

C1 3 0.174 0.230 0.188 9300

C2 7 0.154 0.174 0.163 6200

C3 9 0.128 0.165 0.149 4900

H 40 0.186 0.280 0.226 6700

L 47 0.221 0.278 0.246 6700

LL 17 0.233 0.283 0.256 7000

E4 3 0.180 0.250 0.220 6800

E5, 6 5 0.148 0.254 0.179 5000

Achondrites depleted of Ca

Ae 5 0.083 0.255 0.140 2800
Ah 5 0.357 0.439 0.399 8300
Ac 1 - - 0.41 12000
Au 2 0.286 0.291 0.289 7700
Achondrites enriched with Ca
Aa 1 - -~ 0.07 1700
An 2 0.352 0.386 0.37 8200
Aho 8 0.346 0.40 0.38 8200
Aeu 20 0.244 0.581 0.40 9000
TABLE 9
Manganese concentration in volcanogenic material
Material Region Mn (%) Number References
of
samples
Volecanic glass and
lava ashes North America 0.025-0.04 - Smith and Westgate (1969)
Kamchatka and Markhinin and
" Kuril Is. 0.13 67 Sapozhnikova (1962)
South Sand-
Pumice wich Is. 0.065 1 Lisitsin (1978)
" Indian Ocean 0.09 4 "

" Antarctic zone 0.14 "
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to some tenths of one percent, but, on the whole, the mean composition of volecanic
material is close to that of the crustal rocks (Table 9).

The total mass of volcanic products that comes to the surface from the Earth's
interior reaches 3 billion tonnes per year (Markhinin, 1966). Only 20 to 75 million
tonnes are produced by gas during explosive volcanic activity (Markhinin, 1966;
Cadle, 1975). The amount of fine dispersed volcanic products arriving at the upper
atmosphere is 150 million tonnes per year (Goldberg, 1971).

The share of labile (soluble) manganese in this material does not exceed several
percent (Sung et al., 1982).

The manganese content in a condensate of Tolbachik basalt eruption of 1975/
1976 is 0.27 mg/l, whereas the manganese content in precipitations from ash cloud
is 0.0011 mg/l (Miklishansky et al., 1979; Menyailov et al., 1982).

In exhalative products of Etna Volcano, the manganese content was 1.3 to
13 yg/m?, the enrichment coefficient relative to iron being 2-4 (Buat-Menard and
Arnold, 1978).

During eruptions of Heimaey Volcano in Iceland, the manganese concentration in
aerosol was determined as being 79#12 ng/m®, in fumarole sediments 0.120.006%
(Mroz and Zoller, 1975).

About 150-200 thousand tonnes of manganese are supplied to the ocean daily
with solid volcanic products. However, its geochemical activity is relatively low; so,
it is deposited as a component of volcanic material together with materials of
terrigenic and biogenic origin and does not provide for any ore concentrations, as
has been verified by results of the analysis of sea and oceanic sediment compositions
(Strakhov, 1960, 1963, 1976; Lisitsin, 1966, 1974, 1978; Butuzova, 1969).

As has been calculated, only 200 tonnes of manganese are supplied yearly to
the ocean through volcanic exhalative products (Lantzy and Mackenzie, 1979).

Sea hydrothermal activity, no doubt, plays a more significant role in the geo-
chemical processes in the ocean. This was noted by Zelenov (1964) who discovered
from 0.89 to 2.56% of manganese in a coagulating suspension of Banu Wahu sea vol-
cano (Indonesia). Later, it turned out that the majority of sea hydrothermal springs
at the oceanic bottom are confined to spreading zones, not to sea volcanoes.

By contrast to sea water, hydrothermal solutions within continents, islands and
at the oceanic bottom are usually considerably enriched in manganese (Table 10).
Manganese concentration in hydrothermal springs of the Kuril islands,

Kamchatka, Indonesia, and Santorini volcano is 0.001 to 12 mg/l, whereas in hydro-
thermals of Matupi Harbour (New Britain) and ore brines in..the Red Sea (Atlantis

II Deep), it reaches 100 mg/l. The maximum concentration of manganese, about 1 g/1,
was registered in the brine of the Salton Sea in California, in the zone of continent-
al extension of the East Pacific Rift system covered by thick sediments (Helgeson,
1968). A high concentration of metals was also observed in hydrothermal brines of
Cheleken (near the eastern Caspian coast) draining sedimentary cover (Lebedev,
1975, 1977).

Hydrothermal solutions discharging to the open sea bottom are also rich in man-
ganese; however, since they are mixed with sea water, the concentration of metals
in them is usually less than 1 mg/l, and only in some cases higher concentrations
(to 33-41 mg/l) were recorded (East Pacific Rise, 21°N); such concentration was
predicted earlier by extrapolation of the initial data on the Galapagos Rift (Edmond
et al., 1979). The “torches" of manganese rich suspension detected in the region
of the Galapagos spreading centre (Figure 1), were the first evidence for a
considerably active influence of hydrothermal processes on the manganese geo-
chemistry in the ocean. Hydrothermal sblutions in oceanic spreading zones are
believed to originate as the result of sea water penetration to the interior of hot
fissured basaltic rocks down to a depth of several hundred meters. The water, thus,
is being transformed to an ore fluid rich in metals. It is then pushed under high
pressure to discharge zones (Corliss, 1971). As the mid-oceanic ridges extend for
about 60000 km (in total), the oceanic crust is 6.5 km thick on average, and the
mean spreading rate is 5 cm/yr, the total mass of hot basaltoids contacting sea water
seems to reach 50 billion tonnes per year (Seyfried and Mottle, 1982), which reveals
the global scale of the process. Most of the specialists believe that basic rocks
(basaltoids) are the source of a metal supply in hydrothermal solutions of rift zones
in the open ocean; however, following from theoretical considerations, one cannot
ignore the possibility of juvenile component input in their formation (Bostrom, 1973).
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Fig. 1. Distribution of suspended manganese along the latitudinal profile (86°W) in
the Galapagos zone (Gordeev et al., 1979).

Content of manganese, in ug/l: (1) less 0.2; (2) 0.2 to 0.5; (3) 0.5 to 2.0;
(4) over 2.0. ’

A great number of experiments consider the interaction of basic rocks with water at
various pressures, temperatures, durations and solid/liquid phase ratios to reveal
the actual role of the oceanic crust as a primary source of metals of oceanic hydro-
thermal solution (Ellis, 1968; Bischoff and Dickson, 1975; Hajash, 1975; Bischoff and
Seyfried, 1977, 1978; Seyfried and Bischoff, 1977, 1979, 1981; Dickson, 1978; Sey-
fried and Mottle, 1978, 1982; Thompson and Hemphris, 1978; Hajash and Archer,
1980; Kholodkevich and Geptner, 1982).

The range of manganese concentration in a solution detected in the course of
these experiments is from 0.26 (Hajash, 1975) to 290 mg/l (Mottle et al., 1979).
Table 11 shows the results of one of these experiments. At temperature 200°C,
pressure 500 bar and water-to-rock ratio 10:1, the concentration of manganese and
iron in a solution first increases gradually to 32~34 mg/l and then decreases gradual-
ly to 5 mg/l. The relative amount of manganese that remains in solution is several
percent (Kholodkevich and Geptner, 1982).

When, in the process of the experiment, the hydrothermal fluid obtained was
mixed with cold sea water, manganese remained in solution, which demonstrates
its potential ability to be transferred in a sea medium (Seyfried and Bischoff, 1977).
Thus, experimental results agree with natural observations which detected peculiar
"torches" of water rich in manganese and other metals extending for tens and even
hundreds of kilometers off the source (Galapagos Rift) (Bolger et al., 1978;
Gordeev and Demina, 1979).

Numerous investigations were also made to analyse the composition of oceanic
basic rocks contacting sea water in natural conditions (Baragar et al., 1977;
Thompson and Humphris, 1977; Humphris and Thompson, 1978; Humphris, 1979;
Pritchard, 1979; Frolova et al., 1979; Staudigel! and Hart, 1983; Kurnosov, 1984).

The results of these investigations are not uniform: in most cases, when under-
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TABLE 11

Content of Mn and other elements in sea water (300 g) mixture with basalt powder (30 g)
heated up to 200°C at pressure of 500 bar (Bischoff and Dickson, 1975)

Time (g/kg) (mg/kg)
(hrs) M s
g Ca K SO4 SlO2 Fe Mn pH
0 1.18 0.41 0.40 2.61 0.2 0.05 0.05 5.2
24 0.96 0.10 0.44 1.26 0.3 15 10 3.2
71 0.83 0.15 0.49 0.92 0.5 31 10 3.9
90 0.76 0.15 0.47 0.78 - 31 13 4.0
142 0.71  0.21 0.52 0.58 -~ 37 20 4.2
212 0.64 0.28 0.53 0.39 - 35 25 4.2
262 0.60 0.33 0.53 0.33 -~ 29 25 4,2
335 0.50 0.38 0.153 0.29 5 23 28 4.2
426 0.48 0.41 0.55 0.25 - 32 33 4.5
552 0.43 0.47 0.55 0.22 - 29 35 4.4
738 0.36 0.52 0.55 0.20 0.78 34 32 4.4
785 0.35 0.55 0.55 0.17 0.79 33 32 4.7
1576 0.19 0.81 0.55 0.12 0.67 24 23 4.7
2328 0.12 0.95 0.58 0.10 0.88 17 23 4.7
2928 0.08 0.95 0.58 0.10 0.87 16 17 4.9
3576 0.06 0.95 0.55 0.06 0.80 12 11 4.9
4176 0.05 0.90 0.54 0.06 - 8 8 -
4752 0.03 0.90 0.53 0.06 0.80 5 5 4.9
Reference:
sea water at
250C 1.29 0.41 0.40 2.70 0.01 0.05 0.05 7.9

water weathering and hydrothermal changes in basalts occur, manganese turned out
to be labile, though it remains in altered rocks in the composition of secondary
minerals which are apt to extract additional manganese from sea water. These obser-
vations are verified by the data of spectral and microprobe analyses (Table 12,
Figure 2).

2008
1750

1500

Mnppm

‘
1250|

1000
[«

Fig. 2. Mn to H9O relation in fresh and hydrothermally altered basalts (Hamphris and
Thompson, 1978). (1) sample from 4°S; (2) sample from 22°N; (3) sample
from 22°S; (4) fresh basalts.
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24 CHAPTER 1

Various approaches were attempted to estimate numerically the absolute mass of
hydrothermal manganese being supplied to the ocean: they used several varieties of
sedimentary material balance; dependence of metal supply upon spreading rate;
manganese relations to heat flow and endogenic helium; composition and supposed
discharge of hydrothermal solutions; amount of basalt material reacted with water;
composition and absolute mass of metalliferous sediments. The results of these
estimates, summarized in Table 13, are within the range of 0.5 to 10 million

tonnes per year.

A part of hydrothermal manganese most obviously participates in the oceanic
sedimentations and ore formation, whereas the rest of it is involved in a closed
cycle as a part of the products of basalt transformation. However it should be noted
that the maxima of the presented estimates are not consistent with the data on
manganese accumulation in sediments. We shall consider this problem later, in the
chapter concerning manganese balance in the ocean.



CHAPTER 11

MANGANESE IN SEA WATER AND SUSPENSION

The manganese content, distribution and forms of occurrence in sea and oceanic
water depend not only on the properties of the former, but also on sea water para-
meters and on the impact of mineral and organic suspension, living matter, gas
regime ete. Therefore, to provide a distinct description, we shall speak in turn
about manganese in solution, suspension and in living matter.

Attempts to detect dissolved manganese in sea water have been made since the
1890's. A review of the first results in this field are given in the book by Vinogra-
dov (1967) who arrived at the conclusion that average concentration of manganese in
sea water is 2 ug/l. Similar estimates were given in other reviews of that period
(Goldberg, 1965; Bowen, 1966).

Later, as the techniques improved, new lower values, about some tenths of a
microgram per litre, were derived (Slowey and Hood, 1966, 1971; Turekian, 1969;
Knauer and Martin, 1973; Chester and Stoner, 1974). Mean manganese concentration
in sea water was assumed to be 0.4 ug/l (Turekian, 1969; Gordeev and Lisitsin,
1979).

Since the development of ultraclean sampling techniques and most sensitive
techniques for analysis, the manganese concentration in sea water has been going
down (Table 14). From recent data, dissolved manganese concentration in the
open ocean is only some hundredths of a microgram per litre. In surface and shallow
waters it might be considerably higher due to discharge of rivers and atmospheric
dust and due to diffusion out of shelf sediments (Kremling, 1983a). On the whole,
fluctuations of manganese concentration in water of pelagic oceanic zone are within
0.01 to 0.16 ug/l, being 0.027 ng/l on average (Bruland, 1983; Quinby-Hunt and
Turekian, 1983).

The surface film of sea water (100 to 300 microns) is often rich in manganese
as compared to the near-surface layer (Piotrowicz et al., 1972; Hoffman et al., 1974).
In a vertical water column, manganese reaches its maximum concentration in the
intermediate layer of oxygen minimum (Figure 3). As a result of reduction and
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Fig. 3. Distribution of dissolved manganese and oxygen in a vertical eross-section in
the Pacific, 18°N, 108°W (Martin and Knauer, 1984).
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CHAPTER 1II

Concentration of Mn dissolved in oceanic and sea waters

Region Layer (m)

Mn (ug/1)

References

Atlantic Ocean

Sargassa Sea Surface 0.10-0.12 Bender et al. (1977)
1800-4000 0.03
Bottom water (5400) 0.15
North-western region 600-3100 0.1
", shelf Surface 1.15 Bruland and Franks (1983)
", open sea " 0.13
North Sea, shelf " 1 Kremling (1983a)
", open sea " 0.04
Bermuda Basin 1750 0.012-0.064 Bewers and Windom (1983)
‘Cape Basin 0-50 0.16 Burton et al. (1983)
120 0.09
263-4960 0.014-0.036
Pacific Ocean
North-eastern region Surface 0.08 Bender et al. (1977)
Deep water 0.03
Entire deep sea region Surface 0.05-0.16 Klinkhamer and Bender
: 40-100 0.02-0.12 (1980)
(26 sites) Layer of Og min 0.05-02
Deep water 0.03
North-eastern region Surface 0.21 Martin and Knauer (1980,
150-300 0.05 1982)
600 0.08
2500 0.06
Deep water 0.05-0.08
California Current region,
" shelf Surface 0.1-0.3 Landing and Bruland (1980)
", open sea Same 0.03-0.05
Bottom water 0.1
Guatemala Basin Surface 0.49 Murray et al. (1983)
Layer of O9 min 0.30
Bottom water 0.49
Shelf of Mexico 0-590 0.17 Martin and Knauer (1984,
690-1955 0.06 1985a)
280N, 1550W Surface 0.044 Martin and Knauer (1985b)
200-450 0.011
450-700 0.029
1000 0.019
1000-2000 0.015

Basins with reducting environment

Black Sea, oxic zone Surface

", HZS zone Below 200

Baltic Sea, Bornholm Deep Bottom water
", Gotland Depression ", (152-230m)
Atlantic, Kariako Depression  485-1396

Bottom water
From surface

Canada, Jervis Inlet
", Saanich Inlet

to bottom
", St. Lawrence estuary 1-362
Harima Sea, Japan From surface

to bottom

Narragansett Bay, Rhode Is.,
eastern coast of U.S.A. "

to

1- 4

300-400

50
643-1150
17-25
0.94-12.3
0.09-748

0.07-20,27
1.5-12.2

0.5-60

Ovsyanyi and Eremeeva
(1980)

Mokievskaya (1961),
Skopintsev and Popova
(1963), Spencer and
Brewer (1971), Brewer
and Spencer (1974)

Kremling and Peterson (1978)

Kremling (1983b)

Grill (1978)
Emerson et al.
Grill (1982)
Yeats et al. (1979)
Shiozawa et al. (1982)

(1979),

Graham et al. (1976)
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desorption from suspended particles (Landing and Bruland, 1980, 1982; Bruland,
1983; Martin and Knauer, 1984). The same process is responsible for a sharp in-
crease of manganese content in sea water poor in oxygen and, in particular, rich
in hydrogen sulphide. In hydrogen sulphide waters of the Black Sea, manganese
concentration reaches 300-440 pg/l, in the bottom waters of the Baltic basin it is
50 to 1150, in Kariako trench 17 to 25, whereas in fjords, gulfs and estuaries it is
1 to 748 ng/l.

Some attempts have been made to find the forms of manganese occurrence in
oceanic water by thermodynamic calculations (XKrylov et al., 1979; Gramm-Osipov and
Shulga, 1980; Savenko, 1981; Savenko and Baturin, 1981; Tikhomirov and Gromov,
1983; Tischenko and Gramm-Osipov, 1985) and also by experiments; in particular,
using 54Mn and 9"Mn isotopes, by sorption and desorption, ultrafiltering, ion ex-
change, and other techniques (Khitrov and Kholina, 1972; Gromov, 1974; Legin et
al., 1974; Gromov and Spitsin, 1975; Gromov and Surikov, 1976; Tikhomirov et al.,
1978, 1982; Tikhomirov and Gromov, 1971, 1983; Shumilin and Tikhomirov, 1982;
Tikhomirov, 1983-1985; Tikhomirov and Lukashin, 1983; Amdurer, 1983; Carpenter,
1983).

The majority of researchers believe that the predominant form of dissolved
manganese in sea water is the ion Mn2+* (58-77%), then follows the MnCl* ion
(14-30%). Such forms as MnS00, (to 7-12%), MnCl9, MnCO®3, MnHCO*g, MnOH*,
Mn(OH)%9 can be found in a subordinate amount (Table 15).

In the bottom waters of the Pacific radiolarian belt a colloidal form of manganese
was detected. It comprises to 23-37% of the total Mn content in water (Tikhomirov,
1985).

Both theoretical and experimental data obtained suppose the occurrence of dis-
solved tetravalent manganese such as MnO2 x H20 in sea water (Raevsky et al.,
1981; Savenko, 1984).

The occurrence of manganese cation assemblages with organic ligands (amino-
acid, protein and humic) dissolved in sea water was also posited (Desai and Ganguli,
1980). This supposition was supported by test results: up to 36% of dissolved
manganese can be transformed to the organic form as sea water passes through the
biogenic cycle (Shumilin and Tikhomirov, 1982).

Forms of dissolved manganese were also determined in the samples taken from
a vertical water column in the Sea of Okhotsk (Demina, 1982). There, in contrast
to less-productive oceanic areas, the process of metal-organic complexation is
believed to be more probable due to high biological productivity. In surface water,
about 50% of dissolved manganese turns out to be in the composition of organic lipid
hydrophobic compounds, about 2% in the composition of organic polar hydrophilic
high~molecular compounds and less than 50% in a non-organic form. As the depth in-
creases, concentration of the former decreases gradually to 36%, on average; occur-
rence of the second form increases to 24%, on average, whereas non-organic dissolved
manganese remains stable, i.e. 40-50% of its total content (Table 16).

Suspended manganese in the sea and oceanic water has been the focus of
analysis since the 1960’s as the interest in suspension composition grew; the latter
was considered to be the initial phase of bottom deposits (Lisitsin, 1961, 1964). At
that time, total suspended manganese content in oceanic water - from less 0.01 to
over 0.2 pg/l - was first estimated from the analysis of samples obtained by
separation (Lisitsin, 1964). Later, these estimates were verified.

From recent data, suspended manganese content in open-sea and ocean water
may vary within six orders, i.e., from 0.0002 to 20 ug/l (Table 17). In
turbid continental shelf surface water, the suspended manganese content reaches its
maximum and decreases sharply as the total depth increases off the coastal zone. So,
at the latitudinal cross-section from New England (U.S.A.) coast to the Bermuda
Islands, the suspended manganese content decreases from 0.330 to 0.001-0.006 ng/l
(Wallace et al., 1977). The same seems to be typical of the Pacific, namely, the
suspension manganese content is 0.02 to 0.13 g/l n its northern part and in the
Sea of Okhotsk, near the continents (Demina, 1982; Tsunogai et al., 1982), whereas
in the pelagic zone it decreases to 0.003-0.008 ng/l (Baker et al., 1979). It should
be noted, however, that higher concentration of suspended manganese was also re-
gistered in the central parts of the ocean (Gordeev and Khandros, 1976).

In the bottom oceanic water, suspended manganese content tends to increase as
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t}}e-nephgloid layer of high turbidity occurs there. The suspended manganese
minimum In surface, intermediate and deep water of the pelagic part in the Atlantic
is 0.0033-0.0045 wu:g/l, whereas in the bottom water, it is 0.007 ug/l; its maxima
are.()_.0155—0.0261 and 0.234 wug/l, respectively (Lambert et al., 1984). In the
P?.CIflC, suspended manganese content in the bottom water is two to three times
higher by contrast to the rest of the water column (Baker et al., 1979; Tsunogai
et al., 1982).

In anaerobic basins, the suspended manganese content varies over a wide
range, from 02.92. to 68:7 ug/l (Table 17). Such a high content seems to be
caused by Mn ion oxidation and is accompanied by sorption of the hydrooxide
formed on suspension particles or by the appearance of colloidal particles of man-
ganese hydrooxide in the result of the interaction between hydrogen sulphide and
oxygenated waters, which happens at the contact between water masses or is caused by
fluctuations in the water circulation regime.

In the lower water layers of the St. Lawrence estuary, a high content of sus-
pended manganese, up to 7.3 ug/l, was registered; in the Jervis Inlet it reaches
39, in the Black Sea (in the interface layer at depth of 150-200 m) it is 18-58, in
Saanich Inlet it is up to 687 ug/l (Table 17).

Our knowledge of the suspended-to-dissolved manganese ratio in oceanic water
has been advanced as new, more reliable, analytical data were obtained, mainly
concerning dissolved manganese. When the content of dissolved manganese in sea
water was assumed as being 2 pg/l on average, the relative suspended manganese
concentration did not exceed 1 to 3%. From recent data (Tables 16, 17),
dissolved manganese, in general, still predominates in sea and oceanic waters, though
its relative concentration is considerably lower. In the pelagic oceanic zone it is
about 90% for the entire water mass and about 80% for the nepheloid layer (Bender
et al., 1977). In some cases, however, in shelf parts in particular, the dissolved-
suspended manganese ratio can be inverse or, at least, equal (Table 17).

Manganese concentration in oceanic suspension varies in the range from 0.0005
to 0.18%, whereas in sea suspension it varies from 0.004 to 1.8% (Table 18).

In the surface suspension of the open ocean, manganese concentration is at a mini-
mum because they contain predominant amounts of siliceous, calcareous and organic
biogenous components. As suspension sinks to the bottom and biogenous components
dissolve, the manganese concentration usually increases and reaches its maximum
(0.07-0.18%) in the nepheloidal layer.

The highest concentration of manganese in suspension is observed in anaerobic
basins at the oxygen-hydrogen sulphide-water contact where the suspension becomes
rich in manganese up to tenths of one percent and, sometimes, to 1% and over, as
in the St. Lawrence Bay (Yeats et al., 1979).

The forms of manganese occurrence in oceanic suspension are defined using
various solvents, which permits one to distinguish between several fractions. When
analysing the material collected by sediment traps, three fractions are clearly recog-
nized, namely: a) exchangeable manganese in the trap salt solution (which is added
to the collection vessels to suppress bacterial activity of the sampled material);

b) manganese removed by weak leach, and c¢) refractory manganese. The first
fraction is associated with the most labile organic and calcareous components, the
second with mainly sorbed and hydrooxide forms, and the third with alumosilicate
terrigenous material. The water column shows that relative concentration of the first
fraction decreases downwards from 30-70% to 2-15%, the second increases from 18-23%
to 53-70% and the third also increases from 4-14% to 23-36% (Martin and Knauer,
1983).

Other modifications of the method of successive solution applied to study the
surface separational suspension (suspension obtained by separation method) allow
one to determine that organic suspended manganese takes up about 50% of the total
in the Pacific. It comprises organic complexes extracted by pyrophosphate (2.4~
32.4%), and albumen and carbohydrate extracted by chlorinated spirit (14.8-54.9%),
these being in approximately inverse relations to each other (Table 19). From
15 to 42% of suspended manganese comprises adsorbed forms and amorphous hydro-~
oxides, and from 6.1 to 27.7% is a residual alumosilicate fraction resistant to weak
solvents (Demina, 1982).

In the Indian ocean, samples of surface water separated suspension have dif-
ferent compositions. There, the prevailing form is the sorbed one (46.2-89.7%), then



30

CHAPTER II
TABLE 17
Concentration of suspended manganese in oceanic and sea waters
Region Layer g/l References
Atlantic Ocean
North Sea, shelf Surface 2.4-20.3 Hunter (1980)
North-west, New
Scotland shelf Surface 0.14 Bewers et al. (1976)
Bottom 0.62
North-west, New
England shelf Surface 0.330+0.030 Wallace et al. (1977)
North-west, ~390-42°N " 0.019-0.029
North of Bermuda Is. " 0.001-0.006
Northern tropical zone Surface 0.0035 Buat-Menard and Chesselet
Intermediate and (1979)
deep water 0.0048+0.0021
", Barbados Is. region 400 0.0002 Brewer et al. (1980)
(material of sedimentary 1000 0.0002
traps) 3800 0.0017
Ocean as a whole Surface 0.0033-0.0155 Lambert et al. (1984)
Intermediate 0.0045-0.0188
Deep 0.0033-0.0261
Bottom 0.007-0.234
Pacific Ocean
Sea of Okhotsk 0-100 0.13 Demina (1982)
100-1500 0.05
below 1500 0.03
Eastern part Surface 0.09 Gordeev and Khandros (1971)
Central part " 0.07
Eastern tropical zone 0-300 0.008x0.004 Baker et al. (1979)
450-1000 0.004+0.001
below 2000 0.003-0.006
nepheloid layer  0.010-0.016
Northern part 0-40 0.019 Tsunogai et al. (1982)
40-200 0.035
200-1000 0.035
1000-3000 0.035
3000-4600 0.037
5000 0.074.
Mexico shelf, 18°N, 108°W 0-1955 0.001-0.03 Martin and Knauer (1984)
Indian Ocean
Tropical zone Surface 0.1-0.3 Lisitsin (1961)
Western part " 0.04 Morozov et al. (1979)
Central part " ~0.041-0.100 Vizhensky and Shnykin (1984)

Basins with reducting environment

Black Sea

Baltic Sea

Canada, Jervis Inlet
", Saanich Inlet
", St.Lawrence estuary

Surface
Surface
Surface

10-150

175-2100

0-40

80-185

Bottom
Surface/bottom
1-32

CoOoOwrHROoOOOOO©

2-0.5
04-0.40
03-0.57

.01-18.75
.02-57.9
.2-1.0
.3-25.6
.6-39.4
.27-687
.33-7.3

Emelyanov et al. (1976)
Morozov et al. (1976)
Spencer et al. (1972)

7"

Emelyanov and Struyk (19815

Grill (1978)
Grill (1982)

Yeats et al. (1979)
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TABLE 18

Manganese concentration in oceanic and marine suspension

Region Depth Mn (%) References
(m)

Atlantic Ocean

Entire ocean Surface ca 0.01 Emelyanov (1976)
North-western part,shelf " 0.062
Open ocean, profile from

Narragansett to Bermuda

Is. " 0.0016-0.017
Sargasso Sea Surface 0.016 Honjo (1978)
2786 0.044
Nepheloid
layer 0.0569
" Bottom layer 0.0855-0.108 Spencer et al. (1978)
" 976 0.0053 Brower et al. (1980)
3694 0.0768
Northern part, near
Barbados Is. 389 0.0045
988 0.0071
5086 0.0462
Northern tropical part Surface 0.014 Buat-Menard and Chesselet (1979)
Deep water 0.032

Pacific Ocean

Eastern part (material

of sedimentary traps) Surface 0.012 Demina (1982)
110 0.0033 Tsunogai et al. (1982)
1040 0.0067
2160 0.0158
4380 0.0397
5250 0.1850
Same (filtration material) 0-40 0.0055
40-200 0.0420
200-1000 0.062
1000~-3000 0.073
3000-4600 0.079
5000 0.180
California shelf (35°40'N,
123°50'W) 50 0.0023 Martin and Knauer (1983)
100 0.0160
200~2000 0.0366-0.0500
Mexico shelf (18°N,108°W) 50-1955 0.002-0.012

Indian Ocean

Northern part (filtration
suspension) Surface 0.003 Morozov et al. (1979)
Tropical zone Surface 0.0085-0.1828 Demina et al. (1984)

Seas and Bays

Baltic Sea, Bornholm Deep 1-30 0.0229-0.4609 Kremling and Peterson (1978)
Baltic Sea Surface 0.004-0.08 Emelyanov and Struyk (1981)
Riga Bay " 0.29

St. Lawrence estuary 1-323 0.075-1.832 Yeats et al. (1979)
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follows the residual (4-29%) and amorphous hydrooxide ones (1.3-24%), whereas the
organic form is a subordinate form (2.5-17.9%) (Demina et al., 1984).

As the suspension sinks down, its components are considerably transformed,
which affects its aggregate state, mineral and chemical composition. The ratio of
various elements to aluminium serves as a good index of chemical changes in the
material, because aluminium is believed to be an inert element, a so-called "bench-
mark", that reveals terrigenous nature.

An average Mn/Al ratio in the crustal rocks is about 0.01 (Vinogradov, 1962;
Taylor, 1964). This ratio is 5.8 in the suspension from the upper waters of the
Atlantic, 4.8 in the suspension from the intermediate layers and 3.0 from the
abyssal suspensions (Lambert et al., 1984) Thus, manganese tends to accumulate
in oceanic suspension (with respect to aluminium) at general decrease in Mn/Al
coefficient with depth. Earlier it was shown that some accumulation of manganese
occurs in suspension with depth, however, aluminium being accumulated more
intensively .

Chemical and biochemical factors that control manganese behaviour in the trans-
formation of oceanic suspension will be considered in the chapter devoted to man-
ganese deposition from sea water.



CHAPTER II1

MANGANESE IN SEA ORGANISMS

Manganese content and distribution in marine organisms is of special interest in
many aspects, taking into account its biogenic functions, problems of ocean environ-
ment protection and mechanisms of manganese extraction and deposition out of sea
waters.

It was in the 18th century that the first pieces of information about the occur-
rence of manganese in living matter were obtained, when Karl Sheele, Swedish
chemist, recognized it in plants (Sheele, 1774; quoted in Vernadsky, 1954). Since
that time, the range of biogenic objects investigated for manganese content has been
widening, embracing marine organisms as well.

The data on this problem collected for a century and a half (to the 1920's)
were generalized by Vernadsky in his monograph Geochemistry published in 1924 in
Paris and reedited with additions many times (Vernadsky, 1954). Later, the work
was developed by Vinogradov (1935, 1937, 1944, 1953) and by many other Soviet
scientists and, recently, some generalized papers appeared in the West (Goldberg,
1957; Bowen, 1966, 1979; Baseline, 1972; Bryan, 1976; Fortescue, 1980; Eisler, 1981).

The biogenic functions of manganese are numerous, and it is believed to be one
of the major biogenic microelements. It activates oxydation processes and thus is a
component of some ferments and vitamins, playing a significant role in the processes
of photosynthesis, respiration, mass and energy exchange in general (Voinar, 1953;
Saenko, 1968; Bumbu, 1976; Ehrlich, 1976; Nozdrukhina, 1977). Long ago, it was
found experimentally that slight additions of manganese, as dissolved salts, stimulate
evolution of algae and other aquatic organisms (Guseva, 1937).

When investigating the problems of water as a medium, one takes advantage
of the ability of some organisms to selectively accumulate this metal extracting its
radioactive isotopes from solutions and suspensions. However, considerable increase
in manganese content over the natural one might be toxic to some organisms (Guseva,
1937; Slowey et al., 1965; Tikhomirov et al., 1970; Fowler and Oregioni, 1978; Noro,
1978; Phillips, 1978; Sanders, 1978).

The ability of organisms to bioassimilate manganese accounts for the major role
organic material and organic components play in the transfer of manganese from
water to the bottom - this problem will be considered in the next section. Here, we
shall confine ourselves to the most general data on manganese content and distribu-
tion in marine organisms.

First, we shall note that the main difficulty in comparing data by various
authors arises not only from the different techniques used by them but also from the
various forms of data presentation. The latter can be calculated either by dry weight,
or by natural weight, or by ash content, the concentration of the water and ash
being ignored as a rule, despite its great scatter even within one genus of organisms
(Kizevetter, 1960, 1973; Morozov, 1983). So, from various data sources, ash concen-
tration in macrophytes is from 1 to 15% in natural and from 15 to 52% in dry matter,
whereas water content in fish flesh varies from 52 to 86%. Taking this into account,
when compiling summary tables for organism composition, we prefer to consider the
predominating data type, with the exception of those cases where their total amount
was scarce.

Phytoplankton. The most representative data on manganese content in phyto-
Plankton are given by Martin and Knauer (1973) who studied plankton along the
profile from Hawaii to the Monterey Bay. They subdivided the entire material into
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TABLE 20
Mn content in oceanic and marine plankton, mg/kg of dry weight

umple Mn content References

Extrema Average

Phytoplankton

stal phytoplankton (Hawaii-

Monterey Bay profile)

a) poor in titanium 2.1-13 = Martin and Knauer, 1973
b) rich in titanium 7.4-32 - "

¢) rich in strontium 3.2-30 "

d) siliceous tests of phyto-

plankton 2-3.5
»tal phytoplankton - 10 Bryan, 1976
Texas shelf 4.4-41.5 21.7 Horowitz and Presley, 1977
>tal phytoplankton
a) marine - 22 Morozov, 1983
b) oceanic - 33 "
ue-green algae cultivated
on a growth medium 132-700 352 Udelnova et al., 1974
ash 860-5530 - "
atomaceous plankton from
the Black Sea (ash? 50-300 - Vinogradova and Kovalsky, 1962
Zooplankton
anktonic foraminifera Emiliani, 1955
9.3-63.3 Krinsley, 1960
40-290 130 Belyaeva, 1973
adiolarians 4.6-12.4 6.4 Martin and Knauer, 1973
iphauzide 2.2-4.5 3.6 "
>pepodeans 2.8-10.4 4.4 "
>tal zooplankton (Hawaii-
Monterey Bay profile) 2.9-7.1 4.3 "
lcroplankton 3.4-32.7 7.4 "
stal plankton, Pacific Ocean 5.3-11.5 8 Collier and Edmond, 1983
yoplankton of Black Sea (ash) 15-800 - Vinogradova and Kovalsky, 1962

four groups, namely, specimens with minimum titanium content, with relatively high
titanium content, with relatively high concentration of strontium, and with siliceous
tests (Table 20). A minimum concentration of manganese is typical of siliceous
particles of phytoplankton (about 2-3 mg/kg By dry weight). Higher manganese
concentration (about 6 mg/kg, on average) was registered in specimens of the total
phytoplankton low in titanium concentration, and its highest one in the specimens
rich in titanium (about 20 mg/kg, on average). Some lower content of manganese
was recorded in the samples rich in strontium (3.2-30 mg/kg). The manganese con-
tent of the total phytoplankton along the Texas shelf was 21.7 mg/kg on average
(Horowitz and Presley, 1977), whereas 33 mg/kg was estimated by Morozov (1983),
based on the total phytoplankton of the ocean. For the total phytoplankton in the
seas within the U.S.S.R. territory, the manganese concentration is 218 mg/kg on
average (6.6 mg/kg by natural weight). The manganese concentration in the phyto-
plankton ash from the Black Sea is 50-300 mg/kg (Vinogradov and Kovaisky, 1962).

In phytoplankton (blue-green algae, Cyanophyta) cultivated on a growth medium
rich in manganese, the Mn concentration was 10-15 times higher than that of the
phytoplankton from natural sea water. It was up to 700 mg/kg in dry weight and up
to 5530 mg/kg in ash (Udelnova et al., 1974).
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Zooplankton. Manganese concentration was estimated in organisms with calcareous
shells (Foraminifera), siliceous skeleton (Radiolarian) and chitinous carapace
(crustacea, euphauzides and copenods), and also in the total zooplankton.

The data on manganese concentration in planctonic Forminifera are not uniform.
Krinsley (1960) estimated that it varies within 9.3-~63.3 mg/kg, according to Belyaeva
(1973) it is from 40 to 290 mg/kg. However, special analysis of Foraminifera sampled
(using binoculars) from the surface suspension of the eastern tropical zone of the
Pacific, revealed extremely low Mn/Ca ratios in them. This ratio is 15x10~6 in the
total suspension, whereas in Foraminifera it is only 0.4x107° (Collier and Edmond,
1984). When calculating the Mn concentration using calcium carbonate it will be
0.16 mg/kg. Consequently, accumulation of manganese in planktonic Foraminifera
occurs as they die off and sink to the bottom. Boyle (1983) arrived at the same
conclusion when analysing the manganese calcareous films coating Foraminifera shells
in reduced sediments.

The manganese content in Radiolarians varies from 4.6 to 12.4 mg/kg; in
plankton crustacea it is from 2.2 to 10.4 mg/kg (Martin and Knauer, 1973). However,
in euphauzide carapaces it increases to 11.7, and in faecal pellets it reaches 243 mg/
kg (Fowler, 1977).

In the Pacific, average manganese concentration in the summary zooplankton is
4.3 mg/kg (Martin and Knauer, 1973), in total plankton (both phyto- and zoo-) it
is 8 mg/kg, in microplankton (by various estimates) it is from 7.4 to 17.9 mg/kg
(Martin and Knauer, 1973; Fowler, 1977).

In the Black Sea, manganese concentration in zooplankton ash varies within the
range 15 to 800 mg/kg (Vinogradova and Kovalsky, 1962) at the average water con-
centration of 89% in natural zooplankton (Morozov, 1983).

Forms of manganese occurrence in the total plankton were determined by Demi-
na (1982) in the south-eastern tropical part of the Pacific. In all samples analysed
zooplankton predominated (about 65%). It was represented mainly by copepodeans.

In phytoplankton composition it was diatoms and peridinians that predominated.

At a general concentration of manganese from 9 to 22 mg/kg in dry plankton
matter, the better part is taken up by metal-organic compounds extracted by pyro-
phosphate (about 70% of the total manganese, on the average).

Adsorbed forms were determined from the processing of samples by the mixture
of acetic acid and (25%-solution) of hydroxylamine hydrochloride according to the
Chester-Hughes method (1967). The average relative concentration of manganese in
this form was about 15% in the total plankton. The average concentratioh of carbo-
hydrate and albumen extracted by chlorinated absolute spirit was the same - about
14%. The inert form of manganese remained is probably associated with terrigenous
material and reaches only about 2%, on average (Table 21).

Macrophytes. Manganese in oceanic and sea algae, i.e., macrophytes, was ana-
lysed In detail, since it is of value for the food industry (Kizevetter, 1960). Man-
ganese content in a dry algal material varies over a wide range, from 3 to 3400 mg/kg.
The average manganese concentration varies from one alga species to another: from
4 to 700 in green algae (Chlorophyta), from 20 to 288 in red algae (Rhodophyta)
and from 10 to 455 mg/kg in brown algae (Phaeophyta) (Table 22). The manganese
concentration in algal ashes also varies within a wide range - from 20 to 1400 mg/kg
in laminaria (Laminaria) and from 200 to 1300 in red algae (Saenko et al., 1977).

The content of manganese and also of other metals in macrophytes is a function
of a number of factors, namely, age of the plant, season and region of sampling,
intensity of tidal motions, and occurrence of lithogenic material in a sample (Bryan
and Hummerstone, 1973; Khristoforova et al., 1976; Saenko et al., 1976; Sanders,
1978; Khristoforova and Maslova, 1983). Coefficients of manganese accumulation in
algae relative to sea water were defined by many scientists. Its minimum was
detected in Fucus species (about 4000), its maximum in laminaria (200000) (Van As
et al., 1973; Foster, 1976; Yoshimura et al., 1976). Experimental research showed
that, on the whole, manganese is slow to accumulate in algae, in contrast to uranium
and base metals (Disnar, 1981).

Coelenterata. The manganese content in organisms of the coelenterata type has
not been studied by many researchers.

In two representatives of Anthozoa - Aleyonium digitatum and Tealia felina -
manganese concentration is 3.7 and 9.3 mg/kg by dry weight, respectively (Riley
and Segal, 1970).
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Table 22

Mn content in oceanic and marine algae-macrophytes,
mg/kg of dry weight

Algae Mn content References
Extrema Average
Green
Ulva 23.7-316 - Sivalingan, 1978
" 11-50 30 Gryzhankova et al., 1973a, b; 1975
Codium 300-316 310 "
Enteromorpha 600-800 700 "
" - 4 Wong et al., 1979
Chaetomorpha - 57 "
Caulerpa 4.6-9.5 7 Khristoforova and Bogdanova, 1980
Halimeda 6.4-7.4 7 "
Red
Anfeltia - 288 Gryzhankova et al., 1973a
Tichocarpus - 51 ", 1973b
Porphyra - 29 Preston et al., 1972
Brown
Agarum 331-386 350 Gryzhankova et al., 1973b
Ascophyllum - 25 Young and Longille, 1958
" 16-21 18 Foster, 1976
Chorda 16-19 18 Gryzhankova et al., 1973b
Chordaria - 455 "
Coccophora - 20 "
Dyctiola - 26 "
Fucus 94-692 363 Bryan and Hummerstone, 1973; 1977
" 71-103 90 Preston et al., 1972; Foster, 1976
" - 10.4 Gryzhankova et al., 1973a
" 25-50 - Young and Langille, 1958
Macrocystis 30-120 61 Black and Mitchell, 1952
" - 9.5 Boothe and Knauer, 1972
Pelvetia - 30 Gryzhankova et al., 13973b
Podina - 99 Stevenson and Ufret, 1966
Sargassum 23-42 - Gryzhankova et al., 1973b
" 4.5-181 - Trefrey and Presley, 1976
" 12-89.5 31.4 Horowitz and Presley, 1977
" 3.4-12.7 - Ishii et al., 1978
Flower
Spartina 30-330 - Williams and Murdock, 1969
Thalassia - 49 Stevenson and Ufret, 1966
Zostera - 47.9 Gryzhankova et al., 1973a
" 122-366 - Harris et al., 1979
Macrophytes in general
near England coast 8.9-164 - Black and Mitchell, 1952
" 3.8-73 - Riley and Roth, 1971
near Norway 4-164 Lunde, 1970
near Iceland 13-680 Munda, 1978
near India 25-3421 Agadi et al., 1978
" 37-586 Zingde et al., 1976
near Korea 15-191 Pak et al., 1977

near Japan 4.4-41 Ishii et al., 1978
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Table 23
Mn content in corals, mg/kg of dry weight
Species Forms Region and depth Mn
content
1 2 3 4
Open ocean, deep-water zone
Solenosmilia variabilis Black pigmentation Mid~Atlantic Ridge, 45°N, 1100
" " » 1000-1500 m 2100
" Brown pigmentation " 6
" Black pigmentation Reykjanes Ridge, 60°N, 80
1100-1300 m
" Brown pigmentation " 34
" White pigmentation " 2
Desmophyllum cristogalii Black pigmentation Mid-Atlantic Ridge 380
" Brown pigmentation Reykjanes Ridge 23
Caryophyllia clavus Black pigmentation Mid-Atlantic Ridge 180
C. communis Brown pigmentation Equatorial Atlantic, 1°N, 3
1400-2400 m
Trochocyathus sp. Black pigmentation Mid-Atlantic Ridge 300
Not defined Brown pigmentation Reykjanes Ridge 8
" " n 155
Open ocean, shallow zone
Dendrophyllia sp. Grey pigmentation Equatorial Atlantic, 1°N,150-300 m 155
Madracis asperula " " 465
Cladocera patriorca " " 60
Anomocora cf.A.fecunda " " 40
Bathycyathus maculatus " " 35
Not defined " " 8
n " n 22
" White " 2
Coastal shallow zone
Meandrina areolata Alive, white Florida Bay 5
M.braziliensis " Brazil coast 2
" Grey, with traces of " 2
borers
Madracis sp. cf. White " 4
M.pharensis
Porites porites Light brown pigmen- Florida Strait 3
tation
", inner part White " 4
Madracis mirabilis Alive Jamaica 2
1" " " 9
Montastrea annularis " " 2
n n n 5
Scolmia cubensis " " 3
1" " " 30
Phyllangia americana Alive with admix- " 130

ture of clay
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In ascidians, manganese concentrations turned out to be higher. It was deter-
mined, by natural weight, as being 6.3 mg/kg in the samples from the Barents Sea
(Morozov, 1983), 6-70 mg/kg in the samples from the Sea of Okhotsk, 8-100 mg/kg
in the samples from the Black Sea (Kovalsky et al., 1974). The minimum manganese
content was detected in medusa (physalian) - 1 mg/kg of natural weight (Morozov,
1983); however, it would increase by over one order if we calculate it for a dry
weight.

More detailed analyses were performed to detect manganese contents in corals.
In fossil corals collected in relatively deep parts of the open ocean (1000 to 2400 m)
manganese content varies from 2 to 1100 mg/kg, in shallow waters of the open ocean
it is from less than 2 to 465 mg/kg and in the near-shore zone from less than 2 to
130 mg/kg (Table 23). Maximum manganese concentration was registered in fossil
corals with ferromanganese pigmentation, a lesser but still high concentration was
determined in corals with admixture of lithogenic material, and its minimum was re-
corded in pure corals (Livingstone and Thompson, 1971).

Molluses. Molluscs are the most numerous representatives of sea fauna (over
100000 species) and their composition has been described in numerous papers.

In gastropods and bivalved molluscs, the occurrence of manganese and other
elements was detected in their shells and flesh. In gastropods, manganese concen-
tration is from less than 1 to 500 mg/kg, in bivalved molluscs from less than 1 to
410 mg/kg by dry weight (Table 24). Distribution of manganese can be uniform in
one case, whereas in others, manganese may be accumulated either in shell or in
flesh.

When manganese is accumulated in flesh, its favourite organs are kidneys,
gills and the gastric gland (Eisler, 1981), its maximum concentration - up to 10% -
was found in kidney stones of mulluscs formed by a complex calcium-manganese-zine
phosphate (Table 25) (George, 1980).

In molluse-filtrators, manganese content depends, to a certain degree, upon
the composition of bottom deposits (Graham, 1972). Within some sea areas where
contamination of the water is high, such as sea-ports, common mussels, for instance,
contain a considerably greater amount of manganese in contrast to the same species
from clean waters (Flower and Oregioni, 1976); however, in other cases, no similar
correlation is observed (Phillips, 1978). When systematic analyses of mollusces for
manganese content were made, seasonal fluctuations in manganese content were
detected which are associated with fluctuations in water temperature and salinity
(Rucker and Valentine, 1961; Bryan, 1973; Patel et al., 1973; Phillips, 1978).

In some species of bivalved molluses manganese content increases with their
growth; however, in some species this dependence is missing (Eisler et al., 1978).

Manganese found in molluscs comes from the water which they filter and from
the food they consume, which contains manganese in various forms. One group of
molluses better assimilates dissolved manganese, whereas the other deals better with
suspensions (Pentreath, 1873; Orlando and Mauri, 1978).

One should note that the occurrence of radioactive 54Mn in the water stimulates
accumulation of general manganese in molluscs (Chipman and Thommeret, 1970). Shells
of the living molluses in shallow sea basins have a film coating of manganese oxide
(Allen,- 1960). In laboratory experiments researchers even managed to cultivate
manganese micronodules on the shells (Zavarzin, 1964).

Benthic crustacea are represented mainly by shrimps, spiny lobsters (Palinurus),
lobsters (Homarus) and crabs. Manganese concentration in various organs and flesh
of crustacea varies within the range from 0.2 to 267 mg/kg by natural weight and
from 1 to 3800 mg/kg by dry weight (Table 26). In most cases, manganese is con-
centrated in the carapaces of crustacea, reaching there, for instance in lobsters,
98% of its total content (Bryan and Ward, 1965).

The opinion has been voiced that high concentration of manganese in the
carapaces of crustacea is caused by its sorption and formation of oxides (Tennant
and Forster, 1969). However, it became clear from experiments that crustacea bodies
can sorb manganese from water only very slowly and it is mainly consumed with food.
If an excess of manganese is introduced in a body it is extracted with fecal deposits
(to 40%) and through the body surface (40-80%) (Bryan and Ward, 1965).

Echinodermata are represented by starfishes, sea-urchins, ophyurians and
holoturians. Attempts to define manganese content in these organisms are scarce.

In starfishes manganese content is 6.5 to 43 mg per one kilogram of dry weight,
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TABLE 24
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Mn content in oceanic and marine mollusks, mg/kg of dry weight

Species Mn content References
shells flesh
Acmaea digitalis 19.3-30.7 24.5-25.1 Graham, 1972
Anodonta sp. 540 - Segar et al., 1971
Aplicia benedicti 101-106 4-21 Patel et al., 1973
Buccinum undatum 1.2 1.7 Segar et al., 1971
Cardium edule 2.0 6.3 "
Cerastoderma edule - 6.2-44.6 Bryan and Hummerstone, 1977
Chlamys opercularis 17-18 4-158 Segar et al., 1971; Bryan, 1973
Crassostrea virginica 33-121 24-51 Windom and Smith, 1972
" - 3.6-60 Galtsoff, 1942, 1953
" - 5.9-41.9 Goldberg et al., 1958
" 21-227 - Rucher and Valentine, 1961
" 505 - Frazier, 1975
Crepidula fornicata 2.1 17 Segar et al., 1971
Glicymeris glicymeris 1.5 34 "
Littorina littorea 5.5-8.3 18.6-104.6 Ireland and Watton, 1977
n - 18-133 Bryan and Hummerstone, 1977
Mercenarya mercenarya 1.5 - Segar et al., 1971
Meretrix lamarckii - 5.4 Ishii et al., 1978
Modiolus modiolus 20 47-160 Segar et al., 1971
Mya arenaria - 29-70 Eisler, 1977
Mytilus californianus 8.4-14.2 2.5-17 Graham, 1972; Goldberg et al., 1978
Mytilus edulis 3.3 3.5 Segar et al., 1971
" 9.3-45.8 6.1-28.4 Graham, 1972; Simpson, 1979
" - 5.2-35.4 Bryan and Hummerstone, 1977
" - 4,9-91.7 Phillips, 1978
M. edulis aoteanus 1 1-105 Brooks and Rumsby, 1965
Nucella lapillus 1.1 12.0 Segar et al., 1971
" - 11.4-16.8 Bryan and Hummerstone, 1977
Ostrea angasi, total 7.8-16.7 Harris et al., 1979 ..
Ostrea edulis - 6 Watling and Watling, 1976
" - 61-85 Fukai et al., 1978
Ostrea sinuata 2 2-11 Brooks and Rumsby, 1965
Patella vulgata 8.6 13.0 Segar et al., 1971
" - 5.4-42 Preston et al., 1971; Bryan and
Hammerstone, 1977
Pecten maximus 4.9-12 4-410 Segar et al., 1971
P. novae-zelendiae 1 2-353 Brooks and Rumsby, 1965
Protothaca stamnea 16.8 11.5 Graham, 1972
Tapes semidecussata 24.7 24.7 "
Tegula funebralis 5.3-8.9 5.0-10.1 "
Thais emarginata 5.3-6.0 8.8 "
Thais lapillus 2.8-4.2 5.9-17.3 Ireland and Wootton, 1977

in various organs of sea-urchins it is 0.5 to 88 mg/kg (Table 27). In one species

of a starfish, the manganese content was a bit higher - 51.7 mg/kg by natural
weight (Eustace, 1974). In ophyurians and sea-lily the manganese content was lower,
3.3-3.6 mg/kg by natural weight (Morozov, 1983). The same is true for holoturians

in the ashes of which 8.9 mg/kg manganese was recognized (Chipman and Thommeret

1970).

*

Laboratory tests with 59Mn showed that holoturians can extract manganese out

of water‘ actively - it seems to stimulate their growth (Ichikawa, 1961). On the other
hand, high concentration of manganese has a negative effect upon reproductivity of

the echinodermata (Young and Nelson, 1974).
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TABLE 25
Mn in kidneys of mollusks, mg/kg of dry weight

Species Sample Mn content References
Agropecten gibbus Kidney stones 23643-24000 Carmichael et al., 1971
A. irradians Chlamis Kidney 17300 Bryan, 1973

opercularis
Ostrea sinuata " 2 Brooks and Rumsby, 1965
Pecten maximus " 15300 Bryan, 1973
" Kidney stones 100000 George et al., 1980
Pecten novae-zelandiae Kidney 2660 Brooks and Rumsby, 1965
Pinna nobilis " 37060 Ghiretti et al., 1972
" Kidney stones 80000 Hignette, 1979
Tridacna maxima " 20000 "

TABLE 2

Mn content in marine crustacea, mg/kg

Crustacea Mn content References
Shrimp
as a whole, dry weight 6.1 Knauer, 1870
", natural weight 0.23-2.2 (ep.1.4) Capelli et al., 1983
flesh, dry weight 14.9-21.3 Zingde et al., 1976
" 1.5-8 Horowitz and Presley, 1977
" 1.0 Ishii et al., 1978
", natural weight 0.3 Morozov, 1383
", ashes 24-100 Lowman et ai., 1966; Eisler, 1981
carapace, dry weight 17.8-89.38 Horowitz and Presley, 1977
", natural weight 1.0 Morozov, 1983
inner parts, dry weight 14.2 Horowitz and Presley, 1577
3piny lobster, natural weight
flesh 0.6 Morozov, 1983
" 0.22-0.27 Van As et al., 1973, 1975
gills 1.3 Morozov, 1983
caviar 0.8 "
carapace 12.5 "
Lobster (Homarus), natural weight
flesh 0.3-23.3 Brian and Ward, 1965
carapace 187-267 "
Crab, natural weight
flesh 0.4 Morozov, 1983
" 0.8-28.7 Greig et al., 1977a, b
gastric gland 0.6-3.0 "
gills 5.7-22.1 "
carapace 6.3 Morozov, 1983

Fishes. Fishes, in particular prey-fishes, belong to the highest stages in the
general ecosystem of the ocean and, therefore, it is interesting to know the content
of microelements in them for two reasons: ecology and usage of fish resources.

Manganese content in lamellybranchean fishes, like sharks and jelly-fishes, is
low in general and is 0.1-1.9 mg/kg by natural weight in various organs and flesh.
Its higher concentration - 2.7 mg‘/kg - was recognized only in a jelly-fish skin. When
calculating manganese concentration in a shark’s flesh by dry weight, we obtain
6.6-10.6 mg/kg (Table 28).
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In hard-skeleton fishes, the manganese concentration is 0.1 to 8.8 mg/kg by
natural weight and to 170 mg/kg in ashes.

In some organs of hard-skeleton fishes, manganese content varies within the
range from less than 0.1 to 27.4 mg/kg by natural weight. The higher concentration
was detected in bones, gills, skin and liver.

Manganese penetrates to a fish organism mainly with food. In a cod-fish which
was fed by °*Mn-charged nereid worms, a halfperiod of manganese exchange in the
medium was 35 days (Pentreath, 1973). In the Black Sea, plankton-eating fishes
accumulate larger amounts of manganese as compared with benthic fishes (Petkevich,
1967). Liver of pelagic fishes contains more manganese with respect to the continental
shelf fishes (Pearcy and Osterberg, 1968).

Manganese is one of the vital microelements for the growth of young fishes
(Pentreath, 1976); however, some large mature specimens contain less manganese than
small specimens of the same species (Chernoff and Dooley, 1978).

Sea, mammals form a comparatively small group of sea inhabitants and, there-
fore, data on manganese content in them are scarce.

In some organs and flesh of a seal, manganese content varies from less than
0.04 to 8 mg/kg by natural weight, the highest content being registered in heart,
spleen and brain (Duinker et al., 1979). In Californian sea-lions, manganese content
was determined in dry flesh and varied from 2.7 to 19.2 mg/kg. Its maximum content
was recognized in the liver of mature specimens, the minimum in the kidney of calves
(Martin et al., 1976).

Sea birds. Determinations of manganese content in sea birds are also scarce.
The bones of living mature sea-gulls contain from 0.1 to 4.2 mg of manganese per
1 kg of natural weight, the liver 0.5 to 5.4, kidney 0.5 to 4.1, flesh 0.1 to 1.3.

In the nestlings, manganese content is the same in general, namely, 2 in bones,
2.0 to 2.3 in kidneys and liver, 1.2 to 2.4 mg/kg in flesh. Higher manganese
concentration (3.4 to 11.3 mg/kg) was detected in the matter in a sea-guil's
stomach that contains remnants of fish (Hulse et al., 1980).

TABLE 27

Mn content in echinodermata, mg/kg

Echinodermata Mn content References

Starfish, dry weight 6.5 Riley and Segar, 1970
Asterias rubens 6.5 Riley and Segar, 1970
Henricia sanguinolenta 34 "
Porania pulvillus 22.0 "
Solaster papposus 31-43 "

Starfish, natural weight 1.3-18.0 Morozov, 1983

Patiriella regularis 51.7 Eustace, 1974

Sea-urchin, dry weight
Echinometra locunter, skeleton 20.0 Stevenson and Ufret, 1966
Echinus esculentus, gonads 0.5 Riley and Segar, 1970
", thorns 4.5 "
", other organs 11-88 "
Spatangus purpurens, gonads 82 "
", skeleton and thorns 27 "
Tripneustes esculentus, 14 Stevenson and Ufret, 1966
skeleton

Ophyurians, natural weight 3.6 Morozov, 1983

Sea-Lily, natural weight 3.3 "

Holoturians, ashes 8.9 Chipman and Thommeret, 1970
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TABLE 28

CHAPTER III

Mn content in fishes, mg/kg of natural weight

Parts of body Mn content References
Lamellybranchean
Sharks
flesh 0.5-2.6 Eustace, 1974
" 0.4 Greig and Wenzloff, 1977
" 0.1-0.6 Glover, 1979
", dry weight 6.6-10.6 Zingde et al., 1976
liver 0.4 Greig and Wenzloff, 1977
Jelly-fishes
flesh 0.29 Pentreath, 1973
blood 0.16
heart 0.27
spleen 0.32
liver 1.4
kidney 1.9
gonads 0.37
intestines 0.82
skin 2.7
Hard-skeleton fishes
Fish as a whole 0.9-8.8 Wolfe et al., 1973
" 0.2-6.0 Hall et al., 1978
" 0.11-1.3 (ep. 0.55) Capelli et al., 1983
", ashes of benthic 170 Lowman et al., 1970 (cited from
fishes (Eisler, 1981)
Flesh 0.18-1.15 Brooks and Rumsey, 1974
" 0.07-1.1 Van As et al., 1973, 1975
" 0.5-1.3 ‘Eustace, 1974
" 0.1-2.0 Hall et al., 1978
" 0.18-0.44 Plaskett and Potter, 1979
Heart 0.1-0.8 Brooks and Rumsey, 1974
Liver 0.9-6.7 "
" 0.1-2.5 Greig and Wenzloff, 1977
" 0.2-2 Hall et al., 1978
" 3.1 Morozov, 1983
Kidney 0.2-1.4 Brooks and Rumsey, 1974
Gonads 0.2-3.3 "
" 2.3 Morozov, 1983
Gills 5.1 "
" 0.6-11 Brooks and Rumsey, 1974
Bones (spines) 7.6 Morozov, 1983
Bones in general 1.0-27.4 Brooks and Rumsey, 1974
Average by 112 samples 7.5 Morozov, 1983




CHAPTER IV

MANGANESE DEPOSITION FROM OCEANIC WATERS

It was mentioned in the previous chapters that manganese enters the ocean from
various sources and in various forms. Low contents of manganese in sea water
demonstrates that manganese has a short residence time in the sea and sinks active-
ly down to the bottom. The routes by which manganese arrives at the bottom have
been considered many times with respect to chemical, biological and biochemical pro-
cesses.

Chemical deposition of manganese. It is known from the chemistry of manganese
that MmO, is its most stable form in oxygen rich natural waters (Stumm and Morgan,
1970, 198%); its solubility is extremely low - from one of the estimates, the SP
(solubility product) is 10-56 (Charlot and Bezier, 1958). Most obviously, Mn2+
oxidation should be accompanied by its deposition from the water. In this regard
R. Horn wrote in his book Marine chemistry that he - as a specialist in chemistry -
wonders why the origin of manganese nodules at the oceanic bottom remains
mysterious, since formation of MnOg films in laboratory retorts with manganese
solutions provides for a direct answer to this question (Horn, 1969). However,
geologists and geochemists involved in this problem find it much more complicated.

Thermodynamic modelling and simulations were tried to find out the manner of
chemical deposition of manganese from oceanic waters.

Thermodynamic simulations performed by various authors (Morgan, 1964; Crerar
and Barnes, 1974; Gramm-Osipov and Shulga, 1980; Savenko, 1981; Savenko and
Baturin, 1981) give controversial results. From Morgan's data (1964) presented in
the review by Murray and Brewer (1977), Mn2+* oxidation in sea water occurs in
accordance with the pattern.

Mn (II) + O2 = MnO2 solid.
Mn (II) + MnO2 solid = (Mn (II) x MnOZ) solid .

(Mn (II) x Mn02) solid + O2 =2 MnO2 solid.
The first and third reaction are slow, the second goes rapidly. On the whole,
this reaction is an autocatalytical one of the first order with respect to O, and Mn2+*
concentrations and of the second order with respect to OH . From equilibrium cal-
culations in pH-Eh coordinates, Crerar and Barnes (1974) arrived at the conclusion
that sea water is undersaturated by several orders of magnitude by MnO,. However,
if this were true, manganese nodules at the sea bottom should have dissolved. The
inferences these authors made are based on Eh measurements in sea water by platinum
electrode which, as was later discovered during special tests, fails to detect the
actual oxidation-reduction potential (Peschevitsky et al., 1970; Vershinin et al.,
1981).

Hydrochemical observations show that the content of dissolved oxygen in sea
water is the most sensitive indicator of oxidation-reduction processes. Therefore,
the oxygen partial pressure can serve as a more objective indicator of the oxidation-
reduction state of a sea medium. From thermodynamic constants of the materials in-
volved in the formations of manganese oxides (Briker, 1965; Naumov et al., 1971),
diagrams were plotted for stability and solubility potential of these materials in sea
water at various partial pressures of oxygen (Figures 4, 5).
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One can see from these diagrams that in sea waters containing oxygen, tetravalent
manganese compounds only can be considered as being stable mineral phases, where-
as Mn2* in a solution is not stable and tends to oxidation and deposition (extraction
out of a solution).

This controversy between computed results and observed actual forms of man-
ganese occurrence in a sea-water solution (an", see Chapter II) can be explained
by the effect of biogenic processes upon the sea medium - manganese is stabilized
in sea water due to the occurrence of a dissolved organic material produced by
phytoplankton photosynthesis. In the deep waters the effect of this activity seems
to decrease sharply (Savenko and Baturin, 1981). A supposition has been also
voiced that Mn2* concentration in sea water is controlled by solubility of MnCOj,
i.e. ultimately, by total COg9 concentration and pH. The estimated solubility of
MnCOg - manganese in sea water was 1 to 5 m mol/l (Bischoff and Sayles, 1977),
that is, one order higher than its real concentration. Thus, chemical deposition of
manganese as MnCOjg from natural sea water is less probable and can occur only in
pore waters.

Experimental tests of manganese deposition from sea water are based on the
attempts to obtain MnO, from a solutign and to define solubility of manganese com-
pounds in sea water.

Hem (1963) performed a series of tests to determine Mn2+* oxidation rate as a
function of Cl~, HCO3~ and SO042- concentrations. The results of his tests did not
give any answer to the question of how manganese is deposited from sea water, as
the latter differs considerably from experimental solutions in their salt composition.

Morgan (1964) performed special experimental work to verify the theoretical
model of Mn2+ oxidation in sea water that he proposed (see above) and concluded
that the composition of a solid phase appearing in the process of oxidation, namely
the state of Mn (IV) and Mn (II) in it, are controlled by pH of the solution and by
some other variables that govern the kinetics of the reaction. Extrapolating the
results obtained to the sea water he arrived at the conclusion that in the ocean, at
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pH about 8, approximately 1000 years is necessary to oxidize most of the bivalent
manganese. The attempts to model manganese deposition from sea water and formation
of manganese nodules were made by Varentsov and others (1972, 1978) who used for
their tests high-concentration metal solutions (to 1-2 mg/l) and excess of citric acid
to prevent hydrolysis in them. In the solid phase formed manganese compounds
exhibited a wide range of valencies - from 2 to 7. The results obtained are difficult
to interpret from a thermodynamical standpoint; natural analogues of these compounds
do not exist - all these are good reasons for criticism (Bazilevskaya et al., 1979).

A low degree of general oxidation of manganese (below Mnj,33) obtained by
Varentsov et al. can probably be caused by large amounts of Mn4* introduced in
the solutions that leads to its active sorption by MnO, sediment and formation of a
compound with a great admixture of MnO (Savenko and Baturin, 1981).

Results of these tests, performed under conditions that differ sharply from the
natural-sea water, do not help us to find out the mechanism of manganese deposition
in the ocean.

Another experimental approach to this problem is based on the analysis of
manganese compound solubility by various solvents (Listova, 1961; Miller and Fisher,
1973; Afanasiev et al., 1979, 1982; Savenko, 1985). Some of the experimental results
obtained aimed to study the solubility of a synthetic MnOg in acid solutions, solutions
of NagS804 and sea water are given in Tables 29 and 30.

One can see the minimum concentration of a synthetic MnOy in a sodium
sulphate solution of pH 8 - it is two orders higher than its concentration in the
oceanic water. A similar concentration, 40 ug/l, was determined by Listova (1961)
in sea water with pH = 7.90 (after a 260-day exposure).

To define solubility of a natural MnOg it would seem expedient to use natural
manganese nodules; however, these contain not only MnO2 but also a bivalent man-
ganese in various forms which has been detected by numerous chemical and minera-
logical investigations. In the experiments concerning manganese solubility, this bi-
valent manganese is obviously the first to be desorbed and dissolved and that pre-
vents any reliable interpretation of the results.

Synthetic MnO, was believed to contain only MnOjy. However, when testing the
composition of this standard chemical reagent some admixture of MnO was also re-
vealed (Savenko, 1985); this makes one doubt the results of many earlier experiments.

Of prime concern is the problem whether neutral compounds of tetravalent
manganese like Mn(OH)z may occur in sea water similarly to the known hydrooxides
of other multi-charged cations (Ti, Zr, Hf, V, etc.). Sillen (1961) was the first to
raise this question; nevertheless, no experimental work has been done yet.

Assuming that manganese oxidation follows the pattern

Mn2* + 1/2 0, + H,0 = MnO, + 2H",

manganese solubility is a direct function of pH: as pH changes by one unit manganese
solubility changes tenfold. Experimental results (Table 30, Figure 6) show that
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Fig. 6. Dissolved Mn equilibrium concentration as a function of pH in solution.
(1) solution of 0.2 M NagSO4; (2) sea water with 35% salinity (Savenko, 1985).
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TABLE 29

MnO2 solubility in various acids and at various acidity

CHAPTER IV

Conditions Acid concentration Mn concentration
M/1 mg/1
H,SO,, 25°C* 100 142
24 107 142
10_2 139
10_3 56
10 5.5
1072 0.88
10 0.44
HCl, 25°C* 100, 242
107, 140
10_; 135
1075 56
10_; 8
107 0.65
107°, 0.60
H,S0,, 25°C 5x10_5 600
P2 1latm#x 5x10_) 276
5x10 37
5% 10 2.8
H,S0,, 0°C 5x107 97
P™= 1"atm** 5x10_4 49
5x10_ 6.1
5x10 1.7
H,S0,, 25°C 5x10 2 307
P2= 500 atm* 5x10_, 150
5x10_ 21
5% 10 1.7
H,S0,, 8°C 5x10 130
P2 500 atm# 5x10_3 80
5x10_, 13
5% 10 0.6
0.2M** Na,SO
0°C, P = 1 atm not defined 1.7
25°C, P =1 atm " 2.8
8°C, P = 500 atm " 1.1
25°C, P = 500 atm " 1.7

¥ After Miller and Fisher, 1973.
**  After Afanasiev et al., 1979.
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TABLE 30

MnO2 solubility in NaZSO4 solutions and in sea water

(Savenko, 1985)

0.2 M NaZSO 4 Sea water, 350/,00

pH Mn, 10-6M/1 p(Mn) pH Mn, 10 %M/ p(Mn)
3.60  104.6 3.98 4.55 25.1 4.60
5.08 7.4 5.13 4.65 16.2 4.79
5.55 11.5 4.94 4.87 13.5 4.87
6.50 2.7 5.57 4.88 10.7 4.97
6.88 2.1 5.68 5.14 10.7 4.97
6.94 1.9 5.72 5.15 12.3 4.91
7.35 1.4 5.85 5.35 6.8 5.17
7.37 1.9 5.72 5.45 8.5 5.03
7.57 1.1 5.96 5.50 4.8 5.32
7.67 0.8 6.10 5.63 6.0 5.22
7.76 1.8 5.74 5.66 4.6 5.34
7.80 1.4 5.85 6.22 3.0 5.52
7.82 1.3 5.89 6.23 4.1 5.39
7.86 0.9 6.05 6.54 2.7 5.57

TABLE 31

Constants of apparent sorption equilibrium of Mn in sea water
at various composition of sorbent, % (Balistriery and Murray, 1984)

Sorbent Sorbent

components Terrigenous Bottom Surficial
sediments* suspension ** suspension **

Alumosilicates Predominate 55 10-25

CaCoO 3 - 4 60-70
2 1.3 4-6

org
Mn 0.09 4.5 0.012
log K 4 5.3 7

* After Nyffeler et al., 1984.
** After Balistriery and Murray, 1984.
***% After Brewer et al., 1980; Honjo et al., 1982.
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manganese solubility does depend on pH of a solution; however, it changes consider-
ably less than might follow from the above reaction. One cannot exclude the possi-
bility of formation of neutral manganese compounds.

On the whole, the data presented show that the question of solubility of tetra-
valent manganese compounds in sea water is far from any definite answer, since the
solubility of manganese oxides determined experimentally is much higher than the
actual content of manganese in sea water.

Coagulation. When investigating the mechanism of manganese deposition from
sea water, Goldberg (1954, 1965) put forward a supposition that manganese in the
ocean occurs as negative MnOy compounds that may coagulate and coprecipitate
alongside with positive colloidal iron hydrooxides, for instance.

Some researchers (Carnoll, 1958; Strakhov, 1960; Turekian and Imbrie, 1966;
Bender, 1972) have developed the concept that manganese arrives at the pelagic
part of the ocean as a component of finely dispersed particles of terrigenous sus-
pensions that precipitate by coagulation.

A series of theoretical and experimental works were devoted to a coagulation of
suspended particles in the ocean. A vertical flow of the finest particles in the open
ocean is believed to be controlled by Brownian motion, whereas migration of larger
particles, in particular in the near-bottom oceanic waters and in the vicinity of
estuaries, is governed by orthokinetic laws (Stumm and Morgan, 1970, 1981; Lal and
Lerman, 1973; Murray and Brewer, 1977).

From experimental data on effective collision of clay particles (Edzwald et al.,
1974) and estimating their average concentration in sea water as 500 units per
milliliter (Eittreim, 1970), Murray and Brewer (1977) calculated the average size of
these particles as about 1.2 microns, the average rate of their deposition as 40 m/y
and their average residence time in oceanic water as 200 to 400 years.

Though a considerable role for this mechanism is recognized, many researchers
do not consider it as a leading one in manganese deposition.

Sorption. When Goldschmidt (1937) was engaged in the analysis of the mass
balance during continental weathering and oceanic sedimentation, he proposed the
process of sorption as the main mechanism of metal extraction from sea water.
Strakhov (1960) has developed this concept and pinpointed sorption as an important
mechanism of metal supply, in particular of manganese, in the pelagic zone of the
ocean.

Lately, this concept was supported by Li (1981) who believes that sea water
composition is determined by sorption balances. .

Sorption of metals out of solutions, in particular out of sea water, depends
upon many factors; namely, upon number and composition of sorbing particles, their
surface dimensions, duration of their contact with a solution, pH of a solution, con-
centration of dissolved metals (Stumm and Morgan, 1970, 1981; Stumm et al., 1976;
Murray and Brewer, 1977). Theoretical and experimental aspects of manganese
sorption from sea water have been considered by many authors (Bender, 1972;
Balistriery et al., 1981; Li, 198la, b; Balistriery and Murray, 1983, 1984).

So, Balistriery and Murray (1984) performed a number of experiments on metal
sorption from sea water by a near-bottom suspension and by suspended sediments
at various pH and various concentration of suspended particles. A near-bottom sus-
pension was sampled specially for this purpose by the submersible Alvin in the zone
of hemipelagic sediments of the Guyana Basin (6°33'N, 92°48'W, depth 3600 m).

The majority of metals reached their sorption equilibrium during less than 20
days; however, manganese did not achieve it even after 40 days, which can probably
be explained by the low kinetics of manganese oxidation. On the whole, manganese
was sorbed on a suspension more actively than one could expect on the basis of its
hydraulic potential - this may result from the effect of its oxidation, which was also
pointed out by other researchers (Murray and Dillard, 1979; Sung and Morgan, 1981).

As the concentration of metals (manganese included) in a solution increased,
their sorption intensity decreased; whereas the latter increased at pH growth.

The result of experiments (at pH = 7.82) were given as constants of an apparent
sorption equilibrium

Meads./kg of suspension X

1
K : 1
Megiss. /1 N

sw

where N is the number of accessible centres of sorption (in mol/kg of suspension)
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determined from the tritium exchange method or by the cation exchange capacity.

Logarithms of these constants fall within the range from 2.008 for cesium to
6.082 for lead (for manganese it is 5.367). These results can be arranged as a
sequence of sorption activity for the metals analysed:

Pb Fe Sn Co Mn Cu Be Sc Zn Ni C€Cd Ba Cs,

According to the Schindler model (1975), sorption residence time of metals in the
ocean depends upon the residence time of sorbing particles and upon the distribution
coefficients:

_ Mot L, Ydiss.

Meads . Meads .

tmet .

t
susp.

Combinfng' this equation with the previous one we have

_ 1
sW tmet ’
N (t__- - 1>
susp.
where, a is the amount of suspended matter (pg/l), N is the number of accessible
centres of sorption (M/kg of suspension).

This equation permits one to compare the results of the experiments on ad-
sorption with independent results obtained by other authors, which seems to be of
special interest, as far manganese is concerned.

Balistriery and Murray (1984) proposed use of the following estimates for this
purpose:

- average concentration of suspended matter in the ocean as 15 ug/l (Lal, 1977);

- residence time of the fine particles prevalent in the ocean having a low rate of
deposition as 7.5 years (Bacon and Anderson, 1982);

- average sorption residence time for manganese as 51 years (Weiss, 1977);

- number of accessible centres of sorption on suspended matter as 0.5 to 3 M/kg.

According to one of the determinations, this value is 1 equ./kg for oceanic suspended

particles with sizes from 1 to 53 microns (Bishop et al., 1977).

The use of these data results in a logarithmic value about 7 for the constant in
question. It presupposes a more active sorption of manganese by suspended matter
in the open ocean, rich in organic material. Following that, according to sorption
capacity, is the hemipelagic near-bottom suspension, rich in manganese. The
sorption capacity of terrigenous sediments in the San Clemente region turned out to
be remarkably lower (Table 31).

Recently, a long series of experiments on manganese sorption by bottom sedi-
ments was performed by Soviet researchers (Gromov, 1975; Tikhomirov et al., 1979;
Tikhomirov, 1982, 1984).

In one of the experiments, 2.5 ug/l of 54Mn was introduced to natural sea
water until the general concentration of dissolved manganese reached 4.5 nug/l.

The process of sorption was followed under static conditions in 50 millilitres of water
to which from 10 to 500 mg of solid matter of natural oceanic sediment was added.

From the results of three parallel experiments, diatomaceous ooze sorbs 32% of
manganese from water, calcareous sediments 78%, and red clay 95%. In the process
of desorption, a variable amount of manganese returns back to solution: 45% from
diatomaceous ooze, 20% from calcareous sediments and 0% from red clay (Table 32).

In another series of experiments it was found that if samples are processed by
weak acid their sorption potential goes down sharply; for instance, red clay absorbs
only 2%, not 88% as before, terrigenous sediments 3-6%, not 25-28% as a result of
the loss of manganese hydrooxides as the main sorbent of the sediments (Tikhomirov,
1984). These data testify in favour of the important role the sorption mechanism
plays in the extraction of manganese from oceanic waters; however, its intensity
depends upon the sorbent composition and upon the variable parameters of different
water layers. Arising from this supposition, and also from data on manganese geo-
chemistry in sea water, in suspension, and atmospheric aerosols, the hypothesis was

K
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formed that manganese sorption mainly occurs not in a water body but at the
bottom-sea water interface (Li, 1981a, b).

In its general form this idea was first promoted by Volkov et al., (1974) to
explain the high Mn content of pelagic sediments.

Biogenic deposition. The occurrence of manganese in organisms and the role it
plays in metabolic processes are connected with its bioassimilation by living matter,
which is also accompanied by biodifferentiation, since relations between elements in
living matter differ from those in sea water (Vinogradov, 1953). Since the average
manganese content in oceanic water is 0.027 ug/l (Bruland, 1983) and in marine
organisms it varies within the range from tenths of a miligram to hundreds milli-
grams per kilogram (Chapter III%, the coefficient of manganese concentration by
oceanic living matter is 104 - 107,

Considering this, the biosedimentation of manganese was proposed as one of
the possible mechanisms of its deposition from oceanic water.

According to Lisitsin (1964), the Copg: Mn ratio in plankton and in suspension
in the World ocean is 2000, on average. On this basis a yearly consumption of
manganese by phytoplankton was calculated (Lisitsin et al., 1985). If the annual
primary production of phytoplankton is 20 billion tonnes, it assimilates yearly
10 million tonnes of manganese - which exceeds by 20 times the annual supply of
dissolved manganese by river discharge. However, in the zones of maximum bio-
logical productivity, assimilation of manganese probably occurs with less intensity
due to its deficiency. At a primary productivity of 10 g of Cope/m?/day, a theo-
retical consumption of manganese would be 5 mg/m?/day, which requires an extract-
ion of all manganese from a 200 m layer, but the water upwelling rate in the coastal
areas does not exceed 1 to 2 meters per day (Hart and Currie, 1960; Wooster and
Reid, 1963; Coastal Upwelling, 1983).

In sedimentation of organic matter that is recycled in the process of biological
activity, the majority of organic material dissolves and only about 1% of the primary
product reaches the bottom (Romankevich, 1977). The same result was obtained in
the investigation of oceanic sedimentation by using sedimentary traps: after E. Suess
(1980), a sedimentary flux of organic material is connected with the primary product-
ion and oceanic depth by the expression

C rod
Cq = 12 g/m?/yr
0.0238 x depth + 0.212

Thus, about 200 million tonnes of organic carbon is supplied yearly to the deep
oceanic bottom surface. If the Cypy : Mn ratio in sinking organic matter remains
the same as in the surface suspension, about 100000 tonnes of manganese sink to
the bottom by this mechanism.

However, as sedimentation of suspension and of pelletal material goes on,
pasic changes occur in their composition. From the data of sedimentary traps placed
in various parts of the World ocean for long time, as the sedimentary material sinks
to the bottom it becomes depleted in all organic components: organic matter, biogenic
calcium carbonate and opaline silica. At the same time it becomes richer in lithogenic
compqnents: aluminium, silica, and then, iron and manganese - especially the latter -
sometimes its content reaching 0.1-0.2% (Tables 33-35). In samples from near-bottom
sedimentary traps in the Atlantic, west off Barbados, and in the North Pacific, the
Mn/Fe ratio increases to 0.07-0.10, and the Mn/Al ratio to 0.035-0.086. In the Earth's
crust this ratio is 0.02 and 0.01, respectively. However, in the samples from the
Sargasso Sea this ratio, on the whole, is the same as in the Earth's crust (Spencer
et al., 1978; Brewer et al., 1980; Tsunogai et al., 1982; Martin and Knauer, 1983).

However, these results do not give any evidence of an exact association of
manganese with organic matter, as was believed earlier (Wangersky and Gordon,
1965). Some heavy metals that are not accumulating in living matter, meanwhile, are
known to be concentrated in components of decomposing organic matter (Manskaya
and Drozdova, 1964). So far, for manganese, this tendency is not so distinct, al-
though in laboratory experiments it was extracted from sea water by a flocculating
organic material derived from diatom decomposition (Hunt, 1983). Meantime, manganese
was found to have a definite association with biogenic calcium carbonate in sediments.

When analysing the sedimentary matter trapped in the Pacific west of California,
both suspension composition and manganese forms were determined; namely, leachable
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56 CHAPTER IV

(in 25% acetic acid); exchangeable (dissolved in trap solution); and refractory (in-
soluble in week acid) (Table 35). It turned out that when calcareous material is
partly dissolved, manganese is the first element to be transferred into solution and
is subsequently trapped again by suspended particles: this process recurs many
times until a complete dissolution of biogenic carbonate happens. Then the manganese
concentration in solution goes up sharply. This presents unambiguous evidence for
a surface sorption effect, i.e. manganese sorption at an active surface of biogenic
calcareous fragments (Martin and Knauer, 1983). A similar inference was adduced
from other experimental data (Hager, 1980; Franclin and Morse, 1983). This
mechanism of manganese sedimentation can be considered as a biogenic one since
such extraction of manganese by sorption is connected with biogenic material
(though it is completely independent of its absolute amount).

Another mechanism of manganese extraction out of sea water is a microbiological
one. It has been determined that some marine bacteria species and their spores can
oxidize bivalent manganese or act as a catalyst in its oxidation and fix the manganese
oxide formed in bacterial capsules (Emerson et al., 1982; Rosson and Nielson, 1982;
Cowen and Silver, 1984). Bacterial spores with a manganese coating, sampled from
sea water, are shown on the photograph (Figure 7).

Fig. 7. Spores of marine bacteria in manganese dioxide capsules. Horizontal bar cor-
responds to 0.5 pym (Rosson and Nielson, 1982).

In a microbiological analysis of suspended and trapped material from the northern
tropical Pacific the ratio of bacteria with those without capsules was up to 0.5%
(Table 36). It is important to note that no capsules occur in the euphotic layer and
in the oxygen minimum layer (to 140 m), whereas they occur permanently in the
intermediate and deep water layers contributing to the biogenic manganese deposition
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in the ocean, though the quantitative input has not yet been estimated yet. When ana-
lysing samples from sedimentary traps this supply is added to that from other
sources. It has also been determined that some bacteria in a water layer play a

role as a catalyst in the oxidation of manganese dioxide which may stimulate its
accumulation in suspension (Diem and Stumm, 1984).

When analysing samples collected by sedimentary traps, another set of pro-
blems arises from regularities in deposition and re-deposition of a matter in the
ocean. In particular, it turned out that in some oceanic regions a flux of material,
especially lithogenic, in the lower water layers considerably exceeds the sedimenta-
tion rate as determined by independent radiometric techniques. One such case is
demonstrated in Table 34. This made the authors of the cited research normalize
the observed fluxes of the material and of individual components to aluminium so as
to reconcile fluxes with sedimentation rates. The high fluxes in the lower water
layers seem to result from suspension of sediments by bottom currents, advective
water mass transportation, and from turbid waters sloping down the continental
rise. It should be kept in mind that a sedimentation rate is a summary parameter
of a sedimentary process over a prolonged period, whereas sedimentary traps give
momentary observational data on the process with its considerable seasonal and
secular variations.

Manganese deposition from oceanic waters to the bottom of deep ocean as de-
termined from the data of sedimentary traps varies from 0.06 (Spenser et al., 1978)
to 0.8 ug/em?/y (Brewer et al., 1980; Tsunogai et al., 1982). At oceanic depths
to 2000 m the deposition rate can be considerably lower, about 0.006 pg/m?/day
(Martin and Knauer, 1983). Manganese flux to the bottom of the oceanic pelagic
area of 280 million square kilometers, calculated from these data, is 0.17 to 2.24
million tonnes per year, which does not contradict the estimates obtained by different
techniques.

TABLE 36

Capsuled and non-capsuled bacteria in suspension samples
from the Pacific 18°00'N, 107°30'W (Cowen and Bruland, 1985)

Depth, Capsules with cells Capsules with no cells Non-capsuled bacteria
m
10 ym 0.2-10um 10 um 0.2-10um 10 um 0.2-10 ym
80 0 0 0 0 271 53
100 0 0 0 0 242 521
120 0 - 0 - 446 -
140 3 - 0 - 349 -
200 1 0 1 287 871
300 33 - 0 - 918 -
400 8 1 0 497 64
580 6 - 1 - 435 -
700 7 - 1 - 610 -
770 10 3 407 623
900 4 - 0 - 738 -
1293 10 - 5 - 202 -
1816 10 1 5 1 248 23
2000 5 - 3 - 134 -
2282 1 - 1 - 51 -
2500 22 4 12 4 294 261
2758 22 2 11 6 373 82
2948 11 - 13 - 416 -
3048 7 - 9 - 193 -

3250 13 - 15 - 184 -




CHAPTER V

MANGANESE IN MARINE AND OCEANIC SEDIMENTS

The study of manganese in oceanic bottom sediments, with which manganese nodules
are genetically associated in one way or another, was started after the Challenger
(1872-1876) and Gauss (1901-1903) complex oceanological expeditions, when sediment-
ary material was first sampled. The first analyses showed that manganese concen-
tration in pelagic sediments varies from 0.03 to 3.11% (Gebbing, 1909; Murray and
Lee, 1909; Philippi, 1910).

For the following 50 years manganese in sea and oceanic sediments was analysed
as far as the general composition and origin of the latter was concerned (Clarke,
1924; Correns, 1937; Revelle, 1944; Pettersson, 1945; Strakhov, 1954). However,
several papers appeared with a special accent on this element (Klenova and Pakhomova,
1940; Pakhomova, 1948; Ostroumov, 1954, 1955).

Later, since the 1960's, these researches have acquired a systematic character
and the volume of information collected has increased sharply.

This chapter is devoted to the data on manganese concentration, distribution
and forms of occurrence in marine and oceanic sediments.

CONCENTRATION AND DISTRIBUTION OF MANGANESE IN THE UPPER
SEDIMENTARY LAYER

Manganese concentration in the upper sedimentary layer of the seas and oceans varies
from 0.003 to 9%.

A certain dependence can be observed in manganese content in marine sediments
upon the granulometric composition of the latter: coarse-grained sediments are mainly
poor in manganese, whereas fine-grained sediments are enriched by it (Table 37).
This dependence is most distinet when determining manganese content on a lithogenic
matter basis. It happens because biogenic calcium carbonate and opal serve as a
diluent of the bulk portion of the metal associated with the abiogenic sedimentary
fraction.

The average manganese content in the main sedimentary types of various seas
is 0.017 to 0.032% in shelly sediments, 0.02-0.04% in calcareous sands, 0.01-0.08% in
terrigenous sands, 0.03-0.07% in coarse silt, 0.04-0.17% in fine silt, 0.03-0.21% in
silt-pelitic muds, 0.05-0.38% in pelitic muds (Table 37). In sand-silt volcanic sedi-
ments the manganese content is noticeably higher in contrast to that in terrigenous
sediments and especially in biogenic calcareous sand. Thus, in the Santorin Inlet
(the Mediterranean Sea) the manganese content in sediments is 0.10 to 0.62% as de-
termined by various authors (Butuzova, 1969; Emelyanov et al., 1979).

Manganese distribution in the surface layer of marine sediments is considerably
irregular - this is especially true for the northern and Far East seas.

In the White Sea (Figure 8) a minimum of manganese (less than 0.01 to 0.025%)
was observed in the sands of the northern area and in the Onega Inlet. A belt of
higher manganese concentration (over 0.025%) can be traced along the Kola peninsula
coastline which results from the occurrence of coarse-grained polymictic sediments
accumulated there in the course of the weathering of basic rocks enriched with heavy
minerals. Zones under the influence of river discharge (for instance, of the Onega
and Northern Dvine Rivers) also have slightly higher concentrations of manganese.
In the White Sea basin, the manganese content in sediments increases in a concentric-
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zonal way from the shore to the centre. The zone of the highest manganese concen-
tration is bounded by a 100 m isobath; within the zone (towards the centre) the man-
ganese concentration is over 1% and in some samples even 7% (Nevessky et al., 1977).

In the Barents Sea, manganese concentration varies from 0.01 to 0.5% (Figure 9).
In the southern and northern parts of the Sea, sediments of an approximately similar
granulometric spectrum are distributed. However, sediments from the southern region
contain below 0.02% of manganese, whereas in the northern region, in the area of
oxidized brown clay, manganese concentration increases to 0.5% which probably re-
sults from its remobilization from the underlying sediments. In the oxidized brown
clay of the Kara Sea this contrast is even more distinct: manganese concentration
reaches 1.53% (Klenova and Pakhomova, 1940; Pakhomova, 1948; Klenova, 1948;
Kulikov, 1961; Gorshkova, 1966, 1967).

In the Arctic basin sediments, the maximum manganese content (0.5-1%) is con-
fined to the northern sea slope of the Asia continent and adjacent parts of the Nansen,
Makarov and Beaufort depressions (Figure 10). The belt of high manganese concen-
tration extends further along the western slope of the Lomonosov Ridge, reaching the
central part of the Makarov depression. Within the major part of the Beaufort basin
and in the regions adjacent to North America, sediments are relatively poor in man-
ganese which can probably be explained by peculiarities in the supply and distri-
bution of terrigenous material and its rate of accumulation (Belov and Lapina, 1961;
Belov et al., 1968; Strakhov et al., 1968).

In the Baltic Sea sediments, manganese is convined to deep sea deposits of depressions
(Figure 11). High concentrations of manganese (over 0.1%, and maximum 1.7%) were
recorded in highly reduced deep-sea sediments, on one hand, and, on the other,

in oxidized clay and silt mud of the Riga and Bothnia Gulfs. In reduced shallow

sediments, the manganese concentration is usually below 0.05% (Blazhchishin, 1976;
Blazhchishin et al., 1982).

Fig. 8. Mn distribution (%) in the White Sea sediments (Nevesskiy et al., 1977):
(1) less 0.01; (2) 0.01 to 0.025; (3) 0.025 to 0.05; (4) 0.05 to 0.1;
(5) 0.1 to 1.0; (6) over 1; (7) bench.
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Fig. 9. Mn distribution (%) in the Barentz Sea sediments (Pakhomova, 1948):
(1) less 0.02; (2) 0.02 to 0.03; (3) 0.03 to 0.05; (4) 0.05 to 0.1;
(5) 0.1 to 0.3; (6) over 0.3.

In the sediments over most of the Sea of Okhotsk, the manganese concentration
is less than 0.1% (Figure 12). The minimum content (0.005%) was recorded in sands
near Sakhalin. In sand-silt sediments near the Kuril Islands, the manganese content
reaches 0.1-0.5% and over the major area of the southern deep-sea basin it reaches
1-2%. The maximum manganese content (2.87-3.07%) was registered by Ostroumov in
the muds of the Deryugin basin (Ostroumov, 1954, 1955; Bezrukov, 1960; Petelin and
Ostroumov, 1961; Strakhov and Nesterova, 1968).

In the Bering Sea sediments, the manganese concentration varies from 0.02 to
2.02%. In the platform part of the sea, in the Bay of Anadyr, its concentration in-
creases off-shore to the centre, i.e. from sand-silt deposits towards silt-clay muds,
where it reaches 0.05% (Figure 13). In the southern geosynclinal part of the sea,
the manganese concentration in sands and silt is higher than that in the Bay of
Anadyr; as these sediments give way to finely dispersed ones, the manganese contgnt
first decreases slightly and then sharply rises up to 1.2% in oxidized deep-sea sedi-
ments. In the northern parts of the basin, where reduction processes prevail in the
upper sedimentary layer, the manganese concentration in clayey deposits does not
exceed 0.04-0.06%. As one approaches the Kuril Range, the manganese concentration
increases and reaches 0.1% and over in sand-silt sediments (Lisitsin, 1959, 1966;
Gershanovich, 1962).

Before we consider the southern seas, we should first note that manganese dis-
tribution in their sediments is considerably less irregular than in the northern and
Far East seas.

On the chart of manganese distribution in the Black Sea sediments (Figure 14a),
zones of minimum concentration (below 0.04%) are recognized in its north-western
section, and also near the Kerch Strait and in the western and eastern basins. The
belt of high manganese concentration (over 0.04%) is confined to the Asia Minor coast
and closely approaches the Caucasus coastline. Over the rest of the Black Sea area,
the manganese distribution in sediments is relatively regular. When determining man-
ganese concentration on a carbonate-free basis, the pattern of this distribution
changes fundamentally (Figure 14b). The minimum manganese concentration is localized
in the coastal areas, whereas its maximum is in the deep-sea parts. Small areas of
high manganese content (over 0.1%) are also found near the Caucasus shore and in
the estuarine areas of the rivers that drain manganese-rich deposits. The occurrence
of a belt of high manganese content in the north-western part of the sea can probab-
ly be explained by the presence of shells with a 90% CaCOj content. Since a part of
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the manganese is associated with carbonates, as was shown in Chapter II, a carbonate-
free basis gives an overestimated concentration in the lithogenic portion of the sediment
In the sediments of the Azov Sea, the minimum manganese concentration (below

0.025%) is confined to the coastal zones where sands and silt are spread (Figure 15).
The high concentration (over 0.1%) is confined to clay deposits of the deep-sea

part of the basin. The maximum manganese concentration on a carbonate-free basis
appears to be associated with the lithogenic portion of shelly sediments such as in

the Black Sea (Khrustalev and Scherbakov, 1974).

In the Mediterranean Sea sediments the manganese concentration varies from be-
low 0.01 to 0.46%. Over the major part of the sea sediments with manganese concen-
tration from 0.05 to 0.1% are distributed (Figure 16). Low manganese concentrations
(below 0.5%) are confined to peripheral and arid zones, high concentrations (over
0.05%) to the deepest parts of the Sea. High manganese concentrations in the deep
part of the Tyrrhenian Sea seem to result from the chemical weathering of volcanic
rocks, products of which are supplied from the land.

In the Santorin Inlet the concentration of manganese in volcanic-hydrothermal
sediments increases to 0.2-0.6% and, in one sample, it was even 9%; the latter, how-

1 Greenland 5 Northern Islands
2 Alaska 6 Franz-Joseph Land Islands
3 Vrangel Island 7 Novaya Zemlya Islands

4 Novosibirsk Islands

Fig. 10. Mn distribution (%) in the Arctic basin sediments (Belov and Lapina, 1961):
(1) less 0.2; (2) 0.2 to 0.5; (3) 0.5 to 1.0.
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Fig. 11. Mn distribution (%) in the Baltic Sea sediments (Blashchishin, 1976):
(1) less 0.05; (2) 0.05 to 0.10; (3) 0.1 to 0.2; (4) over 0.2.

Fig. 12. Mn distribution (%) in the Sea of Okhotsk sediments (Ostroumov, 1954):
(1) less 0.1; (2) 0.1 to 0.5; (3) 0.5 to 1.0; (4) 1.0 to 2.0; (5) over 2.0.
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Fig. 13. Mn distribution (%) in the Bering Sea sediments (Lisitsin, 1966): (1) 0.2 to
0.05; (2) 0.05 to 0.1; (3) 0.1 to 0.2; (4) 0.2 to 0.5; (5) 0.5 to 1.0;
(6) 1to 2.
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Fig. 14a. Mn distribution (%) in the Black Sea sediments (Glagoleva, 1961):
(1) less 0.04; (2) 0.04 to 0.08; (3) 0.06 to 0.10; (4) over 0.10.

Fig. 14b. Mn distribution (%) in carbonate-free matter of the black
Sea sediments (Glagoleva, 1961): (1) less 0.05; (2) 0.05 to
0.075; (3) 0.075 to 0.10; (4) about 0.1; (5) over 0.10.
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Fig. 15. Mn distribution (%) in the Azov Sea (Khrustalev and Sherbakov, 1974):
(a) in natural sediments; (b) in carbonate-free matter. (1) less 0.025;
(2) 0.025 to 0.035; (3) 0.035 to 0.050; (4) over 0.050.

Fig. 16. Mn distribution (%) in carbonate-free matter of the Mediterranean sediments
(Emelyanov et al., 1979): (1) less 0.05; (2) 0.05 to 1.0; (3) 0.1 to 0.2;
(4) over 0.2,
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Fig. 17. Mn distribution (%) in the Caspian Sea sediments (Pakhomova, 1948):
(1) less 0.03; (3) 0.03 to 0.05; (3) 0.05 to 0.10; (4) over 0.10.

ever, has a narrow, local significance (Emelyanov, 1975, 1982; Emelyanov et al.,
1979).

In the Caspian Sea, the manganese content varies from 0.017% in shelly sediments
to 0.15% in clayey and clayey calcareous deposits. The general picture of manganese
distribution over the entire sea bottom (Figure 17) shows that its concentration is
low in shallow coarse-grained sediments and higher in deep-sea clayey deposits
(Pakhomova, 1948; Bruevich and Vinogradova, 1949; Strakhov, 1954; Maev and
Lebedev, 1970; Lebedev et al., 1973; Glagoleva and Turovskyi, 1975; Kholodov and
Turovskyi, 1985).

In the Aral Sea, deposits depleted of manganese (less than 0.1% on a carbonate-
free basis) are localized in silty coastal sediments of the northern bays and in sands
of the eastern shallow areas (Figure 18). As they change to deeper clayey-calcareous
muds, the manganese concentration increases to 0.20-0.34%. An increase in manganese
concentration is observed in the estuarine zones of the Syr Darya and Amu Darya Rivers
(Khrustalev et al., 1977).

On the whole, as one can see from this brief review, conditions for manganese
differentiation and relative concentration in sediments are less favourable for recent
arid marine lithogenesis than for the humid one. In the northern and Far East seas
the average manganese concentration in sediments is 0.3 to 1%, and it is only
0.06-0.18% in the sediments of the Black Sea, Azov Sea, Mediterranean, Caspian and
Aral Seas, even on a carbonate-free basis.

The data on manganese concentration and distribution in bottom sediments of
various parts in the open ocean are given in: Correns, 1937; Revelle, 1944; Gold-
berg and Arrhenius, 1958; Wedepohl, 1960; El Wakeel and Riley, 1961; Lisitsin, 1961,
1978; Skornyakova, 1961, 1964, 1970; Landergren, 1964; Turekian and Imbrie, 1966;
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Fig. 18. Mn distribution (%) in carbonate-free matter of the Aral Sea sediments
(Khrustalev et al., 1977): (1) less 0.1; (2) 0.1 to 0.2; (3) over 0.2.

Swanson et al., 1967; Bender and Schulz, 1969; Bostrom and Pettersson, 1969;
Chester and Messiha-Hanna, 1970;Dvoretzkaya, 1971; Pushkina, 1971; Piper, 1971;
Emelyanov, 1975, 1982; Strakhov, 1976; Migdisov et al., 1979; Bischoff et al.,
1979; Sevastyanova, 1982; Svalnov, 1983; Rozanov and Sokolov, 1984; Lisitsin et
al., 1985; and others.

Some of these data on manganese contents in the main types of sediments in
the Pacific, Atlantic and Indian oceans are given in Tables 38-40.

When considering these data, it turned out that in some similar types of bottom
sediments in all oceans, the manganese concentration is almost the same, whereas
in other similar types it is different.

In the terrigenous coarse-grained sediments of the Atlantic, the average man-
ganese content is 0.03, in the Indian ocean it is 0,06, in the Pacific 0.08 to 1.0%;
in shallow silts it is 0.15, 0.08 and 0.19% respectively; in fine-grained sediments
0.2 to 0.4, 0.3 to 0.4, 0.3 to 0.5% respectively. Thus, the manganese content in fine
grained sediments in all three oceans is almost the same.

In the biogenic calcareous sediments of the Pacific the average manganese con-
tent increases from coarse- to fine-grained varieties as follows: 0.04-0.06-0.09-0.16-
0.31% In the biogenic calcareous sediments of the Indian ocean, in general, the man-
ganese concentration is lower: 0.06% in foraminiferal and 0.16% in coccolithic ooze.
The data on the Atlantic, calculated for carbonate-free matter, show the following
increases of manganese content from coarse- to fine-grained sediments: 0.11-0.23-
0.36%; for the Pacific, this sequence is 0.28-0.50-0.72%, i.e. twice as great, on
average.

In the biogenic siliceous sediments of the Pacific the average manganese content
is 0.19% in diatomaceous ooze and 0.49% in radiolarian ooze. In the radiolarian ooze
of the Indian ocean, the average manganese content is 0.57% which is close to that
of the Pacific. In the Atlantic, diatomaceous sediments proper are mainly spread over
Namibian shelf and manganese concentration in them is extremely low, 0.01%, on ave-
rage.

Red clay of the Pacific contains 0.76% of manganese, on average, that of the At-
lantic 0.71%, and that of the Indian Ocean 1.28%. The latter seems to be unexpected,
since in all other sedimentary types the maximum manganese concentration is ob-
served in the Pacific. In the miopelagic clays of the Indian ocean the average
manganese concentration is 0.64%; combining mio- and eupelagic clays in one group
gives a decrease to 0.96%, which does not seem to change the matter in principle.
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TABLE 40

Manganese concentration in the surficial sedimentary layer
in the eastern part of the Indian Ocean (Svalnov, 1983)

Types Mn concentration Number
of from - to average of
sediments g samples

Volcanic and clayey sediments

Coarse silt 0.06-0.07 0.065 2
Fine silt 0.07-0.10 0.08 3
Tuffite tephra 0.09-0.21 0.14 2
Silt-clayey 0.06-0.51 0.4 6
Hemipelagic < 0.01-2.23 0.31 38
Miopelagic 0.13-1.34 0.64 36
Eupelagic 0.66-2.57 1.28 34
Biogenic oozes
Foraminiferal < 0.01-0.29 0.06 15
Coccolithic < 0.01-0.60 0.16 21
Radiolarian 0.25-0.717 0.57 7
Ethmodiscoidal 0.06-0.15 0.10 6
Radiolarian-clayey 0.32-1.02 - 34
Ethmodiscoidal-clayey 0.14-0.40 0.25 6
Clayey-calcareous 0.09-0.91 0.34 9
Cale-clayey 0.06-1.51 - 6
Clayey-radiolarian 0.18-0.78 0.38 21
Clayey-ethmodiscoidal 0.16-0.34 0.20 4
Variegated detrital < 0.01-0.01 < 0.01 7

The previous estimates of manganese averages in the pelagic clays of the
Pacific varies within the range from 0.37 to 1.02% (Revelle, 1944; Goldberg and
Arrhenius, 1958; El Wakeel and Riley, 1961; Swanson et al., 1967; Cronan, 1969).
From these data, Cronan (1969) suggested that manganese averages of 0.478% should
be assumed as the general average.

The data presented show that this value seems to be underestimated by a fac-
tor of 1.5. It is interesting that the first estimate of the manganese average in
pelagic clays of the ocean - 0.76% - (Clarke, 1924) coincides with its recent estimate
in the pelagic clays of the Pacific.

Metalliferous sediments of the World Ocean are of special concern as they have
an extremely high manganese content (over 1%) and, as has recently been recognized,
are widespread. These sediments were described in many publications (Béstrom and
Peterson, 1966, 1969; Bostrom, 1973; Lisitsin et al., 1976; Heath and Dymond, 1977;
Lisitsin, 1978; Migdisov et al., 1979; Cronan, 1980; and many others).

The map of manganese contents in the surficial sediments of the World Ocean
compiled by Lisitsin (Figure 19) provides a good illustration on the role of these
sediments in oceanic sedimentation. As can be seen from the map, most of the
oceanic bottom, especially in the Pacific, is covered by sediments that contain over
0.5% of manganese (calculated on a mineralgenic basis). This probably can explain
the high average concentration of manganese in the eupelagic clays of the Indian
ocean (Table 40), since sediments with an admixture of hydrothermal material rich
in manganese could occur among the samples analysed.

The highest manganese concentrations in ocesnic sediments are confined to
active mid-oceanic ridges. It is a belief that the higher the rate of spreading in the
ridges, the more active is the supply of hydrothermal manganese which, in its turn,
results in the increase of manganese content in sediments and an expansion of the
area of their occurrence. Irregularity in the manganese distribution in oceanic sedi-
ments has not hindered the estimation of its average concentration in the surface
layer; the result of 1500 samples analysed is 0.30% (Lisitsin, 1978).
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MANGANESE CONTENT AND DISTRIBUTION IN SUBSURFACE SEDIMENTS

The study of manganese occurrence in subsurface marine and oceanic sediments is
more extensive but less systematic than of that in the surface layer. This results
from the abundance and great variety of material from ordinary and deep-sea
drilling cores.

Data on the vertical distribution of manganese in marine sediments are available
for the White Sea (Nevessky et al., 1977), the Baltic Sea (Hartmann, 1964;
Emelyanov, 1981; Blazhchishin et al., 1982); the Black Sea (Volkov, 1973;
Emelyanov et al., 1978, 1980, 1982; Mitropolsky et al., 1982); the Mediterranean
(Shimkus, 1981); the Caspian Sea (Lebedev and Maev, 1973; Glagoleva and Turovsky,
1975); the Red Sea (Miller et al., 1966; Baturin et al., 1969; Bischoff, 1969;
Butuzova and Lisitsina, 1983; Butuzova, 1984, 1985); the Sea of Japan (Kato et al.,
1983).

Manganese distribution in oceanic sedimentary cores is given in Landergren
(1964) ; Lynn and Bonatti (1965); Bonatti et al. (1971), Rozanov et al., (1972, 1976);
Glagoleva et al. (1975); Glagoleva (1979); Migdisov et al., (1979), Volkov (1980);
Isaeva (1982); Tsunogai and Kusakabe (1982) and in many other references. Data on
manganese content in deeper layers of oceanic sediments are given in the Initial
Reports of the Deep-sea Drilling Project, results of the "Glomar Challenger" cruises,
and in numerous publications. A review of them is given by Cronan (1980).

According to the lithological type of the sediments, the physical and chemical
conditions and the history of their accumulation, one can distinguish several patterns
of vertical manganese distribution; namely, a relatively monotonic one with low con-
centration of manganese in completely reduced terrigenous and biogenous sediments;
a relatively monotonic one with high concentration of manganese 1n completely
oxidized deep-sea sediments; a contrasting one with high concentration in the upper
oxidized layer and low concentration in the underlying layer; and an irregular one
with alternating oxidized and reduced sediments downward the section. A specific
pattern of sedimentation is associated with basal metalliferous deposits that repre-
sent ancient analogues of the recent metalliferous sediments in spreading zones
(Bostrom et al., 1972; Horowitz and Cronan, 1976; Meylan et al., 1981).

Manganese distribution in marine and oceanic sedimentary cores gives evidence
for the high diagenetic mobility which determines its dispersion or concentration in
accordance with definite physical and chemical conditions. Tables 41 and 42 give
examples of manganese differentiation in various types of oxidized and reduced
oceanic sediments.

The ability of manganese to concentrate in the upper oxidized layer, or film,
coating the reduced sediments is of particular relevance to manganese geochemistry
in seas and oceans. It allows the manganese mobilized out of a sedimentary sequence
to accumulate in the vicinity of the water/bottom interface which creates conditions
for marine and hemipelagic types of nodule formation. Figures 20 and 21 illustrate
manganese accumulation in sediments of the White Sea and the Pacific.

Under the conditions of the oceanic pelagic zone, the limit of diagenetic man-
ganese accumulation in other than nodule formations is 4-5% (Table 42) or even 11%
(Rozanov et al., 1972).

High manganese concentrations in oxidized sediments are often connected with
the presence of micronodules. The maximum concentration of dispersed manganese in
sediments of the Baltic Sea, where diagenetic redistribution is extremely active,
reaches 8-14% (Hartmann, 1964; Blazhchishin et al., 1982). The hydrothermal man-
ganese content can be considerably higher. In the manganite interlayers of ore
deposits in the Red Sea, it reaches 25-39% (Bischoff, 1969; Butuzova and Lisitsina,
1983).

The manganese average in the oceanic sediments from ordinary cores (1200
samples) calculated by Lisitsin (1978) is 1.09%, in the DSDP cores (669 samples) it
is 0.84%, which exceeds threefold the manganese average calculated for the sur-
ficial sediments (0.30%).
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Fig. 20. Mn distribution in vertical cross-section of the White Sea sediments
(Nevesskiy et al., 1977).

FORMS OF MANGANESE OCCURRENCE IN SEDIMENTS

The problem of the forms of manganese occurrence in deep-sea sediments was first
posed by Murray and Irvine (1895) who supposed that at the oceanic bottom man-
ganese is highly mobile.

At present many techniques, such as granulometric, mineralogical, chemical,
etc., are used to attack this problem; due to these techniques it is possible to de-
termine to a certain degree how manganese is associated with various components of
sediments.

Terrigenous coarse-grained components are usually poor in manganese. This is
true both for marine and oceanic basins (Tables 37-40). What role is played by a
fine-dispersed terrigenous matter in the general pattern of manganese transfer? This
question was debated for a long time (Turekian, 1965, 1967; Strakhov, 1960, 1976;
Lisitsin, 1977, 1978; Lisitsin et al., 1985) since Revelle had already detected, in 1944,
that a colloidal fraction of deep-sea sediments is rich in manganese. This was also
verified by recent data, though the colloidal sedimentary fraction in the central
Pacific has lower content of manganese with respect to that of a more coarse fraction
(Table 43). However, manganese accumulation in this material results from a specific
condition of oceanic lithogenesis and has nothing to do with terrigenous sources
(Lisitsin et al., 1985),

The volcanic sand-silt components are richer in manganese with respect to
terrigenic ones (Tables 37-39); however, the manganese concentration in them is
below 0.3 to 0.8% and spatial distribution over the bottom is local.

The main biogenic components of sediments are calcium carbonate, amorphous
silica and organic matter.
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TABLE 42

Mn distribution in sedimentary cores from the Pacific
(Tsunogai and Kusakabe, 1982)

Site Coordi- Depth, Type of Layer¥*, Mn concentration, %
nates m sediments cm .
total mobile
KH-74-4-1 35°23'N 6052 Red clay I 0-5 0.424 0.379
149°34'E II  30-35 4.150 4,120
III  150-960 0.093 0.032
KH-74-4-12 34°51'N 4397 Calcareous I+I1 0-5 0.752 0.72
175°03'E III  265~-417 0.039 0.026
KH-74-4-21  26°46'N 3850 Turbidite I 0-5 0.229 0.144
139°42'E I 44-49 0.654 0.585
III  74-195 0.151 0.038
KH-74-4-24 37°26"N 5050 Red clay I 0 0.396 0.353
137°00'E II 58-61 5.64 5.53
KH-75-4-5 52°00'N 5805 Siliceous I+II 0-5 0.267 0.225
161°58'E III  512-1007 0.0669 0.0254
KH-71-2-9 22°00'N 5700 Red clay I 0-2 0.276 0.247
125°00'E II  24-26 0.447 0.409
7010-11 31°22'S 4090 Calcareous I 0-2 0.1010 0.0836
156°58'E II  22-24 0.989 0.901
FB-7-1 42°24'N 102 Silt mud I 0-5 0.0401 0.0076
140°32'E II  40-45 0.0771 0.048
III  50-96 0.0347 0.0075

* (1) surficial layer, (II) layer of Mn maximum, (III) layer with even Mn distribution.

In general, living matter contains considerably less manganese than do sediments,
as was described in Chapter III; however, after marine organisms die and sink to
the bottom they, as biogenic components, are able to accumulate many of the metals,
including manganese.

The nature of the association of manganese with biogenic calcium carbonate
in sediments may be two-fold. On one hand, manganese may be sorbed on the surface
of carbonate particles, in a process similar to that which occurs in the water layer
(Martin and Knauer, 1983). On the other hand, calcareous limestone fragments may
serve as nuclei of manganese accretion, thus forming films or micronodules which may
be accompanied by a complete replacement of carbonate by manganese hydrooxides
(Margolis, 1973).

A supposition has been also expressed that bivalent manganese may replace
calcium in calcite during the process of diagenesis (Wangersky and Joensuu, 1964).

Biogenic opal seems to play a similar role; however, it differs from carbonate
by its greater geochemical stability in pelagic conditions. When analysing magnetic
and non-magnetic sub-fractions of a silt fraction in the sediments of the central
Pacific, it was observed that a non-magnetic sub-fraction, which is composed almost
entirely of radiolarians, contains 0.08% of manganese, on the average (Table 44),
whereas siliceous tests of phytoplankton from sea suspension contain only 0.0002-
0.0004% of manganese (Martin and Knauer, 1973). Initially, manganese was probably
sorbed on biogenic opal in sediments, it may then have formed an independent
mineral phase on the latter (Margolis, 1973), or a specific stable compound that
undergoes no further diagenetic redistribution (Marchig and Gundlach, 1977).
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Fig. 21. Mn concentration (%) in carbonate- and opaline silica-free matter of
Pacific sediments; vertical cross-section adjacent to the California Bay
(Rozanov et al., 1976): (1) less 0.1; (2) 0.1 to 0.3; (3) 0.3 to 0.5;
(4) 0.5 to 1.0; (5) 1.0 to 2.0; (6) over 2.0.

The probable association of manganese with organic sedimentary material was
supposed because some sedimentary layers are rich in both these components. In
particular, a higher concentration of manganese was discovered in the samples of
ancient black shales from deep-sea drilling cores in the North Atlantic (Murdmaa et
al., 1979).

Fractional analysis of sediments from the Tokyo Bay revealed that the peroxide
fraction which extracts organic matter and related elements contains 0.0068-0.369%
of manganese; the correlation coefficient between manganese and organic carbon in
this fraction is 0.81 (Yasushi et al., 1980).

However, the share of manganese associated with organic matter of shallow and
deep-sea sediments is not considerable. The manganese concentration in humic acids
extracted from sediments is 0.0008 to 0.01% (Nissenbaum and Swaine, 1976) and the
total share of manganese associated with humic and fulvic acids of coastal sediments
does not exceed 0.55% of its total amount in the samples analysed (Langsten, 1982).

From numerous studies it follows that manganese in sediments also forms inde-
pendent mineral phases represented by films, flakes, thin coatings and by micro-
concretions. Granulometric analysis of sediments sampled from the central Pacific re-
vealed that the maximum number of microconcretions is concentrated in fractions of
10 to 20 microns (Table 43). In microconcretions from a magnetic subfraction over
63 microns, the manganese content is 26.5% (Table 44). Among minerals of manga~
nese and iron that occur in sediments in dispersed form, vernadite, feroxyhyte,
lepidocrocite and ferrihydrite were identified (Chukhrov et al., 1981). In reduced
sediments, manganese carbonate was detected, in particular in the North Pacific
(Logvinenko et al., 1972) and in the Baltic Sea (Suess, 1979; Emelyanov et al.,
1982).

To determine the mobility of elements and to recognize forms of their occurrence
in marine and oceanic sediments several methods of selective leaching have been pro-
posed based on various combinations of reactive leaching solutions (Goldberg and
Arrhenius, 1958; Arrhenius, 1963; Chester and Hughes, 1967; Butuzova et al., 1967;
Gurvich and Shurygina, 1982). The last one (Gurvich and Shurygina, 1982) was
applied to samples from the central Pacific. It revealed that, when samples are pro-
cessed by acetic buffered solution which dissolves carbonate, the share of extracted
manganese is from 0.1% (zeolitic clays) to 5-7% (radiolarian ocoze and foraminiferal
sediments). Upon successive processing of samples by 0.5 M hydroxylamine, which
dissolves most of the hydrooxides, 78 to 83% of total manganese is transferred to the
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solution from all types of sediments. At the third stage, samples are processed by
a mixture of 5 M hydroxylamine and 3 M HCI to destroy oxides and hydrooxides of
iron; 6.2 to 12.5% of the total manganese is transferred to this fraction. The share
of manganese in the residual alumosilicate fraction is 1 to 11% (Table 45).

When analysing forms of metals in sediments less detailed fractioning is used in
most cases to extract a mobile (reactive) fraction out of sediments (Chester and
Hughes, 1967). This method reveals that the share of mobile manganese in sediments
increases in the ocean from 10-70 in shallow to 77-99% in pelagic regions
(Lisitsin et al., 1976, 1985; Migdisov et al., 1979; Volkov et al., 1980; Fdrstner and
Stoffers, 1981; Pfeiffer et al., 1982). The content of manganese in the reactive
fraction of pelagic sediments from the central Pacific is about 0.6%, and only 0.04-
0.05% in the residual fraction (Piper et al., 1979).

The degree of manganese oxidation (by 0:Mn ratio) in the upper sedimentary
layer of the Pacific is 1.80-1.95 (Glagoleva, 1972; Rozanov et al., 1972); in the near-
surface layers of sediments from the north-eastern tropical Pacific, where manganese
concentration in pore water increases, the degree of manganese oxidation in a solid
phase goes down to 1.35-1.60 (Kalhorn and Emerson, 1984).

So, arising from these and many other similar data, most researchers believe
that mobile manganese resources in oceanic sediments exceed by many times the
amount of manganese required to provide for the process of nodule ore formation.



CHAPTER VI

MANGANESE IN PORE WATER OF MARINE AND OCEANIC SEDIMENTS

The first information on the peculiar composition of pore water, obtained by filtering
through a dense canvas, was published by Murray and Irvine in 1893.

At present, the problem of manganese occurrence in pore water of marine and
oceanic sediments is very acute, since it concerns the problem of manganese nodule
genesis and the source of metals in them.

As was shown in the previous chapter, manganese behaviour in sea sediments
depends upon the type of the basin, the lithological composition of sediments, and
oxidation-reduction conditions; therefore we shall consider manganese behaviour in
marine and oceanic oxidized and reduced sediments, respectively.

INLAND BASINS

Manganese occurrence in pore water was studied in the Baltic and Black Seas, Gulf
of California, Saanich Inlet (Vancouver, Canada) and Loch Fyne (Scotland).

In the Baltic Sea depressions, where H,S toxification of lower water horizons
often happens, no oxidized film occurs at the surface of sediments. The manganese
content in the pore waters of these depressions varies from 820 to 31800 nug/l
(Table 46) according to various authors; whereas, in the surface sea water, it is
no more than several micrograms per litre.

The Gulf of California is another case where no oxidized film at the surface of
sediments was discovered during the period of sampling. In nine samples of the two
sediment cores analysed there, the manganese concentration was 310 to 3850 ug/l,
and in one sample from 5-20 cm horizon it was 33000 pg/l (Pushkina, 1980).

According to another series of determinations, manganese concentrations in the
cores of fine-grained sediments decrease from 33-106yu g/l in the upper layers to
12-17 u g/l in the 50 cm horizon (Brumsack and Gieskes, 1983).

In the pore water of Saanich Inlet the manganese concentration is considerably
lower - from 40 to 100 pg/l (Presley et al., 1972).

In the reduced Baltic Sea sediments coated by an oxidized layer or film, man-
ganese concentration in interstitial water varies from less than 40 to 80 ng/l in
sands and silts near Klipeda and from 50 to 30500 pg/l in the sediments of the Riga
Inlet. These variations are from 120 to 17000 ng/l in the pore water of the sedi-
ments taken from the main sea area.

The same range of manganese concentration is typical of the pore water in
Loch Fyne, where it is 260 to 15220 pg/l (Calvert and Price, 1972).

Within the oxygenated zone of the Black Sea, the manganese concentration in
pore water was determined both in the upper oxidized film and in the lower reduced
sediments. In the samples of the first type, manganese content was 20 to 90 micro-
grams per litre, and it was 240 to 1760 micrograms per litre in the second type of
samples, but for one: a concentration of 20 ug/l was determined in the 140-160 cm
horizon (Volkov and Sevastyanov, 1968).

Manganese occurrence in pore water was also determined in sediments of many
gulfs, bays and inlets (Chesapeake Bay, Long Island, U.S.A.; Funca Bay, Japan),
river mouths and other shallow oceanic localities. Similarly to the previous cases,
manganese concentrations in them vary from 30 to 2200 p g/l (Holdren et al., 1975;
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Sanders, 1978; El Ghobary, 1982; Lyons and Fitzgerald, 1983; Uematsu and
Tsunogai, 1983; Sundby and Silverberg, 1985).

PERIPHERAL ZONES OF THE OCEAN

Sediments of oceanic peripheral zones can be subdivided into three groups: namely,
reduced sediments in zones of coastal upwelling; reduced sediments with an oxidized
upper layer within shelves and continental slopes; and transitional sediments which
are intermediate between reduced and completely oxidized sediments according to
their physical and chemical parameters (Volkov et al., 1980; Rozanov et al., 1980).
In this case, sediments with variable but mainly positive values of the oxidation-
reduction potential were confined to the third type.

The reduced biogenous and biogenous-terrigenous sediments from coastal up-
welling zenes, which often have no oxidized film on them, are characterized by a
low manganese concentration in the pore water (less than 1 to 93 ug/l); this pattern
is generally regular and typical of all the three zones of large oceanic upwellings
considered, namely, California, Peru and Benguela (Table 47).

The reduced sediments covered by an oxidized coating are mainly represented
by terrigenous and terrigenous-calcareous varieties. The manganese concentration
in the pore water of these sediments varies over a wide range - from less than 50
to 15000 pg/l.

Sediments of a transitional type, moderately to intensively oxidized, are also
represented by mainly terrigenous and terrigenous-calcareous varieties. The manga-
nese distributions in the pore water of these sediments are as irregular as in the
reduced sediments, the range being almost similar - from less than 1 to 14500 ug/l.

Sediments from the northern seas such as the Barents Sea, Kara Sea, or
Norwegian Sea belong to this category as well. Manganese concentrations in pore
water of their sediments vary from 170-190 ug/l to 1-29 mg/1 (Pavlova, 1982).

PELAGIC ZONES OF THE OCEAN

Manganese behaviour in the pore water of pelagic sediments is of special theoretical
and practical concern since the area of their occurrence embraces the largest fields
of manganese nodules. Pelagic calcareous, siliceous and polygenic sediments (red
clay), though with a different set of rock-forming components, have some common
features: low rates of sedimentations, low concentration of organic matter, high de-
gree of oxidation.

The manganese concentration in pore water of pelagic calcareous clay varies
from 0.35 to 192 ug/l (Table 48), according to various authors. The lowest manga-
nese concentration (less than 1 ug/l) was determined in the pore water of the cal-
careous muds in the eastern equatorial Pacific (Callender and Bowser, 1980), the
highest one (over 100 ng/l) being in pore water of the lower horizons of the same
muds in the northern parts of the Atlantic and Indian oceans.

In pore water of the siliceous (mainly radiolarian and clayey radiolarian) sedi-
ments of the Pacific, the manganese concentration varies mainly within the range
0.4 to 6.2 pg/l and sometimes it reaches 150 pg/l in siliceous-clayey-calcareous mud
of the south-eastern zone (Pogrebnyak and Krendelev, 1976), sometimes it goes down
to 1-10 pg/l within the radiolarian belt (Schnier et al., 1978; Klinkhammer et al.,
1982).

In the radiolarian ooze of the northern Indian ocean, from data by Zvolskiy et
al., (1979), the manganese concentration in pore water turned out to be many times
higher - from 160 to 12000 pg/l - which probably results from an insufficient
accuracy of the technique applied.

Manganese concentration was also determined in pore waters of deep-sea red
clays in the Pacific; it varies from 0.7 to 140 pg/l. The minimum concentration
(0.7-3.3 ug/l) was recorded in the northeastern equatorial zone, its maximum
(20-140 pg/l) being in the central part of the northern oceanic zone (Table 48). A
higher manganese concentration in pore water of red clays (about 10 mg/l in the
lower horizon of one column) was reported by Japanese researchers (Tsunogai and
Kusakabe, 1982).
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MANGANESE IN PORE WATER OF MARINE AND OCEANIC SEDIMENTS K9

METALLIFEROUS SEDIMENTS

One can find numerous works devoted to metalliferous sediments; however, a few
papers can be found describing manganese behaviour in the pore water of these
sediments.

Manganese in the pore water of metalliferous sediments of the Pacific was in-
vestigated in the Bauer Depression and in the East Pacifi¢c Rise zone. In pore water
within the Bauer depression, manganese concentration is 100 to 11000 ug/l according
to one series of determinations (Bischoff and Sayles, 1972) and 25 to 84 ug/i from
the other (Pogrebnyak and Krendelev, 1976). The second series of determinations
was performed by a more precise method than the first.

In the pore water of metalliferous layers and inter-layers that occur in the
cores of biogenic sediments, manganese concentration varies from 30-200 to 50-3200
ug/l according to various authors (Table 49, Figure 22). A higher manganese concen-
tration was also recognized in the pore water of hydrothermal sediments in the Gala-
pagos zone (Bender, 1983).

Fig. 22. Mn distribution in pore water of metalliferous sediments from the south-
eastern Pacific along the 100°W profile (Shishkina et al., 1979). Mn con-
centration, ug/l: (1) less 50; (2) 50 to 100; (3) over 100.

In the pore water of ore sediments in the Red Sea, the manganese concentration
turned to be a maximum when compared to all other types of marine and oceanic
sediments; it is 50-191 mg/l in the Atlantis II Deep and 22-264 mg/l in the Discovery
Deep.

GENERAL REVIEW OF THE DATA PRESENTED

At least three difficult points appear when summarizing the data collected over a
30-year period (Tables 46-49); they concern nomenclature of sediments, grading of
their physical and chemical parameters and determination of manganese content in
pore water.

Some works that contain data on pore water avoid mentioning the composition
of the sediments analysed. In such cases, sediments were identified by the schemes
of oceanic sedimentation given by Lisitsin (1974, 1978).

Physical and chemical parameters of sediments, primarily their oxidation-reduc-
tion potential (Eh), were used as the main criterion for the classification of trans-
itional sedimentary types. However, in some works devoted to pore water, these
data are absent, so the sediments were classified by general schemes of sediment
distribution in the ocean, and by the available data on their Corg content or bio-
genous component occurrence in pore waters.

The Eh of oceanic sediments measured by platinum electrodes does not seem to
give the real oxidation-reduction conditions of the medium (Vershinin et al., 1981)



CHAPTER VI

90

*I86T €18 30 Bupjysnd (G) ‘6961 ‘I8 10 syooag (y)
$LET ‘TR 10 BUTHUSTUS (g) 96T ‘Asiepuaay pue yeduqeadod (z) ‘zre] ‘seorles pue jjoyossig (1) :rwoxg
4 2 ¢0IXP92-c0T XL ‘6% 08G+-0L + ¢°L-0"9 0T01-0 6022 u u
deaq
i 9¢ ¢0TXL6-¢01%5T 0LG+-082+ 99°9-80°9 00%-0 081¢ u Kasaoosig
g T2 g0TXE ‘LET-¢0TX08 06%+-08 + 6°6-9°6G G660 TL02-0G02 i q u
@9
4 28 gOTXI6T~¢0TX08 T8p+-06%+ ¢€°L-06"G 8G8-CT 0607 SluswWIpas ad(Q II SIIUEBTIV
®9g paYy 9yl
SjusuWIpes
e 4 00%~0€ 069+-0GG+ L°L-T°L 00Z2-0 0067 -0€82 SNLOJJFITBISIN n
2z00 OTUaS3
~01q Ul Sdohe]
Axejuswipas
4 A 0682-009  ELYy+-81 + L7L-L"9 02¢1-0§ 0£05-0L0¢ snodajiffeidiy ddd 3o mMON
1a8
uaayjaou
‘os1y
4 9 002€-0S 086+ S'L-0"4 004-0 0677 -002% sAe[o UOI] dYIoBJ ISBY
4 L€ $8-62 0T9+~90€+ 0°8-L"9 0201-0 06L7-060¢€ 1 n
Spn SNodded uorssaad
1 01T 00011-00T  00%+-00T+ 8% "L 006-0 - -1e0 pue Lehe[y -~o( Jeneg
o1j1oBd UL
sordues 0}-WoJJ 0]1-WoIy 0}-woay 0}-Wo.aJ 01-WoaJ S1uBWIpPaS
goduadayey Jo JaqunN JU9U0D U] g ud (wd) Johery (w) yydaqg J0 sadA, uor8oy

SjUSWIPas ©I0 PUB SnoJdJifelowl jo xajem atod ur (1/8 1 jusjuod up

6% 41dV.L



MANGANESE IN PORE WATER OF MARINE AND OCEANIC SEDIMENTS 91

and does not always give consistent results. So, in the column for Site 670, near
the coast of Mexico, the interval of Eh-variations is from -100 to +250 following
Pushkina (1980) and from -350 to +100 according to Rozanov et al., (1980). In this
case, the second result was used, since the sediments were coated by an oxidized
film.

Clayey muds in the Puerto Rico trench with positive Eh do not seem to be red
clays (Addy et al., 1976) but sediments of the transitional type.

The reliability of the analytical methods used to determine manganese content
in pore water cannot always be considered with confidence; however, in general,
they improve their sensitivity and precision. The sensitivity of the first determina-
tions of manganese in pore waters was usually 300-500 nug/l (Gorshkova, 1970;
Bischoff and Ku, 1971). In the other works it was 100 (Bischoff and Sayles, 1972;
Zvolskiy et al., 1979); 20-40 (Pogrebnyak and Krendelev, 1976; Shishkina et al.,
1979; Pushkina, 1980); 1-5 (Presley et al., 1967; Li et al., 1969; Emelyanov et al.,
1973; Baturin et al., 1985); 0.4-1 (Callender and Bowser, 1930; Klinkhamer, 1980;
Hartmann and Miller, 1982); and 0.02 pg/l (Klinkhammer et al., 1982).

Such factors as temperature, duration of compression and gas regime during
the process of compression of sediments greatly affect the result of manganese con-
centration in pore water samples. It may increase by factors of ten at a temperature
increase from 4 to 22°C, or when samples are kept for a long time before processing
(Gorshkova, 1970; Raab, 1972); this makes it necessary to squeeze samples as soon
as they are lifted to the surface and to process them in an inert-gas atmosphere
using a cooling apparatus.

Despite the ambiguity caused by disadvantages of the method applied, the data
given in the Tables show that the manganese content in pore water of various marine
and oceanic sediments can fluctuate from 0.04 g/l to 264 mg/l; that is, over seven
orders of magnitude, and, in general, exceeds considerably the manganese content
in sea and oceanic water (see Chapter II).

Considerable variations of manganese content in pore water are typical of each
of the basins in question, of various parts of one and the same basin, and of
various horizons in an individual sediment core, which present several distributional
patterns for dissolved manganese: maximum in a surface layer, maximum in a sub-
surface layer or in one of the deeper layers, irregular peak-like, and relatively
monotonic distribution.

Pore waters of deep oceanic sedimentary horizons recovered by deep-sea drilling
have been analysed less thoroughly, though a wide range of dissolved manganese
concentrations was also recognized there (Manheim, 1976; Gieskes and Reese, 1980).

To interpret these data one should consider a complex set of interrelated fac-
tors, including lithological composition of sediments, concentration of manganese and
forms of its occurrence in the solid phase, content and composition of organic matter,
oxidation-reduction regime, diffusion and processes of mineral formation.

The lithological type of sediments affects manganese concentration in pore water
only indirectly, since the range within which it varies is considerably wide in each
type. Nevertheless, according to manganese behaviour in pore water, sediments can
be subdivided into three groups, namely: sediments of inner basins and marginal
oceanic zones; pelagic sediments of the ocean; and metalliferous sediments.

Pore waters of sediments of the first group have a wide range of manganese
concentration, with numerous high values; pore waters of sediments of the second
group have a relatively narrow range with predominantly low concentrations; and
that of the third group have a wide range of concentration with extremely high
values, this obviously being the result of the activity of hydrothermal springs
located in the vicinity.

Manganese concentration in the solid phase of marine and oceanic sediments
varies generally within the same wide range as in the liquid phase, from some
thousandths of one percent to tens percent (see the previous Chapter). In other
cases, these fluctuations in the solid and liquid phases follow the same pattern:
on Namibia shelf, a low manganese content in diatomaceous ooze (0.01-0.02%) corres-
ponds to its low content in pore waters; in some samples of metalliferous sediments,
high manganese content in an ore phase corresponds to its high concentration in a
solution. However, a dissonance between high concentration of manganese in sedi-
ments and its low concentration in pore water is distinctive in pelagic red clays. In
some samples of metalliferous sediments, manganese concentration in pore water can
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also be lower than in terrigenous and biogenous deposits poor in manganese (Tables
47, 49)

In the cores of marine and oceanic hemipelagic sediments with contrasting
physical and chemical parameters, an inverse relation between manganese content in
the solid and liquid phases can be often observed: a manganese minimum in pore
waters is confined to the oxidized interlayers rich in manganese, whereas its
maximum is limited to the reduced interlayers of the solid phase with low manganese
content.

An inverse correlation can alsobe recognized between manganese concentration
in pore water and the relative content of reactive manganese in the host sediments,
the latter increases in the ocean from the peripheral towards pelagic zones (along
with a general increase of total manganese content), whereas the former decreases
(as organic matter decreases and oxidation degree of sediments goes up). Thus, the
higher the content of labile manganese in pelagic sediments (in a chemical aspect),
the less mobile it is in fact and the more fixed it is in the solid phase, mainly in a
tetravalent form. Therefore, the content of reactive manganese in sediments is to a
great degree the indicator of its hydrogenic origin, rather than evidence of its
actual mobility in highly oxidizing conditions of a pelagial.

The physical and chemical environment of a diagenesis system, controlled by
the organic matter content in sediments, and by conditions of its transformation,
seems to be the determining factor for manganese behaviour in pore water of marine
and oceanic sediments.

The increase of manganese concentration in pore waters of sediments of inland
basins and peripheral oceanic zones is controlled by the reaction

2+

2 MnO2 + Corg‘ + 2H2O =2 Mn" + CO2 + 40H .

If an oxidized film is missing over reduced sediments, manganese can diffuse freely
into bottom water which becomes rich in this element. Pore waters of completely
reduced sediments from coastal upwelling zones have thus extremely low concentra-
tions of manganese when compared with other sediments from peripheral oceanic
regions.

d Migration of dissolved manganese from sediments was observed, in particular,
in the Baltic Se., in the bottom waters of which manganese concentration increases
sharply to several hundredths of micrograms per litre as stagnation occurs and the
water is poisoned by hydrogen sulphide (Hartmann, 1964; Shishkina et al., 1981).
Meanwhile, the manganese concentration in pore water of sediments from the Baltic
Sea depressions remains high in contrast to that in sediments from the upwelling
zones; this can be explained by the sporadic character of a short-period intoxication
by hydrogen sulphide, high rate of sedimentation with respect to diffusion rate, low
gradient of changes in physical and chemical parameters (pH and Eh) in near-
bottom and pore waters, and high concentration of dissolved manganese in the
bottommost stagnant water, which lowers or hinders manganese diffusion out of
sediments.

If the reduced sediments are coated by an oxidized layer, the highest concen-
tration of dissolved manganese is detected below the upper boundary of the reduced
sediments and, thus, the neighbouring oxidized layer is enriched by manganese due
to its falling out of solution (Hartmann, 1964; Manheim, 1976; Volkov et al., 1980;
Shishkina et al., 1981).

A set of similar oxidation-reduction reactions occurs in sediments of a transitio-
nal type which contain considerable amounts of reactive organic matter.

In oceanic pelagic zones, the flux of organic matter from the water to the
bottom is considerable (Suess, 1980). However, due to low sedimentation rates,
oxidation-reduction reactions occur mainly within a surface film which affects con-
siderably the degree of manganese oxidation (Kalhorn and Emerson, 1984; Murray et
al., 1984).

Another factor that stimulates solubility of manganese in oceanic pelagic sedi-
ments is the lower pH (Savenko and Baturin, 1981), this is mainly related to
abyssal red clays.

A mathematical model of manganese behaviour in diagenesis was simulated from
the data on manganese concentration in solid and liquid phases of sediments from
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the eastern equatorial Atlantic (Burdige and Gieshes, 1983) - this model can
probably be extrapolated to the other regions of the ocean.

The forms of occurrence of manganese in pore waters of marine and oceanic
sediments have scarcely been analysed. However, in two cases, a correlation was
observed between the content of dissolved manganese and organic carbon in pore
water of oxidized oceanic sediments that provoked a supposition on the occurrence
of manganese-organic complexes (Hartmann and Miller, 1974; Pogrebnyak and
Krendelev, 1976).

Special investigations of manganese-rich and organic-rich pore water were
carried out with reduced sediments of fjords and water reservoirs by ultra-filtration
and high precision techniques; the bulk of manganese in solution is in an ionic
form, whereas only 1-7% of the total manganese is associated with organic matter
(Krom and Sholkovitz, 1978; Krasintseva et al., 1982). In oxidized oceanic sediments,
this ratio has not been determined specifically.

The behaviour of manganese in pore water of the sediments that underlay and
incorporate manganese nodules is of particular concern.

In the reduced sediments containing buried nodules, the content of dissolved
manganese increases towards the location of nodules (Calvert and Price, 1972) which
probably depends on their dissolution. In the oxidized oceanic pelagic sediments,
manganese concentration is noticeably lower in places where nodules occur
(Pogrebnyak and Krendelev, 1976; Gunglach et al., 1977; Schnier et al., 1978;
Pushkina, 1980; Hartmann and Miiller, 1982) which probably gives evidence of man-
ganese scavenging by nodules. However, some cases were reported where manganese
concentration was higher near nodules (Michard et al., 1974) which is difficult to
interpret since no information on the physical and chemical parameters of the sedi-
ments was reported.

A diffusive flux of elements out of sediments is defined by diffusion coefficients
and concentration gradients according to the formula:

A
A

where Q is the flux of elements, D is the diffusion coefficient, Ac is the concen-
tration gradient in pore and bottom water, Ax is the thickness of sediments con-
sidered, t is time, and S is the area (Manheim, 1976).

According to estimates by various authors, a diagenetic flux of manganese out
of sediments to bottom water in a pelagial varies from 0.8 to 180 ug/cm?/1000 yr
(Table 50).

In oceanic peripheral zones, a flux of manganese out of sediments may be at
least two orders higher which, in total, exceeds by many times the amount of dis-
solved manganese in river discharge. )

From the data given in Table 50, a diagenetic flux of manganese out of pelagic
sediments can be assessed as an average of 50-70 ug/cm?/1000 yr. For oceanic peri-
pheral zones this flow can be 5-10 and over, up to 100-1000 mg/cm?/1000 yr
(Trefrey and Presley, 1982; Sawlan and Murray, 1983; Shulkin and Bogdanova,
1984; Sandby and Silverberg, 1985).

If we assume that the pelagic zone of the ocean is 272.6 million km?, and the
peripheral zone is 87.6 million km? (Lisitsin, 1974), the yearly maximum potential
fluxes of manganese out of these zones are 0.13 and 4.35 million tonnes, respectively.
However, in fact, a diagenetic flux of manganese seems to be many times lower; in
particular because the reduced coastal and hemipelagic sediments are often separated
from bottom water by a surface oxidized film or layer that blocks manganese dif-
fusion. However, the notably lower concentration of manganese that is often obser-
ved in the reduced sedimentary layer shows that terrigenous material can in fact
lose up to 30% of its initial content of manganese in the process of diagenesis. This
seems to be of especial interest, since the bulk of manganese that diffuses to
bottom water out of shallow sediments can be supplied to the open ocean (Sundby
et al., 1981).

Q=D

C_ ats,
X
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PART II

GEOCHEMISTRY OF MANGANESE NODULES

The geochemistry of manganese nodules is associated directly with the geochemistry
of underlying and parent sediments, pore water, oceanic water, i.e. with the geo-
chemistry of the ocean as a whole. Part 1 was devoted to the behaviour of a "key"
constituent of nodules - manganese - in oceanic sedimentation. Part 2 describes the
geochemistry of a nodule itself, which is the result of oceanic sedimentation and
lithogenesis. The material considered in this part is given in the following order:
(1) general information on distribution, morphology, structure and mineral compo-
sition of manganese nodules; (2) description of the main chemical composition of
nodules - major rock-forming and ore elements; (3) problems of content, distribution
and behaviour of rare and trace elements, subdivided according to the groups of
Mendeleev's periodic system; (4) problems of dating, accretion rate and origin of
manganese nodules.



CHAPTER VII

MANGANESE NODULES: DISTRIBUTION AND STRUCTURE

DISTRIBUTION OF NODULES

Manganese nodules are spread over all oceanic basins and in some sea basins, the
greater part of them being in the Pacific, then i_rizthe Indian and Atlantic oceans,
with total reserves in the Pacific of about 1.7x10"“ tonnes (Mero, 1965).

Accumulation of nodules is most frequent in the northern near-equatorial zones
and within three latitudinal belts in the southern hemisphere, namely, 15-20°, 30-40°
and 50-60° (Table 51).

TABLE 51

Latitudinal distribution of manganese nodule abundances
in the ocean (Andreev et al., 1984)

Ocean Northern hemisphere Southern hemisphere
Pacific 4-30° 20-46°
55-63°
Atlantic 18-35° 30-40°
50-60°
Indian 0-11° 15-20°
32-40°

To describe locations of nodules Andreev et al. (1984) proposed recognition of in-
dividual regions, fields, belts and megabelts of nodule occurrence, together with
spatial density (percent of bottom area covered by nodules), and weight density
(weight of nodules per square unit, kg/m?).

Nodules of the first and smallest subdivision, i.e. of the region, have an indi-
vidual pattern of geochemical composition. Fields of nodules are delineated by their
relation to large morphostructures of the oceanic floor, the tectonic setting of the
area, and by the geochemistry they share in common, together with the density of
occurrence of nodules and their composition.

Fields, regions and individual areas of occurrence of nodules can be combined
in the belts within one ocean, whereas belts of similar type in two or three oceans
can form a megabelt, such as the Northern global megabelt in the latitudinal range
of 4-30°N.

A general pattern of distribution of manganese nodules over the floor of the
World Ocean is given in Figure 23. There are some other versions of maps and
schemes for nodule distribution over the World Ocean or over its separate zones;
they are becoming more specific as research, reconnaissance and survay improve
(Mero, 1965; McKelvey and Wang, 1969; Skornyakova and Andruschenko, 1970;
Fraser and Fisk, 1977; Rowson and Ryan, 1978; McKelvey et al., 1983; Manganese
nodules..., 1984).

In the Pacific eight fields of manganese nodule occurrence can be delineated,
five of which are parts of the Northern megabelt (Andreev et al., 1984),



CHAPTER VII

98

‘neajeld oelrd (¢1) {seymBy-aded (1) ‘evuednp-eomewy yYiaoN (£1) ‘Irewos (gT)

feIredisny 3sem (I1) ‘uwedo uelpul [BIIULD (QT) ‘eunuewerg (g) fess enoog-osB8essed oyei(g (8) ‘pasusi (1)

‘erudoymed (9) ‘memeq (g) foIjloed [emua) (p) ‘Jo3ooN-o¥eM (g) OIoed Yinog (g) ‘uojasddyp-uoliefd (1)
f(P8BT ‘1B 10 Asadpuy Aq) SPISY S[MPON ‘(0861 ‘UBUOI)) UESD(Q PIIOM SU} JBA0 sajnpou osouedusw Jo uonnqgrisiq ‘gz *Sig



MANGANESE NODULES: DISTRIBUTION AND STRUCTURE 99

-2

kguﬂJ tkm

&
204 f’m 1/

16
12

e

'__l_._l.—.—l—.l———l

I I B XY

Fig. 24. Variations of nodule coverage, kg/m? (o) and total metal resources, t/km?2
(q) with respect to the bottom topography (Andreev et al., 1984).
(I) abyssal plain; (II) deep between hills; (III) rise of abyssal hills;
(IV) slopes of abyssal hills; (V) near summit part of abyssal hills.

(1) The sublatitudinal Clarion-Clipperton field extends for some 3500 km from
116°W in the east to the Line Ridge in the west and is bounded by the Clarion and
Clipperton fracture zones. The field is located in the centre of the Northeast Pacific
Basin at a depth of 5000-5200 m; the floor of the basin is an abyssal plain, compli-
cated by near-fault depressions and also by ranges of sea mountains and abyssal
hills. From data by various researchers, manganese nodules within the Clarion-
Clipperton field are distributed extremely irregularly (Horn et al., 1972; Frazer and
Fisk, 1977; Skornyakova et al., 1981).

In some zones of the western, central and eastern parts of the field, 145-157°,
130-144°, 120-127°W, respectively, nodules cover over 50% of the sea floor surface.

The weight density of nodules varies as a function of the sea-floor topography
within the range of 0.4 to 22.2 kg/m? (Figure 24). The density minimum is recorded
within the abyssal plain, at the foot of abyssal hills and sea mountains. The maximum

.13%
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Fig. 25. Frequency of nodule occurrence { v) in the Indian ocean as a function of
geographical latitude ( ¢) (Andreev et al., 1984).

density of nodules is confined to depressions between hills, to slopes and near-sum-
mit parts of hills. As a rule, increasing weight density of nodules causes a decrease
of the content of manganese, nickel and copper in them. Nodule distribution over
this field is thoroughly described in papers by Skornyakova (1984-1986) and
Skornyakova et al. (1984, 1985).

(2) The Central Pacific field is bounded by sea ridges Marcus-Necker in the
north, Line in the east, and Phoenix-Tokelau in the southwest. The ocean in the
eastern part of the field is as deep as 4800-5200 m, and 5600 m in its western part.
Hills and mountains are typical of most of the sea-floor topography within the field
area. The weight density and morphology of nodules within the field are extremely
variable; the former can be from 1 to 30 kg/m? (Mizuno and Chujo, 1975; Mizuno
and Moritani, 1977; Mizuno, 1981).
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(3) The Wake-Necker field lies within the sub sea volcanic Marcus-Nec}{er Ridge
characterized by rugged sea-floor topography. No nodules occur at flat plains
coated by turbidite sediments. In the regions of hilly topography, nodules are
spread over the near-summit part of the hills, on their slopes and in between the
hills. The distribution of nodules over the bottom is irregular: from 1-2 to 26 kg/m?2.
The greatest perspective is the zone of southern ranges of the Marcus-Necker Ridge
which has a slightly hilly topography. Manganese crusts also occur there.

(4) The Hawaiian field coincides spatially with the Hawalian volcanic sea ridge
which has a rugged topography of volcanic and tectonic origin. Bottom sediments in
the Hawaii Archipelago surroundings are not thick and are composed of voleanic,
calcareous and clay materials, manganese nodules and crusts that reach several
centimeters in thickness. The weight density of nodules is 5-8 kg/m?.

(5) The Californian field is bounded by the Clarion fracture in the north and
northwest, and by the eastern flank of the East Pacific Rise. The depth is 3700~
4800 m, the topography is rugged. In the western part of the field, abyssal red
clays with zeolith and admixture of voleanic clastic material predominate; in the
eastern abyssal part, the dominant species are hemipelagic slightly calcareous and
slightly siliceous sediments; in the eastern coastal region, voleanic-terrigenous and
biogenous-terrigenous sediments are widespread (Lisitsina and Butuzova, 1979). The
weight density of nodules often exceeds 10 kg/m? (Rowson and Ryan, 1978).

(8) The South Pacific field is the greatest nodule field in the southern part of
the ocean; the Tuamotu, Society, Line and Cook ridges, crowned by the islands,
mark the centre of the field. Within the field the sea-floor topography is variable
though bottom sediments are homogenous in general and are represented mainly by
abyssal red clays. Nodules of 3-4 em in diameter predominate in the central part
of the field; in the marginal regions of the field they are larger - up to 6-8 cm.
The maximum weight density of nodules reaches 40-70 kg/m?. No definite correlation
has been recognized yet between bottom topography and weight density of nodules
within the field of interest.

In the northern part of the field, a depression with abundant nodules was out-
lined - Penrhyn Basin, located between the Manihiki and Line Rises. Nodules from
Penrhyn, Line-Tuamotu and Rarotonga regions have certain differences in their
composition (Landmesser et al., 1976; Pautot and Melguen, 1979; Glasby, 1981).

(7) Within the south-eastern part of the South Pacific Basin, the Menard
nodule ore field extends northwestward for over 2000 km. In its northern part,
nodules are rich in iron; in the southern part they are rich in manganese. The
spatial density of nodules reaches 60% in some places (Glasby and Lawrence, 1974;
Rawson and Ryan, 1978). East of that field, in the Chile Basin, an individual nodule
area can be delineated.

(8) The field of the Drake Passage-Scotia Sea is confined to the Pacific-
Atlantic boundary. Its northern border approximately coincides with the boundary
of the area of iceberg occurrence.

Nodules are spread in abyssal regions in the Scotia Sea, on sea hills in the
Drake Passage and over a continental slope. However, no correlation has been in-
ferred yet between nodule distribution within the field and its bottom morphology,
depths and composition of bottom sediments. Pebble and other coarse-grained
material of glacial sedimentation form the core of the nodules.

The Bellinsgausen depression is one more area of nodule occurrence in the sub-
Antarctic Pacific belt. There, nodules are mainly spread along its northern flank
covering the belt of about 350 km along 60°S. Pebble of glacial origin and partly
edaphogenic material form the core of the nodules (Watkins and Kennett, 1976).

Manganese nodules are also known in the Peru basin.

The Indian ocean. Manganese nodules are mainly spread over its southern part
(15-50°) where a W-E sequence of fields is distinguished: Agulhas, Mozambique,
Madagascar, Crozet, Masquaren, Central Indian, Western Australian, Cocos,
Diamantina, Southwestern Australian, South Australian. Besides, the Australian-
Antarctic area is recognized in the southern part of the ocean, and Arabian and
Somali regions are distinguished in its northern part.

The general pattern of nodule distribution in the Indian ocean is controlled by
the latitudinal and vertical zoning; it is illustrated by the graphs of nodule frequency
occurrence as a function of latitude and depth to the bottom (Figure 25, 26), the latte:
varies from less than 2000 to 6780 m (Andreev et al., 1984).
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Fig. 26. Frequency of nodule occurrence (v) in the Indian ocean as a function of
depth (h) (Andreev et al., 1984).

In the Ihdian ocean four major nodule fields are delineated.

(1) The Somali nodule field is located in the central and eastern parts of the
Somali basin. In the eastern part of the basin near the Masquaren Ridge the topo-
graphy is regular; near the Arabian-Indian Ridge it is rugged. The relative altitude
of individual sea mountains in the region reaches 3000-4000 m.

Within the field, a set of manganese formation types was determined. Nodules
of a variety of shape, size and composition occur in the zones of calcareous fora-
miniferal ooze, pelagic red clays and siliceous radiolarian coze. Manganese crusts
and botryoidal aggregates of micronodules with a high content of cobalt are spread
over the slopes of sea mountains and the Seychelles Ridge (Frazer and Wilson,

1980; Kachanov, 1980; Shnukov and Orlovskiy, 1980; Cronen and Moorby, 1981).

(2) The Central Indian field is located within the southern part of the Central
Basin, south of 5°S. The bottom topography is considerably rugged in the greater
part of the area. In the northern part of the field (15-18°S) nodules rest on sili-
ceous radiolarian coze, in the southern part they rest on over pelagic red clays,
and in some places on calecareous coccolith and foraminiferal ooze. The weight
density of nodules varies within a wide range, from 0.1 to 14 kg/m?. In the north-
ern part of the field where depths are 5100-5500 m, nodule composition is mainly
manganese with a high concentration of base metals. Nodules from the zones of red
clay and calcareous ooze are poor in these metals and have a monotonic composition
(Frazer and Wilson, 1980; Levitan and Gordeev, 1981; Andreev et al., 1984).

(3) The West Australian-Cocos field bounds the submarine margin of Australia
in the east, the submarine West Australian Ridge in the south, and the Ninetyeast
Ridge in the west. In the north, it embraces a part of the Cocos Rise and Cocos
Basin. Submeridional ridges of 99° and 100° are the major features of the field topo-
graphy; west of these ridges a hilled plane is located, its topography being compli-
cated by gradual swells and ranges of hills with relative altitude of 400-500 m; east
of it an abyssal plain is situated. The zone between ridges has a complex rugged
topography.

Within the field, biogenous siliceous sediments (in the northern part), pelagic
red clays (in the southern part) and biogenous calcareous sediments (at depth less
than 5000 m) are defined.

The spatial density of nodules is 20-70%; the weight density varies from 0.2 to
over 50 kg/m?. The maximum depth from which nodules were dredged is 6780 m.
Manganese ore crusts up to 16 cm thick cover basic rock outcrops and blocks of
basalt breccia on sea mountains (Skornyakova et al., 1979; Frazer and Wilson, 1979;
Levitan and Gordeev, 1981).

(4) The Diamantina field is outlined in the eastern part of the Amsterdam Ba-
sin, southwest of Australia. From the north, it is framed by the Diamantina fault.
Within the greater part of the area, bottom topography is relatively flat, the depth
is mainly 3800-5000 m. Three zones are recognized within the field confined to its
western, central and north-eastern regions. In the western zone nodules occur in
the depressions at a depth of 3780-4240 m and their weight density varies from
0 tc? 24 lfg/mz; in the central zone nodules are confined to depth of 4100-4300 m and
thelr.' weight density varies from 0.8 to 5 kg/m?; the northeastern zone has a gradu-
al. hilly _topography at a depth of 4020 to 5000 m. Nodules form a continuous coating
with weight density of 5.2 to 54.5 kg/m? (Kennett and Watkins, 1975; Frakes, 1982;
Andreev et al., 1984).
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In the Atlantic three major nodule fields are recognized: the Blake Plateau, North
American-Guyana, Cape-Agulhas.

(1) The Blake Plateau is located at a relatively gradual part of a continental
slope northeast of Florida peninsula at a depth of 400-800 m. The area is some
5000 km?. Loose sediments are almost absent over the plateau which results from a
strong longshore current with velocity of to 30 cm/s. In the northern and north-
western parts of the field, phosphorite nodules are spread; in its central part man-
ganese crusts (often coating phosphorite) occur, they are about 7 cm thick on the
average; in the southern and southeastern parts of the field, manganese nodules
occur. Nodules were also discovered over the continental slope at a depth to 2700 m.
Shell and limestone fragments often form the cores of the nodules (Pratt and
McFarlin, 1966; Pratt and Manheim, 1967; Pratt, 1971).

(2) The North American-Guyana field embraces a number of geomorphologically
different areas, namely, the Nereis abyssal. plain,  the region of abyssal hills west
of the Mid-Atlantic Ridge and flanks of the Ridge itself, and also the southeastern
slope~of the Bermuda Rise. The field is bounded by the Atlantis and Muir fractures
in the north and by the fracture of 17°40'N in the south. Sediments of three types
are distinguished within the field: pelagic red clays, calcareous clays and calcareous
oozes with over 50% of CaCOg. Some 52% of all nodules are confined to red clays,
43% to calcareous clays and only 5% to calcareous ooze. Meanwhile, nodules in red
clays occur only in the regions with rugged topography and are virtually absent on
an abyssal plain.

The weight density of nodules within the field is not great, as a rule, and
does not exceed 3-5 kg/m? (Andreev et al., 1984).

(3) The Cape Agulhas field is located near the southwestern termination of
Africa and is bound by the Walvis Ridge in the west and north-west; in the east,
it is framed by the Agulhas uplift and Ridge. The bottom topography of the field
is complicated and irregular due to the great number of sea mountains and ridges.
Sediments are mainly calcareous with an admixture of terrigenous and volcanic
material. Nodules and occasional manganese crusts are distributed irregularly over
the field (Summerhayes and Willis, 1975).

Minor zones of nodule occurrence in the ocean are described by many authors
(Mero, 1965; Cronan, 1980; Manganese nodules..., 1984).

A lot of works have also been devoted to manganese nodules and crusts in marine
and lake basins. These works are of scientific value only since the content of valu-
able components in the nodules is low and their amount is relatively small (Samoilov
and Titov, 1922; Samoilov and Gorshkova, 1924; Gorshkova, 1931, 1957, 1967; Man-
heim, 1965; Shterenberg et al., 1966, 1975, 1985; Volkov and Sevastyanov, 1968;
Strakhov et al., 1968; Calvert and Price, 1970, 1977; Shterenberg, 1971;
Blazhchishin et al., 1976; Kulesza-Owsikowska, 1979; Morten et al., 1980; Bostrom
et al., 1982; Ingri, 1985; and others).

Nodules and nodule interlayers within oceanic sedimentary layers recovered by
cores and deep-sea drilling are considerably less widely spread with respect to those
in the surface layer and they have been studied less thoroughly. Information about
them can be found in Menard (1964), Goodell (1965), Cronan and Tooms (1967a),
Meylan (1968), Peterson et al. (1970), Horn et al. (1972), Kulm et al. (1972),
Winterer et al. (1972), Meyer (1973), Skornyakova and Zenkevich (1976), Glasby
(1978), Sorem et al. (1979), Shnyukov and Orlovskiy (1980), Bazilevskaya (1981),
Skornyakova (1985), Svalnov and Novikova (1986) and many others.

MORPHOLOGY OF NODULES

Types of manganese formations at the oceanic bottom are extremely variable. They
are semi-liquid ore mud of the Red Sea, loose or dense metalliferous deposits of the
Eas? Pacific Rise and of basal sedimentary layers revealed by deep-sea drilling,
various micronodules and films in granulometric fractions of sediments, ore crusts
and coatings on the surface of consolidated rocks and, finally, manganese nodules
proper.

According to some concepts, nodule morphology is more or less a reflection of
the conditions of nodule formation. Therefore, classification of nodules by their
morphology is of particular importance.
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The first classification of nodules was proposed by Murray and Renard (1891) who
distinguished three morphological groups of nodules: irregular and pyramidal
shape; spherical and ellipsoidal; and flat irregular.

Menard (1964) proposed another classification which recognized nodules, micro-
nodules, plates and crusts.

Later, the classification began to consider such parameters as size and shape
of nodules, composition and number of cores, thickness of ore crust, and mineral
and chemical composition of ore material.

Grant (1967) classified nodules as follows: (1) nodules proper represented by
rounded concretions with a single core the radius of which is less than one half of
a nodule radius; (2) oval botryoidal poly-nodules; (3) crusts in which the
lithogenic portion exceeds one half of the sample's volume; (4) agglomerates
- clustering of cores of various form cemented by ore matter - their total volume
exceeds one half of a sample's. Other classifications were also proposed (Goodell et
al., 1971; Meyer, 1973; Meylan, 1974; Moritani et al., 1977; Halbach and Ozkara,
1979).

Nodules can be also classified according to their surface. It is a common belief
that when nodules grow rapidly their surface is rough, whereas a smooth surface
reflects slow growth of nodules or even erosion of the previously formed surface.
In some oceanic regions, in particular in the Clarion-Clipperton zone, nodules have
a ring-like swelling or equatorial belt that marks the zone of active growth at the
bottom/water interface. In this case, a peculiar thing can be observed: nodules
from the northern Pacific have a smooth upper and rough lower surface, whereas
the inverse regularity is typical of nodules from the southern part of the ocean
(Anikeeva et al., 1984), but this rule does have some exceptions.

Meylan's (1974) and Moritani's (Moritani et al., 1977) classification is the most
common and convenient. It is based on the morphology and the type of nodule sur-
face. According to this classification the major morphological types of nodules are:
spheroidal (S), ellipsoidal (E), discoidal (D), tabular (T), polynodule (P), bio-
morphic (B), variegated, simulating the shape of clastic nuclei (V), irregular (I),
crusts over bed rocks (C), and nodule pavement (NP).

To describe the surface texture of nodules the classification uses the following
indices: smooth (s), rough (r), intensively rough (r'), botryoidal (b), upper sur-
face is smooth, lower surface is rough (s/r), upper surface is rough, lower surface
is smooth (r/s), cracked surface (c), fragments of nodules (f).

The following combinations are used to describe complicated forms of nodules:
irregular-spheroidal (IS), spheroidal polinodule (SP). For instance, "Eg" means
that nodules are ellipsoidal with uniformly smooth surface, "PEecs/r" means polyno-
dule ellipsoidal with cracked smooth upper surface and rough lower one.

This classification proved to be sufficiently effective when describing in detail
the morphology of nodules. Most researchers use it widely (Raab and Meylan, 1977;
Sorem et al., 1979; Halbach et al., 1981; Skornyakova, 1984).

The Meylan-Moritani classification was used to analyse the representative data
on nodules collected in the Pacific by researchers from P.P. Shirshov Oceanology
Institute, Ac. Sci. of the U.5.S.R., during the 28th cruise of R/V "Dmitry
Mendeleev" (1982). The material was mainly sampled from three sites.

Site 2474 comprises 12x12 miles within the north-western periphery of the
Clarion-Clipperton ore field (9°31.4°N, 152°40.3°W); the site embraces a series of
latitudinal abyssal hills with minimum summit depths 4640-4900 m and gradual abyssal
plain; 5200-5300 m deep surface sediments are semi-liquid radiolarian oozes and
clayey radiolarian oozes that change for radiolarian marly oozes at a depth of less
than 4900 m.

Site 2483 is 14x10 miles in the axial zone of the Clarion-Clipperton ore field
(10°02.4°N, 146°29.4°W). The site includes a slightly-hilled plain with depths
5000-5250 m and a meridional depression with depths 5200-5250 m framed by a
gradual swell-like uplifts with minimum depths 5050-5150 m: in the northwestern
part of the site, an abyssal hill with minimum depth 4885 m is located. Sediments are
semi-liquid radiolarian clayey oozes rich in diatoms in depressions; below are Miocene
mio- and eupelagic clays.

Site 2520 is 14x13 miles within the north-eastern part of the Central Basin
(10°28°N, 175°07°W); bottom topography is rugged; sub-latitudinal abyssal hills lie
at depths of 4760-5168 m; a flat abyssal plain has the depth of 5415-5456 m. Within
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the flat part of the site, at a depth over 5200 m the bottom is covered by radio-
larian clayey oozes rich in diatoms underlain by mio- and eupelagic clays; in some
places clays are covered by only a thin layer of ethmodiscus clays. These sediments
change for siliceous-calcareous-argillaceous ones at a depth of 5100 m and then, in
turn, for foraminiferal-coccolithic ooze.

The major morphological types of nodules spread over these polygons are given
in Figure 27 (Skornyakova, 1984).

Within Site 2474 a similarity of morphogenetic types and of chemical and
mineralogical composition was revealed for the nodules of abyssal hills and abyssal
plain . Predominant on the surface of hills are clusters of flat, ellipsoidal, irregular
in shape, discoidal and spheroidal nodules of 2-4 cm in diameter; in the plain part
of the site, nodules of the same size (shape T, E, D, J, rare polynodules) occur.
The greater part of the upper nodule surface, which contacts sea water, is s
smooth, the lower part is microporous, rough, composed of globules to 1 mm or of
microdendrites. Larger nodules (shapes E, T, D) are asymmetric: the thick upper
shell has a convex surface, the lower surface is flat or concave. Nodules of these
types are believed to be mainly hydrogenous.

Within site 2483, nodules with mainly globular surfaces are widespread. On an
abyssal hill, clusters of small disco- and ellipsoidal nodules with fine-laminated
structure and smooth upper and microrough lower surfaces were recognized as
analoges of nodules from site 2474. At a slightly hilled plain, nodules of the shape
E, D, T, rare S and B reaching 1 to 10 cm occur. The largest - 6-10 cm - are
nodules of E, T and B shape. The majority of nodules have a large-globular surface.
Large nodules - about 6 cm in diameter - have smooth upper and micro-rough
globular lower surfaces and a distinct globular-dendritic equatorial belt that marks
the position of a nodule at the water/sediment interface. The nodules are considered
to be hydrogenous-diagenetic, being formed due to manganese supply from sea water
and also from the underlying sediments. Within site 2520 two types of nodules were
recognized, namely, those with a smooth upper and a micro-rough lower surface
(hydrogenous) and those with a macro-globular surface (diagenetic). Mainly large
(4-6 cm in diameter) spheroidal (8), ellipsoidal (E), discoidal (D), tabular (T).
plate-like (P), isometric (V-crust like nodules with basalt cores), biomorphic (B)
nodules cover the greater part of the site (Skornyakova, 1984, 1985).

The data on manganese nodules have also been classified by morphological
types for the entire World Ocean (Anikeeva et al., 1984).

On the basis of this research, four major morphogenetic types of nodules can
be distinguished in the northern near-equatorial part of the Pacific. They are:

(1) irregular-spheroidal, polynucleus with rounded angles and facets; their surface
is black, smooth, sometimes shagreen and uneven from below; the predominating
size is 2 to 4 em; (2) ellipsoidal and discoidal mainly single-cored, with equatorial
belt, smooth upper and rough lower surface; their size is 2 to 10 cm; (3) plate-like
with plate nucleus; rough upper and smooth lower coating, size being 0.5 to 8 cm
in diameter; (4) crusts from tenths of a millimeter to 2 em thick at outcrops and
eluvium of bed rocks.

In the southern near-equatorial part of the Pacific, seven major nodule types
are distinguished: (1) large ellipsoidal with a single nucleus; brown-gray with rough
granular upper and smooth lower surface, size from 6 to 10 em; (2) spheroidal
brown-black with even rough surface, size 4 to 7 em; (3) irregular spheroidal
brown-black with even rough surface, size 2 to 4 cm; (4) discoidal brown-black
nodules with equatorial belt that separates the upper rough and lower smooth
surfaces, size 3 to 6 cm; (5) polynodules, often forming brown botryoidal
agglomerations, evenly rough, size 1 to 2 cm; (6) nodule pavement formed due
10 coating of closely packed nodules by a common ore crust; the size of these plates
varies from 40 to 50 cm in diameter, the thickness being 5-6 em; (7) plates and
tables at dense pelagic muds; brown or red-brown; their size is 4 to 10 em in dia-
meter, the thickness being 1 to 2 cm.

The density of nodules of various morphological types varies in this zone from
1.29 to 1.80 or more, often from 1.39 to 1.75 g/em?, their porosity being 32-40% on
average. A correlation was established between porosity and density of nodules and
their morphological type (Figure 28).
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Fig. 27(a).
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Fig. 27 (c)

Fig. 27. Morphological types of manganese nodules (Skornyakova, 1984): (a) Site 2483;
(b) Site 2474; (c) Site 2520.
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Fig. 28..Dependence of porosity (m) and density (p) of the South Pacific podulgs
upon their morphological type (Anikeeva et al., 1984). (1) sphe1701da1 (ideal
spherules); (II) ellipsoidal (potato-like); (IIl) irregular-spheroidal;

(IV) polynodules; (V) plates and crusts at dense clays.

In the Indian ocean, the following nodule types occur.

In the Somali and Arabian basins, near the Arabian-Indian Ridge flanks,
spheroidal and pear-like or ellipsoidal nodules predominate; their size being 2-8 cm.
In the Somali field, in particular at the summits and slopes of sea mountains, ore
crusts often cover fragments of basalts and tuffs. The surface of these crusts is
usually loose and has a micro-nodular structure.

In the Central Basin, nodules and crusts are widespread. Nodules have extreme-
ly variable sizes and shapes. Nodules of 2-4 cm with irregular knot-like shapes and
porous cavity-like surface predominate; they often form botryoidal clusters and
blocks. Crusts are well developed on the pieces of cemented radiolarian ooze (opalo-
lite) coating them from one or several sides; sometimes thin layers of ore material
alternate with opalolite. Swells of rounded manganese aggregates up to 3.5 cm in
size are abundant on the upper surface of the crusts. These formations often reach
80-90 cm in diameter and can be classified as block nodules.

In the Western Australia Basin, over 3000 manganese formations were analysed
in their morphometrical aspect during the site experiments; Figure 29 shows the
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Fig. 29. Distribution of the major nodule morphotypes within the West Australia basin
(Anikeeva et al., 1984). (I) Cocos ridge extensions; (II) Ninety East Ridge
segment; (III) and (IV) deep oceanic basins. Nodules: (1) angular-rounded;
(2) tabular; (3) crustal: (4) botryoidal; (5) polynodules; (8) spheroidal;
(7) ellipsoidal.

morphological types recognized during the analysis: spheroidal, ellipsoidal, angular-
rounded, angular, clusters, botryoidal, tabular and crustal-types.

Within the Diamantina ore field, mainly spheroidal nodules of two sub-types are
found: those with botryoidal and smooth surface. The size of the first sub-type is
3-10 cm, and of the second 0.5-2 cm.

A morphometrical analysis of nodules was also made for the northern near-
equatorial regions of the Atlantic.
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In the North American Basin, predominant types are rounded, ellipsoidal and
elongated-ellipsoidal nodules with smooth or evenly rough surface. Their size is
2-4 cm.

Within the submarine Sierra Leone Rise spheroidal nodules occur. Sometimes
they have knot-like swellings, sometimes they are elongated due to coupling of two
or more nodules. Their surface is evenly rough and partly porous, the prevailing
size is 1 to 3 cm.

In the Cape Verde Basin, besides the above mentioned types, one can find flat
tabular nodules with knobby swells; their size is 5-7 cm.

Nodules from the Blake Plateau are mainly rounded or slightly elongated, rarely
flat, with smooth lustered black surface; their size is 2-4 em.

In general, nodules from the Atlantic are relatively homogeneous in their shape
and size. Rounded, ellipsoidal and elongated ellipsoidal nodules with evenly rough
and partly knobby surface form the main morphogenetic type. Figure 30 illustrates
some typical examples of the upper, lower and side surface of nodules taken from
the Clarion-Clipperton ore field.

INTERNAL STRUCTURE OF NODULES

Murray and Renard (1891) were the first to report on the inner structure of man-
ganese nodules. They visually observed the concentric lamination or layering -~ the
main feature of the nodules' texture. Nowadays, besides a macroscopic description
of nodule texture, methods of microscopic and ultramicroscopic analysis are widely
used.

Nuclei of Nodules

The occurrence of nuclei in nodules in many oceanic regions is one of the main fea-
tures of their inner structure. Nuclei are represented by micro-nodules or fragments
of ancient nodules in one case, and in another by lithogenic materials of various com-
position that occur in host deposits or in the underlying solid substrate.

Biogenic matter may form nodule nuclei as well. Within abyssal plains it might
be teeth of sharks and ear bones of cetaceans; on the Blake Plateau, it is often
molluses' tests. If it is a sedimentary material that forms nodule nuclei, it may be
dense or relatively loose biogenic calcareous ooze, siliceous ooze, or red clay, rela-
ted to host sediments in their composition, but impregnated by ore matter to some
degree. One of the descriptions of nodule nuclei from various regions of the Pacific
is given by Skornyakova and Andruschenko (1976).

At the summits and slopes of sea mountains, nodule nuclei are formed from frag-
ments of basalt, tuff, hyaloclastics and also of limestone and phosphorite. In the
near-Antarctic zone, nodule nuclej are represented by pebbles carried by icebergs
(Mero, 1965; Manganese nodules..., 1976, 1984).

In this connection it was supposed that the occurrence of a nucleation centre is
one of the essential conditions of nodule formation and it determines their shape, size
and composition (Horn et al., 1972, 1973). |

» As yet, no definite correlation has been established between the nucleus compo-
sition and size, on one hand, and thickness and composition of nodule ore coating on
the other. In many cases, one cannot recognize any nucleus or its relict in a nodule.

Structure and Texture of Nodules

Many works are devoted to structural and textural properties of nodules determined
by macro- and microscopic analyses (Andruschenko and Skornyakova, 1967, 1969;
Sorem, 1967, 1973; Skornyakova and Andruschenko, 1968, 1970, 1971, 1976; Cronan
and Tooms, 1968; Friedrich et al., 1969; Foster, 1970; Sorem and Foster, 1972,
1979; Durnham and Glasby, 1974; Heye, 1975; Andruschenko, 1976; Sorem and
Fewkes, 1977, 1979; Skornyakova, 1979; Sorem et al., 1979; Usui, 1979; Halbach
e'g al., '1981; Cronan, 1980; Glasby et al., 1982; Skornyakova, 1985, 1986; etc.).
Slncg, in the World Ocean, nodule structure and textures are extremely variable,

a uniform clagsification is still lacking. Some features of nodule structure and
texture are similar in various parts of the ocean, though often they are called by
different terms.
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Fig. 30(b)

Fig. 30 (a)
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One of the first classifications of manganese nodule structure was attempted by
Andruschenko and Skornyakova (1967, 1969) who described concentric, laminated,
parallel laminated and shell laminated textures and globular assemblages.

Another group of researchers (Foster, 1970; Sorem and Foster, 1972; Sorem,
1973; Sorem and Fewkes, 1977) proposed distinguishing five zones according to
structural-textural parameters determining the ore matter of nodules. They are:
massive, mottled, compact, columnar and laminated.

Massive and mottled zones contain a considerable proportion of crystalline
material. The massive zone is characterized by a diffuse lamination because of inter-
growth of manganese minerals, and only minor admixture of clastic minerals. From
the results of microprobe analysis, the concentration of major metals is as follows
(in %): 32 Mn, 4 Fe, 2 Ni, 0.8 Cu. In some places, manganese concentration reaches
60%, nickel 7% and copper 2%.

The mottled zone has an irregular alternating pattern of crystallized manganese
and amorphous iron phases, irregular and discontinuous lamination, chaotic distri-
bution of structural elements, cavernous texture. This zone contains approximately
15% of argillaceous and amorphous material, 21% Mn, 12% Fe, 1% Ni and 0.5% Cu.

The structure of a compact zone is similar to that of the massive zone, but is
composed of X-ray amorphous laminae with high reflectivity. Small lenses of
crystallomorphic ore material can be also recorded there, but are rare. The compact
zone contains approximately 19% Mn, 17% Fe, 0.6% Ni and 0.2% Cu.

The columnar zone consists of radially oriented columns of laminated X-ray
amorphous material that forms a series of swells. Lighter laminae seem to be com-
posed of manganese, the darker ones being of iron. The intervals between columns
are filled with clayey material.

The laminated zone is considered as a modification of a columnar zone and
originates when columns are shortened, coupled and intergrown, whereas thin inter-
layers are intergrated. Both zones have a similar composition: 19% Mn, 16% Fe,

0.4% Ni, 0.25% Cu.

Investigating the structure of manganese nodules in the Pacific, Andruschenko
(1976) proposed distinguishing the following textural types: (1) coarse-layered,
parallel layered, concentric layered and collomorphic; (2) dendrite forming tree-like
and plumage aggregates; (3) globular and globular-collomorphic; (4) organogenic
associated with biogenic remains in nodules (phyto- and zoo-plankton, fish teeth,
etc.); (5) crustification typical of ore impregnated sediments; (6) cataclastic formed
of nodule fragments cemented by ore material of a later generation.

Generalizing the vast information on the inner structure of manganese nodules,
Cronan (1980) distinguished as major textures: laminated, collomorphic globular,
shell laminated, columnar and mottled.

Analysing the material collected in several expeditions in the northern near-
equatorial Pacific, Anikeeva and co-authors (1984) recognized four major types of
nodules by their structural-textural parameters:

(1) Globular and globular massive structures and concentric laminated, rarely
homogenous (isotropic) texture. The ore material consists of dense opaque black
globules of 0.1-0.3 mm, condensed as a single mass; the globular surface is rough
with mamillae entering the neighbouring globules; an inter-globular space is filled
with clay making a small part of the total rock volume.

(2) Homogeneous structure and massive texture. Ore material represents a
continuous opaque black mass with minor intrusions of clay matter and crypto-
crystalline calcite that forms spherical concretions of 0.1-0.3 mm.

(3) Collomorphic and dendritic structure with coarse parallel laminated and
concentric laminated texture. This is typical of iron-rich ore crusts composed of
alternating layers of iron and manganese hydrooxides. Brown iron-rich layers are
0.1-1.5 mm thick, dark black manganese layers are less than 0.1-0.3 mm thick. In
a transmitted light, manganese layers reveal a concentric zonal structure. Ore matter
is crimped collomorphic plicated. The plicated layers of 0.5-1.5 mm alternate with
linear laminated layers that have globular structure and are often composed of man-
ganese hydrooxides. The layer-to-layer interfaces are powdered by cryptocrystal-
line carbonate or clay particles of 0.1-0.2 mm in diameter, brown because of iron
hydrooxides.

(4) Relict hyaline structure and porous texture. This is typical of the nodules
from the Shatsky Rise. A black amorphous ore mass impregnates a glassy matrix of
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considerably porous hyalobasalt. The ore matter is evenly spread over a glassy mass
and fills its cracks and cavities. These transformations are typical of highly altered
nodules composed of porous glassy effusives, with plagioclase phenocrysts and grains
of dark minerals being preserved.

According to Skornyakova (1985), the following types of structure and texture
of manganese nodules are predominant in the central part of the Pacific, including
the Clarion-Clipperton ore field.

In hydrogenous nodules: a fine-concentric laminated ore coating due to alter-
nation of ore and clay layers. Beneath the outer shell, ore matter often has a
globular structure composed by rounded or elongated globules of 0.2-0.4 mm in dia-
meter which have fine-concentric-laminated microtexture. At the contact with the
nucleus the ore matter has a collomorphic structure with slightly waved or plicated
texture.

Dense ore crusts have a coarse-laminated, rarely fine-parallel-laminated or
columnar texture, whereas loose ore crusts have a stalagmite porous texture.

Diagenetic nodules have a coarse-laminated texture due to alternation of layers
of different thickness and composition that have a globular-dendritic or globular-
collomorphic structure. The same structural elements may form a non-laminated
mottled texture in a nodule body.

The cited review demonstrates that, despite the absence of a uniform nomen-
clature in describing structural and textural characteristics of nodules, a number of
common features can be recognized in their structure with respect to different
oceanic regions. Each of these features is determined by the aggregate state and
mineral composition of ore, detrital and other phases determining both structure and
chemistry of nodules.

Examples of the internal structure of nodules are given in Figures 31-34.

Ultramieroscopic Structure of Nodules

Results of the study of manganese nodules by electron and scanning microscopes at
various magnifications are given in numerous works (Fewkes, 1973; Margolis and
Glasby, 1973; Woo, 1973; Andruschenko, 1976; Fleischmann and Von Heimendal,
1977; Burns and Burns, 1978a, b, ¢, 1979a; Chukhrov et al., 1978a, b, 1979a, b,
1983a, b; etc.). The main goal of all these investigations was rather to decipher the
mineral composition of nodules than to describe their structural and textural features.
Yet, no attempt has been made to elaborate a classification of ultramicroscopic struc-
tures of nodules. It became more complicated as the resolution capacity of the micro-
scopes grew and a greater variety of textural and structural types became revealed
with respect to the same samples analysed at lower magnification.

The most common features of the ultramicroscopic structure of ore matter in
nodules are globular, laminated, blocky collomorphic, fibric forms that, despite their
outer similarity, might have different mineral composition. A set of these forms as
individual features of macro- and microscopic structure of nodules may occur in dif-
ferent parts of the World Ocean.

A great variety of ultramicroscopic structures of ore matter is demonstrated by
the nodules from the Antarctic part of the Pacific where a series of globular, lamina-
ted and fibric structures is recognized (Figures 33, 34).

MINERALOGY OF NODULES

The first fundamental works on the mineralogy of manganese nodules were the papers
by Buser and Griutter (1956, 1957). They distinguished three minerals of manganese,
namely, 10A—manganite, 7A—manganite and §-MnOg. X-ray difraction patterns show
the following reflections: 10A-manganite -9.7; 4.8; 2.43; 1.42 &; 7A~manganite -7.2;
3.6; 2.4; 1.4 &; §-MnOg - 2.4 and 1.4 &, In the following years, several investi-
gations were performed that verified these results in principle and revealed a number
of new mineral phases and confirmed the composition of those defined earlier (Man-
heim, 1965; Burns and Fuerstenau, 1966; Andruschenko and Skornyakova, 1967,
1969; Barnes, 1967; Cronan and Tooms, 1967, 1969; Sorem, 1967; Grill and Murray,
1968; Glasby, 1972; Ostwald and Frazer, 1973; Skornyakova et al., 1975; Halbach

et al., 1975; Andruschenko, 1976; Bazilevskaya, 1976; Chukhrov et al., 1976; Burns
and Burns, 1977; Glover, 1977; Sorem and Fewkes, 1977, 1980; Sterenberg, 1978;
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Fig. 31(a)

Fig. 31(b)
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Fig. 31(c)

Fig. 31. Inner structure of nodules: fragments of ancient nodules in their nuclei,
coarse and fine lamination of ore shells. (a) nodules from the Shatsky Rise.
Magnification: 3; (b) nodules from the Pacific radiolarian zone, site 2483.
Magnification: 1.8; (c) same, site 2474. Magnification: 3.7.

Chukhrov et al., 1978a, b, 1979a-d, 1980, 1981b, 1983a, b; Burns and Burns,
1978a, b, ¢, 197%, b, c; Johnston and Glasby, 1978; Lonsdale et al., 1980; Potter
and Rossman, 1979; Usui, 1979a, b; Volkov et al., 1980; Friedrich and Schmitz,
1980; Halbach et al., 1981, 1982; Piper and Williamson, 1981; Turner and Buseck,
1981; Piper and Blueford, 1982; Turner et al., 1982; Cronan, 1980; Chudaev et al.,
1983; Burns et al., 1983; Lallier-Verdes and Clinard, 1983; Siegel and Turner,
1983; Dymond et al., 1984; Dritz et al., 1985; Chudaev, 1986). The most detailed
analyses of the mineralogy of nodules were made by R. and P. Burns and
Chukhrov and his co-authors. ° B

According to recent analyses, 10 A -manganite, identified by Buser and
Gritter, can be represented by four diverse minerals: by manganite (or buserite
bg Giovanoli, 1980), todorokite, asbolan and laminated mineral - asbolan - buserite;
7A -manganite is assumed as birnessite analog identified earlier in fluvioglacial de-
posits in Scotland (Jones and Milne, 1956). However, lately, the right of this
mineral phase to an independent existence is doubted, as it might be an artefact
- a product of the transformation of todorokite with a low content of nickel and
copper (Dymond et al., 1984). § - MnOg is recognized as an independent mineral
phase; it was proposed that it be called vernadite (Chukhrov et al., 1978a, b,
1979a, 1980, 1981b, 1983a, b; Burns et al., 1983).

Besides these major mineral phases of manganese, nodules contain a number of
other minerals, though in subordinate amounts, namely, pyrolusite, ramsdellite,
nsutite, psilomelane, chalcophanite, rancieite, manganosite (Andruschenko, 1976;
Burns and Burns, 1977, 1979; Chukhrov et al., 1979b; Potter and Rossman, 1979;
Baturin and Dubinchuk, 1984a; etc.). The basic parameters of the major and
accessory minerals of manganese in oceanic nodules are given in Table 52; results
of manganosite identification are given in Table 53.

The bulk portion and, in most cases, the prevailing portion of the ore compo-
nent of nodules is represented by X-ray amorphous material.

Iron minerals in manganese nodules have been studied considerably less than
manganese minerals (Murray, 1979; Chukhrov et al., 1980). The most important of
them are: maghemite (y- FegOg)detected in nodules of the South Pacific, the Scotia
Sea and the Drake Passage (Goodell et al., 1971); magnetite (Fe3O04) determined by
thermomagnetic properties in fresh water and oceanic nodules; its amount does not
exceed 0.1-0.6% of the total rock mass (Carpenter et al., 1972); ferri-hydrite
(5 FegO3 x 9 Hy0) presumed as having been determined (Calvert, 1978); goethite
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Fig. 32(a)

Fig. 32(b)
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Fig. 32(c)

Fig. 32(d)

Fig. 32. Laminated structures and columnar texture of ore matter in nodules from
the Pacific radiolarian zone (polished section). Magnification: 10 (a)
12(b), 10 (c), 190 (d).
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Fig. 33(a)

Fig. 33(b)

117



CHAPTER VII

118

‘00%

‘uonjeoryrule eyi-dooT (P) "000T :UOIBOJIUSBI *PoJRUINIR[-DII}USOUO)) (@)

"0LT :uoljedyiuSely - pajeurwel-Je[nqo[n (q) Qg1 :uonesyIuSen ‘Jenqorn (e)
‘uonjeoyyrudew JYSIs 38 adoosororw SuruUBOs J8pPUN SSMPOU JO SINJONIIS xauuy ‘gg ~Sig

(p)gg ‘814



MANGANESE NODULES: DISTRIBUTION AND STRUCTURE 119

Fig. 34(a)

Fig. 34(b)
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(a - FeOOH) detected in the acid-insoluble residue (Buser and Grutter, 1956);
acaganeite (8 - FeOOH) identified by the Mdssbauer method (Goncharov et al.,
1973); lepidocrocite (y- FeOOH) is in coupling with other minerals (Goodell et al.,
1971; Glasby, 1972b; Okada et al., 1972; Chukhrov et al., 1980); feroxyhite

(&' - FeOOH) is in coupling with clay minerals and goethite, the plates of this
mineral of 0.1-0.4um in diameter can be transformed into wistite under an electron
beam (Chukhrov et al., 1976); wiistite, however, was detected in nodules as an in-
dependent mineral phase (Table 53).

Lately, a number of publications have appeared on the occurrence in nodules
of inclusions of sulphide minerals that are authigenic according to some parameters.
Among them are pyrite, troilite, pyrrhotite, chalcopyrite. bornite, covellite, violarite
(Mtiller, 1979; Baturin and Dubinchuk, 1983a, 1984b) (Figure 35). Ostwald (1983) has
noted that sulphide minierals occur in todorokite as microinclusions. Parameters typical
of sulphide minerals that occur in nodules are given in Table 54.

In nodules, besides violarite (NizFeS4), other rare minerals of nickel were de-
tected, namely, taenite (NiFe), bornite (NiO), and nickeline (NiAs) (Baturin and
Dubinchuk, 1984b).

Inclusions of rock minerals in ore material of nodules are extremely variable in
their size, shape and composition. Among them one can distinguish quartz, feldspar,
mica, olivine, pyroxene, amphibole. prehnite, zeolite, apatite, calcite, aragonite,
rutile, anatase, heavy spar (barite), spinel (Burns and Burns, 1977). Clay minerals
from the Pacific nodules were analysed specially; to separate them manganese was re-
moved out of a pelitic fraction. A smectite complex, i.e. laminated formatijons and
minerals of the montmorillonite group, is most widely spread (25-85% of the total
clay minerals), the second place is taken up by hydromica (10-60%) and the third is
taken up by chlorite and caolinite (5-25%) (Sterenberg and Schurina, 1974; Steren-
berg et al., 1977; Volkov et al., 1980).

TABLE 53

Standard and measured parameters of Manganosite and Wistite
(Baturin and Dubinchuk, 1984a)

5]
i = isti = 4,284A,
i\ilnzf Manganosite ao(st.) 4.435}, Wistite ao(st.) 4
8 eas. - 4.428A 8 oas. © 4.24A
hkl Ist. Imeas.. dst. dmeas. hkl Ist. Imeas.. dst. dmeas.
1 111 8 9 2.561 2.57 111 7 9 2.47 2.46
2 200 10 10 2.218 2.20 200 10 10 2.14 2.12
3 220 10 10 1.568 1.55 220 8 8 1.51 1.48
4 311 8 6 1.337 1.31 311 4 2 1.293 1.24
5 222 8 5 1.280 1.27 222 2  washed 1.23 1.10
6 400 7 6 1.108 1.09 out
7 331 8 5 1.017 1.00
8 420 10 4 0.991 0.98
9 422 10 4 0.905 0.89
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Fig. 35(a)

Fig. 35(b)
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Fig. 35(c)
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TABLE 54

Standard and measured intensity of lines (1) and interplane distance (d)
of sulphide minerals in manganese nodules
(Baturin and Dubinchuk, 1983, 1984)

N of hkl Pyrite hkl Pyrrhotite
line (hkil standard measured (hkil) standard measured
1 d 1 d 1 d I d
1 111 2 3.102 3 3.08 1120 6 2.97 3 2.96
2 200 8 2.696 10 2.67 1122 8 2.64 6 2.63
3 210 8 2.417 7  2.40 1014 1 2.45 0.5 2.42
4 211 7 2.206 2 2.18 1024 10 2.06 10 2.04
5 220 6 1.908 4 1.88 3030 7 1.72 3 1.70
.6 221,300 4 1.796 1 1.77 1126 1 1.61 2 1.59
7 311 10 1.629 9 1.60
8 222 3 1.560 2 1.57
9 230 4 1,498 3 1.48
10 321 6 1.444 4 1.42
Troilite Chalcopyrite
1 1010 2 5.11 - - 112 10 3.03 10 3.02
2 0003 3 4.73 2 4.70 200,004 6 2.61 4 2.60
3 1120 4 3.82 8 3.82 220 16 1.855 8 1.83
312 10 1.586 7 1.57
4 1122 6 2.96 9 2.96 224 6 0.515 4 1.50
5 1014 7 2.64 9 2.62 400 6 1.320 5 1.30
6 1124 1 2.53 0.5 2.50 008 6 1.294 4 1.26
7 10 2.085 10 2.06 332 8 1.205 6 1.18
Bornite Covellite
1 311 8§ 3,304 8 3.31 1010 4 3.33 2 3.30
2 222 8 3.165 8 3.17 1011 6 3.24 4 3.22
3 400 8 2.737 8 2.72 1012 8 3.04 6 3.01
4 331 6 2.510 5 2.50 1013 10 2.81 10 2.78
5 511,333 4 2,103 4 2.08 0006 8 2.72 6 2.70
6 440 10 1.924 10 1.91 1015 6 2.30 4 2.30
7 531 4 1.849 3 1.83 1016 2 2.09 1 2.03
8 533 2 1.668 1 1.65 0008 4 2.03 2 2.00
9 1120,1017 10 1.880 10 1.86




CHAPTER VIII

MAJOR ORE ELEMENTS OF MANGANESE NODULES

Manganese and iron are the major elements of nodules determining their geochemical
pattern. Ore and basic metals, namely, copper, nickel, cobalt, zinc, lead, are
associated with them. Therefore, these five elements are considered in the first
place when analysing nodules, whereas other components are usually determined
selectively depending on the geochemical problems under consideration from time to
time, that is why the scope of information about the major ore elements is
considerably larger than about other elements. Thus, for mineral prospecting
purposes, Soviet geologists analysed some 4000 samples of nodules and determined
concentrations of manganese, nickel, copper and cobait in them (Manganese
nodules..., 1984). McKelvey et al. (1983) generalized the results of some 2400
analyses of nodules in search for the mentioned elements and iron, the number of
analyses for zinc and lead being half of the total number of samples, major non-
metallic minerals are analysed in 400 to 600 samples, and minor and trace elements
in no more than 100 samples. The information on the latter is sometimes restricted
to only few determinations, or is even missing at present.

This chapter is devoted to the data on distribution, forms of occurrence and
behaviour of the seven major ore elements of nodules, namely, manganese, iron,
nickel, copper, cobalt, zinc and lead.

CONCENTRATION AND DISTRIBUTION OF METALS IN NODULES FROM VARIOUS
AREAS OF THE WORLD OCEAN

In chapter VII it was mentioned that the patterns of nodule distribution and struc-
ture in different oceanic areas is extremely variable. This is true for their chemical
composition, which varies over a wide range and depends upon many parameters
of the oceanic environment. The most thorough analysis was made of the nodules
from the Pacific where major ore fields are located. The range within which their
composition varies can be demonstrated by the following percentage values: manga-
nese concentration in them varies from 0.07 to 50.3; iron from 0.3 to 41.9; nickel
from 0.0008 to 2.48; copper from 0.003 to 1.90; cobalt from 0.001 to 2.53; zinc
from 0.012 to 7.00; lead from 0.004 to 0.46%. Maximum-to-minimum ratios for each
element will be: 700 for manganese, 140 for iron, 310 for nickel, 630 for copper,
2530 for cobalt, 580 for zinc and 115 for lead. Manganese, nickel, copper and zinc
have similar values; iron and lead also have similar corresponding values. Cobalt
shows the greatest variability.

When analysing average metal concentrations in nodules from various parts of
the Pacific (except for the Clarion-Clipperton field), the variability range reduces
by factors of ten. Average concentrations (in percent) are: manganese, 6.5 (the
Drake Passage) to 38.8 (eastern equatorial zone); iron, 2.92 (eastern equatorial
zone) to 25.85 (the Drake Passage); nickel, 0.11 (northwest) to 1% (the Californian
field}; copper, 0.04 (the Hawaiian field) to 0.74 (eastern part of the central zone);
cobalt, 0.08 (northwest) to 1.127 (the Mid Pacific sea mountains); zinc, 0.047
(southwest) to 0.234 (eastern equatorial zone); lead, 0.017 (eastern zone) to 0.18
(sea mountains) (Table 55).

The composition of manganese nodules from the Clarion-Clipperton field are of
special interest as the largest nodule deposits of economical value are accumulated
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in it. Nodules of the zone in question are characterized by considerable
variability of their composition in general, however, average concentrations of
metals in its various parts are relatively regular: 20.7 to 28.1% of manganese; 4.0
to 11.5 of iron; 0.94 to 1.54 of nickel; 0.48 to 1.26 of copper; 0.16 to 0.29 of
cobalt; 0.07 to 0.18 of zinc; 0.022 to 0.05% of lead (Table 56).

Table 56 also gives the data on the composition of reference samples of
manganese nodules in the Clarion-Clipperton ore field that was prepared for
standardization of various geological and geocheniical analyses of nodules within
and beyond the ore field. The composition of reference samples by the U.S.
Geological Service, prepared, by the Canadian Kennecott company and by Shirshov
Institute of Oceanology, Academy of Sciences of the USSR, in general, appeared
to be extremely close for all major components: 27 to 30% of manganese; 5.0 to 5.8
of iron; 1.337 to 1.45 of nickel; 1.03 to 1.25 of copper; 0.22 to 0.25 of cobalt;
0.114 to 0.1595 of zinc; 0.040 to 0.0555% of lead.

Fig. 36. Mn distribution in the Pacific nodules (Skornyakova, 1976b). Mn concentra-
tion, %: (1) less 10; (2) 10 to 20; (3) 15 to 25; (4) 20 to 35; (5) boundary
of the oxidized sediment layer over 1 m.
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Fig. 37 Fe concentration (%) in the Pacific nodules (Skornyakova, 1976b). (1) 5 to
15; (2) 10 to 20; (3) 15 to 25; (4) boundary of the oxidized sediment
layer over 1 m.

Fig. 38. Ni concentration (%) in the Pacific nodules (Skornyakova, 1976b); (1) less
0.4; (2) 0.2 to 0.8; (3) 0.4 to 1.2; (4) 0.8 to 2.0; (5) boundary of the
oxidized sediment layer over 1 m.



132 CHAPTER VIII

Fig. 39. Cu concentration (%) in the Pacific nodules (Skornyakova, 1976b); (1) less
0.4; (2) 0.2 to 0.6; (3) 0.4 to 1.0; (4) 0.8 to 2.0; (5) boundary of the
oxidized sediment layer over 1 m.

Fig. 40. Co concentration (%) in the Pacific nodules (Calvert, 1978): (1) over 0.5;
(2) 0.25 to 0.5; (3) less 0.25.
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Figures 36 to 40 illustrate the pattern of manganese, iron, nickel, copper and
cobalt distribution in nodules from the Pacific.

Minimum manganese concentrations (less than 10%) were recorded in nodules of
the northwestern basin periphery. On the whole, a moderate manganese concentra-
tion (10 to 20%) is typical of the entire northern, western and southern parts of
the ocean. In the pelagic zone of the ocean, two tendencies in manganese distribu-
tion in nodules are distinct: increase of its concentration from the periphery
towards the central regions and occurrence of two latitudinal belts of maximum
concentration north and south of the Equator (Figure 36).

Opposite tendencies were detected for iron distribution. The latitudinal near-
equatorial belts of manganese maximum coincides in shape with the belts of minimum
iron. The zone of maximum iron is localized in the South Pacific (Figure 37).

In general, nickel and copper distribution is close to that of manganese,
though it has some shades of difference. Thus, nodules in the South Basin have
the lowest concentration of the metals considered (Figures 38, 39), whereas
manganese does not show this tendency (Figure 37). Besides, latitudinal near-
equatorial zones of copper maximum (0.8 to 2%) are more restricted spatially as
compared to similar zones of manganese and nickel maximum concentrations.

The scheme of cobalt distribution in nodules compiled by Calvert (1978)
(Figure 40) differs considerably from the scheme compiled by Skornyakova for iron
(Figure 37). The most pronounced feature of cobalt is the localization of its maxima
(over 0.5%) in nodules and ore crusts at sea mountains. Fields of high cobalt
concentration in nodules (0.25 to 0.5%) are confined to the northern and southern
peripheries of the ocean and to the sub-latitudinal northern near-equatorial zone.

The composition of nodules in the Indian ocean is as variable as in the
Pacific (Table 57). Average minimum concentrations of manganese (11-13%), nickel
(0.2 -0.3%), copper (0.11-0.17%) and zinc (0.03-0.07%) are typical of nodules in
the Crozet depression, Madagascar, Mozambigue basins, in the Antarctic zone, at
the South African submarine plateau and sea mountains. Maximum concentrations of
these metals are typical of the Western Australian field and especially of the Central
Basin where manganese reaches 26%, nickel 1.43%, copper 0.84% and zinc 0.12%.
Maximum concentrations of cobalt (0.443%) and lead (0.161%) are registered in ore
formations at sea mountains.

In the Atlantic, one can also delineate a number of regions with lower and
higher content of metals in nodules. The northwestern Atlantic and the northern
part of the Mid-Atlantic Ridge are characterized by a low content of metals,
namely: manganese, 9.5-15%; nickel, 0.14-0.30; copper, 0.07-0.15; zinc, 0.06%.
Regions of high ore matter concentrations are the northern part of the Blake
Plateau, Argentina and Cape basins and the Walvis Ridge where manganese is
19.8 to 23.7, nickel is 0.48 to 0.95, copper is 0.09 to 0.50, and zinc is 0.06 to
0.18%. Higher concentrations of cobalt (0.41 to 0.68%) are detected in nodules and
ore crusts at some sea mountains and hills: within the Walvis Ridge, northeastern
Atlantic, central part of the Mid-Atlantic Ridge, in some samples from the Blake
Plateau and also in nodules from the Cape Verde basin (Table 58).

Despite the irregular distribution of nodules, the variability of their composi-
tion and different progress in their analysis within various oceanic areas, average
concentrations of elements have been estimated for individual oceans and for the
World Ocean as a whole. Such estimates were first performed by D. Mero (1965)
for the Pacific; however, the values were presented on the ore basis, free from
the alumo-silicate material that often forms a considerable portion of nodules. This
resulted in overestimated values of some elements, in particular, 24.2% of mangane-
se, 14% of iron, 0.99% of nickel. The corresponding averages are lower: 17.9 to
20.1, 11.4 to 11.96, 0.59 to 0.634%. (Volkov, 1979; Cronan, 1980; McKelvey et al.,
1983). Averages of other major ore elements in nodules of the Pacific vary within
the following ranges: 0.39 to 0.54% of copper; 0.27 to 0.35% of cobalt; 0.047 to 0.16%
of zinc; 0.083 to 0.11% of lead (Table 59).

For the Indian ocean, estimates are: 14.17 to 15.25% of manganese; 13.05 to
14.7% of iron; 0.43 to 0.464% of nickel; 0.173 to 0.295% of copper; 0.21 to 0.254%
of cobalt; 0.061 to 0.149% of zinc; 0.070 to 0.101% of lead. For the Atlantic the
estimates are: 13.25 to 15.78 of manganese; 13.08 to 20.78 of iron; 0.32 to 0.484
of nickel; 0.116 to 0.155 of copper; 0.27 to 0.323 of cobalt; 0.066 to 0.123 of zinc;
0.127 to 0.14% of lead.
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Two estimates of average concentrations of metals in nodules were made for
the World Ocean by Cronan (1980) and McKelvey et al. (1983). The values obtained
by them are respectively: 16.02 and 18.60% of manganese; 15.55 and 12.47 of iron;
0.48 and 0.66 of nickel; 0.259 and 0.45 of copper; 0.284 and 0.27 of cobalt; 0.078
and 0.12 of zinc; 0.090 and 0.093% of lead. These estimates are identical for cobalt
and lead, but for the rest of the elements the concentration ratio is from 0.58
(copper) to 1.25 (iron). On one hand, this is a result of the different quantity of
initial data analysed and, on the other, from the various techniques used in their
statistical processing which, at present, do not seem to be universal when
considering the system of sea-floor geological features.

Manganese nodules spread over the seas, inlets, bays and fjords differ
considerably in their geochemistry from the oceanic ones; though on the whole, the
manganese and iron content in them varies within the same range, from 1 to 30%
(manganese) and 4 to 26% (iron) (Table 60).

Sea nodules are characterized by an extremely low concentration of those
metals which, in oceanic nodules, can be considered as ores. The concentration of
nickel in sea nodules is 0.0035 to 0.071, of copper 0.0009 to 0.0067, of cobalt
0.003 to 0.023, of zinc 0.0023 to 0.0157, of lead 0.0008 to 0.0043%. This can be
explained by sharp differences in sedimentary and ore-formation environment in sea
and oceanic basins (Strakhov et al., 1968).

COMPOSITION OF MANGANESE NODULES AND OCEANIC BOTTOM ENVIRONMENT

When considering the compositional varieties of manganese nodules one should pay
attention to the great variety of oceanic environments that are controlied to a
considerable extent by such global factors as climate, and vertical and circum-
continental zoning of the ocean. These factors alone can explain some features of
oceanic sedimentation with which ore formation is associated (Bezrukov, 1970;
Lisitsin, 1974, 1978).

Table 61 demonstrates the correlation between nodule composition and climatic
or latitudinal zoning.

The maximum concentration (over 32%) of ore elements (in total) in nodules is
recorded within the 40° N - to - 40° S interval in the Pacific, in the ranges from
60 to 40° N and from 0 to 20° S in the Atlantic, from 0 to 20 ° S in the Indian
ocean and from 40° N to 40° S in the World Ocean. Thus, latitudinal distribution
of nodules in the Pacific controles the general pattern of their composition in the
World Ocean. This tendency is traced when considering the manganese, nickel and
copper content in nodules. In the Pacific, nodules with a maximum concentra-
tion of these metals are localized within the interval of 0 to 20° N; in the
Atlantic they are located in the interval from 20 to 4(° S; in the Indian ocean,
from 0 to 20° S; in the World Ocean, from 0 to 20° N (18.2% of Mn; 0.55% of Ni;
0.37% of Cu, on average).

Areas of iron maximum are localized in the Pacific within the interval of 0 to
40° 5 (16.93%); in the Atlantic, it falls within 60 to 40 ° N (19.58%), which
determines the general pattern of iron occurrence in nodules of the World Ocean
within the same latitudes.

Cobalt distribution turned out to be more complex. The maxima are confined
to the intervals of 20 to 40° S in the Pacific (0.35%), 0 to 20° S and 60 to 40° N
in the Atlantic (0.49% and 0.39%, respectively), and 0 to 20 ° N in the Indian
ocean (0.29%). So, two belts of high cobalt concentrations in nodules of the World
Ocean are formed, namely 40 to 60° N and 0 to 40° S. One of them coincides
completely and another only partly with iron maxima.

Many researchers described a certain dependence of the chemical composition
of nodules upon the oceanic depth. Analysis of the data on the Pacific nodules
(Skornyakova, 1976b) showed that manganese maxima are confined to the depths
down to 2000 m, iron maxima fall within the depth to 3000-4000m, nickel and copper
extends to under 5000 m, cobalt only to 2000 m (Table 62).

In the ore crusts of the Mid-Pacific sea mountains maximum concentrations of
manganese, nickel and cobalt are confined to the depths of 1100 to 1500 m; to
2400-3000 m for iron; to 3000-4000m for copper (Halbach and Puteanus, 1984). On the
whole, manganese content in nodules of the World Ocean does not essentially



CHAPTER VIII

138

*edg sjuslded - ¢geT ‘radur

fgog OJUM 9Ul - ¢8GT ‘T8 10 Sioquessiyg ‘(g) ®eS Noerd Ul - 1261 ‘uedng puw noseBaoen f(puelioog) dudg Yool ‘(BIqWNIO)
YoSTIIAg) j1e[U] SIAJSP ‘BOS ONI[BY - LLGT ‘90LAd PUB 1a9ATeD f([) S8OS WOBIG ‘BABY ‘BIUM ‘OINEH - 6L6T ‘AON[OA WOLT «

£F00°0 - - 910070 110070 - 8000°0 G200°0 6000°0 £€200°0 qad
0900°0 £€200°0 - - 0.00°0 LGT0°0 1€00°0 GET0°0 €T10°0 G010°0 uz
0£20°0 LST0°0 €00°0 €800°0 0€00°0 28T0°0 0€00°0 $900°0 9600°0 0€T0°0 el0]
L100°0 L900°0 T00°0 L800°0 S100°0 TF00°0 910070 L100°0 600070 S¥006°0 ny
LL000 ?1€0°0 01070 £820°0 2900°0 T1€0°0 €E00°0 Ly00°0 GE00°0 TL0°0 IN
26°¢ 9179 0281 29°9% [4 A At 9€°¥1 9°L1-1°G 08°¢2¢ Z€6T 6661 o4
61°0¢ 9L°2¢ 0T %1 6L°9 68°€T 06791 £°92-90°1 S0°0T G9°v1 [ akAl UR
pueiury
191Ut @) O o8 Aeg 881y Jo JInDH 8IS UIBH
sukg yoog sIAIop vog Movld eag BaIBY sjuaaeg — ©aS SUUM eeg oned  JUSWIY

+SAevg pue sBas JO sanpou Ul (%) S]elall JO SUOIIBIIUSOUOD 98BISAY

09 HTdVL



139

MAJOR ORE ELEMENTS OF MANGANESE NODULES

66° V7 $8°8% 10738 12°¢ge AR 16°2¢ 06°T¢ 183101 U]
(16°0 ) 6T°0  (90°T ) 6T°0 (g2°2 ) 63'0 (88T ) 63°0 (0S'T ) 920 ($9°T ) 82°0 (10°T ) 28°0 0D
(86°0 ) BI"0 (880 ) 0z°0 (880 ) 0z'0 (99°T) 2£'0 (06°T ) €20 (01°T)geo (8% 0 ) ¥I°0 np
(00°T ) 1870 (€9°T ) ¢p'0 (e2°T ) b0 (08T ) s8¢0 (S6°T ) €60 (89T ) 2670 (2270 ) 1£°0 IN
(9'6z) 06'%T ( 9°08) 09°%T ( 9°68) 06°6T ( 0°%g) 08°cT ( .°93) 086 ( 0°08) ¥9°¢T ( 0°92) 9¥°CI CX

o¥'6  (0'98) OF'T ( 0°8¢) 02°C¢T ( £'2%) 06°8T ( £°06) 01‘6Zz ( 6°0%) 01°8T ( 6°¢€€) 29°¢T Up
uesas ) plIom syl

S91IS

Z a7 661 €l 82 Jo asqunyN

10°21 ¥9°92 9°0¢ 2%'1¢ £6°¢¢ e10} uf

- (2870) g1°0 (290 ) ¢g'0 (¥6°0 ) 02°0 (£6°0 ) BB"0 0D

Z0‘0 (68°0 ) 8z'0 (¥8°0 ) 8T°0 (99°T ) 1p°0 (0£°0 ) 0I°0 no

¥0‘0 (T ) 8%°0 (BI'T ) 2£°0 (85T ) 850 (180 ) 82°0 IN

(22°21) ¥6°8 (09°1z) ¢2°2T (£9°'68) 1% °¢T (0L"61) 26°IT (08°%Z) ¥9°9T a4

(g6°¢) 10fe (26°%2) £6°¢T (06°92) 9¢°v1 (62°2¢) ¢0°8T (0£°BE) 25°91 Up
uBdDO UBIpU] 3yJ,

S9)IS

T 9 96 L [4s 021 0¢ Jo aequnN

Pp8 1¢°8% c0‘0¢ 0¢°0¢ 06°0¢ 6S T8 ce ge 18101 U]

0T'0 (92'0) 91'0  (I0°T ) pe'0 (¥%*T1 ) 60 (IS0 ) €0 (¥0'T ) 62°0 (T0'T ) 6£'0 0D

01’0 (I%'0 ) eT'0 (880 ) S¢T°0 (S1°0 )Y 60°0 (8%'0 ) IT'0 (290 ) €10 (¥2'0 ) 800 ny

y1°0  (66°0 ) 0g°0 (ZP'T ) zb'0 (9’0 ) ¢2°0 (£2°0 ) $z'0 (98°1 ) 02’0 (890 ) 120 IN

01"2 (ge*ye) 9¢°9T (0%°92) 29°%T  ($°22) $S'6T (01°€2) ¥8°ST (00°0%) 29°2T (82°¥Z2) 8S°6T aq

00°T ($9°92) 9T°TT (8L°9%) 18°%T (00°%Z) £1°6T (08°%E) 90°%T (06°0F) S2°€T (BEL°28) €0°CT upW

onuERY 8yl

59118

2 86 b1 244 568 5ge 0g Jo aaquny

62°9% 20°08 £v pe 99°¢ge 13 gg ze-ee 28°1% 18101 Ul

(26°0 ) 61°0 (90°1) 22°0 (€2'%) ¢¢°0 (88°1) 12°0 (0s°1) 9270 ($9'1) 820 (98°0) ¥%°0 0D

(86°0 ) 0270 ($8°0) ¥%°0 (¢9°0) 2%°0 ($S°1) $2°0 (06°1) 92°0 (0T°1) 820 (67°0) B1°0 ny

(00" ) 2e°0 (59°1) ¥S°0 (eL°1) L¥°0 (08°1) ¥5°0 (S6°T) 96°0 (69°1) 99°0 (32L°0) ¢£°0 IN

(v9°62) 26°6T (02°8%) £1'PT (03°3¢) £6°91 (0°%E) AT'FT  (L°92) 08°8 (6"1%) 82°%1 (0°9%) £8'11 aq

(0%°%%) TT°0T (0'9¢) 88°FT (20°8g) 9%'91 (g°Zb) 02°8T (0£°0%) 6£'%Z2 (95°68) ZL°6T (6°ce) TL°ST L2471
oljoed sy,

S . 09 JOo ynog S -09-0% S .09-02 S .0%-00 o0- N 003 N -03-.0% N -0%-.09 -

(£86] ‘'18 1@ Aeoaaydl xo1ye) opnine] Jeorydeadosd o3 joedssx yilm
seInpou 9ssUBSUBRW UI S[L1OW JO SUOIIBIIUSOUOD (% Slaxoelq UI) WNWIXER pue afelssy

19 H1dV.L



CHAPTER VIII

“£86T ‘'8 10 AOAIOMOWsxs (V86T ‘SNUBIING PUR YORAIBHus 49L6T “BAOYRAUIONS W0dd

AN - - L11°8 JARN! %1 c0' 1 86'1 c9°1 66°T P 29°1 68°0 £0°1 T SA/UN
(ogsT) (5e81) (208) (oL1) (821) (9671) (1) (¥1) (22

$2'0 £2°0 9%'0 €80 190 £9°0 69°0 88°0 06°0 8I'T 82°0 1€°0 L8°0 £5°0 BL'0 ste}
(c9°61) (egT) (808)  (PLD) (821) (961) () 1D (22)

750 6%°0 0T'0 80'0 210 £T'0 820 10°0 90°0 £0'0 1970 B0 12°0 £I0 Z1°0 np
(gosT) (9g8T) (£28) (¢81) (821) (961) (%) (¥1T) (12)

1.°0 69'0 6£°0 1%°0 ¥2'0 cgt0 81°0 1950 0 0S°0 29°0 19°0 v0 980 05°0 IN
(16e1) (9261) (¥28) (981) (821) (9671) (%) (1) (13)

LTI 21'8T  €9'SI 18" %1 19T 08T g 8T 1°91 £°6T e v 9¢°31 $6°01 08 LT ¥L°61 9g°¢eT CE|
(19¢1) (188T) (¥28) (981) (821) (961) §%72) (P1) (22)

9'8T 09°8T 91'LI 00°8T L7861 A $°0% [l 1°%% ¥°82 IFANAS 11°21 19°¢1 L1791 %581 up

uw 000y W 000€ W 000E W Q00 W 00PF W 000 W 000E W 00FF W Q06T W QOST W 000S W 000S W 000 W 000E W 000%

a9A0 I9A0 o} 01 -000% -000¢ -00%% -0061 -00sT -001T 4940 -000% -000¢ -000% 0}
#%xUBOD0O PIIOM 9U} JO SS[NPON #%SUIBIUNOW BaS xSeInpou o13Ioed Juow
oljIoed JBAIUSD OYJ WOJJ SISNJID 84Q -9Td

(sojdwes Jo Jagunu :S}a¥ordq UIL)
yidep otueeoo o} 10adssd Y)IM SISNJD 840 PUB SO[NPOU oseuedueW Ul S[BISW JO UOI}BJ}IUSOUO0D afelsAy
%9 H'IdV.L

140



MAJOR ORE ELEMENTS OF MANGANESE NODULES 141

depend upon the depth, whereas other elements show definite trends in their
distribution with depth. For instance, iron accumulates in nodules at a depth to
3000 m (15.63 on average), nickel and copper tend to concentrate at a depth below
4000 m (on average, 0.71 and 0.52% respectively), cobalt accumulates at a depth to
2000 m (0.53% on average) (Table 62).

The systematization of the data on metal occurence in nodules with respect to
facial conditions in the Pacific and Indian oceans revealed that nodules of deep
depressions, sea mountains and hemipelagic regions usually differ considerably in
their composition (Table 63). i

In pelagic zones and deep basins, manganese is abundant in nodules of radio-
larian belts, whereas iron tends to accumulate in nodules of the deep basins beyond
radiolarian belts. As a result, the average Mn:Fe ratio in nodules of the Pacific
radiolarian belt is 2.9; it is 1.7 beyond the belt considered. For the Indian ocean
this ratio is 1.8 within and 1.0 outside the belt. The behaviour of other metals
seems to be controlled by the major ore-forming elements. Thus nickel, copper and
zinc accompany manganese, while cobalt and lead accompany iron.

The manganese average in nodules and ore crusts at sea mountains is almost
the same as in deep basins, whereas iron concentration grows considerably: in the
Pacific it reaches 15%; in the Indian ocean it is as great as 16% at sea mountains
and 18.7% at the mid-oceanic ridge. The concentration of other metals varies as
deep basins change over to sea mountains; nickel reduces by 1.5 times in the
Pacific and by 1.2 - 2 times in the Indian ocean; copper reduces by 4 and 2 times,
respectively; zinc concentration lowers by 1.4 times in both (being constant at the
mid-oceanic ridge); cobalt increases by 2 times in the Pacific and by 1.6 times in
the Indian ocean (being constant at the mid-oceanic ridge); lead increases by 1.5
and by 1.1 - 1.3 times, respectively.

In hemipelagic zones, the average concentration of iron and manganese varies
over a wider range than in pelagic zones, as is demonstrated by Table 64,

The composition of the host and underlying sediments is the determining
factor for a geochemical environment for the formation of manganese nodules.

Table 64 presents the data on the composition of nodules resting over sediments of
various types in the Pacific and Indian oceans. This table shows once again that
nodules with high concentrations of nickel, copper and zinc are confined to pelagic
radiolarian ooze in both the oceans considered. The second place, according to
this parameter, is taken up by eupelagic clays, the third by miopelagic sediments
of the Pacific and Indian oceans, and the fourth by diatomaceous and calcareous
ooze of the Indian ocean.

Hemipelagic sediments, which are extremely variable in composition and in the
physical-chemical environment of their diagenesis, produce nodules that are also
extremely variable in composition. The average concentration of manganese varies
in them from 8.15 to 38.8%, and the iron average varies from 1.49 to 16.99%. This
became clear from a comparison of the composition of nodules from hemipelagic
sediments of the northwestern Pacific, from some regions of the eastern Pacific
and from hemipelagic sediments of the Indian ocean. Concentrations of other metals
in nodules of hemipelagic sediments vary within the following ranges: nickel, 0.11
to 0.74%; copper, 0.09 to 0.48; cobalt, 0.0l to 0.2; zinc, 0.05 to 0.23%. According
to their manganese and iron concentrations (8.1 to 18.7 and 12.9 to 14.3%, respec-
tively), nodules from hemipelagic sediments of the northwestern Pacific are similar
to those of the north-eastern tropical part of the Ocean, whereas nodules in the
vicinity of the Californian province (34.8 to 38.8% of Mn; 1.5 to 2.9% of Fe) are
similar to those of the eastern equatorial part of the Pacific. However, the
concentration of nickel, cobalt and copper revealed another association: nodules of
the northwestern Pacific are similar to those of the near Californian region and
nodules of the north-eastern tropical part of the ocean resemble those of the
eastern equatorial part of the ocean. The former contain 0.11 to 0.15% of nickel,
0.08 to 0.09% of copper, 0.01 to 0.08% of cobalt; the latter have 0.655 to 0.742%
of nickel, 0.371 to 0.484% of copper and 0.195 to 0.258% of cobalt. Such geochemical
associations, differing sharply from those observed in the nodules of pelagic zone,
result from the variability of the process of diagenesis in hemipelagic sediments.

According to the various compositions of manganese nodules and the bottom
environment, one can distinguish geochemical provinces on a regional scale.
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In the Pacific, Mero (1965) distinguished four provinces that differ in compo-
sition of manganese ore formations: an iron-rich province (southern and western
zones of the ocean, the region near Central America); a manganese-rich province
(eastern part of the ocean); a province of high concentration of nickel and copper
(central and eastern parts of the ocean); and a cobalt-rich province (submarine
hills of the central, southern and western parts of the ocean).

Skornyakova (1976b) proposed to distinguish geochemical provinces according
to the Mn:Fe ratio in nodules. When this ratio is less than 0.25, nodules are
considered as being iron-rich, from 0.25 to 1 as manganese-iron, from 1 to 4 as
iron-manganese, and over 4 as manganese-rich.

As Mn:Fe ratio in the nodules of the peripheral regions of the ocean varies
from 0.06 to 51, three sub-provinces were additionally delineated within the eastern
periphery of the Pacific (province I), namely, Ia- iron-rich and manganese-iron;
Ib-iron-manganese; lc-manganese-rich nodules (Figure 41).

Fig. 41. Geochemical provinces of the Pacific nodules (Skornyakova, 1976b), (1) sea
mountains; (2) boundary between pelagic and hemipelagic zones; (I) peri-
pheral ((a) iron; (b) iron-manganese; (c) manganese nodules); (II) pro-
vince with 10 to 20% Mn, 10 to 20% Fe, 0.2 to 0.8% N, 0.2 to 0.6% Cu;
(I11) province with 15 to 25% Mn, 0.4 to 1% Cu, 0.4 to 1.2% Ni; (IV) pro-
vince with 20 to 35% Ni and 0.8 to 2% Cu; (IVa) province of the Peru
basin; (V) province of the Southern basin (15 to 25% Fe, 0.2 to 0.6% Ni).

In pelagic zone, provinces II (with moderate content of Mn, Ni, Cu) and III (with
their high concentrations) are delineated. Province IV is characterized by the
maximum concentration of nickel and copper, also of zinc and molybdenum.
Province IV is represented by two latitudinal belts extending north and south of
the Equator. A sub-province of the Peru Basin can be also recognized (IVa).
Province V (manganese-iron nodules) is localized in the South Basin.

COMPOSITIONAL VARIABILITY OF INDIVIDUAL NODULES AND RELATIONS
BETWEEN METALS

Manganese nodules demonstrate great variability in their composition, not only
from region to region of the World Ocean, but also within one ore field and in
seperate features of bottom topography. The chemical composition of nodules
depends upon their morphogenetic type, as was revealed by detailed investigations
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TABLE 65
Concentration of metals in manganese nodules from
the Pacific radiolarian zone with respect to morphogenetic
types of nodules (Skornyakova, 1984)

Ele- Types of nodules; sites; number of samples
ment

D and HD; 2483; H; 2474; H; 2520; Ore crusts of
48 samples 43 samples 30 samples faults; 31 samples

from-to; average from-to; average from-to; average from-to; average

Mn 18.0 - 28,45 25.5 14.6 - 24.3; 19.8 13.8 - 19.3; 17.3 11.7 - 19.4; 15.2
Fe 4,9 - 9.4; 6.23 8.0 - 14.0; 11.5 9.1 - 16.3; 12.7 15.0 - 22.2; 18.5
Ni 0.96- 1,45; 1,14 0.41- 0.90; 0.69 0.39- 0.64; 0.49 0.12- 0.40; 0.22
Cu 0.70- 1.35; 0.98 0.30- 0.59; 0.46 0.25- 0.52; 0,36 0.04- 0.28; 0.16
Co 0.13- 0.29; 0,20 0.20- 0.36; 0.29 0,24~ 0.40; 0.32 0.08- 0.50; 0.28
Zn 0.08- 0.16; 0,11 0,046-0.096; 0.071 0.043-0.076; 0.063 0.032-0.062; 0.047
Pb 0.013-0,029; 0.022 0,045-0.095; 0.068 - 0.06- 0.11; 0.084
Mn/Fe 2.5 - 6.0; 4.22 1.34- 2.43; 1.74 0,98- 1.96; 1.36 0.54- 1.19; 0.82
Mineral todorokite slightly crystal- slightly crystal- vernadite
compo- lized todorokite lized todorokite

sition and vernadite

of

nodules

*Nodules: (D) diagenetic; (DH) diagenetic-hydrogeneous; (H) hydrogeneous

within several sites in the Central Pacific, the radiolarian belt included
(Skornyakova, 1984). From the results obtained, diagenetic and hydrogenous-
diagenetic nodules (their morphology was described in Chapter VII) are mainly
characterized by high concentrations of manganese, nickel, copper and zinc and
low concentration of iron, cobalt and lead (Table 65, Figure 42). In hydrogenous
nodules, the concentration of metals of the first group is lower, while of the
second it is higher.

Ore crusts from the fault zones within the same sites have an even lower content
of manganese, nickel, copper and zine, but they are rich in iron and lead at a
moderate concentration of cobalt. Considerable fluctuations of chemical compositions
are observed in each of these ore formation groups; however, average concentra-
tions are distinct and individual and agree well with the described morphogenic
types of nodules and their mineral composition.

As is shown in Chapter VII, the inner structure, texture and mineralogy of
nodules are also variable, as is reflected in their chemical composition.

The analysis of the top, bottom and side parts of nodules from various
regions of the ocean showed that the nodule tops are usually richer in iron, cobalt
and lead with respect to the bottom parts, whereas the nodule bottom is richer in
manganese, nickel, copper and zinc. The equatorial parts are of intermediate
composition. Such a situation is typical of nodules of all morphogenetic types;
however, in some diagenetic nodules of the Pacific radiolarian belt, the distribution
of manganese and zinc can be inverse or regular, though this does not affect the
distribution of nickel and copper, which relatively enrich the bottom nodules and
do not follow manganese behaviour in this case (sample 3 in Table 66).

Another example of a non-traditional relation between manganese and other ore
elements is demonstrated by diagenetic nodules from the eastern equatorial hemipe-
lagic zone of the Pacific (Site H, MANOP Program). The tops of these nodules
contain, on average, 34.7% of manganese and 3.8% of iron, the bottoms contain
43.8% of manganese and 1.1% of iron. However, the remainder of the ore elements
in these nodules are accumulated only in their tops, with relative concentration
coefficients (top/bottom) being 1.5, nickel; 2.5, copper; 2.7, cobalt; 1.2, zinc
(Table 66).
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Fig. 42. Ternary diagram of chemical composition of various genetic nodule types
(Skornyakova, 1984). (1) mainly hydrogenous nodules; (2) diagenetic;
(3) hydrogenous-diagenetic; (4) ore crusts at bed rock surface.

The ratios of metal concentrations in the tops and bottoms within the Site
considered, and two more Sites, are given in Figure 43.

The statistical processing of the results obtained from the analyses of total
samples of oceanic nodules performed by various authors revealed an inverse
correlation between manganese and iron in all cases. It is the strongest in the
Atlantic (-0.74), moderate in the Pacific (-0.43) and weak in the Indian ocean
(-0.20) (Tables 67-69). The positive correlation between manganese and other
metals has the following coefficients in the Pacific, Indian and Atlantic oceans,
respectively: Mn : Ni, 0.83, 0.63; 0.78; Mn : Cu, 0.59, 0.41, 0.51; Mn : Zn,
0.32, 0.24, 0.20; Mn : Co, 0.21, 0.12, 0.35. In all three oceans iron shows a
strong negative correlation with nickel and copper, and a weak correlation with
zinc. It has a positive correlation with lead. The Fe : Co ratio is controversial,
since it is 0.25 in the Pacific, 0.40 in the Indian ocean and -0.27 in the Atlantic.

These results are independent statistical indices of the relation between the
major ore elements in nodules, as was demonstrated earlier when describing
variations in their composition with respect to the geographical latitude, oceanic
depth, facial setting, sediment lithology and the types of nodules proper.

The mineralogical composition of nodules plays a special role in the accumula-
tion of ore elements in them. In particular, as is shown in Table 65, concentrations
of manganese, nickel, copper and zinc in the nodules from the Pacific radiolarian
belt gradually increase as the ore matter in the nodules changes from vernadite
to a mixture of vernadite and poorly crystallized todorokite, then to poorly
crystallized todorokite and well crystallized todorokite. Therefore it is expedient to
consider the chemical composition of the major manganese minerals in nodules,
namely, of todorokite, birnessite and vernadite, the mineralogical parameters of
which were given in Table 52.
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Fig. 43. Element concentration ratios in nodule tops and bottoms at Sites H, S and
R in the eastern tropical Pacific (Dymond et al., 1984).

According to data from various authors, the total content of manganese oxides
in todorokite from various sea and land environment is 71.1 to 80.86%. In this case,
concentration of bivalent manganese in todorokite is 6.81 to 12.37%.

A considerable role in todorokite composition, besides a bivalent manganese,
is played by other bivalent metals, in particular ore metals that are believed to
stabilize its crystalline structure (Dymond et al., 1984). The occurrence of
todorokite with 6% of Ni, about 4% of Cu, 5% of zinec in various natural environ-
ments, in particular in manganese nodules, can be explained by this fact (Table
70). In contrast to the three metals mentioned, nickel does not accumulate in
todorokite; its maximum concentration does not exceed 0.2%. The share of iron
oxides in todorokite is also inconsiderable: 0.07 to 2.22%.

In birnessi*e, the total content of manganese oxides is 50 to 80%, similar to
todorokite, the share of bivalent manganese is rather large, 4.66 to 16%. Maximum
concentrations of oxides of other ore elements are: 3.81 of nickel, 0.63 of copper,
0.25 of cobalt and 0.12 to 2.88% of iron (Table 71).

Vernadite or §-MnOg differs considerably in its chemical composition from
both todorokite and birnessite. It has a lower content of manganese oxides (35.7
to 81.2%) and a higher content of iron oxides (7 to 25.6%), which possibly form
ultramicroscopic intergrowths. Maximum contents of oxides of other ore metals are
0.95 of nickel, 0.25 of copper, 3.41% of cobalt (Table 72).

Thus, the main fraction of nickel, copper and zinc accumulated in nodules is
concentrated in todorokite and birnessite, whereas the major part of cobalt is
accumulated in vernadite.

This is verified by special analysis of thoroughly sampled nodules in the Paci-
fic, Atlantic and Indian oceans composed mainly of todorokite or mainly of vernadite
(Table 73). Such an analysis revealed a number of regional features typical of the
composition of two major manganese minerals which form nodules.

Todorokites of all three oceans have an almost similar manganese concentration
(19.53 to 20.0%); todorokites of the Pacific and Indian oceans are close in concen-
trations of iron (9.0 to 9.5%), nickel (0.935 and 0.844%), copper (0.562 and 0.689%)
and cobalt (0.172 and 0.130%). Todorokites in the Atlantic are characterized by a
higher content of iron (16.4%) and cobalt (0.29%) and a lower content of nickel
(0.82%), copper (0.17%) and zinc (0.09%). The content of lead in todorokite
increases from the Pacific (0.033) to the Indian ocean (0.076) and to the Atlantic
(0.133%).

Vernadites ( § MnOg) of the Pacific and Atlantic have an almost similar content
of manganese (15.3 and 14.7%), zinc (0.057 and 0.054%) and lead (0.115 and 0.142%)
vernadites of the Indian and Atlantic oceans are close in concentration of iron
(19.3 and 21.4%), nickel (0.25 and 0.25%), copper (0.69 and 0.78%) and cobalt
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TABLE 70
Chemical composition of todorokite, % (Burns and Burns, 1979)
Compo-
nent 1 2 3 4 5 6 7 8
MnO2 65.39 68.46 72.98 67.98
71.1 78.03 80.86 74.91
MnO 12.37 10.70 6.81
Cal 3.28 2.13 1.24 1.3 = 1.67 1.21 5.99
Sr0 - 0.13 0.11 - - - - -
Ba0 2.05 0.40 0.19 0.3 0.28 1.51 0,50
Na,0 0.21 1.44 0.16 2.9 - 3.09 1.10 0.19
K, 0.54  0.75  0.92 0.8 - 0.66  1.55 0.19
Mgo 1.01 3.22 2.26 3.4 - 3.27 3.12 1.51
Co0 - 0.18 - 0.2 0.5 - 0.01 0.21
Nio - - - 6.4 6.76 0.06 0.32 -
Cul - 0.44 0.77 3.8 2.05 0,31 0.55 -
Zn0 - - 4.99 0.3 - 0.04 0.07 -
A1203 0.28 0.19 0.02 0.2 - 0.38 0.35 -
Fe O3 0.20 0.07 0.59 0.1 2.22 0.35 1.64 0.08
sitf 0.45  0.41  0.55 0.2 1.67 - 0.96 0.20
HZ& 11.28 10.99 8.34 (9.4) (9.07) (8.51) (12.46) (14.31)
Other
compo-
nents 1.98 - - - 0.15 - 0,24 0,24
Total 99,24 99,51 100,74 (100.0) (100.0) (100.0) (100.0) 99.29

(1)
(2)
(3)
(4)
(5)
(6)
(7
(8)

todorokite from Todoroki mine, Hokkaido {Yoshimura, 1934);

todorokite from Charko Redondo mine, Cuba (Straczek et al., 1960);

zine todorokite from Montana, Philippsbourgh, contains 0.55% Pb0 (Larsen,

1962);

todorokite from healed crack of manganese nodule, Site A,DOMES, 8° N,151° W
(Burns and Burns, 1978a);
todorokite layer in the North Pacific nodules (Stevenson and Stevenson, 1970);
almost pure todorokite, well crystallized with siight admixture of birnessite

from hydrothermal hili at the southern flank of the Galapagos Rift, 00°36'N,

86° 04'W (Corliss et al., 1978);

todorokite from micronodules of metalliferous sediments from the Bauer

depression, 9°S, 102°W (after Dymond and Eckiund);
radial-crystalline todorokite in cavity of high phosphatized zeolithic hyaloclastic

tuff from the Pacific, Site 6333, 22 °41709''S, 160°50'084''W (Andruschenko et

al., 1975)
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TABLE 71
Chemical composition of birnessite, % (Burns and Burns, 13979)

Compo-
nent 1 2 3 4 5 8 7
MnO2 54.24 66,66

80.03 75.80 77.62 78,40 48,98
Mn0 4,66 16,07
Ca0 1,65 1.05 - 0,39 2.38 2,29 1.03
Nazo 2,17 0,16 8.67 1.90 2,82 2.04 -
KZO - 0.09 - 1.80 0.76 1.68 1.44
Mg0 - 0.23 - 6.20 3.06 4,60 3.48
Co0 - - - 0.14 0.05 0.13 0.25
Ni0 - - - 0.80 - 0.22 3.81
Ccul - - - 0.33 - 0.25 0.63
A1203 3.32 0.83 - - - - 5.67
Fe203 2.88 0.86 - 0.62 0.12 0.24 2.86
SiO2 18.92 2.62 - 0.90 0.06 1,56 1.07
'1‘1'02 0.28 - - - - - 0.03
HZO 10.87 10.83 10.02 (10,80) (13.10) (8.6) (30.4)
Other
compo-~
nents - 1.47 - 0.30 - - 0.37
Total 98.99 100,87 98.72 (100.0) (100.0) (100.0) (100.0)

(1) birnessite from fluvial-glacial deposites of Birness, Scotiand

(Jones and Milne, 1956);
(2) birnessite films on siliceous and calcareous rocks from Cummington,
Massachussetts (Frondel et al., 1960);
(3) synthetic birnessite (Giovanoli et al., 1970);
(4) birnessite from micronodules of foraminiferal sediments, Gulf of Mexico,

21°32'N, 85°45'W (Glover, 1977);
(5) birnessite from the Pacific nodules (Chukhrov et al., 1978B);

(6) birnessite in nodules from submarine volcano caldera, 8°48'2''N, 103°53'8''W

(Lonsdale et al,, 1980);

(7) birnessite in nodules from sea mountain, 16°29'S, 145°33'W (Burns and
Fuerstenau, 1966).
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TABLE 72
Chemical composition of vernadite, % (Burns and Burns, 1979)

Component 1 2 3 4 5
MnO2 46,47 56.45

39.3 36,34 35.71
Mn0 1,09 4,81
Ca0 2.15 5.17 3.4 3.08 3.44
NaZO 2.29 0.12 1.1 - -
KZO 0.60 0.23 0.24 0.36 -
Mg0 2.62 0.28 1.9 1.16 ~
Co0 3.41 - - 1.53 -
Ni0 0.95 - - 0,76 -
Cu0 - - - - 0.25
A1203 1.00 1,00 1.7 2.08 2.51
Fe203 10.47 7,00 25.6 17.18 24.74
SiO2 0.80 1,30 4.35 5.35 11.06
T1'02 1.50 - 1.5 2.00 -
HZO 25.44 16.53 (20.09) (29 .8) (22,5)
Other
components 1.53 7.26 = 0.15 -
Total 100.32 100,15 (100.0) (100.0) (100.0)

(1) vernadite from hydrothermal sediments in Kurchatov fault zone, the Pacific,
(Chukhrov et al., 1978a);

(2) vernadite from Lovozero (Chukhrov et al., 1978a);

(3) vernadite from nodules, the Pacific (Chukhrov et al., 1978a);

(4) vernadite from sea mountain, the Pacific, 16°29'S, 145°33'W (Burns and
Fuerstenau, 1966);

(5) vernadite from hydrothermal hill, the Galapagos Rift, 00°36'N, 86°04'W
(Corliss et al., 1978).
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(0.36 and 0.47%). Vernadites of the Pacific are characterized by high concentration
of cobalt (0.79%), whereas vernadites of the Atlantic are rich in lead (0.26%).
However, the general problem of the chemical composition of manganese
minerals in nodules has been insufficiently studied. In particular, a disagreement
exists on the degree of manganese oxidation in nodules.
According to Glagoleva (1972), the degree of manganese oxidation in the
nodules of the Trans-Pacific profile is 1.80 to 1.95 (Figure 44).

MnO;
I
4
Lk P
N \
R Iy \
2\ , k
/,7 o \ I \
\ /y b
\ "-sd |
1,5

P SO S W T
17 6185 6187 [ZZ] 617y 8177
51688 819/ o0 Iy st

Fig. 44. Oxidation degree of Mn in nodules and host sediments along the profile
trans the northwestern Pacific (Glagoleva, 1972). (I) hemipelagic sediments;
(II) pelagic red clays; (1) nodules; (2) host sediments.

In the Central Pacific, the manganese oxide concentration in nodules is 0.25 to
1.86%, i.e. 1.3 to 9.4% of the total manganese content (Skornyakova et al., 1975;
Bazilevskaya, 1985). However, from the data presented by American researchers,
a relative concentration of bivalent manganese does not exceed 1%, even in
todorokites that are rich in manganese (Murray et al., 1984). It was suggested
that manganese oxidation may occur during the period from the raising of samples
on board the vessel and the time of their processing (Dymond et al., 1984),
similar to the bivalent iron oxidation in smectite (Lyle, 1983).

FORMS OF METALS IN NODULES AND RELATIONS BETWEEN THE COMPOSITION
OF NODULES AND SEDIMENTS

When investigating the forms of metal occurrence in nodules, the technique of
selective leaching was used, similar to the one applied to sediments (Chapter V).
The aim of this investigation is to reveal the relation between mobile and inert
forms of metals. Three major forms are recognized: sorbed; oxide and hydrooxide
with various degree of crystallization; and lithogenic; the latter occurs in minerals
of terrigenous or volcanic origin resistant to submarine weathering.

Sixty-two samples from the Pacific, Atlantic and Indian oceans were analysed
(Moorby and Cronan, 1981; Gordeev, 1986); the results are given in Table 74 and
Figure 45.

Despite a certain difference in the techniques applied by the authors of the
papers cited, the results appeared to be consistent.

A sorbed form of manganese (fraction 1) in nodules plays a subordinate role
in all cases, its relative concentration being less than 1% (Moorby and Cronan,
1981) or even 0.01 to 0.02% (Gordeev, 1986). The share of sorbed iron forms is
larger, 0.01-0.03% in the Pacific nodules, <0.5 to 3% in the Indian ocean, and ©1
to 6% in the Atlantic. A share of sorbed nickel is even larger, 0.5 to 0.8% in the
Pacific, <0.5 to 5% in the Indian ocean and 1 to 18% in the Atlantic. For copper the
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Fig. 45. Forms of metals in the Atlantic nodules (Moorby and Cronan, 1981).
(a) acid-ieducing-agent leach; (b) hydrochloric acid leach. Phases:
(1) amorphous; (2) vernadite; (3) todorokite; (4) goethite.

corresponding values are: 2.0 to 2.2%, 1 to 12%, 1 to 19%; for cobalt, 0.08 to
0.12%, 0.5 to 1%; for zinc, 3.3 to 3.5%, 2 to 15%, 2 to 26%; for lead, 11.4% in the
Pacific nodules and 1 to 2% in the Atlantic nodules.

Oxide and hydrooxide in readily leachable forms (fraction 2) are predominant
for manganese. Their relative concentration in nodules of the Pacific is 98.8 to
99.7%; in the Indian ocean, it is 93 to 100%; in the Atlantic, 74 to 100%. For iron,
the corresponding values are considerably lower: 17.3 to 32.6; 65 to 83; 5 to 73%.
For other metals, the share of this form varies within a wide range. For nickei, it
is 92 to 97; 88 to 100; 52 to 98%; for copper, 59.3 to 87.5; 12 to 99; 39 to 82%;
for cobalt, 81.2 to 92.5; 88 to 100; 81 to 100%; for zinc, 34.7 to 83.8; 75 to 96;
32 to 94%; for lead, 15.5; 72 to 100; 70 to 97%.

Oxide and hydrooxide refractory forms (fraction 3), resistant to reducing
reagents, have no considerable share in the total balance of manganese in nodules.
Their relative content in nodules of the Pacific and Indian oceans does not exceed
1.5%, and only in some nodules of the Atlantic, it increases to 26%. In iron balance,
on the contrary, they can play the main role, being 54 to 78% in the Pacific;

13 to37% in the Indian Ocean; 21 to 92% in the Atlantic. For nickel, as for manga-
nese, their share is not great: 1 to 9% in the Pacific and Indian oceans, and to 45%
in some nodules of the Atlantic. A similar distribution is typical of copper, zinc
and cobalt; the behaviour of the latter in the selective leaching process resembles
the behaviour of manganese, not iron.

The role of a residual fraction (not dissoluable in hydrochloric acid) in the
balance of metals in nodules is subordinate. Its maximum share in iron is 13 to 18;
12 in lead; 10 in zinc; 7 in cobalt; 5 in copper; 2 in nickel; less 1% in manganese.
The results of the research show that the bulk of ore metals in nodules is in the
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form of geochemically mobile oxides and hydrooxides (fractions 2 and 3) which are
authigenic in origin.

From the results of other experimental works using the ion-exchange technique,
a part of the ore matter in nodules is in the form of interlayer cations of
chalcophamte type (Mn2+, Cu, Zn, Cd), Eart of them is in asbolan layers (Ni,

2%y, whereas Co3tis assomated with Mn%* (Chelischev and Gribanova, 1985).

To clarify the role that the underlaying and host sediments play in the supply
of ore material to nodules the total composition of both and mobile forms of metais
were compared.

Along the profile through the North Pacific, Volkov (1979) found that Mn:Fe
ratio in nodules and in leachable fractions of sediments are close, being about 1.1
on average. That permitted the conclusion that there was a genetic link between
nodules and host sediments. However, other comparisons have shown that the
problem is more complicated.

The coefficients of metal concentration in nodules with respect to host sedi-
ments on the scale of the World Ocean are: 3.3 for iron; 9 for zinc; 19 for copper;
41 for cobalt; 60 to 68 for manganese and nickel, the average Mn : Fe ratio being
2.26 (Table 75). Within the Central Pacific sites, all average concentration
coefficients were close to those mentioned, except for iron (17 to 24 instead of
3.3); the Mn : Fe ratio was 2 to 2.5 times lower than its average for the entire
ocean and 2.4 times higher than in host sediments (1.36 to 4.22 in nodules and
0.83 to 1.05 in sediments) (Table 76).

The correlation coefficients of metal concentration in nodules and their mobile
forms in sediments calculated for the three Sites showed a direct correlation
between them (except for manganese and iron) only within Site 2483, where diage-
netic and hydrogenous-diagenetic nodules occur. Within the other two sites where
hydrogenous nodules (according to their morphological properties) are spread,
such a correlation is distinct only for cobalit.

Besides such a comparative analysis, it is also possible to use ratios of various
metals to manganese, as has been done by Volkov (1979). The data obtained by
Volkov, and the results from the three sites considered, are given in Table 76.

As we can see, an average ratio of nickel, copper and cobait to manganese in
nodules and in leachable sediment fractions are really close in the most cases.

This is true for both diagenetic (Site 2483) and for hydrogenous nodules (Sites
2474 and 2520). So different techniques of statistical processing of analytical results
give various answers to the question whether a genetic link between nodules and
host sediments exists.

The problem of the ore matter supply to nodules and the formation mechanism
of the latter will be considered in turn, after we review the data on element
concentrations and distribution in nodules.
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CHAPTER IX

MAJOR LITHIC* ELEMENTS IN NODULES

The most widespread lithic elements in manganese nodules are elements of the
group of alkaline and alkaline-earth elements, namely, potassium, sodium, calcium,
magnesium, barium; elements of the lithogenic group or hydrolysate elements:
aluminium and titanium; silicon which is of a polygenic nature (litho- and biogenic);
and elements of the biogenic group, namely, carbon, phosphorus and sulphur

(we shall also consider nitrogen as being related to this group). We shall also
consider pore water, which plays an important role but which is sometimes ignored.

CONCENTRATION OF LITHIC ELEMENTS IN NODULES

The generalized data obtained by various authors on major lithic elements in nodu-
les are given in Table 77. The range within which their concentration can vary is
as wide as for the major ore elements considered in the previous chapter. The
ratio of maximum-to-minimum concentrations varies from tens (as for potassium,
sodium, aluminium, titanium, sulphur, carbon) to hundreds, and even thousands
(other elements). For alkaline and alkaline-earth elements the variability range
widens as their atomic weight rises.

An average potassium concentration in nodules decreases from the Pacific
(0.74 to 0.82%) to the Atlantic (0.56 to 0.57%) and to the Indian ocean (0.48%).
According to the majority of the available data, the same pattern is typical of sodium, the
average concentration of which decreases from the Pacific (about 2%) to the Atlan-
tic (about 1.9%) and to the Indian ocean (1.7%). The data on average magnesium
concentration in nodules of the Pacific and Atlantic is not completely consistent
(1.5 - 1.9%), but its concentration in the Indian ocean nodules seems to be lower.
An average calcium concentration in the Pacific nodules is about 2%, in the Atlantic it is
about 3%, in the Indian ocean it seems to reach 2%. The data on average barium
concentration are controversial. From Volkov (1979), the barium maximum was
registered in the Indian ocean nodules, and its minimum in the Atlantic nodules.
However, from McKelvey et al. (1983) barium concentrations are similar in the three
oceans and are 0.21 to 0.23%.

An average silicon concentration seems to be at a maximum in the nodules of
the Indian ocean (9.4% from McKelvey et al., 1983) and it is lower in the Pacific
and Atlantic nodules (6.3 to 8.3%).

According to the above mentioned authors, an average aluminium concentration
in nodules of all three oceans is approximately the same (2.4 to 2.7%). It is slightly
higher in the Pacific nodules which follows from the previous estimates based on a
smaller number of samples. An average titanium concentration is maximum in the
Pacific nodules (about 0.7%), slightly lower in the nodules of the Indian ocean and
are minimum (0.42 to 0.43%) in the Atlantic nodules.

The estimates of the average concentration of phosphorus in the Pacific

*In this work this term is relative, to a certain extent, since it is a label for the
macroelements of nodules that do not belong to the group of "useful elements” of
the latter.
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nodules made by various researches are almost the same, 0.20 to 0.28%. For the
Atlantic they differ approximately by ten times (0.098% from Cronan, 1980; and
0.91 from McKelvey et al., 1983). An average phosphorus concentration in the
Indian ocean nodules is 1.34% by Volkov's estimates (44 samples), whereas it is
0.37% from MeKelvey's data (the total number of samples analysed is 321 regardless
of the ocean they belong to).

The estimates of average sulphur concentration also differ considerably: in the
Pacific it is 0.19% according to Volkov (1979) and 0.32% from McKelvey et al.
(1983); in the Indian ocean it is 0.24% and 0.83%, respectively. However, both give
an average of 1.34% for the Atlantic.

Volkov (1979) estimated the average concentration of organic carbon in the
Pacific nodules as being 0.15%. McKelvey et al. estimate carbon concentration as
0.34