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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 Secpnd 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 r'ate 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
chen:istry 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 techmques, 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 ignorance 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 SUPPLY 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 cOHstal erosion. We shall show further that these sources are 
of different significance and value. 

1.1. MANGANESE IN RIVER DISCHARGE 

The World ocean sedimentation depends considerably upon river discharge. The 
World rivers drain an area of about 100 million km 2 and their annual water dis­
charge to thE ocean is 35 to 44 thausand km 3 , 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; lVlilliman and 
Meade, 1983). 

River discharge intensity and composition depend upon the climate, topo­
graphy, rock and soil composition within a drainage area (Strakhov, 1960). i'vlan­
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 sl;spension 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 3 /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) . 



4 MANGANESE SUPPLY TO THE OCEAN 

Dissolved manganese concentration in river water varies from several micrograms 
per litre (the Ob, Lena, Kuban) to 45 )lg/l (the Dniester). Anomalously 
high concentrations of dissolved manganese (to 160-690 )lg) 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 )lg/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 ma.."'{imum 
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 aI., 1977; Evans et aI., 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 even higher anomalous values (in the Rioni, it is up to 28200 )lg/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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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: 

AI - Ti - Fe 
770 - 617 - 590 

- Mn -
62 

Si - P 
24 21 

- K - F 
- 5 - 2.3 

Manganese forms in river discharge 

Mg 
1.6 

Na 
0.9 

Ga 
0.8 

Corg - S - I 
O. 8 - 0.4 - O. 06 

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 

CI 
0.02 

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 ).lm. 

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 10 3 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 aI., 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 org-anic (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 aI., 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 aI., 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 hoc (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 a1., 1978)* 

Forms Manganese Iron 

Concentration Cbncentration 

Relative (%) Absolute (llg/l) Absolute (11 gil) 
Lowland Mountain Lowland Mountain Lowland Mountain 

Relative (%) 
Lowland Mountair 

Labile organic 
Stable organic 
Non-organic 

Total dissolved 

0.38 
0.06 
1.16 

1.6 

0.82 
0.87 
1.85 

3.54 

24 
3.5 

72.5 

100 

23.2 
24.6 
52.2 

100 

17.5 
42.2 
13.3 

73 

* Lowland rivers: Danube, Dnieper, Don, Southern Bug, Volga, Ural. 

11. 4 
11. 4 
15.2 

33 

24 
57.7 
18.3 

100 

30 
30 
40 

100 

Mountain rivers: Rioni, Ingur, Codor, Chorokh, Bzyb, Kura, Samur, Sulak, Mzymta, Kacha, 
Supsa, Sochi, Kuban, Terek. 

River 

Amazon 
Yukon 
Rivers of the Black 

Sea drainage basin 
Same, lowland 
Same, mountain 
Rivers of the Sea of 

Japan drainage 
basin 

Ganges-Brahmaputra: 
bulk sample 
fraction 0.01 mm 
fraction 0.001 mm 

TABLE 3 

Manganese forms in river suspension 
(% of the total content) 

Manganese forms 

Sur­
ficial 
sorbed 

0.9 
0.6 

15.1 

60.3 

46.4 
42.8 
48.2 

In compo­
sition of 
amorphous 
hydrooxides 

59.4 
51. 3 

62.2 
84.1 
65.4 

9.0 

12.7 
15.1 
14.3 

In compo­
sition of 
crystallized 
hydrooxides 

5.8 
12.2 

Organic Silicate 

6.0 33.7 
6.8 41. 3 

1.5 17 
1.2 21. 2 

12.9 16.8 

13.2 27.7 
15.2 26.9 
15.5 22 

References 

Gibbs (1973) 

" 
Glagoleva (1959) 
Demina et a1. (1978) 

Chudaeva et al. (1982) 

Gordeev et a1. (1983) 
" 
" 



MANGANESE SUPPLY TO THE OCEAN 

In the rivers of the Black Sea, Azov and Caspian basins this form is 15% of the 
total Mn content of suspended material. 

9 

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; 
Schut z 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 10w-te,l!lperature 
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 Challenge,r. 

In some pelagic oceanic deposits, components of ObVIously aeolian origin are 
widely spread, namely, quartz grains transported from deserts, mica particles, fresh­
water diatoms, etc. (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 ~/m3 
(Savenko et aI., 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 aI., 1977; Miklishansky, 1983). 

Several reviews have been devoted to the data on composition and distribution 
of aerosols over the oceans (Chester, 1972; Duce et aI., 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/m3, and, on average, it is 0.0103 ng/m3 (Zoller et 
aI., 1974). 

Manganese concentration in the air over the parts of the ocean at great distance 
from cnntinents 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 distinct maximum in arid zones. 

Manganese concentration in precipitations (rain, snow, fog) varies from 0.015 
to 94 II g /1. 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 llg/I). 

Over continents U'mtarctica 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 0.2 II g /1 from the available data sources (Martin and Harriss, 
1973; Galloway et aI., 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 cm/s, on average, for the northern hemisphere, 
as has been detected from 7Be and 210Pb isotopes (Turekian et al., 1977; Young 
and Silker, 1980; Turekian and Cochran, 1981a, 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 Cllg/1) 

Region 

U.S.S.R.; 
Northern part 
North-western part 
Central part 
Moscow region 
Crimea coast 

" 
Washington state, U.S.A. 
United Kingdom 
Puerto Rico 
Bombay 
Antarctic ice sheet 

Region 

Northern Atlantic 

" 
" 
" 
Norwegian Sea 
Greenland Sea 
Indian Ocean 

" 
" 
Pacific Ocean 
If 

" 
China, Japan and 

Java Seas 
New Zealand, glaciers 
Tennessee state, U.S.A. 
U. S . S. R., coastal regions 
U. S. S. R., intracontinental 

regions 

Mn concentration 

from to average 

1 32 8.7 
3 43 10.9 
2.3 2.9 12.7 

14 94 50 
10 

0.35 20.50 14.8 
2.3 2.9 2.6 
5 60 8 
0.67 1.7 0.89 
0.2 26.9 8.6 
3.0 3.3 3.1 

TABLE 6 

Number 
of 
samples 

8 
35 
32 

3 
1 

11 
2 
7 

10 
40 

2 

References 

lJrozdova and Mahon'ko (1970) 

" 
Savenko et al. (1978) 

" 
Belyaev and Ovsyanyi (1969) 
Rancitelli and Perkins (1970) 
Peirson et al. (1973, 1974) 
Martens and Harriss (1973) 
Sadasivan et al. (1974) 
Vilensky and Miklishansky (1976) 

Manganese concentration in aerosols (%) 

Mn concentration 

from to average 

0.036 0.47 0.156 
0.10 0.19 0.13 
0.029 0.68 0.15 

0.04 
0.004* 
0.026* 

0.014 0.059 
0.06 0.15 0.11 
0.014 0.10 0.049 
0.042 0.067 0.050 
0.0054 0.0360 0.0143 

0.0124 

0.07 0.25 0.13 
0.026 0.055 0.04 
0.0031 0.058 0.034 
0.0303 0.0435 0.0342 

0.18 1. 45 0.56 

Number 
of 
samples 

18 
50 

8 

2 
5 
3 

25 

6 
6 

10 
5 

6 

References 

Chester and Johnson (1971) 
Chester and Stoner (1974) 
Savenko et al. (1975) 
Miklishansky (1983) 
Wilkniss et al. (1974) 

" 
Egorov et al. (1970) 
Chester et al. (1974) 
Savenko et al. (1975) 
Prospero and Bonatti (1969) 
Savenko et al. (1975) 
Miklishansky (1983) 

Chester et al. (1974) 
Windom (1970) 
Lindberg and Harriss (1983) 
Egorov et al. (1970) 

" 

* In fractions over 2 llID, 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 S~Ii2 the rate at which 
atmospheric manganese is supplied to this sea is 1.2 x 10 moIlm2 /s (Cambray et 
aI., 1975). If we assume this as an average for the entire oceanic area, which equals 
361 mkm2, 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 I cm 2 Iy~ (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 1O-5/g/cm 2/s (Duce et aI., 1976). 
For the entire ocean it will be 93000, 200000 and 585000 tonnes per year. 

F.rom another calculation, the total manganese supply to the ocean from the 
atmosphere is 70 ng/cm 2/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, Jl gIl 

(Zhigalovskaya et al., 1973; Pierson et aI., 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 Jlg/l in accordance with its average concentration in the air 
(1. 4 ng/m3). However, it was noted earlier that direct estimates provide another 
average, about 0.2 Jlg/1. 

The total precipitation over the ocean is 324000 km3/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 a!., 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 Jill 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/ AI and Mn/Fe rations in 
the air and sea water, the average concentration of manganese, iron and alumi,lium 
being 0.027, 0.056 and 0.54 Jlg/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 
coefficient * 

Relative to aluminium 

Arctic coast region 
United Kingdom 
Northern Atlantic 
II 

Bermuda Islands 
Shetland Islands 
Norwegian coast 
Indian Ocean 
Northern tropical zone 

of the Pacific 
Hawaii Islands 
Eniwetok Atoll 

(2.3-4) 
6(4-8) 
1.2(0.03-3) 
2.6 
1.5 
4.6 
5 
4(2-7) 
1.3(0.8-2.2) 
1.3(0.8-2.2) 
2.6 
0.96(0.86-1.1) 

Relative to iron 

Nothern Atlantic 
United Kingdom 
Indian Ocean 
Hawaii Islands 
Northern tropical zone, Pacific 
South Pole 
Atlantic, Indian, Pacific Oceans 

* Extrema are given in brackets. 

1.4(0.9-2.1) 
2.6(2.0-3.5) 
1.8(1. 7-2.5) 
1.4 
1. 6( 1. 0-3. 7) 

(0.69-1.1) 
1.5(0.9-2.5) 

References 

Egorov et al. (1970) 
Peirson et al. (1973) 
Hoang and Servant (1971) 
Duce et al. (1975) 
Duce et al. (1976) 
Peirson et al. (1974) 
Rahn (1975) 
Egorov et al. (1970) 
Tsunogai and Kondo (1982) 
Tsunogai and Kondo (1982) 
Hoffman (1972) 
Duce et al. (1983) 

Hoffman et al. (1974) 
Peirson et al. (1973) 
Egorov et al. (1970) 
Hoffman et al. (1972) 
Tsunogai and Kondo (1982) 
Zoller et al. (1974) 
Maenhaut et al. (19'17) 
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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/m2/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 aI., 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 aI., 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 aI., 1968; 
Kondratiev et al., 1983) and 10 to 100 million tonnes per year (Sobotovich, 1976; 
Golenetskt et aI., 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 aI., 1975). 

The composition of meteorite and cosmic material is analysed in detail in some 
reviews (Holweger, 1979; Mason, 1979; Meyer, 1979; Palme et aI., 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 aI., 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 aI., 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 (Bostrom, 1973, 1980; Lisitsin, 1974, 1978, 1983; Strakhov, 1976; Bonatti, 
1981; Fife and Losdale, 1981; Honnorez, 1981; Rona et aI., 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 volcanic material varies from some hundredths 
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TABLE 8 

Manganese in stony meteorites (Schmitt et al., 1972) 

Class Number 
of 
samples 

Cl 3 
C2 7 
C3 9 
H tlO 
L 47 
LL 17 
E4 3 
E5, 6 5 

Ae 5 
Ah 5 
Ac 1 
Au 2 

Aa 1 
An 2 
Aho 8 
Aeu 20 

Material 

Volcanic glass and 

Mn concentration ( %) In atoms 
per 106 Si 

from to average 

Chondrites 

0.174 0.230 0.188 9300 
0.154 0.174 0.163 6200 
0.128 0.165 0.149 4900 
0.186 0.280 0.226 6700 
0.221 0.278 0.246 6700 
0.233 0.283 0.256 7000 
0.180 0.250 0.220 6800 
0.148 0.254 0.179 5000 

Achondrites depleted of Ca 

0.083 0.255 0.140 2800 
0.357 0.439 0.399 8300 

0.41 12000 
0.286 0.291 0.289 7700 

Achondrites enriched with Ca 

0.07 1700 
0.352 0.386 0.37 8200 
0.346 0.40 0.38 8200 
0.244 0.581 0.40 9000 

TABLE 9 

Manganese concentration in volcanogenic material 

Region Mn (%) Number References 
of 
samples 

lava ashes North America 0.025-0.04 Smith and Westgate (1969) 
Kamchatka and Markhinin and 

tt Kuril Is. 0.13 67 Sapozhnikova (1962) 
South Sand-

Pumice wich Is. 0.065 1 Lisitsin (1978) 
tt Indian Ocean 0.09 4 tt 

tt Antarctic zone 0.14 

17 
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to some tenths of one percent, but, on the whole, the mean composition of volcanic 
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 aI., 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 aI., 1979; Menyailov et al., 1982). 

In exhalative products of Etna Volcano, the manganese content was 1. 3 to 
13 jJ go/m3, the enrichment coefficient relative to iron being 2-4 (Buat-Menard and 

Arnol<i, 1978). 
During eruptions of Heimaey Volcano in Iceland, the manganese concentration in 

aerosol was determined as being 79±12 ng/m 3, in fumarole sediments 0.12:!:0. 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 11. The maximum concentration of manganese, about 1 g /l, 
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 mgll, and only in some cases higher concentrations 
(to 33-41 mglI) 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 "manganes'e geo­
chemistry in the ocean. Hydrothermal solutions 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 cmlyr, 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 0 W) in 
the Galapagos zone (Gordeev et al., 1979). 
Content of manganese, in llg/!: (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 I 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 mgll (Mottle et aI., 1979). 
Table 11 shows the results of one of these experiments. At temperature 200<rC, 
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 II and then decreases gradual­
ly to 5 mglI. 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 aI., 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 aI., 1977; 
Thompson and Humphris, 1977; Humphris and Thompson, 1978; Humphris, 1979; 
Pritchard, 1979; Frolova et aI., 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 2000 C at pressure of 500 bar (Bischoff and Dickson, 1975) 

Time ~kg) (mg/kg) 
(hrs) 

Mg Ca K S04 8i0 2 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 0.36 0.153 0.29 0.5 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 

250 C 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). 

2QOO 

Iii; 1750 
9.­
~1500 

1250 

looor+--:!2.--=3--'4~-.!:S:---!:6---':~-:8!­
HlO% 

Fig. 2. Mn to H20 relation in fresh and hydrothermally altered basalts (Hamphris and 
Thompson, 1978). (1) sample from 4°8; (2) sample from 22°N; (3) sample 
from 22°8; (4) fresh basalts. 
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24 CHAPTER I 

Various approaches were attempted to estimate nurr:erically 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 II 

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 etc. 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 manl1:anese in 
sea water is 2 II gIl. 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 llg/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 b.as 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 llgll, being 0.027 llgll 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 

I -I Mn,,,M·lC?, 
K~0°r-__ r-__ ~2 __ ~3~~+ __ ~-. 

l 
1.0 ! 

. 
1.5 i 
2.0 ~---,';;:--....".._*+-*--;;;!;;;-' o 10 aD 30 100 200 

°z,mM'kf l 

Fig. 3. Distribution of dissolved manganese and oxygen in a vertical cross-section in 
the Pacific, 18°N, 108°W (Martin and Knauer, 1984). 
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TABLE 14 

CHAPTER II 

Concentration of Mn dissolved in oceanic and sea waters 

Region 

Sargassa Sea 

North-western region 
If, shelf 
If, open sea 
North Sea, shelf 
If, open sea 
Bermuda Basin 
'Cape Basin 

North-eastern region 

Entire deep sea region 

(26 sites) 

North-eastern region 

California Current region, 
If, shelf 
If, open sea 

Guatemala Basin 

Shelf of Mexico 

2 SON , 1550 W 

Layer (m) 

Atlantic Ocean 

Surface 
1800-4000 
Bottom water (5400) 
600-3100 
Surface 
If 

If 

If 

1750 
0-50 
120 
263-4960 

Pacific Ocean 

Surface 
Deep water 
Surface 
40-100 
Layer of 02 min 
Deep water 
Surface 
150-300 
600 
2500 
Deep water 

Surface 
Same 
Bottom water 
Surface 
Layer of 02 min 
Bottom water 
0-590 
690-1955 
Surface 
200-450 
450-700 
1000 
1000-2000 

Mn CJ,tg/l) References 

0.10-0.12 Bender et al. (1977) 
0.03 
0.15 
0.1 
1.15 Bruland and Franks (1983) 
0.13 
1 Kremling (1983a) 
0.04 
0.012-0.064 Bewers and Windom (1983) 
O. 16 Burton et al. (1983) 
0.09 
0.014-0.036 

0.08 
0.03 
0.05-0.16 
0.02-0.12 
0.05-02 
0.03 
0.21 
0.05 
0.08 
0.06 
0.05-0.08 

0.1-0.3 
0.03-0.05 
0.1 
0.49 
0.30 
0.49 
0.17 
0.06 
0.044 
0.011 
0.029 
0.019 
0.015 

Bender et al. (1977) 

Klinkhamer and Bender 
(1980) 

Martin and Knauer (1980, 
1982) 

Landing and Bruland (1980) 

Murray et al. (1983) 

Martin and Knauer (1984, 
1985a) 

Martin and Knauer (1985b) 

Basins with reducting environment 

Black Sea, oxic zone 

Baltic Sea, Bornholm Deep 
If, Gotland Depression 
Atlantic, Kariako Depression 
Canada, Jervis Inlet 
If, Saanich Inlet 

If, St. Lawrence estuary 
Harima Sea, Japan 

Narragansett Bay, Rhode Is., 

Surface 

Below 200 

Bottom water 
If, (152-230m) 
485-1396 
Bottom water 
From surface 

to bottom 
1-362 
From surface 

to bottom 

eastern coast of U. S . A . If 

1- 4 

300-400 

to 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. (1979), 

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

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 ].l gIl, 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 ].lg/I. 

Some attempts have been made to find the forms of manganese occurrence in 
oceanic water by thermodynamic calculations (Krylov 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 57Mn 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, 1992; 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 MnSOo4 (to 7-12%), MnCI02' MnCOo3, MnHCO+3, MnOH+, 
Mn(OH)02 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 Mn02 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 ].l gIl - 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 ].lg/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 ].lg/l 
(Wallace et al., 1977). The same seems to be typical of the Pacific, namely, the 
suspension manganese content is 0.02 to O. 13 ].lg 11 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 ].lg/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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tJ;e . neph:loid layer o! high t~rbidity occurs there. The suspended manganese 
~munum m surface, mtermedlate and deep water of the pelagic part in the Atlantic 
IS 0.0033-0.0045 11 ,gIl, whereas in the bottom water, it is 0.007 llg/l; its maxima 
are.0:0155-0.0261 and 0.234 llgll, respectively (Lambert et al., 1984). In the 
PaclflC, 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 0.02 to 687 llg/l (Table 17). Such a hi2"h content seems to be 
caused by Mn 2+ io~ oxidat~on 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 llg/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 11 gIl (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 )lg/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 
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TABLE 17 

Concentr~tion of suspended manganese in oceanic and sea waters 

Region 

North Sea, shelf 
North-west, New 

Scotland shelf 

North-west, New 
England shelf 

North-west, -3go-4~N 
North of Bermuda Is. 
Northern tropical zone 

", Barbados Is. region 
(material of sedimentary 

traps) 
Ocean as a whole 

Sea of Okhotsk 

Eastern part 
Central part 
Eastern tropical zone 

Northern part 

Mexico shelf, 18°N, 108°W 

Tropical zone 
Western part 
Central part 

Black Sea 

Baltic Sea 

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

Layer 

Atlantic Ocean 

Surface 

Surface 
Bottom 

Surface 

" 
" 
Surface 
Intermediate and 

deep water 
400 
1000 
3800 
Surface 
Intermediate 
Deep 
Bottom 

2.4-20.3 

0.14 
0.62 

0.330±0.030 
0.019-0.029 
0.001-0.006 
0.0035 

0.0048±0.0021 
0.0002 
0.0002 
0.0017 
0.0033-0.0155 
0.0045-0.0188 
0.0033-0.0261 
0.007-0.234 

Pacific Ocean 

0-100 
100-1500 
below 1500 
Surface 

" 
0-300 
450-1000 
below 2000 
nepheloid layer 
0-40 
40-200 
200-1000 
1000-3000 
3000-4600 
5000 
0-1955 

0.13 
0.05 
0.03 
0.09 
0.07 
0.008±0.004 
0.004±0.001 
0.003-0.006 
0.010-0.016 
0.019 
0.035 
0.035 
0.035 
0.037 
0.074 
0.001-0.03 

Indian Ocean 

Surface 
" 
" 

0.1-0.3 
0.04 

-0.041-0.100 

References 

Hunter (1980) 

Bewers et al. (1976) 

Wallace et al. (1977) 

Buat-Menard and Chesselet 
( 1979) 

Brewer et al. (1980) 

Lambert et al. (1984) 

Demina (1982) 

Gordeev and Khandros (1971) 

Baker et al. (1979) 

Tsunogai et al. (1982) 

Martin and Knauer (1984) 

Lisitsin (1961) 
Morozov et al. (1979) 
Vizhensky and Shnykin (1984) 

Basins with reducting environment 

Surface 
Surface 
Surface 
10-150 
175-2100 
0-40 
80-185 
Bottom 
Surface /bottom 
1-32 

0.2-0.5 
0.04-0.40 
0.03-0.57 
0.01-18.75 
0.02-57.9 
0.2-1.0 
1.3-25.6 
3.6-39.4 
0.27-687 
0.33-7.3 

Emelyanov et al. (1976) 
Morozov et al. (1976) 
Spencer et al. (1972) 
" 
Emelyanov and Struyk (1981) 

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



iIANGANESE IN SEA WATER AND SUSPENSION 31 

TABLE 1~ 

Manganese concentration in oceanic and marine suspension 

Region 

Entire ocean 
North-western part, shelf 
Open ocean, profile from 

Narragansett to Bermuda 
Is. 

Sargasso Sea 

If 

If 

Northern part, near 
Barbados Is. 

Northern tropical part 

Eastern part (material 
of sedimentary traps) 

Same (filtration material) 

California shelf (35 Q 40'N, 
123°50'W) 

Mexico shelf (18°N, 108°W) 

Northern part ( filtration 
suspension) 

Tropical zone 

Baltic Sea, Bornholm Deep 
Baltic Sea 
Riga Bay 
St. Lawrence estuary 

Depth 
(m) 

Mn (%) 

Atlantic Ocean 

Surface 
If 

ca 0.01 
0.062 

If 

Surface 
2786 
Nepheloid 

layer 
Bottom layer 
976 
3694 

389 
988 
5086 
Surface 
Deep water 

0.0016-0.017 
0.016 
0.044 

0.059 
0.0855-0.108 
0.0053 
0.0768 

0.0045 
0.0071 
0.0462 
0.014 
0.032 

Pacific Ocean 

Surface 
110 
1040 
2160 
4380 
5250 
0-40 
40-200 
200-1000 
1000-3000 
3000-4600 
5000 

50 
100 
200-2000 
50-1955 

Surface 
Surface 

1-30 
Surface 
If 

1-323 

0.012 
0.0033 
0.0067 
0.0158 
0.0397 
0.1850 
0.0055 
0.0420 
0.062 
0.073 
0.079 
0.180 

0.0023 
0.0160 
0.0366-0.0500 
0.002-0.012 

Indian Ocean 

0.003 
0.0085-0.1828 

Seas and Bays 

0.0229-0.4609 
0.004-0.08 
0.29 
0.075-1. 832 

References 

Emelyanov (1976) 

Honjo (1978) 

Spencer et al. (1978) 
Brower et al. (1980) 

Buat-Menard and Chesselet (1979) 

Demina (1982) 
Tsunogai et al. (1982) 

Martin and Knauer (1983) 

Morozov et al. (1979) 
Demina et al. (1984) 

Kremling and Peterson (1978) 
Emelyanov and Struyk (1981) 

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/AI 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/AI 
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 III 

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, 193'7). 

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 diff~rent 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 

Lmple 

ltal phytoplankton (Hawaii­
Monterey Bay profile) 
a) poor in titanium 
b) rich in titanium 
c) rich in strontium 
d) siliceous tests of phyto­

plankton 
ltal phytoplankton 

Texas shelf 
ltal phytoplankton 
a) marine 
b) oceanic 
.ue-green algae cultivated 
on a growth medium 
ash 

.atomaceous plankton from 
the Black Sea (ash) 

anktonic foraminifera 

ldiolarian s 
Iphauzide 
lpepodeans 
ltal zooplankton (Hawaii­
Monterey Bay profile) 
:croplankton 
)tal plankton, Pacific Ocean 
loplankton of Black Sea (ash) 

Mn content 

Extrema Average 

Phytoplankton 

2.1-13 
7.4-32 
3.2-30 

2-3.5 

4.4-41. 5 

132-700 
860-5530 

50-300 

9.3-63.3 
40-290 
4.6-12.4 
2.2-4.5 
2.8-10.4 

2.9-7.1 
3.4-32.7 
5.3-11.5 

15-800 

10 
21. 7 

22 
33 

352 

Zooplankton 

130 
6.4 
3.6 
4.4 

4.3 
7.4 
8 

References 

Martin and Knauer, 1973 
" 
" 

Bryan, 1976 
Horowitz and Presley, 1977 

Morozov, 1983 
" 
Udelnova et al., 1974 
" 
Vinogradova and Kovalsky, 1962 

Emiliani, 1955 
Krinsley, 1960 
Belyaeva, 1973 
Martin and Knauer, 1973 
" 
" 
" 
" 
Collier and Edmond, 1983 
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 Kovalsky, 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 aI., 1974). 

35 
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Zooplankton. Manganese concentration was estimated in organisms with calcareous 
shells (Foraminifera), siliceous skeleton (Radiolarian) and chitinous carapace 
(crustacea, euphauzides and cope!?ods), 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 0.4x10-6 (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 Foran:inifera 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 mgt 
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 concentration of carbo­
hydrat~ 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). 

Macrophr.tes. Manganese in oceanic and sea algae, Le., macrophytes, was ana­
lysed m 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 aI., 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 - Alcyonium 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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Algae 

Green 
Ulva 

Codium 
Enterornorpha 

Chaetornorpha 
Caulerpa 
Halimeda 

Red 
Anfeltia 
Tichocarpus 
Porphyra 

Brown 
Agarum 
Ascophyllum 

Chorda 
Chordaria 
Coccophora 
Dyctiola 
Fucus 

" 
" 
Macrocystis 

" 
Pelvetia 
Podina 

Sargassum 

" 
Flower 

Spartina 
Thalassia 
Zostera 

Macrophytes in 
near England 

" 
near Norway 
near Iceland 
near India 

" 
near Korea 
near Japan 
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Table 22 

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

Mn content References 

Extrema Average 

23.7-316 SivaIingan, 1978 
11-50 30 Gryzhankova et aI., 1973a, b; 1975 

300-316 310 " 
600-800 700 

4 Wong et aI., 1979 
57 " 

4.6-9.5 7 Khristoforova and Bogdanova, 1980 
6.4-7.4 7 " 

288 Gryzhankova et al., 1973a 
51 " 1973b , 
29 Preston et aI., 1972 

331-386 350 Gryzhankova et aI., 1973b 
25 Young and Longille, 1958 

16-21 18 Foster, 1976 
16-19 18 Gryzhankova et al., 1973b 

455 " 
20 " 
26 " 

94-692 363 Bryan and Hummerstone, 1973; 1977 
71-103 90 Preston et al., 1972; Foster, 1976 

10.4 Gryzhankova et aI., 1973a 
25-50 Young and Langille, 1958 
30-120 61 Black and Mitchell, 1952 

9.5 Boothe and Knauer, 1972 
30 Gryzhankova et al., 1973b 
99 Stevenson and Ufret, 1966 

23-42 Gryzhankova et al., 1973b 
4.5-181 Trefrey and Presley, 1976 

12-89.5 31. 4 Horo..-;itz and Presley, 1977 
3.4-12.7 Ishii et al., 1978 

30-330 Williams and Murdock, 1969 
49 Stevenson and Ufret, 1966 
47.9 Gryzhankova et al., 1973a 

122-366 Harris et aI., 1979 

generaI 
coast 8.9-164 Black and Mitchell, 1952 

3.8-73 Riley and Roth, 1971 
4-164 Lunde, 1970 

13-680 Munda, 1978 
25-3421 Agadi et al., 1978 
37-586 Zingde et al., 1976 
15-191 Pak et al., 1977 

4.4-41 Ishii et aI., 1978 
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Table 23 

Mn content in corals, mg Ikg of dry weight 

Species 

1 

Solenosmilia variabilis 

" 
" 
" 

" 
" 
Desmophyllum cristogalii 

" 
Caryophyllia clavus 
C. comrr,unis 

Trochocyathus sp. 
Not defined 

" 

Dendrophyllia sp. 

Forms Region and depth 

2 3 

Open ocean, deep-water zone 

Black pigmentation 

" 
Brown pigmentation 
Black pigmentation 

Brown pigmentation 
White pigmentation 
Black pigmentation 
Brown pigmentation 
Black pigmentation 
Brown pigmentation 

Black pigmentation 
Brown pigmentation 

Mid-Atlantic Ridge, 45°N, 
" 1000-1500 m 

" 
Reykjanes Ridge, 60 oN, 

1100-1300 m 

" 
Mid-Atlantic Ridge 
Reykjanes Ridge 
Mid-Atlantic Ridge 
Equatorial Atlantic, 

1400-2400 m 
Mid-Atlantic Ridge 
Reykjanes Ridge 

" 
Open ocean, shallow zone 

Grey pigmentation Equatorial Atlantic, ION, 150-300 m 

" Madracis asperula 
Cladocera patriorca 
Anomocora cf. A. fecunda " 
Bathycyathus maculatus " 
Not defined " 

" 

" 
" 

Meandrina areolata 
M. braziliensis 
" 
Madracis sp. cf. 

M . P haren sis 
Porites porites 

", inner part 
Madracis mirabilis 
" 
Montastrea annularis 

" 
Scolrr.ia cubensis 
" 
Phyllangia americana 

" 
White " 

Coastal shallow zone 

Alive, white 

" 
Florida Bay 
Brazil coast 

Grey, with traces of " 
borers 

White " 

Light brown pigmen- Florida Strait 
tation 

White 
Alive 

" 

" 

Jamaica 

" 
" 

" 
Alive with admix- " 

ture of clay 

39 

Mn 
content 

4 

1100 

2100 
6 

80 

34 
2 

380 
23 

180 
3 

300 
8 

155 

155 
465 

60 
40 
35 

8 
22 

2 

5 
2 
2 

4 

3 

4 
2 
9 
2 
5 
3 

30 
130 
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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). 

Molluscs. 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-zinc 
phosphate (Table 25) (George, 1980). 

In mollusc-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 molluscs 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 aI., 1973; Phillips, 1978). 

In some species of bivalved molluscs manganese content increases with their 
growth; however, in some species this dependence is missing (Eisler et aI., 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 
molluscs 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 molluscs 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 

Mn content in oceanic and marine mollusks, mg/kg of dry weight 

Species 

Acmaea digitalis 
Anodonta sp. 
Aplicia benedicti 
Buccinum un datum 
Cardium edule 
Cerastoderma edule 
Chlamys opercularis 
Crassostrea"ltirginica 
11 

11 

11 

11 

Crepidula fornicata 
Glicymeris glicymeris 
Littorina littorea 

Mercenarya mercenarya 
Meretrix lamarckii 
Modiolus modiolus 
Mya arenaria 
Mytilus caIifornianus 
Mytilus edulis 
11 

11 

M. edulis aoteanus 
Nucella lapillus 
11 

Ostrea angasi, total 
Ostrea edulis 
11 

Ostrea sinuata 
Patella vulgata 
11 

Pecten maximus 
P. novae-zelendiae 
Protothaca stamnea 
Tapes semidecussata 
Tegula funebraIis 
Thais emarginata 
Thais lapillus 

Mn content 

shells 

19.3-30.7 
540 
101-106 

1.2 
2.0 

17-18 
33-121 

21-227 
505 

2.1 
1.5 
5.5-8.3 

1.5 

20 

8.4-14.2 
3.3 
9.3-45.8 

flesh 

24.5-25.1 

4-21 
1.7 
6.3 
6.2-44.6 
4-158 

24-51 
3.6-60 
5.9-41.9 

17 
34 
18.6-104.6 
18-133 

5.4 
47-160 
29-70 
2.5-17 
3.5 
6.1-28.4 
5.2-35.4 
4.9-91.7 
1-105 1 

1.1 12.0 
11.4-16.8 

7.8-16.7 

2 
8.6 

4.9-12 
1 

16.8 
24.7 
5.3-8.9 
5.3-6.0 
2.8-4.2 

6 
61-85 

2-11 
13.0 
5.4-42 

4-410 
2-353 

11. 5 
24.7 
5.0-10.1 
8.8 
5.9-17.3 

References 

Graham, 1972 
Segar et al., 1971 
Patel et aI., 1973 
Segar et aI., 1971 
11 

Bryan and Hummerstone, 1977 
Segar et aI., 1971; Bryan, 1973 
Windom and Smith, 1972 
Galtsoff, 1942, 1953 
Goldberg et aI., 1958 
Rucher and Valentine, 1961 
Frazier, 1975 
Segar et aI., 1971 
11 

Ireland and Watton, 1977 
Bryan and Hummerstone, 1977 
Segar et al., 1971 
Ishii et aI., 1978 
Segar et aI., 1971 
Eisler, 1977 
Graham, 1972; Goldberg et a!., 1978 
Segar et aI., 1971 
Graham, 1972; Simpson, 1979 
Bryan and Hummerstone, 1977 
Phillips, 1978 
Brooks and Rumsby, 1965 
Segar et al., 1971 
Bryan and Hummerstone, 1977 
Harris et aI., 1979 
Watling and Watling, 1976 
Fukai et a!., 1978 
Brooks and Rumsby, 1965 
Segar et al., 1971 
Preston et a!., 1971; Bryan and 

Hammerstone, 1977 
Segar et al., 1971 
Brooks and Rumsby, 1965 
Graham, 1972 
11 

11 

11 

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). 5C 

Laboratory tests with,lVIn 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 8inuatll " 2 Brooks and R.umsby, 1965 
Pecten maximus " 15300 Bryan, 1973 
" Kidney stones 100000 George et al., 1980 
Pecten novae-zelandiae Kidney 2660 Brooks and Rumsby, 1965 
Pinnd nobilis 37000 Ghiretti et al., 1972 
" Kidney stones 80000 Hignette, 1979 
Tridacna maxima " 20000 " 

TABLE 26 

Mn content in marine crustacea, mg /kg 

Crustacea 

Shrimp 
as a whole, dry weight 
", natural weight 
flesh, dry weight 

" 
" natural weig·ht 

, ashes 
carapace, dry weight 
", natural weight 
inner parts, dry weight 

Spiny lobster, natural weight 
flesh 
" 
gills 
caviar 
carapace 

Mn content 

6.1 
0.23-2.2 (cp.1.4) 

14.9-21. 3 
1. 5-8 
1.0 
0.3 

24-100 
17.8-89.8 
1.0 

14.2 

0.6 
0.22-0.27 
1.3 
0.8 

12.5 

Lobster (Homarus), natural weight 
flesh 0.3-23.3 

187- 267 carapace 

Crab, natural weight 
flesh 
" 
gastric gland 
gills 
carapace 

0.4 
0.8-28.7 
0.6-3. a 
5.7-22.1 
6.3 

References 

Knauer, 1970 
Capelli et al., 1983 
Zingde et al" 1976 
Horowitz and Presley, 1977 
Ishii el aI., 1978 
Morozov, 1983 
Lowman et al., 1966; Eislel', 1981 
Horowitz and Presley, 1977 
MOl·OZOV, 1983 
H01'OWitZ and Pre81ey, 1977 

Morozov, 1983 
Van As et aI., 1973, 1975 
Morozov, 1983 

Brian and Ward, 1965 

" 

Morozov, 1983 
Greig et al., 1977a, b 

" 
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. 

43 

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 54Mn- 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-gull's 
stomach that contains remnants of fish (Hulse et al., 1980). 

TABLE 27 

Mn content in echinodermata, mg /kg 

Echinodermata 

Starfish, dry weight 
Asterias rubens 
Henricia sanguinolenta 
Porania pulvillus 
Solaster papposus 

Starfish, natural weight 
Patiriella regularis 
Sea-urchin, dry weight 

Echinometra locunter, skeleton 
Echinus esculentus, gonads 
", thorns 
", other organs 
Spatangus purpurens, gonads 
", skeleton and thorns 
Tripneustes esculentus, 
skeleton 

Ophyurians, natural weight 
Sea-Lily, natural weight 
Holoturians, ashes 

Mn content 

6.5 
6.5 

34 
22.0 
31-43 

1.3-18.0 
51. 7 

20.0 
0.5 
4.5 

11-88 
82 
27 
14 

3.6 
3.3 
8.9 

References 

Riley and Segar, 1970 
Riley and Segar, 1970 
" 
" 
" 
Morozov, 1983 
Eustace, 1974 

Stevenson and Ufret, 1966 
Riley and Segar, 1970 
" 

Stevenson and Ufret, 1966 

Morozov, 1983 
" 
Chipman and Thommeret, 1970 
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TABLE 28 

Mn content in fishes, mg /kg of natural weight 

Parts of body 

Sharks 
flesh 
" 
" 
", dry weight 
liver 

Jelly-fishes 
flesh 
blood 
heart 
spleen 
liver 
kidney 
gonads 
intestines 
skin 

Fish as a whole 

" 
" 
", ashes of benthic 

fishes 
Flesh 
" 
" 
" 
" 
Heart 
Liver 
" 
" 
" 
Kidney 
Gonads 

" 
Gills 
" 
Bones (spines) 
Bones in general 

Mn content References 

Lamellybranchean 

0.5- 2 .6 
0.4 
0.1-0.6 
6.6-10.6 
0.4 

0.29 
0.16 
0.27 
0.32 
1.4 
1.9 
0.37 
0.82 
2.7 

Eustace, 1974 
Greig and Wenzloff, 1977 
Glover, 1979 
Zingde et al., 1976 
Greig and Wen zloff , 1977 

Pentreath, 1973 

Hard-skeleton fishes 

0.9-8.8 
0.2-6.0 
0.11-1.3 (cp. 

170 

0.18-1.15 
0.07-1.1 
0.5-1.3 
0.1-2.0 
0.18-0.44 
0.1-0.8 
0.9-6.7 
0.1-2.5 
0.2-2 
3.1 
0.2-1.4 
0.2-3.3 
2.3 
5.1 
0.6-11 
7.6 
1.0-27.4 

0.55) 

Wolfe et al., 1973 
Hall et al., 1978 
Capelli et al., 1983 
Lowman et al., 1970 (cited from 

(Eisler, 1981) 
Brooks and .. Rumsey, 1974 
Van As et al., 1973, 1975 
·Eustace, 1974 
Hall et al., 1978 
Plaskett and Potter, 1979 
Brooks and Rumsey, 1974 

" 
Greig and Wenzloff, 1977 
Hall et al., 1978 
Morozov, 1983 
Brooks and Rumsey, 1974 
" 
Morozov, 1983 

" 
Brooks and Rumsey, 1974 
Morozov, 1983 

Average by 112 samples 7.5 
Brooks and Rumsey, 1974 
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 Mno.2 is its most stable form in oxygen rich natural waters (Stumm and Morgan, 
1970, 19B1.); its solubility is extremely low - from one of the estimates, the SP 
(solubility product) is 10- 56 (Charlot and Bezier, 1958). Most obviously, Mn 2+ 
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 Mn02 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), Mn 2+ oxidation in sea water occurs in 
accordance with the pattern. 

Mn (II) + 02 = Mn0 2 solid. 

Mn (II) + Mn0 2 solid (Mn (II) x Mn0 2) solid. 

(Mn (II) x Mn0 2) solid + 02 = 2 Mn0 2 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 wi~h respect to 02 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 Mn02' 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 a1., 1970; Vershinin et a1. , 
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 a1., 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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and pH at a total manganese 
concentration of 2 llg/l. 
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Fig. 5. Solubility of manganese species 
in sea water at pH=8 and various 
partial oxygen pressure. Dashed 
line shows metastable forms 
(Savenko, 1981). 

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 Mn 2+ 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 (Mn 2+, 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 Mn 2+ concentration in sea water is controlled by solubility of MnC0 3 , 
i.e. ultimately, by total CO 2 concentration and pH. The estimated solubility of 
MnC02 - manganese in sea water was 1 to 5 m molll (Bischoff and Sayles, 1977), 
that is, one order higher than its real concentration. Thus, chemical deposition of 
manganese as MnC03 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 Mn0 2 from a solutiQn and to define solubility of manganese com­
pounds in sea water. 

Hem (1963) performed a series of tests to determine Mn 2+ oxidation rate as a 
function of CI-, HC03- and S042- 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 Mn 2+ 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 mgl1) 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 Mnl. 33) obtained by 
Varentsov et al. can probably be caused by large amounts of Mn 2+ introduced in 
the solutions that leads to its active sorption by Mn02 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 Mn02 in acid solutions, solutions 
of Na2S04 and sea water are given in Tables 29 and 30. 

One can see the minimum concentration of a synthetic Mn02 in a sodium 
sulphate solution of pH 8 - it is two orders higher than its concentration in the 
oceanic water. A similar concentration, 40 llgll, was determined by Listova (1961) 
in sea water with pH = 7.90 (after a 260-day exposure). 

To define solubility of a natural Mn02 it would seem expedient to use natural 
manganese nodules; however, these contain not only Mn0 2 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 Mn02 was believed to contain only Mn02. 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)~ may occur in sea water similarly to the known hydrooxides 
of other multi-charged cations (Ti, Zr, Hi, V, etc.). SiIIen (1961) was the first to 
raise this question; nevertheless, no experimental work has been done yet. 

Assuming that manganese oxidation follows the pattern 

2+ + 
Mn + 1/2 02 + H20 = Mn0 2 + 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 

p[MnJ 

s 

IJ 

6 

loll 
l2:.:J 

8 pi! 

Fig. 6. Dissolved Mn equilibrium concentration as a function of pH in solution. 
(1) solution of 0.2 M Na2S04; (2) sea water with 35% salinity (Savenko, 1985). 
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TABLE 29 

Mn02 solubility in various acids and at various acidity 

Conditions 

H2SO 4' 25°C 
P = 1 atm** 

0.2M** Na2SO 4 

ooe, P = 1 atm 
25°e, P = 1 atm 
8°e, P = 500 atm 
25°e, P = 500 atm 

Acid concentration 
MIl 

-2 
5x10_ 3 
5x10_ 4 
5x10_ 5 
5x10 

-2 
5x10 -3 
5x10_ 4 
5x10_ 5 
5x10 

-2 
5x10_3 
5x10_ 4 
5x10 -5 
5x10 

not defined 

" 

* After Miller and Fisher, 1973. 
** After Afanasiev et aI., 1979. 

Mn concentration 
mgll 

142 
142 
139 

56 
5.5 
0.88 
0.44 

242 
140 
135 

56 
8 
0.65 
0.60 

600 
276 

37 
2.8 

97 
49 
6.1 
1.7 

307 
150 

21 
1.7 

130 
80 
13 
0.6 

1.7 
2.8 
1.1 
1.7 
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TABLE 30 

Mn0 2 solubility in Na2So4 solutions and in sea water 

(Savenko, 1985) 

0.2 M Na2S0 4 Sea water, 350 /00 

pH Mn, 10-6Mtl p(Mn) pH Mn, 10 6MII 

3.60 104.6 3.98 4.55 25.1 
5.08 7.4 5.13 4.65 16.2 
5.55 11. 5 4.94 4.87 13.5 
6.50 2.7 5.57 4.88 10.7 
6.88 2.1 5.68 5.14 10.7 
6.94 1.9 5.72 5.15 12.3 
7.35 1.4 5.85 5.35 6.8 
7.37 1.9 5.72 5.45 8.5 
7.57 1.1 5.96 5.50 4.8 
7.67 0.8 6.10 5.63 6.0 
7.76 1.8 5.74 5.66 4.6 
7.80 1.4 5.85 6.22 3.0 
7.82 1.3 5.89 6.23 4.1 
7.86 0.9 6.05 6.54 2.7 

TABLE 31 

Constants of apparent sorption equilibrium of Mn in sea water 
at various composition of sorbent, % (Balistriery and Murray, 1-984) 

Sorbent 
components 

Alumosilicates 

CaC0 3 
Corg 
Mn 

log K 

Sorbent 

Terrigenous 
sediments* 

Predominate 

2 

0.09 

4 

* After Nyffeler et al., 1984. 

Bottom 
suspension ** 

55 

4 

1.3 

4.5 

5.3 

** After Balistriery and Murray, 1984. 
*** After Brewer et al., 1980; Honjo et al., 1982. 

Surficial 
suspension ** 

10-25 

60-70 

4-6 

0.012 

7 

49 

p(Mn) 

4.60 
4.79 
4.87 
4.97 
4.97 
4.91 
5.17 
5.03 
5.32 
5.22 
5.34 
5.52 
5.39 
5.57 
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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 Mn02 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 aI., 
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 mly 
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, 1981a, 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. Ikg of suspension 1 
Ksw = x -N ' 

Mediss ./1 
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 Cd Ba Cs. 

51 

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: 

t met . 
-t-­

susp. 

Metot 
~ ads. 

Mediss . 
1+ ~ 

ads. 

Combining this equation with the previous one we have 

K sw 
aN 

1 

where, a is the amount of suspended matter (11 gil), 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 11 gil (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 lVI/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; Tikhomirovet al., 1979; 
Tikhomirov, 1982, 1984). 

In one of the experiments, 2.5 Ilg/1 of 54Mn was introduced to natural sea 
water until the general concentration of dissolved manganese reached 4.5 11 gil. 
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 
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MANGANESE DEPOSITION FROM OCEANIC WATERS 

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 aI., (1974) to 
explain the high Mn content of pelagic sediments. 

53 

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 ]Jg/I (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 Corg: Mn ratio in plankton and in suspension 
in the World ocean is 2000, on average. On this basis a yearIy consumption of 
manganese by phytoplankton was calculated (Lisitsin et aI., 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 Corg/m2 /day, a theo­
retical consumption of manganese would be 5 mg/m2 /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 

eprod 

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 Corg: : 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, 
basic 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 becorr.es richer in lithogenic 
components: 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/AI 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 aI., 1978; Brewer et aI., 1980; Tsunogai et aI., 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 llm (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 \l g/cm 2 /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 I1g/m 2 /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. 

Depth, 
m 

80 
100 
120 
140 
200 
300 
400 
580 
700 
770 
900 

1293 
1816 
2000 
2282 
2500 
2758 
2948 
3048 
3250 

TABLE 36 

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

Capsules with cells Capsules with no cells Non-capsuled bacteria 

1011 m 0.2-10)J m 10 11 m 0.2- 1O I1 ID 10 11m 0.2-10 11m 

0 0 0 0 271 53 
0 0 0 0 242 521 
0 0 446 
3 0 349 
1 1 0 1 287 871 

33 0 918 
8 1 0 1 497 64 
6 1 435 
7 1 610 

10 1 3 1 407 623 
4 0 738 

10 5 202 
10 1 5 1 248 23 
5 3 134 
1 1 51 

22 4 12 4 294 261 
22 2 11 6 373 82 
11 13 416 

7 9 193 
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 distinct 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 ccmtent 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 sedirr.ents (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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MANGANESE IN MARINE AND OCEANIC SEDIMENTS 

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. 
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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 content 
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 RaJ!ge, the manl2"anese 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% CaC03 content. Since a part of 
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tlie 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 
2 Alaska 
3 Vrangel Island 
4 Novosibirsk Islands 

5 Northern Islands 
6 Franz-Joseph Land Islands 
7 Novaya Zemlya 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. 
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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) 1 to 2. 
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Fig. 14a. Mn distribution (%) in the Black Sea sediments (Glagoleva, 1961): 
(1) less 0.04; (2) 0.04 to 0.06; (3) 0.06 to 0.10; (4) over 0.10. 

c::::J ' 
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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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CHAPTER V 

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). 

67 

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 aI. , 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; EI Wakeel and Riley, 1961; Lisitsin, 1961, 
1978; Skornyakova, 1961, 1964, 1970; Landergren, 1964; Turekia n and Imbrie, 1966; 
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Fig. 18. Mn distribution (%) in carbonate-free matter of the Aral Sea sediments 
(Khrustalevet aI., 1977): (1) less 0.1; (2) 0.1 to 0.2; (3) over 0.2. 

Swanson et aI., 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% m 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 A t-
Ian tic 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 of 
sediments averag'e 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 0.25-0.77 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 
Calc-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 

CHAPTFR v 

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 (Bostrom and 
Peterson, 1966, 1969; Bostrom, 1973; Lisitsin et aI., 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 oceanic 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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74 CHAPTER V 

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 a!., 1977), the Baltic Sea (Hartmann, 1964; 
Emelyanov, 1981; Blazhchishin et a!., 1982); the Black Sea (Volkov, 1973; 
Emelyanovet a!., 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 a!., 1966; Baturin et al., 1969; Bischoff, 1969; 
Butuzova and Lisitsina, 1983; Butuzova, 1984, 1985); the Sea of Japan (Kato et a!., 
1983) . 

Manganese distribution in oceanic sedimentary cores is given in Landergren 
(1964); Lynn and Bonatti (1965); Bonatti et al. (1971), Rozanov et aI., (1972, 1976); 
Glagoleva et a!. (1975); Glagoleva (1979); Migdisov et a!., (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 monofomc one with high concentration of manganese ill 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 a!., 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 a!., 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 a!., 1982). The hydrothermal man­
ganese content c'tn 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%). 



MANGANESE IN MARINE AND OCEANIC SEDIMENTS 

Mn 

Fig. 20. Mn distribution in vertical cross-section of the White Sea sediments 
(Nevesskiy et aI., 19'77). 

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. 

75 

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 aI., 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 aI., 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 0.6% 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 +II 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 
1390 42'E II 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 (J. 0669 0.0254 

KH-71-2-9 22°00'N 5700 Red clay I 0-2 0.276 0.247 
1250 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 
1400 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 Ill; 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 a1., 1976): (1) less 0.1; (2) 0.1 to 0.3; (3) 0.3 to 0.5; 
( 4) o. 5 to 1. 0; ( 5 ) 1. 0 to 2. 0 ; ( 6) over 2. O. 

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 a1., 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 a1., 1981). In reduced 
sediments, manganese carbonate was detected, in particular in the North Pacific 
(Logvinenko et a1., 1972) and in the Baltic Sea (Suess, 1979; Emelyanov et a1., 
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 a1., 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 ooze 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; Forstner 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 O:Mn ratio) in the upper sedimentary 
layer of the Pacific is 1.8(H.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 2S 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 II gIl 
(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 II gIl, 
and in one sample from 5-20 cm horizon it was 33000 II gIl (Pushkina, 1980). 

According to another series of determinations, manganese concentrations in the 
cores of fine-grained sediments decrease from 33-106ll gIl in the upper layers to 
12-17 II gIl 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 II gIl (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 II gIl in 
sands and silts near Klipeda and from 50 to 30500 II gIl in the sediments of the Riga 
Inlet. These variations are from 120 to 17000 II gIl 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 II gIl (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 llg/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 llg/l (Holdren et al., 1975; 
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MANGANESE IN PORE WATER OF MARINE AND OCEANIC SEDIMENTS 

Sanders, 1978; El Ghobary, 1982; Lyons and Fitzgerald, 1983; Uematsu and 
Tsunogai, 1983; Sundby and Silverberg, 1985). 

PERIPHERAL ZONES OF THE OCEAN 

85 

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 aI., 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 zones, which often have no oxidized film on them, are characterized by a 
low manganese concentration in the pore water (less than 1 to 93 II gIl); 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 II gIl. 

Sediments of a transitional type, moderately to intensively oxidized, are also 
represented by mainly terrigenous and terrigenous-calcareous varieties. The m(lnga­
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 II gIl. 

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 llg/l to 1-29 mgll (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 II gIl (Table 48), according to various authors. The lowest manga­
nese concentration (less than 1 II gIl) 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 llg/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 II gIl and sometimes it reaches 150 II gIl in siliceous-clayey-calcareous mud 
of the south-eastern zone (Pogrebnyak and Krendelev, 1976), sometimes it goes down 
to 1-10 llgll within the radiolarian belt (Schnier et a!., 1978; Klinkhammer et aI., 
1982) . 

In the radiolarian ooze of the northern Indian ocean, from data by Zvolskiy et 
aI., (1979), the manganese concentration in pore water turned out to be many times 
higher - from 160 to 12000 II gIl - 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 II gIl. The minimum concentration 
(0.7-3.3 llg/l) was recorded in the northeastern equatorial zone, its maximum 
(20-140 llg/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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lIIlANGANESE IN PORE WATER OF MARINE AND OCEANIC SEDIMENTS 

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 Pacific Rise zone. In pore water 
within the Bauer depression, manganese concentration is 100 to 11000 ]l gil according 
to one series of determinations (Bischoff and Sayles, 1972) and 25 to 84 ]l gil 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 
]l gil 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). 

.1Q(J(J 
J.r WI· 30° ;>so R(}· S 

1(}14 

Fig. 22. Mn distribution in pore water of metalliferous sediments from the south­
eastern Pacific along the 100 0 W profile (Shishkina et al., 1979). Mn con­
centration, ]lgll: (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 mgll in the Atlantis II Deep and 22-264 mgll 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 -red uc­
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) 
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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 aI., 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 )lg/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 aI., 1969; Emelyanov et aI., 
1973; Baturin et al., 1985); 0.4-1 (Callender and Bowser, 1930; Klinkhamer, 1980; 
Hartmann and Milller, 1982); and 0.02 )lg/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 )lg/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 also be 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 Mn0 2 + Corg + 2H 20 = 2 Mn + CO 2 + 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. 

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; Volkovet 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 Muller, 1974; Pogrebnyak and 
Krendelev, 1976). 
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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 Muller, 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: 

Q = D ~ MS, 
b.x 

where Q is the flux of elements, D is the diffusion coefficient, b. c is the concen­
tration gradient in pore and bottom water, b.x 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 \lg/cm 2/1000 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 \lg/cm 2/1000 yr. For oceanic peri­
pheral zones this flow can be 5-10 and over, up to 100-1000 mg / cm 2/1000 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 2, and the 
peripheral zone is 87.6 million km 2 (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). 
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PART II 

GEOCHEMISTRY OF MANGANESE NODULES 

Th-e 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, distr:ibution 
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 ~2the 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). 

Ocean 

Pacific 

Atlantic 

Indian 

TABLE 51 

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

Northern hemisphere Southern hemisphere 

4-30° 20-46° 
55-63° 

18-35° 30-40° 
50-60° 

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 2 ). 

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 0 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). 
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Fig. 24: Variations of nodule coverage, kg/m2 (a) and total metal resources, t/km2 
(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/m2 (Figure 24). The density minimum is recorded 
within the abyssal plain, at the foot of abyssal hills and sea mountains. The maximum 

Fig. 25. Frequency of nodule occurrence ( \l) in the Indian ocean as a function of 
geographical latitude ( cjl) (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/m2 (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-Necker 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 Hawaiian 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 volcanic, 
calcareous and clay materials, manganese nodules and crusts that reach several 
centimeters in thickness. The weight density of nodules is 5-8 kg/m2. 

(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 volcanic clastic material predominate; in the 
eastern abyssal part, the dominant species are hemipelagic slightly calcareous and 
slightly siliceous sediments; in the eastern coastal region, volcanic-terrigenous and 
biogenous-terrigenous sediments are widespread (Lisitsina and Butuzova, 1979). The 
weight density of nodules often exceeds 10 kg/m2 (Rowson and Ryan, 1978). 

(6) 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 cm 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/m2. 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 0 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 

(15-500 ) 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 
occ~rrence as a function of latitude and depth to the bottom (Figure 25, 26), the latte1 
varles from less than 2000 to 6780 m (Andreev et aI., 1984). 
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. 26 Frequency of nodule occurrence (\I) in the Indian ocean as a function of Fig. . 
depth (h) (Andreev et al., 1984). 

In the Indian 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 ooze. 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 50 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 ooze, in the southern part they rest on over pelagic red clays, 
and in some places on calcareous coccolith and foraminiferal ooze. The weight 
density of nodules varies within a wide range, from 0.1 to 14 kg/m2. 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/m2. 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 
o to 24 kg/m2; in the central zone nodules are confined to depth of 4100-4300 m and 
their weight density varies from 0.8 to 5 kg/m2; 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/m2 (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 2. 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 geomorphologic ally 
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 CaC03. 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/m2 (Andreev et aI., 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 l'elatively small (Samoilov 
and Titov, 1922; Samoilov and Gorshkova, 1924; Gorshkova, 1931, 1957, 1967; Man­
heim, 1965; Shterenberg et aI., 1966, 1975, 1985; Volkov and Sevastyanov, 1968; 
Strakhov et aI., 1968; Calvert and Price, 1970, 1977; Shterenberg, 1971; 
Blazhchishin et aI., 1976; Kulesza-Owsikowska, 1979; Morten et aI., 1980; Bostrom 
et aI., 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 
East 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 
bottomlwater 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 (sIr), upper surface is rough, lower surface 
is smooth (rls), 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, "Es" means 
that nodules are ellipsoidal with uniformly smooth surface, "PEcs/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 aI., 1979; Halbach et aI., 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. S . S . R., during the 28th cruise of R IV "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. 30 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 
(loo02.4°N, 146°29.4°W). The site includes a slightly-hilled plain with depths 
5000-5250 m and a meridional depression with depths 05200-5250 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 0 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 



104 CHAPTER VII 

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, clusteJ;'s 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 Sand Breaching 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 (S), 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 datil on manganese nodules have also been classified by morphological 
types for the entire World Ocean (Anikeeva et a!., 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 cm; (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 cm 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 cm; (2) spheroidal 
brown-black with even rough surface, size 4 to 7 cm; (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 
to coatmg ot 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 cm; (7) plates and 
tables at dense pelagic muds; brown or red -brown; their size is 4 to 10 cm 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/cm2, 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. Morphological types of manganese nodules (Skornyakova, 1984): (a) Site 2483: 
(b) Site 2474 : (c) Site 2520. 
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~02D 3D +0 .10 60 m," 
Fig. 28., Dependence of porosity (m) and density (p) of the South Pacific ~odules 

upon their morphological type (Anikeeva et al., 1984). (I) spherOldal (ideal 
spherules); (II) ellipsoidal (potato-like); (III) 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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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; (6) 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 o~. 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 cm. 

In general, nodules from the Atlantic are relatively homogen:ous 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 o~ the .innE;r structure. of man­
ganese nodules. They visually observed the concentriC lammatlon or !ayermg. - .the 
main feature of the nodules' texture. Nowadays, besides a macroscopiC descriptlon 
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 
molluscs' 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 nuclei 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 aI., 1979; Usui, 1979; Halbach 
et aI., 1981; Cronan, 1980; Glasby et al., 1982; Skornyakova, 1985, 1986; etc.). 
Since, in the World Ocean, nodule structure and textures are extremely variable, 
a uniform classification 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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MANGANESE NODULES: DISTRIBUTION AND STRUCTURE 

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. 

111 

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 amol'phous 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-Iaminated 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 
cherr.istry of nodules. 

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

Ultramicroscopic 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, c, 1979a; Chukhrovet 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 Griitter (1956, 1957). They distinguished three minerals of manganese, 
namely, 10A-manganite, 7A-manganite and IS -Mn02. X-ray difraction patterns show 
the following reflections: 10A-rnanganite -9.7; 4.8; 2.43; 1. 42 Ji.; 7A-manganite -7.2; 
3.6; 2.4; 1.4 1\; IS-Mn02 - 2.4 and 1.41\. 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. 3l(c) 

Fig. 31. 

c 

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, c, 1979a, b, c; Johnston and Glasby, 1978; Lonsdale et al., 1980; Potter 
and Rossman, 1979; Usui, 1979a, b; Volkovet 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. 0 , 

According to recent analyses, 10 A -manganite, identified by Buser and 
Griitter, can be represented by four diverse minerals: by manganite (or buserite 
by Giovanoli, 1980), todorokite, asbolan and laminated mineral - asbolan - buserite; 
7Ji. -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 aI., 1984). I) - Mn02 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- Fe203)detected in nodules of the South Pacific, the Scotia 
Sea and the Drake Passage (Goodell et al., 1971); magnetite (Fe304) 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 aI., 1972); ferri-hydrite 
(5 Fe203 x 9 H20) 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 Cd). 
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Fig. 33(a) 

Fig. 33(b) 
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Fig. 34(a) 

Fig. 34(b) 
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(n - FeOOH) detected in the acid-insoluble residue (Buser and Griitter, 1956); 
acaganeite (f3 - FeOOH) identified by the Mossbauer method (Goncharov et aI., 
1973); lepidocrocite (y- FeOOH) is in coupling with other minerals (Goodell et aI., 
1971; Glasby, i972b; Okada et al., 1972; Chukhrov et al., 1980); feroxyhite 
( 0 I - FeOOH) is in coupling with clay minerals and goethite, the plates of this 
mineral of O. 1-0. 4lJm in diameter can be transformed into wiistite under an electron 
beam (Chukhrov et aI., 1976); wustite, however, was detected in nodules as an in­
dependent mineral phase (Table ~ 

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 
(MUller, 1979; Baturin and Dubinchuk, 198;sa, 1984b) (Figure 35). Ostwald (1983) has 
noted that sulphide minierals occur in todorokite as microtnclusions. Parameters typical 
of sulphide minerals that occur in nodules are given in Table 54. 

ll1 nodules, besides violarite (Ni2FeS4)' 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 formations 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 aI., 1977; Volkov et al., 1980). 

TABLE 53 

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

= 4.435:.t, 
0 

N of Manganosite ao(st.) Wiistite ao(st. ) 4.284A, 
line 0 0 

ameas . 4.428A ameas . 4.24A 

hkl 1st . 1 meas .. dst. d meas . hkl 1st• 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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126 CHAPTER VII 

TABLE 54 

Standard and measured intensity of lines (l) and interplane distance (d) 
of sulphide minerals in manganese nodules 

(Baturin and Dubinchuk, 1983, 1984) 

N of hkl Pyrite hkl Pyrrhotite 
line Chkil standard measured (hkil) 

standard measured 

d d I 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 10 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. 890 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 cobalt 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 geocherrlical 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
tlon, %: (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 
O. 4; (2) 0.2 to 0.8; (3) O. 4 to 1. 2; (4) O. 8 to 2.0; (5) boundary of the 
oxidized sediment layer over 1 m. 
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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 
cobait distribution in nodules from the Pacific. 

133 

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, Mozambique 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; McKelveyet 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 coba:lt 
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 controlled 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 400N - 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 4Uo 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 40' 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° S (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° Sand 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° Nand 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 300Q-4000m for copper (Halbach and Puteanus, 1984). On the 
whole, manganese content in nodules of the World Ocean does not essentially 
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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). 

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, 0.01 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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144 CHAPTER VIII 

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; Ic-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-rr.anganese; (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; 
(III) 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 



MAJOR ORE ELEMENTS OF MANGANESE NODULES 

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; 
48 samples 

H; 2474; 
43 samples 

H; 2520; 
30 samples 

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

Mn 18.0 - 28.4; 25.5 14.6 - 24.3; 19.8 13.8 - 19.3; 17.3 
Fe '4.9 - 9.4; 6.23 8.0 - 14.0; 11.5 9.1 - 16.3; 12.7 

Ore crusts of 
faults; 31 samples 

from-to; average 

11. 7 - 19.4; 15.2 
15.0 - 22.2; 18.5 

145 

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- U.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 zinc, b'it 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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(Cu+ Hi + Col ' IO 

Mn : F~ ,. 2,5 5 10 

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-(9). 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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10 

Mg CiJ. Ti Mn Fe Co Ni Cu in 8a 

Fig. 43. Element concentration ratios in nodule tops and bottoms at Sites H, S and 
R in the eastern tropical Pacific (Dymond et aI., 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 zinc 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 0 - Mn02 differs considerably in its chemical composition from 
both todorokite and birnessite. It has a lower content of manganese oxides (35.7 
to 61. 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 
(0.62%). 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 ( <5 Mn02) 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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MAJOR ORE ELEMENTS OF MANGANESE NODULES 

TABLE 70 
Chemical composition of todorokite, % (Burns and Burns, 1979) 

Compo-
nent 1 2 3 4 5 6 7 8 

Mn02 65.39 68.46 72.98 67.98 
71.1 78.03 80.86 74.91 

MnO 12.37 10.70 6.81 

CaO 3.28 2.13 1.24 1.3 1.67 1.21 5.99 
SrO 0.13 0.11 
BaO 2.05 0.40 0.19 0.3 0.28 1.51 0.50 

~aOo 0.21 1.44 0.16 2.7 3.09 1.10 0.19 
0.54 0.75 0.92 0.6 0.66 1.55 0.19 

Mio 1.01 3.22 2.26 3.4 3.27 3.12 1.51 
CoO 0.18 0.2 0.5 0.01 0.21 
NiO 6.4 6.76 0.06 0.32 
CuO 0.44 0.77 3.8 2.05 0.31 0.55 
ZnO 4.99 0.3 0.04 0.07 
A1203 0.28 0.19 0.02 0.2 0.38 0.35 

F?l3 0.20 0.07 0.59 0.1 2.22 0.35 1.64 0.08 
SI a 0.45 0.41 0.55 0.2 1.67 0.96 0.20 
H2 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) todorokite from Todoroki mine, Hokkaido (Yoshimura, 1934); 
(2) todorokite from Charko Redondo mine, Cuba (Straczek et aI' l 1960); 
(3) zinc todorokite from Montana, Philippsbourgh, contains 0.55% PbO (Larsen, 

1962); 

151 

( 4) todorokite from healed crack of manganese nodule, Site A, DOMES, 80 N, 1510 W 
(Burns and Burns, 1978a); 

(5) todorokite layer in the North Pacific nodules (Stevenson and Stevenson, 1970); 
(6) almost pure todorokite, well crystallized with slight admixture of birnessite 

from hydrothermal hill at the southern flank of the Galapagos Rift, 00 °36'N, 
86° 04'W (Corliss et aI., 1978); 

(7) todorokite from micronodules of metalliferous sediments from the Bauer 
depression, 9° S, 102° W (after Dymond and Ecklund); 

(8) radial-crystalline todorokite in cavity of high phosphatized zeolithic hyaloclastic 
tuff from the Pacific, Site 6333, 22°41'09"S, 160 0 50'084"W (Andruschenko et 
aI., 1975) 
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TABLE 71 
Chemical composition of birnessite, % (Burns and Burns, 1979) 

Compo-
nent 1 2 3 4 5 6 

Mn02 54.24 66.66 
80.03 75 .• 80 77.62 78.40 

MnO 4.66 16.07 

CaO 1.65 1.05 0.39 2.38 2.29 
Na20 2.17 0.16 8.67 1.90 2.82 2.04 

K20 0.09 1.80 0.76 1.68 

MgO 0.23 6 .. 20 3 .. 06 4.60 
CoO 0.14 0.05 0.13 
NiO 0.80 0.22 
CuO 0.33 0.25 
A1203 3.32 0.83 

Fe203 2.88 0.86 0.62 0.12 0.24 

Si02 18.92 2.62 0.90 0.06 1,56 

Ti02 0.28 

H2O 10.87 10.83 10.02 (10.80) (13.10) (8.6) 

Other 
compo-
nents 1 .• 47 0.30 
Total 98.99 100.87 98.72 (100,0) (100.0) (100.0) 

(1) birnessite from fluvial-glacial deposites of Birness, Scotland 
(Jones and Milne, 1956); 

7 

48.98 

1.03 

1.44 

3.48 
0,.25 
3.81 
0.63 
5.67 

2.86 

1.07 

0.03 

(30.4) 

0.37 
(100.0) 

(2) birnessite films on siliceous and calcareous rocks from Cummington, 
Massachussetts (Frondel et a!., 1960); 

(3) synthetic birnessite (Giovanoli et a!., 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). 



M..AJOR ORE ELEMENTS OF MANGANESE NODULES 

TABLE 72 
Chemical composition of vernadite, % (Burns and Burns, 1979) 

Component 1 2 3 4 5 

Mn02 46,47 56,45 
39,3 36,34 35.71 

MnO 1.09 4,81 

CaO 2.15 5.17 3,4 3,08 3,44 
Na20 2.29 0.12 1.1 
K20 0.60 0.23 0.24 0.36 
MgO 2.62 0,28 1.9 1.16 
CoO 3.41 1. 53 
NiO 0.95 0.76 
CuO 0.25 
A1 203 1.00 1,00 1.7 2 .08 2.51 

Fe203 10.47 7,00 25.6 17.16 24.74 

Si02 0.80 1,30 4.35 5.35 11.06 

Ti02 1. 50 1.5 2.00 

H2O 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 aI., 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, 00036'N, 86°04'W 

(Corliss et al., 1978). 
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MAJOR ORE ELEMENTS OF MANGANESE NODULES 155 

(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). 

Fig. 44. Oxidation degree of Mn in nodules and host sediments along the profile 
trans the northwestern Pacific (Glagoleva, 1972). (1) 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 tLyle, 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 hydro oxide 
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 
(Moorbyand 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 aU 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-I<!ducing-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 85; 5 to 73%. 
For other metals, the share of this form varies within a wide range. For nickel, 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 to 37% 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 are 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 
chalcophanite type (Mn2+, Cu, Zn, Cd), part of them is in asbolan layers (Ni, 
C02+) , whereas C03+is associated with Mni!+ (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 metals 
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. 

Ttte 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 cobalt. 

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 cobalt 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 aI., 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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164 CHAPTER IX 

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 aI., 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 McKelvey'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 
0.342% in the Pacific, 0.77% in the Atlantic and 0.212% in the Indian ocean, but do 
not mention whether it is total or organic; such high values lead us to presume 
that most probably it is total. 

The estimates of average concentration of lithic elements in the World Ocean 
nodules differ (Table 77); however, for the majority of individual elements this 
discrepancy does not exceed 20-30%. According to the number of samples considered, 
from '75 samples for carbon to over 1000 samples for calcium, the most representa­
tive data are given by McKelvey et ai. (1983). 

Silicon is the most widespread metalloid. Its average concentration in manga­
nese nodules of the ocean is about '7.'1%. Then follows aluminium (2.7), calcium 
(2.3), sodium (about 2), magnesium (about 1.6%). The concentration of the other 
lithic elements varies from 0.2 to 0.'7%: potassium and titanium, 0.7; sulphur, 0.5; 
phosphorus and total carbon, about 0.3; barium, about 0.2%. 

As sulphur and carbon are not so thoroughly studied contrast to other 
elements, we shall give some additional data on them. 

From the work of Glasby et ai. (1978) who analysed 4 samples, we find that 
the sulphur content in nodules of the Pacific and Indian oceans is 0.09 to 0.33%, 
being 0.2% on average. 

Japanese researchers (Terashima et ai., 1982) analysed 111 samples of nodules 
from the Central Pacific and found extremely low concentrations of sulphur in them, 
0.012 to 0.159%; 0.065% on average (Table 78). 

In the nodules from the Pacific radiolarian zone, the sulphur content as 
determined by American researchers (McKelvey et aI., 1979) is many times higher: 
0.05 to 1. 00%; 0.22% on average (39 samples). 

The reference nodule samples from the Pacific radiolarian belt and from the 
Atlantic ocean contain 0.47 and 0.86% of S03 or 0.19 and 0.34% of S (Neil, 1980), 
respectively. 

The concentration of total carbon in nodules from the Central Pacific varies 
from 0.02 to 0.418%, and concentration of the carbonate carbon varies from less 
than 0.001 to 0.368 and of organic carbon from 0.02 to 0.14% . Average concentra­
tions of carbonate and organic carbon are 0.039 and 0.521%, respectively 
(Terashima et aI., 1982). 

Romankevich (1977) studied the organic components of nodules in the Pacific 
and Indian oceans. According to his data, the concentration of organic carbon in 
nodules varies from 0.04 to 0.27% and of organic nitrogen from less than 0.001 to 
0.21%; the NorgfCorg weight ratio being 1 to 37%. 

From various authors (Mero, 1965; McKelvey et ai., 1979), we find that the 
concentration of pore water in nodules varies from 5.3 to 47.15%. When both the 
water concentration and loss on ignition are determined, the latter is usually 
several percent higher, due to dehydration of hydrooxides (Mero, 1965; Glasby et 
aI., 1978). 

The content of HC1-insoluble residues in nodules and ore crusts varies over 
a wide range, from 0.2 to 68.8% thus reflecting a variety of proportions of ore, 
lithic and biogenic components in nodules. 
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166 CHAPTER IX 

DISTRIBUTION OF LITHIC ELEMENTS IN NODULES 

To recognize the distribution pattern of lithic elements in nodules, bulk samples 
from various oceanic regions and depths were analysed as well as individual parts 
of nodules. The results are given in Table 79. 

Minimum potassium content was determined in the northernmost Arctic zone, 
and its maximum in the southernmost Antarctic zone. On the whole, deep-sea 
nodules are twice as rich in potassium as compared to relatively shallow-water 
nodules, Le. those from a depth less than 3000 m. 

Sodium concentration decreases slightly towards the Arctic zone and has two 
maxima within 0 to 200S and 40 to 60'S, irrespective of depth. 

Magnesium shows its minimum within 0 to 40 oS and its maximum in the 
Antarctic zone, irrespective of depth. 

Calcium shows two minima, within 0 to 20 ° Nand 40 to 60 ° S, and one maximum, 
within 20 to 400N. Its concentration depends strongly upon the depth, being 2.7 
times higher at a depth down to 3000 m, in contrast to deeper nodules. 

Barium shows its minimum (0.109%) in the Antarctic zone and maximum in the 
northern temperate zone, 20-400N. Its behaviour resembles that of calcium. At a 
depth less than 3000 m, its concentration is 1.5 times higher, on average, 
than at greater depth. 

A minimum (7%) in the northern temperate zone and two maxima (12-13.8%) in 
the Arctic and Antarctic zones are typical of silicon. In deep-sea nodules its 
content is 1.6 times higher than in shallow water ones (5 and 8.3%, respectively). 

The latitudinal distribution of aluminium is relatively even but its 
concentration in deep-sea nodules is 1.7 times higher than in shallow-water ones 
(this is similar to the silicon distribution with depth). 

Titanium shows a slight minimum (0.53%) in the Arctic zone and a maximum 
(0.88%) within 20 to 40 oS, and does not seem to depend upon the depth. 

Phosphorus shows a distinct minimum, 0.18% in the southern tropical zone of 
minimum biological productivity (0 to 20 OS), and a maximum, 0.86%, in the near 
Antarctic zone (40 to 60 OS). In shallow-water nodules its concentration is some 7 
times higher than in deep-sea nodules (1.15% and 0.22%. respectively). 

The sulphur minimum (0.26%) is detected within 0 to 200N and its maximum 
(0.82%) is registered within 20 to 400S. Shallow-water nodules are twice as rich in 
sulphur than are deep-sea nodules. 

The total carbon minimum (0.22%) coincides with th~sulphur minimum, 
whereas its maximum (0.68%) coincides with the phosphorus maximum. In shalIow­
water nodules its concentration is three times higher than in deep-sea ones (0.91 
and 0.31%, respectively). 

Thus, the distribution pattern of lithic elements in nodules with respect to 
their latitudinal occurrence allows their subdivision into groups according to their 
minima and maxima: alkaline elements, potassium and sodium; alkaline-earth 
elements, calcium and barium (magnesium distribution differs from the mentioned 
two considerably); hydrolisating elements, aluminium and titanium; and biogenic 
elements, phosphorus, sulphur and carbon. Silicon has an individual pattern of 
distribution. 

The distribution of lithic elements in the nodule tops and bottoms was ana­
lysed in detail by Dymond et al. (1984) who studied the material from H, Sand R 
MANOP Sites in the eastern tropical Pacific. Hemipelagic sediments are spread over 
Site H, siliceous radiolarian and siliceous clayey ooze occurs within Site S, 
whereas red deep sea clay is typical of Site R. Distribution of lithic elements in 
nodule tops and bottoms and also in the bulk samples of nodules is shown in 
Table 80. 

The analysis of the data on the basis of calculated averages shows that 
within Site H, all lithic elements, but for sodium, tend to accumulate in the tops 
of nodules with respect to their bottoms. This pattern is the most pronounced in 
the case of silicon, aluminium. titanium (concentration differs by a factor of 2) and 
barium (1.5 times). The difference in the concentration of other elements in the 
nodule tops and bottoms is not considerable. 

Within Site S, only aluminium (by 2 times), titanium and barium (by 1. 3 times) 
show higher concentration in the nodule tops with respect to their bottoms. Sodium 
and silicon tend to accumulate in the bottoms, the difference of "aveI1age 
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MAJOR LITHIC ELEMENTS IN NODULES 

concentrations being 2 to 2.3% for sodium and 8.6 to 9.2% for silicon. Other 
elements behave indifferently. 

169 

Most of lithic elements (potassium, sodium, magnesium, calcium, aluminium) 
within Site R tend to accumulate in the bottoms being 1.1 to 1.3 times higher there. 
Barium and titanium slightly accumulate in the nodule tops, silicon is indifferent. 

These results can be interpreted as follows. Under conditions of hemipelagic 
sedimentation and ore formation, lithic elements arrived to nodules from above, 
i. e. out of sea water. On the contrary, under oxic conditions of pelagic 
zone, in red clay, these elements, but for barium and titanium, are supplied to 
nodules from the underlying sediments more actively than out of sea water. Under 
suboxic conditions of deposition and diagenesis, in siliceous pelagic ooze, aluminium 
and titanium are mainly supplied from sea water, whereas silicon is supplied from 
below, out of underlying siliceous sediments. 

Distribution of organic carbon and nitrogen in various parts of the Pacific and 
Indian Qcean nodules was studied by Romankevich (1977). According to his data 
(Table 81), concentration of organic carbon in the upper ore shell of nodules is 
0.04 to 0.12% (0.074% on average), in the bulk ore body it is 0.06 to 0.1 
(0.10% on average), in the nuclei it is 0.05 t()_O~27% (0.128% on average). In 
host sediments, concentration of organic carbon is considerably higher, from 0.13 
to 0.35%; 0.234% on average. 

Concentration of organic nitrogen in the same samples is: in ore shell, 0.001 
to 0.007% (0.003% on average); in the bulk ore body, less 0.001 to 0.004% 
(0.002% on average); in nuclei, 0.005 to 0.021% (0.012% on average); in host 
sediments, 0.035 to 0.092% (0.061% on average). 

It is possible to conclude from these results that the concentration of organic 
components is at a maximum in the nodule nuclei, somewhat lower in the bulk ore 
body, and a minimum in the ore coating. But in some nodules from the Pacific and 
Atlantic oceans the author found different patterns of organic carbon distribution. 

FORMS OF LITHIC ELEMENTS IN NODULES 

Lithic elements can occur in manganese nodules in various forms, namely, as a 
component of ore minerals, in a sorbed form, as a component of detrital and bio­
genic minerals and also as a dry sea-salt residue (their natural water content may 
exceed 40%). Well-shaped cubic crystals of sodium chloride are sometimes recognized 
in nodules under the scanning electron microscope. 

A number of lithic elements are permanent components of the chemical compo­
sition of the major manganese minerals in nodules (Table 82). 

Thus, the maximum concentration of K20 in todorokite is 1.55%, in birnessite, 
1.80%, in vernadite, 0.60%. For MgO the corresponding values are: 3.4; 6.20 and 
2.62%; for CaO, 5.99; 2.38 and 5.17%; for Si02, 1.67; 1.56 and 11.06%; for A1203, 
0.38; 5.67 and 2.51%. Concentration of BaO in marine todorokite is from 0.3 to 
1.51%, concentration of Ti02 in birnessite is to 0.28%, and 1.5 to 2.0% in vernadite. 

The forms of lithic elements in nodules are studied by the same technique of 
selective leaching used to study the forms of ore elements (see the previous 
chapter). 

Moorby and Cronan (1981), besides ore elements, studied the forms of calcium, 
aluminium and titanium in nodules of the Indian and Atlantic oceans. From their 
data, calcium is the most mobile lithic element in nodules (Table 83). The relative 
share of calcium (percent of its total content) leachable by acetic acid out of the 
Indian ocean nodules is from 36 to 83%; it is 8 to 96% in the Atlantic nodules, and 
64%, on average, for the bulk of samples. 

A share of calcium which can be leached by mixed acetic acid and hydroxyla­
mine-hydrochloride varies from traces to '76%, and is 7.5 to 25% on average for 
nodules of various regions. On average, from 2 to 4% of calcium occur in 6 M­
hydrochloric acid soluble form, and from 10 to 21% in the residue. 

Aluminium forms in nodules are essentially different. On average, only 
6% of the element considered is transferred to an acetic leach, 15 to 27% is 
transferred to a hydroxylamine leach and 18 to 31% to a hydrochloric one (in the 
Atlantic and Indian oceans, respectively). The residue fraction is the most rich 
in aluminium containing 36 to 62% of the element on average (in the Indian and 
Atlantic oceans, respectively). 
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ll-Li\.JOR LITHIC ELEMENTS IN NODULES 

TABLE 82 
Concentration of lithic elements (%) in manganese minerals of nodules and ore 

crusts (after Burns and Burns, 1979) 

Compound Todorokite Birnessite Vernadite 

K20 0.19 - 1.55 0.76 - 1.80 0.23 - 0.60 
Na20 0.19 - 3.09 1.90 - 2.82 0.12 - 2.29 
MgO 1.51 - 3.4 3.06 - 6.20 0.28 - 2.62 
CaO 1. 21 - 5.99 0.39 - 2.38 2.15 - 5.17 
BaO 0.3 1.51 
Si02 0.2 1.67 0.06 - 1.56 0.80 - 11.06 
Al203 0.2 0.38 3.32 - 5.67 1.00 - 2.51 
Ti02 0.03 - 0.28 1.50 - 2.00 
H2O 9.4 - 14.31 8.6 - 30.4 16.5 - 29.8 

171 

Titanium forms differ from both calcium and aluminium. Its average concen­
tration in nodules from various regions is 8.5 to 21% in a hydroxylamine fraction; 
46 to 87% in a hydrochloric fraction and 5 to 33% in a residue. Iron forms have 
similar pattern of distribution (Moorby and Cronan, 1981). 

The data presented and many other discussed earlier (Calvert and Price, 
1977; Bischoff et al., 1981; Glasby and Thijssen, 1982; Dymond et al., 1984) 
testify that both the concentration of lithic elements and forms of their occurrence 
in nodules are controlled by the regional and local sedimentation regimes and 
possibly by a micro-environment within different localities. 

Some authors believe that alumosilicate minerals are the main carrier of 
potassium, sodium, barium, silicon and aluminium to manganese nodules (Bischoff 
et al., 1981). A fraction of these elements enters clinoptilolite and phillipsite which 
are usually components of nodules; the formula of clinoptilolite is 

K2.3 NaO.8 A13.1 Si14.9 036 

K2.8 Na1.6 A14.4 Sin.6 032 

12 H20; for phillipsite it is 

10 H20 (Kastner, 1979). 

However, in nodules of the eastern Pacific, studied by Dymond et al. (1984), 
silicon and aluminium are almost completely incorporated in the ore phase, or so 
the authors believe. A correlation between magnesium and manganese is also found 
in the Central Pacific nodules (Calvert and Price, 1977). 

A biogenic factor may playa definite role in the composition of lithic matter 
of nodules, affecting the behaviour of such biogenic elements as silicon, calcium, 
phosphorus, sulphur and carbon. 

Table 79 shows that the silicon concentration in nodules from high latitudes is 
almost twice as great as in other regions. No doubt it is associated with the high 
biological productivity of diatomaceous plankton that influences both sediments and 
nodule compositions. The latter is verified by direct observations of the inner 
structure of nodules from the Antarctic zone of the Pacific. 

The data of selective leaching of nodules from the Indian and Atlantic oceans 
(Table 83) show that the greater portion of calcium in them occurs in carbonate or 
sorbed forms. This is also verified by other data. 

The results of chemical analysis of calcium carbonate in the Pacific, Atlantic 
and Indian ocean nodules were first reported by Murray and Renard (1891). 
They estimated CaC03 concentration in nodules as 2.2 to 7.0% (4.1% on average). 
Later estimates (Calvert, 1978) of C02 concentration in deep nodules of the Pacific 
are 0.04 to 0.37%, and 0.14% (on average) in the southern part of the Central 
Pacific (Terashima et al., 1982). However, in other parts of the ocean, the 
calcium carbonate content in nodules may be considerably higher, which is verified 
by the results of electron microscopic analysis and by other data. The concentra-
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MAJOR LITHIC ELEMENTS IN NODULES 173 

tion of CO,:> in a reference nodule sample from the Pacific radiolarian zone was 
determined as being 0.76 to 1.39%, and 11.62% from the Atlantic (the Blake Plateau) 
(Flanagan and Gottfried, 1980). 

Phosphorus, which is sometimes anomalously high in nodules and especially in 
ore crusts at sea mountains, can form its own mineral phase that corresponds in 
its composition to fluorocarbonate-apatite (Figure 46). A small portion of sulphur 
in nodules can be associated with sulphide minerals, inclusions of which were 
recognized in several regions of the Pacific (Muller, 1979; Ostwald, 1983; Baturin 
and Dubinchuk, 1983, 1984). A wide occurrence of barite in pelagic sediments 
(Goldberg and Arrhenius, 1958) gave birth to a supposition that barium in nodules 
is mainly in the form of barite. However, barium in nodules (its maximum concen­
tration may be 2.14% according to McKelvey et al., 1983) is also a component of 
todorokite which may contain to 3.87% of barium (Burns and Burns, 1979). The 
Ba : Mn ratio in the Central Pacific nodules also verifies this fact (Calvert and 
Price, 1977). 

In the concluding section of this chapter we shall compare average concentra­
tions of lithic elements in manganese nodules and in pelagic sediments of the World 
Ocean, thus illustrating a possible participation of sedimentary matter in nodule 
formation. We shall consider the data by Lisitsin (1978) on sediments and the data 
by McKelvey et al. (1983) on nodules (Table 84). 

TABLE 84 
Average concentration coefficients of major lithic elements in nodules 

with respect to pelagic sediments of the ocean* 

Element 

K 
Na 
Mg 
Ca 
Ba 
Si 
Al 
Ti 
P 
S 

Average 
concentration 
in nodules 
(1) 

0.73 
1. 97 
1.57 
2.23 
0.23 
7.69 
2.70 
0.69 
0.37 
0.51 

*Nodules: from McKelvey et al., 1983. 
Sediments: from Lisitsin, 1978. 
**from Baturin, 1978. 

***from Volkov, 1984. 

Average Concentration 
concentration coefficient 
in sediments 
(2) 

1. 33 0.5 
1.82 1.1 
1.42 1.1 

13.60 0.16 
0.26 0.9 

19.65 0.4 
5.35 0.5 
0.26 2.6 
0.11** 3.3 
0.30*** 1.7 

One can see from this comparison that the least active role in nodule formation 
is played by calcium (concentration coefficient is 0.16). Then follows a group of 
elements composed of potassium, silicon and aluminium (coefficient being 0.4 to 
0.5). The concentration of sodium, magnesium and barium in nodules and sediments 
is similar. Sulphur tends to certain accumulation in nodules lthe coefficient is 1.7). 
This tendency is more distinct with titanium (coefficient 2.6, which is close to iron) 
and phosphorus (3.3). The ability of phosphorus to accumulate in association with 
iron under various marine conditions is a typical feature of its geochemistry 
(Baturin, 1978). A considerable correlation between iron, titanium and phosphorus 
in nodules reveals a certain similarity in their behaviour (Calvert and Price, 1977; 
Calvert and Piper, 1984). 
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Fig. 46. Crystals of fluor carbonate-apatite in ore crusts from the Mid Pacific sea 
mountains: (a) Site 6352, depth 1630 m, magnification by 3500; (b) Site 
6358-2, depth 2450 m, magnification by 1200. 



CHAPTER X 

MICROELEMENTS IN MANGANESE NODULES 

The concentration of microelements in manganese nodules is less than 0.1% and for 
many of them is as low as 10-4 - 10-7%. All of them are poorly studied, in contrast 
to macroelements, due to analytical difficulties and lack of economical interest in 
most of them. However, from a scientific standpoint, all elements of such interes­
ting natural objects as nodules are worth being considered and analysed. In the 
course of these studies, some of the microelements would probably be recognized 
as valuable ones and would be processed along with the major ore elements. Besides 
it would be possible to distinguish between useful elements and contaminants that 
could be injurious to the industrial processing of nodules. So the knowledge of 
their behaviour and distribution in nodules would be of practical value. 

Considering the data on the geochemistry of microelements we shall first touch 
upon the rare metals according to the groups of the Periodic Table, then we shall 
dwell, in turn, upon radioactive and precious metals and rare metalloids, halogens 
included. 

RARE ALKALINE ELEMENTS 

Rare alkaline elements, namely, lithium, rubidium and cesium belong to the first 
group of the Periodic Table. 

Lithium is the lightest of the alkaline metals. It was studied in the Pacific, 
Indian and Atlantic manganese nodules. The results of these analyses are given in 
Table 85. 

Dvoretskaya and Boiko (1979) analysed eight nodules from the Pacific (the 
cross-section from Japan to California) and determined that the bulk samples 
contain 36 to 120 ppm of lithium (80 ppm on average), nodule shells contain 27 to 
91 ppm (44 ppm on average), nuclei contain 38 to 75 ppb (57 ppb on average). 
However, these results do not seem to be representative as the shells and nuclei 
analysed were taken from different samples. The lithium content was determined 
by McKelvey et al. (1983) in 19 nodule samples from various parts of the Pacific. 
Lithium concentration varied from less than 100 to 600 ppm, the detection limit of 
the analyses being 0.01%. 

From one sample the lithium content in the bulk samples of nodules from the 
Pacific radiolarian belt (the Clarion-Clipperton zone) was 22 to 200 ppm; 38 to 240 
ppm in nodule shells and 22 to 180 ppm in their nuclei, averages for bulk samples 
of nodules, shells and nuclei are 100, 117 and 70 ppm, respectively. This testifies 
to the predominant though relatively insignificant accumulation of lithium in the 
outer parts of nodules. 

In two nodule samples analysed layer-by-Iayer the lithium concentration was 
higher in their bottoms, which were in contact with sediments (radiolarian ooze), 
200-240 ppm in contrast to 90-100 ppm in their tops. 

A reference nodule sample from a radiolarian zone prepared by the U. S. 
Geological Survey contains 140 ppm of lithium (Flanagan and Gottfried, 1980); a 
similar sample prepared by the P.P. Shirshov Oceanology Institute of the USSR Ac. 
Sci. contains 129 ppm. The South Pacific nodules contain less lithium (22 to 77 ppm; 
40 ppm on average) with respect to the nodules of the radiolarian zone. The 
minimum concentration of lithium (2 to 5 ppm) was assessed in ore crusts at the 
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TABLE 85 
Lithium content (ppm) in nodules 

Region Sample =L~i ____________ N Reference 

Range Mean 

Pacific Ocean Whole samples <100- 600 200 19 McKelvey et aI., 
1983 

" 23-1055 160 25 Haynes et aI., 1986 
northern part " 26- 120 80 8 Dvoretskaya and 

Boiko, 1979 
Outer shells 27- 91 44 5 

_ rr _ 

Nuclei 38- 75 57 3 - " -
radiolarian belt Outer shells 38- 240 117 9 Author's data 

Nuclei 22- 180 70 7 _ rr _ 

Referens sample 140 1 Flanagan and 
Gottfried, 1980 

northern tropical Whole samples 16- 110 42 4 Sano et aI., 1985 
part 
southern part _ rr _ 22- 77 40 9 Author's data 
Mid Pacific manganese crusts 2- 5 3 7 

_ H _ 

mountains 
Indian Ocean Whole samples 6- 73 28 42 Levitan and Gordeev, 

1981 
Atlantic Ocean 

_ rr _ 
2- 260 70 29 Author's data 

southern part Tops 2- 180 50 5 
_ rr _ 

Bottoms 14- 210 140 5 
_ rr _ 

Blake Plateau Reference sample 76 1 Flanagan and 
Gottfried, 1980 

Sediments 29 Lisitsin, 1978 
64 Morozov, 1968 
53 Dvoretskaya and 

Boiko, 1979 

TABLE 86 
Rubidium content (ppm) in nodules of the Pacific Ocean 

Region 

Whole ocean 

radiolarian belt 
hights 
valleys with thick 
sediment cover 
valleys with thin 
sediment cover 

Northern part 
shells 
nuclei 

Sou thern part 
Sediments 

Range 

5 60 
5 - 60 

15 - 20 

17 - 39 
16 - 30 
14 - 42 
8.1- 30 

Rb 

Mean 

14 
15 
18 

7 

11 

14 
24 
22 
26 
14 

139 
100 

44 
112 

N Reference 

18 Calvert and Price, 1977 
43 Haynes et aI., 1986 
19 Calvert et aI., 1978 
17 Calvert and Piper, 1984 

19 " 
30 " 

8 Dvoretskaya and Boiko, 1979 
4 

_ rr _ 

3 
_ rr _ 

12 Rankin and Glasby, 1979 
Morozov, 1969 
Calvert and Price, 1977 
Lisitsin, 1978 
Dvoretskaya and Boiko, 1979 
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Mid Pacific sea mountains in the northern tropical part of the Pacific. 
The Indian ocean nodules contain 6-73 ppm of lithium, 28 ppm on the avera,;;e. 
In the South Atlantic, bulk samples (from the Brazil and Cape Basins), the 

lithium content in nodules varies from 2 to 260 ppm; in their top parts it is 2 to 
180 ppm, in the bottom parts it is 14 to 260 ppm. Similar to the Pacific radiolarian 
zone nodules, they tend to a relative accumulation of lithium in their bottom parts, 
which contact the sediments. This seems to testify to a prevailing diagenetic 
mechanism of lithium supply to nodules. The lithium average in nodules is about 
70-80 ppm (Table 85). The lithium average in deep oceanic sediments is from 29 to 
64 ppm according to different estimates (Morozov, 1968; Dvoretskaya and Boiko, 
1979; Lfsitsin, 1978). Thus, a concentration coefficient for lithium in the World 
Ocean nodules is 1. 5 to 2.0. 

Rubidium was analysed in the Pacific nodules, where its content varies from 
5 to 60 ppm (Calvert and Price, 1977; Table 86). In the South Pacific, the rubidium 
content is 8 to 30 ppm, being 14 ppm on average (Rankin and Glasby, 1979). In 
the radiolarian zone nodules, rubidium was analysed more thoroughly. From the 
first estimates the rubidium average was 18 to 20 ppm (Calvert et al., 1978; 
McKelvey et al., 1979). Later, the rubidium content in nodules was assessed many 
times at Site A of the DOMES project. The Site location is 8 °27 N, 150 0 47'W, its 
area is 55 x 65 km2; the average depth being 5100 m; sediments are mainly 
Quaternary siliceous-clayey muds underlain by Tertiary siliceous oozes. 

The rubidium content in nodules from the Site in question was determined 
within three geomorphological features, namely, submarine hills, valleys with thick 
and valleys with thin sedimentary cover (Calvert and Piper, 1984). The rubid~um 
average in the nodules of the first type is 7, of the second 11, and of the third 
14 ppm, which testifies to the influence of diagenetic processes upon rubidium 
accumulation in the nodules of the latter two sites. Nodules from submarine hills 
are mainly hydrogeneous (Mn/Fe ratio is 1.92 on average), nodules from sub­
marine valleys are mainly diagenetic (Mn/Fe ratio is 3.2 to 4.3 on average). 

A reference nodule sample from the Pacific contains 22 ppm of rubidium and 
that from the Atlantic contains 11 ppm (Flanagan and Gottfried, 1980). 

Rubidium distribution in various parts of individual nodules from the North 
Pacific turned out to be regular: in bulk samples it is 17 to 39, in shells it is 
16 to 30, in nuclei it varies from 14 to 42 ppm; their averages being 14, 22 and 26 
ppm, respectively (Dvoretskaya and Boiko, 1979). 

On the basis of the data presented, the rubidium average in the North Pacific 
nodules is 17 ppm. 

The rubidium average in deep oceanic sediments is 44 to 139 ppm according to 
various authors (Morozov, 1968; Calvert and Price, 1977; Lisitsin, 1978; Dvoreskaya 
and Boiko, 1979). 

ThUS, on the whole, the rubidium content in nodules is 2.5 to 8 times lower 
than in deep oceanic sediments. This ratio may vary widely from region to region. 
For instance, according to the data of 21 stations in the North and South Pacific, 
it varies from 0.05 to 1 (Calvert and Price, 1977). 

Cesium. Up to now, determinations of cesium content in nodules have been 
scarce, the Pacific samples being the only source of data. In the North Pacific, it 
varies from less than 1 to 2 ppm. Samples do not show any evidence of enrichment 
or depletion of cesium either in nodule shells or in their nuclei (Dvoretskaya and 
Boiko, 1979) (Table 87). 

In various parts of the South Pacific, the cesium content in nodules is less 
than 0.7 to 0.82 ppm and only in one nodule from the equatorial zone is it 2.6 ppm 
(Rankin and Glasby, 1979; Table 87). The cesium average in the Pacific nodules is 
probably about 1 ppm. Its average in deep oceanic sediments was estimated by 
various authors as being 4.2 to 10 ppm (Morozov, 1968; Lisitsin, 1978; Dvotetskaya 
and Boiko, 1979; Rankin and Glasby, 1979). So, cesium concentration in nodules is 
4 to 10 times lower than that in host sediments. 

RARE METALS OF THE SECOND GROUP OF PERIODIC TABLE 

In this section we shall consider beryllium, strontium, cadmium and mercury. 
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TABLE 87 
Cesium content (ppm) in nodules of the Pacific 

Region Cs N References 
Range Mean 

Whole ocean < 0.5-2.6 0.75 7 Haynes et al., 1986 
northern part 1-2 1 8 Dvoretskaya and Boiko, 1979 
shells of nodules 1-1 1 4 

_ If _ 

nuclei of nodules 1-2 1 3 _ If _ 

south-western part 0.82 2 Rankin and Glasby, 1979 
southern part < 0.5-0.7 0.6 10 _ rr _ 

equatorial zone 2.6 1 
_ rr _ 

Sediments 8 Morozov, 196:: 
4.2 Lisi tsin, 1978 

10 Dvoretskaya and Boiko, 1979 
5.8 Rankin and Glasby, 1979 

TABLE 88 
Berillium content (ppm) in nodules 

Region Be N References 
Range Mean 

Pacific ocean 2-5 3 7 Mero, 1965 
2.2-8.3 4.4 29 Inoue et al., 1983 

2-15 4 29 Haynes et al., 1986 
radiolarian belt 2 1 McKelvey et al. , 1983 

2.8 1*1 Flanagan and Gottfried, 1980 
2.4-4.6 3.0 5 Krishnaswami eet al., 1982 

northern part 2.2-5.0 3.2 10 Sharma and Somayajulu, 1982 
2.9-9.8 6.9 15 Kusakabe and Ku, 1984 
2.7-6.4 3.7 18 Segl et al. , 1984a 

central part*2 1.3-13.5 5.4 59 Aplin and Cronan, 1985a 
South China Sea 4.9-5.8 5.4 2 Mangini et al., 1986 
Peru Basin 0.35-1.85 1.3 16 Reyss et al., 1985 

Indian Ocean 3.1-7.8 4.8 7 Krishnaswami et al., 1982 
3.2-12.1 6.1 12 Sharma and Somayajulu, 1982 

Atlantic Ocean 5.57 1*1 Flanagan and Gottfried, 1980 
5.7-9.3 7.4 3 Sharma and Somayajulu, 1982 

Sediments 2.6 Turekian and Wedepohl, 1961 

*1 - reference samples; *2 - manganese crusts. 

Beryllium is a lithophHic element which properties are closer to aluminium than 
to magnesium. Strontium belongs to the rare alkaline-earth elements. Other alkaline 
earths (magnesium, potassium, barium) are not rare elements and they were consi­
dered in the previous chapter. Radium also belongs to the rare alkaline-earth 
elements. It is one of the intermediate unstable elements of the uranium family of 
radioactive decay. We shall touch upon its behaviour in the chapter devoted to the 
dating of nodules. Cadmium and mercury are chalcophylic metals. 

Beryllium content was assessed in only a few samples (Table 88). 
The first estimates were made by Mero (1965) in the Pacific nodules and they 

were 2 to 5 ppm. 
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In one sample from the radiolarian zone, the beryllium content was :l ppm 
(McKelvey et aI.. 1979). This result was verified by the analysis of a reference 
sample from the same zone, 2.8 ppm (Flanagan and Gottfried, 1980). 
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However, in the latter paper by McKelvey et aI. (1983), beryllium content was 
assessed as less 10 to 100 ppm in the Pacific and Indian ocean nodules. These 
estimates seem to be semi-quantitative. 

A reference sample of the Atlantic nodule contains 5.57 ppm of beryllium 
(Flanagan and Gottfried, 1980). The beryllium average in the PacifiG nodules is 
probably 2 to 3 ppm, whereas in the crusts from sea mountains it is somewhat 
higher, up to 5.4 ppm. The average concentration of beryllium in deep oceanic sedi­
ments is 2.6 ppm (Turekian and Wedepohl, 1961). So a concentration coefficient of 
beryllium in nodules with respect to host sediments is about 1. 

Strontium. The data on strontium content in the World Ocean manganese 
nodules are considerably more representative, in contrast to that on beryllium. 
Volkov (1879) in his review determined the range of strontium concentration in the 
Pacific nodules as being 0.024 to 0.16% (151 samples), and in the Atlantic nodules 
as 0.058 to 0.19% (16 samples). According to our results (32 samples were analysed 
from the Atlantic: Brazil and Cape basins) this range is somewhat wider, Le. 0.024 
to 0.228%. For the World Ocean nodules this range is 0.010 to 0.285% (McKelvey et 
al., 1983). 

From the results of various authors, strontium averages in nodules of the 
Pacific, Atlantic and Indian oceans are 0.084 to 0.088, 0.089 to 0.110 and 0.079 to 
0.086%, respectively. The World Ocean nodules contain 0.0825 to 0.085% of strontium 
(Table 89). 

Regional and local differences in strontium concentration in nodules are 
considerable. At one Site within the Pacific radiolarian zone (8°20'N, 153°W; average 
depth is 5000 m), strontium distribution is rather regular and its relative concen­
tration is rather low, 0.0420% (Calvert et aI., 1978). Within the same zone, at the 
neighbouring Site (8°27'N, 150047'W; average depth is 5100 m), strontium showed 
a higher concentration, its average being 0.0889% at submarine hills, 0.0682 in 
valleys with thick sediments and 0.0588% in valeys with thin sedimentary cover 
(Calvert and Piper, 1984). 

Strontium content in nodules was analysed with respect to the latitudinal 
position of the latter; it was revealed that in each 20° interval, from 6(00N to 80 oS, 
strontium average concentration does not vary considerably (from 0.071% in the 
interval of 0 to 200S to 0.097% in the interval from 20 to 40 ON). Thus, strontium 
does not show any distinct correlation between its concentration and climatic position. 
However, its concentration obviously depends upon the depth: in shallow-water 
nodules (to 3000 m), strontium average is 0.122%, in deeper nodules, it is 0.075% 
(McKelvey et al., 1983). 

The selective leaching technique was used to determine the forms of strontium 
occurrence in nodules. On the average, 54% of total strontium along with 65% of 
iron and only 2% of manganese are oxalate leachable in the Pacific nodules from the 
radiolarian zone (Calvert et aI., 1978). On the whole, the relative share of mobile 
strontium bound to the oxide-hydrooxide fraction of the Pacific nodules is 57 to 100% 
(Calvert and Price, 1977). The correlation obtained shows that strontium is associ­
ated with iron and titanium. At one Site within the Pacific radiolarian zone, 
strontium shows a positive correlation with iron and titanium (Calvert and Piper, 
1984); at the other, it shows a strong positive correlation with titanium (r = 0.068), 
a weak positive correlation with iron and a strong negative correlation with 
manganese (r = -0.78) (Calvert et aI., 1978). However, the strontium content in 
manganese minerals of hydrothermal origin may be relatively high. It is 0.41% in 
hydrothermal todorokite in the nodules sampled at a sea mountain in the Atlantic 
(19°24'N, 17°23.4'W; depth is 1925 m). It is considerably lower, 0.032%, in goethite 
in the same sample (Halbach and Manheim, 1984). 

The average strontium concentration in deep oceanic sediments is 0.0755% 
(Lisitsin, 1978) and 0.0275% in the Pacific radiolarian sediments (Bischoff et aI., 
1979). Consequently, an average concentration coefficient for strontium in nodules 
is 1.1. For the Pacific, this coefficient seems to be somewhat higher - arising from 
the data presented by Calvert and Price (1977) - 1.6 on average, fluctuations 
being from 0.8 to 3.4. 
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TABLE 89 
Strontium content (%) in nodules 

Region Sr N References 
Range Mean 

Pacific Ocean 0.06 -0.16 0.100 3 Riley and Sinhaseni, 1958 
0.024-0.16 0.088 151 Volkov, 1979 

0.085 Cronan, 1980 
0.084 McKelvey et aI., 1983 

<0.005-0.30 0.083 493 Haynes et aI., 1986 
radiolarian belt <0.005-0.16 0.045 78 II 

Mid Pacific mountains <0.005-0.30 0.13 27 II 

depths > 3000 m <0.005-0.18 0.08 320 II 

depths ' 3000 m <0.005-0.28 0.135 68 II 

Atlantic Ocean 0.058-0.190 0.110 16 Volkov, 1979 
0.093 Cronan, 1980 
0.094 McKelvey et aI., 1983 

0.024-0.228 0.089 32 Author's data 
Indian Ocean 0.086 Cronan, 1980 

0.079 McKelvey et aI., 1983 
World Ocean 0.0825 Cronan, 1980 

0.010-0.185 0.085 369 McKelvey et aI., 1983 
Sediments 0.0755 Lisitsin, 1978 
Radiolarian belt 
(Pacific Ocean) 0.0275 Bischoff et aI., 1979 

Cadmium content was assessed in manganese nodules of the Pacific, 
Atlantic and Indian oceans by Ahrens et al. (1967), the range was 3 to 21. 2 ppm. 
Later, these results were verified by many other researchers (Table 90). 

The cadmium content in the bulk samples of nodules of the Pacific radiolari'\ll 
zone varies from 4 to 30 ppm and is 10 ppm, on average (McKelvey et aI., 
1979). A refere:lce sample from the region considered is richer in cadmium, 22.3 
ppm (Flanagan and Gottfried, 1980). 

A layer-by-Iayer analysis of the Pacific nodules from various parts of the 
ocean showed that nodule shells contain from 2.5 to 15 ppm of cadmium, whereas 
ore nuclei contain from 0.15 to 6.8 ppm, the average concentration being 6.0 and 
4.2 ppm, respectively. In the bulk samples of these nodules the cadmium concen­
tration is 2.2 to 10.6 ppm, being 5.8 ppm on average (Baturin and Oreshkin, 
1984; 1986). 

Cadmium content in ore crusts at the Mid Pacific and Line sea mountains 
varies from 1.4 to 10.0 ppm (Baturin and Oreshkin, 19811; Aplin and Cronan, 
1985). 

In nodules of the Indian ocean the cadmium content is less than 3 to 13.2 
ppm, tieing 3.5 ppm on average (Ahrens et aI., 1967). Later, a higher 
concentration of cadmium was determined in the Indian ocean nodules; 8 to 13 
(10 ppm, on average) in the Madagascar Basin and 11 to 25 ppm (20 ppm, on 
average) in the Central Basin (Moorby and Cronan, 1981). 

In the Atlantic nodules, the cadmium content is 5 to 16.2 ppm, 9 ppm on 
average, from the results of two series of determinations (Ahrens et aI., 1967; 
Moorby and Cronan, 1981). It is interesting to note that the first group of authors 
determined the maximum content of cadmium in the Atlantic nodules, whereas 
according to other data, cadmium content in the Atlantic nodules is a minimum. In 
particular, in the reference sample from the Blake Plateau, the cadmium content is 
6.5 ppm (Flanagan and Gottfried, 1980). 

A layer-by-layer analysis of the Atlantic nodules (Brazil and Cape basins), 
performed in the P.P. Shirshov Oceanology Institute of the USSR Academy of 
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TABLE 90 
Cadmium content (ppm) in nodules and crusts 

Region Sample Cd N Reference 
Range Mean 

Pacific Ocean whole sample 5.1 - 8.4 6.7 2 Mullin and 
Riley, 1956 

7 -11 9 2 Riley and 
Sinhaseni, 1958 

< 3 -21.2 6 15 Ahrens et al., 
1967 

2.2 -18.6 5.8 16 Baturin and 
Oreshkin, 
1984, 1986 

shells 2.5 -15.0 6.0 26 _ rr _ 

nuclei 0.15- 6.8 4.2 9 _ rf _ 

radiolarian belt whole nodules 4 -30 10 17 McKelveyet 
aI., 1979 _ rr _ 

1 -35 12.3 127 Haynes et aI., 
1986 

reference sample 22.3 1 Flanagan and 
Gottfried, 1980 

subsea mountains nodules 1 -35 8.3 15 Haynes et al., 
1986 

crusts 3.3 -10.0 6.0 31 Baturin and 
Oreshkin, 1984 _ rr _ 

1.4 - 8.1 4.0 59 Aplin and 
Cronan, 1985a 

depth >3000 m nodules 1 -35 10.7 133 Haynes et al., 
1986 

depth <3000 m 
_ rr _ 

1 -35 10.2 23 
_ rr _ 

Indian Ocean <3 -13.2 3.5 9 Ahrens et al., 
1967 

Madagascar Basin 8 -13 10 11 Moorbyand 
Cronan, 1981 

Central Basin L1 -25 16 16 
_ rr _ 

Atlantic Ocean 5 -16.2 9 7 Ahrens et al., 
1967 

6 -14 9.5 14 Moorbyand 
Cronan, 1981 

Blake Plateau reference sample 6.5 1 Flanagan and 
Gottfried, 1980 

Sediments 0.3 Oreshkin, 1977 

Sciences showed the following values of cadmium content in various parts of nodules: 
20 ppm on average, 13 ppm in nodule tops, 13.5 ppm in inner parts and 6 ppm 
in nuclei. Though, on the whole, these results are somewhat overestimated in 
contrast to other estimates for the Atlantic nodules, they demonstrate a distinct 
enrichment by cadmium of the bottom parts of' the nodules directly affected by 
diagenetic processes in the underlying sediments. 

Forms of cadmium occurrence in the nodules of the Atlantic and Indian oceans 
were determined by the traditional methods of selective leaching (Moorby and 
Cronan, 1981). The results obtained demonstrate that the major part of cadmium is 
leached by hydroxylamine. The share of this form in the total cadmium content is 
67 to 100% in the nodules of the Madagascar Basin, 79 to 100% in the Central Indian 
Basin and 25 to 84% in the Atlantic nodules. The share of an acid soluble form is 
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TABLE 91 
Mercury content (ppm) in nodules 

Region 

Pacific Ocean 

northern part 

southern part 
East Pacific Rise 
Bauer Deep 

Atlantic Ocean 
Indian Ocean 

Pacific Ocean 
Atlantic Ocean 

Pacific Ocean 
Atlantic Ocean 

Sediments of the Pacific 

Hg 
Range Mean 

Nodules 

2000 
1- 775 
2- 780 150 

36- 45 40 
6- 26 12 
3- 7 5 

92 
20 

1- 810 
1- 3 1 

Hydrothermal 

3- 296 40 
136-1080 390 

Hydrogenous 

13- 300 112 
640-2520 1720 

0.7- 58 30 

N Reference 

1 Riley and Sinhaseni, 1958 
7 Harriss, 1968 

68 Haynes et al., 1986 
3 Toth, 1980 
5 Baturin et al., 1986d 
3 _ rr _ 

1 Toth. 1980 
1 _ rr _ 

5 Harriss, 1968 
4 

_ rr _ 

crusts 

5 Toth, 1980 
7 _ rr _ 

crusts 

10 Toth, 1980 
3 

_ rr _ 

170 Cox and iVIcMurtry, 1981 

o to 33%, 0 to 12% and 0 to 50%, respectively; the share of cadmium in the residue 
is 0 to 20%, 0 to 16%, 0 to 55%. These estimates show that cadmium enters the 
predominantly readily dissolved oxides and hydrooxides of manganese. 

All researchers note that in nodules cadmium is associated mainly with manga­
nese; that can be seen from the graphs of Cd-Mn and Cd-Fe correlation in the 
Pacific nodules and ore crusts (Figure 47). 

The Cd-Zn correlation is also distinct. From Ahrens et al. (1967), we find that 
Zn to Cd ratios in the nodules they studied were from 47 to 11'7, being 77 on 
avers.ge. 

Cadmium average in manganese nodules of the World Ocean is about 10 ppm (deduced 
from the data in Table 90), in deep-sea sediments it is 0.3 ppm (Oreshkin, 1977). 
This allows us to estimate its average concentration coefficient as about 30. 

Mercury content in manganese nodules was first assessed as 2 ppm (Riley and 
Sinhaseni, 1958). Then mercury behaviour was studied by Harriss (1968). He 
determined that the mercury content in nodules of the Pacific, Atlantic and Indian 
oceans varies from less 1 to 775, less'l to 810, less 1 to 3 ppb, respectively 
(Table 91). 

Later, Toth (1980) estimated the mercury content in five samples of the nodules 
from the East Pacific Rise region, Bauer depression and North Pacific. Its 
distribution was considerably more regular in the material analysed than in the 
previous samples; from 20 to 92 ppb, being 47 ppb on average. The mercury 
content in hydrogenous ore crusts of the Pacific is 20 to 300 ppb, being 140 ppb 
on average. In hydrothermal crusts it is 3 to 296, being 40 ppb on average. In 
the Atlantic, the values are 136 to 1080 ppb and 390 ppb, respectively. 
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Fig. 47, Correlation between Cd, Mn and Fe concentration in the Pacific nodules and 
ore crusts (Baturin and Oreshkin, 1986). (1) bulk nodule samples; (2) 
nodule shells; (3) nodule nuclei; (4) ore crusts, tops; (5) ore crusts, 
bottoms. 

Some 100 samples of the Pacific nodules and ore crusts were analysed by 
Oreshkin et a1. (Baturin, Oreshkin, et a1., 1986). The material analysed was 
subdivided into three categories: 
(1) nodules and ore crusts sampled during cruises 43 and 48 of R/V "Vityaz" 
(1968 and 1970); samples were first processed on board the vessel and then the 
powdered material was kept in paper envelopes; 
(2) hand specimens of nodules (lump) and ore crusts collected in the cruises 
mentioned; they were powdered directly before the analysis; 
(3) samples collected in the cruises by R/V "Dmitry Mendeleev" and "Akademik 
Mstislav Keldysh". 

The mercury content in the samples of the first category turned out to be 
anomalously high, from 150 to 3320 ppb, the average concentration of mercury in 
bulk samples, shells and nuclei of nodules and also in ore crusts being almost 
similar, 600 to 770 ppb. In the samples of the second category, the mercury content 
was generally lower, the shells of nodules being highly enriched in contrast to the 
inner parts: 87 and 10 ppb, respectively. In the samples of the third category the 
mercury content is a minimum, from 3 to 26 ppb, being 10 ppb on average. 

The high mercury content in the samples of the first category might result 
from the ability of powder samples to sorb mercury from the air through paper and 
polyethylene films. This phenomenon has been observed many times when analysing 
staT'dard samples of sp.diments (Oreshkin et al., 1985). The outer parts of hand 
specimens (lump samples) from the Vityaz seem to be contaminated by mercury, 
whereas the content of mercury in their inner parts represents its natural back­
ground. 

The mercury content in the samples of the third category is 1.5 to 2 times 
higher in nodule shells with respect to their inner parts. It is not yet clear, 
however, whether this is a superficial sorption effect resulting from long-time 
storage of the samples, or whether the distribution is natural. 

One of the samples from the East Pacific Rise zone, analysed by Harriss, 
showed a high concentration of mercury (775 ppb). A high mercury content was 
determined also by Toth in the majority of hydrothermal crusts. The high content 
of these samples seems to result from hydrothermal activity which affects 
sedimentation and ore formation (Bostrom and Peterson, 1966; 1969; Metalliferous 
sediments. . .. 1979). 



184 CHAPTER X 

From the available data, the average mercury content is 20 ppb in the "pure" 
material of oceanic manganese nodules. In the Pacific sediments, mercury content is 
0.7 to 58 ppb (Cox and McMurthy, 1981; Baturin et aI., 1986); it can be concluded 
that mercury does not accumulate in manganese nodules when no hydrothermal 
processes occur in their vicinity. 

RARE METALS OF THE THIRD GROUP OF THE PERIODIC TABLE 

Rare metals of this group are most numerous. The major subgroup includes Sc, Y 
and REE, namely lanthanum, cerium praseodymium, neodymium, samarium, europium, 
gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium and lutecium 
whereas the subordinate subgroup includes Ga, In and Tl namely lanthanum. 

Gallium content in manganese nodules was first determined by Mero (1965) 
who analy~ed 54 samples; the amount varies from 2 to 30 ppm (10 ppm on average). 

Later, similar results were obtained for the nodules of the Pacific radiolarian 
zone, Indian and Atlantic oceans, and for the World Ocean: they vary from 6 (or 
less 10) to 70 ppm (Volkov, 1979; McKelvey et a!., 1979; 1983; Table 92). On the 
basis of these data, one can accept that the average content of gallium in the 
World Ocean nodules is 10 ppm; its average in deep-sea sediments is twice as 
great: 20 ppm (Lukashin and Lisitsin, 1980). That gives us evidence of the passive 
behaviour of gallium in the process of oceanic nodule formation. 

Indium. Data on indium concentration in manganese nodules are scarce. From 
Glasby (1973), its content is 0.15 ppm in nodules from the Campbell Plateau; 0.41 
ppm in the equatorial Indian ocean; 0.09 ppm in the Bay of Aden; and 0.37 ppm in 
nodules from the Blake Plateau. In nodules from Loch Fyne (Scotland) the indium 
content is 0.13 ppm. From these data the average content of indium in oceanic 
nodules can be estimated as 0.25 ppm. The indium content of deep-sea sediments 
is three times lower: 0.08 ppm on average (Turekian and Wedepohl, 1961). This 
leads us to suppose some participation of indium in the formation of nodules. 

Thallium. The first determinations of thallium in manganese nodules were made 
by Riley and Sinhaseni (1958). They analysed three samples from the Pacific and 
found from 80 to 100 ppm of this element. 

In the course of further analyses, the range of thallium concentration in 
nodules of tj,e Pacific was specified by Ahrens et ai. (1967); it is from 2 to 614 ppm, 
average values being from 71 to 173 ppm depending on th~ region (Table 93). 

The thallium content in nodules of the Pacific radiolarian zone varies from 
60 to 300 ppm, being 160 ppm on· average (McKelveyet aI., 1979). The average 
thallium content in the Pacific nodules is 91 to 170 ppm according to various 
estimates. 

In the Indian ocean, the range of thallium content variation is from 2 to 
242 ppm (Ahrens et aI., 1967), being 80 to 134 ppm on average (from various 
estimates). In the Atlantic, these estimates are 50 to 349 and 77 to 180 ppm, 
respectively (Table 93). 

From the total amount of the data considered, the most probable average 
estimates of thallium content in nodules of the Pacific, Indian and Atlantic oceans 
are 170, 100 and 100 ppm, respectively, its average being 150 ppm in the World 
Ocean nodules. 

The latitudinal distribution- of thallium in nodules shows two distinct 
tendencies, namely, its minimum content (100 ppm on average) is confined to sub­
Arctic latitudes (40 to 60 0N), and its maximum (180 ppm on average) to 
temperate zone of the northern hemisphere (20 to 400N). Thallium content does not 
seem to be dependent upon the depth, its average being 180 ppm in the nodules 
from the depth to 3000 m and 160 ppm from deeper nodules (McKelvey et al., 1983). 

Various methods of selective leaching were used to determine forms of thallium 
occurrence in nodules. Results obtained, however, were ambiguous. 

The share of thallium leached from nodules by various solvents varies from 
24 to 89% (Description ... , 1977). Low-temperature leaching of nodules by S02 
extracts some 45% of the thallium, whereas 70% of it may be extracted by high­
temperature processing; this may result from the difference in the degree of 
thallium transformation from a trivalent compound to a univalent one, i. e. from 
Tlz03 to Tl2S04 (Iskowitz et aI., 1982). 
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TABLE 92 
Gallium content (ppm) in nodules 

Region Ga N Reference 
Range Mean 

Pacific Ocean 4 1 Goldschmidt and Peters, 1931a 
16-22 19 3 Riley and Sinhaseni, 1958 

2-30 10 54 Mero, 1965 
2-72 11 39 Haynes et al., 1986 

radiolarian belt 7-30 20 4 McKelvey et al., 1979 
Indian Ocean 6-42 14 7 Volkov, 1979 
World Ocean '10-70 10 57 McKelvey et al., 1983 

Sediments 20 Lukashin and Lisitsin, 1980 

TABLE 93 
Thallium content (ppm) in nodules 

Region TI N Reference 
Range-Mean 

Pacific Ocean 80-110 90 3 Riley and Sinhaseni, 1958 
1-110 83 6 Willis and Ahrens, 1962 
2-614 173 13 Ahrens et al., 1967 

150-300 170 7 Mero, 1965 
144-160 152 2 Glasby et al., 1978 

23-226 123 9 Isko~tz et al., 1982 
15-250 91 42 Volkov and Sokolova, 1984 

170 Cronan, 1980 
170 McKelvey et al., 1983 

2-675 169 141 Haynes et al., 1986 
radiolarian belt 60-300 160 17 McKelvey et al., 1979 

Indian Ocean 55- 80 74 4 Willis and Ahrens, 1962 
3-242 55 10 Ahrens et al., 1967 

59- 64 62 2 Glasby et al., 1978 
45-128 82 4 Isko~tz et al., 1982 
77-290 134 7 Volkov, 1979 

100 Cronan, 1980 
80 McKelvey et al., 1983 

Atlantic Ocean 15-135 70 8 Willis and Ahrens, 1962 
109-349 177 7 Ahrens et al., 1967 

50-138 106 8 Isko~tz et al., 1982 
77 Cronan, 1980 

180 McKelvey et al., 1983 
Average for the World 

Ocean 129 Cronan, 1980 
10-610 160 130 McKelvey et al., 1983 

Sediments 0.28 Lisitsin, 1978 
1.8 Volkov and Sokolova, 1984 

0.002-6 0.21 104 Oreshkin et al., 1986 
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Volkov and Sokolova (1984) believe that in most nodules, about 40% of thallium 
is in a sorbed form (T1+). The rest of it (T1+ and T1 3+) is included in manganese 
and iron oxides. 

The affinity of T1 for Mn is clear from the correlation of these metals 
determined in the Pacific nodules (r = 0.54); the correlation coefficient of thallium 
content and Mn/Fe ratio is even higher, 0.78 on average. One can suppose that 
thallium accumulation in nodules results from T1+ oxidation in sea water until it 
reaches T1203, which is resistant to solvents. Its accumulation probably goes 
along with the process of Mn2+ oxidation to Mn4+-and their coprecipitation (Volkov 
and Sokolova, 1984). Thallium content is high (370 ppm) in some nodules rich in 
cobalt (McKelvey, 1983). 

Some researchers have noticed that a high content of thallium in technological 
solutions remaining after the processing of manganese nodules can be toxic for land 
and water environments since thallium salts are very toxic (Fairhall, 1969; Iskowitz 
et aI., 1982). 

According to Lisitsin (1978), the thallium content in deep-sea sediments of 
the World Ocean is 0.28 ppm whereas its content in the Pacific deep-sea sediments 
is 1. 8 ppm (Volkov and Sokolova, 1984). Thus, the average concentration coefficient 
of thallium in manganese nodules with respect to host sediments is 80 to 500. 
However, the former is the more realistic value. So, in the Pacific, this coefficient 
varies from 24.1 to 200, being 72.8 on average. According to this coefficient, 
thallium exceeds all other elements accumulating in nodules, namely, molybdenum, 
nickel, manganese and cobalt, for which this coefficient is only 29 to 40 (Volkov 
and Sokolova, 1984). 

Scandium was mainly analysed in nodules of the Pacific. In most analyses, its 
content in various oceanic regions varies from 1.9 to 18.1 ppm (Piper and Williamson 
1977; Piper et aI., 1979; Dymond et aI., 1984). In the south-eastern Pacific, where 
the hydrothermal effect upon sedimentation is strong, the scandium content of 
nodules is somewhat higher and reaches 66.9 ppm (Girin et aI., 1979). 

The maximum content of scandium, 2700 ppm, was determined in the sample 
from the Pacific radiolarian zone (McKelvey et aI., 1979); though, from other data, 
on the whole, scandium content in the zone in question is similar to that of other 
regions, from 7.3 to 18.1 ppm, being 11.3 ppm on average (Piper et aI., 1979). 

From McKelvey et aI., (1983), the scandium average in nodules of the Pacific 
is 50 ppm, it is 10 in nodules of the Indian ocean, 20 in the Atlantic nodules, and 
50 ppm in the World Ocean. All these estimates are considerably higher by compari­
son with all other data available (Table 94), so one is forced to accept 10 ppm as 
its average. 

When analysing the latitudinal distribution of scandium in nodules of the World 
Ocean, it was determined that its minimum content (10 ppm on average) is confined 
to the zones of 40 to 60 0 Nand 0 to 20 0 S, and its maximum (230 ppm on average) 
is confined to the interval of 0 to 20 0 N. Scandium shows a distinct correlation of 
its content with depth: 10 ppm of scandium is the average for the depths to 
3000 m, and it is 70 ppm for deeper nodules. It was recorded that nodules rich in 
nickel and copper (over 1. 8% in total) are also rich in scandium (to 180 ppm on 
average) as compared to all other samples (McKelvey et aI., 1983). Though absolute 
values of scandium content from the data of the authors mentioned seem to be 
overestimated, this regularity is preserved. 

The analysis of nodules from various parts of the eastern hemipelagic zone in 
the Pacific showed that the average scandium content is two times higher in the 
nodule tops than in their bottoms: 6.0 and 3.1 ppm, respectively, so its supply is 
mainly a hydrogenous one (Dymond et aI., 1984). 

When comparing the content of scandium and that of other elements in nodules 
of the Pacific radiolarian zone, a weak positive correlation with iron and cobalt was 
determined (r = 0.24). It showed a stronger positive correlation with hafnium 
(r = 0.55) and strong negative correlation with manganese (r = -0.63) (Piper et al., 
1979) . 

Deep-sea sediments of the ocean contain 14 ppm of scandium on average 
(Lisitsin, 1978). Its content is twice as high in the Pacific radiolarian zone, 24-28 
ppm on average (Bischoff et aI., 1979; Piper et aI., 1979). Thus, on the whole, 
scandium accumulation in nodules relative to sediments does not occur; its average 
concentration coefficient is 0.3 to 1. 
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TABLE 94 
Scandium content (ppm) in nodules 

Region 

Pacific Ocean 

radiolarian belt 

northern tropical part 
south-eastern part 
eastern tropical part 

tops of nodules 
bottoms of nodules 

Indian Ocean 
Atlantic Ocean 
World Ocean 

Sediments 
Radiolarian belt of the 
Pacific Ocean 

Sc 
Range 

5 10 
1.9 - 16.4 

1 29 
9 -2700 
7.3 - 18.1 
7 22 
4.1 - 66.9 
3.1 - 4 .. 6 
3.1 - 7.6 
2.1 - 3.8 

10 -2700 

13.01- 37.36 

N 
Mean 

4 1 

8 3 
8.4 16 

50 
10 159 

5 
11.3 41 
15 4 
15.6 78 
4,0 6 
6:0 11 
3.1 13 

10 
20 
50 76 
14 

28 118 
24.46 38 

TABLE 95 
Yttrium content (ppm) in manganese 

Region Y N 
Range Mean 

Pacific Ocean 10 1 

30- 30 30 3 
160-450 330 54 

80-170 127 18 
13-161 77 42 

310 
150 

17-950 133 132 
Radiolarian 40-150 100 26 

Site A: 
highs 146 17 
depressions 149 49 

Campbell Plateau 48 1 
Indian Ocean 54-107 72 12 

110 
Atlantic Ocean 240 
World Ocean 20-950 150 134 

Sediments: 
World Ocean 53 
Pacific Ocean 24-420 124 109 
Radiolarian 131 118 

Reference 

Goldschmidt and Peters, 
1931b 
Riley and Sinhaseni, 1958 
Piper and Williamson, 1977 
McKelvey et al., 1983 
Haynes et al., 1986 
McKelvey et al., 1979 
Piper et al., 1979 
Sano et al., 1985 
Girin et al., 1979 
Dymond et al., 1984 _ rr _ 

- " -
McKelvey et al., 1983 _ rr _ 
_ ff _ 

Lisitsin, 1978 

Bischoff et al., 1979 
Piper et al., 1979 

nodules 

Reference 

Goldschmidt and Peters, 
1931a 
Riley and Sinhaseni, 1958 
Mero, 1965 
Calvert and Price, 1977 
Volkov, 1979 
Cronan, 1980 
McKelvey et al., 1983 
Haynes et al., 1986 
McKelvey et al., 1979 

Calvert and Piper, 1984 
Ibid. 
Glasby, 1973 
Volkov, 1979 
McKelvey et al., 1983 
Ibid. _ rr _ 

Lisitsin, 1978 
Gurvich et al., 1980a 
Bischoff et al., 1979 
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Yttrium content was mainly assessed in nodules of the Pacific where, according 
to various authors, it varies from 13 to 450 ppm (Mero, 1965; Glasby, 1973; Calvert 
and Price, 1977; Volkov, 1979; McKelvey et aI., 1979; Calvert and Piper, 1984). 
Estimates of Mero (1965) were 160 to 450, 330 ppm on average. Successive 
analyses showed that yttrium content is 2 to 3 times lower (Table 95) that allowed 
average estimation of yttrium content in the Pacific manganese nodules as 100 ppm. 

A number of analyses was made to deterinine the yttrium content in nodules 
of the Indian and Atlantic oceans; it is 72-110 in the former and 240 ppm in the 
latter (Volkov, 1979; McKelvey et a!., 1983). 

In the nodules of the World Ocean, the range of yttrium content variations is 
from 13 to 950 ppm; its average is 150 ppm (McKelvey et a!., 1983). 

Two tendencies are observed in the latitudinal distribution of yttrium. Its 
minimum (130 ppm on average) was recorded in the southern latitudes (20 to 60 0 S) 
and its maximum (280 ppm on average) was in the sub-Arctic latitudes (40 to 60 0 N). 
The vertical pattern of yttrium content is as follows: it is double at depths down 
to 3000 m what it is in nodules at greater depth (240 ppm contrast to 120 ppm, on 
average). Comparison of contents of yttrium and of major ore components showed 
that the nodules rich in cobalt (over 1%) are alao rich in yttrium (310 ppm on 
average). In this aspect yttrium behaves like cobalt. The average concentration of 
yttrium in deep-sea sediments of the ocean is 53 ppm (Lisitsin, 1978), in the 
Pacific radiolarian deposits it is 131 ppm (Bischoff et a!., 1979). From these data, 
it is possible to conclude that yttrium does not accumulate in nodules relative to 
host sediments; the average concentration coefficient is approximately 1, with 
slight deviations. 

Rare-earth elements (REE), or lanthanides, represent the most extensive group 
of rare elements - 14 elements - that always occur in manganese nodules. 

The first data on REE in nodules were published by Goldberg et a!. (1963) 
and Pachadzhanov et aI., (1963). Later, many researchers studied the behaviour 
of REE in nodules and partly in sediments (Mero, 1965; Fomina, 1966; Volkovand 
Fomina, 1967; 1973; Piper, 1972; 1974; Glasby, 1973; Glasby et aI., 1978; Addy, 
1979; Girin et aI., 1979; McKelvey et a!., 1979; Rankin and Glasby, 1979; Courtois 
and Clauer, 1980; Gurvich et a!., 1980a; Toth, 1980; Elderfield et aI., 1981a,b; 
Elderfield and Greaves, 1981; Moore et a!., 1981; Tlig, 1982; McKelvey et a!., 1983; 
Calvert and Piper, 1984; Murphy and Dymond, 1984; Aplin, 1985). 

By now, considerable analytical data on REE content in nodules (mainly in the 
Pacific) have been obtained. The most extensive data have been collected on 
lanthanum and cerium, the least on holinium, thulium and lutecium. 

The results of REE estimates in manganese nodules and crusts of the Pacific, 
Indian and Atlantic oceans and also in deep-sea sediments of the ocean are given 
in Tables 96-100. 

Lanthanum content in the Pacific nodules varies from 16 to 979 ppm (from 
various authors). Its average content in various parts of the Pacific is 100-150 ppm 
in the radiolarian zone to 235 ppm in the southeastern region, its average for the 
entire ocean is 180 ppm. 

The average concentration of lanthanum in nodules of the Indian, Pacific and 
World Ocean are assessed as 110, 177 and 122 ppm (Table 99). 

The average concentration of lanthanum in deep-sea sediments of the oceans 
varies from 12 to 129 ppm, being mainly 42 to 65 ppm; thus the average 
concentration coefficient of lanthanum in nodules relative to host sediments is 3.8. 

Cerium content in the Pacific nodules varies from 12 to 3000 ppm and usually 
considerably exceeds the lanthanum content. In various parts of the Pacific radio­
larian zone, the average content of cerium differs by two times: from 350 ppm 
(McKelvey et aI., 1979) to 843 ppm (Calvert and Piper, 1984). The widest range of 
cerium variations at its general high averge (880 g/t) is recorded in nodules from 
the southeastern region of the ocean (Girin et aI., 1979) 

Data on cerium concentration in nodules of the Indian ocean are controversial. 
It varies from 249 to 937 ppm (from Volkov, 1979), being 585 ppm on average; 
however, McKelvey et ai. (1983) estimated its average as 1250 ppm - that is twice 
as high. The cerium content of nodules and micronodules of the Indian ocean is even 
higher, 2057 and 1360 ppm, on average (Addy. 1979). 

The average concentration of cerium in the World Ocean nodules estimated from 
the data of Tables 96-98 is 665 ppm. 
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The cerium content in deep-sea sediments of the oceans varies from 11 to 180 
ppm and is 90 ppm, on average, which permits evaluation of its concentration 
coefficient in nodules relative to sediments as 7.6. 

Praseodymium content in the Pacific nodules varies from 5 to 232 ppm and in 
the Indian ocean from 12 to 148 ppm. Its average in the Indian ocean nodules is 
about twice as high (107 ppm) than in the Pacific nodules (60 ppm) and is about 
70 ppm for the entire World Ocean. 

Estimates of praseodymium average concentration in oceanic sediments vary 
considerably and may be assumed to be 11 ppm. Thus, its average concentration 
coefficient in nodules relative to sediments is 6.4. 

Neodymium content in the Pacific nodules is 11 to 700 ppm. In nodules of the 
radiolarian zone and southwestern part of the ocean, neodymium content variations 
and its averages are close; they are 102-210 ppm (143 ppm on average) and 120-180 
ppm (160 ppm on average), respectively. Its average content in the Pacific nodules 
is 130 ppm. 

According to various authors, the average neodymium content in the Indian 
ocean nodules varies from 124 to 187 ppm, being 220 ppm in the Atlantic and 160 
ppm in the World- c::bean nodules. Average concentration of neodymium in oceanic 
sediments can be assessed as 54 ppm. An average concentration coefficient for 
neodymium deduced from these estimates is 3. 

Samarium content in the Pacific nodules varies from 2.3 to 141 ppm and its 
average in the radiolarian zone nodules is 34, in the southwestern part of the 
ocean it is 40 ppm, and for the entire Pacific it is 30 ppm. 

In oceanic sediments, the average samarium content is 12.6 ppm. Its average 
concentration coefficient is thus 2.8. 

Europium content in the Pacific nodules varies from 0.5 to 27 ppm. The 
widest range of its variations was registered in the nodules of the southwestern 
Pacific. Meantime, its average concentration in nodules from various regions of the 
Pacific (4 to 10 ppm) testifies to the considerably regular distribution of this 
element over the ocean. A similar pattern is observed in the nodules of the Indian 
ocean and Atlantic ocean. Its average content in nodules of the World Ocean is 
about 9 ppm. In oceanic sediments the europium content is 3.2 ppm. Thus, 
deduced average concentration coefficient of the element in nodules is about 2.8. 

Gadolinium content in the Pacific nodules varies from 5 to 61 ppm, its average 
in various regions and in the ocean as a whole being 32 ppm. In nodules of the 
Indian ocean the average gadolinium content is 48 ppm and in nodules of the World 
Ocean it is 35 ppm. 

Thus, one can deduce the average concentration coefficient for gadolinium in 
nodules of the World Ocean relative to sediments as about 3.5. 

Terbium content lies within the range from 0.4 to 19 ppm in the Pacific, 3.6 
to 8.0 ppm in the Indian ocean and 4.3 to 7.8 ppm in the Atlantic nodules, with 
average values 5.0, 5.8 and 6.3 ppm. The average content of terbium in nodules of 
the World Ocean is 5.3 ppm, in deep-sea sediments of the ocean its average 
concentration is assessed as 1.5 ppm. Terbium average concentration coefficient 
seems to be 3.5. 

Dysprosium content in the Pacific nodules varies from 2 to 68 ppm. Its 
average content in nodules from various parts of the Pacific is from 7.5 ppm 
(Campbell Plateau) to 33 ppm (southwestern Pacific); it is 27.6 ppm in the radio­
larian zone and 23 ppm for the Pacific as a whole. 

The dysprosium content in nodules of the Indian ocean varies from 5 to 71 ppm 
(in one sample it was 246 ppm). Its average in nodules of the World Ocean is 30 
ppm. 

The average concentration of dysprosium in sediments of the World Ocean is 
about 9 ppm. Thus, the average concentration coefficient of this element in nodules 
is 3.3. 

Holmium content in the Pacific nodules varies from 0.5 to 24 ppm, in the 
Indian ocean from less than 0.5 to 42 ppm. 

The average concentration of holmium in nodules of the Pacific is assessed as 4.8 
ppm, whereas in the Indian ocean it is 16 ppm. These data show that nodules of 
the Indian ocean are about three times richer in holmium than are nodules of the 
Pacific. 
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MICROELElVIENTS IN lVIANGANESE NODULES 

The average content of holmium in manganese nodules of the World Ocean is 
assumed to be 6.4 ppm, and in oceanic sediments as 2.4 ppm. Its average 
concentration coefficient, thus, seems to be about 2.7. 

195 

Erbium content in the Pacific nodules is from 1. 2 to 42 ppm; for various 
regions of the ocean it is: 5.9 within the Campbell Plateau, 16.4 in the radiolarian 
zone, 22 in the southwestern part of the ocean, 12.6 ppm in the Bauer Depression. 

In the Indian ocean, nodules contain from 5 to 41 ppm of the element, its 
average being 24 ppm. 

Erbium average content in nodules of the World Ocean is 18 ppm, in the 
World Ocean sediments it is about 7.3 ppm. Consequently, erbium concentration 
coefficient in nodules of the World Ocean relative to sediments is 2.5. 

Thulium content in the Pacific nodules varies from < 0.5 to 19 ppm in the Indian 
ocean, it is from less than 0.5 to 14 ppm. Averages for both oceans are 2 and 
3.5 ppm, respectively. 

The average content of thulium in nodules of the World Ocean is estimated as 1.8 
ppm and in oceanic sediments as 1.4 ppm. Its average coefficient of concentration 
is 1.3. 

Ytterbium content in the Pacific nodules varies from < 0.5 to 66 ppm. 
Its average content in nodules from the radiolarian zone is 15 ppm; it is 21 ppm 
in the southwestern part of the ocean, 5.8 ppm in the southeastern part, 12.1 ppm 
in the Bauer Depression and 3.5 ppm i nthe eastern hemipelagic zone. 

Ytterbium average in nodules of the Pacific is 18 ppm. 
Ytterbium content in nodules of the Indian ocean varies from 4 to 81 ppm, its 

average being 23 ppm. The former estimate by McKelvey et al .. based on semi­
quantitative analyses, was lower, namely 10 ppm. That might partly result from the 
composition of the samples analysed. 

Nodules of the Atlantic contain 9.6 to 18.7 ppm of ytterbium, 13.1 ppm, on 
average. 

"The average ytterbium content in nodules of the World Ocean is 18 ppm, in 
oceanic sediments it is 6.5 ppm, so its average concentration coefficient is 2.8. 

Lutetium content in the Pacific nodules varies from 0.40 to 9.3 ppm. Its 
average concentration in nodules of the Pacific radiolarian zone is 3.0, in south­
eastern pelagic zone it is 2.8, in eastern hemipelagic zone it is 0.55 ppm. 

Nodules of the Indian ocean contain from less than 0.5 to 9 ppm of lutetium, 
nodules of the Atlantic contain 1. 4 to 2.6 ppm, the average being 2.7 and 2.1 ppm, 
respectively. 

The average concentration of lutetium in nodules of the World Ocean is 2.2 ppm 
and it is 1.9 ppm in deep-sea sediments, thus the average concentration coefficient 
is 1.2. 

The above data demonstrate that nodules of the Indian ocean are enriched by 
all REE except lanthanum, as compared to the Pacific nodules. Nodules of the 
Atlantic, in their turn, are enriched in light and intermediate REE as compared to 
other oceans. 

The content of the majority of REE is higher in hydrogeneous crusts and 
considerably lower in hydrothermal crusts as compared to nodules (Table 100). 

Distribution" of REE in manganese nodules with respect to latitudinal occurrence 
was demonstrated by lVIcKelvey et al. (1983). They determined that lanthanum 
minimum (170 ppm) is confined to 40-600S and its maximum (270 ppm) to 0-200N. 
Cerium minimum (450 ppm) coincides in latitude with lanthanum minimum, but its 
maximum (1260 ppm) is confined to 20-60 oS. Neodymium minimum (186 ppm) is 
located within 40-60 ON and its maximum (340 ppm) coincides with lanthanum 
maximum (0-20 ON). Samarium maximum (60 ppm) falls within the same interval. No 
distinct trends in distribution were observed for the rest of REE. 

When analysing REE distribution in nodules with respect to depth, the authors 
mentioned above discovered that the content of lanthanum, europium and terbium is 
similar both at depths to 3000 m and deeper; cerium and ytterbium show a tendency 
to relative accumulation in shallow nodules, whereas neodymium and samarium are 
concentrated in deep-sea nodules. 

Analysing the composition of REE in nodules with respect to the depth of their 
occurrence, Piper (1972) determined that shallow nodules are relatively enriched 
with heavy REE (ytterbium and lutetium); a similar distribution of REE was detected 
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Fig. 48. Normalized REE concentrations in the Pacific nodules (Piper, 1972): 
(a ) depth to 3000 m; (b) deeper 3000 m. 
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Fig. 49 . Ce - Fe correlation in nodules from the northeastern zone of the tropical 
Pacific (Calvert and Piper, 1984). 
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MICRO ELEMENTS IN MANGANESE NODULES 

Sample 

Nodule 

TABLE 103 
Neodymium isotopes in manganese nodules and sediments 

(Goldstein and O'Nions, 1981) 

Location Depth, m 

Pacific Ocean 

OON ,179°W 3594-2587 0.512465±28 
Hydrogenous crust 3°02'S, 95°09'W 2420 87 0.512486±32 
Hydrothermal crust 3°02'S, 95°09'W 2520 0.512468±30 
Sediment 18°23'S. 165°44'W 4839 0.512227±30 
-"- 17°11'N, 133°16' 0 5997 0.512251±30 
_rf_ 19°04'N, 161°33' 0 4819 0.512210±24 

Indian Ocean 

Nodule 34°45'S, 44°46' 0 2479-2050 0.512142±30 
_u_ 18011 'S, 99°24' 0 5759 0.512214±28 
_ff_ 28°06'S, 51°19' 0 5037 0.511996±32 
Sediments 28°06'S, 51°19' 0 5037 ~O. 512011±26 
(6 samples) 
Sediment 38°38'S, 70°00' 0 4050 0.512210±24 

Atlantic Ocean 

Nodule J 3°04'S. 24°41'W 4415 0.512078±28 
InscJ . residue of 
nodule 13°04'S, 24°41'W 4415 0.512444±30 
Nodule 56°N, 21°W 1641-1509 0.512109±24 
_ff_ 49°35'S, 48°05'W 2725 0.512206±32 
Sediment 20 0 46'S, 24°08'W 5297 0.512150±20 
_ff_ '25°58'N. 60 0 19'W 4682 0.512056±24 
_11_ 35°05'N, 7°56'W 5868 0.5119825±26 
_ff_ 300 56'S, 39°37'W 4665 0.512241±24 
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in sea water (Figure 48a). That was a proof of the earlier supposition that sea 
water is the source of REE supply to nodules (Goldberg, 1954; 1963). However, in 
deep-sea nodules, the composition of REE turned out to be different (Figure 48b) 
that supposes another source of their accumulation in nodules, i. e. underlying 
sediments. 

In most cases, REE concentration in various parts of individual manganese 
nodules is not homogeneous: their tops are richer with REE relative to their 
bottoms (Table 101). 

To shed light on possible influence of sediment composition upon REE content 
in manganese nodules, REE were analysed in 10 samples of nodules and host 
sediments from the Pacific, mainly from the radiolarian zone (Elderfield et aI., 1981a; 
Table 102). It was deduced from the analysis in question that, along with some 
meaningful average coefficients of REE concentration in nodules with respect to host 
sediments (Table 96), there are individual concentration coefficients that may vary 
within a wide range under various geochemical situations. Table 102 demonstrates 
that REE concentration coefficients in nodules with respect to host sediments may 
vary for individual elements, namely, 0.75 to 5.56, lanthanum; 2.0 to 14.9, cerium; 
0.84 to 7.95, neodumium; 0.73 to 8.86, samarium; 0.71 to 8.85, europium; 0.7 to 
9.4, gadolinium; 0.72 to 7.9, dysprosium; 0.68 to 6.9, erbium; 0.64 to 6.8 
ytterbium. 

Comparing REE and major element concentrations in manganese nodules, it is 
clear that behaviour of the former mainly controlled by iron (Figure 49), and to 
less degree by phosphorus. This inference is verified by similarity in the behaviour 
of REE and cobalt. Nodules rich in cobalt are also rich in REE but to various 
degrees. So, cerium and ytterbium maxima are associated with over 1% of cobalt in 
nodules, whereas lanthanum, neodynium and samarium maxima are recorded in 
nodules with 0.5 to 1% of cobalt (McKelvey et aI., 1983). 

In siliceous sediments, the significant part of iron hydrooxides is supposed to 
react with amorphous silica thus forming smectite and holding iron away from 
nodule formation (Lyle et aI., 1977; Calvert et aI., 1978). Meantime, REE and other 
metals are released from iron hydrooxide and get associated with sediment particles 
or are transferred into pore water. However, in contrast to manganese, nickel, 
copper, zinc and molybdenum which are included in nodule composition, REE are 
fixed by biogenic phosphate and remain in sediments, which may explain the lower 
concentration of REE in bottom parts of nodules which have maximum Mn/Fe ratios 
(Elderfield et aI., 1981a). . 

The behaviour of cerium differs from that of three-valent REE. Nodules with 
maximum Mnl Fe ratio are characterized by minimum cerium, an anomaly which Elder­
field et al. (1981a) proposed to define as 

log (ce/ 2 La + ~ Nd). 
:3 3 

In contrast to other REE elements, cerium has the most pronounced 
correlation with iron (Elderfield et aI., 1981 b) that was supposed to result from its 
fall out of sea water due to oxidation of three-valent form and its subsequent 
sorption by iron hydrooxides (Goldberg, 1954). 

Isotope analysis of neodymium in manganese nodules, ore crusts and deep 
oceanic sediments (Goldstein and O'Nions, 1981) showed that !43Nd/ 144Nd ratio 
differ from ocean to ocean, but are very close within each ocean (Table 103). 
Besides, 143Nd/144Nd ratios in the ore matter of nodules and in their insoluble 
residue also turned out to be almost identical, though they differ from the ratios 
typical of sea water (Figure 50). 
So, sediments seem to play an important and sometimes even decisive role in the 
REE supply to manganese nodules. 

The CelLa ratios in nodules and sediments observed in some regions also 
indicate that nodules inherit the REE composition of sediments; however, the cerium 
share is always greater in the REE of nodules than in sediments (Girin et aI., 1979). 

It may car no relation to dissolved cerium deposition from sea water but may 
be induced by its diffusion out of sediment and its scavenging by nodules (Murphy 
and Dymond, 1984). 
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Fig. 50. Nd isotopes in sea water (I), nodules (II) and sediments (III) of the Pacific, 
Indian and Atlantic oceans (Goldstein and O'Nions, 1981). (1) the Pacific; 
(2) the Indian O.cean; (3) the Atlantic; (4) Antarctic and Scotia Sea. 

Few determinations of REE in pore water showed no enrichment by these 
elements as compared to sea water (Ridout, 1984), but their relatively high 
concentration in bottom water defined in some oceanic regions might be a result of 
such diffusion (Elderfield and Greaves, 1982; De Baar et aI., 1985). 

The study of REE tluxes by means of sedimentary traps showed that these 
elements reach the bottom in the form of suspended matter. A certain cerium dificit 
in hemipelagic nodules seems to be inherited from biogenic suspended matter 
scavenging REE from sea water without their fractioning (Murphy and Dymond, 
1984) . 

RARE METALS OF THE FOURTH GROUP OF PERIODIC TABLE 

Rare metals of Group IV of the Periodic Table are zirconium and hafnium (main 
subgroup), germanium and tin (subordinate subgroup). Lead and titanium, which 
are also in this group, were considered in the chapters devoted to the major ele­
ments of nodules. 

Zirconium . The first representative data on zirconium concentration in nodules 
were obtained by Mero (1965), who analysed 54 samples from the Pacific and deter­
mined from 90 to 1200 ppm of zirconium. Later analyses verified these estimates in 
general. . 

Zirconium content in nodules from the Pacific radiolarian zone varies from 185 
to 800 ppm (Table 104). 

From various authors, its average in the nodules from the zone in question 
is ,319 to 666 ppm with maximum at submarine hills and minimum in 
valleys (Calvert et aI., 1978; McKelvey et aI., 1983; Calvert and Piper, 1984). 

In nodules from the South Pacific, the zirconium content is considerably higher, 
being 629 ppm on average (La ndmesser et aI., 1976). 

The average zirconium concentrations in the Pacific nodules range from 417 to 630 
p pm, according to various estimates (Table 104). In the Indian ocean nodules the 
zirconium content varies from 20 to 1490 ppm and is 350 ppm on a verage ( Volkov, 
1979). 
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TABLE 104 
Zirconium content (ppm) in nodules 

Region Zr N Reference 

Range Mean 

Pacific ocean 90- 110 100 3 Riley and Sinhaseni, 1958 
90-1200 630 54 Mero, 1965 
90-1200 500 102 Volkov, 1979 

290- 550 417 18 Calvert and Price, 1977 
520 Cronan, 1980 
610 McKelvey et aI., 1983 

<50-2000 580 304 Haynes et al., 1986 
radiolarian belt 185- 420 319 19 Calvert et aI., 1978 

190- 800 360 26 McKelvey et al., 1979 
100- 900 350 33 Haynes et aI., 1986 

highs 666 17 Calvert and Piper, 1984 
valleys 400 19 _ rr _ 

southern part 540- 760 629 12 Landmesser et aI., 1976 
depth '3000 m <50-2000 600 226 Haynes et aI., 1986 
depth <3000 m <50-2000 500 27 

_ rr _ 

Indian ocean 10-1490 350 38 Volkov, 1979 
340 McKelvey et aI., 1983 

Atlantic ocean 210- 450 350 3 Volkov, 1979 
560 McKelvey et aI., 1983 

World Ocean 20-3600 570 289 
_ If _ 

Sediments 112- 400 165 189 Lukashin et aI., 1980 

Two average estimates of zirconium concentration in the Atlantic nodules are 
350 and 560 ppm (Volkov, 1979; McKelvey et aI., 1983). 

Its average in the World Ocean nodules is 560 ppm deduced from 289 samples 
(McKelvey et aI., 1983), its average in the Pacific deep oceanic red clays is 165 
ppm from 189 samples (Lukashin et aI., 1980). 

The average concentration coeflicient of zirconium in nodules with respect to 
deep oceanic red clays is some 3. However, when comparing individual samples of 
nodules and host sediments, it varies over a wide range, from 1.3 to 19.7 (Calvert 
and Price, 1977). -

Zirconium concentration in nodules was considered in relation to the latitude 
and depth. Its minimum, 360 ppm on average, is confined to the interval of 
20-40u S and its maximum, 730 ppm on-average, falls within the interval 60-80 0 S, 
i.e. to the Antarctic zone. On a global scale, zirconium is indifferent to depth 
(McKelvey et aI., 1983). 

In general, zirconium distribution in nodules seems to be controlled by iron. 
In the nodules of the South Pacific, the correlation coefficient for these two 
elements is 0.88 (Landmesser et aI., 1976). On the whole, nodules of the World 
Ocean rich in cobalt are also rich in zirconium (McKelvey et aI., 1983). In nodules 
from the Pacific radiolarian zone, zirconium shows a strong positive correlation with 
titanium, cerium, lead and zinc, the correlation coefficients bein~ 0.82,0.79,0.73 
and 0.73, respectively (Calvert et aI., 1978). 

From Calvert and Price (1977), 71 to 94% of the total zirconium in nodules is 
in a mobile form in the oxide and hydrooxide phases. 

Hat-nium content in manganese nodules was first determined by Glasby (1973) 
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in a sample from the submarine Campbell Plateau in the South Pacific. It was 0.01 
to 0.2 ppm. A recent analysis specified that hafnium content in nodules from various 
parts of the ocean varies from 0.3 to 24 ppm (Table 105). Minimum hafnium content, 
0.5 to 1. 9 ppm, and 0.9 ppm on average, is typical of nodules from the hemipelagic 
eastern part of the Pacific (Dymond et al., 1984). Nodules from the Pacific radio­
larian zone contain from 2.6 to 14.2 ppm of hafnium; its average is 6.2 ppm (Piper 
et al., 1979). Hafnium maximum, 2.2 to 24.0 ppm, was recorded in nodules of the 
southeastern Pacific, in the vicinity of the East Pacific Rise, its average is 12 ppm 
(Girin et al., 1979). 

As far as can be determined from scanty analyses, ore crusts are also rich in 
hafnium (to 11 ppm, from Dymond et al., 1984). 

Analysing the distribution of elements in various parts of nodules, it was found 
that in the Pacific hemipelagic zone, tops of nodules are on average 5.5 times richer 
in hafnium than their bottoms; the average hafnium content being 2.2 and 0.4 ppm, 
respectively (Dymond et al., 1984). These estimates testify to the importance of the 
hydrogenous mechanism in its supply to nodules. 

In nodules, hafnium is predominantly associated with iron. Hf to Fe ratio is 
stable along the entire geochemical cross-section through the southeastern Pacific, 
fluctuations recorded are from 0.8 to 1. 3 ppm (Girin et al., 1979). 

The hafnium average in nodules is 6 to 9 ppm and its average in deep oceanic 
sediments is some 4 ppm, so, its average concentration coefficient is 1. 5 to 2. 

Germanium was first determined in two nodule samples from the Pacific by 
Riley and Sinhaseni (1958). The result was 5 and 6 ppm. 

Later analyses of samples from the Pacific and Indian oceans showed 
considerably lower concentrations of germanium, 0.5 to 1.3 ppm, being 0.8 ppm on 
average (Volkov and Sokolov, 1970; Volkov, 1979). 

TABLE 105 
Hafnium content (ppm) in nodules 

Region Hf 

Range 

Pacific ocean '10 -10 
3 -14 
4.93- 8.76 

radiolarian belt 2.6 -14.2 

northern tropical part 5.1 - 8:5 
Campbell Plateau 
South-eastern part 2.2 -24.0 
South-western part 8.4 - 9.8 
eastern equatorial 
hemipelagic part 0.5 - 1. 9 
tops of nodules 0.4 - 3.7 
bottoms of nodules 0.3 - 0.6 
iVln-crusts 11 -11 

Indian ocean 6.1 - 9.3 

Atlantic ocean 
Blake Plateau 

Sediments 
Red clays (The Pacific) 3.3 - 7.1 
Radiolarian oozes (The Pacific) 3.0 - 4.8 

1 * Reference sample 

Mean 

10 
6 
6.85 
6.2 
4.3 

6.8 
0.2 

12 
9.2 

0.9 
2.2 
0.4 

11 
7.7 
5.78 
7.54 
6.2 

4.2 
4.9 
4.0 

N 

8 
96 

2 
40 

1* 

4 
1 

78 
2 

6 
11 
13 

2 
2 
1 
1 
1* 

36 
38 

Reference 

McKelvey et aI., 1983 
Haynes et al., 1986 
White et aI., 1986 
Piper et al., 1979 
Flanagan and Gottfried, 
1980 
Sano et al., 1985 
Glasby, 1973 
Girin et aI., 1979 
Glasby et al., 1978 

Dymond et aI., 1984 
rr 

_ rr _ 

_ rr _ 

Glasby et aI., 1978 
White et aI., 1986 
_ rr _ 

Flanagan and Gottfried, 
1980 
Lisitsin, 1978 
Gurvich et al., 1980b 
Piper et al., 1979 
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Region 

Pacific ocean 

Campbell Plateau 
south-western part 

Indian ocean 

Atlantic ocean 
Sediments 
Sediments of the 
south-western Pacific 

TABLE 106 
Tin content (ppm) in nodules 

Sn 

Range 

240 -320 
1.5- 4.5 
0.2- 5.8 

(10 -400 
2 -450 

5.3- 6.0 
1.6- 5.7 

<1.5- 3.0 
2.7- 2.7 
1.5- 6.2 

< 1 3.5 

N 

Mean 

267 3 
2 15 
3 6 

108 87 
1. 68 1 
5.6 2 
5 13 
1.5 12 
2.7 2 
2.7 5 

11 

3.4 15 

CHAPTER X 

Reference 

Riley and Sinhaseni, 1958 
Ahrens et aI., 1967 
Smith and Burton, 1972 
McKelvey et aI., 1983 
Haynes et aI., 1986 
Glasby et aI., 1973 
Glasby et aI., 1978 
Rankin and Glasby, 1979 
Ahrens et aI., 1967 
Glasby et aI., 1978 
Ahrens et aI., 1967 
Lisitsin, 1978 

Glasby et al., 1978; 
Rankin and Glasby, 1979 

According to the semi-quantitative analyses of four nodule samples from the 
Pacific, the germanium content is less than 10 to 90 ppm (McKelvey et al., 1983). 
The average germanium content in deep oceanic sediments is 1.6 ppm (Lisitsin, 
1978), which is approximately twice as high, in contrast to nodules. 

Tin was first determined in nodules of the three Pacific samples, and its 
contentturned out to be considerably high: 240 to 320 ppm (Riley and Sinnaseni, 
1958). Later, when more correct analyses were made, the tin content in nodules 
appeared to be two orders lower (0.2 to 6.2 ppm), its average is about 2 in the 
Pacific nodules, 1.7 in the Indian ocean, 2.7 ppm in the Atlantic (Ahrens et aI., 
1967; Smith and Burton, 1972; Glasby, 1973; Rankin and Glasby, 1979; Table 106). 

According to the semi-quantitative analyses, the tin content in nodules is from 
less than 10 to 400 ppm (McKelvey et al., 1983); these estimates do not seem to be 
reliable. 

Tin average in deep oceanic sediments of the World Ocean is 11 ppm 
(Lisitsin, 1978). It is three times lower in sediments of the southeastern Pacific, 
being 3.4 ppm on average (Glasby, 1973; Rankin and Glasby, 1979). 

The average tin content in nodules of the World Ocean seems to be 2 ppm, 
whereas in sediments, it is 4 to 11 ppm. Thus, no accumulation of tin occurs in 
nodules. 

RARE METALS OF THE FIFTH GROUP OF PERIODIC TABLE 

Rare metals of Group V are vanadium, niobium, tantalum (main subgroup), antimony 
and bismuth (subordinate subgroup). 

Vanadium content in manganese nodules from the Pacitic radiolarian zone varies 
from 20 to 1300 ppm (iVlcKelvey et aI., 1979). It is somewhat higher (456 ppm on 
average) at submarine hills, within the zone in question, in contrast to valleys 
with thick and thin sedimentary cover, 443 and 406 ppm, respectively (Calvert and 
Piper, 1984). 
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In nodules from the southeastern Pacific, vanadium content is 234 (Girin et aI., 
1979) to 310 ppm (C1:'onan, 1980) on average. 

Vanadium maxima were recorded in nodules and ore crusts at the Mid Pacific 
sea mountains and in the southern borderland of the Pacific, on average 540 and 
650 ppm, respectively (Cronan, 1980). 

The vanadium average in nodules for the entire Pacific is from 510 to 560 ppm 

(Table 107). 
Vanadium contents in nodules of the Indian ocean vary from 170 to 910 ppm. 

its average being 440 to 540 ppm. according to various estimates; the corresponding 
values for the Atlantic nodules are 200 to 1100 ppm and 530 to 700 ppm (Mero, 
1965; Volkov, 1979; Cronan, 1980; McKelvey et aI., 1983). 

In nodules of the World Ocean, the vanadium content varies over a range of 
10 to 5000 ppm, being 520 ppm on average (McKelvey et aI., 1983). 

The average concentration of vanadium in deep oceanic sediments is 96 ppm 
(Lisitsin', 1978; Bischoff et aI., 1979); so, the vanadium concentration coefficient in 
nodules with respect to host sediments is about 5. 

When considering vanadium concentration in nodules with respect to the latitude, 
it shows its minimum, 410 ppm on average, in the Antarctic zone, and its maximum, 
'7l0 ppm on average, within the interval of 40-60u S. Distribution of vanadium with 
depth is very distinctive. Shallow-water nodules are rich in vanadium, whereas 
deep-sea nodules are poor in it; its average being 710 and 490 ppm, respectively. 

Comparison of concentrations of vanadium and major elements in nodules showed 
that nodules with manganese maximum (over 35%) are poor in vanadium (to 410 ppm 
on average); a vanadium maximum (690 ppm, on average) is associated with 
nodules rich in cobalt (to 1% and more) (McKelvey et aI., 1983). 

Vanadium behaviour in nodules is mainly controlled by iron, a relatively 
constant V I Fe ratio being preserved in the southeastern Pacific in various 
lithological-facial zones (Girin et aI., 1979) 

Niobium content was first determined by Rancama (1948) in one nodule sample 
(24 ppm). Then Pachadzhanov et al. (1963) found 29 ppm of niobium in the nodule 
shell and 8 ppm in the nodule inner parts. Later, Mero( 1965) analysed 8 nodules 
from the Pacific and determined 30 to 150 ppm of niobium, 85 ppm on average. 

Further analyses of niobium content in nodules in individual samples of the 
Pacific, Indian and Atlantic oceans showed considerably lower values, from 2 to 
60 ppm (Glasby, 1973; Volkov, 1979; McKelvey et aI., 1979). 

From the semi -quantitative analyses made by McKelvey et ai. (198'3), the 
niobium content in manganese nodules of the World Ocean varies from 10 to 300 ppm, 
being 70 ppm on average. That is consistent with the results obtained by Mero 
(1965) but is overestimated contrast to the results of other investigators (Table 
108). 

The niobium average in nodules is probably from 30 to 70 ppm. 
The niobium concentration in deep oceanic sediments varies from less 1.5 to 

15 ppm and is 9.5 ppm on average (Lisitsin, 1978; Rankin and Glasby, 1979). 
Therefore, an average concentration coefficient of niobium in nodules with respect 
to host sediments may be 5. 

Tantalum content was first determined in the sample from the Indian ocean in 
which niobium was analysed (Pachadzhanov et aI., 1963). The outer shell of the 
nodule analysed contained 0.17 ppm and its inner parts 2.2 ppm of tantalum. 

Manganese nodules from the South Pacific turned out to contain less than 20 
ppm in all 13 samples analysed (Landmesser et aI., 1976). Another attempt to 
determine tantalum in nodules showed from less than 10 to 20 ppm in 9 samples 
(McKelvey et aI., 1983). 

The tantalum average in deep oceanic clayey sediments is 0.8 ppm (Turekian 
and Wedepohl, 1861), in the Pacific radiolarian zone (38 samples) it is 0.87 ppm 
(Piper et aI., 1979), in continental clays it is 3.5 ppm (Vinogradov. 1962). 

On this basis it is possible to deduce that the average concentration 
coefficient of tantalum in nodules with respect to host sediments is 1. 

Antimony content in the Pacific nodules varies from 1.4 to 118 ppm (Table 
109) . 

Nodules of the Pacific radiolarian zone contain from 14.5 to 47.4 ppm of 
antimony, its average being 31. 2 ppm (Piper et aI., 1979). Nodules of the south-
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Region 

Pacific ocean 

radiolarian belt 

highs 
valleys 
south-eastern part 

central part 
western part 
Mid Pacific mountains 

subsea mountains of 
southern borderland 
depth > 3000 m 
depth '3000 m 

Indian ocean 

Atlantic ocean 

World Ocean 

Sediments 
Sediments of the 
Pacific radiolarian belt 

Region 

Pacific ocean 

radiolarian belt 
Campbell Plateau 

Indian ocean 

Atlantic ocean 

World Ocean 
Sediments 
sou th -western Pacific 

CHAPTER X 

TABLE 107 
Vanadium content (ppm) in nodules 

Range 

380- 700 
390- 750 
210-1100 

90-1500 

<50-3000 
20-1300 
50- 800 

70- 580 

'50-3000 

'100-3000 
'50-3000 
580- 640 
170- 910 

320- 840 
200-1100 

10-5000 

V 

Mean 

490 
530 
540 
560 
530 
510 
500 
300 
470 
456 
424 
234 
310 
360 
440 
540 
860 

650 
480 
670 
600 
490 
440 
540 
570 
700 
530 
600 
558 
520 

96 

97 

TABLE 108 

N Reference 

3 Riley and Sinhaseni, 1958 
6 Willis and Ahrens, 1967 

54 Mero, 1965 
153 Volkov, 1979 

Cronan, 1980 
McKelvey et al., 1983 

507 Haynes et al., 1986 
43 McKelvey et al., 1979 
70 Haynes et al., 1986 
17 Calvert and Price, 1984 
49 -"-
78 Girin et al., 1979 

8 Cronan, 1980 
9 

23 -"-
5 -"-

29 Haynes et al., 1986 

5 Cronan, 1980 
370 Haynes et al., 1986 

38 -"-
4 Sano et al., 1985 

56 Volkov, 1979 
Cronan, 1980 
McKelvey et al., 1983 

8 Willis and Ahrens, 1967 
4 Mero, 1965 

Cronan, 1980 
McKelvey et al., 1983 
Cronan, 1980 

437 McKelvey et al., 1983 
Lisitsin, 1978 

118 Bischoff et al., 1979 

Niobium content (ppm) in nodules 

Nb N Reference 

Range Mean 

24 1 Rancama, 1948 
30-150 85 8 Mero, 1965 

70 McKelvey et al., 1983 
6-150 74 42 Haynes et al., 1986 

30 1 McKelvey et al., 1979 
24 1 Glasby, 1973 
18 1 Pachadjanov et al., 1963 

2- 60 31 14 Volkov, 1979 
70 McKelvey et al., 1983 

9- 28 21 3 Volkov, 1979 
40 McKelvey et al., 1983 

10-300 70 68 " 
9.5 Lisitsin, 1978 

1. 5- 15 9.5 13 Rankin and Glasby, 1979 
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eastern Pacific contain from 1.4 to 46 ppm of antimony, 27.4 ppm on average (Girin 
et aI., 1979). The antimony maximum was recorded in nodules from the eastern 
equatorial hemipelagic zone of the Pacific, 43 to 119 ppm; 83 ppm on average 
(Calvert and Piper, 1984). 

From the results of the 10 semi-quantitative analyses, the antimony content in 
the Pacific and Atlantic nodules is 50 ppm on average (McKelvey et aI., 1983). 

The antimony average in the World Ocean nodules can be deduced as being 
30 to 50 ppm from the data of Table 109. 

The antimony average in the deep oceanic sediments is from 1.0 to 2.5 ppm, 
according to various authors (Turekian and Wedepohl, 1961; Lisitsin, 1978; Piper 
et aI., 1979), and seems to be about 2 ppm. The average concentration coefficient 
of antimony in nodules with t'espect to their host sediments is 20. 

In nodules from the eastern equatorial hemipelagic zone of the Pacific, 
differentiation of antimony concentration is pronounced: in the bottom parts of 
nodules' antimony concentration is double that in their tops, on average, 111 and 54 
ppm, respectively (Dymond et aI., 1984). 

In nodules of the southeastern Pacific where an oxiding environment of 
sediments prevails, antimony shows a distinct correlation with iron at a relatively 
constant Sb/Fe ratio (Girin et aI., 1970); whereas in the nodules of the eastern 
equatorial hemipelagic zone of the Pacific, antimony behaviour is controlled by a 
suboxic diagenesis. In this case antimony follows manganese, not iron. According 
to the normative model suggested by Dymond (1981), 72% of the total antimony was 
supplied to these nodules as a result of diagenetic processes (Dymond et al., 1984). 

Bismuth. According to the first determinations made by Mero (1965), the 
bismuth content of the Pacific nodules varies from 25 to 45 ppm, being 30 ppm on 
average. 

From other estimates (Table 110), the bismuth content in nodules of the 
Pacific, Indian and Atlantic oceans is considerably lower, from less than 0.5 to 
24.4 ppm, its average being from 5.3 ppm in the Pacific to 8.2 ppm in the Indian 
ocean (Ahrens et aI., 1967; Glasby, 1973). 

From the semi-quantitative analyses of 41 samples from various regions of the 
World Ocean, the bismuth content in nodules is from less 10 to 90 ppm, being 20 
ppm on average (McKelvey et aI., 1983). According to these data, the bismuth 
average in nodules of the ocean is 5 to 10 ppm. 

The bismuth average in continental clays is 0.01 ppm from Vinogradov (1962). 
If we suppose that oceanic sediments contain one ordet' more of'bismuth, on 

the average, i.e. 0.1 ppm, its concentration coefficient in nodules with respect to 
sediments is 50 to 100. According to this estimate bismuth may be probably regarded 
as the element most actively accumulating in nodules. 

RARE ELEMENTS OF THE SIXTH GROUP OF PERIODIC TABLE 

Three rare metals, namely, chromium, molybdenum and tungsten belong to the Group 
VI of the Periodic Table. Their behaviour in sedimentary processes differs 
considerably. 

Chromium content in manganese nodules of the Pacific varies from 1 to 700 ppm, 
the widest range of its content being in the radiolarian zone. 

According to McKelvey et ai. (1979), the chromium content of the nodules of 
the zone in question is 200 ppm; however, from other estimates it is considerably 
lower both in the radiolarian zone and in other zones of the Pacific, being from 
5 to 51 ppm on average (Table lll). 

Chromium average in the Pacific nodules was determined by some researchers 
as 13 to 90 ppm. The upper limit seems to be overestimated (as follows from Table 
111) and, therefore, it is possible to estimate its average as 20 to 25 ppm. 

Chromium content in the Indian ocean nodules varies ft'om 1.4 to 155 ppm; in 
the Atlantic nodules, it varies from 11 to 252 ppm; its cort'esponding averages are 
20 and 60 ppm. 

Average chromium content in nodules of the World Ocean is 35 ppm (Cronan, 
19!1O) and 70 ppm (McKelvey et aI., 1983). The data presented in Table 111 speak 
in favour of the former. 
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TABLE 109 
Antimony content (ppm) in nodules and crusts 

Region Sb N Reference 

Range Mean 

Nodules 

Pacific ocean 50 McKelvey et aI., 1983 
14 - 72 37 103 Haynes et aI., 1986 

radiolarian belt 14.5- 47.4 31.2 41 Piper et al., 1979 
northern tropic part 9.1- 48 26.6 4 Sano et al., 1985 
Campbell Plateau 18.63 1 Glasby, 1973 
south-eastern part 1.4- 46.7 27.4 78 Girin et aI., 1979 
eastern equatorial 
hemipelagic part 43 -118 83 6 Dymond et aI., 1984 

topps of nodules 32 - 74 54 11 _ rr _ 

bottoms of nodules 72 -163 111 13 _ rr _ 

Atlantic ocean 40 McKelvey et aI., 1983 
World Ocean 40 - 50 50 10 rr 

Hydrothermal crusts 

Pacific ocean 6 - 67 23 
Atlantic ocean 2 -150 60 

Hydrogenic crusts 

Pacific ocean 19 -151 48 
Atlantic ocean 35 - 49 42 

Sediments 1.0 

1.6 
The Pacific radiolarian belt 1.1- 5.6 2.5 

Region 

Pacific ocean 

radiolarian belt 
Campbell Plateau 

Indian ocean 
Gulf of Aden 

Atlantic ocean 
Blake Plateau 

World Ocean 

Sediments 

TABLE 110 
Bismuth content (ppm) in 

Bi 

Range Mean 

25 - 45 30 
<0.5- 18.3 5.3 

30 
6 - 31 21 
1. 2- 4.6 2.8 

6.2 
9.88 

<0.5- 24.4 8.2 
5.09 

10 
<0.5- 12.1 6.6 

10.81 
10 

10 - 90 20 
5 - 14 8 

< 0.005- 0.5 0.03 

5 Toth, 1980 
6 

_ rr _ 

10 Toth, 1980 
2 

_ rr _ 

Turekian and Wedepohl, 
1961 
Lisitsin, 1978 

38 Piper et aI., 1979 

nodules 

N Reference 

12 Mero, 1965 
14 Ahrens et aI., 1967 

McKelvey et aI., 1983 
13 Haynes et al., 1986 
23 Author's data 
1 Ahrens et aI., 1967 
1 Glasby, 1973 

10 Ahrens et al., 1967 
1 Glasby, 1973 

McKelvey et aI., 1983 
7 Ahrens et aI., 1967 
1 Glasby, 1973 

McKelvey et aI., 1983 
41 

_ rr _ 

Cronan, 1980 
104 Oreshkin et aI., 1986 
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Chromium average in deep oceanic sediments is close to 60 ppm (Lisitsin, 1978; 
Bischotf et al., ] 979; Piper et al., 19'79). On this basis, one may conclude that 
chromium does not accumulate in nodules and its average concentration coefficient in 
nodules is 0.5 to 0.7. 

When chromium concentration was considered with respect to its latitudinal 
occurrence, its minimum was recognized in the interval of 0 - 20u S and its maximum 
in the interval of 20 - 40u N. Shallow-water nodules contain 150 ppm of chromium, on 
average, deep oceanic nodules contain 60 ppm of this element. The richest in 
chromium nodules are those with a maximum content of copper and nickel (over 1. 8% 
in total, from McKelvey et al., 1983). 

Nodules from the eastern equatorial hemipelagic zone of the Pacific show a 
distinct ditferentiation of chromium in their tops and bottoms: 20.6 and 11.8 ppm, 
respectively. This supposes a preferential chromium supply to the nodules from the 
sea water. However, according to the normative model by Dymond et al. (1984), the 
share of hydrogenous supply to nodules turned to be subordinate (25%) to the 
predominant suboxic diagenesis (60%). 

The method of selective leaching, applied to determine the forms of chromium 
occurrence in nodules of the Indian and Atlantic oceans, showed that, on the whole, 
the range of relative concentration of chromium in each form is extremely wide. The 
share of a hydroxylamine-hydrochloride leachate is less than 1 to 80%, the share of 
hydrochloric leachate is less than 5 to 100% and that of the insoluble residue is 20 
to 75%. The most typical chromium concentrations in these fractions are as follows: 
in nodules of the Madagascar Basin (the Indian ocean), less 20; 40 to 80; 40 to 60%; 
in nodules of the Central Basin (the Indian ocean), less 20; 30 to 50; 50 to 60%; in 
the Atlantic nodules, 30 to 50; 10 to 40; 20 to 40, respectively (Moorby and Cronan, 
1981) . 

Molybdenum content in the Pacific nodules was first assessed by Mero (1965) 
as 100 to 1500 ppm. Later, this range became even wider (from '7 to 1500 ppm, 
according to Volkov, 1979). 

Manganese nodules from the Pacific radiolarian zone contain from 40 to 1300 
ppm of molybdenum; 480 ppm on average (McKelvey et al., 1979). According to 
another series of analyses, nodules from submarine hills in the zone considered 
contain 388 ppm of molybdenum on average; nodules from depressions with thick 
sedimentary cover contain 489 ppm of the element; and its content in nodules from 
depressions with thin sedimentary cover is 520 ppm (Calvert and Piper, 1>184). 
After Cronan (1980), nodules from the Mid Pacific sea mountains contain 420 ppm 
of molybdenum on average; nodules at sea mountains of the southern borderland 
contain 400 ppm; it is 370 ppm in the Western Pacific; 410 ppm in the central part 
of the ocean; 470 ppm in the northeastern part; 370 ppm in the southeastern and 
350 ppm in the southern parts. 

According to more generalized data (Skornyakova et al., 1986), deep oceanic 
nodules of the Pacific, except for its equatorial zone, contain from 110 to 800 ppm 
of molybdenum, 347 ppm on average; nodules from the equatorial zone contain 
from 250 to 890 ppm of the element, 490 ppm on average. Molybdenum concen­
tration in nodules from sea mountains is from 170 to 710 ppm, being 400 on average; 
it is from 17 to 780, being 300 ppm in nodules from hemipelagic regions. 

Estimates of molybdenum average in the Pacific nodules are within the range 
from 330 to 520 ppm (,fable 112). The most probable average seems to be 420 ppm. 

Molybdenum concentration in the Indian ocean nodules varies from 16 to 910 
ppm, being about 300 ppm on average; its content in the Atlantic nodules 
varies from 110 to 780 ppm, being 370 ppm on average; the World Ocean nodules 
contain from 7 to 2200 ppm of the element, its average being 400 ppm (Volkov, 
1979; Cronan, 1980; McKelvey et al., 1983). 

From various authors, the molybdenum average in oceanic sediments varies 
from 4.2 ppm (the entire World Ocean; Lisitsin, 1978) to 27 ppm (deep-sea red 
clays; Turekian and Wedepohl, 1961). According to the data presented in other 
works for various oceanic regions (Cronan and Tooms, 1969; Calvert and Price, 
1977; Bischoff et al., 1979; Geochemistry of diagenesis ... , 1980; Skornyakova et al. 
1986), molybdenum average in sediments within the zones where manganese nodules 
occur is about 10 ppm, which allows estimation of its average concentration 
coetficient in nodules with respect to host sediments as 40. Direct determination 
of molybdenum in nodules and host sediments at 18 stations in the Central Pacific 
showed that this coefficient varies from 4.5 to 106, being 26 on average (Calvert 
and Price, 1977). 
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TABLE 111 
Chromium content (ppm) in nodules 

Region Cr N Reference 

Range Mean 

Pacific ocean 9.1- 55.6 27.5 12 Piper and Williamson, 1977 
13 Cronan, 1980 
90 McKelvey et aI., 1983 

1 -150 31 394 Haynes et aI., 1986 
radiolarian belt 2 -700 200 49 McKelvey et aI., 1979 

2 - 58 25 40 Author's data 
north-eastern part 7 10 Cronan, 1980 
western part 7 23 rr 

central part 12 9 rr 

southern part 7 11 rr 

south-eastern part 5 8 rr 

Mid-Pacific mountains 11 5 rr 

1 -150 58 22 Haynes et aI., 1986 
subsea mountains of 
southern borderland 51 5 Cronan, 1980 
depth '3000 m 1 -150 25 277 Haynes et aI., 1986 
depth <3000 m 1 -130 60 38 

_ rr _ 

eastern equatorial 
hemipelagic zone 6.3- 16.4 10.6 6 Dymond et aI., 1984 

tops of nodules 6.4- 40.0 30.6 11 _ rr _ 

bottoms of nodules 3.7- 20.6 11.8 13 _ rr _ 

Indian ocean 1.4-110 15 69 Volkov, 1979 
29 Cronan, 1980 
20 McKelvey et aI., 1983 

Central Basin 15 -155 36 22 Cronan, 1980 
Madagascar Basin 20 - 65 28 15 

_ rr _ 

Atlantic ocean 10 - 30 20 4 Mero, 1965 
38 -150 62 14 Moorby and Cronan, 1981 
11 -252 38 32 Author's data 

70 Cronan, 1980 
60 McKelvey et aI., 1983 

World Ocean 35 Cronan, 1980 
10 -2310 10 274 McKelvey et aI. , 1983 

Sediments 60 Lisitsin, 1978 
sediments of the 
Pacific radiolarian belt 19.4- 73.1 58.7 38 Piper et al., 1979 

As tor the latitudinal distribution, the molybdenum maximum is distinct In the 
interval of 0-20o N. Its concentration also varies with depth. At depths down to 
3000 m its average is 450 ppm, it is 370 ppm in the deeper nodules. The molyb­
denum maximum, 600 ppm on average, 1s associated with nodules where nickel 
concentration is over 1% and with nodules where manganese c()llcentration is over 
35% (molybdenum content in the latter being 560 ppm, on average) (McKelvey et aI., 
1983). That supposes several factors as determining molybdenum behaviour during 
nodule formation. 

The pattern of molybdenum distribution in nodules of the Pacific (Figure 51) 
shows that its low concentration (less 300 ppm) in nodules is confined to the 
western, northwestern and southern periphery of the ocean, whereas nodules from 
the eastern periphery (near California) are rich in molybdenum (500 ppm and over). 
A high molybdenum content is observed in nodules from the near equatorial zone 
of the ocean. On the whole, this pattern is similar to the distribution pattern of 
manganese, nickel and copper (Figures 36, 38, 39). 
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Fig. 51. Mo distribution in the Pacific nodules (Skornyakova et aI., 1986). Mo con­
centration, ppm: (1) less 300; (2) 300 to 500; (3) over 500; (4) boundary 
of the oxidized sediment layer over 1 m. 

High correlation coefficients of molybdenum and manganese testify to a close 
relationship of the two elements . This coefficient is 0.694 in deep- s ea nodules; 
0.512 in deep-sea nodules in the near equatorial zone; 0.460 in nodules at sea 
mountains; 0 Ji58 in nodules from pelagic zones; 0.641 in nodules of hemipelagic 
regions (Skornyakova et aI., 1986). 

The bulk of molybdenum (87 to 100%) in nodules is associated with their oxic 
phases; both todorokite and vernadite nodules are rich in molybdenum (Calvert and 
Price, 1977) . Molybdenum differentiation in various parts of the nodule is not so 
distinct. At variable ratios, tops of 20 nodules from the Pacific contain, on average, 
500 ppm and their bottoms contain 640 ppm of the element (Raab, 1972). Correlation 
between molybdenum concentration in nodules and host sediments is weak, from 
0.078 to 0.453 (Skornyakova et aI., 1986). On the whole, that supposes a two-fold 
mechanism of molybdenum accumUlation in nodules: diagenetic and hydrogenous. 
Molybdenum occurs mainly in its sorbed form which results from its association with 
manganese hydrooxides and, to a lesser extent, with iron hydro oxides . 
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TABLE 112 
Molibdenum content (ppm) in nodules 

Region 

Pacific ocean 

radiolarian belt 

highs 
valleys with thick 
sediment cover 

northern tropical part 
north-western part 
western part 
central part 
southern part 
south-eastern part 
Antarctic zone 
deeps of equatorial zone 
deeps outside 
equatorial zone 
hemipelagic zone 
pelagic mountains 
Mid Pacific mountains 

subsea mountains of 
southern borderland 
depth '3000 m 
depth '3000 m 

Indian ocean 

Atlantic ocean 

World ocean 

Sediments 
red clays 

radiolarian oozes 

Range 

400- 500 
100-1500 

7-1500 

'50-1500 
40-1300 

'50-1200 

40- 820 

200- 220 
250- 890 

110- 800 
17- 780 

170- 710 

'50-1100 

'50-1300 
<50-1500 
16- 910 

130- 560 
140- 550 

110- 780 

20-2200 

(Pacific Ocean) 5- 40 
pelagic clays (Pacific 

Ocean) 2.1- 17 

Mo 

Mean 

430 
520 
330 
440 
410 
400 
480 
520 
388 

489 
420 
470 
370 
410 
350 
370 
210 
490 

347 
300 
400 
420 
520 

400 
360 
500 
313 
290 
290 
350 
369 
490 
310 
350 
412 
380 

4.2 
27 

19 

6.3 

N Reference 

3 
54 

192 

Riley and Sinhaseni, 1958 
Mero, 1965 
Volkov, 1979 

1157 
108 
265 
17 

19 
4 

10 
23 

9 
11 

8 
2 

96 

122 
29 
31 

56 

Cronan, 1980 
McKelvey et al., 1983 
Haynes et al., 1986 
McKelvey et al., 1979 
Haynes et al., 1986 
Calvert and Price, 1984 
_ rr _ 

Sano et al., 1985 
Cronan, 1980 

II 

II 

II 

II 

Author's data 
Scornyakova et al., 1986 

II 

Cronan, 1980 
Haynes et al., 1986 

Cronan, 1980 
746 Haynes et al., 1986 
80 - II -

95 Volkov, 1979 
Cronan, 1980 
McKelvey et al., 1983 

4 Mero, 1965 
25 Volkov, 1979 

Cronan, 1980 
McKelvey et al., 1983 

29 Author's data 
Cronan, 1980 

836 McKelvey et al., 1983 
Lisitsin, 1978 
Turekian and Wedepohl, 
1961 

17 Calvert and Price, 1977 

31 Skornyakova et al., 1986 
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Tungsten was first determined in two nodule samples from the Pacific. Its 
content was 47 and 95 ppm (Riley and Sinhaseni, 1958); later this was verified by 
more representative data (Table 113). 

Tungsten content in nodules from the Pacific radiolarian zone is 26 to 130 ppm, 
its average being 60 ppm; it is 55 to 164 ppm in the southern ocean, 108 ppm on 
average (Baturin and Isaeva, 1986); 60 to 110 ppm in the southwestern part, 84 
ppm on average (Landmesser et aI., 1976). In ore crusts at the Mid Pacific sea 
mountains, the tungsten is considerably higher, 124 ppm on average (Baturin and 
Isaeva, 1986). 

On th~ whole, the tungsten content in the Pacific nodules varies from 23 to 
580 ppm, being 163 ppm on average (Volkov, 1979). McKelvey et al. (1983) found 
that the tungsten average in the Pacific nodules is half of the first estimate, 80 
ppm. 

Tungsten contents in nodules of the Indian ocean vary from 10 to 127 ppm, 
being from 67 to 120 ppm on average according to various estimates. So, the 
average content of tungsten in nodules of the World Ocean seems to be close to 
100 ppm (McKelvey et al., 1983). 

The tungsten average in oceanic sediments is about 10 ppm as deduced from 
the data presented in several works (lsaeva, 1960; 1977; Amiruddin and Ehmann, 
1962; Gramm-Osipov and Kiseleva, 1970; Levashov et al., 1975: Volkov et al., 1976; 
Landmesser et al., 1976). That allows estimation of its average concentration 
coefficient in nodules with respect to sediments as 10. For nodules in the Pacific 
radiolarian zone it is 4. Diagenetic nodules, classified so by Skornyakova, of the 
Pacific radiolarian zone contain 50 ppm of tungsten on average, whereas hydrogenous 
nodules contain 120 ppm of this element. So, one can suppose that it behaves similar 
to iron. The correlation of tungsten to iron in the Pacific and Indian ocean nodules 
and lack of such correlation with manganese (Figure 52) also testify to this 
similarity. 

When comparing tungsten and iron concentration in sediments of various basins 
it becomes clear that the WIFe' lOOO ratio decreases from 0.67-1.11 in seas (the 
White and Baltic Seas and in oxygenated areas of the Black Sea) to 0.23 in the 
Pacific and Indian oceans, probably due to the greater migration ability of iron. 
However, in nodules this ratio is inverted: in seas, the average W I Fe • 1000 ratio 
is 0.15-0.33; in oceans it is 0.66-1.00. That shows a more active relative 
accumulation of tungsten in nodules of the oceanic environment contrast, those of 
marine origin (Baturin and Isaeva, 1986). 

Fig. 52. 
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Ratios between W-Fe (a) and W-Mn (b) concentrations in nodules (Baturin 
and Isaeva, 1986). (1) nodules from the Pacific radiolarian zone; (2) no­
dules from the South Pacific; (3) ore crusts at the Mid Pacific sea moun­
tains; (4) nodules from the Indian ocean (after Isaeva, 1967); (5) nodules 
along the Hawaiian profile of the Pacific (after Volkov et al., 1976). 

RADIOACTIVE METALS 

Radioactivity of manganese nodules is determined primarily by concentrations of 
uranium and thorium and of their decay products, namely uranium 234, protactinium 
ionium, radium, etc. 
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TABLE 113 
Tungsten content (ppm) in nodules 

Region W N Reference 

Range Mean 

Pacific ocean 47- 95 66 2 Riley and Sinhaseni, 
23-580 163 32 VoIkov, 1979 

80 McKelvey et al., 1983 
26-120 76 7 Haynes et al., 1986 

radiolarian belt 26-130 60 13 Baturin and Isaeva, 1986 
no,thern tropical part 20-250 115 4 Sano et al., 1985 
south-western part 60-110 84 13 Landmesser et al., 1976 
southern part 55-164 108 3 Baturin and Isaeva, 1986 
iVIid Pacific mountains 

(crusts) 129-139 124 3 
_ rr _ 

Indian Ocean 26-126 88 Isaeva, 1967 
10-127 67 20 Volkov, 1979 

120 McKelvey et al., 1983 
World Ocean 30-600 100 22 

_ tr _ 

Sediments 10 * 
Sediments of the 
south-western Pacific 10- 20 10 16 Landmesser et al., 1976 

* Average calculated on the basis of data taken from: Isaeva, 1960, 1977; 
Amiruddin and Ehmann, 1962; Gramm-Osipov and Kiseleva, 1970; Levashov et al., 
1975; Volkov et al., 1976. 

Here we shall dwell upon the parent elements of these families, namely, 
uranium and thorium. The data on the behaviour of their decay products are given 
in the next chapter devoted to the dating of nodules. 

Uranium. A systematic analysis of uranium in manganese nodules started after 
the work by Tatsumoto and Goldberg (1959) who discovered from 3.6 to 5 ppm of 
the element in five samples of the Pacific nodules. 

Later, uranium in nodules was analysed mainly for the purpose of their dating; 
however some works appeared that concerned the geochemical behaviour proper 
(Baturin, 1975; Kunzendorf and Friedrich, 1976a,b; 1977; Kunzendorf et aI., 1982; 
1983) . 

The uranium content in nodules from the Pacific radiolarian zone varies from 
1 to 35 ppm, being 4.5 to 13 ppm on average, according to various estimates 
(Table 114). 

Japanese researchers (Yabuki and Shima. 1973) determined 10 to 11 ppm of 
uranium in nodules associated with foraminiferal ooze of the northern tropical zone 
of the Pacific; Dymond et a1. (1984) found that 2.8 to 5.4 ppm of the element is 
accumulated in nodules from the eastern equatorial hemipelagic zone. Nodules from 
various regions of the southern part of the ocean contain from 1 to 18 ppm of 
uranium (Glasby, 1973; Landmesser et al., 1976; Glasby et aI., 1978; Rankin and 
Glasby, 1979; Kunzendorf et aI., 1983; Baturin et aI., 1986). The greatest number 
of determinations was made by Kunzendorf and Friedrich (1976a; 1977) and 
Kunzendorf et al. (1982; 1983) in the nodules from the North Pacific (over 600). 
In the material they analysed, the uranium content varies from 3 to 10 ppm, being 
4.6 ppm on average. The highest content of uranium was recorded in nodules and 
ore crusts at the Mid Pacific sea mountains (14 to 22 ppm, and 17 ppm on the 
average, after Baturin et aI., 1986). 

In the Indian ocean nodules the uranium content is 1.6 to 12.2 ppm, its 
average being 3.7 to 9.8 ppm (Nikolaev and Efimova, 1963; 1965; Ku and Broecker. 
1969) . 
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TABLE 114 
Uranium content (ppm) in nodules 

Region 

Pacific Ocean 

radiolarian belt 

northern tropical part 
eastern equatorial 
hemipelagic zone 

tops of nodules 
bottoms of nodules 

sou thern tropical part 
southern part 

south-western part 

Peru Basin 
Mid Pacific mountains 

Indian Ocean 

Atlantic Ocean 

Sediments: 
red clays 
calcareous oozes 
siliceous oozes 
sediments of the 
Pacific radiolarian belt 

U 

Range 

3.6 - 5.0 

3.9 - 9.3 

3.7 -13.3 
5 -47 
3 - 8.3 
4.2 -10.1 

1 -68 
2 -35 
1.0 - 8.6 

6 -14 
10 -11 

2.8 - 5.4 
2.5 - 4.2 
3.1 -10.0 
3.52+ 0.62 
5.8 -.:: 6.4 
6.1 + 0.5 
4 -'::12 
8 -12 
6.1 - 9.4 
0.68- 5.27 
7.71+ 0.84 
3.53+ 0.50 

14 -'::22 
1.6 - 5.5 

8.0 -12.2 
3.4 - 7.2 
8.8 -11.1 
3 -20 

1.2 - 2.6 

N 

Mean 

4.2 5 

6.5 11 

8.1 28 
17 69 
6 15 
4.9 129 

6.8 255 
13 6 
4.5 41 
4.6 458 

11 19 
10.5 2 

4.7 6 
7.1 11 
8.6 13 

213 
6.1 2 

31 
7 6 

12 13 
7.9 13 
2.3 17 

31 
230 

17 8 
3.5 9 

9.8 5 
5.3 2 
9.8 15 
5 13 

2.2 
1.0 
0.9 

2.0 38 
1.1 18 

Reference 

Tatsumoto and Goldberg, 
1959 
Nikolaev and Efimova, 
1963, 1965 
Ku and Broecker, 1969 
Cherdintsev et al., 1971 
Baturin, 1975 
Kunzendorf and Friedrich, 
1978 
Haynes et al., 1986 
McKelvey et al., 1979 
Piper et al., 1979 
Kunzendorf et al., 1983 
Baturin et al., 1986c 
Yabuki and Shima, 1973 

Dymond et al. , 1984 _ rr _ 
_ rr _ 

Kunzendorf et al. , 1983 
Glasby et al., 1978 
Kunzendorf et al., 1983 
Baturin et al., 1986c 
Landmesser et al. , 1976 
Rankin and Glasby, 1979 
Immel and Osmond, 1976 
Kunzendorf et al., 1983 
Kunzendorf et al., 1983 
Baturin et al., 1986c 
Nikolaev and Efimova, 
1963, 1965 
Ku and Broecker, 1969 
Glasby et al. , 1978 
Ku and Broecker. 1969 
Author's data 

Baturin, 1975 
rr 

_ rr _ 

Piper et al., 1979 
Kunzendorf et al., 1983 
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In the Atlantic nodules, the uranium content was determined by Ku and 
Broecker (1969) as 8.8 to 11.1 ppm; according to our data, it is from 3 to 20 ppm. 

One may expect less discrepancy in the data on nodules from certain oceanic 
regions since their macroelement composition is relatively homogeneous. In fact, the 
discrepancy in the data given by various authors is much greater. It may result 
from variations in the analytical methods applied, namely, chemical, luminescence, 
radiometric, X-ray fluorescent, neutron-activation, and also delayed - neutron 
counting techniques. On this basis, uranium average in nodules of the World Ocean 
can be presumtively assessed as 5-10 ppm. 

The uranium content in nodules of the Kara, Barentz and Baltic Seas is 2.7 to 
7.8 ppm with rare exceptions (Nicolaev and Efimova, 1963; 1965); in nodules from 
Loch Fyne (Scotland) and Jervis Inlet (Vancouver Is.), it is 10.1 to 21.7 ppm (Ku 
and Glasby, 1972). The uranium average in the main types of deep sea sediments 
is from 0.9 (siliceous ooze) to 2.2 ppm (red clays) (Baturin, 1975). Therefore, 
the uranium average concentration coefficient in oceanic nodules is 2.5 to 4.5 with 
respect to red clays and 5 to 10 with respect to biogenic siliceous and calcareous 
sediments. 

From the data by Ku and Broecker (1969), Cherdyntsev et aI., (1971) and 
Kunzendorf and Friedrich (1976b), the tops of nodules from the pelagic zone are 
richer in uranium in contrast to their bottoms which is typical of iron and 
associated elements. The layer-by-layer analysis of deep-sea nodules from the North 
Pacific showed that their tops contain 6.3 to 8.3 ppm of uranium, the intermediate 
layers contain some 5, the lower parts about 3, and the lowermost layer adjacent 
to sediments contain only 2.7 ppm of the element (Kunzendorf and Friedrich, 1976b). 
In the eastern equatorial hemipelagic zone of the Pacific, uranium has an inverse 
pattern of concentration in nodule layers: 2.5 to 4.2 ppm (3.1 ppm on the average) 
in the upper layers, 3.1 to 10 ppm (8.6 ppm, on the average) in the lower layers 
(Dymond et aI., 1984). 

Uranium in manganese nodules is associated with the oxidic phase and is 
extracted completely by hydrochloric acid (Efimova and Nikolaev, 1965). Its form 
in nodules seems to be a sorbed one. 

In nodules from some regions of the ocean, one can observe U-Fe correlation 
with correlation coefficient of 0.31 to 0.82 (Friedrich et a!., 1983). In other regions 
no U-Fe correlatIon was observed (Landmesser et a!., 1976; Baturin et aI., 1986). 
In pelagic nodules, no U-Mn correlation has been discovered but it was revealed in 
hemipelagic nodules (Dymond et al., 1984). 

Uranium accumulation in nodules can result from its c0~precipitation out of 
sea water with iron hydrooxides, its sorption by iron and manganese oxide phases, 
and also from its diagenetic flux out of underlying sediments (Boulegue et aI., 1978; 
Kunzendorf et aI., 1983; Dymond et a!., 1984). 

Thorium was first determined in several samples of the Pacific nodules. Its 
concentration was from 1.3 to 143 ppm (Riley and Sinhaseni, 1958). Further analyses 
widened that range due to greater precision in determining its lower concentration 
limit (0.2 to 1 ppm) (Table 115). 

Thorium content in nodules from the Pacific radiolarian zone does not vary 
considerably and its average is 20 ppm according to various estimates (Calvert et 
aI., 1978; McKelvey et aI., 1979; Piper et aI., 1979; Baturin et aI., 1986). 

Thorium content is higher in nodules from the southern and southwestern part 
of the Pacific. Its average is 4.0 ppm (Landmesser et aI., 19'76; Rankin and Glasby, 
1979; Baturin et aI., 1986), however, in nodules from the southeastern Pacific in 
the vicinity of the East Pacific Rise, thorium content is extremely irregular (0.2 to 
106 ppm) and lowers to 19 ppm, on average (Girin et a!., 1979). 

Thorium content is a minimum (1.3 ppm on average) in the nodules from the 
eastern equatorial hemipelagic zone (Dyniond et aI., 1984). A low thorium content 
(14 ppm on average) is also typical of nodules and ore crusts at the Mid Pacific 
sea mountains (Baturin et aI., 1986), however, in three samples of ore crusts at 
one of the sea mountains south of the Hawaii Is., the thorium content was higher: 
from 26 to 64 ppm (Kunzendorf and Friedrich, 1976b). 

Thorium content in nodules of the Indian ocean varies from 19 to 75 ppm, it is 
6 to 152 ppm in the Atlantic nodules. Thorium average in nodules of the World 
Ocean was assessed as 30 ppm (McKelvey et aI., 1983). 
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TABLE 115 
Thorium content (ppm) in nodules 

Region 

Pacific Ocean 

radiolarian belt 

northern tropical part 
south-western part 

south-eastern part 
southern part 
eastern equatorial 
hemipelagic zone 

tops of nodules 
bottoms of nodules 

Mid Pacific mountains 
Indian Ocean 

Atlantic Ocean 

World Ocean 
Sediments 
Sediments of the Pacific: 

red clays 
radiolarian oozes 
muds of south-western 

part 

Th 

Range Mean 

1.3 
38 -143 50 
24 -124 40 

24 -143 50 
13 - 34 20 

2.8-154 59 
12 - 75 33 
1. 2-138 44 

30 
5 -154 28 

10 - 25 18 
10 - 30 20 
9.0- 38.4 22 

12 - 32 20 
8.9- 39 25.7 

28 - 60 42 
25 - 65 43 
0.2-106 19 

27 - 51 40 

0.6- 2.7 1.3 
0.8- 4.5 3.0 
0.4- 1.0 0.7 
3 - 21 14 

19 - 42 31 

54.9- 74.8 70 
30 - 35 32 

30 
10.2-152 59 

6.6-138 51 
10 -130 30 

7.7 

3.5- 22 11.8 
6.8- 15.8 13.1 

10 - 19 15 

N Reference 

1 Koszy, 1949 
3 Matthews, 1954 
4 Goldberg and Picciotto, 

1955 
3 Riley and Sinhaseni, 1958 
9 Nikolaev and Egimova, 

1963, 1965 
26 Ku and Broecker, 1969 
18 Calvert and Price, 1977 
14 Piper and Williamson, 1977 

McKelvey et al., 1983 
283 Haynes et al., 1986 

19 Calvert et al., 1978 
25 McKelvey et al' , 1979 
41 Piper et al., 1979 
10 Baturin et al., 1986c 

4 Sano et al., 1985 
13 Landmesser et al., 1976 
12 Rankin and Glasby, 1979 
76 Girin et al., 1979 

6 Baturin et al., 1986c 

6 Dymond et al., 1984 
11 

_ rr _ 

13 
_ rr _ 

8 Baturin et al., 1986c 
8 Nikolaev and Efimova, 

1963, 1965 
5 Ku and Broecker, 1969 
2 Glasby et al., 1978 

McKelvey et al., 1983 
13 Ku and Broecker, 1969 
12 Author's data 

121 McKelvey et al., 1983 
Lisitsin, 1978 

132 Gurvich et al., 1980b 
38 Piper et al., 1979 

11 Rankin and Glasby, 1979 

The average thorium content in deep-sea sediments of the World Ocean seems 
to be 12 ppm (Table 115); its average concentration coefficient in nodules with 
respect to sediments is 2.5. 

Analysing 18 samples of nodules and host sediments from the Central Pacific, 
it was determined that the thorium concentration coefficient varies from 0.7 to 5, 
being thus 2.1 on average (Calvert and Price, 1977). 

The distribution of thorium in nodules with respect to climatic zones is as 
follows: thorium minimum (20 ppm on average) falls within the interval of 0-40"N, 
its maximum (80 ppm on average) is in the interval of 40-60"N. Thorium content in 
deep-sea nodules is somewhat higher in contrast to shallow-water nodules, on 
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Fig. 53. Correlation between U, Th and ore metals of the Pacific nodules (Baturin 
et al., 1986). Solid lines show strong correlation, thin lines show weak cor­
relation. 

average, 30 and 20 ppm, respectively (McKelvey et al., 1983). A thorium lllimmum 
(2 to 6 ppm) is typical of nodules from seas and bays (Nikolaev and Efimova, 1963; 
1965; Ku and Glasby, 1972). 

T.hori.um distribution within individual nodule samples is irregular. A detailed 
analysIs of mlCro-layers of nodules from the Pacific pelagic zone revealed that their 
upper layers contain 40 to 130 ppm of thorium, whereas their lower parts only 20 
ppm; a slillllar pattern is typical of ore crusts, 64 ppm and 26 ppm, correspondingly 
(Kunzendorg and Friedrich, 1976b). In nodules from the eastern equatorial Pacific 
which are poor in thorium, this pattern is also valid, the upper parts of nodules 
contain 3 ppm, on average, ana their lower parts contain only 0., ppm of the 
element (Dymond et aI., 1984). 

The bulk of thorium in nodules is associated with their ore oxide and hydro­
oxide phases; in nodules from the Central Pacific the share of mobile thorium is 
42 to 93%, 78% on average (Calvert and Price, 1977). 

Thorium shows a direct correlation with iron (r=0.64 to 0.85) and an inverse 
correlation with manganese (r = -0.51 to -070) (Figure 53) which supposes its 
association with the vernadite phase of nodules (Landmesser et aI., 1976; Baturin 
et aI., 1986) 

To compare thorium and uranium behaviour in natural processes one uses the 
Th/U ratio. It is from 5 to 25 in nodules from pelagic zones of the ocean; about 
1 in nodules of the Kara, Barentz and Baltic Seas; from 0.1 to 0.5 in nodules from 
bays and fjords (Gulf of Finland, Loch Fyne, Jervis Inlet) (Nikolaev and Efimov, 
1963; 1965; Ku and Broecker, 1969; Cherdyntsev et aI., 1971; Ku and Glasby, 
1972). In the upper parts of nodules from the eastern hemipelagic zone of the 
Pacific, this ratio is 0.3 to 1. 4; in their lower parts, it varies from 0.04 to O.l3. 
That supposes that uranium is supplied to nodules out of sediments under suboxic 
conditions of hemipelagic diagenesis (Dymond et al.. 1984; Figure 54). 

Comparing U/Fe, U/Mn, Th/Fe, Th/lVln and Th/U ratios m oceanic water, 
suspended matter, sediments and nodules (Table 116) one can see that their 
averages in the last three are considerably close and they sharply diller from that 
in oceanic water. So. one can conclude that suspended matter and bottom sediments 
not oceanic water, a~e the predominant sources of thorium and uranium supply to 
nodules. 
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H 
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Fig. 54. Correlation between U!Th ratio and Mn concentration in nodules from the 
eastern equatorial hemipelagic zone of the Pacific (Dymond et al .• 1984). 
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(1) nodule tops; (2) nodule bottoms; (3) ore crusts. Hatching shows nodule 
fields in radiolarian zone. Conditions of ore matter accumulation: S-suboxic 
diagenesis; O-oxic diagenesis; H - hydrogenous deposition. 

NOBLE METALS AND RHENIUM 

Silver, gold and the metals of the platinum group, namely, platinum, ruthenium, 
rhodium, palladium, iridium and osmium comprise the group of noble metals. 
Rhenium, which has some similar geochemical properties, will be considered with 
metals of this group. 

Silver was first determined by Mero (1965) in five samples of the Pacific 
nodules. Its content was assessed as being less than 1 to 5 ppm. The same estimate, 
5 ppm, was obtained in a reference nodule sample from the Pacific radiolarian zone 
(Flanagan and Gottfried, 1980). Later estimates of silver content in nodules of 
seven samples from the Pacific were 10 to 20 ppm (McKelvey et al.. 1983). 

Silver was also analysed in oceanic sediments. Its average in deep-sea red 
clays, 0.11 ppm -< Turekian and Wedepohl, 1961), coincides with its average, 0.1 ppm 
( Vinogradov, 1962), in continental clays. The silver content in calcareous sediments 
of the South Atlantic varies from 0.022 to 0.097 ppm, being 0.06 on average and 
0.1 ppm on a carbonate-free basis (Turekian, 1968). From other data, the silver 
content in oceanic sediments varies from 0.036 to 13.3 ppm, its average being 3.74 
ppm in the equatorial and southern Pacific, 0.75 ppm in the Indian ocean and 0.088 
ppm in the North Atlantic (Horowitz, 1970). 

An original technique (elaborated by Oreshkin et al., 1985b) based on a 
nameless atomic-absorption analysis of nodules and sediments with precision of 5 ppb 
(for silver) permitted us to obtain new data on silver concentration. 

An analysis of 80 samples of nodules, ore crusts and their separate parts 
showed (Table 117) that the silver content is 0.02 to 0.26 (average 0.09 ppm) in 
bulk nodules, 0.03 to 0.45 (average 0.11 ppm) in ore shells, and 0.015 to 0.22 
(average 0.045 ppm) in nodule nuclei. The same values are typical of ore crusts at 
the Mid Pacific sea mountains (0.015 to 0.22; 0.09 ppm on average). Thus, the 
silver average in nodules and ore crusts of the Pacific is 0.09 ppm, that is, one or 
two orders lower than in the previous estimates. 
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The silver average in deep-sea sediments of the Pacific is 0.037 ppm (Baturin 
and Oreshkin, 1986). Thus, its average concentration coefficient in nodules with 
respect to sediments is around 3. 

No distinct correlation of silver with iron and manganese was detected in 
nodules; however, in ore crusts at sea mountains it tends to correlate with iron 
(Figure 55). 

lEg Ag 
250 

.. • 
200 

,. . ,. 
150 ,. ,. . . 

•• . • 
100 • • ,.. . y . .. ,. 'I' .. " Y • 
50 'I' Y . • " "- "- y "-. . . . 

"- . "- .. ~ 
10 15 20 2S Mnlj 5 10 15 zo 2S Fey. 

• 1 "2 '1'3 

Fig. 55. Correlation between silver, manganese (a) and iron (b) in ore crusts at 
the Mid Pacific sea mountains (Baturin and Oreshkin, 1986). (1) bulk 
samples; (2) tops of crusts; (3) bottoms of crusts. 

Gold. From the first determination made by Harriss et al. (1968) the gold 
concentration in nodules varies from 0.21 to 8.28 ppb. Later analysis of nodules 
from the Pacific, Atlantic and Indian oceans verified these results (Table U8) which 
indicates that its average content in nodules of the World Ocean is 2 - 3 ppb. 

According to recent data, the gold concentration in major types of oceanic 
sediments varies within a narrower range, from 0.54 to 3.96 ppb, its average being 
1.35 ppb in deep-sea red clay, 2.14 ppb in calcareous sediments and 0.85 ppb in 
siliceous ooze (Crocket and Kuo, 1979). 

Thus, the average gold concentration coefficient in nodules with respect to 
host sediments varies from 1 to 3. The same values result from the comparison of 
gold averages in nodules and sediments of various lithological types .. The average 
content of gold in nodules resting on red clays and foraminiferal ooze is 2 ppb and 
1. 5 ppb in nodules lying on diatomaceous ooze (Baturin et aI., 1986); that indicates 
that the concentration coefficient of gold in nodules is 1.5, 1.0 and 1.8, respective­
ly. 

Gold distribution in nodules over the Pacific bottom is variable but tends to 
relative accumulation (1-2 ppm and over) along the northern periphery of the ocean 
(Figure 56). 

A comparison of concentration of gold and major nodule metals shows no 
correlation. The study of nodules under the electron microscope revealed isometric 
particles of native gold, their size being 1-2).lm (Figure 57). That may be the 
reason for its irregular distribution, the absence of correlations, and sporadic 
extrema in nodules and sediments. 
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TABLE 118 
Gold content in manganese nodules 

Au. ppb 

Range Mean 

1. 52-3.98 2.66 

5-5 5 
0.13-0.16 0.15 
0.1-11.0 2.0 
2.0-U-.0 5.0 
2.0-8.0 4.0 
< 2-13 5.0 
< 2-7 2.4* 
(ore crusts) 

1.00-6.62 3.02 
0.11-0.36 0.28 
50-50 50 
5.0-7.0 6.0 

0.21-1.19 0.81 
10 

0.28-0.84 0.56 
2-5 3 

4.78-8.28 6.52 
< 2-13 7 

Red clay 
0.98-1.85 1.35 

Calcareous 
ooze 
0.94-3.96 2.14 

Siliceous 
ooze 
0.94-3.96 2.14 

Metalliferous 
sediments EPR) 
0.36-2.82 1.4 

N 

7 

2 
2 
56 
8 
50 
20 
7 

7 
3 
5 
23 

3 
14 
2 
7 

2 
2 

4 

15 

15 

19 

* in one sample - 67 ppb 

Method 

Pacific Ocean 
Neutron activation 
Spectral emission 
Neutron activation _ rr _ 

Atomic absorbtion 
Extraction -spectral 
Sorbtion -spectral 

" 

Atlantic Ocean 

Neutron activaiton 
" -

Spectral emission 
Extraction -spectral 

Indian Ocean 

Neutron activaiton 
Atomic absorption 
Neutron activation 
Extraction -spectral 

Antarctic Ocean 

Neutron activation 
Sorbtion-spectral 

Oceanic Sediments 

Neutron activation 

Neutron activation 

_ ff _ 

- " -

Reference 

Harriss et al., 1968 
Landmesser et aI., 1976 
Glasby et aI., 1978 
Baturin et aI., 1984c, 1986b 

" 
" 
" 
" 

Harris et aI., 1968 
Keays, Scott, 1976 
Melo et aI., 1978 
Baturin et aI., 1986b 

Harris et aI., 1968 
Frakes et al., 1976 
Glasby et al., 1978 
Baturin et al., 1986b 

Harriss et aI., 1968 
Baturin et aI., 1986b 

Croket, Kuo, 1979 

Crocket, Kuo, 1979 

Piper, Graef, 1974 
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TABLE 119 
Concentration ratios between silver and gold in the Earth's crust and ocean 

Natural object Average content (ppb) Concentration 

silver gold ratio of Ag to Au 

The Earth's crust 70* 4.3* 16.3 
Sedimentary rocks 100" 1* 100 
Oceanic sediments 37** 1*** 37 
Manganese nodules 90** 2 - 3 30 - 45 
Sea water 0 . 0025**** 0.005**** 0.5 

From: * Vinogradov, 1962; **Baturin, Oreshkin, 1986; 
*'**Crocket, Kuo, 1979; ****Bruland, 1983. 

Fig. 56. Distribution of gold in the Pacific nodules (Baturin et al., 1986a). Content 
of gold, ppb: (1) less 1; (2) 1 to 2; (3) over 2; (4) zones of occurrence 
of nodules; (5) zones of maximum distribution of nodules. 

Comparison of gold and silver averages in the Earth's crust, sedimentary 
rocks, oceanic s ediments, manganese nodules and oceanic water (Table 119) shows 
that the closest ratio of the metals in question are typical of sediments a nd nodules, 
30-45. So, one may suppose that host sediments are the main source of gold and 
silver supply to nodules, or that both metals are supplied to sediments and nodules 
independently from one and the same source. which might be lithogenic matter . 
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Platinum and platinoids. Platinum was first determined in one sample of a 
Pacific nodule by Goldschmidt and Peters (1932). The result was 500 ppb. Analyses 
performed almost 50 years later verified that estimate. though the range of 
concentrations turned out to be very wide, from 5 to 1000 ppb (Landmesser et aI., 
1976; Agiorgitis and Gundlach, 1978; Melo et al., 1978; Flanagan and Gottfried, 
1980; Manheim et al.. 1980, 1982; Choudhuri and Pal, 1983; Baturin and Fisher, 
1984; Baturin et aI., 1985; Hodge et aI., 1985; Table 120). Platinum concentration 
in ore crusts at the Pacific sea mountains also varies over a wide range; being 
twice as high in the older parts of the crusts (in their bottoms) in contrast to the 
upper younger layers, being 600 and 300 ppb. on average, respectively. Shallow­
water ore crusts are richer in platinum with respect to the deep-sea formations 
(Halbach et aI., 1984). The platinum average in nodules is 230 ppb (Table 120); 
it is 250 ppb if ore crusts at sea mountains are also considered. In nodules from the 
Blake Plateau (the North Atlantic) and in ore crusts from the Pacific sea mountains, 
a correlation between platinum and nickel was detected (Manheim et aI., 1980; 
Halbach et aI., 1984). In nodules from the Pernambuco Plateau (the South Atlantic), 
platinum shows a correlation with lithogenic material (Melo et aI., 1978); in the 
Pacific nodules it has a correlation with cobalt and lead (Baturin et aI., 1985). The 
majority of the data available demonstrate that platinum is associated with the ore matter 
of nodules, not with its lithogenic part. Results of selective leaching also testify to 

Fig. 57. Ultramicroscopic isometric particles of native gold in the South Pacific 
nodules, site 5965 (Baturin et aI., 1984), magnification by 15000. 
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this interence, since platinum was completely extracted by both hydroxylamine and 
hydrochloric acid (Fisher and Fisher, 1983). 

Platinum is believed to be re2resented in nodules either as a chloridic complex 
of bivalent platinum (Fisher and Fisher, 1983), or as Pt01 (i\lanheim et al., 1980; 
Halbach et al., 1984). When analysing nodules under electron and scanning 
microscopes using microditIraction and microprobe techniques, platinum selenide 
(Figure 58) was recognized, which was earlier obtained experimentally under high 
temperature conditions (Griinvold et al., 1960). 

Palladium in one sample ot a manganese nodule was first analysed by 
Goldschmidt and Peters (1932); its content was determined as 200 ppb. 
Subsequently, later analyses showed that the palladium content ot nodules varies 
trom 0.24 to 20 . 9 ppb. its average being 6 ppb (Table 120). 

Iridium in nodules was first analysed by Harriss et al., (1968). The value of 
0.90 to 23 . 1 obtained was then verified by later analyses. Its average is about 
7 ppb. 

Ruthenium content was first determined in reterence nodule samples trom the 
Pacific radiolarian zone and from the Blake Plateau (the Atlantic). The correspon­
ding results are 4.7 and 19 ppb (Flanagan and Gottfried, 1980). Special analysis ot 
ruthenium by laser photoionization of atoms verified these results (Bekov et al., 
1984). The average content of ruthenium in nodules is 8 ppb. 

~hodium content in one sample ot the Pacific nodule was determined by 
Goldschmidt and Peters (1932) as 200 ppb. Recent analyses showed that it was 
overestimated by at least one order. The rhodium content in nodules varies trom 
2 to 30 ppb, its average being 13 ppb (Table 120) . 

Fig. 58. Lamelli of platinum selenide in nodules from the Pacific radiolarian zone 
(Baturin et al., 1984), magnification by 10000. Microdiffraction patterns of 
the mineral are on the left and right hand. 
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TABLE 120 
Concentration of platinum and metals of platinum group in manganese nodules 

Ocean Content of metals Number Method References 
(ppb) of 

from-to average samples 

1 2 3 4 5 6 

Platinum 
The Pacific 

500 1 Goldschmidt and Peters, 
1932 

150 -250 200 2 n Landmesser et al. , 
1976 

5 -145 65 4 III Agiorgitis and 
Gundlach, 1978 

125 1 III Flanagan and 
Gottfried, 1980 

144 -752 358 9 IV Baturin et al., 1985 
10 -200 80 7 In, V Ibid. 

Same, ore crusts 140 -880 420 11 VI Halbach et al., 1984 
The Atlantic 5 -536 158 5 VII Melo et aI., 1978 

453 1 III Flanagan and 
Gottfried, 1980 

370 12 VI Manheim et al., 1982 
Indian Ocean 410 1 IV Baturin et al., 1985 
Antarctic 238 1 IV Ibid. 
Same 30 1 V Ibid. 
Average 5 -880 250 44 

Palladium 

The Pacific 200 1 Goldschmidt and 
Peters, 1932 

2.88- 9.25 6.02 7 VI Harriss et al. , 1968 
6.5 - 7.2 6.7 2 VI Glasby et al. , 1978 
6 - 20 11 6 In, V Baturin et al. , 1985 

The Atlantic 4.89- 6.62 5.74 7 VI Harriss et al., 1968 
1 7 4 5 VII Melo et al. , 1978 

5.6 1 III Flanagan and 
Gottfried, 1980 

Indian Ocean 0.24- 6.91 3.92 3 VI Harriss et al., 1968 
6.4 - 20.9 13.6 2 VI Glasby et al. , 1978 

Antarctic 2.98- 3.30 3.14 2 VI Harriss et al., 1968 
Average 0.24- 20.9 6 36 

Iridium 

The Pacific 0.90- 23.1 9.39 7 VI Harriss et al., 1968 
3.62- 4.3 3.9 2 VI Glasby et al., 1978 

The Atlantic 2.65- 16.2 9.32 7 VI Harriss et al., 1968 
Indian Ocean 1. 38- 2.57 1. 97 2 VI Glasby et al., 1978 

5 1 IV Baturin et aI., 1985 
Antarctic 2.29- 3.02 2.65 2 VI Hariss et al., 1968 
Average 0.90- 23.1 7 21 



MICROELEMENTS IN MANGANESE NODULES 229 

Table 120 (continued) 
Ocean Content of metals 

(ppb) 
Number Method References 
of 

1 

The Pacific 

The Atlantic 

Indian Ocean 
Antarctic 
Average 

The Pacific 

The Atlantic 

Indian ocean 
Average 

from-to 

2 

1.6 - 3.8 

1. 6 - 20 

10 
2 
6 
6 
2 

- 23 
- 30 
- 10 
- 20 
- 30 

average samples 

3 4 

Rhuthenium 

4.7 1 

3.0 4 
18.0 1 

20.0 1 
1.8 1 
8 8 

Rhodium 

200 

13 3 
16 12 

8 3 
14 4 
13 23 

5 6 

III Flanagan and 
Gottfried, 1980 

VII Bekov et al., 1984 
III Flanagan and 

Gottfried, 1980 
IV Baturin et al., 1985 
VIII Bekov et al., 1984 

Goldschmidt and 
Peters, 1932 

III Baturin et al., 1985 
VI Manheim et al., 1980 
IV Baturin et al. , 1985 
IV, V 

* Methods (techniques); (I) fire assay; (II) s~ectral emission; (III) flameless atomic 
absorption spectroscopy; (IV) neutron-activation; (V) fire assay-spectral; 
(VI) spectral chemical; (VII) microadditions; (VIII) laser photoionization of atoms. 

TABLE 121 
Concentration coefficients of platinum and platinoids in manganese nodules 

Element Pt Pd Ru Ir Rh Os 

Content in nodules (ppb) 250 5 8 7 13 
Content in sediments (ppb) 3 2.5 0.2 0.3 0.4 0.2 
Concentration coefficients °0 2 40 23 32 

Osmium content in nodules was determined by Glasby (1973) in one sample from 
the Campbell Plateau (the Pacific) and in one sample from the Blake Plateau (the 
Atlantic). The estimates are 0.1-1 and 0.5-5 ppm, respectively; they seem to be 
overestimated. 

The data considered show that the discrepancy in the estimates of platinum 
and piatinoids in nodules can be large, reaching one or even two orders due to 
the different methods used. This can be partly explained by the various ways of 
preconcentration used at all stages of which metal loss is possible (Fisher and 
Fisher, 1983). 

On the other hand, the spectrochemical method systematically gives higher 
platinum contents in contrast to fire assay and atomic absorption ones. So, until 
now, the cause of such discrepancies has not been understood. despite numerous 
experimental tests (Baturin et aI., 1985). 
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To estimate the average concentration coefficients of platinum and platinoids 
in nodules one may use the data on the content of platinum (Landmesser et al., 
1976: Hodge et aI.. 1985), palladium, iridium (Crocket and Kuo, 1979; Hodge et 
aI., 1985), ruthenium (Bekov et aI., 1984) and osmium (Barker and Anders, 1968) 
in sediments. The rhodium average was determined only in the Earth's C:;!'!.lst (0.4 
ppb after Goldschmidt and Peters, 1932). From these data, one can deduce that 
the average concentration coefficient of platinum in nodules with respect to 
sediments is 80, it is 40 for ruthenium, 32 for rhodium, 23 for iridium, 2 for 
palladium (Table 121). 

Thus, nodules are poor in palladium as compared with other platinoids. This 
was also fO.!,lnd earlier by Manheim et ai. (1980) in the Atlantic nodules. 

From 'l8.ble 121 one may suppose that the concentratIon coefficient of osmium in 
nodules is 20 to 40 and, therefore, its content in nodules may be 4-8 ppb. This 
supposition is verified by the osmium correlation with iridium and by the close 
absolute ,content of both metals in deep oceanic sediments (Barker and Anders, 
1968) . 

Rhenium content in nodules was determined by a high precision kinetic 
technique in three samples from the Pacific radiolarian zone. It varies from 0.2 to 
2 ppb (Table 122). In one nodule from the South Pacific it was 0.2 ppb, in the ore 
crust sampled at the Mid Pacific sea mountains it was 1.2 ppb. 

Radiolarian oozes from the Pacific radiolarian zone contain 0.5 ppb of rhenium; 
red clays from the South Pacific contain less 0.2 ppb of the element. 

On the basis of these scanty data, the rhenium average in nodules is 1 ppb, 
and 0.3 ppb in deep sea sediments. 

If we ignore the first sample in Table 122, the rest of the samples show some 
correlation of rhenium and manganese. So, one may suppose that the behaviour of 
rhenium in nodules is mainly controlled by manganese (Baturin et aI., 1985; Boiko 
et aI., 1985). 

HALOGENS 

Data on the concentration of halogens in nodules are rather scarce (Table 123). 
Fluorine was analysed in nodules of the Pacific and Atlantic oceans. In a 

sample from the South Pacific (the Campbell Plateau), fluorine concentration is 
0.012% (Glasby, 1973); in a sample from the Atlantic (the Blake Plateau) it is 0.09% 
(Neil, 1980). The concentration values of fluorine, determined in nodules within the 
Clarion-Clipperton field, differ by a factor of 100 according to various estimates, 
from 0.035% (Neil, 1980) to 3.00% (McKelvey et aJ., 1983). The former values seem 
to be more reliable. 

Chlorine concentration in nodules of the Pacific, Indian and Atlantic oceans 
'varies from 0.01 to 1.10%. Its average in nodules of the Pacific and Indian oceans 
is about 0.8% (Glasbyet aI., 1978; McKelvey et aI., 1983). In a reference nodule 
sample of the Pacific, the chlorine concentration was assessed as 0.11-0.14% and 
in the Atlantic reference sample it was 0.32-0.54% (Neil, 1980). 

Bromine concentration was determined in several samples from the Pacific 
Ocean. It was from < 0.002 to 0.080%. 

Iodine was analysed in nodules from the Pacific, Indian and Atlantic oceans. 
In the North Pacific, within the Clarion-Clipperton field, the iodine concentration 
in one sample was 0.25% (McKelvey et aJ., 1979), whereas in one sample from the 
South Pacific it was 0.0546% (Glasby, 1973). In two samples from the Indian ocean 
the iodine concentration was 0.0125 and 0.022%; in the sample from the Atlantic 
(the Blake Plateau) it was 0.898% (Glasby, 1973). 

At present, according to the data considered, the average concentration of 
halogens in nodules can be assessed as: 0.1-1% Cl; 0.03-0.09% F; 0.01-0.08% I; 
"0.005% Br. Their approximate ratios are 100 : 10 : 10 : 1 which differ from that 
in sea water, where the chlorine concentration is 5 to 8 orders higher in contrast 
to other halogens (Bruland, 1983). The concentration of halogens in sediments is 
generally higher than in nodules, iodine being an exception: about 2.5% C1, 0.055% 
F. 0.008% Br, 0.003% I (Shishkina, 1972); however, this discrepancy needs further 
investigation. 
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TABLE 123 
Halogens contents (%) in nodules 

Region 

Pacific Ocean 

radiolarian belt 

Campbell Plateau 
Atlantic Ocean 

Blake Plateau 
Sediments 

Pacific Ocean 

radiolarian belt 

south-western part 
Indian Ocean 

Element content 

0.007 
<0.01 
<0.02 

0.035 
3.00 
0.0127 

Fluorine 

-0.072 
-0.05 
-0.04 

<0.02 -0.08 
0.09 
0.055 

Chlorine 

0.28 -1.01 
<0.01 -1.10 

0.11 
0.14 
0.92 -1.10 
0.65 -1.06 

Atlantic Ocean (Blake Plateau) 0.37 
Sediments 

Pacific Ocean 
Campbell Plateau 

Sea of Japan (crust) 
Black Sea 

(ferruginised shells of 
mollusks) 

Sediments 

Pacific Ocean 
radiolarian belt 
Campbell Plateau 

Indian Ocean: 
equatorial part 
Bay of Aden 

2 -3 

Bromine 

<0.002 -0.080 
0.0052 
0.0028 

0.0034 
0.008 

Iodine 

< 0.01 -0.25 
0.25 
0.0546 

Atlantic Ocean (Blake Plateau) 

0.0125 
0.0220 
0.0898 
0.003 Sediments 

N Reference 

15 Carpenter, 1967 
6 Haynes et al., 1986 
6 Author's data 
1 Neil, 1980 
2 McKelvey et al., 1983 
1 Glasby, 1973 
4 Author's data 
1 Neil, 1980 

Shishkina, 1972 

13 McKelvey et al .. 1983 
10 Haynes et al., 1986 
1 Neil, 1980 
1 Flanagan and Gottfried, 
2 Glasby et al., 1978 
2 rr 

1 Neil, 1980 
Shishkina, 1972 

7 Haynes et al., 1986 
1 Glasby, 1973 
1 Author's data 

1 
_ If _ 

Shishkina, 1972 

7 Haynes et al., 1986 
1 McKelvey et al., 1983 
1 Glasby, 1973 

1 rr 

1 
1 

Shishkina, 1972 

1980 
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TABLE 124 
Boron and arsenic content (ppm) in nodules 

Region 

Pacific Ocean 

radiolarian belt 
Atlantic Ocean 

Indian Ocean 
World Ocean 

Sediments 

B N 

Range Mean 

500 1 
30- 40 35 2 
70- 600 290 54 

300 
17-1655 273 94 

100- 270 160 7 
90- 500 300 4 

250 
70 

20- 900 290 86 
200 

As N 

Range Mean 

Reference 

Goldschmidt and Peters, 1932b 
Riley and Sinhaseni, 1958 
Mero, 1965 
McKelvey et al., 1983 
Haynes et al., 1986 
McKelvey et al. , 1979 
Mero, 1965 
McKelvey et aJ. , 1983 _ rr _ 

_ If _ 

Lisitsin, 1978 

]VIanganese nodules 

Pacific Ocean 

radiolarian belt 

highs 
valleys with thick 

sedimentary cover 
valleys with thin 

sedimentary cover 

2-289 

20-540 
45-105 
50-100 

6- 35 

northern tropical part 120-:150 
Atlantic Ocean 90-210 

Indian Ocean 

World Ocean 

Pacific Ocean 
Atlantic Ocean 

Pacific Ocean 
Atlantic Ocean 

Sediments 

Sediments of the 
Pacific Ocean 

39-490 

20-480 

23-334 
10- 86 

177-710 
329-463 

~- 40 

114 
110 
152 

73 
80 
20 
82 

41 

20 
187 
140 
200 
174 
180 
140 

53 

122 
9 

20 
18 
17 

19 

30 
4 
3 

15 

63 

Volkov, 1979 
McKelvey et aJ., 1983 
Haynes et al.. 1986 
Calvert et aJ., 1978 
McKelvey et aJ., 1979 
Sevastyanova et aJ., 1984 
Calvert and Piper, 1984 

Sano et al., 1985 
Volkov, 1979 
McKelvey et al., 1983 
Volkov, 1979 
McKelvey et al., 1983 

" 

Hydrothermal crusts 

190 5 Toth, 1980 
45 ;) - " -

Hvdrogeneous crusts 

337 10 Toth, 1980 
396 2 - " -

13 Turekian and Wedepohl, 1961 
17 Lisitsin, 1978 

23 18 Calvert and Piper. 1977 
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MICROELEMENTS IN MANGANESE NODULES 

RARE METALLOIDS 

Boron, arsenic, selenium and tellurium are rare metalloids of manganese nodules. 
The data on their concentration in nodules are given in Table 124. 

Boron content in nodules varies from 17 to 1655 ppm, being 300 ppm on 
average. The Pacific nodules are enriched in boron relative to nodules of the 
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Indian ocean. Its minimum falls within the latitudinal interval of 0-20o N. its 
maximum is confined to the interval of 40-60 0 S. The boron content in shallow-water 
nodules is twice as high, 400 ppm on average, as in deep-sea nodules. The boron 
maximum is observed in nodules rich in cobalt, which allows us to consider it as an 
element which is associated with iron in nodules. The boron average in oceanic 
sediments is 200 ppm (Lisitsin, 1978); therefore the boron concentration coefficient 
in nodules is only 1.5 with respect to sediments. 

Arsenic content in nodules of the World Ocean varies from 2 to 540 ppm; its 
average being about 110 ppm in the Pacific nodules; 180 ppm in the Indian ocean; 
140 to 200 ppm in the Atlantic nodules (according to various estimates); and 140 
ppm in the World Ocean (Volkov, 1979; McKelvey et aI., 19H3). The arsenic minimum 
is confined to the latitudinal interval of 0-20u N, and it has two maxima, namely 
within 20-40o N and 20-40u S. Nodules of the radiolarian zone are depleted of arsenic 
in contrast to other regions, its content being higher at submarine hills than in 
valleys (Calvert and Piper, 1984). The arsenic content in shallow-water nodules is 
twice as high as that ot deep-sea nodules, which coincides with the behaviour ot 
cobalt (McKelvey et al., 1983). In nodules of the Central Pacific arsenic correlates 
with iron (r = 0.77) and with cobalt (r = 0.68) (Calvert et al., 1978). The share of 
arsenic bound to hydrooxides in nodules is 74 to 98% (Calvert and Price, 1977). In 
ore crusts, the arsenic content varies from 10 to 710 ppm, the hydrogenous crusts 
being richer in arsenic in contrast to hydrothermal ones eroth, 1980). 

The arsenic average in deep-sea sediments is 13 to 23 ppm according to various 
authors (Turekian and Wedepohl, 1961; Lisitsin, 1978; Calvert and Price, 1977); 
the arsenic concentration coetIicient in nodules is about 7. 

Selenium content determination in nodules is a great problem because 01' 
ditficulties in analytical techniques, so that data on the concentration of the 
element are scarce. From data by Sokolova and Pilipchuk (1973), in the Pacific 
nodules it is rather uniform, being 0.4 - 0.8 ppm, 0.64 ppm on average. Its 
average in deep oceanic sediments is 0.2 ppm; so the selenium concentration 
coefficient in nodules is about 3. But Hagnes et al. (1986) report much higher 
concentrations of Se in nodules: 30-77 ppm. 

Tellurium content in the Pacific nodules is 5 to 125 ppm according to one series 
of estimates (Lakin et al., 1963), and 170 to 270 ppm from the other (McKelvey et 
al., 1983); its average being 40 and 220 ppm, respectively. However, the analyses 
performed in P. P. Shirshov Institute of Oceanology, Academy 01' Sciences of the 
USSR, by Ostroumov and Rybakov showed that the tellurium content in nodules is 
much lower, 0.8 to 10 ppm, with an average of 5 ppm. 

No data on tellurium content in oceanic sediments seem to be available. Its 
average in the Earth's crust is 0.01 ppm (Vinogradow, 1962). Thus, one can 
suppose that its coefficient of concentration in nodules may be about 10 or even 
greater. 

GASES 

The gaseous phase of manganese nodules has not been studied systematically but a 
few determinations of noble and other gases have been made on samples collected 
by usual samplers without application of special conservation technique. This implies 
possibility ot drastic change of original gas composition due to rise of temperature 
and fall of pressure when lifting samples from the depth of several thousands of meters. 

Noble gases. Helium isotopes, argon and neon have been determined in nodules 
from Mariana Trough and Ogasawara. region in the Northern Pacific (Sano et aI., 1985). 

The 4He content in these samples varies in limits (0.98-13) x 10-Hmm3 'g-l, 
whereas 3He/4He ratio varies within the range of (4.3 - 22.5) x 10-6 in the first 
and (1.5 - 59.3) x 10-6 in the second area (Table 124a). 

The highest value is comparable to those established in the Hawaiian hot spot 
basalts (Kaneoka and Teraoka, 1978) and in diamonds (Ozima and Zashu, 1983). 
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The second high value (22.5 x 10-6) is twice higher as compared to the basaltic 
glass from the region in question: 11.6 x 10-6 (Poreda and Craig, 1979). 

As the mantle sources for helium in this area are evidently absent, Sano et 
a1. (1985) conclude that hi/h 3He/ 4He ratio in nodules originates from interplanetary 
dust where it is 140 x 10- on average (Mamyrin and Tolstikhin, 1984). 

In deep-sea sediments of the Pacific ocean 3He/4He varies within the range 
of (1.3 - 119) x 10-6 (Krylov et a!., 1973; Ozima et a!., 1984), whereas in magnetic 
fractions of sediments it is considerably higher: (138 - 237) x 10-6 (Merrihue, 1964; 
Amari and Ozima, 1985). 

In the case the interplanetary matter similar in composition to chondrites of 
CI type is also thought to be the source of an anomalous helium. 

But its manganese nodules are enriched in cosmogenic particles as compared 
to sediments (Finkelman, 1970). So, the question arises why nodules are not 
enriched in 3He as compared to sediments. 

It is well known that "anomalous" helium with high JHe/'iHe ratio enters the 
ocean from the mantle and volcanogenic sources and migrates for great distances (Lupton 
et a1., 1977; Jenkins et a!., 1978; Lupton and Craig, 1981). It implies that this 
could be the source of helium in nodules though the mechanism of its incorporation 
is unknown. 

The 20Ne and 36Ar in nodules from the northern part of the Pacific fluctuates 
within the range of CO.1 ' '30) x 10-9 and (1.7 - 70) x 10-9 cm3 .g-l respectively 
without considerable difference between Mariana and Ogasaware region. But the 
content of radiogenic 40Ar in nodules of the first region is essentially higher than 
in the second (averaging 1. 2 x 10-6 and 0.5 x 10-6 mm 3 • g-l). The Mariana 
nodules are hydrogenetic and enriched in radioelements as compared to Ogasawara 
nodules which are diagenetic and lower in this elements; this may explain the 
observed 40Ar difference. 

Other gases. The investigation of gaseous phase of manganese nodules from 
the North-Western part of the Pacific was performed by one-stage degassing 
technique with mechanical crushing of samples in vacuum and subsequent mass­
spectrometric analysis of gases (Marushkin et a1., 1985). 

The nodules contain C02_ N2, H2 and CH4 which volumes are 54.8; 24.6; 19.0 
and 1.6%. In some nodules traces of NH4 have been found. 

The nodules could be divided in two types: in the first, C02, N 2 and 
H2 are contained in comparable proportions, whereas in the second N 2 is pre­
dominant. 

Special experiments have shown that N 2, H2 and CH4 are dissolved in 
interstitial water of nodules, whereas C02 is contained in their voids and pores. 
T he manganese minerals of nodules are evidently free of gases. 

The loss of gases during the lift of the samples has not been evaluated. 

AVERAGE CONTENTS AND CONCENTRATION COEFFICIENTS OF ELEMENTS IN 
NODULES 

The above review permits a subdivision of microelements into several associations 
according to their concentration coefficients (" CC"') in nodules with respect to host 
sediments: (1) CC is over 50: thallium, bismuth and probably tellurium; (2) CC is 
10 to 50: molybdenum, cadmium, antimony, lead, platinum and metals of platinum 
group, but for palladium; (3) CC is 5 to 10: zinc, arsenic, tantalum, tungsten; 
(4) CC is 3 to 5: vanadium, zirconium, niobium, indium; (5) CC is 1 to 3: lithium, 
sulphur, titanium, selenium, palladium, silver, yttrium, lanthanum, hafnium, 
rhenium, uranium, thorium, probably radium and protactinium; (6) CC is about 1: 
beryllium, boron, sodium, magnesium, strontium, barium, gold; (7) CC is less 1: 
carbon, nitrogen, scandium, chromium, gallium, germanium, rubidium, tin, cesium, 
mercury, and also all or the majority of halogens. 

As the data on many microelements are not sufficiently representative, their 
position in the classification considered may be changed. 

To obtain a general pattern of concentration of elements in nodules, the data 
presented in this and in the two previous chapters are summarized in table 125 and 
drawn to a scheme based on iVIendeleev's Periodic Table (Table 126). The scheme 
demonstrates that all elements, the concentration coefficient of which exceeds 10, 
belong to periods of 4-6 of the Periodic Table. It should be noted that within 



MICRO ELEMENTS IN MANGANESE NODULES 237 

TABLE 125 
Average concentration of elements (%) in manganese nodules 

and deep-oceanic sediments 

Ele- Average concentration CC Ele- Average concentration CC 
ment ment 

Nodule Sediment Nodule Sediment 

Li 0.008 0.0047 1.7 Sr 0.083 0.075 1.1 
Be 2.5 2.6 1 Y 0.015 0.01 1.5 
B 0.03 0.02 1.5 Zr 0.056 0.017 3 
C 0.1 0.3 0.3 Nb 0.005 0.001 5 
N 0.02 0.06 0.3 Mo 0.04 0.01 40 
0 33 43 0.8 Ru 8,10-7 0.2 x 10-7 40 
F 0.02 0.05 0.4 Rh 13.10-7 0.4 x 10-7 32 
Na 2 1.82 1.1 Pd 6 '10-7 3.5 x 10-7 
Mg 1.6 1.42 1.1 Ag 90,10-7 37 x 10-7 2.5 
Al 2.7 5.35 0.5 Cd 0.001 0.00003 30 
Si 7.7 19.65 0.4 In 0.25'10-4 0.08 x 10-4 3 
P 0.25 0.11 2.2 Sn 0.0002 0.001 0.2 
S 0.5 0.3 1.7 Sb 0.004 0.0002 20 
Cl 0.5 2.5 0.2 Te 0.001(1) <0.0001(1) '10(?) 
K 0.7 1.33 0.5 I 0.04(1) 0.003 ? 
Ca 2.3 13.6 0.16 Cs 0.0001 0.0007 0.14 
Sc 0.0010 0.0014 0.7 Ba 0.23 0.26 0.9 
Ti 0.67 0.26 2.6 La 0.018 0.006 3 
V 0.050 0.01 5 Hf 0.0008 0.0004 2 
Cr 0.0035 0.006 0.5 Ta 0.001(1) 0.0001 10(1) 
Mn 18.6 0.3 60 W 0.01 0.001 10 
Fe 12.5 3.8 3.3 Re 1,10-7 0.3 x 10-7 3 
Co 0.27 0.0065 41 Os 0.2 x 10-7 30C'?) 
Ni 0.66 0.01 66 Ir 7 '10-'7 0.3 x 10-7 23 
Cu 0.45 0.024 19 Pt 230,10-7 5 x 10-7 46 
Zn 0.12 0.013 9 Au 2 '10-7 2 x 10-7 1 
Ga 0.001 0.002 0.5 Hg 20,10-7 45 x 10-7 0.5 
Ge 0.8 x 10-4 1.6 x 10-4 0.5 TI 0.0150 0.00018 80 
As 0.014 0.002 7 Pb 0.09 0.004 22 
Se 6 x 10-5 2 x 10-5 3 Bi 7'1O-4(?) 0.1 x 10-4(1)70(1) 
Br 0.004 0.007 0.6 Th 0.003 0.0012 2.5 
Rb 0.0017 0.01 0.17 U 0.0005 0.0002 2.5 

Groups I-V, all of these individual elements belong to subordinate subgroups, 
namely, copper (Group I), cadmium (Group II), thallium (Group III), lead (Group 
IV), antimony and bismutl1 (Group V). Molybdenum and manganese which belong to 
Groups VI and VII, respectively, are elements of the main subgroups. The most 
productive in this aspect is Group VIII: seven of the nine elements of this group 
accumulate considerably in nodules. 

Elements which accumulate in nodules 3-10 times more as compared to sediments 
also belong to 'Periods 4-6 of the Periodic Table, except for phosphorus, whose 
behaviour resembles that of iron. Each Group (II, III, IV and VI) has only one 
such corresponding element, namely, zinc, indium, zirconium, tungsten. Group V 
includes five elements: phosphorus, vanadium, arsenic, niobium and tantalum. 

The total number of elements, the concentration coetIicients of which exceed 3, 
is 26. Eight of them belong to Group VIII, seven to Group V, and three to Group 
VI, thus 18 elements altogether, which is the bulk of all elements considered. Such 
a distribution is probably determined by their chemical properties. individual 
features of their marine geochemistry and the manner of their association with major 
ore elements in nodules, i.e. with iron and manganese. 
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CHAPTER XI 

AGE AND ACCRETION RATES OF MANGANESE NODULES 

Many experimental and theoretical works are devoted to the age and accreation rates 
of manganese nodules, since the intensity of metal concentration in time is one of 
the major parameters of the ore processes as a whole. 

The present chapter considers the data obtained over the last 20-30 years in 
the Pacific, Indian and Atlantic oceans. 

BRIEF HISTORICAL NOTE AND METHODS 

The problem of the age and accretion rate of nodules dates back to the cruise of 
the Challenger (1872-18'76) when nodules were first discovered on the oceanic 
bottom. When describing nodules, in particular those recovered from the Pacific, 
Murray recognized Tertiary sharks' teeth in them and magnetic spherules of a cO!,mic 
nature, which made them date those nodules back to ancient geological times (Murray, 
1876; Murray and Renard, 1884, 1891). 

Early in the XX century, Joly (1908) detected that nodules are radioactive 
and so the foundation was laid for a quantitative assessment of thell' age and for 
the estimation of their rate of accretion by radiometric methods. Later. the first 
steps were initiated towards their dating from the decrease of radium towards their 
center. It was assumed that the excess radium is being supplied to nodules from 
sea water and decays over 8000 years (Iimory, 1927; Kurbatov, 1936; Petterson, 
1943; etc.). Subsequently Goldberg and Arrhenius (1958) supposed that the 
distribution of radium in nodules is not an independent geochemical parameter, but 
depends upon the distribution of its parent isotope, 230Th. That supposition was 
soon verified by direct measurements of radioisotopes of the uranium series (230Th; 
231 Pa; 234U); subsequently, the corresponding techniques based on the decrease 
of these isotopes towards the nodule centre be'came of widespread use in the dating 
of manganese nodules from various regions of the World Ocean (Nikolaev and Efimova 
1963; Bender et aI., 1966; Barnes and Dymond, 1967; Ku and Broecker, 1967; 1969; 
Bhat et aI., 1973; etc.). 

Along with the technique just mentioned, such cosmogenic isotopes were used 
for dating of nodules as lOBe (Somayaiulu, 1967; Bhat et aI., 1973; Guichard et 
aI., 1977; 1978; Krishnaswami et aI., 1972; 1982; Ku and Omura, 1979; Ku et al. , 
1979; Sharma and Somayajulu, 1982; Inoue et a!., 1983), or 26Al (Guichard et aI., 
1977; 1978; Reyss and Yokoyama, 1976). The fission track method, which is an 
analog of the ionium'" method, is also widely used (Shima and Okada, 1968; Heye, 
1975; Andersen and MacDougall, 1977; McDougall, 1979). 

General characteristics of the methods which were used for dating of nodules 
are given in Table 127**. 

Besides direct radiometric dating of nodules, a number of indirect methods are 
used, namely, biostratigraphic, paleomagnetic (dating of ore matter) and also dating 
of non-metalliferous nuclei in nodules, host sediments and rocks. 

* ionium = 230Th 
** The lead isotopes (204pb, 206Pb, 207Pb, and 208Pb) whose sources are oceanic 

basalts, terrigenous matter and partly seawater proved to be not valid for manganese 
nodules dating (Chow and Patters son , 1959, 1962; Reinolds and Dash, 1971; O'Nions 
et aI., 1978). 
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TABLE 127 

Characteristics of radiometric techniques of nodule dating 

Isotope Half-life, Age limit First datings 
(yrJ detected (yr) 

226Ra 1622 8000 Iimory, 1927 

231pa 34300 2 x 105 Ku and Broecker, 1969 

230Th 75200 '1 x 105 Nikolaev and Efimova, 1963 

234U 248000 1 x 106 Barnes and Dymond, 1967 

:WAI 715000 3 x 106 Reyss and Yokoyama, 1976 

lOBe 1.5 x 106 8 x 106 Somayajulu, 1967 

The biostratigraphic method is appropriate for detection of the relative geological 
age ot organic fossils trapped in nodules, mainly of foraminifera and nannofossils 
(coccoliths and discoasters), and permits one to determine age intervals between 
layers in nodules (Harada and Nislhida, 1976; 1979). By using the paleomagnetic 
method one can determine direct and inverse residual magnetism in nodules and 
estimate the thickness of the layer accumulated since the last inversion of the 
geomagnetic field. This method permitted reliable data, but its application is 
restricted since it is difficult to distinguish in one nodule distinct and reliable 
stratigraphic layers without contaminations (Crecelius et aI., 1973). 

The potassium-argon method can be applied to the dating of basaltic nuclei of 
nodules. In this case, it is possible to find out the age of nodules since the 
beginning of their growth. This method can be also applied to manganese nodule 
crusts on basalts (Barnes and Dymond, 1967; Lalou et al., 1979a). 

The age of basalts which form the nuclei of nodules or on which the nodule 
crust rests can also be dated by the thickness of the palagonitized layer, knowing 
the rate of basalt submarine palagonitization (2 to 4 mmim yr) (Moore, 1966; 
Hekinian and Hoffert, 1975; Morgenstein and Riley, 1975). 

The age of bone remnants which surve as nodule nuclei can be determined by 
both paleontological methods and by the racemization rate of amino acids, i. e. from 
the ratio between their optical isomers, which varies regularly as tile sample is 
aging, the reaction constant in various amino acids being 6.5 X 10- 1 to 6.5 x 10-8 
(Bada, 1972; Bada et aI., 1973; Kvenvolden and Blunt, 1979). 

A general description ot the methods reviewed is given in Kuznetzov (1976) 
and Ku (1977). New methods ot dating of nodules are also being worked on, in 
particular, thermoluminescent and gamma-spectral ones (Schvoerer et al., 11n9; 
Yokoyama and Nguyen, 1979). The growth ot nodules is also being modelled under 
controlled laboratory conditions (Krylov et al., 1981; Tikhomirov, 1982). 

Dating ot nodules from the age of the host sediments is of particular concern. 
When nodules rest on ancient sediments within the zones where recent sedimentation 
has not occured, the age of ancient sediments can be assumed as being the lower 
age limit of nodules (Bezl'ukov, 1976). However, in many of the oceanic regions, 
nodules rest on late Quaternary sediments. In such cases, a sharp disagreement 
arises between the ancient age of the nodules and the young age of the superficial 
layer of sediments determined by the same methods of absolute geochronology. 
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ACCRETION RATES OF NODULES 

The accretion rates of nodules were first obtained from the gradients of radium 
concentration. The results were 0.7 to 65 mm/m yr Oimory, 1~27; Kurbatov, 1936; 
1937; Petterson, 1943; 1955; Von Buttlar and Houtermans, 1950). The accretion 
rate of the pelagic nodules from the Pacific, determined by other radiometric 
techniques, turned out to be lower by two to three orders; several millimeters per 
million years (Table 128). As the age limits determined by these techpiques are trom 
200-400 thousand years (230Th, 231Pa) to 3-8 million years (lOBe, 26 A1) they allow 
the dating of only those outer nodule layers that contain an excess of isotopes. 

Samples ot nodules from the northwestern Pacific were analysed by the 
biostratigraphic method; the accretion rates of various layers turned out to be 
from 1 to 10 mm/m yr, and 39 mm/m yr for the inner layer of one sample 
(Harada and Nishida, 1976; 1979). 

An attempt was made to estimate the growth rates of nodules by gradients of 
the radial changes of their chemical composition. In the samples from the Suiko sea 
mountain in the northwestern Pacific, four layers were detected with manganese 
maxima that were believed to correspond to four' periods of glaciation. On this 
basis, the accretion rates of individual nodule layers were determined to be 2 to 5 
mm per thousand years (Nohara and Nasu, 1977). 

The accretion rates of pelagic nodules determined by the paleomagnetic method 
from the reversal at the Brunhes-Matuyama boundary are several millimeters per 
million years. This boundary was not recorded in shallow-water nodules, which grow 
considerably faster (Crecelius et at., 1973). 

The growth rates of nodules determined by potassium-argon dating of basalt 
nuclei are a minimum since no manganese crust usually occurs at a young basalt 
surface. Given the age of nuclei and underlying basalts as 1.7 to 29 m yr and the 
thickness of ore matter from 5 to 100 mm, the average rate of its accumulation 
is 0.1 to 23 mm/m yr (Barnes and Dymond, 1967; Lalou et aI., 1979a). 

The data on the growth rates of nodule and ore crusts determined by the 
palagonitization of basalt inclusions or underlying basalts are scarce. Since these 
analyses have no independent value, they are usually accompanied by radiometric 
dating, and the results obtained are not always consistent. The rates obtained by 
this method for ore crusts are 2 to 4 mm/m yr in the rift zone of the North Atlantic 
(Hekinian and Hoffert, 1975), 10 to 20 mm/m yr within the Hawaiian shelf (Ku, 1977) 
and 333 to 816 mm/m yr within the East Pacific Rise (Burnett and Morgenstein, 1976; 
Burnett and Piper, 1977; Lalou et aI., 1979a). 

Sharks' teeth are widespread over the sea bottom, especially in the zones 
where recent sedimentation has not occurred, and nodule nuclei are often built 
of sharks' teeth. The paleontological method was applied and tooth age was dated 
back to the Tertiary-Recent time interval (Belyaev, 1959; Belyaev and Glikman, 
1965; UJ70 a, b). This dating method has its difficulties, as teeth in nuclei are 
usually ruined and it is difficult to recognize them. Better preserved teeth, which 
occur over the bottom, are filled With ore matter inside, whereas from the outSide, 
they are merely covered by a thin film of hydro oxides . 

11 seems more pertinent to determine the age of bone remnants (sharks' teeth 
and ear bones of whales) trapped in nodules by the extent of racemization of amino 
acids (Bada, 1972). In the North Pacific, the growth rates of nodule matter estima­
ted from such a dating method were 0.4 to 2.0 mm/m yr by isoleucine and 1.3 to 
8.1 mm/m yr by asparagine (decay constant being li.47 x 10- 7 per :r"ear) and some­
what higher, 1.6 to 10.3 mm/m yr (decay constant being 8.24 x 10- 1 per year) 
(Kvenvolden and Blunt, 1979). It was assumed that nodules started to grow on the 
bones immediately after they had sunk to the bottom. The results of age-dating of 
nodules by various techniques are given in Table 129. 

In most cases, the discrepancies in the dating results are Within one order 
(Table 128, 129), However, nodules and ore crusts from the area adjacent to the 
East Pacific Rise are characterized by considerably higher growth rates (Figure 
59). Thus, for two samples of ore crusts on basalts in the region considered, the 
accretion rates determined by ionium-thorium ratio and potassium-argon dating of 
basalts were 23-48mm/m yr; 333-816 mm/m yr by palagonitization of basalts; and 
up to 1000 mm/m yr by ionium excess (Burnett and Morgenstein, 1976; Burnett and 
Piper, 1~77). 

On the whole, according to the data of absolute geochronology, accretion rates 
of 1 to 12 mm/m yr are typical of the nodules from both South and North Pacific, 
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TABLE 128 

Accretion rates of manganese nodules and ore crusts in the oceans from 
radiometric data 

Sample 
(station) 

1 

Fan Bd-20 

Horizon 

V21-D2 

V21-71a 

V21-D46 

6A 
Carr 5 

!VIP 26 
Zetes-3D 

Tripod-2D 
Dodo-9D 

Dodo-15-l 
Wah 24F-8 

V21-116 

2P-52 

3996 

3782 
TE 8-1 

KK13 
1052 

AH 69Dl 
A47-16-1. 2 

C57-58-1 
VA 17863 
MRA 17875 
Ris 4G 
Styxx, DWD 
BDI 

Coordinates Depth Accretion Method 
rate, 

References 

(mmIl06yr) 

2 3 4 5 6 

The North Pacific 
4500 3 

5500 2.5 

19"39'N,113 U 44'W 4000 
9u26,5'N ,113"16.5W 3700 

19U N, 171 uW 1464 
40u 16'N,171"20'W 3000 

20u45'N,112 u47'W 3000 
18 u 16'N ,16P50W 5500 

4 

2.5 

3 

4 
17-24 

10 
0.8-2.3 

4 
2.1 

K - Ar Barnes and Dymond 
1961 

K - Ar, 230Th Barnes and Dymond 
H167; Goldberg, 
1963 

230Th Ku and Broecker, 
23lpa, 234U 1969 
230Th Ku and Broecker, 

1969, Bender et 
aI., 1966 

230Th, Ku and Broecker, 
23lpa 1969 
same Ibid. 
230Th Barnes and Dymond 
234 U ' 1967 
230Th Ibid. 
10Be230Th Krishnaswamy et 
track aI., 1972; Bhat et 

al., 1973 
10Be,230Th Ibid. 
230Th, Ibid. 
track 

19 u23'N,162u20'W 
8u 18'N ,153"03'W 

41(j0 
5143 

1.8 lOBe Somayajulu, 1967 
Somayaiulu et aI., 
1971 

19 u34'N,134"30'E 5826 

9u57'N ,137u47'W 4930 

4°56'N,135°Z9'E 4580 

23 u55'N, 173u40' E 4970 
near Oahu Is; 1230 

40uN,147 uW 5163 
2u17'8N ,101 ul.5W 3150 

36 u N, 157 uW 5800 
9U 23'N ,151 ull.4'W 5040 

15 uI9.5'N,125"54.4'W 4638 
29"58'N ,125 u 57°W 4324 
22u30'N ,113"00'W 3603 
22u18'N ,117u24' W 3890 

21 "27'N ,126°43'W 4300 

10(3 samp) 230Th 

28 

7.3 

33 

40 
3.6-4.4 

3.3-4.1 
47.9-

'100 
22.6-23.3 
1.5-4.3 

1.8-2.4 
4.1 
2.9 
7.6 

6.6-8.9 

track 

same 

same 
230Th, 
230Th, 
232Th 

same 

Shima and Okada, 
1968 
Krishnaswamy, 
Lal, 1972 . 

N ikolaev and En­
mova, 1963 
Ibid 
Burnett and 
Morgenstein, 1976; 
Burnett and Piper, 
1977 

230Th Krishnaswamy and 
230Th Cochran, 1978 
232Th,231Pa 
same Ibid. 
track Macdougall , 1979 
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Table 128 (continued) 

24.3 

1 2 

lVlR 55 20u 45'N ,114 u 15'W 
Exp.A17865 19°20'N ,1l4u 12'W 
DS V ,Mn7402 14°58'N,125°00 W 

Expo 60-4 14u 28'N ,107 u 51'W 
Mid.Pac.5-1 14u22'N ,133°71'W 
lYlid.Pac.16-1 13°45'N ,149u15'W 
Mn7402 
77G37 14°61'N ,140° W 
Mn 7601 
20-B2 11 °4'N ,1400 03'W 
lVlSN 150-G 10059'N,143°22'W 

DOMES 14"15'N,124u 59'W 

PUMICE Mn 68 40018'N, 175 u 38'W 
PUMICE 
Mn67 40018'N ,173°46'E 
PUMICE 
Mn61 31 UHl'N ,174°02'E 
PUMICE 
70-1 38 u56 'N ,178°36' E 
ARIES 13D 20045'N,173°40'E 

Mn 139 2000l'N,136 u 36'W 
DPSN L2 9u08. 65'N, 105uW 

12.94'W 
ARIES 12D 20045'N ,173°26'E 

ARIES 15D 20047'N ,l73 u20'E 
ARIES 39D 34 u 15'N,143°51'E 
ANTR 50D 32°42'N, 158 u 15' E 
A47-16-2 9u 2.3'N,151 u 11.4W 

C57-58-1 15 u 13.5'N,125° 
54.43'W 

A47-16-4 9u 2. 3'N, 151 "11.4'W 

30u N ,140o W 
Mn7601-20 11 "07'N ,140005'W 

57 DK 2 14"09'N, 165"29.1 W 

111 DK 2 20"04'7N ,170038'5W 
76 DK 19 u 21'lN,170u 59'W 
73 DK 7 09 u 24'lN ,17PI0'4W 
32 DK 2 9u 08'5N ,164°47'03W 
31 DK 5 9°08'9N,164"48'5W 

The 

V18-D 32 14"18'S,149°32'W 

V18-T119a, b 12°27'S,159°25'W 
E 17-36 55 u S,95 u W 
DWHD-47 41 "51S, 102u01'W 

3 

3740 
3400 
4460-
5000 
3078 
4990 
4564 

4800 

4722 
4978 

1560 

5307 

4399 

5362 

5398 
3816-
-2955 
3916 
3214-
-3265 
1824 

1285 
1819 
2607 
5049 

4338 
5040 

3840 
4722 

3280 

1240 
1190 
2860 
ll20 
2100 

South 

2000 

5000 
4700 
4240 

4 5 6 

10.9 track Macdougall, 1979 
7.8 
5.0-9.2 

(4 samp) 
5.9 
6.9 
2.H 

4.6 

6.7 
3.8 

5.9-8.2 
(8 samp) 
6.8; 10.7 " 

6.7; 10.7 " 

6.7 

11. 2 

2.4 
1.3 

13-114 
3.2-3.8 

2.3-3.0 
2.0 
8.0 
2.8-3.3 

2.4-2.7 
2.0-2.4 

1.4 
4.7-29 

2.7 + 0.4 

1. 2:':.0.06 
2.7+0.4 
2.6+0.6 
0.H+0.2 
2.7+0.4 

Pacific 

3.1 

3-6 
3 
0.5-6 

lOBe 
Ku et aI., 1979 

lOBe Ibid. 
230Th,K-Ar LaIou et aI., 1979-1 
track 
10Be,10Be, 
9Be 
same 

230Th 

Sharma and Somaya­
iulu, 1979, 1982 
Ibid. 

Krishnaswamy et 
aI., 1979 
Ibid. 

Krishnaswamy et 
al., 1982 
Ku et aI., 1982 
Moore et al., 1981 

Halbach et al., 
1983 

Ku and Broecker, 
1969 

230Th, 231pa Ibid. 
230Th, 231pa Ibid. 
K - Ar, 230Th Barnes and Dymond, 

1967 
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Table 128 (continued) 

1 :I 

OW 72 21°31'S,85 u I4'W 
2P-50 13°53'S.150"35'W 

TF-l.2 13u 52'S, 135°35'W 
E24-15 35°48'S,134u 50'W 

DO 23 G near Tuamotu Is. 
north of Tuamotu 

same 

Same - ,. -

Sonne 7°40S.91°59.5W 
TF - 5 13u 53'S,135 u 35'W 

ANTP 58D 18u57'S,175"48E 

G EOSECS ID 38u 38'S, 167 u 55 'E 
South China Sea 

G 58-100 

A266-41 
G 74-2374 
V 16-T3 
Lusiad AD4 

RC 15D5 

RC16D10 

ES-4 

30"'59'N,78°15'W 
30u 31'N , 79°01'W 
lOo 04'S,24u 41'W 

0"'03'N,32u 2:1'W 

48 U 28'S,55 U 14'W 

28°25'S,40041'W 

J 

-920 
3095 

3623 
4696 

1600 
4020 

4020 

4020 

4240 
36:13 

3555 

1418 
4700 

4 

18 
1 

1 
6.4 

3.5 
1-5 

2 

2.8 

0.8-17 

162 
1.0-2.0 

3.0-4.0 

1.0-1. 7 
4.1 

The Atlantic 

4800 

830 
876 

4415 
1020 

2394 

4388 

3475 

4 

2 
2 
3 
8-10 

1.2-1.4 

1.3-3.5 

4-9 

The Indian Ocean 

5 

230Th 
~~OTh 

230Th 
230Th 

230Th 
26Al 

lOBe 

lOBe 

230Th 
23lpa 

CHAPTER ,XI 

6 

Barnes and Dymond, 1967 
Krishnaswamy and 
Lal. 1972 
Bhat et al., 1973 
Kraemer and 
Shornick, 1974 
Boulad et aI., 1975 
Reyss and Y oko­
yama, 1976 
Guichard et aI., 
1977 
Guichard et aI., 
1978 

lOBe ~6Al 
234U' , Lalou et al., 1979b 
230Th Reyss et al., 1982 
10Be,10Be Krishnaswamyet 
9Be al., 1982 
same Sharma and Somaya 

julu. 1982 
10Be,230Th :""-
230Th Xia and Ming, 1984 

230Th 
23lpa 
Same _ rr _ 

_ ff _ 

230Th 
K-Ar 
10Be,230Th 
230Th 
?32Th 
Same and 
10Be,9Be 
230Th 

Ku and Broecker, 
1969 

_ !f _ 

_ H _ 

Barnes and 
Dymond, 1967 
Sharma and 
Somayajulu, 1982 
_ If _ 

Kraemer and 
Shornik, 1974 

VI6-TIS 4500 2.3-2.9 230Th 
(3 samp.) 
5.5 230Th 

Ku and Broecker, 
1969 

Dodo-60a 

M1 East of Madagascar 0 

RC 14D 4F 23''26'S,50049'E 4052 1.3-1.9 

RC 14D 4S 23"26'S,50"'49'E 4052 1.3-3.3 
2u 55'N,60u 02'E 4000- 1.5-3.2 

4500 (3 samp.) 

Bhandari et al., 
1971 
Heye and 
Beiersdorf, 1973 

lOBe lOBe. Sharma and 
9Be, hOTh • Somaya,iulu, 
230Th,232Th 
same 
230Th 

1982 

_ If _ 

Sharma and 
Somayajulu, 1983 
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TABLE 129 
Comparison of the dating results obtained by various methods: 

manganese nodules and ore crusts 

Sample 

1 

nodule 

V21-D2 
35°54'N ' 
1600 19'W 
5400 m 
Nodule 
DWHD 47 
41 °51'8 
102°Ol'W 
4240 m 
Nodule 
iVln 139 
200 01'N 
136°36'W 
3916 m 
Ore crust 
at basalt 
Hess Deep 
2°16.S'N 
101°1.5'W 
3150 m 

Ore crust 
at basalt 
13°09'8 
14So62'W 
4020 m 

iVlethod 

2 

K-Ar(nucl) 
2 samples 
230Th 

230Th 
230Th/ 232Th 
Palagonitization 
of basalts 
230Th excessive 

231pa 
230Th 
lOBe 
26AI 
234U 
Track 

Ore crust Age of oceanic 
at basalt crust 
9U OS.65'N Age of sea 
105 u 12.94'W mountains 
3214-3265m Age of 

nucleus (K-Ar) 
Track 
Palagonitization 
of basalt 
by ionium 
excess 

Noduie Racemization of 
with bone amino acids 
in nucleus 
19°30'N 
16so50'W 
Bones of 
whale in 
nodule 
nucleus 
7-2S U N 
14So-163°W 
S samples 

Racemization 
of amino acids: 
alloisoleuicine / 
leuicine 
Of L asparagine 
acid 

Maximum age 
of the sample 
(yrJ 

Accretion References 
rate of 

3 

320 000 

19 000 
18 500 

320 000 
550 000 
890 000 
1.09xll)6 
-lxl06 

4xl06 

1. '/xl06 
(330-570)x103 

120 000 

5 000 
S.7x106 

ore matter 
(mmfm yr) 

4 

4.0 
4.3 
4.6 
3.0-5.0 

0.1-1 

6 

1.3 
4.1 
5.5 

47.9 
over 100 

S16 
ca. 1000 

2.5 
2.3 
2.S 
2.3 
2.5 
0.S-2.5 
S 

10 

23 
67-114 

333 

S 000 
0.6-1. 2 
1.2 

ll.6-5.S)x106 0.4-2.0 

(0.39-1.3)x106 1.3-10.3 

5 

Ku, 1977 
Ku and Broecker, 1967 

Barnes and Dymond, 1967 

Ku et al., 1979 

Burnett and iVlorgenstein, 
1976; Burnett and Piper, 
1977 

Lalou et al., 1979a 

Lalou et al., 1979b 

Bada, 1972 

Kvenvolden and Blunt, 
1979 

_ rf _ 



246 CHAPTER XI 

\ 

,', } 
"\ • •• 1 

\ 

Fig. 59. Accretion rates of the Pacific nodules (data from Table 128), mm per million 
years. (1) 0.8 to 4; (2) 4 to 8; (3) 8 to 12; (4) 12 to 40; (5) over 40; 
(6) zones of occurrence of nodules; (7) zones of maximum distribution 
of nodules; (8) rift zones. 

particularly 01' the radiolarian zone. Similar rates were determined by radiometric 
techniques for the nodules of the Atlantic and Indian oceans (Table 1~8). 

According to the radiometric data, the accretion rates of the nodule tops and 
bottoms are consistent though apparently different. In two nodules from the radio­
larian zone, the rate at which their top parts grew is 1. 3-1. 7 times higher contrast 
to the growth rate of their bottom parts, In the third sample analysed, the picture 
is the opposite, the bottom part growing at least J times faster than the top one 
(Table 130). The latter result was ohtained hy ionium and protactinium techniques 
and was then veritied by the beryllium technique in one nodule sample from the 
southern Indian Ocean (23°26'5; 50 0 49 'E): its top part grew at a rate of 1.4-1.8 
mm/m yr, its bottom one grew at a rate of 4.0-5.2 mm/m yr (Sharma and Somaya­
julu, 1982). 

The problem 01' the variations in nodule accretion rate has been discussed in 
numerous works (Mero, 1965; Bezrukov, 1976; Heye, 1975; Cronan, 1980, etc.) on 
the basis ot' structural-textural composition of ore matter and also from considerati­
ons of the radioisotope behaviour. However, layer- by-layer ag'e determinations are 
scarce. In one nodule sample from the Antarctic zone of the Pacific, the accretion 
rates of individual layers were 4 to HI mm/m yr by the ionium-thorium technique 
(Kraemer and Shornick, 1974). In two other nodule samples from the North and 
South Pacific, the accretion rates of individual layers var y from 0.78 to 7.31 mm/m 
yr. The rates determined for 0.193-to-0.332 mm micro layer by the ionium-thorium 
technique turned out to be 461 mm/m yr, i.e. 2 orders higher in contrast to the 
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TABLE 130 
Comparative analysis of accretion rates in nodule tops and bottoms 

Sample Layer Accretion rates (mm/106 yr) References 

230Th 230Th/232Th 231pa lOBe 

A47-16-1 Top 3.9-4.0 4.3-4.6 3.7 Krishnaswamy and 
Cochran, 1978 

9u2.3'N Bottom 2.5-3.3 
151°11.4'W 
5040 m 
A47-16-2 Top 1.9-2.4 2.0-2.5 2.8-3.0 -
same location Bottom 1.5-2.5 
iVIn7601-20-2 Top 4.7 5 5.4 Moore et al., 1981 
II u07'N Bottom 12 16 13-29 
1400 05'W 
4722 m 
RC 14 D4 F Top 1.4-1.9 Sharma and 

Somayajulu, 1982 
23°26'S Bottom 4.0-5.2 
50U 49'E 
4050 m 

TABLE 131 
Irregular accretion rates of various layers in nodules and ore crusts 

Sample 

Nodule'" 
E 5-4 
60°02'8 
67 u 15'W 

Ore crust"'''' 
13u09'S 
148°62'W 

Nodule*** 
A47-16-4 
9u2.3'N 
151ul1.4'W 

Nodule"'*'" 
FT 5 
19U 53'S 
135u35'W 
3623 m 

Layer, mm 

0-1.5 
1.5-5.5 
5.5-9 

0-1 
1-4 
0-0.5 
0.5-2.5 
0-20 

0.036-0.193 
0.193-0.332 
0.332-0.729 
0.036-0. '729 
0.135-0.394 
0.4-6.6 

0.0125-0.272 
0.273-0.494 
0.0125-0.494 
0.0125-0.210 
0.95-7.1 
0.95-13.0 

Accretion rate (mm/m yr) 

4 
19 
8 

2.3+0.8 
13:~:7 

2.5+0.9 
17":10 

2.33 3.55 
7.31 461 
5.2 3.60 
5.12 5.06 

6.85 

1.4 1.4 
0.78 0.81 
1.1 1.1 

2.1 

2.8+0.6 

2.0 

1.0 
2.0 

2.4 

1.0 
1.3 

From: *Kraemer and Shornick. 1974; **Lalou et al., 1979b; ***Krishnaswamy et al., 
1982. 



248 CHAPTER XI 

typical rate for nodules from the radiolarian zone (Krishnaswami et aI.. 1982). In 
the ore crusts from the Tuamotu Ridge, accretion rates determined for their individual 
layers are 2.3 to 17 mm/m yr (Lalou et aI., 1979b; Table 131). 

Radial cross-sections of alpha-track distribution, which are often of a step­
like geometry. also demonstrate the irregular character of nodule accretion. The age 
intervals between these individual steps may correspond to 40 000 years and more" 
(Krishnaswami et aI., 1979). 

RELIABILITY OF NODULE DATING 

As was brietly mentioned at the beginning of this chapter, the first results of 
nodule dating by the radium method drew some criticism. The radium technique was 
based on the supposition that radium is supplied to nodules directly from sea water 
(Kurbatov, 1936). Later, other researchers pointed out that accretion rates obtained 
by the radium technique could be considerably overestimated in contrast to real 
rates since radium is the daughter product of ionium decay, and radium decays 
50 times faster. Further researches showed that radium distribution in nodules IS 

really controlled by ionium distribution. Besides, radium is significantly mobile. 
So, it does not seem to be worth consideration for the dating of nodules (Ku. 1977; 
Krishnaswami and Cochran, 1978). 

The technique for dating of nodules based on other isotopes (Table 128), 
though widely applied, have also been criticised. The arguments arise from the 
following considerations: 

(1) Nodules may grow at a high rate and then, when they stop growing, 
radioelements precipitating out of sea water are accumulated at their surface. 
Diffusion of these elements to the inner parts of nodules results in the observed 
pattern of their distribution (Arrhenius, 1967). 

(2) Nodules may grow at a high rate due to supply of volcanic material and 
they may accumUlate volcanic radioisotopes in random proportions that does not in 
principle allow their dating by radiometric techniques (Bonatti and Nayudu, 1965; 
Cherdyntsev et al., 1971;· Lalou and Brichet, 1976). 

(3) The simple fact that nodules rest on a sediment surface is sufficient to 
consider them as younger formations in contrast to the underlying substrate; any 
radiometric data on the inverse age relations between them should be ignored (Lalon 
and Brichet, 1972; Volkov, 1979). 

Recent marine geology and geochemistry would provide representative data 
enough to oppose these arguments: 

(1) Should the behaviour of radioisotopes in nodules be controlled by the 
diffusion mechanism, the radial cross-sections of their distribution in nodules would 
follow the laws of diffusion. However, the radial cross-sections have an entirely 
different geometry (Ku et aI., 1979). The data on concentration and distribution of 
radioisotopes in sea water show that a period of about tens and hundreds of 
thousands of years is necessary to accumulate the observed amount in the sur­
ficial layer of nodules (Ku, 1977; Ku et al., 1979). 

The period needed to achieve equilibrium in the system: adsorption-of-isotope­
diffusion-decay would additionally increase the time of nodule exposition at least by 
10 times (Krishnaswamy et aI., 1982). Thus, the diffusion hypothesis proposed to 
"rejuvenate" nodules cannot cope with this problem and leads to the opposite result. 

(2) Volcanic and hydrothermal processes, no doubt, affect oceanic sedimentation 
and marine geochemistry of manganese_ This effect can be estimated quantitatively 
when analysing the distribution of sediments on the scale of the entire ocean or its 
separate large regions (Skornyakova, 1964; Bostrom and Petterson, 1966; Lisitsin, 
1979; HI83). However, considering the behaviour of manganese in a sea environment 
this effect is of a local scale (Beiersdorf et al., 1982) which is demonstrated by the 
map of nodule growth (Figure 59). So, the conclusion about volcanic origin of all 
oceanic nodules contradicts the actual data. 

The inference made by Cherdyntsev et al. (1971) about the irregular 
distribution of radioisotopes in nodules does not agree with a great amount of t.he 
data obtained which verify their regular distribution within nodules, and all methods 
of absolute geochronology of nodules are based on these data. When analysing 
nodules, the authors mentioned did not seem to regard either the specification of 
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the material considered, or the pattern of radioisotope distribution determined 
earlier. In contrast to other researchers, who analysed thin layers of nodules 
(several decimals of millimeter), they analysed layers of several centimeters thick, 
lump samples (crusts, nuclei) or nodules as a whole with inclusions of basalts, tuffs 
and phosphate rocks. 

In numerous works by Lalu et al. (1972-1980), data are given on the excess 
ot "young" isotopes in the inner nodule parts. This can be logically explained by 
the occurrence of cracks in nodules through which clayey material of the host 
sediments, rich in corresponding isotopes, is injected into the nodules (Heye, 1975; 
1979; Ku and Knauss, 1979). 

(3) The contradiction between the ancient age of nodules and the young age 
of the underlying sediments determined by the same radiometric techniques remained 
unresolved for a long time. 

One of the opinions was that zones of nodule occurrence correspond to the 
zones of-minimum, zero or even negative sedimentation (Bezrukov, 1976). Such 
zones do exist in the ocean, but many regions exist where nodules rest on the 
young (Holocene and Pleistocene) sediments which seems to determine the age of 
nottules. However, some additional data exist that testify against the young age of 
nodules. In contrast to sediments, nodules are rich in magnetic spherules of a 
cosmic nature and they accumulate at an extremely low rate (Finkelman, 1970). In 
contrast to sediments, organic matter in nodules is metamorphosed to a greater 
degree (Romankevich, 1977), which testifies to a longer period of exposition of 
nodules with respect to sediments. 

In the nodule interior no deficit of ionium and protactinium, with respect to 
radioactive equilibrium, has been recognized. Such a deficit is an indispensable 
condition for the young age of nodules (Ku et aI., 1979). 

In the cracks that transect nodules, younger clayey material (as compared to 
that of the nodules themselves) was detected, but even this material is old enough, 
about 300 000 years (Ku and Knauss, 1979). However, sometimes it may result from 
the old age of the terrigenous portion of sediments. Finally, the coincidence in the 
dating of nodules by several independent techniques (Table 129) is sufficient evi­
dence of their ancient age, despite the more rapid accumulation of the underlying 
sediments. We shall discuss this paradox in the next chapter. 

The fact that nodules can grow under experimental conditions at the same 
rate as that in the pelagic environment of the ocean testifies in favour of the age­
dating results obtained by radiometric techniques (Table 132). 

iVleanwhile, many contradictions in the age-dating results still remain unresol­
ved, since all varieties of the radiometric techniques are based on four major 
assumptions: (1) the radiochemical composition of sea water is homogeneous and 
constant; (2) sea water is the source of radioisotopes in nodules; (3) the time of 
radioisotope accumulation in nodules is short as compared to the age of the latter; 
(4) nodules become an isolated system after their formation is completed. 

The recent data demonstrate that assumptions (2) and (4) are only partly 
valid if at all. The bulk or the great part of nodule matter is supplied to them out 
of host sediments, not out of sea water. Of great doubt is the assumption that 
nodule interiors are isolated from the sea since nodules are characterized by great 
porosity, the share of natural pore water in them reaching 30 to 40%. Besides, 
diagenetiC' transformations are sure to occur in nodules, thus affecting their mineral, 
chemical and, consequently, their radiochemical composition (Burns and Burns, 
1978a; Sterenberg et al., 1986). 

It is obvious that further efforts are needed to improve the theoretical basis 
of radiometric methods applied to nodule dating, consistent with recent developments 
in the geochemistry of marine sedimentation and diagenesis. 
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TABLE 132 
Time at which 1 mm of Mn hydrooxide film is formed: 

with respect to concentration of dissolved Mn in water, nodule radius and 
temperature of the medium (Krylov et al., 1981; Tikhomirov and Gromov, 1983) 

Mn concen­
tration in 
water, IlgfI R 0.25 cm 

0.1 
1 
2 
5 
10 
20 

0.1 
1 
"2 
5 
10 
20 

0.1 
1 
2 
5 
10 
20 

(8.8 + 1. 7)x10S 
1.7.S ::;: 1.S)xl03 
(1.6 ::;: 0.4)x103 
(2.4 ::;: 0.3)x102 
55 + "7 
13 ::;: 1 

(3.7 + 0.7)xl05 
(2.9 ::;: 0.5)xl03 
(6.8 ::;: 1.0)xl0'/. 
(1.0 ::;: 0.1)x10Z 
23 :!: 3" 
5.3 + 6 

(2.1 + 0.41x10S 
(1.9 ::;: 0.3)xl0~' 
(4.4 ± 0.6)xl02 
64 + 9 
15 .:;: 2 
3.S-+ 0.4 

Time of 1mm-Iayer formation (yr) 

R-0.5cm R-1cm 

(1.1 + 0.2)x10ti 
(8.6 :;: 1.5)xl03 
(Z.O :;: O.3)x103 
(3.0 ± 0.4)X102 
70 + 9 
16 :;: Z 

(4.6 + O.9)xl05 
(3.6 :;: 0.6)xl03 
(8.4 :;: 0.21x102 
(1.2 ± 0.2)x102 
29 + 4 
6.6 + 0.7 

t = 30"C 

(3.0 + 0.S)x105 
(Z.4 ::;: 0.4)xl03 
(5.5 :;: O.8)XIUZ 
80 + 11 
19 :;: 2 
4.Z-± 0.5 

(1.2 + 0.2)x106 
(9.ti ::;: 0.01x103 
(2.3 :;: 0.3)xl0J 
(3.4 ::;: O.5)x102 
77 + 8" 
18 :;: "2 

(5.1 + 0.91xlU5 
(4.0 :;: O.7)x103 
(9.4 :;: 1.4)x102 
(1.4 ::;: O.2)x102 
3Z + 4" 
7.4-±- 0.8 

(3.3 + 0.6.1xlU5 
U.6 ::;: 0.41xl03 
(6.1 ± O.9)XI02 
88 + 1Z 
21 + 3 
4.8-± O.S 

R 5 cm 

(1.3 + 0.2)x10ti 
( 1. 0 ::;: O. 1 ) xH)4 
(2.4 ::;: O.41x103 

- '/. (3.6 + 0.5)x10 
88 + 11 
19 + 2 

(5.5 + 1.01xl05 
(4.3 :;: O.7)xl03 

- 3 (1.0 + 0.1)xl0 
(1.S :;: 0.Z)xl02 
3S + 4" 
8.0 ± 0.8 

(3.6 + 0.7)x105 
(2.8 ::;: O.5)xl03 
(6.0 ± 1.0)x102 
96 + 13 
23 ::;: 3 
5.2-+ 0.0 



CHAPTER XII 

PROBLEMS OF ORIGIN OF MANGANESE NODULES 

The problem of the ongm of nodules, as well as of any economic minerals, concerns 
the source of ore matter, the manner of its migration and supply, and the 
mechanism of concentration and favourable environmental factors. 

To solve the problem of nodule origin one should utilize the sum of total 
knowledge on marine geology, geochemistry and, to a certain degree, on 
biogeochemistry. This chapter is devoted to some of these aspects. 

SOURCE OF ORE MATTER AND MANGANESE BALANCE IN THE OCEAN 

When analysing the origin of ore matter in nodules, one should consider two things. 
namely, direct sources of ore material for individual nodule formation and sources 
of ore material supply to the ocean as a whole. We shaH start from the second 
aspect of the problem, which was already being debated in the last century. 

First GUmlel (1878), and then Murray and Irvine (1894) supposed that the 
main ore material supply to the ocean comes from terrigenous and volcanic, and 
also hydrothermal material, though the role they play in ditferent parts of the 
ocean may be divergent. 

Later, Bonatti and Nayudu (1965) and Zelenov (1972) verified the decisive role 
of volcanism in the supply of ore matter to the ocean; at the same time, Strakhov 
(1960; 1976) expressed - with no less contidence - his belief in the decisive role 
of terrigenous material. However, at present, the role of hydrothermal supply of 
ore matter is obvious, though the share of its components is not unanimously al?:I'eed 
upon resulting in various balance estimates. 

Goldschmidt (1954) was the first to open the problem of balance for discussion. 
He voiced the opinion that absolute massp.s of some metals in the ocean exceed their 
supply from continental rock weathering over geological time. 

With a continuous inflow of new data on input and outtlow quantities, the 
problem of the balance of elements in the ocean has become one of the permanent 
problems in geochemistry, the interest in which is sustained by the problem of 
manganese nodule origin and also by the problem of hydrothermal matter supply to 
the ocean. The number of publications devoted to various aspects of manganese 
balance in the ocean continues to grow (Horn and Adams, 1966; Vinogradov, 1967; 
Bostrom, 1967; Krishnaswamy and Lal, 1972; Lyle, 1976; Elderfield, 1976. 1977; 
Bender et aI., 1977; Lisitsin, 1978, 1981; Edmond et aI., 1979; Wedepohl, 1980; 
Volkov. 1981; Li, HI81 , 1982; Whitfield and Turner. 1982; Baturin. 1983; Lisitsin 
et al.. 1985). 

Using the initial data published by the early 1\:160s, Horn and Adams (1966) 
computed the balance of some macro- and micro-elements in the ocean. These 
computations revealed an actual excess of manganese ovel' its supply from 
continental sources. Such elements as chlorine. sulphur, bromine, iodine, 
molybdenum also turned out to be "excessive" (Table 133). 

Later, manganese supply to the ocean from various sources was estimated by 
Eldertield (1976) who considered several different models. From these models. :t.:! 
to. 4.0 million tonnes of dissolved manganese are supplied to the ocean and O. '7 - 7.4 
million tonnes of manganese sink to the bottom annually (Table 134). 

Lately, the supply of hydrothermal manganese to the ocean has become of 
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TABLE 134 
Fluxes of dissolved manganese in the ocean (m t I yr) 

(Elderfield, 1976) 

Supply 

River discharge 

Leaching out of 
magmatic rocks 

Secondary alterations 
of basic rocks 

Halmyrolysis 

0.2 

0.1-1.9 

1.1 

0.8 

DeposItion 

(1 1 By comparison of 
sedimentation rates in the 
oceans 4.i 
( :2) By accumulation rate 
of hydrogenous Mn: 
al by partition geochemistry 1.:2 
b J by correction to shales 7 . 4 
c I by accretion rate of 

nodules b.1 
(3) By Horn and Adams (1966 1 0.7 

spedal concern (see Chapter Il. According to various authors, 0.5 to 10 million 
tonnes of hydrothermal manganese are supplied to the ocean yearly (Table 13). 

253 

Diagenetic manganese ditlused into sea water out of sedimems is involved in a 
closed cycle. However, it should be also regarded when considering the balance of 
dissolved manganese in the ocean: this causes additional difficulties. 

Volkov (1981) has assessed the balance of manganese for three oceanic 
megazones - coastal, pelagic and ore-fields - using data on sedimentary 
material supply to the ocean from Lisitsin, 1974, 1978. For the "debit" part of the 
balance he proposed several ways to determine the areas and absolute mass of 
manganese; however, he assumed that the manganese content in pelagic sediments 
beyond ore fields was constant at 0.4%. The most reliable estimate, as Volkov 
believes, is given in Table 135. It shows that a given constant (manganese content 
in sediments beyond ore fields) causes the rise of supposed manganese concentra­
tion in the sediments that underlie manganese nodules to 6.7%. So, he concluded 
that it is precisely this excessive manganese which was used to form nodules, 
mainly during the Holocene. 

Another method of estimating the balance using mainly the same initial data is 
given in Table 136. In the Table, absolute masses of manganese in nodules are 
determined by their growth rate, the latter being estimated by radiometric 
techniques (several millimeters per one million years). 

In this case, one can see that "excessive" manganese dissipates in sediments 
which results from assuming the manganese average in pelagic sediments to be 1%. 
As such estimates are rather arbitrary, a special thorough investigation should 
be undertaken to detect the absolute rate of manganese accumulation in sediments. 
Such analyses were attempted earlier many times (Bender et al., 1970, 1971; 
Bostrom, 1973; Kraemer and Shornick, Hl74; Lisitsin, 1978) and a map was compiled 
for absolute manganese mass in the ocean (Figure 60), though no differentiated 
analysis of these masses was made for individual oceanic regions. Nevertheless, 
the total absolute manganese mass was assessed as 8.35 m t/yr for the pelagic zone 
(beyond the 3000 m isobath) (Lisitsin, 1981). This estimate is very close 
to that reported by Elderfield (Table 134) - 7.4 m t/yr, and coincides with 
that in Table 136 - 8 m t/yr. 

Our existing knowledge of manganese balance in the ocean is still insufficient 
- and that concerns both its "debit" and "credit" - in particular, through hydro­
thermal and diagenetic flows. 

According to different estimates, the supply of labile and dissolved manganese 
to the ocean is 0.2-0.4 m t/yr through river discharge, 0.05-0.3 by atmospheric 
maTP1"ial, 1-10 by hydrothermal material, and 0.4-4 m tlyr by diagenetic flow. So, 
the amplitUde of minimum-maximum summary estimates IS L. ~-14. 7 m t/yr. The 
accumulation rate of manganese should be studied in individual oceanic regions with 
due concern to their peculiarities, so that a true view of its actual amount can 
emerge. 

Attempts were also made to estimate the absolute mass of ore matter accumula­
ted in individual nodules. 
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Fig. 60. Accumulation rate of Mn in the Pacific and Indian ocean bottom sediments, 
llg/cm2 /1000 yr (Lisitsin, 1978). (1) less 0.5; (2) 0.5 to 2; (3) 2 to 5; 
(4) over 5; (5) boundary between oxidized and reduced sediments. 

TABLE 136 
Deposition of manganese in the ocean (Baturin, 1983) 

Zone 

Peripheral 

Hemipelagic and 
pelagic 

Ore fields 

Nodules 

.. Over the line: 
Under the line: 

Area 

(m km2) 

87 

220 

50 

5 - 10 

t/yr; 

Deposition to the bottom 

abiogenic 
matter 

23x108 
~ 

2x108 
1 

50x106 
~ 

(50-500)x103 
0.0005-0.0U5 

Mn content (%) 
in sediments 
and in 
nodules 

0.07 

0.4 

20 

mg/cm2 yr. 

Mn" 

Itix106 
0.0175 

8x106 
0.0040 

0.5xl06 
0.0010 

(l0-100 lx103 
0.0001-0.0010 
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From the radiometric techniques, manganese accumulation rates ~ with due 
concern of the total nodule surface) vary from 0.372 to :l.o R/cm2 /m yr; iron 
accumulation rates are 0.516 to 2.572 g/cm2/m yr (Bender et al., 1970; Somayajulu et 
ai., 1971; Kraemer and Shornick, 1974). The following accumulation rates were 
obtained for other metals (in mg/cmz/my): 0.15 to 9.4 Cu; 0.17 to 24 Ni; 0.019 to 
37 Co; 0.004 to :l1.2 Pb; 2.0 to 5.0 Zn (Kraemer and Shornick, 1974). 

A comparison of these data and data on the accumulation rates of metals in 
host sediments (Heath et ai., 1970; Bostrom et ai., 1973; Lisitsin. 1978) shows 
that, in general, metals accumulate in nodules and sediments at consistent rates, 
except for iron, vanadium, chromium and titanium - they are supplied to sediments 
at considerably higher rates in contrast to nodules (Somayaiulu et ai., 1971). 

DIRECT SOURCES OF MATERIAL SUPPLY TO NODULES 

The majority of ore elements that are supplied to the ocean from various sources 
are dispersed and mixed up in oceanic water and sediments and do not preserve 
any genetiC mark in them. Most probably oceanic nodules are formed from the ore 
material of polygenic origin, though some researchers would emphasise the 
predominant role of a hydrothermal sources (Chukhrov, 1978; Lisitsin, 1978). 

Nodules that rest on the bottom surface may grow due to a supply of material 
both from above lout of oceanic water) and below (out of host sediments). In 
particular, the manner of manganese precipitation from oceanic water (Chapter 1 V) 
and manganese behaviour in sediments and pore waters (Chapters V, VIi demon­
strate the influence of the two supply sources. On this basis, Skornyakova (1984, 
1986) and other investigators tried to divide nodules into two major types, namely, 
hydrogenous and diagenetic. 130natti et al. (1912) were the first to attempt a genetic 
classification of iron-manganese formations in the ocean on the basis of the major 
ore elements (manganese, iron and base metals) they contain. Three major types 
were distinguished, namely, hydrogenous, i. e., formed due to slow deposition of 
metals out of sea water and characterized by a high concentration of base metals 
and varying Mn/Fe ratios (from 0.5 to 5); hyarothermal, i.e., rich in iron and 
depleted of other metals; diagenetic, characterized by high Mn/Fe ratios and 
relatively low concentration of base metals. 

The classification in question, and a three-component diagram of ore composi­
tion based on it, were modified many times by various researchers on the basis of 
more representative and extensive data. In particular, it appeared that hydro­
thermal formations have an extremely wide range of Mn/ Fe ratios (Cronan, 1980). 

Ore crusts on the rocks of sea mountains, characterized by minimum rate of 
accretion, are considered as a standard of hydrogenous manganese ore in the 
ocean. Manganese formations in the direct Vicinity of hydrothermal sources are 
assumed to be a standard for hydrothermal ore. Nodules of hemipelagic regions 
resting on sediments enriched in organic matter are considered as a typical 
diagenetic formation. 

- So, the question may be raised: what is the relative role of hydrogenous 'lous 
and diagenetic processes in the formation of manganese nodules in oceanic pelagic 
regions in various sedimentary environments. 

To answer this question Dymond (1981; Dymond et al., 1984) suggested a 
normative model (Figure 61) accounting for three accretion processes, namely, 
hydrogenous, suboxic diagenetic and oxic diagenetic. The latter was proposed 
earlier as an independent type of the qiagenetic processes on the basis of a detailed 
geochemical and lithological study of pelagic oceanic sediments (Logvinenko, 1974; 
Volkov et aI., 1976). Later, it appeared that a considerable supply of organic 
matter to the bottom of oceanic pelagic zones exists (Honjo, 1978, 1980, 1982; 
Suess, 1980; Reimers, Suess, 1983; Savenko, 1985), playing an important role in 
the latter process. 

A special analysis, based on the model in question, was performed to find out 
the contribution of the three accretion processes to the supply of metals to the 
nodules in the eastern equatorial hemipelagic zone of the Pacit"ic. It revealed that 
57 . 8~ of the bulk matter is supplied by oxic diagenesis, 40. It, by suboxic diagenesis 
and only 1% by hydrogenous accretion (Table 137). 

It seems that the major papt of the material of pelagic nodules, which was 
tpaditional1y believed to be hydrogenous, is mobilized fpom sediments due to oxic 
diagenesis. 
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(Cu+Ni+Zn}x/O 

Fe~--------~-------== Mn 
50 

Fig. 61. A triplot of (Cu + Ni + Co) x 10 versus Mn versus Fe contents in nodules 
of Sites H, S and R (MANOP) (Dymond et al., 1984). Dashed boxes show 
fields of hydrogenous (H), oxic (0) and suboxic (S) accretion. 

TABLE 137 
Sources of nodule material supply in the eastern equatorial hemipelagic 

zone of tne Pacific (Dymond et al., 1984) 

Element 

Na 
iVIg 
Al 
Si 
K 
Ca 
Mn 
Fe 
Co 
Ti 
Ni 
Cu 
In 
Ba 
Average 

Hydrogenous 

0.7 
0.8 
0.9 
1.9 
1.11 
2.8 
0.9 
8.6 

10.1 
G.7 
1 -J 

0.2 
0.5 
0.7 
1.5 

Sources 

Oxic diagenetic Suboxic diagenetic 

40.8 58.5 
69.7 :W.5 
82.8 16.2 
82.1 16.0 
64.6 34.4 
61.5 35.7 
47.9 51.2 
85.4 6.0 
82.7 7.2 
81.0 12.3 
74.0 24.8 
ts8.:2 11.6 
61.4 38.1 
75.2 :24.1 
57.8 40.7 

Hydrogenous ore crusts are believed to be formed due to the accumulation of 
dissolved metals at electrochemically active surfaces or' the solid phase. whereas 
formation of diagenetic nodules is associated with colloidal-chemical processes at the 
sea water {bottom interrace (Goldberg and Arrnenius, 1958; Sevastyanov and Volkov. 
1965, 1967; Burns and Burns, 1975). 

WHY DO MANGANESE NODULES REST ON THE SEDIMENT SURFACE? 

An obvious contradiction between the low growth rates of manganese noduies 
(millimeters per million years) and sedimentation rates that are three orders higher 
(millimeters per thousand years) remained unexplained for many years. It was used 
as the main argument against the ancient age of nodules. The very occurrence of 
dense nodules on the surface of semi-liquid sediments was a puzzle. However, special 
analyses of the physical properties of sediments, in particular their shear streIJgth, 
revealed that sediments are dense enough to support nodule bodies at the bottom 
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surface and to prevent their sinking (Piper and Fowler, 1980). 
Similar results were obtained by Goriyainov and Goriyainova (1983) who 

estimated the forces pushing nodules out of sediments. When a nodule rests on the 
surface of a dense sediment, it experiences a uniform hydrostatic pressure (Figure 
62a 1. As the nodule sinks into the mud, its bottom segment experiences greater 
compression in contrast to its top parts, which meet only hydrostatic pressure 
(Figure 62b). In this case, if an upward constituent of the pressure that affects 
the nodule exceeds its weight and adhesive strength, it will be squeezed upward 
by the sediments as their density becomes greater until the oppositely-directed 
forces reach their equilibrium; the nodule will come to the surface and its position 
will be higher in contrast to the initial moment (Figure 62c). In the general case. 
a nodule can be assumed to be an ellipSOid of revolution with normal compression 
f affecting its bottom part; it can be decomposed into horizontal (fri and vertical 
(tb 1 constituents. The pushing force will be the resultant of the two vertical 
constituents (Figure 62d). -

a 

d 

.... -- .... ..,. -

b 

..... -­--::~::~::~::~~-~~~~~ .. ~~ 

c 

Fig. 62. Scheme illustrating the forces that push nodules out of sediments 
(Goriyainov and Goriyainova, 1983). (1) sea water; (2) bottom suspension; 
(3) sediments. Other notations are given in the text. 

Another mechanism can be found to explain the occurrence of nodules at the 
bottom surface. It results from the activity of bottom fauna which was detected in 
pelagic regions of the ocean even at maximum depth (Figure 63.1. In a search for 
food, microorganisms inhabiting the bottom surface of nodules, for instance, benthic 
dwellers can push nodules out of the mud or even turn them upside down. Nodules 
would remain on the surface if they are pushed upward once evel'V several 
thousand years (Von Stackelberg. 1985). Such episodes in a nodule'S "biography" 
were detected by the radiometric age-dating of the bottom and top parts of nodules 
(Krishnaswamy and Cochran. 1978). (It is worth mentioning that Darwin wondered 
how earth worms can move rather large stones.) 
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Fig. 63. Gigantic enteropneust worm C- 1 m long) and its spiral tracks in surficial 
sediments of the South Pacific (29°40S; 176°43W; depth 4735 m) (Bourne 
and Heezen, 1965). 
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According to another hypothesis, benthic fauna stimulate the injection of 
sedimentary matter from the surface to the passages they make, the nodules 
remaining on the surface (Piper and Fowler, 1980). Traces of an active bioturbation 
revealed in the upper 10 to 20 cm of pelagic sediments and verified by radiometric 
data testify to this hypothesis (Berger and Killingley, 1982; Sanderson, 1985). 

BIOGENIC ASPECTS IN MANGANESE NODULE GENESIS 

Though manganese does not belong to the major biogenic elements, it is in charge 
of a number of important beiogenic functions (Chapter III). The more important 
thing, however, is that the biogenic factor determines to a considerable extent the 
manganese destiny on its way to the ocean. The entire fine terrigenous material and 
the greater part of hydrothermal material that enter into the ocean pass repeatedly 
through the biogenic filter before they reach the bottom (Lisitsin, 1983). iVIanganese 
species in water and suspension are associated with the occurrence of organic matter 
and activity of sea bacteria (Chapters II, IV). 

At the oceanic bottom, manganese and other metals are also affected by the 
biogenic factor, beginning with the downward flux of organic matter and terminating 
with benthic activity (from microorganisms to macrofauna). Bacterial activity is of 
especial concern as it may affect the growth, structure and composition of nodules. 

Specific sea bacteria that accumulate iron and manganese were discovered in 
water, suspension, sediments and manganese nodules of the ocean. In the waters 
of the northeastern PaCific, they comprise to 5% of the total microbial inhabitants 
of suspension (Cowen, 1982). In bottom sediments, both metal-oxidizing and 
reducing bacteria were detected (Ehrlich, 1963-1980; Krumbein, 1971; Schuett and 
Ottow, 1977). 

Butkevich (1928) was the first one to report on the specific iron bacteria in 
manganese nodules recovered from the Arctic basin bottom. He discovered Gallionella 
in the jars containing sea water and nodules. Later, in nodules from the Kara Sea, 
other species of microorganisms were found which were capable of accumulating iron 
and manganese (Kalinenko, 1946; Kalinenko et aI., 1962). The microbiological 
analysis of manganese nodules from the northeastern and southern Pacific revealed 
to 80 mln./cm3 of bacteria in them, though no specific iron bacteria were detected 
(Sorokin, 1971, 1972). Other similar analyses had more success - they revealed 
abundant iron bacteria. In the nodules from the Central Pacific, a specific bacterial 
microflora appeared to be abundant in contrast to underlying sediments (Ehrlich, 
1972; Ehrlich et aI., 1974). Similar results were obtained in the microbiological 
analysis of nodules from the southeastern Pacific, the density of microbe inhabitants 
in nodules "being 30 mln/g; in particular, 10 thousands of specific manganese oxidizing 
bacteria per gram. The number and composition of microflora in bottom, equatorial 
and top parts of nodules appeared to be similar (Schuett and Ottow, 1977). Some 
data on microbe inhabitants of the Pacific nodules are given in 'fable 138. 

A number of other papers reported on the occurrence of new species of 
bacteria, bacterial spores and bacterial ferments that inhabit sea water and are 
capab.le of oxidizing and depositing manganese and iron (Kepkay and Nielson, 1982; 
Rosson and Nielson, 1982; Schuett, 1982; Cowen and Bruland, 1985). 

The function of microorganisms in manganese and iron oxidation and the 
mechanism of oxidation are still under debate. 

Vinogradsky (1952) believed that bacteria oxidizing iron are inorgoxidative 
since they use the energy of oxidation for their growth and practically do not need 
any organic matter as they consume carbon dioxide. 

Kalinenko (1946) supposed that iron and manganese oxidation by bacteria is 
their accessory function, having no connection with their life cycle and being caused 
by pH increase. It was also supposed that an iron coating over bacteria may protect 
them from Protozoans grazing or that metal oxidation is somehow connected with 
heterotrophic organisms (Zavarzin, 1972). 

Various aspects of oxidation-reduction functions of marine bacteria detected in 
manganese nodules were considered in many works by Ehrlich and other researchers 
(Ehrlich, 1963, 1964, 1966. 1968, 1971, 1972, 1974, 1976, 1980; De Castro and 
Ehrlich, 1970; Ehrlich et aI., 1972, 1973; Giorze, 1977; Arcuri and Ehrlich, 1979, 
1980; Marshall, 1979, etc.). The data considered confirm that occurrence of various 
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bacteria, in particular, specific iron bacteria in deep-sea manganese nodules is a 
fact. Now, the question under debate is how great and independent their role is in 
nodule formation. 

Electron microscopy of manganese nodules from numerous regions of the World 
Ocean revealed various biomorphic ultramicrostructures in them that are sometimes 
predominant and seem to be bacteriogenic. 

In the Pacific nodules, dendritic filaments, tubes and rods of vernadite and 
other manganese minerals were recognized, that might appear as the result of the 
activity of microorganisms similar to i'lIetallogenium or Kuznetsovia specimens 
(Andruschenko and Skornyakova, 1967; Andruschenko, 1976; Chukrov, 1978; 
Chukrov et at.. 1978). 

In the Indian ocean nodules, cocci-like and filamentous formations of iron and 
manganese hydrooxides and also spheric bodies with thorns and hyphae were 
identified as bacterial spores (Kalinenko et at., 1962; Lazurenko and Khoruzhyi, 
1980; Lazurenko, 1982). 

In the Atlantic nodules of the Caribbean basin, biomorphic ultramicrostructures 
were also detected of rod -rounded and star-like shapes (Chugunnyi and Demenko, 
1973). Xavier (1976) analysed a representative collection of the North Pacific nodules 
using the electron microscope and inferred that all ultramicrostructures of manganese 
and iron hydrooxides of spheric, oval and rod-like shape are of bacterial nature in 
the bulk on the nodules analysed. 

Such a conclusion might seem extremely explicit, but recent data testify to the 
occurrence of bacteriogenic structures in nodules (Burnett and Nielson, 1981, 1983; 
Baturin and Dubinchuk, 1983, 1986). 

In nodules of the Pacific and Indian oceans which we analysed, the most 
typical biomorphic ultramicrostructures are cocci, filaments, tubes and chains. 

Cocci-like structures are formed of rounded or slightly oval and lens-like 
bodies of 1. 0 to 1. 5 ].Jm in diameter. They occur as individual formations or as 
dense aggregates. Sometimes they are coated by iron and manganese hydrooxides 
which hide the details of their original microstructure. 

Tubular structures are straight or slightly curved tubes 1 to 10 ].Jm long and 
0.1 to 0.3 ].Jm in outer diameter, thickness of its walls being about 0.01 ].Jm. The 
diameter of individual tubes is more or less constant: however, alteration of slight 
bulging and narrowing may be observed along their axes. The structures in 
question are entirely, only rarely partly, filled with iron and manganese hydro­
oxides, as was dis coveI'd by the microdiffraction technique. 

Filament structures are formed by dense agg-regates of parallel fibres 2 to 5 
].Jm long and to 0.2-].Jm thick. Individual fibres are no more than 0.001 ].Jm thick. 
Aggregates are usually placed chaotically, rarely parallel to each other. Filament 
structures are associated with cocci and tubular ones. From the micro diffraction 
data they are mainly composed of iron and manganese hydrooxides. 

Chain-like aggregates are formed of bodies joined into linear or bifurcating 
chains. Figure 64 shows the most typical of them. 

The ultramicrostructures described are spread irregularly within various 
regions and within separate sites; however, they may predominate in one sample or 
another. 

According to their morphology, they can be correlated with the known water 
(in particular, sea water) forms of the bacterial nora and microflora described in 
many works (Kholodnyi, 1952; Kalinenko, 1962: Zavarzin. 1972: Balashova, 1974: 
Stanip.r et al., 1976; Artemchuk, 1981, etc.). 

Coccoid formations resemble in shape and size various species of spores, cocci, 
marine yeasts and fungi, some of which can be also compared with small 
coccolithophorids that are rock-forming components in oceanic deposits. They are 
also similar to microorganisms depositing iron and manganese (Siderocapsa, 
Caulococcus, Ochro bium, Siderococcus). 

Tubular structures are also extremely widespread in the microbial world. In 
particular, they are typical of Sphaerotilus and Leptothrix species that accumulate 
(or deposit) iron and manganese. Besides, they resemble stems of iron bacteria 
Gallionella impregated by iron. 

Filament forms may be compared with actinomycetic hyphae, marine fungal 
mycelium, and also filaments of iron bacteria Gallionella and Toxothrix. 
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GENESIS OF SULPHIDE MINERALS AND NATIVE METALS IN MANGANESE NODULES 

The occurrence of sulphide minerals, native metals, in particular aluminium and iron 
and intermetallic compounds in pelagic nodules under extremely oxic conditions is a 
paradox. Nevertheless, these findings are not isolated (MUller, 1979; Os.wald, 1983; 
Baturin and Dubinchuk, 1983a, 1984b, c; Baturin et aI., 1984; Yushko-Zakharova 
et aI., 1984) and are mainly limited by the availability of highly sensitive 
instruments. Manganese nodules are only one of the new natural formations that 
turned out to contain native metals under perverse conditions from the classical 
standpoint of geochemistry. Earlier, native metals were recoverd in the lunar 
samples, various magmatic and hydrothermal rocks, oceanic sediments, under con­
ditions far from suitable for their formation (Oleinikov et aI., 1978; Siesser, 1978; 
Ashikhmina et aI., 1979, 1981; Novgorodova, 1979, 1983; Shterenberg et aI., 1980, 
1981; Maury et aI., 1980; Lazur et aI., 1984). 

The origin of the minerals considered in nodules might be cosmogenic, 
magmatogenic, volcanic-hydrothermal, terrigenous, diagenetic and biogenic. 

The cosmogenic material comes to the Earth's surface in various forms, 
particularly as magnetic spherules, discovered in pela~ic sediments and manganese 
nodules as early as in 1884 by Murray and Renard and then by many others 
(Finkelman, 1970; Jebwab, 1975; MUller, 1979). WUstite and taenite were also detec­
ted in magnetic spherules (Finkelman, 1970) which seems to testify to their cosmic 
nature. However, in manganese nodules, wUstite and taenite were detected not in 
magnetic spherules themselves but were dispersed in hydrooxide matter, the former 
as a finely-dispersed inclusions, the latter as micro granules of indefinit habit. 

In oceanic basaltoids, dispersed sulphide mineralization was recorded as the 
finest inclusions, rarely as veinlets, of chalcopyrite, bornite and pyrite 
(Vakhrushev and Prokoptsev, 1969; Frolova et aI., 1979). However, manganese 
nodule fields are not confined to basaItoid outcrops. 

The supposition on volcanogenic-hydrothermal nature of the minerals considered 
does not seem to be true either, as nodule fields are usually at a great distance 
from active volcanic sources and active tectonic rift zones. Therefore, a finely­
dispersed volcanic and hydrothermal material should have resisted a long exposure 
to an oxidizing sea environment before it comes to the nodule field. Hydrothermal 
sulphides cannot pass this test. In the areas of recent hydrothermal activity, 
sulphide minerals are preserved at the bottom and in near-bottom suspension 
exclusively in the direct vicinity of hydrothermal springs and then they change to 
hydrooxides as they move off only at several meters or tens of meters (Hekinian et 
al., 1980, 1983). 

The idea of the terrigenous nature of these minerals is also problematic as they 
occur neither in river nor in eolian suspensions. Ostwald (1983 i, who studied 
manganese nodules of the South Pacific, supposed that copper and nickel sulphides 
are formed in nodules due to "local enrichment by these elements above that which 
could be accomodated in the todorokite structure. The excess metals were trapped, 
however, by the fortuitous presence of sulphur species, resulting in the 
development of fine inclusions of sulphides within manganese oxide matrix". However, 
such mechanism seems dubious since Chukrov et al. (1983) detected a high iso­
morphic capacity of manganese minerals with respect to nickel. So, the occurrence 
of these metals in nodules seems to be better explained by the biochemical 
mechanism. This supposition is testified to by the data on active participation of 
organic components in oceanic geochemistry of manganese, copper, nickel and other 
metals. 

Detailed study of the suspended matter from the World Ocean pelagiC zones 
revealed authigenic uItramicroparticles of native sulphur, pyrite, covellite, and 
sphalerite; their genesis can be explained only by biochemical activity of organic 
matter and low oxidation rate of these formations which are associated with organic 
aggregates (Jedwab, 19'79, 1980). It is not clear, yet, whether these particles can 
reach the bottom and be preserved in sediments, as their oxidation must be already 
commencing in the water collumn. However, the flux of organic matter to the bottom 
surface is intensive enough to create at least a local and temporary reducing micro­
environment (Romankevich, 1977; Bishop et aI., 1977a, b, 1980; Suess, 1980; 
Reimers and Suess, 1982; Baturin, 1983, 1984; Lisitsin, 1983; Savenko, 1984). 
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This supposition is supported by denitrification in oxidized oceanic sediments 
(Wilson, 1978) and formation of authigenic native sulphur and gypsum in nodules 
(Kirchner et aJ., 1978; Xavier and Klemm, 1979). 

This very flux seems to support the existence of benthic microfauna on 
manganese nodules (Greenslate, 1974; Wendt, 1974; Dugolinsky, 19'77; Thiel, 1978; 
Von Stackelberg, 1985) and a considerable population of viable heterotrophic micro­
organisms, among which specific iron bacteria, and even anaerobic organisms were 
detected, the latter being able to provide ror sulphate reduction under correspon­
ding conditions (Ehrlich, 1972, 1974; Ehrlich et aJ., 1972; Schuett and Ottow, 1977; 
Marshall, 1979; Schuett, 1982). 

The appearance of sulphide mineral phases in nodules possibly results from 
the life activity processes of these assemblages. 

To verify this concept, complex biochemical analyses of both nodules and 
sulphide minerals proper are necessary, including the determination of isotopic 
composition of sulphur that preserves the biological marker in itself. 

It is not clear whether the occurrence of native metals such as aluminium and 
iron in nodules may also be explained by biogeochemical processes. In any case, it 
is only a part of the general problem of the genesiS of these minel'als in various 
sedimentary formations, both in the oceans and on land. To solve it, new theoreti­
cal and experimental approaches should be conceived. 

CONCLUSIONS 

The present work was based partly on published and partly on original data. Its 
aim was to review the recent progress on the knowledge of nodule formation in the 
ocean, It is our hope that we have coped with the problem - the last most extensive 
reviev nf this kind was published in 1977 by Glasby. 

~ ne monograc h is a collection of the data available on the marine geochemistry 
of dispersed manga\~ese and on the geochemistry of manganese nodules; in particular 
tn" Gehaviour of some rare elements in them. The latter only became possible thanks 
to the recent progress in marine geology and geochemistry: for the last ten years 
the collection and processing of information has entered a quantitatively and 
qualitatively new stage. 

Like many such comprehensive reviews, the present work dwells upon a wide 
range of problems; however, not all of them are considered equally. Some problems 
are traditionaL in the general topic of nodules, some are considered for the first 
time and deserve fu rther analysis. 

We see the general pattern of manganese nodule formation in the ocean as 
follows. . 

Manganese and other metals are supplied to the ocean from various sources and 
in various forms: mainly solid species (terrigenous and volcanic material) and as 
mainly dissolved species (hydrothermal material). The former are deposited in the 
vicinity of their source, the latter may be transported to a greater distance which 
is limited by the high reactivity of manganese. The third, though internal, source 
of ore matter supply in the ocean is a diagenetic nux from hemipelagic sediments. 

Despite its short residence time in oceanic water (several hundred years), 
manganese from these source is well mixed by currents, advection and biological 
activity, and is deprived of any markers to indicate its initial origin. 

Manganese and associated metals are precipitated out of sea water as the result 
of oxidation, coagulation, sorption and as a component of biogenic detritus. One of 
the possible additional modes of manganese extraction out of sea water is its sorption 
by the surface of bottom sediments. 

In the surficial sediments and in the bottom nepheloidal layer, the initial 
stage of diagenetiC transformation of sedimentary matter occurs which leads to a 
partial dissolution of biogenic components, and enrichment of residual fractions by 
base and other metals. At this stage, numerous ultramicroscopic accretions of 
manganese oxides are formed as a result of colloidal chemical processes. Some of 
these accretions may serve as nuclei of micronodules along with other sedimentary 
materials. A diffusive flux of metals from the underlying sediments may supply 
additional reserves of metals for such accumulation to the extent depending on the 
given facial environment. 
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In general, the accretion rates of nodules are 2-3 orders lower than 
sedimentation rates. Nodules rest on the bottom surface either due to the plastic 
properties of sediments, or due to bioturbation producing a "sieve" effect: 
surficial sediments and also micronodules sieve through the holes made by bottom 
fauna, whereas large nodules remain on the surface. Lithification of underlying 
sediments (for instance. during long intervals of non-deposition) results in the 
subsequent burial of nodules under new portions of sedimentary material. 

To specify and clarify this picture further investigations are required. 
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Among the most pressing problems of geochemistry of manganese and manganese 
nodule-ore formation in the ocean are the following: 

The share of various sources in the total ore matter supply to the pelagic 
zone of the ocean. In particular, it is important to determine more precisely the 
possible share of hydrothermal manganese in pelagic nodules. Therefore it is neces­
sary to improve the models of identification of the sources of ore matter in the ocean 
(Bonatti. 1972; Dymond, 1981, etc.), to define to what degree they are informative, 
and the range of their application. 

T he role played by the diffusion of metals from hemipelagic sediments in their 
total balance in pelagic sedimentation and ore formation. Judging by its scale, this 
process does not seem to fall behind the terrigenous and hydrothermal supply of 
metals. 

The global balance of metals in the ocean and the relative share of ore 
formation in it. The available maximum estimates of terrigenous, hydrothermal and 
diffusive supply of manganese each exceed the corresponding absolute amount of 
manganese supplied to sediments, whereas the share of the manganese expended on 
nodule formation varies from several hundredths of a percent (Baturin, 1983) to a 
few percent (Volkov, 1981). 

Now, oxic oceanic diagenesis is believed to play an important role in nodule 
formation; however no plausible interpretation of its mechanism exists and the 
problem requires further litholOgical, geochemical and thermodynamic basement. 
Thus, the question of the proportions of hydrogenous and diagenetic supply of 
metals to those nodules, which earlier were considered exclusively "sedimentary" 
ones, is still open. 

The high relative concentration of mobile forms of hydrolizate metals (aluminium 
titanium, zirconium) in manganese nodules causes one to raise the question on the 
manner of their transformation in the process of nodule formation, the sources and 
forms of their supply and on t.heir possible application as geochemical indices of 
nodule genesis. 

The behaviour of such elements as selenium, tellurium, bismuth, tantalum, 
platinum and metals of the platinum group in nodules and in the marine environment 
as a whole is poorly investigated. Of particular concern is the high platinum to 
palladium ratio in nodules. 

The origin of sulphides and native metals in nodules goes beyond the theme 
of manganese nodules and is one of the general problems of sedimentary geo­
chemistry. Any success achieved in deciphering their occurrence in nodules will 
contribute to geochemistry as a whole. 

The biol?'enic aspect of nodule formation has acquired a speCial meaning since 
new inferences were made on the dynamics of organic matter supply to the bottom, 
due to the sedimentary trap techmque. Suspensions rich in organic matter reach 
the bottom surface, the nodule surface included. Utilization o('this organic matter 
is at a maximum in pelagic sediments which contain a minimum of organic matter. 
Microorganisms participating in the process affect it geochemically, including 
mobilization and demobilization of manganese, iron and other metals. Despite a great 
number of works devoted to the problem in question, many of its aspects are not 
clear and demand further detailed field, experimental and' theoretical researches. 

The progress in determining the age and accretion rates of nodules is impressive. 
However, those results are -overshadowed by the evident violation of some 

basic prerequisites of radiometric dating methods such as the participation of dia­
genetic flux of metals in the formation of nodules and their postdepositional 
alterations implying further surch for new independent methods of dating and 
interpreting of results. 

This list of acute problems for the geochemistry of nodules in the ocean is not 
complete; however, it illustrates that a wide sphere of activity is open for modern 
and future researches. 
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Atmospheric precipitation 9 

Australia 10, 101 

Authigenic minerals 122 

Autocatalytical reaction 45 

Azov Sea 5, 7-9, 60, 63, 66, 67 

- - basin 5, 7-9 

sediments 60, 63, 66, 67 

Bacteria 29, 56, 57, 260-264 

Bacterial capsule 56 

Balance 23, 24, 50, 250-256 

Baltic Sea 26, 27, 31, 59, 60, 63, 

74, 78, 83, 84, 92 

sediments 59, 60, 63, 74, 78, 

83, 84, 92 

nodules 138, 216 

Banu Wahu 18 

Barbados Island 30, 31, 52, 53 

Barents Sea 40, 59-61, 85, 138, 216 

Barite 122, 173 

Barium 148, 149, 151, 162, 166-169, 

171, 173 

Basalt 18, 21-24, 101, 107, 108, 

240, 242 

altered 21-24 

- breccia 101 

SUBJELT INDEX 

glass 22 

palagonitized 240, 242 

Base metals 37, 101 

Basic rock 18, 19 

Bathycyathus 39 

Bauer Depression 89, 151, 180, 190 

Beaufort Depression 59 

Bed rock 104 

Bellinsgausen Depression 100 

Bench 61 

Benguela zone 85 

Bentic crustacea 40 

Berillium 4,10,51,179,239 

- isotopes 10, 239, 240, 243-245, 

247 

Berin Sea 60, 62, 64 

Bermuda 10,11,14,15,26,27,30, 

31, 102 

- Basin 26, 30 

- Islands 10, 11, 14, 15, 27, 31 

- Rise 102 

Bioassimilation 34, 53 

Biodifferentiation 53 

Biofiltration 40 

Biogenic cycle 27 

Biogenic elements 56, 162, 166, 171 

Biogenous components 29 

Biological productivity 53 

Biostratigraphic method 239-242 

Bioturbation 260, 267 

Birnesse 152 

Birnessite 144, 148, 152, 169, 171 

Biryuzovoe Lake 20 

Bismuth 210 

Bivalve 40 

Black Sea 4,5,7-9,26,27,29,30, 

35, 37, 40, 43, 60, 63, 65, 67, 

74, 83, 84 

- basin 4, 5, 7-9 

- sediments 60, 63, 65, 67 

Black shales 78 

Blake Plateau 98, 102, 108, 133, 

135, 173, 176, 185, 205, 226, 

231, 232 

Blood 44 
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Blue-green algae 35 

Bombay 13 

Bone 43, 44, 240, 242 

Borderland 128 

Bornholm Deep 26, 31 

Bornite 122, 126, 265 

Boron 230 

Bothnia Gulf 59 

Botryoidal aggregate 101, 103, 107 

Bottom current 57 

Bottom Jauna 258, 259 

Bottom water 26, 27, 29, 30, 94 

Brahmaputra River 7-9 

Brazil 39, 135, 177 

- Basin 135, 177 

- coast 39 

Breccia 101 

Bromine 230, 251, 252 

Brown algae 37, 38 

Brown clay 59 (see Red clay) 

Brunhes-Matuyama 242 

Brownian motion 50 

Bubble 15 

Buccinum 41 

Buserite 114 

Bzyb River 8 

Cadmium 9, 51, 180 

Calanus 36 

Calcareous 29, 37, 51, 52, 67, 143 

- compound 29 

- film 37 

- sediments 51, 52, 67, 100, 143, 

222 

Calcite 77, Ill, 122 

Calcium 58, 77, 148, 150, 151-153, 

162, 163, 166-169, 171-173 

- carbonate 58, 77, 102, Ill, 122, 

171 

California 18, 26, 31, 53, 78, 83, 

86, 88, 141 

- current 26 

- , Gulf of 78, 83, 84 

- zone 85, 86, 88, 141 

Californian field 128 
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Campbell Plateau 192, 197, 204, 205, 

208, 210, 229-231, 232 

Canada 26, 29 

Caolinite 122 

Cape Agulhas 98, 102 

Cape Basin 26, 133, 135, 176 

Cape Verde Basin 108, 133 

Capsule 56 

Carapace 40, 42 

Carbohydrate 29, 36 

Carbon 7, 49, 53, 162, 164-167, 169, 

170 

organic 7, 49, 53, 162, 164, 

169, 170 

total 164-167 

Carbonate-free matter 63, 65-68 

Carbonic gas 236 

Cardium 41 

Caryophy11ia 39 

Caspian Sea 5, 7-9, 18, 60, 67, 74 

- sediments 60, 67, 74 

Cataclastic 111 

Catalyst 57 

Cation 7, 51, 159 

- exchange 51 

Caucasus 63 

Caulerpa 38 

Caulococcus 261 

Caviar 42 

Central Indian 98, 100, 101, 103, 

107, 133, 157 

- Basin 103, 107, 133, 157 

- field 98, 100, 101 

Central Pacific field 99 

Cerastoderma 41 

Ceratium 36 

Cerium 190 

Cesium 51, 175 

Cetacean 108 

Chaetomorpha 38 

Chalcophanite 114, 159 

Chalcopyrite 122, 125, 126, 265 

Challenger Expedition 9, 16, 58, 239 

Charco Redondo 151 

Cheleken 18 
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Chesapeake Bay 83 

Chiater spring 20 

Chiatura 4 

Chile Basin 100 

China Sea 10, 13 

Chitin 37 

Chlamys 41 

Chlorinated spirit 29, 32 

Chlorine 7, 46, 231, 251, 252 

Chlorite 122 

Chlorophyta 37 

Chondrite 17 

Chorda 38 

Chardaria 38 

Chorokh River 5, 8 

Chromium 209 

Citric acid 47 

Cladocera 39 

Clarion-Clipperton 98, 99, 103, 

112, 127, 129, 130, 175, 231 

Clastic minerals 7 

Clay 14, 50, 59, 62, 63, 122 

Climate 9, 137 

Climatic zone 139, 217 

Clinoptilolite 171 

Coagulation 50 

Coastal abrasion 254 

Coastal upwelling 85, 86, 92 

Cobalt 4, 51, 79, 80, 101, 127-130, 

132-161, 188, 201, 203 

Cocci 261, 262 

Coccophora 38 

Cocos Basin 100, 101, 107 

Codfish 43 

Codium 38 

Codor River 8 

Coefficient 

- of concentration 237 

- of diffusion 93 

- of migration 4 

Coelenterata 37 

Collision 50 

Colloids 7, 27, 29, 257 

Colorado River 3-6 

Cometary material 16 

SUB.JEX:T INDEX 

Concentration 93-95, 145, 159, 173, 

236 

- coefficient 145, 159, 173, 236 

- gradient 93-95 

Congo River 6 

Constant of equilibrium 49 

Contamination 40 

Cook Ridge 100 

Copepodean 35, 37 

Copper 4, 9, 51, 79, 80, 99, Ill, 

114, 127-130, 132-161 

Coprecipitation 50 

Coral 39, 40 

Core 103, 104 

Correlation 78, 104, 107, 146, 149, 

150, 160, 171, 173, 181, 186, 

187, 201, 214, 216, 218, 219, 

222, 224 

Cosmic matter 16 

Covellite 122, 126, 265 

Crab 40, 42 

Crassostrea 41 

Crepidula 41 

Crimea 13 

Crozet 100, 133, 134 

Crustacea 37 

Crustification III 

Crystall lattice 7 

Cuba 151 

Cyanophita 35 

Danube River 5, 8 

Deception Island 20 

Deep water 26, 30, 56 

Dendrite III 

Dendrophyllia 39 

Denitrification 266 

Deryugin Basin 62 

Desmophyllum 39 

Desorption 27, 51, 52 

Diagenesis 77, 92, 218, 249 

Diagenetic 104, 112, 145, 159, 179, 

215, 218, 256 

Diamantina 98, 100, 101, 107, 134 

Diatom 9, 35, 53, 103 
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Diatomaceous ooze 51, 52, 143 

Dickson 11 

Diffusion 93-95, 247 

- coefficient 93 

Diffusive flux 93-95 

Discharge 3-6 

Discoaster 240 

Discovery Deep 89, 90 

Dnieper River 4, 5, 7, 8 

Dniester River 4, 5 

DOMES 143, 151, 178 

Don River 5, 7, 8 

Drainage area 4 

Drake Passage 98, 100, 114, 128 

Dry residue 4, 169 

Dry weight 34, 40, 42 

DSDP cores 74, 78 

Dust 9, 10 

Dyctio1a 38 

Dysprosium 192 

Ear bone 108, 242 

East Pacific Rise 18, 20, 89, 100, 

181, 184, 242 

Echinodermata 40, 41, 43 

Echinometra 43 

Echinus 43 

Edaphogenic material 100 

Eh 45, 46, 84-91 

Electron spin resonance 28 

Eluvium 104 

Emission 9 

Eniwetok Atoll 11, 15 

Enrichment coefficient 18 

Enteromorpha 38 

Enteropneust 258 

Eolian material 9, 10, 254 

Equilibrium 46, 248 

Erbium 191 

Eruption 18 

Estuarie 27 

Etna Volcano 

Eupelagic clay 68, 72, 81, 103, 

104, 141, 143 

Euphauside 35, 37 

Euphotic layer 56 

Europium 190 

Exhalation 18 

Far East Seas 63, 67 

Fault zone 145 

Fecal pellet 37, 40 

Feld spar 14, 122 

Ferment 34, 260 

Feroxyhyte 78, 122 

Ferrihydrite 78, 144 

Ferromanganese crust (see Ore 

Crust) 

Fibrous structure 120 

Finland, Gulf of 138 

Fish 34, 42-44 

- teeth 108, 111 

Fission track 239, 243, 244 

Fjord 27 

Flesh 34, 40, 42-44 

Florida 39, 102 

Flower algae 38 

Fluor-carbonate-apatite 173, 174 

Fluorine 7, 9, 230 

Flux 52-55, 57, 251-253 

Foam 15 

Fog 10, 13 

Foraminifera 35, 37 

Fractional analysis 78 

Franz Joseph glacier 10 

Fucus 37, 38 

Fu1vic acid 7, 78 

Fumarole 18 

Funca Bay 83 

Fungi 262 

Gadolinium 191 

Galapagos 18-20, 151, 153 

Ga11ione11a 260, 262 

Gallium 4, 7, 184 

Ganges River 6, 8, 9 

Gastric gland 40, 42 

Gastropod 40 

Gauss Expedition 58 

Geochemical province 141, 144 
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Geomagnetic field 240 

Germanium 204 

Gill 40, 42-44 

Glacial material 100 

Glaciation 242 

Glacier 10, 14 

Glass 22 

Glicimeris 41 

Globular structure 109-112 

Glomar Challenger 74 

Goethite 114, 122, 156, 181 

Gold 222 

Gonade 44 

Gotland Depression 26, 84 

Granulometric fraction 78, 79 

Green algae 37, 38 

Greenland 10, 13, 62 

Guatemala Basin 26 

Guiana Basin 50, 98, 102 

Hafnium 47, 203 

Half period of exchange 43 

Halimeda 38 

Halmirolysis 253 

Harima Sea 26 

Hawaii II, 14, IS, 34, 98, 100 

Hawaiian field 98, 100, 128 

Heart 43, 44 

Heavy minerals 58 

Helium 24, 232 

Hemipelagic sediments 72, 76, 100, 

141-143, 147, 168 

Hemipelagic zone 216-218, 220 

Henricia 43 

Hess Depression 245 

Hexagonal system 122 

Heymaey volcano 18 

High-molecular compounds 27 

Hill 99, 100, 104 

Hokkaido 151 

Holmium 192 

Holoturian 40, 41, 43 

Homarus 40, 42 

Humic acid 7, 27, 28, 78 

Humic complex 7 

Humid zone 4, 10, 67 

Hwang Ho River 4 

Hyaline structure III 

Hyphae 262 

Hyalobasalt 112 

Hyaloclastic 108, 151 

Hydrogene 233 

SUBJECT INDEX 

Hydrogene sulphide 27, 29, 83 

Hydrogenous supply 83, 92, 256, 257 

Hydrogenous nodules 104, 112, 145, 

159, 177, 214, 256 

Hydrolisate elements 162, 166 

Hydromica 122 

Hydrooxyde 29, 51, 78, Ill, 156, 

164, 180 

Hydrophilic 27 

Hydrophobic 27 

Hydrostatic pressure 258 

Hydrothermal 16, 18, 19, 21, 72, 91, 

251-253, 256 

- fluid 19 

- flux 23, 251-253 

- material 16, 72, 256 

- solution 16, 18, 19, 21 

- spring 18, 91 

- torch 18, 19 

Hydroxylamine 78, 81, 169, 211 

Hypergenetic 4 

Ice 10, 13, 14 

Iceberg 108 

Iceland 18, 20 

Ignition loss 54 

Indium 184 

Indonesia 18 

Inguri River 5, 8 

Interface 104, 257 

Iodine 7,230, 251, 252 

Ion-exchange 160 

Ionium 239 

Iridium 224 

Iron 4, 7, 14, 15, 50, 51, 79, 80, 

127-161 

Irtish River 4, 5 

Isoleucine 241 



SUB.JJ:cr INDEX 

Jamaica 39 

Japan 7-9, 13, 60, 74, 83, 88 

- , Sea of 7-9, 60, 74 

Java 13, 20 

Jelly-fish 42, 44 

Jervis Inlet 26, 29, 

Juvenile component 18 

Kacha River 8 

Kamchatka 17, 18, 20 

Kariako Trench 26, 27 

Kennecott Company 130 

Kerch Strait 63 

Kerogen 7 

Kidney 40, 42-44 

Kiev Dam 7 

Kinetics of oxidation 

Klipeda 83, 84 

Kola peninsula 58 

Kolyma River 5 

Kuban River 4, 5, 8 

Kura River 4, 5, 8 

Kurchatov Fault 153 

30, 138, 

50 

Kuril Islands 17, 18, 20, 62 

Kuznetsovia 261 

Labile complex 7 

Lamellibrancheen 42 

Laminaria 37 

Landsort Deep 84· 

Lantanum 191 

216 

Latitudional belt (zone) 133, 137, 

167 

Lava ash 17 

Leaching 29, 180, 216, 253 (see 

also Selective leaching) 

Lead 4, 9, 51, 127-130, 133, 134, 

136-139, 141, 145, 149, 150, 

154, 156-159 

- isotopes 10, 239 

Lepidocrocite 78, 122 

Leptothrix 262 

Leucine 245 

Limestone 102 

Line Ridge 99, 180 

Lipoid 7, 27 

Lithic elements 162 

Lithium 175 

Lithogenesis 67 

Lithogenic matter 58 

Littorina 41 

Liver 43, 44 

Lobster 40, 42 

Loch Fine 83, 138, 185, 216 

Lomonosov Ridge 59 

Long Island 83 

Lovozero 153 

Lowland rivers 8 

Lutecium 192 

Mackenzie River 6 

Macrocystics 38 

Macrophytes 34, 37, 38 
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Madagascar 100, 133, 134, 157, 180 

Madracis 139 

Maghemite 114 

Magnesium 7, 148, 150-153, 162-164, 

166-169 

Magnetic fraction 77, 78, 80 

Magnetic spherule 16, 239, 249, 265 

Magneti te 114 

Makarov Depression 59 

Manganese 

abiogenic 52, 54, 55 

accumulation rate of 253-256 

balance 23, 24, 50, 251-257 

biogenec 53, 56, 75 

- -, function 34 

- , bivalent 45-47, 148, 155 

- cation 7, 27 

colloidal 7, 27, 29 

consumption 53 

cosmogenic 16 

carbonate of 46, 78 

- crust 100-104, 107, 112 (see also· 

Ore crust) 

- concentration 25, 70-74, 78 

- cougulation 50 

- coprecipitation 50 
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- , complex molecules of 7 

- deposition 45, 47, 53, 56 

- desorption 51, 52 

- diagenesis 74, 92 

- diffusion 93-95, 266 

- dissolved 25-28 

- excessive 251-253 

- extraction 50, 51, 56 

- exchangeable 29, 55, 56 

- film 40, 77, 78 

-, flux 251-253, 266 

- forms 27, 28, 36, 37, 52, 54, 55, 

75, 78, 81 

- half period of exchange 43 

- hydrooxide 7, 9, 77 

- in aerosol 13-15 

- in air 13-15 

- in atmosphere 9-16 

- in bubbles 15 

- in hydrothermal solution 18-21 

- in fog 10, 13 

- in granulometric fractions 79 

- in ice 13, 14 

- in magnetic fraction 80 

- in marine water 25-33 

- in meteorites 17 

- in nodules 127-161 

- in organisms 34-44 

- in organic matter 78 

- in pore water 83-96 

- in rain 10, 13, 14 

- in rivers 3-9 

- in sedimentary rocks 4 

- in sedimentary traps 52, 54, 55 

- in sediments 58-82 

- in snow 10, 13, 14 

- in soils 4 

- in suspension 25, 27-33, 57 

- in volcanogenic material 75 

- isotopes 27, 40, 41, 43, 51 

- , labile 7, 53 

- , leachable 29, 156 

- minerals 78, 114, 148, 152-157, 

169, 171, 180, 262, 265 

- mobility 4, 7, 75, 82 

neutral compounds of 47, 50 

organic 7, 9, 28, 93 

- oxidation 29, 45-47, 50, 56, 82 

- reactive 92 

- , refractory 29, 56, 156 

- remobilization 59 

residence time of 266 

silicate 9 

solubility product 45 

sorption 7, 29, 47, 50-53, ISS, 

266 

- supply 4, 9, 23, 251-257 

- suspended 3-9, 25, 27-33, 57 

- , volcanogenic 16, 75 

Manganese nodules 

accreation rate of 239-250 

age of 239-250 

agglomerates of 103 

amorphous material in III 

angular 107 

bacteria in 260-264 

belts of 98 

biomorphic 103 

block of 107 

botryo dal"-103, 107 

bottom side 145, 157, 166, 168, 

169, 175, 201, 214, 246, 247 

buried 93 

cataclastic III 

chemical composition of III 

classification 103, 104, III 

clay material in III 

clasters of 103, 104 

collomorphic Ill, 112 

columnar zones in III 

compact zones in III 

core of 103, 104 

correlation between elements of 

146, 149, ISO, 160, 173, 180, 

187, 188, 201, 214, 216, 218, 

219 

crystalline structure of 148 

- dating 239-250 

density of 104, 107 

dendritic texture of III 
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diaqenetic 104, 112, 145, 159, 

214, 256 

diagenetic-hydrogenous 145 

discoidal 103, 104 

ellipsoidal 103, 104, 107, 108 

fields of 98 

flat 103, 104 

form of 103-110 

forms of metals in 155-159 

- genesis, of 250-266 

glassy texture of 111, 112 

globular texture of 111, 112 

homogenous texture of 111 

- host sediments of 160-162 

hyaline texture of 111 

hydrogenous 112, 145, 159, 214, 

256 

- in sediment cores 102 

insoluble residue of 122, 164, 

211 

internal structure of 108, 112-

120 

irregular 103, 104, 107 

laminated texture of 111, 112 

marine 102, 137, 138 

massive texture of 111 

megabelts of 98 

micronodules 40, 74, 77, 78, 

103, 108, 151, 152 

mineralogy of 112, 121-126, 

146 

Mn/Fe ratio in 140-147, 159, 

160 

morphogenetic type of 144, 145 

mottled texture of 111, 112 

nuclei of 104, 108, 169, 175, 

176, 180, 220 

organogenic texture of 111 

origin of 251-267 

outer shell of 112 

- pavement 103, 104 

platy 104, 107 

polynodules 103, 104, 107 

pore water in 164 

porosity of 104, 107 
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- reference samples of 129, 130, 164, 

173, 175, 180, 183, 192 

regions of 98 

reserves of 98 

rounded 108 

shape of 104-108 

shell of 104, 175, 176, 178, 180, 

220 

side part of 145, 147 

size of 103, 104-108 

spatial density of 98 

structure of 104, 108-120 

surface of 103, 104-110 

tabular 103, 104 

texture of 108-111 

top side of 145, 147, 166, 168, 

169, 175, 201, 214, 246, 247 

variagated 103 

ultramicroscopic structure of 

112, 117-120 

weight density of 98-101 

Manganite 74, 112 114 

Manganosite 114, 122 

Manihiki Rise 100, 165 

MANOP 145, 161 

Marcus-Necker 99, 100 

Mariana Trough 234 

Masquaren Ridge 101 

Mass Balance 50 

Mass Exchange 9, 15 

Massachusetts 152 

Matupi Harbour 18, 20 

Meandrina 39 

Mediterranean Sea 58, 60, 63, 66, 

67, 74 

- sediments 63, 66, 67, 74 

Medusae 40 

Mekong River 6 

Menard field 98, 100 

Mercenaria 41 

Mercury 9, 180 

Meretrix 41 

Metal-organic complexes 27, 28, 36, 

37 

Metalliferous sediments 23, 24, 67, 
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72, 74, 89-91 

Meta110genium 262 

Metastable equilibrium 46 

Meteorite 16, 17 

Methane 233 

Methylization 9 

Mexico shelf 26, 30, 31, 91 

Mezen River 3, 5 

Mica 9, 122 

Microdendrite 104 

Microdifraction 123-125, 225, 269 

Micronodu1es 40, 74, 77, 103, 108, 

191, 195 

Microp1ancton 35, 37 

Mid-Atlantic Ridge 39, 72, 102, 

133, 135 

Mid-Pacific mountains 128, 165, 

174, 176, 177, 219 

Migration coefficient 4 

Mineragenic basis 72 

Miocene 103 

Miope1agic sediments 68, 72, 76, 

81, 103, 104, 143 

Mississippi River 6 

Mn/Fe ratio 140-147, 159, 160 

Mobility sequence 4 

Modiolus 41 

Mollusc 40, 41 

Molybdenum 149, 211-212, 251, 252 

Monoclinic system III 

Montana 151 

Montastrea 39 

Monteray Bay 34, 35 

Montmori11oni~e 122 

Mottled structure Ill, 112 

Moscow 13 

Mossbauer method 122 

Mountain rivers 8 

Mozambique Basin 100, 133, 134 

Mud 58, 60, 62, 85 

Mussel 40 

Mya 41 

Mycelium 262 

Myti1us 41 

Mzymta River 8 

SUBJECT INDJ:::i 

Namibian shelf 68, 70, 71, 86, 91 

Nansen Depression 59 

Narrangansett Bay 26, 31 

Native metals 265 

Neodymium 191, 202 

Neon 232 

Nepheloid layer 29 

Nereid 43 

Nereis plane 102 

New Britain 18, 20 

New England 27, 30 

New Scotland 30 

New Zealand 10, 13 

Nickel 4, 51, 79, 80, 111, 114, 

127-161 

Nicke1ine 122 

Niger River 6 

Ninety East Ridge 101, 107 

Niobium 206 

Nitrogene 15, 164, 169, 170, 233 

Noble gases 233 

Noble metals 219 

North America 59 

- Basin 108 

- field 98, 102 

North Sea 14, 26, 30 

Northern Dvina River 5 

Northern Islands 62 

Norwegian Sea 10, 13-15, 85 

Novaya Zemlya 11, 62 

Novosibirsk Islands 62 

Nsutite 114 

Nuce1la 41 

Nucleus 104, 108, 119, 170, 175, 176 

180, 182, 240, 241 

Ob River 4, 5 

Oceanic crust 18, 19 

Ogasawara region 234 

Ochrobium 262 

Okhotsk, Sea of 27, 30, 40, 60, 62, 

64 

Olivine 122 

Onega River 58 
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Opal 52, 58, 77 

Opalolite 107 

Ophyurian 40, 41, 43 

Ore crust 100, 101, 104, 107, 112, 

140, 141, 145, 146, 180, 199, 

205, 214, 220, 222, 224, 227, 

245 

hydrogenous 187, 199, 232 

hydrothermal 187, 199, 232 

Organic carbon 7, 49, 53, 162, 

164, 169, 170 

Organic ligand 27, 93 

Organic matter 51-53, 92, 265 

- -, flux 52, 53, 5~, 92 

Orinoko River 6 

Orthokinetic law 50 

Orthorombic system 121 

Osmium 236 

Ostrea 41, 42 

Oxic diagenesis 169, 220, 256, 

257, 267 

Oxidation-reduction potential 45, 

84-91 

Oxidation 29, 45-47, 50, 56, 82 

Oxidized film 74, 83, 85, 91, 92 

Oxygen 14, 25, 45, 46, 56 

- minimum 25, 56 

- , partial pressure of 45, 46 

Palagonite 22 

Palagonitization 240, 241, 245 

Paleomagnetic method 239 

Palinurus 40 

Palladium 235 

Parana River 4, 6 

Particulate matter 4 

Patella 41 

Patiriella 43 

Pavement 104 

Pebble 108 

Pecten 41, 42 

Pelagic sediments 72, 85-88, 91, 

101, 102, 173 

Pelagic zone 27, 29, 50, 85, 92, 

133, 141-144, 169, 216 

Pelitic 58, 60, 69, 70 

Pelletal material 53 

Pelvetia 38 

Penrhyn Basin 100, 165 

Peridinian 37 

Periodical system 175 

Peroxyde fraction 78 

Peru Basin 85, 86, 100, 144 

Peunathac 36 
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pH 45, 46, 47, 49, 50, 84-88, 90, 92 

Phaeophyta 37 

Phillipsite 171 

Phoenix-Tokelau Ridge 99 

Phosphorite 102 

Phosphorus 4, 7, 162-164, 166, 167, 

173, 174 

Photosynthesis 46 

Phyllangia 39 

Physalia 40 

Phytoplancton 34, 35 

Pinna 42 

Plagioclase 112 

Plancton 35-37, 53 

Planctonic foraminifera 35, 37 

Planctoniella 36 

Platinum 223 

Platinum electrode 45, 89 

Platinum metals 223 

Podina 38 

Polynodule 103, 104 

Pollution 4, 9 

Polymictic sediments 58 

Porania 43 

Pore water 83-96 

Porites 39 

Porphyra 38 

Portugal 158 

Potassium 7, 150, 151-153, 162, 163, 

166-169, 171, 173 

Potassium-argon method 240, 241, 

242, 245 

Praseodymium 191 

Precipitation 10, 13 

Prehnite 122 

Primary production 53 
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Protactinium 239, 240, 243-245, 247 

Protein 27 

Protothaca 41 

Psilomelane 114 

Puerto Rico 10, 13, 86, 91 

Pumice 17 

Pyrite 122-126, 265 

Pyroclastic 16 

pyrocystis 26 

Pyrophosphate 29, 32, 37 

Pyroxene 122 

Pyrrotite 122, 126 

Quartz 9, 14, 122 

Racemization 240, 241, 245 

Radioactive metals 215 

Radiolarian be1t(zone) 85, 141, 

142, 164, 175, 176, 180, 185, 

187, 190, 201, 204, 205, 208, 

210, 213, 214, 216, 217, 219, 

220, 232 

Radiolarian sediments 68, 69, 72, 

78,81,87,101,103,104, 

140, 141, 147, 168 

Radiometric methods 239-250 

Radium 239-241, 248 

Rain 10, 13, 14 

Ramsdellite 114 

Rancieite 114 

Rare-earth elements 188 

Rarotonga 100 

Rate of sedimentation 85, 92 

Rate of spreading 72 

Red algae 37 

Red clay 51,52, 68, 69, 71, 77, 

85, 88, 100-102, 147, 168, 

203, 217, 220, 222 

Red Sea 18, 20, 74, 89, 90 

Reduced sediments 59, 83-85 

Reducing environment 26, 30 

Reducing reagent 156 

Reduction 25 

Reference samples 129, 130, 164, 

173, 175, 176, 179 

SUBJECI' INDEX 

Refractory manganese 29 

Residence time 50, 51, 266 

Residual magnetism 240 

Reykyanes Ridge 20, 39, 40 

Rhenium 228 

Rhode Island 15, 26 

Rhodium 225 

Rhodophita 37 

Rift zone 18 

Riga Bay 31, 59, 84, 138 
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miopelagic 68, 72, 76, 81, 103, 
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mobile fraction of 81, 82 

mud 58, 85 
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pelagic 72, 85-88, 91, 101, 
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radiolarian 68, 69, 72, 78, 
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subsurface 74 

terrigenous 58-60, 68-70, 85, 

86 

transitional 76, 85, 86, 89 

tuffite tephra 72 

turbidite 77, 100 

volcanogenic 58, 63, 69, 70, 

75, 100 

zeolithic 78, 81, 100 

Sedimentary flux 53, 54 

Sedimentary trap 29, 30, 52-55, 57 

Sedimentary rock 4 

Sedimentation rate 57 

Selective leaching 78, 155-159, 

169, 171, 172, 180, 224 

Selenium 9, 230 

Separational suspension 29, 32 

Seychelles Ridge 101 

Shallow water 25 

Shark 42, 44 

- , teeth of 239, 242 

Shatsky Rise III 

Shear strength 257 

Shelf 85 

Shell 40, 60, 63, 102 

Shelly sediments 58, 

Shetland Islands 15 

Shimushiru Island 20 

Shrimp 40, 42 

Siberia 5 

Siderocapsa 261 

Siderococcus 261 

Sierra Leone Rise 108 

60, 67 

Siliceous sceletons 32, 35 

Siliceous sediments 68-70, 77, 85-

87, 100-104, 166, 169, 177 

Silicon 7, 151-153, 162-164, 166-

169, 171, 173 

Silt 58-60, 62, 63 

Silver 220 

Skin 42-44 

Slope 99, 100 

Smectite 2, 122, 155 

Snow 10, 13, 14 

Sochi River 8 

Society Ridge 100 

Sodium 7, 14, 15, 150-159, 162-164 

166, 169, 171, 173 

Soil 4, 9 

Solester 43 

Solenosmilia 39 

Solubility 45, 46-49 

Solvent 7, 47 

Somali field 98, 107, 134 

Sorption 29, 49-52, 56 

- capacity 51 

- equilibrium 50 

Southern Bug River 3, 5, 8 

South Australian field 100 

South Pacific field 98, 100 

South Pole 10, 12, 15 

South Sandwich Islands 17 

South West Australian field 100 
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Spatangus 43 

Sphaerotilus 262 

Sphalerite 265 

Spinel 122 

Spleen 44 

Spores 56, 159 

Spreading 23, 24, 72 

St.Laurence estuary 26, 29-31 

Stability of Mn species 45, 46 

Stalagmit~ texture 112 

Starfish 40, 43 

Stony meteorites 16, 17 

Stratosphere 9 

Strontium 35, 180 

Structure 104, 108-110 

Sublimation 9 

Suboxic diagenesis 209, 218, 220, 

256, 257 

Successive extraction 7, 29 

Suiko mountain 242 

Sulak River 8 

Sulfate reduction 266 

Sulfur 7, 162-167, 173, 251, 252 

Sulphide minerals 122-126, 265-268 

Supsa River 8 

Surface film 25 

Surface water 25, 26, 30 

Suspension 3-9, 25, 27, 29-33, 

49-51, 265 

Syr Darya River 4," 6, 67 

Taenite 122, 265 

Takelau Basin 165 

Tantalum 207 

Tapes 41 

,Tasman Glacier 10 

Tealia 37 

Teeth of sharks 108, 111 

Tegula 41 

Tellurium 230 

Tennessee 12, 13 

Terek River 5, 8 

Terbium 191 

Ternary diagram 146 
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Terrigenous matter 3, 9, 29, 59 

Terrigenous sediments 58-60, 68-70, 

85, 86 

Texas shelf 35 

Texture 108, 111 

Thais 41 

Thalassia 38 

Thalassiosira 36 

Thallium 184 

Thermodynamics 27, 28, 45 

Thermoluminiscent method 240 

Thorium 14, 215, 239-247 

Tichocarpus 38 

Tin 4, 51, 204 

Titanium 7, 35, 47, 148-150, 152, 

153, 162, 163, 166-169, 171-173 

Todorokite 114, 145, 146, 148, 151, 

154-157, 169, 171, 180, 265 

Tokyo 12 

Tokio Bay 78 

Tolbachik Volcano 18 

Total plancton 35, 37 

Toxothrix 262 

Transoceanic profile 142, 155, 159, 

161 

Trap solution 56 

Triclinic system 121 

Tridacha 42 

Tripneustes 43 

Tritium 51 

Trochocyathus 39 

Troilite 122, 126 

Troposhere 9 

Tuamotu Ridge 100, 248 

Tuff 107, 108 

Tullium 192 

Tungsten 214 

Turbidity 3-6, 57 

Ultraclean sampling 25 

Ultrafiltration 7, 93 

Ultramicroscopic structure 112, 117-
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Ulva 38 

United Kingdom 13, 15 
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Ural River 5, 8 

Uranium 37, 215, 239 

USA 12, 13, 26, 83 

US Geological Survey 175 

USSR 12, 13, 103, 130 

Uzon Caldera 20 

Valencie of Mn 47 

Vanadium 4, 47, 149, 205 

Vegetation 9 

Vernadite 78, 114, 145, 146, 148, 

153-157, 169, 171, 262 

Violarite 122 

Vitamin 34 

Volcanic glass 17 

Volcanic material 17, 18 

Volcanism 9, 254 

Volga River 5, 7, 8 

Vrangel Island 62 

Wake-Necker mountains 128 

Wake-Necker field 98, 100 

Walvis Ridge 102, 133, 135 

Warton Basin 134 

Washington 13 

Weathering 9, 23 

West Australian field 98, 100, 101, 

107, 133, 134 

White Sea 58, 61, 74, 75, 138 

Wiistite 122, 265 

X-ray amorphous 111, 114 

X-ray diffraction 122 

Yangtze River 4 

Yeast 261 

Yenisei River 3, 5 

Yukon River 7, 8, 9 

yttrium 188 

ytterbium 191 

Zinc 9, 51, 127-130, 133-139, 141, 

145-151, 154, 156, 159, 160 

Zooplancton 35-37 

Zostera 38 

Zirconium 47, 203 

Zeolith 100, 122 

Zeolithic clay 78, 81 

Zeolithic tuff 151 

Zoning 137 
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