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PREFACE

The significance of manganese ores is very well known in cast iron and steel production,
as well as in various types of chemical raw material and agricultural fertilizers. The world
industry development in recent years requires their increased production in the vicinity
of the metallurgical centers in different regions of the world; high grade manganese and
associated metal ores are needed. Analysis of the world production and consumption of
manganese ores by industrial countries indicates convincingly that the highest commercial
value belongs to the ores associated with the supergene zone (National Minerals Advi-
sory Board, 1981; Coffman and Palencia, 1984; Doncoisne, 1985; Jones, 1990, 1991;
Manganese, 1990; McMichael, 1989).

The remarkable property of manganese, in contrast to many other types of mineral
resources, is that the ore accumulations of this metal are distributed in the wide geochrono-
logical interval from the Archean to the present time; these ores are deposited in basins and
supergene environments of different types from lakes, internal seas to pelagic and abyssal
regions of the World ocean, as well as different types of weathering crusts and karst. At
the same time the manganese accumulations and features of their mineral and chemical
compositions are relatively sensitive indicators, reflecting facies and geodynamic condi-
tions of their formation. These properties aid the investigation of the Earth’s evolution
processes.

The aim of the present work is to develop the general geochemical model of the
supergene manganese ore formation, that would reflect the evolution of these processes
in the Earth’s history. This model may be designed as a synthetic generalization of partial
geochemical models, describing the processes of manganese ore formation in the main
types of the supergene environment.

Some 30 years ago the author attempted to generalize the known world data on man-
ganese ores on the basis of detection of manganese-bearing formations. It was emphasized
(Varentsov, 1964, p. 4) that “Such an attempt to make apparent the paragenetic associations
of manganese deposits with their country rocks can only be regarded as the first step in
unravelling the factors controlling their distribution and formation at different stages of the
Earth’s geological history. The next step is research on the lithological and geochemical
associations between the manganese ores and their host rocks in which the problems of the
factors controlling these associations can be solved. Among these factors are: location in

X1



Xii  Preface

a definite climatic zone, particulars of the physico-chemical environment of the basin of
sedimentation, the nature of the source of the ore material, the determination of the part
taken by biological processes in the ore formation, etc.”

On the basis of the roughly generalized main regularities of the manganese ore occur-
rence in the Earth’s crust (Varentsov, 1964) the author tries to solve the following problems
in the present work:

1. To present the results of detailed investigations of carefully chosen types of ore
formation settings or some study areas for the creation of definite geochemical models of
the process, which would describe all the major factors controlling the ore formation.

2. Generalization of the available information on the given genetic type of manganese
ore formation on the basis of the definite study sites or settings of this type.

3. Experimental modeling of the main links of manganese ore formation processes
under laboratory conditions, with regard to the data on physico-chemical and biochemical
properties of these phenomena to determine the reaction mechanism and to create relatively
general geochemical models of the main types of the ore formation settings.

4. Study of ancient supergene manganese ore deposits of the basic genetic types
with relatively simple and distinct relationships of the major facies elements to develop
particular geochemical models. The data on modern manganese ore formation under
conditions of relatively similar genetic types were used for this purpose too.

5. Generalization of the available information on the basic types of modern and
ancient manganese-bearing accumulations, allowing the understanding of the manganese
ore formation evolution in the Earth’s history. Untangling the geochemical essence of the
main historical stages of the manganese ore formation as the result of the geodynamic
regime and facies evolution.

6. Preparation of the general geochemical model, enabling to characterize the processes
of supergene manganese ore formation in the Earth’s history without any contradictions.

These investigations were carried out within the frames of N.S. Shatskii’s program
(before 1960) on the study of the regularities of mineral resource distribution. In 1965
the author formed a group of physico-chemical experimental modelers, investigating the
mineral-ore formation under the auspices of the Laboratory of Lithology of Volcanogenic-
Sedimentary Formations of GIN Acad. Sci. U.S.S.R. The parameters of the observed
natural events were accepted as the fundamentals of the conducted experimental inves-
tigations, and the interpretation of the obtained results was performed on the basis of
modern physico-chemical and biochemical concepts and data on processes in modern
basins. Thus, experimental investigations represented an integral part of the study, con-
ducted in conjunction with the studies of modern and ancient accumulations of manganese
and associated metals.

Data on the supergene manganese deposits of the world, compiled and investigated
during these years, was synthesized in the light of the known information into a general
geochemical model of manganese ore formation.

This work was initiated by N.S. Shatskii (1956-1960) and later was headed by N.M.
Strakhov (1960-1965) at the laboratories of the Geological Institute of the Acad. Sci.
U.S.S.R. It is necessary to emphasize that many problems which were considered in the
work were subjected to thorough and productive consideration by laboratory personnel,
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they were repeatedly discussed at the sessions of both the Lithology Sector of GIN Acad.
Sci. U.S.S.R. and the Institute Scientific Council.

It should be pointed out that since 1968 the author has been a national representative
of Russia and a Secretary of the Commission on Manganese of the International Associ-
ation on the Genesis of Ore Deposits (IAGOD), and since 1976 he has been a scientific
coordinator of a Project on the Manganese Geology and Geochemistry of the International
Geologic Correlation Program of the UNESCO-IUGS. It promoted the direct acquain-
tance with the latest international information on deposits and allowed the discussion of
problems of manganese ore formation with well-known specialists: K. Bostrom, B.R.
Bolton, G.P. Glasby, Gy. Grasselly, R. Giovanoli, D.S. Cronan, K. Lalu, F. Manheim, S.
Roy, R.K. Sorem, L. Frakes, J.R. Heine, and P. Halbach et al.

The author is grateful to these above mentioned persons. The author expresses a deep
gratitude to the workers of the Physico-Chemical Experimental Group, many of whom he
has worked with since 1965 (Z.M. Rivina, Z.A. Petrakova, N.V. Bakova, V.S. Putilina,
L.V. Zaitseva, N.I. Kartoshkina, and N.Yu. Vlasova).

My sincere thanks are due to my late colleague and friend Dr. Alexander M. Leites
whose assistance was helpful.



Chapter 1

INTRODUCTION
MODERN STATE OF THE ART OF THE PROBLEM*

“... The History is not in what we wore, but it is in that, how they let
us go naked.” (B.L. Pasternak)

“We observe continuously in the history of science, that one or another
thought, one or another phenomenon passes unnoted for more or less
long time, but then under new external conditions they disclose before
us their unlimited influence over scientific outlook.” (V.I. Vernadskii,*
p- 230)

1.1. Studies before 1930s

Manganese ores were known to mankind since the ancient times irrespective of the fact
that they were often confused with iron and magnesium ores. Particularly widely known
were ore minerals such as pyrolusite, that was described for the first time by Plinium as the
variety of the iron magnetic oxide (magnetic iron ore or Lapis magnes). The reputation of
pyrolusite can be associated with that the fact that remarkably it removes the green tint,
imparted by iron oxides to even light varieties of glass, that are the usual mixtures of the
quartz sands. Plinium explained the origin of the word magnes, attributing it to the name
of a legendary herdsman Magnes, who paid attention to the fact that the iron nails of his
boots and the tip of his stick were pulled to the ground in those places where magnetic iron
ore deposits were located (Sully, 1955), but there are many other versions in the literature.
In manuscripts of the XIVth century, kept in the British Museum, such ‘new’ terms are
used to designate different matters such as magnesia ferrea and magnesia, and the latter
was used as an additive for the production of violet glass. Probably, this terminological
ambuigity led to the fact that in manuscripts of the medieval investigator Albertus Magnus
(1193-1280) there was the term manganesis, that approximates closely to the modern word
by its spelling and semantic meaning. But the particular term ‘manganese’ was used in the
work by V. Biringuccio (Biringuccio, 1540, cited by Sully, 1955), who indicated in 1540,

*V.I. Vernadskii, ‘About Scientific Outlook’, in A.Ya. Yanshin (Ed.), Scientific Thought as a Planetary
Phenomenon, Nauka, Moscow (1991), pp. 191-234,
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that the mineral of this name occurred in Germany near the settlement Witerbo, Tusconia,
as ferrous ‘cinder’, from which unlike the iron oxides it was impossible to produce metal
during smelting, and that the sublimation was observed during the heating process, and
this mineral turned to cinder after the vapor separation.

The discovery of manganese as a chemical element is usually attributed to K. Sheele
(1774). In that year .G. Gun got the first sample of the metal manganese. The general
progress of the natural sciences, particularly, of chemistry and geology at the end of
XVIIIth and the first half of XIXth century led to the strong scientific foundation for the
development of the geology and geochemistry of manganese; this process was actively
stimulated by the general industrial development, in particular by metallurgical production.
Approximately in the middle of the XIXth century the method of mass production of cheap
cast steel were discovered and applied in industry (Bessemer, 1856 and Siemens-Martin,
1864), in which manganese, introduced into the cast iron composition in the form of metal
or ferromanganes, was used as a steel deoxidizer and desulfurizer, as well as for production
of steels alloyed with manganese. In addition let us emphasize, that considerable quantities
of manganese are used in catalytic processes and in organic synthesis.

Thus, in this period of time the cycle was completed, that was repeated many times
during the later rather complicated multistage reversible processes of the evolution of
geological science, which attributed the discovery of large deposits of manganese and
associated metals to the development stages of fundamental scientific and methodological
investigations (Varentsov, 1980). Such changes of cycles occur when the accumulated ge-
ologic information, including data on accidentally discovered deposits, achieves a critical
volume and the available facts cannot be explained by the existing theoretical concepts,
the necessity for new ideas and for an unambiguous explanation of all available sums
of knowledge is therefore created. The appearance of such ideas raises unavoidably the
problem of the development of new investigation methods. First results, obtained during
the testing and developing of these ideas with the application of the latest experimen-
tal methods, accelerate significantly the development of science and practice along the
closed circuit: idea — method (experiment) — practical realization and accumulation of
information — new ideas . . .

Description of the manganese geology and geochemistry development from the be-
ginning of the XIXth century to the mid-1930s can be found in works by Vernadskii
(‘Geochemistry Outlines. ... History of Manganese’, 1954a; ‘Geochemistry of Man-
ganese in Connection with the Doctrine on Mineral Resources’, 1954b). The vigorous
process of information accumulation on manganese and associated elements in different
geologic conditions (rocks, minerals, natural waters, different organisms, and, in general,
in media) during the XIXth and in the beginning of the XXth centuries led to the formu-
lated cardinal problems of manganese geology and geochemistry, that in general may be
represented by the following theses.

1. Deep contrast of manganese distribution (dispersion and accumulation) in the Earth’s
crust, that is controlled by endogenous, exogenous, and biochemical processes. “Man-
ganese is present in each organism, in each microbe in quantities completely untraceable
for us and nevertheless it gives birth to accumulations of billions of tons” (Vernadskii,
1954a, p. 74).
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2. Absence of any significant manganese concentrations in the magmatism zone and
in its products. “...The most stable and characteristic form of manganese in juvenile
minerals is a solid isomorphic admixture of compounds in the bivalent state. One may
be confident, that the pure manganese compound will be unstable in the Earth’s shell
(magmatosphere), and if it incidentally occurs, then it will unavoidably be subjected to
new molecular regrouping and will enter new compounds that are less rich in manganese”
(Vernadskii, 1954a, p. 75).

3. Formation of large manganese ore accumulations is associated with processes in
the zone of free oxygen existence, in particular, in the hydrosphere: “Vadose manganese
minerals represent a completely different picture. Compounds, rich in manganese, both
exist and represent the most stable forms of its occurrence in the biosphere and stratosphere.
We know of several dozens such minerals. The most common and stable is manganese
dioxide — MnO;. ... Vadose minerals — wads, psilomelanes, and pyrolusites — form the
largest manganese accumulations, known to us” (Vernadskii, 1954a, pp. 76, 79).

4. At the end of the XIXth century it was shown by the studies of the World ocean,
seas, lakes, and swamp basins that a tremendous ore formation process takes place at the
Earth’s surface in the Quaternary time. Evaluating the results of these works, Vernadskii
wrote: “At the present epoch the wads are formed by large masses in different places
on the bottom of the World ocean and neighboring seas. Wad concretions, invariably
containing iron and manganese, are deposited in quantities of billions of tons on the
bottom of the Indian, Atlantic, Pacific, and Antarctic oceans” (1954a, pp. 77-78); and
further “. .. Similar aggregates, sometimes of other forms, are deposited in thousands of
fresh water lakes and swamps, associated with the history of ancient glaciers, and the
glaciation epoch of the northern countries — in Scotland, in Scandinavia, in Finland, in
the northeastern part of Russia, in states of Canada and the Northern America — they are
found here in rivers, where, however, their accumulations in bulk are rather rare. At
present wads are formed or they were formed recently in historical and Pleistocene time.
Annually hundreds of thousand of tons of manganese, are accumulated by this method.”

5. The most important and remarkable point in the manganese geology and geochem-
istry study may be attributed to the first description of the Chiatura manganese deposit
by Komarov in 1854. This deposit was characterized more thoroughly by G.V. Abich
in 1858, who described for the first time the main features of the geologic structure, ore
mineral composition, occurrence of the ore deposit in the bottom of the Tertiary sediments,
reserve scales, and commercial significance of the manganese ores. In a relatively short
time these works resulted in the beginning of the industrial exploitation of the Chiatura
deposit in 1879, initiated by the Georgian poet A. Tsereteli (Betekhtin, 1964a).

Discovery of the Nikopol’ manganese depositin 1883 by mining engineer V.A. Domter
led to the beginning of the systematic study and industrial exploitation of the largest
Oligocene South Ukrainian manganese basin in Europe. In the monograph by N.A.
Sokolov, Manganese Ores of the Tertiary Sediments of the Ekaterinoslavskaya Region
and the Vicinities of the Krivoi Rog, published in 1901, the systematic data on manganese
ores of the Nikopol’ basin was presented for the first time (Betekhtin, 1964b).

Considering the scientific significance of these works, Vernadskii emphasized (1954a,
p. 79), that these deposits were the Oligocene equivalents of relatively shallow sea sedi-
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ments, subjected to relatively insignificant postdepositional alterations, and they may be
correlated with the manganese accumulations of the modern basins. Furthermore, the
first achievements of the manganese ore investigations at the south of Russia and Cau-
casus influenced greatly the general level of the manganese geology study in the world.
With regard to the genesis of the Archean—Early Proterozoic manganese deposits in India,
altered to the granulite stage, Fermor (1909) noted, that such gondite (i.e. spessartine)
associations of the Dharwar Supergroup were equivalents of the above mentioned Tertiary
deposits by the composition of the primary sediments.

6. In 1774 the Swedish chemist K. Scheele discovered the presence of manganese in
plants, this was soon confirmed and accepted as the proved scientific fact by Alexander von
Humboldt (Humboldt, 1793, see Vernadskii, 1954a). According to the following reports,
the investigations demonstrated a definite high biologic, or wider, biogeochemical role of
manganese, evaluating which Vernadskii stated: “We can now say, that billions of tons of
manganese atoms, existing in the continuous biogeochemical motion, enter and abandon
living matter” (1954, p. 82). Hence, in the beginning of the XXth century the extreme
significance of biogeochemical processes in the formation of manganese ore accumula-
tions was accepted by most researchers in spite of the fact, that existing methods of study
allowed neither the essence nor mechanism of these processes to be understood, they were
therefore acknowledged only as an empirical generalization, i.e. as a phenomenon. Giving
the general evaluation to the results of these works, Vernadskii wrote: “In many cases
with confidence, in other cases on the basis of quite valid hypothesis the wad formation
may be considered as the result of biogeochemical processes, for example, the concretion
formation on the bottom of the water basin and at the wet places of the Earth’s surface.
Observations and experiences of biologists and chemists G. Molish, Shorler, D. Jackson,
M. Beierfink, B. Perfil’ev, B. Butkevich, and other mineralogists and oceanographers —
D. Bukanan, N. Sokolov, J. Murrey and E. Phylippi, Ya. Samoilov and A. Titov — prove
it with complete confidence” (1954a, p. 82). But recognizing the significant importance
of the biochemical reactions, associated with bacterial activity, Vernadskii (1954a, p. 83)
noted, that “...deep oxidation of the manganese compounds always takes place in as-
sociation with living matter, to a greater or lesser extent.” Developing this concept on
the basis of limited number of rather approximated data available to the beginning of the
1930s, Vernadskii suggested the following scheme (1954, p. 86):

Water solution Mn(II)

living matter

‘Wads and pyrolusites, rich in Mn(II) and Mn(IV)

It is particularly remarkable that the real scientific content and biogeochemical pro-
cesses, shown in general in this scheme, were only recently described in detail with the
application of the newest instrumental analytical methods (Skinner and Fitzpatrick, 1992;
Bruland, 1983; Landing and Bruland, 1987). Moreover, this scheme may be considered as
a forerunner of the presently discussed model of the hydrogenetic accumulation of Mn(II)
in nodules and crusts of the modern basins. The concepts are interesting because up to
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the mid-1970s most investigators were sharply divided between ‘biological’ or ‘chemical’
ways of the iron-manganese ore formation. This picture mirrored the state that existed
in 1870s in biological chemistry and in natural science as a whole, when there was a
vigorous discussion between Liebig and Pasteur about the nature of enzymes (ferments).
Discussions stimulated the conduction of active investigations, which the achievements
of chemistry and chemical kinetics of that time showed, that fermentative processes (bio-
catalysis) were a variety of chemical catalytic reactions, and they did not drastically differ
from those reactions (Varentsov, 1980, 1989).

7. Investigations of manganese ore accumulations on the bottom of modern basins and
in ancient sequences were accompanied by long and slightly productive discussions of
‘neptunists’ and ‘plutonists’ from the beginning of XIXth to the 1970s. The arguments, on
which the ideas of supporters of one or another concept were based, were determined by
the nature of investigated geologic objects. And so long as manganese ore formation under
supergene conditions, in weathering crusts, swamp and lake basins, and internal seas was
a relatively well-established scientific fact, then the supporters of ‘plutonism’ occupied a
somewhat subordinate position, because they had insufficient direct observations. Having
established a wide regional distribution of the Mn—Fe nodules and crusts in the World ocean
by the results of the pioneer investigations at the scientific-research ship ‘Challenger’,
Murray (Murray, 1876; Murray and Irvine, 1895; Murray and Renard, 1884, 1891)
calculated, that annually 7.8 x 108 t of Mn is supplied by rivers into oceans (Murray,
1887, see Vernadskii, 1954a) and this quantity, in the author’s opinion, was sufficient for
the manganese accumulation in nodules and sediments. At the same time, the authors
recognized the low temperature halmyrolitic process of leaching of this metal from basalt
materials of the sea bottom as an additional manganese source. But at about this time K.W.
von Gumbel (1881) proposed a concept of hydrothermal-sedimentary origin of these ores
by the results of detailed geological and mineralogical investigations of Mn—Fe deposits
and concretions in the Jurassic sediments of Bavaria, Alpine region and neighboring areas.
Later, on the basis of investigations of Mn—Fe nodules and ore-bearing sediments of the
World ocean, carried out during the first expeditions of the research vessels ‘Challenger’
and ‘Gazelle’, as well as of mineralization in the modern thermal springs, the reliability
of the genetic concepts, proposed by von Gumbel, was confirmed, but it did not get a
wide recognition among contemporaries (Gumbel, 1878, 1888a, 1888b, 1889, 1891). The
concept of hydrothermal-sedimentary Mn ore formation was accepted with difficulties
during the following century, that was illustrated by strong disputes in 1960s—1970s
between N.M. Strakhov, who did not attribute any significance to endogenic influence
on the sedimentation and ore accumulation in the ocean, and the ‘plutonism’ supporters
(Strakhov, 1960a, 1962a, 1962b, 1965, 1968, 1974a, 1974b).

At present, when the hydrothermal-sedimentary processes of Mn ore formation, often
distinguished with gigantic scales both in modern and ancient basins, are studied closely,
and the main stages of these processes are experimentally simulated and theoretically
calculated, one has to acknowledge that von Gumbel’s ideas represent something more
than the curiosity in the science history, and they retain considerable interest for the
modern researchers.
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1.2. Investigations from 1930s-1990s

From 1930s to 1970s the investigations of manganese geology and geochemistry were
conducted both in Russia and in foreign countries under rather isolated conditions, with
the extremely limited exchange of the scientific informaticn and ideas appearing as pub-
lications. Such a state was determined by the general cultural-political situation, existing
as aresult of all-penetrating totalitarianism of those years in the U.S.S.R. Nevertheless the
progress in this field of the Earth sciences in the U.S.S.R. was significant. This was asso-
ciated with works of the scientific collectives, headed by A.G. Betekhtin, N.S. Shatskii,
N.P. Kheraskov, N.M. Strakhov, D.G. Sapozhnikov, and others. Betekhtin — a known
researcher in the geology of ore deposits, mineralogy, and geochemistry — made a signifi-
cant contribution to the investigation of the Chiaturskoe and other manganese deposits. A
particular place among his works occupies the monograph Commercial Manganese Ores
of the U.S.S.R. (1946), summarizing the results of long-term investigations. Betekhtin’s
conclusions on the association of the Chiaturskoe deposit with the shallow-water coastal
areas of the large European Oligocene basin is of long-standing scientific significance.
The determined regularity on the facies control of the mineralogical zoning of Mn ores was
confirmed with the examples of the South Ukrainian and North Ural deposits. Betekhtin’s
works on mineralogy and genesis of volcanogenic-sedimentary Mn deposits of the South-
ern Urals (1940, see References Betekhtin, 1946) were equally significant.

In the beginning of 1950s N.P. Kheraskov (1951) and N.S. Shatskii (1954, 1960, 1965)
developed a doctrine on geologic formations as natural paragenetic associations of the
rocks, in which minerals, in particular, manganese ores, play a role of the obligatory mem-
ber of the paragenesis. The theory about the formations was especially fruitful concerning
the volcanogenic-sedimentary associations, their natural vertical and horizontal series,
for example, formations, associated with basic (‘greenstone series’) or acidic (‘porphyry
series’) volcanism (Shatskii, 1954). The most important component of the doctrine on
formations may be considered that it was the first to enable the verification of inconclusive
discussions on the origin of ore matter, enclosed in the host rocks, and to apply some objec-
tivity to the paragenesis of rocks and ores. The most important criterion of ore formations
is their repetition in geological history and a rather high characteristic feature for definite
development stages of structural regions and basins, as well as confinement to definite
intervals of the Earth’s crust evolution (for example, iron quartzite formations). At the
same time both Kheraskov (1951) and Shatskii (1954, 1960, 1965) emphasized repeatedly,
that the formational method should be considered as the initial or preliminary stage of in-
vestigations, preceding the detailed structural, lithological facies, and geochemical study
of the geological object. Productivity of the formational method was manifested in that it
stimulated an extraordinarily great number of works, including works on manganese ores,
in which authors often only named different associations of the same rocks in order to
emphasize the originality of their investigations (see review, Kosygin and Kulish, 1984;
Roy, 1969), but they did not disclose the mineralization essence. Works by Strakhov and
the collective headed by him introduced a considerable contribution into the study of the
Mn ore formation geochemistry (Kholodov, 1983; Strakhov, 1947, 1960a, 1960b, 1962a,
1962b, 1964, 1965a, 1965b, 1968, 1974a, 1974b, 1976; Strakhov et al., 1967, 1968).
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Strakhov’s interest in geochemistry was formed in the prewar years (1939-1941), when a
series of articles on this problem was published, and the final results were presented as the
monograph Iron Ore Facies and their Analogs in the Earth’s History (1947). In this work
on the basis of distribution analysis of bauxites, iron, and manganese ores at the idealized
facies profile of some hypothetical basin, Strakhov represented the distribution relatior
of ore accumulations of a triad: Al-Fe-Mn. In such an ideal basin under the conditi

of a humid zone with the supply of ore components from exogene sources the bauxites
are accumulated within continental locations, the iron ore sediments are concentrated in
continental and shallow parts of the basin, and the manganese ores, as a rule, are deposited
in relatively deep areas of a sea. Here the accumulation of all components of this ore triad
takes place in the lower parts of the transgressive series. The response to this work among
geologists and geochemists, was extremely significant. The publication forced the author
to consider the Al-Fe~Mn ore formation processes in the general context of the sediment
formation process, that later was realized in the three-volume monograph Fundamentals
of the Lithogenesis Theory (Strakhov, 1960a, 1960b, 1962a) and in the book Lithogenesis
Types and Their Evolution in the Earth’s History (1963). In these monographs there is
a detailed presentation of concepts on four types of lithogenesis: humid, arid, glacial,
and volcanogenic-sedimentary, existing both in modern conditions and in ancient sedi-
mentation accumulations. But as applied to the mineral resources, this theory needed
additional testing on the example of areas with relatively definite relationships of facies
zones of the sedimentary basins, modern and of geologic past. To solve this problem,
manganese was chosen as a sufficiently indicative informative metal of the ore triad, and
the Oligocene manganese deposits of the European south part of the European U.S.S.R.
(Nikopol’, Bol’shoi-Tokmak, Labinskoe, Chiatura, and Mangyshlak) were chosen as the
areas for the sedimentary ore formation investigations. In the period from 1959 to 1968
Strakhov headed the team of researchers, engaged in this problem (Strakhov, 1964, 1968;
Strakhov et al., 1967, 1968). The main conclusions may be presented with the following
theses:

1. Accumulation of tremendous amounts of Mn ores, the origin of which was related
with the exogene events on the source continent took place asynchronously, as Strakhov
and others considered, in the Early-Middle Oligocene in separate coastal-shallow water
and littoral parts of the South-European basin, mainly, in the environments of the humid
climate.

2. The ore formation took place in the tectonically stable zones of the basins at the
background of sharply relaxed terrigenous sedimentation, that did not deplete the processes
of Mn ore accumulation.

3. At the largest Mn basins (South-Ukrainian and Georgian) the accumulation of
Mn ore concentrations was controlled by their position at the facies profile of the basin,
that was reflected in the consecutive change with the depth of the Eh regime, dissolved
O3, and directly in the mineral composition of ores: Mn oxyhydroxides (pyrolusite,
cryptomelane, 10 A-manganates, etc.) —man ganite + Ca rhodochrosite — Ca rhodochrosite
+ manganocalcites.

4. Extraordinary role in the ore formation processes belongs to events of redox diagene-
sis, and this is reflected particularly clearly in the processes of manganite and rhodochrosite
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ore accumulations.

These studies allowed to sum up the results of works on the Mn geochemistry, per-
formed in the mid-1960s—beginning of 1970s, and they represented the basis, supporting
Strakhov’s concept on dominating significance, of four main types of the lithogenesis
and related ore formation events. But the 1960s was the period of mature development
of geodynamics as an independent branch of the science, and the wide distribution of
the concept of plate tectonics drastically influenced the related subjects in the Earth’s
sciences. Wide-scale research of sedimentation and ore formation in the modern basins
and, particularly, achievements in the study of the World ocean, associated with the In-
ternational Deep Sea Drilling Project of the R/V ‘Glomar Challenger’, was accompanied
by the increased volume of new data on geology and geochemistry of Mn and associated
metals.

The first generalizations were presented in the series of Strakhov’s publications (1965a,
1965b, 1968, 1974a, 1974b, 1976a, 1976b). These works significantly expanded the above
mentioned items on the lithogenesis and sedimentary ore formation. But the increasing
volumes of principally new, unknown earlier natural, factual and experimental material
and a considerably higher level of the geochemical studies, reflecting progress in physics,
chemistry, and instrumentation technology led to the publication of works that gave essen-
tially different and new treatment of the Mn geochemistry problems; it is related mainly to
the understanding of the nature and scales of hydrothermal-sedimentary processes, events
of the authigenic formation of minerals, and particularly, the relationships of diagenetic
and hydrogenetic processes in the formation of the Mn-Fe oxyhydroxide nodules and
crusts, and metalliferous sediments, the study of mechanisms of the ore formation pro-
cesses, the role of biogeochemical events, etc. The existing situation indicates the general
progress in the given branch of geology, and, as a whole, that it is not something unusual
in the development of natural sciences in the period of the scientific-technological revo-
lution. The importance of Strakhov’s works in the Russian lithology and geochemistry
is well known. But in a number of western publications there is no adequate evaluation
of Strakhov’s works. Pointing out this situation, Kholodov (1986, p. 7) wrote in the
‘Foreword of the Translation Editor’ to the book by S. Roy Manganese Deposits, Mir,
Moscow (1986):

... Attention is drawn to the fact, that the author emphasizes the investigations of
1970, being obviously poorly acquainted with Soviet works of the preceding period.
So, for example, in the book there are many references to the papers by I.M. Varentsov,
V.P. Rakhmanov, V.K. Chaikovskii and others, though classic monographs by A.G.
Betekhtin Commercial Manganese Ores of the U.S.S.R., Moscow, Leningrad: Izd.
Acad. Nauk SSSR, 1946; E.V. Chukhrov Colloids in the Earth’s Crust, Moscow: Izd.
Acad. Nauk SSSR, 1936; and N.M. Strakhov et al. Geochemistry of the Sedimentary
Manganese Ore Process, Moscow: Nauka, 1968 are not even referred to in this work.

How scientifically significant the concepts by Strakhov on lithogenesis and geochem-
istry of the sedimentary ore formation, and whether they have the potential of self-
development, will only be known in the future. Here it is necessary to point out, that
the most important feature of the scientific cognition as a collective but not individual
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process is its polysemantic pluralism of approaches, formulations and realizations of the
appearing problems. Obviously the principles of progress of sciences on the Earth, and in
particular, geochemistry of Mn ore-formation, is contained in it.

A major contribution to the study of Mn ore formation in the U.S.S.R. belongs to
D.G. Sapozhnikov, who is an apprentice and a supporter of Strakhov. Inspite of the
results of his first important investigation of Mn ores of the Kardzhal’skoe deposit in the
Central Kazakhstan (Sapozhnikov, 1963) the author was compelled later to reconsider,
admitting their hydrothermal-sedimentary genesis (Sapozhnikov, 1967), Sapozhnikov’s
works greatly stimulated the investigations in this region. Heading the investigations
of Mn ores in the Institute of Geology of Ore Deposits of Academy of Sciences of the
U.S.S.R,, Sapozhnikov coordinated successfully the works on this subject in the U.S.S.R.,
headed the section of Al-Fe-Mn of the Interdepartment Lithological Committee and
Council on Ore Formation of the Academy of Sciences of the U.S.S.R., and this was
reflected in the success of several All-Union Meetings on Manganese Ores (Sapozhnikov,
1967, 1980, 1984; Sapozhnikov and Vitovskaya, 1987; Vitovskaya, 1985).

The intensive development of geological and geochemical works on study of poly-
metallic Mn—Fe ores on the bottom of the World ocean mentioned above, that began in
1960s, was dictated by the assumption, that in future most part of these mineral resources
will be recovered from the ocean floor due to the depletion of the deposits on the land.
The results of long-term studies were published in a series of monographs and papers
(Andreev, 1984; Anikeeva, 1984, Baturin, 1986; Bezrukov, 1970a, 1970b, 1976; Lisitsyn
and Bogdanov, 1986; Lisitsyn et al.,, 1976, 1987; Murdmaa and Skornyakova, 1986;
Smirnov, 1979; Volokov, 1979, 1980). The investigations were primarily conducted by
collectives of the Institute of Oceanology of the Academy of Sciences of the U.S.S.R. and
Ministry of Geology (P.L. Bezrukov, A.P. Lisitsyn, Yu.A. Bogdanov, N.S. Skornyakova,
G.N. Baturin, 1.0. Murdmaa, I.I. Volkov, 1.S. Gramberg, B.Kh. Egiazarov, S.I. Andreeyv,
L.I. Anikeeva, V.S. Shcherbakov, V.M. Yubko, M.F. Pilipchuk, .M. Mirchink, and others).
The published works contain the results of studies on ocean Mn-Fe nodules and crusts,
and metalliferous sediments, that may be considered as new types of ores of manganese,
copper, nickel, cobalt, and other metals. It is vital to note, that the researches were
carried on by the Institute of Oceanology of Academy of Sciences of the U.S.S.R. from
1959 to the present time, and since 1979 the Ministry of Geology of the U.S.S.R. took
part in them. Abundant factual material, representing a fundamental basis for empirical
generalizations, composes the main value of these works. The results of detailed explo-
ration works for the Mn—Fe nodules, conducted at special sites — polygons — selected for
the purpose of their further exploitation have a special importance. During the last two
decades a number of institutes of the Academy of Sciences of the U.S.S.R., Academy of
Sciences of the Ukrainian SSR, scientific-research enterprises of the Ministry of Geology
of the U.S.S.R. and of other departments took part in these coordinated investigations.
The main regional and local regularities of the distribution of Mn—Fe nodules and of the
Tocation of high-grade ore fields were described with reliability and completeness in the
considered monographs. Described in these publications the regularities of Mn—Fe nodule
distribution, in particular, the localization of the ore accumulations richest in Cu and Ni
in the sublatitudinal, subequatorial belt (often named as the ‘D. Horn’s Zone’ by some
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authors) of the east of the Pacific, were confirmed and studied in detail by the successive
works (see the review by Teleki et al., 1987).

Considerable contribution to the ore distribution study of the Indian and Atlantic oceans
within the frames of these works was made by the team of the Institute of Geological
Sciences of the Academy of Sciences of the Ukrainian SSR, headed by E.F. Shnyukov
(Shnyukov and Mitropol’skii, 1987; Shnyukov and Orlovskii, 1979; Shnyukov et al.,
1974, 1979, 1984).

Significant successes in the studies of the formation processes of the Mn—Fe oxyhy-
droxide ores in the modern and ancient basins are associated with investigations of the
team of the workers of the Institute of Geology of Ore Deposits (IGEM) of the Academy
of Sciences of the U.S.S.R. and the Geological Institute of the Academy of Sciences of
the U.S.S.R. It is necessary to admit, that the well-substantiated concepts on the structure
and composition of supergenic oxyhydroxides of Mn and Fe compose the essence of the
genetic models, representing the basic search criteria for the given type of the mineral
resources. But the extremely low level of the structural ordering of the Mn and Fe oxy-
hydroxides and their high dispersion were an unsurmountable barrier until recently for
the successful application to these objects of traditional methods of an X-ray structural
analysis. Such problems were solved by the works of F.V. Chukhrov, A.I. Gorshkov,
V.A. Drits, B.A. Sakharov and others (1975, 1976, 1978, 1980a, 1980b, 1983a, 1983b,
1987a, 1987b), owing to a new methodical approach — application of highly local methods
of the electron microdiffraction and an X-ray energy dispersion analysis. On the basis
of newly obtained results by the mentioned authors the crystallochemical nature of the
whole series of earlier unknown or slightly studied Mn and Fe oxyhydroxide minerals
was unravelled. The structural studies of asbolanes, detection of the crystallochemical
nature of buserites, determining the disordered nature of the mixed-layered minerals of
the type of asbolane-buserite I, buserite I-buserite II, buserite- ‘defective lithiophorite’ and
so on represents a special interest. The success of the methods used may be shown by the
fact that the wide distribution of MnO, in the modern basins and weathering crusts 10 A-
phase may be represented by at least one of seven minerals with clearly distinguishing
structural parameters: asbolane, buserite I, buserite II, todorokite, mixed-layered phases
of asbolne-buserite I, buserite I-buserite II, and buserite I-‘defective lithiophorite’.

Except for the methodical procedures mentioned in the works of these researchers,
successful application of profile modeling of diffraction images for such widespread
minerals as vernadite and birnessite, the effective complexing of diffraction methods with
X-ray photoelectronic spectroscopy and fine structure of the X-ray spectra of absorption
(EXAFS), were demonstrated. These procedures opened the possibility for the gathering
of data on coordination and valency of the main cations, their local structure, distribution
of oxygen ions, hydroxyl groups, H,O molecules and so on in the mineral.

On the basis of obtained results and in the general context of the data on geology,
sedimentology, geochemistry, the authors consider the problems of the genesis of the
determined minerals and phases.

As it was mentioned above, in the western countries in the 1930s to the beginning of
the 1960s the studies of Mn geology and geochemistry were conducted separately from
the similar works in the U.S.S.R. The scientific problems and the level of these works
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were determined mainly by the general progress of geological sciences, achievements of
chemical and physical methods of investigations and the presence of corresponding geo-
logical bodies. Such a situation may be illustrated with the example of the U.S.A. as the
country, that like many industrial nations of the West, is virtually dependent on the import
of Mn ores from abroad: from West and South Africa, Brasil, and India. Under these
conditions the U.S. Geological Survey had to give a scientifically justified evaluation and
prognosis of Mn deposits (Coffman and Palencia, 1984; DeYoung et al., 1984; Doncoisne,
1985; Jones, 1991, 1992; Manganese, 1990; McMichael, 1989; National Minerals Advi-
sory Board, 1981; U.S. Congressional Office, 1985). The detailed geological surveying
of perspective areas, and the study of mineralogy and geochemistry, uncovered a great
number of relatively small Mn ore deposits in volcanogenic-sedimentary sequences and
the oxidation zone at the southwest of the U.S.A. The studies were conducted according
to special program. The material obtained was thoroughly described and systematized
in the works by D.E. Hewett and others (Fleischer, 1960; Hewett, 1964, 1968; Hewett
and Fleischer, 1960; Hewett et al., 1963, 1968). The investigations convincingly demon-
strated the existence of proper hydrothermal accumulations of Mn and they preceded the
discovery of the largest hydrothermal-sedimentary Mn deposits in South Africa (Kalahari,
79% of the Mn World reserves) and in the Central Kazakhstan. Hand in hand with these
works L.S. Ramsdell, W.F. Cole, M. Fleischer, W. Richmond, J. Faust, M.D. Crittenden,
A.D. Wadsley, R.K. Sorem and others laid the groundwork for the modern mineralogy of
Mn oxyhydroxides with the application of X-ray structural and other physical methods of
analysis available in those years (Buser et al., 1954; Cole et al., 1947, Crittenden et al.,
1962; Fleischer, 1960, 1964; Fleischer and Faust, 1963; Fleischer and Richmond, 1943;
Fleischer ef al., 1962; Ramsdell, 1932; Richmond and Fleischer, 1942; Richmond et al.,
1969; Sorem and Cameron, 1960; Wadsley, 1950; Wadsley and Walkley, 1951; Zwicker
etal., 1962). After these studies the use of X-ray diffraction allowed the unambiguous use
of such widespread mineral names as cryptomelane, ramsdellite, lithiophorite, rancieite,
nsutite and others, and that produced significant progress in this relatively unstudied part
of mineralogy (Rode, 1952). The results obtained as well as the data of the European
mineralogists were systematized in Ramdohr and Frenzel’s work (Ramdohr and Frenzel,
1956). A series of initiating researches on experimental synthesis of Mn oxyhydroxides
were carried out by a team of Swiss scientists (Glemser et al., 1961).

A symposium on the Mn deposits, that took place in 1956 in the frame of the XXth
Session of the International Geological Congress, Mexico, and the publication of a five-
volume proceedings of this forum were the significant events in geology. In this publication
the data and study results on the most important deposits and ore occurrences of the world
were for the first time systematically represented, and the main problems of manganese
mineralogy and geochemistry were clarified, that reflected the level of the science devel-
opment in those years (Reyns, 1956a—1956¢e). But under the regime of totalitarianism,
geologists of Russia and former Republics of the U.S.S.R. could not take part in the
symposium work and the data on Mn deposits of these regions were left practically inac-
cessible for the international geological community. In the Mn symposium proceedings
there is no information on the Mn—Fe nodules and metalliferous sediments of the modern
basins, because the second half of 1950s was the very beginning of wide-spread geological
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research of the World ocean and the geodynamic initiation, that was based on the concepts
of the plate tectonics. Only later the investigations of specialists of many countries on
Mn-Fe nodules, performed in the beginning of 1960s, were systematized and generalized
in works by J. Mero (1962, 1965), who was the first to determine the general regularities of
distribution of their chemical composition and, in particular, who distinguished the most
prospective regions of the World ocean with high concentrations of Mn, Ni, Cu, Co and
founded their commercial validity as tremendous deposits of high-grade natural-alloyed
ores. Thus, generalizations of the international community from the 1950s—mid 1960s
supported Vernadskii’s statement that the important problems of geology and geochem-
istry had essentially global character and that their successful resolution was feasible only
with close international cooperation.

Acknowledgment of the necessity of international scientific cooperation of geological
and geochemical researches was developing and it became the urgent imperative of that
time. In 1967 at the Second Symposium of the International Association on Genesis of Ore
Deposits (IAGOD) in St. Andrews, Scotland, by initiative of Gy. Grasselly (University of
Szeged, Hungary) the Working Group (W.G.) on Manganese (Commission since 1972) was
formed, the aim of which was the initiation and coordination of international investigations
on problems of manganese geology and geochemistry. I.M. Varentsov was elected its
scientific secretary and coordinator in 1968 (Varentsov and Grasselly, 1969).

In 1970 at the first scientific and organizational session of the W.G. in the frames
of the joint IMA-IAGOD Symposium, that was held in Tokyo—Kyoto, the main aims
of the international researches were determined (Varentsov and Grasselly, 1970). At
the session it was decided to hold the Second International Symposium on manganese
geology and geochemistry in the frames of the 25th Session of the International Geological
Congress, Sidney, Australia, in 1976 and to publish Proceedings in the form of a several
volume monograph, reflecting achievements in these areas of the Earth sciences for
the last 20 years, i.e. after the First Symposium. Later at a meeting of the IAGOD
Commission on Mn, held regularly since 1970: in the frames of the 24th International
Congress, Montreal, Canada, 1972 (Dorr, Varentsov, and Grasselly, 1971-1972), 4th
Symposium of the IAGOD, Golden Sands, Varna, Bulgaria, 1974 (Graselly and Varentsov,
1974), the problems on the preparation of the 2nd Symposium on Mn and publications
of Proceedings, held in close cooperation with other international organizations were
discussed and corrected. For example, with the Commission on Marine Geology of the
International Council of Geological Sciences (E. Seibold, University of Kiel, FR.G.) main
attention was focused on three problems: (1) mineralogy, geochemistry and methods of
study of manganese ores; (2) manganese deposits on continents; (3) manganese on the
floor of modern basin (Grasselly and Varentsov, 1975).

It is important to point out, that the time of the 2nd International Symposium on
Manganese is related to the period of active development of the scientific-technological
revolution, the achievements of which had an effect on the introduction of instrumen-
tal, physical, and chemical methods into geological and geochemical practice, allowing
to obtain mass and relatively highly precise determinations of chemical composition and
structural characteristics of the matter, and the wide-spread application of computers. Such
methodical investigations advanced significantly the development of new equipment, that
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proved to be extremely fruitful in its direct application to the geochemistry of manganese
and associated metals. International and national programs of study of oceanic Mn—
Fe nodules and International Deep Sea Drilling Project (DSDP, IPOD) on D.V. ‘Glomar
Challenger’ verified the validity of main precepts of geodynamics-tectonics of lithospheric
plates and revealed the major regularities of genesis of Mn ore accumulations as char-
acteristic assemblages in the history of basins of the World ocean and continents. In a
three-volume publication of Symposium Proceedings, united under the general heading
Geology and Geochemistry of Manganese (Varentsov and Grasselly, 1980a—1980c) works
on three main directions were included:

1. Significantreviews, reflecting the achievements in certain areas of geological science
(in particular, mineralogy, geochemistry of Mn) of the previous decades and displaying
progress in the most prospective directions. The necessity of such works, summing up the
results for relatively long intervals of time, is extremely important for the wide community
of geologists. Special place in such works occupies the consideration of known scientific
ideas, for example, discussions of ‘neptunists’ and ‘plutonists’, supporters of the decisive
role of microorganisms and inorganic genesis of manganese ores, followers and opponents
of mobilism, geodynamic concepts and so on: for example, review by D. Crerar etc. (Crerar
etal., pp. 293-334, in Varentsov and Grasselly, 1980a).

2. Original investigations of geochemistry, mineralogy, and structural-tectonical as-
pects of geology of manganese deposits, in which new ideas were often put forward.
These investigations, as a rule, were performed with the application of the newest meth-
ods, and have continuous scientific validity. The significance of such works is not only
in that they signify the appearance of new scientific directions, but in that the publication
of investigations of this type stimulates the concentration of efforts in the main directions
and the creation of conditions for the development of new ideas and methods of their
introduction into the general scientific practice. The illustration of this statement may be
the physico-chemical and structural investigations by R. Giovanoli (Giovanoli, pp. 159—
202, in Varentsov and Grasselly, 1980a) of fine dispersed Mn-oxyhydroxide phases, that
provoked a vivid discussion on the structure and nature of 10 A manganates and other
minerals (Burns and Burns, 1979). This dispute was developed into an elaboration of the
above mentioned original models of Mn oxyhydroxide structures (Bursill and Grzinic,
1980; Potter and Rossman, 1979; Turner and Buseck, 1979). The most fruitful was the
application of methods of electron microdiffraction in combination with the X-ray energy
dispersion spectroscopy and other physical methods (Chukhrov et al., 1978, 1980a, 1980b,
1983a, 1983b, 1987a, 1987b, 1989).

3. New data on regional and global aspects of manganese deposits on continents and
in the World ocean, that are extremely necessary for the creation of the factographical
basis of many theoretical concepts and broad hypotheses of the Mn ore formation. For
example, a number of propositions on the modern geodynamics at continents (problem of
the Tethys and older ocean-like basins), and plate tectonics in the World ocean (problem
of metalliferous sediments in axis zones) need to be more thoroughly investigated and in
new factographical data for the better understanding of formation processes of minerals,
in particular, manganese deposits. Materials of this series compose the greater part of
the second and third volumes (Varentsov and Grasselly, 1980b, 1980c). The significant
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event of the 2nd International Symposium on Manganese Deposits, Sidney, 1976, was
the organization and beginning of activity of Project no. III ‘Genesis of Manganese
Ore Formations’ of the International Program of Geological Correlation IUGS-UNESCO
(leaders: Gy. Grasselly, Hungary, S. Roy, India, scientific coordinator I.M. Varentsov,
U.S.S.R.). The aim of the project was the broadest coordination of scientific and practical
investigations on the three above mentioned problems and practical introduction (in the
form of help to developing countries) of obtained achievements by holding international
meetings and sessions of the Working Groups on fundamental problems, publication of
collected papers and monographs, and special publications of magazines. In the period
of 1976-1986 the meetings of the Project were held each 1-2 years and the short reports
were published in the journal Geological Correlation, UNESCO, Paris. For example, in
the Soviet Union the united sessions of the Commission on Mn (Project IGCP No. III)
were held during IAGOD Symposium, Tbilisi, 1982, with the visit to the Chiatura deposit
and in the frames of the XX VIIth International Geological Congress, Moscow, 1984, with
geological excursions to deposits of the Ukraine and Georgia. From 1986 to 1990 the
International Cooperation was continued under the aegis of IGCP Project No. 226 ‘Cor-
relation of manganese sedimentation with paleoenvironments’ (leaders: S. Roy, India,
B.R. Bolton, Australia), and since 1991 to the present time Project No. 318: ‘Genesis
and Correlation of Marine Polymetallic Oxides’ (leaders: J.R. Hein, (B.R. Bolton, 1991
1993), S. Dasgupta). The distinguishing feature of these projects is that their workshops
are held both in frames of Symposia, Congresses and during geological excursions to sig-
nificant manganese deposits: 1986, International Sedimentological Congress, Canberra,
Australia; 1987, Session at deposits Imini and others, Maroc; 1988, International Sym-
posium ‘Sedimentology in relation with mineral deposits’, Beijing, with excursions to
deposits of China; 1989, XXVIIIth Session IGC, Washington, U.S.A., with excursions to
Urkut (Hungary) and Varna (Bulgaria) deposits; 1992, XXIVth Session of the IGC, Kyoto,
Japan, with excursions to deposits of Hikkaido Island (the Hokkaido Field Workshop);
1993, 16th Colloquium of African Geology, Mbabane, Swaziland with excursions to iron
and manganese deposits of the Transvaal Supergroup in Griqualand West, South Africa.

However, it is necessary to stress that with the increasing flow of information and
accelerating rates of research of mineral resources, the Commission on Mn of IAGOD
and corresponding Projects IGCP could coordinate only part of the investigations on Mn
geology and geochemistry. A great number of such works is carried out in the frames of
well-subsidized investigations of national programs of the U.S.A., Japan, FR.G., France
and other industrial countries, equipped with the latest instrumentation for land, marine
and laboratory projects.

These studies are characterized by two marked tendencies: on one hand, they are
directed, first of all, to the acquisition of high quality empirical data with by application
of the newest technological achievements, and on the other hand, in some of these works
there are attempts of conceptual synthesis of available information (Cannon and Force,
1983; Force and Cannon, 1986). The tendency to global correlation or probably broader
consideration of studied events is an inherent feature for significant monographs of the
last 20 years (Cronan, 1980; Glasby, 1977; Halbach et al., 1988; Maynard, 1983; Rona et
al., 1893; Roy, 1981; Sorem and Fewkes, 1979; Teleki et al., 1987).
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1.3. Methodical Aspects

“The task, ...which is to be solved by natural sciences, is to try
to find some regularities in the unlimited variety of events, of the
surroundings, in other words, to understand these heterogenous events,
reducing them to simple concepts. It is necessary to try to derive a
particular from general, to understand definite phenomenon as the
result of simple and general laws.” W. Heisenberg (1987b, p. 211)

“Geochemistry is a history of atoms in our planet body” — V.I. Vernadskii pointed out
many times (1960, p. 272), referring to ideas of M. Faraday and Ch. Schonbein, outlined
in their notebooks of 1830-1840s. This concept is wholly justified and for the modern
geochemistry of the Mn ore formation, that may be considered as the history of formation
of relatively high concentrations, in this case, of manganese and associated elements in
the geological bodies. The distinguishing feature of the considered processes is that the
Mn ore formation is the characteristic intrinsic unit in the general sequence of sediment
accumulation, rock formation at the definite stage of the basin development or geological
evolution of the region, corresponding to a certain paleobasin. Data known at the present
time and results of investigations, conducted by the author, focused the main attention on
the following major items of the work:

I.  Geochemistry of the processes of formation of Mn ores in relatively young modern
settings.

II. Experimental research of the processes of Mn ore formation.

III. Geochemistry of Mn ore formation in paleobasins and the supergene settings of the
geologic past. !

IV. Geochemistry of Mn ore formation in the history of evolution of the Earth’s crust.
V. Geochemical model of Mn supergene ore formation.

The structure of the work is determined by the general logic of our knowledge of Mn
geochemistry. Unlike many commercially valuable metals, the geochemical distinguish-
ing feature of manganese is that its ore accumulations are concentrated in a broad range
of environments, from weathering crust-lakes to vast abyssal regions of the World ocean.
This feature determined the procedure of study of Mn ore formation.

The modern settings of supergene ore formation are considered as the systems, in
which there may be distinguished three main structural categories: (a) source of ore
forming components; (b) environment of their migration and accumulation; (¢) proper ore
accumulations. However the duration of ore formation during sedimentary and diagenetic
processes may vary from several hours and days to many hundred million years. Thus,
similar events are referred to as rarely observed or unobserved events. Along with
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extremely low rates of the formation of Mn mineral phases, that are so characteristic for
settings with relatively low temperatures and pressures, a considerable obstacle for the
study is inaccessibility of objects for direct observation and quantitative evaluation of the
most important parameters, controlling these processes.

Therefore it is essential that in the geochemical literature the problem is discussed to
what degree the chemical equilibrium is attained in natural sedimentary systems. Elu-
cidation of this problem may be possible with a thorough experimental investigation. It
is pertinent to note, that in geochemistry the increased experimentation is an extremely
justifiable stage, reflecting the most important development trends of modern natural sci-
ence, characterized by both wide application of technological achievements of the past
and the development of complex interdisciplinary investigations. Attempts of synthesis
of major theoretical concepts of the geochemistry of sedimentary Mn ore formation and
experiment are expedient to consider as the problem of the interrelation of theoretical and
experimental empirical knowledge. In other words, the experiment is the definite result
of generalization of empirical knowledge, interpretated, in the light of modern theoretical
concepts. The model, created on this basis, serves both for the verification of prelimi-
nary hypothetical concepts and for acquisition of fundamentally new information on the
investigated phenomenon. To evaluate the quality of experimentally obtained informa-
tion it is necessary to imagine precisely all those possibilities and restrictions, that allow
experimental data to be related with real characteristics of natural events.

A distinguishing characteristic for the natural geochemical settings is that the more
complicated the sediment ore forming system, the greater the role of the internal rela-
tionships, the more variable the influence of the external environments, and the more
diverse and complicated the relations between different factors. Further there are fewer
possibilities to learn with isolated investigation of component parts, and the greater is
the significance of the approach to its integral investigation, i.e. the system. The modern
system approach is necessary in order to avoid drawbacks, inherent to analytical meth-
ods of description of such complicated developing dynamic systems as Mn ore forming
environments.

The above interrelations determine those conditions, which the natural objects should
satisfy (lake, sea region, structural zone, deposit on land or test area), that was chosen as a
model for detailed and possibly broadest investigation. The fundamental role of primary
observation is the basis for the creation of particular models. Successes in adjacent fields
of the natural sciences of the last few decades testify that significant progress may be
obtained mainly with the deep study of key objects, creation of preliminary models as
a result of their investigations, their successive verification, and determination of partial
and general interrelations. The application of similar methods in this work is the detailed
description of chosen model objects is given, and on this basis an attempt of broad typology
of the investigated event is made, that may result in the preparation of the general model.
Discussing the efficiency of such an approach in natural sciences W. Heisenberg (1987,
p- 108) wrote:

Attempting to understand events, we notice that any understanding begins from the
perception of their similar features and regular relations. Some regularities are per-
ceived then as peculiar cases which are general for different events and that therefore
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may be called a fundamental concept. Thus, any attempt to understand the variable
multiplicity of events leads with necessity to the search for the fundamental concept.

Rapid growth in the application of formalized models for geochemical study of ore
forming processes has recently been observed. Similar models, in their turn, found wide
application in rather complicated experimental investigations, that should both serve as
the basis for the verification of those models (including computer ones) and represents
a significantly new information basis for quantitative calculations and comparison of
different versions of genetic models.

Broad application of thermodynamic methods for understanding of natural sedimenta-
tion geochemical systems benefitted significantly from the publication of the monographs
by Garrels (1960) and Garrels and Christ (1965). Models, based on the equilibrium
thermodynamic approach, were used for the investigations of low temperature geochem-
ical processes. But with the application of these models (often in the form of computer
programs) especially among geochemists (Potter, 1979), the contradictions became ob-
vious. The contradictions were revealed between observed natural data and calculated
results, obtained on the basis of accepted equilibria. The following main reasons for these
discrepancies may be distinguished:

1. Inconsistency of the thermodynamic data, used as the model basis.

2. Modeling reactions are controlled by kinetic parameters.

3. Incomplete and inadequate understanding of the natural process mechanisms.
4. Simulated reactions are irreversible.

The attempts to use the thermodynamic approach have considerable difficulties, if one
takes into consideration the fields of low temperature processes and biosphere distribution,
i.e. the influence of life and its products. Moreover, Garrels and coworkers (Garrels, 1982;
MacKenzie and Wallast, 1977) in their later works pay close attention to the fact that
in the zone of supergene sedimentation—postsedimentation alterations, the geochemical
processes are substantially subordinate to the kinetic control and, in a rather limited
measure, they are determined by equilibrium thermodynamics. At the same time in
the supergene zone of sedimentation a special role, which is difficult to overemphasize,
belongs to microorganisms and organic matter. Presence of organic components in such
geochemical systems catalyze the progress of many, in particular, redox reactions, that
would not develop without the influence of life or its products (Putilina and Varentsov,
1980).

Thus the most important condition of the application of models of low temperature
geochemical processes for the study of natural ore sedimentation processes is the ne-
cessity to obtain adequate data, the relative completeness of which should surpass that
information, which was used until recent times. The aforesaid is related to the absence of
reliable geochemical parameters, precise characteristics of a number of solid phases (their
features of chemistry and structure), forms of component occurrence in the solution, and
to the shortage of precise, consistent thermodynamic data on these phases and compo-
nents. Moreover, the understanding of reaction mechanisms was not possible without the
latest instrumentation methods of the study of structure, composition, and surface of min-
eral phases, determination of intermediate or stage products, and evaluation of diffusion
processes.
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The further development of the kinetic factor study in the last decade was the deep study
of natural processes of authigenic phase formation (including Mn-Fe oxyhydroxides):
deposition, redeposition, crystallization, and sorption processes. The growth of recent
kinetic investigations and understanding of reaction mechanisms of processes, obviously
favor the initiation of a new approach to the evaluation of kinetic control of the variation
of composition of interacting solutions, and intermediate products in the general dynamics
of phase formation.

Noting the difficulties of the application of calculated thermodynamical methods to the
study of geochemistry of sedimentation-diagenetic ore-forming processes in the range of
weathering crusts, accumulations of their products in fresh water basins ~ delta-estuaries-
internal seas to abyssal regions of oceans — it is important to emphasize that the achieve-
ments in investigations of Mn ore formation in recent years were obtained owing to the
application of models, in which considerable emphasis was devoted to kinetic, catalytic,
and sorption processes (Arrhenius and Tsai, 1981). In a number of our works (Varentsov,
1972a, 1972b; Varentsov and Pronina, 1973; Varentsov et al., 1979) emphasis was placed
upon the fact that in particular, generalized models of these processes, the disequilibrium
features of such interactions were reflected and controlled by kinetic and sorption factors,
as well as the sufficiently complete concepts on process mechanisms, including the nature
of irreversible reactions. The definite examples of the application of the above general
statements can be described in corresponding parts of Mn ore formation.

In transition from modern basins to ancient ones the precision of relations of the major
structural parts of ore forming systems is significantly decreased. As a whole, taking into
account the known features of the Earth’s history and the development of geodynamic
processes, we may assume that in different intervals of the Phanerozoic there were mainly
quantitative alterations in relations of major geological factors (structural, endogenic,
climatic, biological, etc.), that became apparent in close interrelation. But for the Precam-
brian in particular, approximately from the bourdar of the Early Proterozoic (1.8-2.2 Ga)
there are grounds to ascertain the presence of essential qualitative differences (Schopf,
1983). Such evolutional features are observed in the geochemistry and sedimentological
characteristics of Mn ore deposits. As it was shown earlier (Varentsov, 1964; Varentsov
and Rakhmanov, 1974; Varentsov et al., 1984) with extremely limited information and
variation of primary data on Mn ore formation in ancient supergene settings and basins, the
reconstruction of geochemical characteristics of processes is conducted in the frames of
known theoretical and experimental data, including the ore formation in modern settings.
In these studies the formational method, or the study of paragenetic associations, are close
to an initial factographical basis.

Thus, we can say with reasonable confidence that in the geological science, in particular
in the geochemistry of Mn ore formation, relatively complete geochemical models are
created as the result of close interaction of three methods:

1. Observations: study of modern and ancient natural objects, accumulation, under-
standing of empirical data, distinguishing of essential information, factors that control
the investigated event. To select the essential information the theoretical concepts are
necessary, corresponding to the level of modern achievements of the Earth sciences
and related disciplines. The result of this stage is the creation of hypotheses as prelim-
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inary models, based on these data. Here it is unavoidable to reduce the complicated
natural system to some relatively elementary system, in which the main structural
relationships of simulated systems are preserved. The most important aspect is the
reduction during construction of the model of Mn ore formation in the frames of the
considered method from the particular to the general.

. Modeling: experimental simulation of some parts, process stages with unavoidable,
simplification of systems. It is necessary to emphasize, that the understanding of
natural events, in particular the geochemistry of Mn ore formation, is shown by how
adequately we can model or experimentally reproduce the investigated process. Thus,
observations of natural events, being an essential part in our understanding, do not
ensure the necessary understanding of the process.

. The historical method is extremely essential, because the geochemical evolution of
the Mn ore formation processes represents the change of settings and conditions in
the general development of the basin of sedimentation, region, the planet during
geological time.
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MANGANESE ORES IN WEATHERING CRUSTS

2.1. Introduction

2.1.1. FORMULATION OF THE PROBLEM. DEFINITIONS

Among various types of manganese ores the largest accumulations of rich varieties occur
in the supergene settings, in particular in laterite weathering crusts. This established
empirical fact underlines the justice of the statement, made by V.I. Vernadskii in the
beginning of the century that the highest concentrations of manganese were observed in
the zone of free oxygen (Vernadskii, 1954a, 1954b). However, many classifications of
manganese deposits do not sufficiently reflect the real diversity of genetic types of ores in
the supergene zone (Berner, 1981; Betekhtin, 1946; Park, 1956; Roy, 1968, 1969, 1981;
Strakhov et al., 1968; Varentsov, 1962; Varentsov and Rakhmanov, 1974). The general
scheme by Patterson (1971), used by Banerdji (1981) for a number of minerals, associated
with weathering, is devoid of similar drawbacks. It should be stressed that in our work this
classification is somewhat modified in order to reflect more adequately the distinguishing
features of manganese ores, formed as the result of supergene processes:

1. Deposits associated with laterites and saprolites. For example, deposits of manganese
ores in humid tropical zones.

2. Manganese ores of the oxidation zone or secondary enriched ore deposits. This
type includes the oxidized manganese associations, widely developed in the largest
sedimentary-diagenetic, hydrothermal-sedimentary ore accumulations. For exam-
ple, in the South Ukrainian and Georgian Oligocene basins, and the Late Devonian
oxidized-carbonate ores of the Central Kazakhstan, etc.

3. Manganese deposits associated with supergene processes of leaching, infiltration, and
redeposition. The scales of their ore content may vary sharply. For example, the
largest accumulations in karst caves of the Postmasburg area, South Africa (reserves:
hundreds mln t of Mn) and relatively large ledges in deposits of Porozhinskoe (Eni-
seiskii ridge), Urkut (Bakoni Mountains, Hungary), Burshtynskoe (Western Ukraine)
etc.

20
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If manganese deposits of laterite crusts are typical formations of humid tropical regions,
then the second and third types may be formed under the conditions of temperate or, less
commonly, semiarid climates.

The basis of the mineral formation, in particular, of manganese ores in weathering
zones are the processes of interaction of natural meteoric waters with the rocks under
optimum combinations of the main factors: climatic, geomorphological and structural,
lithologic-petrographical, and favorable history of the geological development of the area.
It should be borne in mind that none of these factors functions in isolation. The critical role
belongs to their optimum combination, corresponding to each definite type of ore. The ore
forming supergene processes in the regions of humid tropical climate are distinguished
by their intensity and extensity. Along with such important parameters as relatively high
average annual temperatures and the volume of precipitation, a considerable role belongs
to the chemical features of the latter. For example (Bugel’skii e al., 1983), in the regions
of dense vegetation the pH values of meteoric waters, passing through dense leaf litter and
foliage, is decreased from 6.0-5.5 to 4.5-3.7, and for rain waters, flowing down tree trunks,
this decrease is intensified to 2.6 at relative high concentrations of dissolved organic matter
(DOM). In processes of supergene formation of manganese ores the cardinal role belongs
to the organic matter in ore formation basins (Putilina and Varentsov, 1980). During
interaction with rocks of the weathering crust profile, similar waters act not only as rather
aggressive solutions, but additionally the presence of some type of DOM, in particular
humic and fulvic acids, determines their action as selective solvents in relation to definite
components of the rocks of the crust profile.

The experience of the ore formation study in weathering crusts suggests that the most
considerable deposits of manganese and a number of other metals of the weathering crusts
are associated mainly with large relatively uplifted and generally geomorphologically dif-
ferentiated, tectonically stable areas of the Earth’s crust (Banerdji, 1981, 1984; Bugel’skii,
1979; Bugel’skii et al., 1983; Chowdhury et al., 1965; Holtrop, 1965; Jones, 1992; Lopez-
Eyzaguirre and Bisque, 1975; Ostwald, 1992; Parc et al., 1989; Progress of IGCP Project
no. 129, 1984; Taylor et al., 1964; Vascocelos et al., 1952).

A combination of tropical humid environments with optimum structural-geomorpho-
logical settings determine high drainage and washing up of rocks (water exchange inten-
sity), that significantly increases the rates of crust forming processes: accumulation of ore
components and removing of main rock forming components. Most researchers assume
that the seasonal, or at least irregular rainfall, in excess of 2000 mm/year, an average-
annual temperature of about 30°C with insignificant seasonal differences, a pH of ground
waters between 4-3, means that oxidizing conditions are favorable for active development
of laterite weathering crusts (Banerdji, 1984; Bugel’skii ef al., 1983; and others). The
investigation data currently available proves that the chemical and mineral composition
of ores is determined by the type of primary rocks to a considerable degree or, to be more
precise, by the range of their enrichment in accumulated components. If the formation of
bauxite lodes may be developed within a wide range of the bedrocks (excluding quartzites,
evaporites, and other rocks, in which the Al content is significantly lower than clark) then
for the manganese ores of the considered type the role of substrate (protore), preliminarily
enriched in Mn and associated metals, is the key factor. This inference is displayed
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with great clarity in many regions of Australia, India, Africa, and South America, where

laterite manganese ores are developed in Mn-protores of different composition (carbonate,

silicate, oxide). Ultrabasites may arbitrarily be categorized as ‘protore’. Oxyhydroxide
minerals of manganese, having high concentrations of nickel, cobalt, and other heavy
metals (Chukhrov et al., 1980a, 1980b; Elias ef al., 1981; Schellmann, 1978; Vitovskaya
et al., 1984) are accumulated in the weathering crusts in these rocks. However, unlike
nickel and cobalt, the ore accumulations of manganese rarely reach large commercial
scales. In comparison with other ore-bearing weathering crusts, the geochemistry of ore
forming processes in manganese crusts is relatively poorly studied at the present time. As
it was emphasized above in the discussion of the methodical aspects (see ‘Introduction’),
the method of ‘key test area’ study was accepted in the work. On the basis of the
thorough study of geology, mode of occurrence, mineralogy, and geochemistry of the ore
and enclosing sediments of genetically simple and rather distinct sites, some preliminary
models of supergenic manganese ore formation can be devised. The relative characteristics
and correlation of deposits of this type, with genetically allied accumulations during
geological history, may serve as the basis for wider generalization of such particular
models. This approach is reflected in the general structure of this work.

To prepare the preliminary version of the geochemical model of supergenic manganese
accumulations, a number propositions may be accepted:

—  Large laterite manganese deposits are associated with areal weathering crusts and, to
a lesser degree, with linear crusts.

—  Such crusts are usually distinguished by zonal structure. In this case each zone is
characterized by typomorphous mineral paragenesis — definite mineral and chemical
composition.

—  Variation of typomorphous mineral paragenesis, along with the features of the sub-
strate rocks, reflects the chemistry of seeping, infiltrating ground solutions with the
regime of pH and Eh. As a rule, in the vertical section the pH of the crust varies from
acidic to slightly alkaline (from 3-5 to 9), and Eh changes from slightly reducing,
and moderately oxidizing to intensely oxidizing (zone of free O2).

—  As in any ore-forming system, in the weathering crust there may be distinguished
three main parts, often spatially slightly separated: (a) source; (b) transportation
medium; (c) ore deposition setting. Due to the action of solutions, containing carbonic
acid, humic and other acids, and probably with the participation of biochemical and
bacterial processes, the following processes operate: (i) dissolution and hydrolysis
of initial minerals; (i) migration; (iii) autochthonous or with some transportation,
new formation, and accumulation of ore components. In this way the process of
manganese ore formation in the supergene zone in the weathering environments is
controlled by the mechanism of dissolution-deposition of elements.

— In processes of authigenic formation of oxyhydroxide minerals of manganese ores
and associated metals, the significant role belongs to sorption processes, often ac-
companied by autocatalytic accumulation of transitional metals. The bacterial ore
accumulations fill a special place.

—  Inasmuch, the mineral-ore formation in the modern weathering crusts is characterized
by extremely low rates, they may be referred to as unobserved processes. In this case
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the data of experimental investigations, simulating natural processes, is of special
importance. In the manganese deposits in the laterite crusts of North Australia and
West Africa, the autochthonous and redeposited nature (which is in many cases
sufficiently proved such that it is no longer subject for debate) are accepted as a
natural model. It is of value too that the mineralogy and geochemistry of these crusts
are relatively well studied (Bouladon et al., 1965; Grandin and Perseil, 1977, 1983;
Leclerc and Weber, 1980; Ostwald, 1992; Perseil and Grandin, 1978, 1985; Pracejus
and Bolton, 1992; Weber et al., 1979).

2.2. Tropical Weathering Crusts

2.2.1. MODEL TEST AREA: GROOTE EYLANDT DEPOSIT, NORTH AUSTRALIA
2.2.1.1. Introduction

The Groote Eylandt manganese deposit is the largest in Australia. The explored reserves
(more that 400 mln t) of high-grade manganese ores are sufficient not only for the demands
of the Australian metallurgy, but also considerable amounts of enriched ores are exported.

The deposit is situated in Groote Eylandt Island, located at the western part of the Gulf
of Carpentaria (Figure 1) 50 km from the Arnhem Land shore and 640 km from Darwin
city, which is the closest city and administrative center of the North territory. Despite
the fact that Groote Eylandt was found by Dutch seamen in 1624, its development was
initiated only after the deposit’s discovery in 1962 (Smith and Gebert, 1969).

The problems of the geology of the deposit, its ore mineral composition, enclosing
sediments, their geochemistry, and genesis are represented in a limited number of works
(Berry and Bergin, 1968; Bolton and Frakes, 1982, 1984; Bolton et al., 1984, 1988, 1990;
Frakes and Bolton, 1982, 1984a, 1984b; Frazer and Belsher, 1975; McIntosh et al., 1975;
Ostwald, 1975, 1980, 1981, 1982, 1988; Slee, 1980; Smith and Gebert, 1969; Pracejus
and Bolton, 1992; Pracejus et al., 1988, 1990; Varentsov, 1982). The authors expressed
rather contradictory concepts relative to the nature of oxide ores; this indicates that these
works reflect the initial stage of investigations of this deposit, which is unique in scale
and ore quality.

In 1976 in Sidney, Australia, the Symposium on Geology and Geochemistry of Man-
ganese was held in the frames of the XXVth International Geologic Congress. After the
XXVth International Geologic Congress, the Groote Eylandt Company Ltd. (branch of the
Broken Hill Proprietary Ltd.) organized an excursion for participants of the Symposium
on manganese to the deposit, the author being a member of this group. They were provided
with the opportunity to study the main ore sections and sample the ores and enclosing
rocks.*

*The author is grateful to W.C. Smith and K.J. Slee, geologists of Company Groote Eylandt Mining for the
help provided at the deposit, for discussions during the section description and sampling; the author also wishes
to thank 1.V. Reid, Research Department Manager, for the discussion of geological problems and the permission
to publish the results of the sample investigations.
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Fig. 1. Geological map of Amhem Land and the western part of the Gulf of Carpentaria region (scale in
miles). 1. Tertiary and Quaternary sediments (alluvium, sands and continental sediments); 2. Lower Cretaceous
deposits (Mullaman Beds); 3. Upper Proterozoic (?) (dolerites); 4. Upper Proterozoic to Middle Cambrian
(rocks of the Roper Group, Wessel Group and Lower to Middle Cambrian rocks; 5. Middle Proterozoic (rocks
of the McArthur Group and equivalents); 6. Middle Proterozoic (rocks of the Katherine River Group, Parsons
Range Group, Groote Eylandt bed and equivalents); 7. Archean to Lower Proterozoic (granites and metamorphic
basement rocks). After Smith and Gebert (1969).
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2.2.1.2. Geological Setting

Precambrian and Lower-Middle Cambrian rocks, with relicts of thin sediments of the
Lower Cretaceous and younger sediments, are widely developed in the region of Arnhem
Land and the Gulf of Carpenteria. Sediments related to the interval from the Middle
Cambrian to the Lower Cretaceous were not found in this region.

The basement rocks are represented by the Archean (Figures 1-2) and Late Proterozoic
gneisses, quartzites, granites, and volcanites. They are overlain by thick sequences of
the Middle and Upper Proterozoic and Cambrian sediments (Bolton et al., 1984, 1988,
1990; Gebert and Slee, 1969, Slee, 1980). The Lower Cretaceous sediments occur as thin
monadnocks, elevated more than 150 m above sea level. These sediments fill the valleys
and they are developed at the coastal plain areas. The intensive development of the laterite
weathering profile, in particular in the Lower Cretaceous rocks, is typical for the area.

2.2.1.3. Stratigraphy

Precambrian. Groote Eylandtlayers are developed across most parts of the island territory
and can be correlated with rocks of Parsons Range Group and Tawallah Group, composing
the sequences of the Middle Proterozoic of Arnhem Land. Groote Eylandt layers (thickness
about 600 m) are composed of quartz-feldspar sandstones with intercalations of shingles,
and in the lower part of conglomerates. A clay matrix is observed in sandstones. It is
remarkable for the development of cross-bedding stratification (Plumb ez al., 1980; Slee,
1980; Smith and Gebert, 1969).

Lower Cretaceous. The Mullaman beds are related to the Lower—Middle Cretaceous.
They were deposited at the land surface, represented by a dissected plateau, composed of
rocks of the Groote Eylandt Group. Sediment monadnocks are elevated to 159 m over
sea level. These sediments occur in the plateau valleys and in small depressions of the
western, southwestern, and probably northeastern margins of the plateau.

Judging from the drilling data in the western and southwestern parts of the island the
Mullaman beds (95 Ma, Late Albian—Early Cenomanian (Bolton et al., 1984, 1990)) are
composed by quartz sands, clays, manganese-bearing glauconitic marl, and sandy clays,
enclosing the layer of manganese oxides. Lately these sediments have been shown to have
an absolute age of 95 Ma and are related to the Cenomanian age (Ostwald and Bolton,
1992). In relatively depressed parts (southern depression) the sandy clays and clays are
underlain by grey pyritic manganese-bearing marl, the top of which occurs at a depth of
less than 6 m below modern sea level (Smith and Gebert, 1969).

As a whole the Cenomanian sediments of the southern basin which are 65 m thick are
subdivided into two sequences: (a) lower (clay facies), corresponding to a transgressive
cycle, it is represented by sand siltstone (6 m), and calcareous siltstone marl (above 28 m),
(b) upper, corresponding to regressive cycle (pisolite facies), composed of calcareous
siltstone (marl, 6 m) and sandy siltstone (22 m). If in the calcareous siltstone (marl) the
fine dispersed components are represented by glauconitic clays with distinct pellets of
glauconite, in sandy siltstone they are represented by ferruginous smectites (Ostwald and
Bolton, 1992).
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Fig. 2. Geological map of Groote Eylandt, Northern Territory, Australia. After Pracejus and Bolton (1992a).

The ‘Marl’ consists of grey laminated clay with glauconite and pyrite, containing small
grey, white, and cream-colored concretions of carbonate and several thin intercalations of
green chert. According to X-ray determinations (Ostwald, 1987; Smith and Gebert, 1969)
the carbonate concretions are composed of minerals of the calcite-rhodochrosite series.



Manganese Ores in Weathering Crusts 27

The Mn contents in these carbonates range from 3.3 to 46.8% without any significant
amounts of Fe, determined by EPMA (Ostwald, 1987; Ostwald and Bolton, 1992). It is
significant, that in those cases, when the boreholes penetrate the layer of oxide manganese
ores and the ‘marl’, one may observe that the main commercial oxide ores of the deposit
occur above the ‘marl’. At the same time in recent works by Frakes and Bolton (Bolton
and Frakes, 1982; Bolton et al., 1988, 1990; Frakes and Bolton, 1984b), the presence
of facies with a relatively restricted distribution of oxide manganese ores is emphasized.
These ores substitute laterally the Lower Cretaceous carbonate manganese-bearing rocks
mentioned above.

Tertiary—Modern sediments. The western part of the Groote Eylandt the Mullaman
layers are unconformably overlain by conglomerates that are presumably related to the Late
Cenozoic. The sediments are represented by pebbles of limonite sand argillites, cemented
by limonite sandy clay of laterites, and by laterite pebbles and pisolites, composed of
manganese oxyhydroxides, but, if the conglomerates occur on the quartzite-like sandstones
of the Groote Eylandt Group, or on the layer of oxide manganese ores, the boulders and
pebbles composing them, reflect the composition of the underlying rocks.

In the western and southern part of the island the sand soils contain oxyhydroxide
ferruginous and slightly manganese rich ferric pisolites. These sediments are considered
(Pracejus and Bolton, 1992; Slee, 1980; Smith and Gebert, 1969) to be the equivalents
of Late Tertiary conglomerates, but it is quite probable that they may be younger. It
is supposed that they were formed at the place of occurrence in soils as the result of
lateritization processes. The manganese oxyhydroxides of pisolites are represented mainly
by lithiophorite. This mineral, in a certain degree, is distributed in the main ore layer too.
In soil alluvial accumulations the lithiophorite is considered as an indicator of a laterite
weathering.

2.2.1.4. Structure

In some published works the structure of the crystalline basement is extremely schemati-
cally described. On the basis of indirect data it is supposed that the basement is intensively
dislocated, metamorphosed, intruded, and eroded. Before the initiation of the Groote Ey-
landt Beds sedimentation, it represented a stable shelf area. The sandstones of the Groote
Eylandt Beds occur almost horizontally, displaying in some places the signs of block, fault
dislocations, but the fold or fault deformations at the island were not observed (Smith and
Gebert, 1969).

Significant oxyhydroxide manganese mineralization is confined to the Mullaman layers
in the western, southwestern parts of the island (Figures 1 and 2). In relatively depressed
areas of the western coastal plains, gently dipping to the south, two sedimentation basins
are easily distinguished: northern and southern (Figure 3, Pracejus and Bolton, 1992).
These basins are filled in by the sediments of the Cenomanian epicontinental marine
basin. In the southern, relatively deep-water basin the discussed sediments are composed
of sand claystones and manganese carbonates, and in the northern basin their equiva-
lents are represented, as Frakes and Bolton (1984) considered, by pisolite manganese
oxyhydroxides, which represent more shallow-water facies. In works by the Australian
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Fig. 3. Distribution of manganese oxides and manganese carbonates within the Groote Eylandt and section
through the Northern and Southern basins. After Ostwald and Bolton (1992a).

geologists (Bolton and Frakes, 1982, 1984, 1988; Bolton et al., 1984; Frakes and Bolton,
1984, 1992; Ostwald, 1980, 1981, 1987, 1988; Pracejus and Bolton, 1988, 1992; Pracejus
et al., 1990; Smith and Gebert, 1969), the sedimentary-diagenetic nature of carbonate
manganese accumulations in the southern basin and their relicts in the northern basin was
convincingly shown. However, the problem is to what degree it is possible to consider
the widely supergenically altered sediments and oxyhydroxide ores of the northern basin
as shallow water sedimentation equivalent facies of the southern basin; that is the subject
of discussions in recent years beginning after the publications of our works (Varentsov,
1982a, 1982b; Varentsov and Golovin, 1987). It is well known that these ores constitute
the main commercial value of the deposit. This discussion stimulated the publication
of a large volume of factual data, of value for adequate understanding of the nature of
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Fig. 4. Location map of mining areas at Groote Eylandt. After Pracejus and Bolton (1992).

manganese ore accumulations, irrespective of the conceptual trends of the authors.

In the light of the comments above it is vital to note that in the relatively depressed areas
of the western coastal plain, the bed of manganese oxyhydroxides reaches the maximum
development, forming an almost continuous ore body, elongated to 22 km with a width of
6 km (Figures 2 and 3).
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Fig.5. Schematic cross-section of an ore stratum, Groote Eylandt deposits, the southern part of the D-quarry (see
Figure 4), face near the southeastern outcrop of the sandstones (Precambrian Groote Eylandt Beds). 1. Sand,
a product of decomposition of the sandstone (Groote Eylandt Beds, Precambrian); 2. Brown laterite (after
Mullaman Beds, Lower-Middle Cretaceous); 3 and 4. Boulder-lumpy oxyhydroxide manganese ores (3. sample
no. 2; 4. sample no. 3); 5. Yellowish-brown clay sandy matrix; 6. Brown essentiallly ferrugenous lateritic soil
(Varentsov, 1982).

2.2.1.5. Manganese Oxyhydroxide Ores

Cenomanian manganese-bearing marls and clays of the Mullaman Beds occur uncon-
formably on the extremely eroded surface of the Proterozoic sandstones (Groote Eylandt
Group). In the northern basin, the observations in the quarry faces and investigations
of boreholes indicate that in the basal part of these sediments there are concretions of
manganese oxyhydroxides (Figures 3 and 4). The basal complex of sediments is overlain
by laterite limonitized quartz sand, above which occur white, red, and yellow predom-
inantly kaolinite clays, and sand clays, including the layer of oxyhydroxide manganese
ores. Extremely significant for the understanding of the deposit genesis is the relationship
between manganese-bearing marl and the main ore bed, that are divided by a layer of
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Fig. 6.  Schematic cross-section of an ore stratum, Groote Eylandt deposits, G-quarry, southwestern face
(see Figure 4). 1. Ochreous laterite; 2. Iron and manganese oxyhydroxides in the form of irregular lenses;
3. fine-globular Mn oxyhydroxides (1-2 mm), earthy; 4. Lenses and irregular mottled patches of brownish-red
kaolinitic and lateritic clay; 5/5a. Oolites and pisolites of Mn oxyhdyroxides, small (< 2-4 mm); 6. Pisolites of
Mn oxyhydroxides, their size in the lower part being 3—7 mm, in the upper part a mixture of small (< 2-3 mm)
and large (up to 10 mm); 7. A mixture of small oolites (< 2-3 mm); 8. Mn oxyhydroxides, represented by
irregularly lenticular patches of earthy mass and ore (fragments); 9. Laterite: Fe, Mn oxyhydroxides, pisolites,
and fragments of irregularly tabular shape; 10. Soil composed of red-brown ferrugenous laterite, pisolites,
fragments, and clay matrix.



32  Chapter2

clays (8 m) and pebble sand (2 m). At the flanks of the basement uplift, where the ore
bed pinchout is observed, the ores occur directly on the eroded sandstones of the Groote
Eylandt Beds (Figures 3, 5 t0 9).

2.2.1.5.1. Structure of the ore bed. Most geologists studying the deposit (Ostwald,
1975, 1980, 1981, 1982; Ostwald and Bolton, 1992; Slee, 1980; Smith and Gebert,
1969) consider that the manganese ores are enclosed in the sequence of the Lower—
Middle Cretaceous sands and clays, unconformably overlying the Middle Proterozoic
sandstones of the Groote Eylandt Beds. Only in recent works (Bolton and Frakes, 1982;
Bolton et al., 1984, 1988, 1990; Frakes and Bolton, 1984b, 1992) is the presence of both
relatively limited, laterally distributed oxyhydroxide manganese ores (probably Early—
Middle Cretaceous facies) with the significant predominance of carbonate varieties and
widely developed oxyhydroxide accumulations — products of relatively late supergene
alteration and reworking of sedimentary-diagenetic ores. Recognition by the Australian
geologists (Bolton et al., 1984; Pracejus and Bolton, 1992; Pracejus et al., 1988, 1989)
of the significant role of the supergene processes in the formation of the oxyhydroxide
ores of the Groote Eylandt deposit may be considered to be the result of active discussion
of problems of their genesis in recent years (Varentsov, 1982). Our observation in the
quarry faces of the deposit (see Figures 4 to 10, the quarry locations are given in the works
by Slee (1980) and Pracejus and Bolton (1992)) allow us to consider, that the ore bed is
represented by a rather complicated combination of different mineralogic-textural types
of ores, intercalating with red, cream-colored, and white clays of predominant kaolinite
composition. The thickness of the ore bed varies from 2 to 20 m, averaging about 3 m.

In most cases in the foot of the ore bed there are ‘sand and siliceous ores’, which vary
greatly in thickness up to 4 m, represented essentially by pisolites, small nodular aggre-
gates, composed of loose slightly cemented masses, bonded by sand, clay or manganese
oxyhydroxides. Limonite pisolites of 215 mm in diameter occur often in the section
base.

Lens-like interbeds with a fairly regular strike, composed of oolites and pisolites, often
cemented by clayey oxyhydroxide material, occur above. The maximum thickness of the
oolitic part of the section is to 4 m.

Slightly textured, massive, sometimes lumpy boulder ores (to 30-40 cm) with the
shape of irregular rounded concretion aggregates, bonded by light, reddish clay-sand
masses (quartz, kaolinite, goethite) usually overlie oolites usually in the marginal parts of
the deposit. A layer of cream-colored reddish sandy kaolinitic clays (to 6 m) occurs in the
top of the ore sandstone. These sandstones are overlain by a bed of pedogenous lateritic
aggregates (to 4.5 m) and lateritic soils (to 1 m).

It is necessary to emphasize the irregularity of the noted parts of the ore layer and the
variable character of interrelations between them.

2.2.1.5.2. Oretypes. Two main types of ores may be distinguished at the Groote Eylandt
deposit: oolite (< 1 mm) and pisolite, and massive concretion. Oolite and pisolite ores are
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Fig. 7. Schematic cross-section of an ore stratum, Groote Eylandt deposits, the A-quarry, south part, south face
(see Figure 4). 1. Red-brownish kaolinitic clay; 2. Lenticular Mn, Fe oxyhydroxide nodules and hematite patches;
3. Small-globular, earthy-sooty Mn oxyhydroxides, containing small lenticular patches of goethite, hematite, and
ochreous material; 4. Lenses and pockets of kaolinite; 5. Oolites of Mn oxyhydroxides incorporated in a kaolinitic
matrix containing lenses of bleached kaolinite; 6. Pisolites (3—7 mm), small concretions of Mn oxyhydroxides and
lenses of bleached kaolinite incorporated in a red-brownish kaolinitic matrix; 7. Pisolites of Mn oxyhydroxides
and their aggregates incorporated in a kaolinitic matrix (60%); 8. Oolites (1-3 mm) of Mn oxyhydroxides in a
kaolinitic matrix (60%); 9. Pisolites (up to 7 mm) in a kaolinitic matrix (up to 75-80%); 10. Concretions of
Mn oxyhydroxides in kaolinitic clay; 11. Fragments of tabular shape composed of manganese oxvhvdroxides
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Fig. 8. Schematic cross-section of an ore stratum, Groote Eylandt deposits, A-quarry, southeastern face (see
Figure 4). 1. Flattened nodules and lenses of Mn oxyhydroxides; 2. Red clayey ferrugenous matrix; 3. White
lens-like patches of kaolinite; 4. Platy fragments, lenses, and lens-like interbeds composed of compact Mn
oxyhydroxides; 5. Small (< 2-3 mm), cemented oolites of Mn oxyhydroxides; 6. Pisolites of Mn oxyhydroxides,
cemented to a compact mass; 7. Large (5-15 cm) nodules of Mn oxyhydroxides and their intergrowths and
aggregates; 8. Laterite composed of angular gravel fragments of Fe oxyhydroxides (hematite) in a ferruginized
kaolinitic matrix.



Manganese Ores in Weathering Crusts 35

Fig.9. Schematic cross-section of an ore stratum, Groote Etlandt deposits, E-quarry, northern part, northwestern
face (see Figure 4). 1. The lower part abounds in ferruginous laterite, the upper part contains boulder fragments
and Mn oxyhydroxide nodules, the matrix being represented by kaolinitic clay; 2. Boulder-lumpy accumulations
of Mn oxyhydroxides (cryptomelane, pyrolusite), higher up; 3. Mottled ferruginous laterite; 4. Brown lateritic
soil.
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observed in two varieties: loose oolites, pisolites and cemented ones. The dimensions of
oolites are < 1 mm, and of pisolite aggregates 1-15 mm (average 2—6 mm). Concretion ores
are distinguished by a variability in shapes with dimensions from relatively regular rounded
aggregates (5-10 cm) to large lumpy, boulder associations without distinct structural
features.

Next to these types, Fraser and Belcher (1975) recognize sandy ores (20-30% of
Si0,) in the form of sand admixtures of quartz, siliceous (more than 30% of SiO;),
ferruginous (more than 10% of Fe;03), dispersed patches in the enclosing clays, and
sinter accumulations — wads.

In arecently published work by Pracejus and Bolton (1992) there is a general description
of practically the same key sections of the Groote Eylandt deposit. However, relying on
the formation model of Mn ores in the stagnant oxygen-free sea basin, proposed by Frakes
and Bolton (1984), these authors (Pracejus and Bolton, 1992) distinguish among Mn
oxyhydroxide ores, the varieties forming in the sedimentary conditions of the Cretaceous
sea basin and extremely similar accumulations, formed in the supergene conditions of
tropical weathering crusts. The authors distinguish the following groups:

1. Oolite: ore, composed of loose ovoid to spherical grains of concentric laminated struc-
ture. Pracejus and Bolton (1992) refer them to the primary deposits of sedimentary
marine environments.

2. Pisolite: ore, represented by ovoid to spherical grains of concentric laminated struc-
ture. Pracejus and Bolton (1992) refer them to products of sedimentary origin,
accumulated in the sea basin.

3. Relatively small subordinate amounts of cemented infiltrated crust accumulations and
nodules, to which are also assigned the supergenous oolites, pisolites, spherulites, and
mangcrete.

It should be pointed out that while only slightly differing in their mode of occurrence,
mineralogy, and chemical composition from oolite and pisolite ores of the first two
groups, the ores of the third group, including oolite and pisolite varieties, are considered
(Pracejus and Bolton, 1992) as characteristic supergene accumulations or, according to
the terminology of these authors, as ‘secondary ores’. According to Bolton et al. (1988)
the most essential arguments, indicating that the formation of manganese oxyhydroxide
pisolites took place in a basinal environment, may be referred to some normal and inverse
gradation cycles, distinguished in the section. Here they usually occur in the lower parts
of the ore bed. Gradational changes of pisolite dimensions do not usually exceed the
ranges from 2 to 25 mm in those intervals with thickness from 1 to 2 m (Bolton et al.,
1988; Pracejus and Bolton, 1992). This is very important but its interpretation will be
given below in the general context of the data on mineralogy and geochemistry.

It is important to emphasize that the manganese ore accumulations are developed in
the western part of the Groote Eylandt, where they compose two isolated basins (northern
and southern), located at different hypsometrical levels and separated by the bench of the
Precambrian sandstone (see Figures 2, 3, and 10) (Ostwald and Bolton, 1992; Pracejus
and Bolton, 1992; Slee, 1980; Smith and Gebert, 1969). Manganese oxyhydroxide ores,
described in those works and being discussed in the present contribution, are developed
only in the northern basin, where at present their commercial exploitation is conducted.
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The manganiferous calcareous siltstone with rhodochrosite and manganocalcite as the
major Mn bearing components dominate the southern basin. Frakes and Bolton (1988)
assume that the Mn oxyhydroxide ores of the northern basin were formed in an oxidiz-
ing environment at relatively shallow water depths (15 to 50 m). At the same time the
formation of carbonate manganese-bearing sediments of the southern basin took place
in a slightly reducing environment at greater depths (< 90 m). There are no significant
disagreements among most investigators on the sedimentary-diagenetic nature of the Mn
carbonate ores. This conclusion was emphasized by the essential difference in the compo-
sition of the enclosing rocks: nontronite-smectite-hydromica-glauconite clay components,
terrigenous quartz, carbonates of Mn and Ca in the southern depression. Whereas the ore-
free sediments, enclosing Mn oxyhydroxide ores of the northern depression are composed
essentially of kaolinite, terrigenous residual quartz with admixtures of dickite, halloysite
and rare relicts of hydromica, and smectite.

In Table 1, borrowed from the work by Pracejus and Bolton (1992), the main char-
acteristics, criteria were summed up, in which the authors distinguished ‘primary’ and
‘secondary’ oxide, Mn ores as the products of deep weathering of the northern basin.

2.2.1.5.3. Mineral and chemical composition of the ores. The study of the mineral
composition of the ores was carried on by the Australian geologists Bolton and Frakes
(1982, 1984, 1985), Bolton et al. (1984, 1988, 1990), Frazer and Belcher (1975), Frakes
and Bolton (1982, 1984a, 1984b), Ostwald (1975, 1980, 1981a, 1981b, 1982, 1984, 1987,
1988, 1992), Ostwald and Bolton (1990, 1992), Pracejus and Bolton (1992a, 1992b), and
Pracejus et al. (1986, 1988a, 1988b, 1990a, 1990b). These works made fundamental
contributions, that had high factographical significance. However, as it was mentioned
above, the results of researches, performed at the Geological Institute of the Russian
Academy of Sciences, indicated that commercially valuable Mn oxyhydroxide ores of the
Groote Eylandt were represented by the product of deep alteration of initially relatively
low-grade Mn-bearing sediments of the Northern basin. The significance of this genetic
problem (model) is that it determines the efficiency of search-exploration works for high-
grade Mn oxyhydroxide ores in the tropical belts, where the processes of supergenic
mineralization dominate at corresponding intervals of the geological history of the Earth.

In the Geological Institute of the Russian Academy of Sciences the ores were studied
in thin section, and by the methods of X-ray diffractometry (V.A. Aleksandrova), infrared
spectroscopy, DTA, DTG and under transmission and scanning electron microscope. The
study of the ore mineral composition and features of its alteration in the ore bed, that was
conducted together with Dr. E.A. Perseil, the National Museum of Natural History, Paris,
France, for the control samples was especially useful and greatly appreciated.

Chemical composition of ores and their components was determined by the methods
of wet chemistry (M.I. Stepanets) and X-ray fluorescence spectroscopy (E.M. Margolin).
The presence of six main manganese minerals was distinguished in the ores: pyrolusite and
cryptomelane predominate; lithiophorite, romanechite, nsutite, 10 A-manganate (todor-
okite) are present in significant volumes. A number of other oxyhydroxide minerals of
manganese are observed as the admixtures. The chemical composition of ores is given in
Tables 2 and 3. The mineral composition derived as a result of microscope work and the
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Table 1.
A. Primary manganese ores, North Basin, Groote Eylandt deposits (after Pracejust and Bolton, 1992).
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Name

Structure and geometry

Mineralogy

Secondary overprint

Oolite
(uncemented)

Pisolite
(uncemented)

Siliceous ore

Hard ground

Normal or inverse grading,
subhorizontal, following the
relief of the bedrock, small-
to medium scale cross-
bedding

Normal to inverse grading,
subhorizontal, following the
relief of the bedrock, small-
to medium-scale cross-
bedding

Massive cementation of sand
grains; sand grains in matrix
of oolitic-pisolitic ores

Dense, thin layers (cm) occa-
sionally erosional features

on surface, laterally contin-
uos ores tens of meters; incor-
poration of reworked oolitic,
pisolitic and massive ores

Pyrolusite, todorokite,
cryptomelane, birnessite,
nsutite, romanechite,
lithiophorite, vernadite,
(manganocacite); nuclei
contain silt, sand grains
and reworked Mn ores

Pyrolusite, todorokite,
cryptomelane, nsutite,
romanechite, lithiophorite,
vernadite; nuclei contain
silt, sand grains, and
reworked Mn ores

Pyrolusite, cryptomelane,
todorokite, quartz

Cryptomelane, pyrolusite

Replacements: Fe, Mn
clays; cementation: Mn
compaction

Replacements: Fe, Mn
clays; cementation: Mn,
compaction pressure
solution along

fractures

Filling of cracks by
secondary Mn-Fe phases;
replacement by Fe oxides
and clays; replacement

of primary structures

and textures by Mn oxides

B. Secondary manganese ores, North Basin, Groote Eylandt deposits (after Pracejus and Bolton, 1992).

Name Structure and geometry Mineralogy
Cemented Oolitic-pisolitic ores, massive, very hard, generally Pyrolysite, cryptomelane,
mangcrete subhorizontal todorokite, nsutite

(oolitic-pisolitic)

Massive
mangcrete

Envelope
grain

Laminar
mangcrete

Mn cave pearls

Spherulite
(manganiferous)

Radial
pyrolusite

Massive, hard to very hard cementations in oolites,
pisolites and in other ore types, often relic structures
of primary features, horizontal to subhorizontal

Laminated envelope containing loose or cemented
ooliths or pisoliths within oolite/pisolite units, round

angular shapes

Finely laminated on pipe walls, following vertical and
horizontal pipes, in outcrops as Mn karst

Loose, rounded and elongated shapes with concentric
layering comparable to laminar mangcrete but with much

lower density

Cementation of different materials (e.g. sand, pebbles
in ovoid masses in soil, laterally continuous horizons)

Laterally continuous over tens of meters, strongly
undulating, erosional upper boundary and flat base,
following the top of the ore body (G-south) and within
clay units, overprinting oolitic-pisolitic textures . . .

Cryptomelane, pyrolusite,
sometimes pisolites are
weathered out

Cryptomelane, pyrolusite

Cryptomelane, quartz

Cryptomelane, pyrolusite
quartz

Todorokite, cryptomelane,
goethite, hematite, quartz

Pyrolusite
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Table 1. (Continued)
Name Structure and geometry Mineralogy
Siliceous Massive to recrystallized often horizontal, partly Pyrolusite, todorokite,
ore-mangani-  cemented sands cryptomelane, quartz
ferous sand
Concretions Varying in size, sometimes dehydration features, laterally Cryptomelane, goethite
(near surface) continuous horizons, upward oriented growth
Digital Digital or coral-like growth, increasing upward in Cryptomelane
concretions thickness, dehydration features, below main ore body
Chocolade ore  Strongly leached, irregular, brittle matrix with Fe Pyrolusite, cryptomelane

oxyhydroxides and clays, rare pisoliths-ooliths or cemented

fragments

todorokite, kaolinite, Fe
oxyhydroxides

C. Rocks and sediments associated with manganese ores (after Pracejus and Bolton, 1992).

Name Structure and geometry Lithology and mineralogy Secondary overprint
Soil Irregular, laterally ex- Quartz sand, organics, Fe-Mn spherulites,
tensive concentrated in low conglomerates, clays fining up to the
topography, vertical in top, Mn concretions
pipes and channels lateritic alterations
Sand Laterally extensive, occa- Mainly quartz; along Fe—-Mn impregnations
sionally in pipes, small- coast: coral and shell and cementation
medium scale cross-bedding rare salification
and massive
Laterite (Mn)  Laterally extensive Sands, cementations of Pipes and sink holes
underneath soils, vugular oxyhydroxides, clays with spherulites
Laterite (Fe) Lateral, underneath Sands, Fe oxydes- Horizons with Fe
manganiferous laterite, oxyhydroxides, clays enrichment and pipes,
vugular replacements of oolites-
pisolites
Clay Planar, regionally up to Kaolinite (nontronite, Impregnations of Fe
50 m thick, sometimes montmorillonite) as clays oxides-oxyhydroxides
layered, mostly irregular in silts, claystones, Mn concretions and
laterites and pipes, rarely siltstones and clayey digital concretions
layers in vugs as impreg- sands
nation in the matrix of ores
Fe oolite- Soft to hard cementation Goethite, occasionally
pisolite cross-cutting manganiferous  hematite
units
Massive Dense, hard, lateral, Goethite Occasionally patchy
ferricrete cementations manganese oxide
minerals, rarely quartz
Fe pipe Dense cementation of relic Hematite, goethite,
wall rocks and minerals, following kaolinite, quartz
outer boundary of pipes
Conglomerate Irregular pockets and, Sand, quartzite pebbles,
lenses discontinuous reworked Mn ores, Fe oxides
clays
Quartzite- Dense, bedrock with erosion  Quartz (Mn) impregnations

eandctona

featurac



41

Manganese Ores in Weathering Crusts

'SA0URIS JO
Awapeoy ueissny ‘NIO ‘siouedals ‘A 15A[eue ‘(0]—¢ sainS1L] 995) IMIONIS paq 310 Y} JO SAWIYDS Uo 3soyl 0 puodsawiod sajdures pezATeue ay Jo S12qUINN,

20001 121 %000 ou ou  O€] 999 T 610 SI'TS 1S0 £L00 LTO Oou 406  SLOT 650 9091 8¢ LT
6866 91'0 2000 ou ou g0l SOy tvv'T 610 888L VO ou £70 ou LI'E L9Y TTO E€Y e 9
€L°'66  0V'0 Y000 ou  ou 160 179 €80 O0I'0 99°ST 150 ou LT0 ou T&L L9YL 980 Of'ly 9T ST
¥6'66 TI'0 600 ou ou /9] LL'6 8T0 010 001 91'0 LOO 8TO Ou TY9S TETL v6'0 TI9I YA (4
1666 0L0 %000 ou ou €90 99T ISE€ 6T0 S098 OL'1 ou Q70 ou  86'l 8LT 6I'0 LLO ¥¢ €T
99'66  0£'0 ou ou ou  9zQ L8T1 091 8TO0 PI'T8 8O0 110 6€0 OU 66€ 90T CEO 0SS [ XA 44
Is'66 190 ¥00°0 ou ou 9e0 BT 8LO OI'0 6VI8 8E0 ou Jzg ou 86l LT LTO V98 7w 1T
1666 SY'0 ¥00°0 ou  ou IS0 6£€ OvT 670 LEVY 050 ou Lz0 ou Sopyl 181  vEOQ £60L | AN 174
7566 1T0  ¥00 ou ou 9y'0 S8E 8TO 010 69t SIO ou [zQ ou GIT €501 VS0 STLL 0T el
LS66 1T0 TOO ou ou ¥l 968 TLO OI'0 ¥TIT <TED SO0 8TO OU 869l T¥6l LOT 6L'8C 61 81
L6'66  S80 ou ou  ou £0'1 €€°C S8T 150 99%S  6v0 ou gQ ou 6L 856 850 V891 81 LI
wLe6  Ssy0 W00 ou ou el'l L9L 190 O0I'C 96  ¥v0 ou zyg ou L8  VL'8T P60 £6°0§ Lr 9l
SL66 010 ou ou ou S0 ¥CT €€0 €T0 8E’I8  6¥0 ou 919 ou ZI't ¥y 00 1S9 91  SI
9L’66  £T0 ou ou ou £C0 1T’ LZ0 870 6006 090 ou /yQ ou SyT 860 90 68T 3 B4
866 600 ou ou ou €70 1€°T LTO 8T0 €I'l6 LSO ou [yQg ou 68T 980 I10 €91 v tl
SL66  v00 ou ou ou w0 €€ 0L0 $E€0 SOSL 190 ou 919 ou €Ty 819 SE0 SS8 €1 T
€100 T1'0 000 ou ou /YO SOE €€0 0I'0 08¢9 LTO ou 170 ou 9¢€ S¥'S  8E0 6£TT [N |
89'66 00 ou ou  ou S90 88F% L80 V€O 80'SE ¢EVT ou 91’0 ou GRLI LS9 OV0 IPOE o
6966 090 ou ou ou ¥90  9T'€ 190 8T0 8LLL IS0 ou 800 ou BI't 9TE €T0 9¢6 6 6
766 S60 ou ou ou  gg] 66S T80 820 O08€EL 090 €TO I€0 ou €I'E  €9v  S€0 96L 8 8
yL'66  L6T ou ou ou  6¢’] Yoy LLO  ¥E0 vLT8 €90 110 €90 ou gpT  €1'T  TI'0 001 L L
98’66 ¥T0 ou ou ou ZZO0 00T I¥0 8TO L9088 650 ou JgQg ou QLT 9§71 110 6971 9 9
8766 80l ou ou  ou €V0 09t vPT  T90 8STO 980 ou €z0 ou JgT  $9S  0£0 6£0C S S
w66 ¥T0 v000 ou ou  pEO0  vEE 190 010 89SE 6V0 ou .70 Ou 69 86'S EVO SELY - 14
€666 VOl ou ou ou 780 LOE IS0 8TO0 LOIL 690 ou JgQ OuU pEE 69t SE0 9LV 14 €
1L°66 980 ou ou ¢I'0  6¥0 8YT L9T O¥0 0€S8 8SO ou €0 ou €77 ¥9T ITO 6£T € [4
¥8'66 6C0 ou ou ou 9¢0 90t S9T OVO 6F'8L SLO ou [y0 ou (6T 9¥¥ 810 789 T I
LJdures
oL ord SO0 ) 0D _O'H +O%H O™ O®N TOUN OUW OSIW O®D 03 f0%d foUv ‘Ol ‘ols  Joou ‘ou

“BIRNSNY WayLoN ‘siisodap JpuelAH 21001 ‘sa10 asaue3urw Jo uonisodwod [ednusy) 7 2qeL



42  Chapter 2

-ansnjokd

aind Jsowfe 3o 3s1SU0D {(g] pue ‘] ‘L saInSLf 99S) XLyeW SjUIOEY WOy pajeredas ‘(W L—€) sainpou snourunga| pue satjosid aro suy G| oaﬁ.:aﬂm Al
ansnjoAd

aind jsowe jo pasodwioo {(g| pue ‘g ‘. sem31] 99s) sareSaISe pajuswad Sursodwoo “(ww /—9) sayjosid pue sapnpou snourwnga| 210 | sdures ‘¢|
"ansnjoiAd aind 1sowre Jo pasoduroo (g pue ‘g1 ‘2 saun3L 99s) SA0O pue ‘sanjosid 210 auy :¢ spdures ‘71

‘zarenb Jo amjxtwpe juesyruSisur yum

ausnjoiAd aind jsowre £q pajuasaidar (g pue 0] °/ saIn3i 29s) sajeSardse AI[-sua] 0jul papuoq ‘sa[nqoj3 [fews Sursodwos ‘Jayew yoe[q ;7] oduwres 11
‘zrenb pue a11y1003 areurprogns pue aueswojdAo ‘ansnjoikd uonisodwood (€]

pue ‘0 ‘L S2In3L 325) sa[npou 210 aN1[-sua] Sursodwios ‘SaPIXoIPAYAXO UOII JO AIMXIWPE YNM SIPIXOIPAYAXO asauesuew Jo Jonew yoe[q :11 9[dures o1
-aue[awio)d4AId Jo saoen ‘oyoydonpiy sreurproqns yim ausnjoifd jo A[enuassa pasoduwod {(T1 pue ‘g ‘9 saIn3ij 2a5) Ssew L[

ut SuLnooo ‘wioj repngaw jo syuswsSer; ‘sanpou Sursodwod ‘sapixoipAydxo assueluew jo Jopew rejngojSomiwr sur[eisk1ooidA1o yoelq ¢ sidwes ‘g
‘sjunoure 9[qeIapIsuco ur durjoey pue ‘aypuetoy Ajqeqoid ‘ouefawo)dAId Jo saoen {(AUN0I0POI) ajeueduew-y o] ‘ausnjoikd :uonisoduioo

*(T1 pue ‘0 ‘g samn31q 2as) ssew ore3a135e pajuouwrad K[asoo] woy pajeredss ‘SapIXoIPAYAXO asaueduew Jo (wuw ¢—1) sanqo3 pue sayjoo auy :g ardures ‘g
"a)Iy1203 pue aueew0ldA1o Jo ssoen yim sajeuwopaid ajuoydomy pue ansnjoikd {(z] pue ‘gf ‘9 saIn31] 295) SAPIX0IPAYAXO

uont £q pajuesardar st wred ewsaixa ‘sanpou jo wred ewsunr Suisodwos ‘sapIxoIpAyAxo ossueduew jo opew aulfelskiooidKd yoelq :y oidwes g
"aue[awo0)dAIo Jo saoen ‘ayuoydoryi| Jo aInixiupe

Wy311s yim ausnjoiAd A[fenuassa Jo pasodwos (Z1 pue Q1 ‘9 sam31 ass) sanjosid Jo sareSar3se pajuswas £q pajussardar ‘aro anjosid-auy :g srdures ‘g
"anun[oey Jo AmxTwpe yim zyrenb ‘ansnjoiAd ‘uonisodwod {(z] pue O] ‘9 samSig 2as) (W ¢—1) sa[nqo}3-sau[oo 1sauy :§ sjduwes ‘g

"aue[awodAIo Jo aInixIwIpe eurpioqns yim asnjoIkd ‘zyenb :uomsoduwiod

(T1 pue ‘01 ‘9 sain31 93s) suonenwnooe zyrenb ajuere] Suneusadun ‘SapIX0IpAYAX0 assueluew jo JaNeW SUI[eIsKId-ouy ‘prey ‘asuap :[-p sdwes ‘p
"a)tutfoey pue zyrenb jo amyxtuipe s[qerapisuod pue djeueSueur Jo

saoex) ‘auejawold41d Jo amyxnwpe 1ySifs K[eAne[a yiim ansnjoikd :uonisodwos {(T1 pue ‘] ‘9 saIn3g 9as) SSEW 2§I[-9)LIAJE[ SNOUISNLISJ Ul SUOTIB[NWINOOE
SYI[-SUJ] W0} ‘[BLISJRW JUI[OBY PuUR ‘SIPIXOIPAYAXO UOII JO SAIMIXIUIPE YIIM SIPIXOIPAYAXO asaueduewr Jo pasodwoo ‘sa[nqo[3 [rews :4 ojdureg ‘¢
“ajuoydoryyy jo syunowe JySi[s pue sue[awold£1o Jo AmIXIWpE Weoyusis yim ansnjoikd

:uontsodwod (1 pue ‘g ‘s sain31g ass) 210 Adwinj-19p[noq snouagowoy Afpape(as Suisodwoo ‘eLaew SUI|[eIsAI0-auy Jul ysmniq yim yoe|q ¢ sidwes ‘g
‘syunoure aoex) ut jussaxd st zyrenb ‘auerawold£o

JO drmxtwipe 3[qelou yiim aytsnjorkd :uonsoduiod (11 pue ‘0] ‘g samSLg 29s) sato Adwnj-1opinoq Sursodwos ‘Telate UN YSINGG YIM YOv[q T ordureg ‘§

T 3IqeL 0} SAI0N



43

Manganese Ores in Weathering Crusts

‘(S1 pue ‘g1 ‘6 s2InSrg 99s) ausnjoskd

‘anuijoey Jo saven ‘(Ayoopol) eueluew-y O] ‘(suedwofisd) Ajrydauewos ‘Zuenb jo asmxpe yim ayuoydoryy] ‘ouerewold£1d jo A[penuasse Junsisuod
‘ssew 9)uIale] SnoulSniId) papow ay) ut mEoEwmd pue sajjosid ‘saynpou 210 oY) Sursodwod “JAYeWw JUI[[eISAId-3Ul U ysiniq yum Yoelq g7 sjdwes ‘L7
-ajurjoey Jo sadex) ‘zuenb jo saunuenb [erussss ‘(3114010poY) SjeUBSUBW-Y (] JO S0} ‘AJUOYdIYI JO AIMIXTWPE M auepawio}d£1o

:uontsoduwiod {(S] pue 0 ‘g s 9es) spuswidery 1o Kdun-rapnoq Suisodurod ‘repew snolod-auy paureid-aul[[eIsAId Jun Ysmiq yim yoeyq :Lg ordwes ‘97
‘Teusjew Aepd anuljoey

‘zurenb Jo SImIXIWpE [ENUasSs Yim ANpe03 pue ansnjoikd ‘oueourodA1o £q pajussaidal (G] pue QI ‘6 SAINSL] 99s) ssewl ANI[-AILIe] A} Sursodwod
‘[euatewr jurjoey WSI| pue SOPIXOIPAYAXO UOIT UMOIQ JO QIMXTWPE Yiim SIPIXOIPAYAXO asdueduew jo Ioyew auresA1001d4A1d y}oerq (9 ojdues ‘67
“3)IUF[ORY JO SINJXIWUPE [BHUISS YN 3143203 ‘9)LIAL] JO SSBUI S)IUI[OBY SNOUSZNLIYY Ul

:uonisoduio (4 pue ‘01 ‘g seImd1 99s) sjuswiFely [9ae13 ren3ue 210 Sursodwoo ‘feLISIRWE SNOAD[IS-AR[D YIIA AINIXTI U] sop1xo1pKyAxo uoxi ;g7 sjdwes ‘$7
‘ayueSuRW JO S30R) “JouRW (oSS ‘ednuoIpAy) Aefs ‘Zurenb ‘208 Jo amixnwpe W3is 1oyeI YPim sueRwoldAn :uonisodurod

‘(b1 pue ‘01 ‘g sIn31] 39s) sepeSos3se pue SYIMOIZIANUT NAY) ‘SUONAIOUOD 210 (WD G—C) d8re] Bursodwod ‘Jepewr auy[eIsAId-auy Joelq 4T ordwres ‘€7
“(9I)09WS *ANUI[ORY) [ELISTRW AB]D JO SIMIXTWpE JYSI[S ‘SJSSauNq Jo sasel) ‘sue[awoidA1d s1eurprogns yim S)isnjoIAd :uomisodwod

‘(b1 pue ‘0] ‘g SamB1J 90s) SSEW prey ‘ISUSP OJul PAUAWLD ‘(Wi L-g) sayyosid pue sanpou uwojiqe) 210 Suisodwiod ‘Jopewr YoBQ €T aidures 7z
‘(41 pue ‘01 ‘g sem3r] 29s) feuesew Ae[o jtuijoey ‘zurenb jo amMXIUPE PIs

auepawioydA1o*aysnjoikd Arenuassa :uonisodwod pajuaLIad ‘SaM[00 “‘santjosid 10 (W ¢—7) [fews Jursodwod ‘Jepew Jul[[eIsAId-auy Joelq 77 ardwes ‘1¢
‘(41 PUE ‘p[ ‘g saIn31g 395) [eLRlew Ke[d esnuoIpAy-auIioey Jo amixiupe WSS JoyIel YIIm pue ‘SJYIe03 Jjeurpioqns yim auepwoldLin

J0 pasodwod ‘210 JO SUONEIEOIBIUI SYI[-SUS] pue ‘sasud] ‘sjuswdeyy poudney Suisodwiod ‘IoNeul QuIffeIsAIo-auy jun ysimig yum doeyq :1z dsdures oz
‘(1 pue ‘1 ‘g saInd1g 9es) [eUSjew (BdNUOIPAY JO SAOBI) IM IuI[oRY A[[enusss?) Kake a;.urpiogns ‘Zuenb jo junowe S[qeIdpISUCS ‘ansnjoIAd

Jo amxnwupe 1y3is yum sueppiuoldAo A[fenussss Aq pajuasaldal sasus| 210 pue sa[npou jey Buisodwiod ‘rapew suiesKid-ouy joe[q oz ddwes 6]
‘apuroey ‘ensnjoid ‘ouejawoid£1o jo amyxnupe

a[qeIopisuoo ym uoydomyn uonisodwios (g1 pue ‘01 ‘L sAIN3L] 995) AU AyPeS Woly SI[NPOU ULIoJIqe) pue soyjosid a10 [ews :g] ardwes gy
“anyie0d pue zuenb jo seoen “urjoey Jo AMIXNUPe Yim sueEwoldAn uonisodwod

(g1 pue ‘01 ‘L sanSig 99s) Xujew 9urjoey ul sjudwSely pajeuliue] ay) Sursodwod “apewr 210 duI[RISAID-auY U ysinjg Yim orlq g o[dwes ‘L]
‘auepawo1dA1o £q Ajurew pajuasaidal are sjusuodwod 210 Uy (sapIxoIpAyLxo uoir ‘uuroey ‘zuenb :uonisodwods fmd20

SUOFI2IOUOD 210 YOIy UL ‘(€] Pue ‘0 ‘L SInS1] 29S) SHPIXOIPAYAXO UOIT PUE SSAUBSUELL JO SIMIXIUWIPE YIIM XLITEU Y3 JO Jopeul Sjurjoey aym 1L | ardwres ‘9
“ajuroeY pue suejawoidLid

Jo sooen} yum axsnjolkd jo pasodwod ‘(g1 pue 01 ‘L samng1j 99s) Xujew syuroey woiy pajeredss ‘(wiw ¢—) saynjoo pue sayjosid o210 :97 sydures ‘G|

(panunuod) g J[qGe], 01 SAON



44 Chapter 2

Table 3. Contents of trace elements in manganese ores, Groote Eyland deposit,
Northern Australia (ppm).

no. no. of Cu Rb Sr Y Zr La Ce
sample*
1 2 93.0 56.0 482.0 58.0 49.0 12.0 50.0
2 3 117.0 48.0 567.0 28.0 80.0 23.0 19.0
3 4 65.0 58.0 850.0 56.0 104.0 29.0 52.0
4 4-1 - - - - - - -
5 5 65.0 90.0 721.0 48.0 23.0 12.0 8.0
6 6 70.0 55.0 1348.0 20.0 65.0 12.0 46.0
7 7 91.0 65.0 2445.0 80.0 87.0 12.0 350
8 8 94.0 77.0 43500 59.0 96.0 18.0 22.0
9 9 56.0 20.0 1549.0 36.0 47.0 21.0 350
10 11 46.0 59.0 174.0 35.0 58.0 28.0 8.0
11 12 66.0 41.0 1330 1120 76.0 101.0 330
12 13 87.0 60.0 244.0 78.0 102.0 31.0 50.0
13 14 55.0 57.0 192.0 84.0 44.0 13.0 45.0
14 15 96.0 46.0 367.0 91.0 71.0 40.0 20.0
15 16 68.0 48.0 218.0 72.0 69.0 440 70.0
16 17 76.0 61.0 432.0 63.0 110.0 120 1100
17 18 47.0 30.0 517.0 99.0 89.0 27.0 1670
18 19 59.0 61.0 208.0 46.0 409.0 53.0 177.0
19 20 36.0 42.0 448.0 48.0 53.0 12.0 55.0
20 21 78.0 42.0 701.0 55.0 53.0 17.0 46.0
21 22 79.0 41.0 629.0 42.0 53.0 12.0 61.0
22 23 90.0 20.0 283.0 89.0 440 17.0 51.0
23 24 83.0 104.0 688.0 74.0 67.0 26.0 210.0
24 25 45.0 20.0 21.0 56.0 150.0 15.0 23.0
25 26 71.0 20.0 207.0 53.0 1040 32.0 183.0
26 27 107.0 42.0 5140 1570 40.0 101.0 223.0
27 28 72.0 58.0 286.0 88.0 124.0 43.0 433.0

*Description of samples, see Table 2, Figures 5 to 10. Determinations were done
from separated portions by the method of X-ray fluorescence spectroscopy, analyst
E.M. Margolin, GIN, Russian Academy of Sciences.

data of the X-ray diffractometry studies is given in notes to Tables 2, 3 and Figures 11 to
26.

Distribution and transformation of the manganese oxyhydroxide minerals in the ore bed.
The section of quarry-D (see Figures 5, 10, and 11): Ores are represented by two varieties:
boulder-lump and pisolite.
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The boulder-lump ores of massive structure are made of pyrolusite with essential
amounts of cryptomelane and quartz admixture.

The pisolites up to several mm in size are bonded by manganese cement, composed
of cryptomelane and nsutite. The most common component of pisolites is the pyrolusite,
often substituted by cryptomelane (II). Numerous cracks are filled in with lithiophorite.
As a whole cryptomelane predominates. In small pisolites (sample 2, see Figures 5, 10,
and 11) the cores consist of clastic components. The alternation of the concentric layers of
pyrolusite and cryptomelane is observed in pisolites; sometimes they are composed by a
fine mineral mixture, i.e. intergrowth of pyrolusite and cryptomelane. The fragments of the
clay composition (kaolinite) are incorporated into the matrix of manganese oxyhydroxides
(Figure 16). Boulder-lump ores of the upper part of the section (sample 3, see Figures 5, 10,
and 11) contain black with a bluish tint fine-crystalline material, represented by pyrolusite
with a rather significant admixture of cryptomelane and small amounts of lithiophorite.

The section of quarry-G (see Figures 6, 10, and 12): Atthe base of the section the ochre-
ous ferruginous laterite occurs, incorporating small globules of manganese oxyhydroxide
with admixtures of iron oxyhydroxides and kaolinite material in the form of irregular
lenses (sample 4, see Figures 6, 10, and 12). Globules are composed of pyrolusite with
relatively slight admixtures of cryptomelane, traces of manganite and significant amounts
of quartz and kaolinite.

Pisolites predominate in the upper section. Two types of these accumulations are
distinguished:

(a) Fine, soft pisolites with a diameter of less than 4 mm. The main components are
pyrolusite and cryptomelane; kaolinite is present both in peripheral and in the internal
parts of pisolites. This type of pisolite composes the main structural components of the
ore bed (interlayers, lenses and so on), that are depicted by numbers 4, 5, 6, 8, and 9
in Figures 6, 10, 12 (samples 5 to 9). Small concretions of pyrolusite are substituted by
cryptomelane. The development of two almost simultaneous processes are observed, as
a rule, at one and the same level of the bed: (1) pisolites with cryptomelane core are
enriched in pyrolusite to the periphery; (2) the concretions, the central part of which is
composed of pyrolusite, are substituted by cryptomelane.

Variation of the structure and mineral composition in the lower part of the ore bed is of
interest too (samples 5 to 7, see Figures 6, 10, and 12).

Impersistent intercalation composed of small globular oolithic (1-3 mm) earthy man-
ganese oxyhydroxides, incorporating lenses and irregular-mottled aggregates of brown
kaolinitic lateritic clay, overlie the laterite-like mass of the section base (see above sample
4, Figures 6, 10, and 12). These oolite-globules are composed of pyrolusite and quartz
with an admixture of kaolinite (sample 5, see Figures 6, 10, and 12).

Small (< 2—4 mm) oolites and pisolites of manganese oxyhydroxide (sample 6, see
Figures 6, 10, and 12) cemented, as arule, to aggregates, predominate above. They contain
essentially pyrolusite with a slight admixture of lithiophirite and traces of cryptomelane.

Pisolites of manganese oxyhydroxides (sample 7, see Figures 6, 10, 12) have developed
further up the section. In the lower part of the intercalation their size is 3~7 mm, in the upper
part there is a mixture of small (< 2-3 mm) and large (to 10 mm) pisolites. The internal part
of pisolites is composed by black cryptocrystalline matter of manganese oxyhydroxide,
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its external part by iron oxyhydroxides. Pyrolusite and lithiophorite amounts to traces of
cryptomelane and goethite predominate.

In pisolites of sampling levels 8 and 9 (see Figures 6, 10, and 12) lithiophorite becomes
the essential component, whereas at lower levels (samples 4 to 6, see Figures 6, 10, and
12) this mineral occurs in trace amounts. In some cases the lithiophorite forms the cores
of pisolites (samples 8 and 9, Figures 6, 10, and 12), around which the cryptomelane is
developed; sometimes it is found in the form of small nodules. A point that should be
mentioned is that at the level of sample 8 (see Figures 6, 10, and 12) ores are represented
both by mixtures of oolites (< 2—-3 mm) and accumulations of manganese oxyhydroxides in
the form of irregular lens-like uncompacted earthy patches and ore fragments. They consist
of pyrolusite, todorokite with traces of cryptomelane, and probably hollandite. Kaolinite
is observed in considerable quantites (Figures 25, 26). In ores of the upper interval of the
bed, represented by the nodules and fragments of irregular shape, enclosed in the laterite
mass (sample 9, see Figures 6, 10, and 12), the main component is black cryptocrystalline
and microglobular matter of managanese oxyhydroxides. It is represented essentially by
pyrolusite with subordinate lithiophorite and traces of cryptomelane.

It is interesting to note the presence of nsutite at levels of samples 8 and 9 in the nodules,
composed of cryptomelane. The reflectivity and anisotropy of nsutite is considerably
higher than those of cryptomelane.

(b) Pisolites are relatively harder, their diameter is >10 mm (see sample 8, component
7, Figures 6, 10, and 12), they are characterized by the predominance of cryptomelane;
lithiophorite occurs at the extreme periphery of pyrolusite aggregates and it is associated
with kaolinite.

The section of the southern quarry-A (see Figures 7, 10, and 13): At the section base
(sample 11, see Figures 7, 10, and 13) there are lens-like ore nodules, composed of piso-
lites up to several cm in size; their cement is represented by the ferruginous—manganese
matter, that contains fragments of ferruginous and clayey composition, quartz grains, and
fragments of concretions. Iron and manganese oxyhydroxides form an ultrafine mixture
(Figure 17, photos A, B). Concretions and pisolites are composed of amorphous iron oxy-
hydroxides partially altered into goethite and substituted by cryptomelane and pyrolusite
within the same nodules. These accumulations show signs of slight redeposition. At the
higher level (sample 12, see Figures 7, 10, and 13) pisolites and small globules, bonded
into lens-like aggregates, are developed. Fine crystalline pyrolusite, closely associated
with cryptomelane, predominates in their composition. The black matter, often composing
the whole of these pisolites, is represented by almost pure pyrolusite with an insignificant
admixture of quartz. This association is also observed in the pisolites of the higher level
too (sample 13, see Figures 7, 10, and 13). The pisolites of the level considered (sample
13) are composed of almost pure pyrolusite like those of the lower level (sample 12). The
remarkable feature of these pisolites is the presence of romanechite (psilomelane) relicts in
the form of residual relict islands in the cryptomelane mass. At higher horizons (samples
14, 15, and 16, see Figures 7, 10, and 13) an increase of pisolite sizes is observed. The
ubiquitous development of cryptomelane from the periphery to the center is of special
interest. It is significant that to the level of sample 14 (see Figures 7, 10, and 13) the
pyrolusite remains the dominant component.
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However, beginning at the level of sample 15 (see Figures 7, 10, and 13) change of this
mineral’s occurrence takes place; the dominating pyrolusite becomes porous; in polished
section it is yellow-brown, sometimes its progressive substitution by cryptomelane is
observed (Figure 17, photo D). Romanechite appears at the same level. The predominance
of pyrolusite with traces of cryptomelane and kaolinite is observed in the ore pisolites and
oolites (1-3 mm), enclosed in kaolinite matrix of the level of sample 16 (see Figures 7,
10, and 13).

From the level of sample 17 (see Figures 7, 10, and 13) the development of massive
concretion ore is distinguished. Cryptomelane sometimes with romanechite (psilomelane)
predominates in its composition, and lithiophorite and nsutite are present as admixtures.
Numerous ferruginous fragments, enclosed in kaolinite clay with halloysite (Figures 25
and 26) are observed in the cryptomelane mass, along with clastic quartz grains with
obvious signs of corrosion and dissolution. In many cases these fragments are represented
by goethite.

At the level of the sample 18 (see Figures 7, 10, and 13) with the marked predominance
of cryptomelane there is the same paragenesis of minerals as at the level of sample 17.
Furthermore, it is emphasized that cryptomelane and/or nsutite of the concretion structure
is developed at the place of quartz dissolution (Figure 17). Similar relationships of the
minerals are described in the work by Grandin and Perseil (1977) for African manganese
deposits in the weathering crusts. The concretion—pisolite aggregates of manganese
oxyhydroxides are enclosed in the pedogenic laterite (sample 19, see Figures 7, 10, and
13), composed of kaolinite clays at the top of the section. These aggregates consist of
lithiophorite with significant admixtures of cryptomelane, pyrolusite, and kaolinite.

The section of quarry-A, southeastern face (see Figures 8, 10 and 14): At the base of
the section flat bundles and lenses occur (sample 20, Figures 8, 10, and 14), composed
of aggregates of pisolites, enclosed in a reddish clay-ferruginous matrix. Fragments and
grains of quartz, being in the stage of dissolution, are observed in the pisolite core. It
is necessary to emphasize the geochemical significance of these quartz clastic particles.
The black microcrystalline matter, composing nodules and pisolites, is represented pre-
dominantly by cryptomelane with a slight admixture of pyrolusite, significant amounts of
quartz and subordinate clayey (mainly kaolinite with traces of relict hydromica) material.
Cryptomelane predominates in the pisolites and cement. Ramsdellite is usually in the
center of pisolites or appears in the form of thin streaks. At this level the alteration and
transformation of pisolites are observed: pyrolusite and ramsdellite are developed after
cryptomelane.

Upper ores (level of sample 21, see Figures 8, 10, and 14) are represented by tabular
fragments, lenses, and lens-like intercalations, composed of dense manganese oxyhy-
droxides. They are distinguished by massive structure and relatively high hardness.
Cryptomelane with subordinate goethite and with a rather small admixture of kaolinite
and traces of hydromica material predominates in their composition. The presence of
romanechite (psilomelane), well crystalline and with numerous clastic quartz grains with
distinguished signs of corrosion and dissolution (see Figure 18), is characteristic. Alter-
ation of the ore (predominantly cryptomelane) matter, observed below, is continued at this
level too. With a general predominance of cryptomelane, some alteration of this matter
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into nsutite and the appearance of lithiophorite is observed (Figure 18).

Higher up the level of sample 22 (see Figures 8, 10, and 14) the small (< 2-3 mm)
oolites of manganese oxyhydroxides, often cemented into aggregates, are developed.
These are represented by pyrolusite and cryptomelane with admixture of quartz and
kaolinite. Usually, pyrolusite predominates both in the concentric layers of oolites and in
the cement. However, pyrolusite is substituted by cryptomelane, developed in the finest
cross-cutting fractures from the periphery to the internal parts of oolites. In a number of
cases cryptomelane is the predominating component often this mineral forms fine-grained
intergrowths with pyrolusite.

At the level of sample 23 (see Figures 8, 10, and 14) pisolites from 5 to 7 mm in
size are widely distributed. They are cemented into dense aggregates, lumps, and lenses;
pyrolusite with subordinate cryptomelane predominates in their composition, there are
traces of birnessite, admixture of kaolinite, and relicts of smectite. Kaolinite and quartz
are common in the composition of the pisolite cement of the samples 22 and 23.

Rising up the section to the level of the sample 24 (see Figures 8, 10, and 14) the
cryptomelane becomes the predominating mineral, composing large (5 to 15 cm) ore con-
cretions, their aggregates, and intergrowths. Insignificant admixtures of goethite, quartz,
relicts of hydromica, smectite, and traces of manganite are characteristic. The ground
mass of cryptomelane in some parts is cross-cut by numerous streaks of romanechite.
Even if the differences in reflectivity of these two components is difficult to differentiate,
the pleochroism, and effects observed in crossed nicols, of romanechite distinguish it from
cryptomelane. The section top (sample 25, see Figures 8, 10, and 14) is represented by
pedogenic laterite, composed of angular gravel fragments of iron oxyhydroxides (goethite)
without any significant traces of manganese in the ferruginous mass, containing mainly
kaolinite with an admixture of halloysite (Figures 25, and 26).

The section of quarry-E, northern part, northwestern face (see Figures 9, 10, and 15):
The samples of manganese oxyhydroxide ores and enclosing sediments, sampled from
the section of the ore bed of the quarry-E, northern part, northwestern face (see Figures 9,
10, and 15), mainly comprise components of the laterite weathering crust. The presence
of kaolinite in the whole section indicates the stability of the acidic regime of pH during
mineralization and the presence of essential reserves of free alkaline earth elements.

It is necessary to emphasize the following features of this section:

Dissolution of quartz grains is a general phenomenon. It is followed by the substitution
of romanechite, observed at all levels of the section.

From the base to the top of the section the ores become harder and more massive and
the predominance of cryptomelane and romanechite is observed. According to Perseil
(personal communication), the manganese ores from the laterite weathering crust of the
Tambao deposit, Burkina Faso (Upper Volta), are of the same nature.

The romanechite (Figure 19), occurring in the form of thin acicular crystals, is formed
at the place of dissolution of quartz clastic grains; this can be seen in the example of
relations with quartz relicts (A). Such a type of alteration of the mineral paragenesis is
rather typical for both this section and for general laterite manganese-bearing weathering
crusts.

It is important to point out that at the lower part of the section ferruginous laterite
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predominates. Upwards it is replaced by boulder fragments of manganese oxyhydroxides
(see Figures 9, 10, and 15). The sample 26 (laterite-like mass) is represented by a black
cryptocrystalline matter of manganese oxyhydroxides with admixtures of brown iron
oxyhydroxides and light kaolinite material; its mineral composition is: cryptomelane,
pyrolusite with significant admixtures of quartz and kaolinite.

The boulder-lump ore fragments (sample 27, see Figures 9, 10, and 15) are composed of
black with bluish tint crystalline, earthy, fine-porous matter, represented by cryptomelane
with an admixture of lithiophorite, traces of todorokite, significant quantities of quartz,
and subordinate kaolinite.

Manganese ore nodules, leguminous concretions, and fragments, enclosed in mottled
ferruginous laterite masses, are developed at the section top (sample 28, see Figures 9, 10,
and 15). The spotting is caused by the irregular distribution of iron oxyhydroxides (mainly
goethite, less frequently manganese oxyhydroxides) in the kaolinite matrix. The ores
consist mainly of cryptomelane, lithiophorite with admixture of romanechite, todorokite,
quartz, traces of pyrolusite and kaolinite (Figure 19). The microscopic study of samples
from the lower and middle parts of the section (samples 26 and 27, Figures 9, 10, and 15)
indicates that cryptomelane predominates among them. Initial progressive substitution of
fragmentary quartz grains by cryptomelane is observed in fissures and corrosion contacts.
This type of alteration is well distinguished in samples 26 and 27. The formation of
concentric zones, composed of romanechite (see Figure 19), is observed at the final stages
of such dissolution.

The essential features of the mineral composition of the ores.  Cryptomelane is related to
oxyhydroxide minerals of manganese (arbitrarily @-MnO;), comprising channels (tunnels)
in their structure, in particular, to the group of hollandite type (Burns and Burns, 1979;
Chukhrov et al., 1989). In general, the crystallochemical formula of minerals of this group
may be represented in the following form:

R; (Mn*+, Mn3t, Fe, Al, O); (O,0H)s nH,0,

where R = K, Ba, Pb or Na, and O are vacancies in octahedral bands. The value of z
depends on the valency of tunnel cations and the charge of the octahedral bands, forming
due to isomorphic substitutions and vacancies, and from the relations of O and OH groups
in the anion framework. Large channels of the structure are usually occupied by cations
with a relatively large ionic radius: K, Ba, Pb or Na. The following minerals are dependent
on the dominant cation nature: hollandite, cryptomelane, coronadite, and monjiroite, in
which Ba, K, Pb, or Na correspondingly predominate.

The most common forms of cryptomelane occurrence in the ores of the Groote Eylandt
deposits are represented as distinct textural and microscopic varieties, in which, as may be
seen under the optical microscope, the cryptocrystalline oxyhydroxide material contains
abundant inclusions of clastic quartz (Figures 16, 17, and 19). Fine globular structure is
distinctly observed under the scanning electron microscope (Figures 20 to 22). Moreover,
for early stages of recrystallization of the finest globules the development of the thinnest,
elongated along c-axis laminated crystals (see Figure 22) or acicular crystals elongated in
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Fig. 16. Photomicrographs of a part of the boulder-lumpy manganese ore; polished section, plain light, sample
2, southern part of the quarry-D, (see Figures 4, 5, and 10), the Groote Eylandt deposits (photo by Dr. E.A.
Perseil). Mineral composition: pyrolusite with essential admixture of cryptomelane. 1. Clastic quartz grains in
Mn oxyhydroxide cement. 2. Pockets of kaolinite, impregnating, substituting the grains of Mn oxyhydroxides.

the c-(or b-)axis is characteristic. Similar morphological features are explained (Chukhrov
et al., 1989) by the maximum rate of the growth attained for individual octahedral bands,
and the margins of which were characterized with maximum valence non-saturation. Ost-
wald (1980) points out that similar varieties (i.e. earliest generation) compose the main
mass of oolite, pisolite, and concretion ores. Streaks of several younger generations of
cryptomelane are developed, and often cross-cut this variety of cryptomelane; the younger
generations have a different microcrystalline structure, usually represented by elongated
prismatic crystals. Sometimes such crystals are as large as 3 mm. They are distinguished
by relatively small quantities of admixtures. Thin notched and mamillate acicular ag-
gregates, with the typical form of frost dendrites, are recognized among relatively late
generations, and are products of crystallization. It is particularly remarkable that aggre-
gates of acicular crystals of cryptomelane fill the voids in ores (Figures 20 (2, 3), 23, and
24). The following forms of cryptomelane occur (Ostwald, 1975, 1980, 1982): (a) con-
centric layers in pyrolusite-cryptomelane pisolites; (b) zones and layers in the cemented
pisolites, ore pebbles, boulders, and large concretions; and (c) colloidal.

The history of cryptomelane alteration begins with its early generation — the grey
cryptocrystalline component — as a slightly anisotropic modification of a-MnO,. Here
the appearance of the patches (i.e. the small segregations) of ramsdellite is observed.
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Enrichment in manganese takes place due to the removal of silica. A similar process was
noted during the deep weathering of the series of quartzites with Mn garnets in Western
Africa (Perseil and Grandin, 1978).

The morphology of prismatic crystals of romanechite, filling geodes in ores, the typical
representative of which is sample 28 (see Figures 10 and 19), is identical, as Perseil con-
siders (written communication), to similar varieties of the romanechite from the African
deposits. In these minerals there is distinct crystallographical completion and development
of the tops of prismatic crystals.

The patches and segregations in concretion ores are of special interest for the un-
derstanding of formation stages (see Figures 17 to 19). The clay admixture and quartz
grains (light-grey cross-cutting streaks of the fine-grained structure, filling in the cracks of
syneresis in concretions), and grey cryptocrystalline varieties, often composing interlayers
and banded isotropic pisolites, are characteristic for this form.

The distribution of cryptomelane is shown in Figures 10 to 15. The following features
have engaged our attention: (a) in sublatitudinal profile of the main sections of the deposit
the relative amounts of cryptomelane generally increase from the east to the west according
to the dip of the ore bed; (b) the richest, practically pure cryptomelane ores are observed
in the central part of the deposit (quarry-A, southern face, see Figures 10 and 13), where
the ore bed has the maximum thickness (9 m). Here the proper cryptomelane varieties
(samples 17 and 18) are observed in the middle part of the ore body, composed of large
concretions and lumpy ores, slightly alterated by later events of pedogenic lateritization;
(c) the flank has rather thin sections (quarry-G and D in the east and E in the west, see
Figure 10). Cryptomelane has, as a rule, a residual nature after substitution by pyrolusite,
romanechite (psilomelane), birnessite, todorokite, lithiophorite, and goethite.

Pyrolusite occurs in the form of granular masses to fine-grained intergrowths of pris-
matic fine crystals. The following forms of its occurrence are recognized: (a) concen-
tric layers, zones, and patches of fine-laminated pyrolusite and cryptomelane pisolites;
(b) patches of cryptomelane substituted by pyrolusite in pisolites; (c) cementing material
of pisolites; (d) growth crusts on the surface of pisolites and, to a lesser degree, the larger
fragments; (e) the finest crystals of pyrolusite and fragments of shells of this mineral in the
form of soft aggregates; the aggregates are the result of pisolite substitution. In most cases
with distinct interrelations it is seen that pyrolusite is developed after early generation
cryptomelane and it is a relatively late supergenous product. But as it was shown above,
the inverse interrelations, i.e. development of cryptomelane (more recent generations) after
pyrolusite, was noted. Pyrolusite is distributed in the lower half of the ore bed essentially
in the central and western parts of the deposits (see Figures 10 to 15, sections of quarries-
A, southern, G and D). This distinct localization of relatively pure pisolite varieties, in
different structure types of the ores, allows the consideration of these accumulations as the
products of relatively early supergenous alteration in the general sequence of the primary
carbonate material alteration. In the upper parts of the ore bed the pyrolusite is developed,
in most cases, after cryptomelane and is subjected, in its turn, to relatively late substitution
by romanechite, todorokite, birnessite, lithiophorite, and goethite.

Manganite occurs mainly in quartz clastic rich manganese ores essentially as relict
skeleton forms, preserved during alteration of this mineral into pyrolusite. Ostwald
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(1980) described elongated prisms of manganite up to 5 mm long. As a whole, however,
manganite is an intermediate residual product in the sequence of alteration of manganese
ore matter to forms which are stable in the environment of deep supergenous weathering.

Lithiophorite is observed in the ores of the deposit in two main associations: as an
admixture in places of lateritization of the main ore horizons, and the material formed in
sand soils of the western and southern parts of the island due to lateritization (Ostwald,
1975, 1980, 1982; Smith and Gebert, 1969). Within the ore bed the most typical forms of
lithiophorite occurrence are the patches of both cryptomelane and pyrolusite substitution,
and the filling in of the voids, formed in eroded and leached pisolites or massive ores. In
these cases there is a relation of lithiophorite with silica, indicating their formation during
deep weathering and lateritization. The late generations of lithiophorite together with
cryptomelane are present in the form of streaks, cross-cutting lens-like accumulations,
dispersed in dense yellowish-white kaolinitic clay (see Figures 25 and 26), underlying
the laterite surface in the southwestern part of the island (Ostwald, 1975, 1980, 1982).
Lithiophorite is developed, as a rule, in the upper half of the ore bed in most parts of
the deposits (see Figures 10 to 15). Nevertheless, in some parts of the quarry (quarry-G,
southwestern face) lithiophorite occurs in most of the ore bed; this may point to the depth
of distribution of manifestations of relatively late supergenous alterations of the laterite
nature.

Romanechite (psilomelane) is distinguished in ores of the deposits by the study of
polished sections under microscope, X-ray structural investigations, and by the data,
obtained with the microprobe (Ostwald, 1975, 1980, 1982). This made possible the
presence of microzones, composed of barium-bearing manganese oxides, to be established.
Inspite of visible enrichment of BaO ores (see Table 2), it is necessary to distinguish the
barium cryptomelane and romanechite (psilomelane) properly, using the X-ray diffraction
data. In those cases, when the romanechite amounts are relatively large (see Figures 9,
10, 15, 18, and 19, section of the quarry-E), this mineral occurs mainly in the upper part
of the ore bed in association with cryptomelane, todorokite, and lithiophorite. Ostwald
(1980) pointed out that the widest distribution of romanechite is observed in the form of
rims in the pisolite varieties, composed of pyrolusite and cryptomelane. Romanechite
fills in voids of leaching in primary (Albian—-Cenomanian) manganese clays. Hence,
the supergenous nature of this mineral, irrespective of differences of its generations, is
sufficiently determined.

Nsutite is found in discernable amounts in cemented pisolite ores. The main forms
of nsutite occurrence are banded patches and parts of substitution in pisolites and the
cementing matrix (Ostwald, 1975, 1980, 1982).

Todorokite is distinguished at the deposit in subordinate quantities in association with
lateritized concretion ores as well as the products of substitution of cryptomelane pisolitic
varieties (see Figures 10 to 15). It is noticed that todorokite forms colloform banded
patches, often aggregates of radial crystals (Ostwald, 1975, 1980, 1982). The development
of this mineral is revealed most distinctly in the upper parts of the ore bed as one of the
products in the general sequence of relatively late supergenous alteration. Itis interesting to
point out that Ostwald (1982) emphasized the importance of the understanding of oxide ore
genesis: in the quarry-G of the Groote Eylandt deposits the high concentration of minerals
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Fig. 18. Photomicrographs of Mn oxyhydroxide ores. Polished section. Plain light. Sample 21. Quarry-A
(see Figures 4 and 10). The Groote Eylandt deposits (Photo by Dr. E.A. Perseil). Relationships and develop-
ment features of romanechite (R) and lithiophorite (L) in the massive Mn oxyhydroxide ores, representesd by
tabular fragments, lens-like intercalations, composed essentially of cryptomelane, subordinate goethite, quartz,
admixture of kaolinite with relicts of hydromica and clay material (see Figures 8 and 14).

with relatively disordered structure is observed. These minerals are represented by the
association: todorokite — birnessite — vernadite — nsutite. The author carried out detailed
investigations with electron microprobe, X-ray diffractometry and microdiffraction. On
the whole, Ostwald’s conclusions coincide with our data (see Figure 10), according to
which the section of the quarry-G is characterized by wide distribution of the products
of deep (laterite) alteration (lithiophorite, todorokite), developed predominantly after
cryptomelane and pyrolusite. Meanwhile, it should be pointed out that the last two minerals
reflect relatively early stages of deep supergenous alteration of manganese carbonates.

2.2.1.6. Clay Components of Enclosing Sediments

The recent studies of manganese ores of different nature definitely showed that clay
components of ore-enclosing sediments, features of their composition, structural charac-
teristics and associations, reflected rather reliably the conditions of the main stages of the
sedimentation history. They may be sensitive indicators of the early stages of formation
of sedimentary material: both settings are areas of decomposition of parent rocks, weath-
ering crusts and authigenic postsedimentary and supergenous alterations. Using the clay
components of the Groote Eylandt deposits as an example, we try to consider them as an
intrinsic part of the whole set of sedimentation (including ore) materials in the general
process of the ore formation, as a result of which the deposits formed.

Materials and investigation methods. Clay components were studied in two size
fractions: (a) < 0.01 mm and (b) < 0.001 mm. The X-ray diffraction was carried out in
the GIN of the Russian Academy of Sciences using the DRON-2 diffractometer (Russia)
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Fig. 19. Photomicrographs of Mn oxyhydroxide ores. Polished section. Plain light. Sample 28. Quarry-E (see
Figures 4, 10), the Groote Eylandt deposit (Photo by Dr. E.A. Perseil). Alteration features of Mn oxyhydroxides
in the top of the ore bed (see Figure 9). Development of concretion romanechite (B), substituting in the form of
finest acicular crystals, dissolving quartz (A). Relict grains of quartz (black), enclosed in the cryptomelane mass
(C), are well visible in the photo.

with radiation Cu, K., 35 kV and 20 mA. The rate of scanning was 2°/min, and for
detailed investigation -1°/min. We obtained diffraction patterns for: (a) air-dried samples,
(b) some of them were treated with glycerol (in control cases with ethylene glycol),
(c) and heated to 550°C, and if necessary to other temperatures. T.G. Eliseeva took
part in the work; interpretation of the obtained data was conducted together with B.A.
Sakharov. To determine the structural ordering of the samples we studied oblique features
of the representative samples using an ER-100 electron diffractometer, whichh was very
efficient for investigations of layered silicates (Zvyagin, 1964). The investigations were
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Fig. 20. Scanning electron microscope photomicrographs of Mn ores. Micro-olite with indistinct concentric
structure in black with bluish tint fine crystalline matter composing the tabular fragments and lens-like ore
interbeds, consisting of cryptomelane with subordinate amounts of goethite. Sample 21, quarry-A, the Groote
Eylandt deposits (see Figures 4, 8, 10, and 14). 1. General view of micro-olite. 2. Central part of the micro-olite
(see Photo 1), composed by globular slightly recrystallized matter. 3. Close-up of (1) and (2). The distinct
recrystallization of Mn oxyhydroxide matter into aggregates of finest crystals of cryptomelane is shown.
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Fig. 21.  Scanning electron microscope photomicrographs of Mn ores. The ground mass, composed of black
with bluish tint fine crystalline matter, composing the tabular fragments and lens-like ore interbeds. The ore
consists of cryptomelane with subordinate amounts of goethite. Sample 21, quarry-A, the Groot Eylandt deposit
(see Figures 4, 8, 10, and 14). 1. General view of the ground mass of the indistinct globular structure. 2. Close-up
of (1). The distinct recrystallization of the ground mass into fibrous-fine laminated aggregate of finest crystals
of cryptomelane and dispersed rod-shaped crystals of goethite are visible. 3. Close-up of (2).
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Fig. 22.  SEM photomicrographs of Mn ores. The ground mass, composed of black fine-crystalline matter,
composing large (5-15 cm) ore concretions, their intergrowths and aggregates; composition: cryptomelane with
a rather small admixture of goethite, quartz, clay matter and traces of manganite. Sample 24. Quarry-A, the
Groote Eylandt deposits (see Figures 4, 8, 10, and 14). 1. General view of the microglobular ground mass.
2. Close-up of (1). A distinct microglobular character of the ground mass, composed of cryptomelane, rare
dispersed rod-like finest crystals of goethite are shown. 3. Close-up of (2). The microlayered fine-laminated
structure of separate globular aggregates of cryptomelane is distinctly visible.



64  Chapter 2

Fig. 23.  SEM photomicrographs of Mn ores. Light-grey with high reflectivity recrystallized variety of
cryptomelane (second generation), represented by fine streakes and interlayers in the ground mass of the ore
(see Figure 22), composed of concretions, their intergrowths and aggregates. Sample 24, quarry-A, the Groote
Eylandt deposits (see Figures 4, 8, 10, and 14). 1. General view of light-grey with high reflectivity recrystallized
matter (cryptomelane). 2. Close-up of (1). Aggregates of cryptomelane (second generation) crystals in the form
of layered intergrowths are distinctly displayed. 3. Close-up of (2). Irregular intergrowth of laminated prismatic
crystals of cryptomelane (second generation).
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Fig. 24, SEM photomicrographs of Mn ores. Cryptomelane of the second generation, light-grey with high
reflectivity, filling in streaks and interlayers in the ground mass of the ore (see Figure 22), represented by
concretions and/or their intergrowths and aggregates. Sample 24, guarry-A, the Groote Eylandt deposits (see
Figures 4, 8, 10, and 14). 1. Contact of cryptocrystalline cryptomelane (1) of the ground ‘mass of the ore,
with streakes, -aggregates of cryptomelane (11}, composed of distinetly crystalline aggregates. 2. Close-up of
(2). The distinct contact of crystalline-grained eryptomelane (II), and cryptocrystalline ground mass of the ore.
3. Aggregates, intergrowths of prismatic crystals of cryptomelane (II), composing streakes, interlayers in the
ground mass of the ore (cryptomelane I).
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Table 4. Mineral composition of clay components, ore-enclosing sediments, the Groote Eylandt
deposits, the data of the X-ray diffractometry.

No.  Quarry No. of  Mineral composition (fractions: Notes
section sample  (a) < 0.01 mm; (b) < 0.001 mm)

1 G 4(1)-a Kaolinite, admixture of hydromica, pyrolusite, See Fig. 12
goethite

2 G 4(1)-b Kaolinite, admixture of hydromica, pyrolusite,  See Fig. 12
goethite

3 G 4(2)-a Kaolinite, hydromica, traces of goethite See Fig. 12

4 G S5-a Kaolinite, admixture of pyrolusite and dispersed ~ See Fig. 12
goethite

5 G 5-b Kaolinite, admixture of pyrolusite See Fig. 12

6 G 8-a Kaolinite, pyrolusite, admixture of todorokite See Fig. 12

7 G 8-b Kaolinite, admixture of todorokite See Fig. 12

8 A-south 11-a Kaolinite (90%), hydromica (10%) See Fig. 13

9 A-south 12-a Kaolinite, admixture of mixed-layered phase of  See Fig. 13

mica-smectite with slight content of expanded
layers (hydromica)

10 A-south 13-a Kaolinite with admixture of hydromica See Fig. 13

11 A-south 16-a Kaolinite with admixture of hydromica, and  See Fig. 13
quartz

12 A-south 17-a Kaolinite, admixture of quartz, and traces of  See Fig. 13
hydromica

13 A-south  17-b Kaolinite, admixture of quartz, and traces of  See Fig. 13
hydromica

14 A-south 18-a Kaolinite, admixture of quartz, and traces of See Fig. 13
hydromica

15 A-south  19-a Kaolinite, traces of hydromica, quartz and  See Fig. 13
goethite

16 A 21-a Kaolinite, traces of hydromica, and goethite See Fig. 14

17 A 25-a Kaolinite, admixture of goethite See Fig. 14

18 A 25-b Kaolinite, admixture of goethite See Fig. 14

19 E 26(1)-b  Kaolinite, traces of quartz and hydromica See Fig. 15

20 E 26(2)-a  Kaolinite, admixture of quartz, and traces of See Fig. 15
goethite

21 E 26(2)-b  Kaolinite, traces of hydromica and goethite See Fig. 15

performed by S.I. Tsipurskii, GIN, Russian Academy of Sciences. Infrared spectra in the
range of 400-4000 cm ™! were taken for all studied samples. The most promising samples
were studied under a transmission electron microscope. Clay minerals were determined
in accordance with recommendations of the International Commission on nomenclature
of clay minerals (Bailey et al., 1979).

Features of distribution in the main sections. The results of the X-ray diffraction
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study of clay components are summarized in Table 4. The main mineral (composing
more than 80-90% of all ore-free fine-dispersed components) is kaolinite, occurring
both as light-colored essentially white kaolines and as varieties pigmented to different
degrees by oxyhydroxides of iron (essentially goethite) and manganese (pyrolusite, rarer
cryptomelane, todorokite). Hexagonal plates (see Figure 25), their intergrowths and
more rarely their particles, fragments of irregular form, size in cross-section to 1.5-2.0
micrometer are as a rule characteristic for kaolinite.

The forms of reflexes of the second ellipse (reflection of type 201 131) are visible in elec-
tron diffraction patterns of oblique textures of samples 8, 17, and 25 (Figure 26, location
of samples is shown in Figures 12, 13, and 14). It characterizes the triclinity of the kaolin-
ites under investigation. Weak resolution of reflexes with K # 3K’ and greatly diffused
backgrounds should indicate the low structural ordering and crystallographic perfectness
of minerals, that contradicts observations with the transmission electron microscope (see
Figure 25). Moreover, the electron diffraction patterns of the oblique textures of sample
25 (see Figure 26) are only slightly informative due to essential diffusion background
between reflections of the given arcs of reflexes.

The observed images of electron diffraction may be explained by samples having a
visible admixture of halloysite; this forms textures with imperfect orientation and therefore
electron diffraction patterns have reflexes in the form of the elongated arcs. As the data
of the X-ray diffraction and distinctly crystallographically shaped hexagonal plates of
kaolinite suggest (see Figure 25, nos. 1-3), the supposition of a low degree of its structural
ordering, and the absence of the strict period along the axis 1 or of the mechanical
destruction of the sample during the preparation of fractions of <0.001 mm, are improbable
for this mineral in these cases. In a number of sections in the sediments, composing the
lower part of the ore bed (quarries-G and A southern, see Figures 12 and 13) the visible
amounts (10%) of hydromica are recorded. The minerals represent the mixed-layer phase
mica-smectite with a small proportion of expanded layers (samples 4 and 11). Up the
section the hydromica content is decreased significantly to trace amounts or complete
absence. This tendency is distinctly observed in the section of relatively thick ore beds
in the south of quarry-A (sequence of samples from the bottom: 11 to 19, see Table 4,
Figure 13).

In the western part of the deposits among the general mass of the enclosing sediments
of kaolinite composition, according to data of the X-ray diffraction and directly under
transmission electron microscope, the essential admixture of halloysite is distinctly ob-
served (section of the quarry-E, sample 26, Figure 25, no. 4, see Figure 15). The length
of halloysite crystals, represented in suspension electron microscope mounts by tubular
particles is up to 3 micrometers with cross-section of 0.05-0.5 micrometers; in a number
of cases the splitting of some crystals at their end is observed.

Thus, the essentially kaolinitic composition of ore enclosing sediments, high crystallo-
graphic shape of its particles, sharp decrease of the admixture of hydromica as relatively
unstable primary components up the section and the presence of halloysite in separate sec-
tions (especially in upper parts) offer a clearer view of how the constituents have arisen.
We believe that these are the products of deep aerial chemical weathering, not subjected
to significant transportation. It is shown in works by Chukhrov et al., (1965, 1984), that
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ﬁxg 25, Phowomicrogmphs of components of clay fmetion (o D001 mn) taken by the transmizssion electron
microscope. Ore enclosing and interore sediments, the Groote Evlandt deposits. 1. Agpregates and intergrowths
of kaodinite plates with churscteristio hexagonad habits and the admixture of the dispersed Mn oxyhydroxides,
Sample 8, quarry . The grovmd mass, mabrix, banding oolites, pisolites, microglobules, compossd essetiolly
of pyrotusite wnd todorokite (see Pigure 1), 2. Imergrowihs of keolinite crystals, To the lower partof the photo s
rod-like crysiad of oryplomedane is shown, Sample 17, guarry-A, sowthem foce. The msin ore-free ground mass,
bonding concretions of cryptosnslans {see Figure 131 2 Intergrowths, aggregaies of kaolinite plates, to the right
there is 2 fibrous aggregate of the finest crystals of cryptomelane. Sample 25, guarry-A, southeastem Face {see
Figure 143 4. Mixture of keolinite particles. plate-like, hexogonal habits and rod-hike o tubedike particles of
tadloysite {products of substitution of kaolinite), sdmixtre of dispersed Ma oxvhydroides is visible. Sample
26, guarey-B, northwestern fice Goe Figare 153
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Fig. 26.  Electron diffraction patterns of oblique texture of kaolinite clays. Mn ore enclosing sediments.
Groote Eylandt Mn oxide deposits. 1. Kaolinite clay, ground mass, and matrix, bonding oolites, pisolites, and
microglobules, composed of pyrolusite, todorokite. Sample 8, quarry-G (see Figures 4, 6, 10, 12, and 25).
2. Kaolinite clay of the ground mass and matrix enclosing concretions of cryptomelane. Sample 17, quarry-A,
southern face (see Figures 4, 7, 10, 13, and 25). 3. Kaolinite clay. Sample 25, quarry-A, southeastern face (see
Figures 4, 8, 10, 14, and 25).
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similar associations of halloysite with kaolinite may indicate the formation of these miner-
als as a result of the general processes of the development of laterite weathering crusts. If
kaolinite, for which the relatively regular crystalline structure is characteristic, is formed,
as arule, due to slowly developing supergenous processes of alumosilicate decomposition,
then halloysite, as a mineral with a slightly ordered structure, is synthesized owing to faster
reactions. It is known that the products of such rapid alterations are structurally poorly
ordered substances. In other words, halloysite is a product of more active supergenous
alterations of primary alumosilicate matter than kaolinite; in the example of the Groote
Eylandt deposits this is especially clear in the upper part of the ore bed or in the whole of
the bodies with relatively small thicknesses (quarry-E, see Figure 15).

The conclusions on the composition and distribution of clay components in the sec-
tion of the ore bed are valid for the Northern basin of the Groote Eylandt deposits that
contains the main reserves of the commercial oxyhydroxide Mn ores, stripped by open
mines. In the southern basin, occurring considerably hypsometrically lower, the correlated
equivalents of the ore bed, represented by Mn carbonates, are sufficiently well isolated
from the supergenous weathering by the covering sediments. According to Ostwald and
Bolton (1992) the components of ore-bearing Cenomanian sediments of the Southern
basin are represented by glauconite (in the form of pellets enclosed in the manganese
marls), ferruginous smectite and mixed-layered phases of ‘glauconite-smectite’, distin-
guished in the form of pellets and substitutions of clastic components of the rocks. It
is believed that the authors described the widely known processes of postsedimentation
glauconitization or development of Fe-mica after Fe-smectites. The statement (Ostwald
and Bolton, 1992, p. 1340) that ferruginous smectite and glauconite are widely distributed
clay components of sediments of the Northern basin, synchronous with accumulations of
manganese oxyhydroxides, contradict the data given above and the results of investiga-
tions with participation of one of the coauthors of the above article (Pracejus and Bolton,
1992a, 1992b). Elsewhere in the same work Ostwald and Bolton (1992, p. 1340) write
that: “Recent studies have shown that this clay is commonly mixed with Tertiary weath-
ering products such as kaolinite, lithiophorite and anataze, resulting from lateritization
(Ostwald, unpublished data).”

As a whole, the analysis of the available information suggests that clay components of
the commercial ore bed of the Groote Eylandt deposits are the products of deep laterite
weathering of the Cenomanian Fe mica-smectite clays and terrigenous orthoquartzite ore-
enclosing sediments. The relicts of such primary clay components are registered in trace
amounts, essentially in the lower part of the ore bed (see Table 4). The general sequence
of supergenous alterations corresponds to the development trend of the laterite weathering
crust: (glauconite + Fe mixed-layered mineral mica/smectite + Fe smectite) — kaolinite
— halloysite. In works by Pracejus and Bolton (1992a, 1992b) normative (calculated)
gibbsite as a typical product of the laterite nature was used.

2.2.1.7. Geochemistry: Distribution of the Major Components and Trace Elements

Distribution of chemical elements in ores is shown in Tables 2 and 3, Figures 11 to 15. It
is necessary to emphasize the essential features of the chemical and mineral composition



Manganese Ores in Weathering Crusts 71

of the ores.

1. In virtually stripped sections of the ore bed (see Figures 11 to 15) the lower part is
represented by sand-siliceous varieties of the ores, composed of pisolites, small nodules,
concretions, consisting of pyrolusite, developing after cryptomelane often with rather
essential admixture of goethite (see Tables 2 and 3, samples 11, 21, and 26, Figures 13 to
15). These ores are characterized by relatively slight oxidation (Mn(II)/Mn to 7.82 x 102,
see Figures 13 to 15), increased ferruginity (Mn/Fe < 4.0), presence of essential admixture
of free SiO; (Si02/Al, 03 > 1.20), increased amounts of K (K/Zr > 40), and relatively
low concentrations of Ba, Cu, Rb, Sr, Y, Ce (see Tables 2 and 3, Figures 13 to 15).

2. In overlying discontinuous lens-like layers, the ores are composed of oolites and
pisolites. In these ores the main minerals are pyrolusite with essentially subordinate
amounts of cryptomelane of a residual relict nature (see Tables 2 and 3, samples 13
to 16 and 22 to 23, Figures 13 and 14). In those cases, when the influence of the
laterite alteration has a pronounced character, the ores contain an admixture of todor-
okite (10 A-manganate), lithiophorite, and birnessite (section of quarry-G, southwestern
face). Geochemical features of these ores are rather remarkable: the highest oxidation
(Mn(II)/Mn < 0.8 x 1072), slight ferruginity (Mn/Fe > 20), small silicity (SiO2/Al;03
< 3.0), and notable enrichment in Ba, Cu, Rb, Y, and Ce.

3. In the layer above the ore bed, composed of slightly structurized massive, lumpy
ore concretions, the main mineral is cryptomelane often with rather large amounts of
pyrolusite. In those sections, where the influence of pedogenous laterite weathering
is considerable, there is significant amounts of lithiophorite, todorokite often with an
admixture of goethite. Such ores are characterized by relatively low oxidation (Mn(II)/Mn
> 1.00 x 1072), high ferruginity (Mn/Fe < 2.5), enrichment in quartz (SiO,/Al, 03 >
1.75) and K,0, BaO, Cu, and rare earth elements. Special attention must be given to the
maximum concentrations of trace elements in the upper part of the ore bed, bordering
with the proper laterite soil accumulations. Such ores are represented by large-lumpy and
boulder-concretion varieties (Figures 11 to 15).

4. In the proper laterite pedogenous accumulations, occurring over the manganese-
bearing bed, the oxyhydroxide compounds of manganese are developed too; they are
the products of deep supergenous alteration of underlying accumulations. Lithiophorite,
pyrolusite, and cryptomelane usually with the admixture of birnessite and todorokite (or
the varieties of 10 A-manganate) predominate among observed oxyhydroxide minerals. A
rather typical component is goethite, in some cases almost completely composing (sample
25, see Figure 14) concretion-lump varieties.

Geochemical features of the considered accumulations are distinguished for consistency
with variable mineral composition (see Figures 11 to 15); the sharp depletion in trace
elements, relatively weak oxidation of the manganese phases (Mn(II)/Mn to 1.5 x 1072),
enrichment in Zr, and high ferruginity (see Tables 2 and 3) are characteristic.

Thus, the presence of some symmetry engages the attention during consideration of the
features of distribution of structural ore types, and their mineral and chemical composition
in the section. The lower (soil) and top parts of the ore bed are represented by relatively
large-lumpy concretion-nodular varieties, composed essentially of cryptomelane and, to
a lesser degree, pyrolusite often with an admixture of goethite, developing after crypto-
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melane. In those cases, when laterite pedogenous weathering is considerably developed,
lithiophorite, 10 A-manganate (todorokite), birnessite, and romanechite (psilomelane) are
developed. The main features of ore chemistry of these intervals are considered above
(see Tables 2 and 3, Figures 11 to 15). It is important to emphasize the presence of some
(as a rule, admixture and trace) amounts of manganite (samples 4 and 24, see Figures 12
and 14, Tables 2 and 3) in the lower and top parts of the ore bed. In these cases the man-
ganite is a preserved relict in the general sequence of alteration of manganese-ore matter:
Mn carbonate — manganite — cryptomelane — pyrolusite ... This fact is essential for
understanding the oxyhydroxide ore formation process of the deposits. The middle part
of the ore bed is composed of essentially oolite-pisolite varieties, represented mainly by
pyrolusite with a notable admixture of cryptomelane of the early generation displaying a
residual and relict character.

The above data on the mode of occurrence, structure of the ore bed, mineral composition
of the manganese ores and enclosing sediments, distribution of main components, trace
elements and REE in them reinforce the conclusions, made in our earlier works (Varentsov,
1982a, 1982b; Varentsov and Golovin, 1987). It was shown in these works that commercial
oxyhydroxide manganese ores of the Groote Eylandt deposits are redeposited and/or
autochthonous products of tropical (laterite) weathering crusts, developed within the
Northern basin after the initially low-grade carbonate and probably oxide (?) sedimentary-
diagenetic ores, which were nearly eroded by the present time. Correlation equivalents
of these ores, protected from supergenous alterations by relatively thick sequences of
overlying sediments and penetrated by drilling holes, occur hypsometrically considerably
lower in the southern basin.

Similar concepts significantly differed from the views of some Australian geologists on
the genesis of the Groote Eylandt deposits (Frazer, 1975; McIntosh et al., 1975; Ostwald,
1975, 1980; Slee, 1980; Smith and Gebert, 1969).

In this state of affairs, interest was rekindled in the study of problems of the deposit’s
genesis, reflected in works of the. Australian specialists (Bolton and Frakes, 1982, 1984;
Bolton et al., 1984, 1988, 1990; Frakes and Bolton, 1984a, 1984b; Ostwald, 1980, 1981,
1987, 1988, 1992; Ostwald and Bolton, 1992; Pracejus et al., 1988, 1990; Pracejus and
Bolton, 1992a, 1992b). These investigations were distinguished by the variety of prob-
lems raised and the large volume of data on the factual evidence. In particular the essential
role of supergenous processes in the formation of the commercial manganese ores of these
deposits was recognized. At the same time the authors distinguished deeply superge-
nous altered Mn oxyhydroxide ores in the section and primary sedimentary-diagenetic
oxyhydroxide types of ores, enclosed in a quartz-kaolinite mass.

With the high definition of the data, such subdivision of the Mn ores was made in
the work by Pracejus and Bolton (1992a), that was reflected in the cited Table 1. The
authors subdivide the ores into two main categories: (a) primary manganese ores, and
(b) secondary manganese ores (see Table 1).

Oolites (uncemented), pisolites (uncemented), siliceous ores and hardgrounds (dense
and hard, thin layers of Mn oxyhydroxides several cm thick often with sign of erosion at
the surface laterally elongated to dozens of m, incorporating altered oolites, pisolites, and
massive ores are assigned to the ‘primary’, that is sedimentary, oxyhydroxide Mn ores.
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Pracejus and Bolton (1992a) attribute cemented varieties of pisolites and oolites (ce-
mented mangcrete), massive mangcrete, laminated mangcrete, and different types of con-
cretions (see Table 1) to the secondary (that is supergenous) products. The distinguished
types were thoroughly characterized by the statistical data on normative mineral compo-
sition and distribution of the main components, trace elements and rare earth elements
(Tables 5 to 7).

Empbhasizing the distinctions, noted above, between concepts on the origin of Mn ores,
the problem is raised inevitably as to how significant the differences are in the given data
on the normative mineral and chemical composition of the distinguished (Pracejus et al.,
1990; Pracejus and Bolton, 1992a) ‘primary’ and ‘secondary’ ores. In particular, how
well constrained is the assignment of uncemented oolites and pisolites to sedimentary
diagenetic products, and the cemented varieties of Mn oxyhydroxides to accumulations
of the supergenous nature? To solve this problem we calculated the characteristic ratios
(Table 8) on the basis of the statistical data on the distribution of the main components,
trace elements and rare earth elements (Pracejus et al., 1990; Pracejus and Bolton, 1992a)
for the most representative types of Mn ores (Figures 27 to 33).

Distribution of the normative-mineral composition can be seen in Table 8 and Figure 27.
The recalculation procedures of the chemical analysis data to the normative minerals of
Mn oxyhydroxides is given in works by Pracejus (Pracejus, 1990; Pracejus et al., 1988).
In spite of the fact that the data of recalculation of the chemical analysis to normative
minerals corresponds rather formally and approximately to the results of instrumentation
determination of the virtual mineral composition of rocks or Mn ores, this computational
approach allows us to carry on the quantitative comparison on the qualitatively uniform
basis at the known, arbitrarily accepted, assumptions.

There is no definite trend (see Table 8, Figure 27) observed from the comparison
of the normative mineral composition of uncemented and cemented oolite and pisolite
varieties in interrelations between the two main ore-forming minerals: pyrolusite (Pr) and
cryptomelane (Cm). For example, if the pyrolusite content is increased from uncemented
oolites (U.0.), 43.78% to cemented varieties (C.0.), 61.55%, with the decrease of the
cryptomelane amounts, Cm, 12.09% (U.O.) and 7.71% (C.O.), then, for the corresponding
varieties of pisolites, the inverse relationships are characteristic: Pr, 68.93% (U.P) and
41.02% (C.P.); Cm, 447 (U.P.) and 18.62 (C.P.). The given data may be interpreted as
evidence that the method of the normative recalculations for these types of ores either do
not determine any definite trend of the supergenous alterations, or that the virtual mineral
composition of cemented and uncemented varieties may be varied in rather wide ranges,
and as a whole it is sufficiently similar. In particular the closeness of the normative mineral
compositions of cemented oolites and uncemented pisolites supports at this assumption:
Pr, 61.55% (C.0.) and 68.93% (U.P.); Cm, 7.71 (C.0.) and 4.77% (U.P.) (see Table 8,
Figure 27).

At the same time the normative recalculations reflect a significant decrease in the
pyrolusite content and a relative increase of cryptomelane of the second generation in
concretion ores, developed in the upper half of the ore body. In other words, as it was
emphasized above during the description of the distribution of Mn minerals in the section,
the definite evolution of the supergenous alterations is observed. In this succession
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Table 5. Statistics for major and minor elements (%), Groote Eylandt, Australia (Pracejus and Bolton, 1992).

Al Ba Ca Fe K Mg Mn Na P Sr Sc Ti

Cemented oolites* (cm 18.62; rm 5.86; to 6.22; pr 41.02; w 11.48)

Avg 3.4 18 007 14 049 041 523 012 007 45 034 0.14
Max 4.7 293 012 24 0.67 061 556 0.19 009 131 053 023
Min 2.0 065 004 09 024 025 463 0.07 005 19 020 0.10
n 8 8 8 8 8 8 8 8 8 8 8 8

Std. dev. 1.0 072 003 05 016 015 3.0 005 001 35 0.13  0.04

Cemented pisolites (cm 7.71; rm 6.74; to 4.11; pr 61.55; w 7.55)

Avg 4.7 1.62 007 27 1.59 033 492 023 008 5.0 022 0.1l6
Max 8.1 584 022 232 266 067 560 057 042 142 040 029
Min 1.8 001 003 06 071 001 318 012 003 12 0.03 0.07
n 31 31 31 31 31 31 31 31 31 31 31 31

Std. dev. 1.7 160 004 438 049 022 52 008 009 3.1 0.12  0.07

Chocolate ores (cm 1.90 rm 0.80; to 1.20; pr 11.10; w 0.40)

Avg 240 021 009 75 036 004 98 004 002 388 0.02 141
Max 273 034 008 92 076 009 479 0.17 006 492 0.03 1.62
Min 55 005 001 26 022 003 19 0.01 0.01 101 001 036
n 10 10 10 10 10 10 10 10 10 10 10 10

Std. dev. 6.6 009 002 19 0.17 002 137 005 0.02 115 0.01 037

Kaolinitic clays

Avg 215 002 001 60 0.14 002 06 001 002 577 002 096
Max 337 003 001 169 026 004 32 002 014 787 003 171
Min 6.5 001 001 07 006 001 0.1 001 000 455 001 0.30
n 8 3 5 8 8 8 8 8 8 8 3 8

Std. dev. 119 001 0.00 6.8 006 001 1.1 000 005 114 001 055

Concretions (cm 44.40; rm 4.40; to 6.50; pr 14.30; w 13.50

Avg 32 1.09 0.09 5.1 372 007 491 0.19 0.16 3.1 009 0.16
Max 42 212 020 354 535 020 549 0206 024 76 0.18 020
Min 2.1 023 004 09 061 003 205 007 006 1.2 005 O.11
n 10 10 10 10 10 10 10 10 10 10 10 10

Std. dev. 0.9 066 005 107 133 005 102 006 006 2.1 0.05 0.03

Digital concretions (cm 26.60; rm 19.60; to 2.60; pr 13.50; w 10.70)

Avg 4.2 465 004 438 328 003 418 008 019 114 008 023
Max 6.0 891 006 102 433 003 524 014 028 356 028 0.32
Min 3.5 015 002 12 080 002 313 004 009 17 001 020
n 6 6 6 6 6 6 6 6 6 6 6 6

Std. dev. 0.9 417 002 34 136 0.01 7.1 004 008 150 0.10 0.05
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Table 5. (Continued)

Al Ba Ca Fe K Mg Mn Na P Sr Sc Ti
Fe pipe walls (cm 0.50; rm 0.50; to 0.40; pr 1.60; w 0.20)
Avg 196 023 001 134 018 001 18 0.01 002 478 001 097
Max 227 063 001 202 029 002 63 0.03 004 604 001 115
Min 141 001 001 7.1 0.12 001 02 0.01 001 365 001 074
n 5 3 1 5 5 5 5 5 5 5 1 5
Std. dev. 3.4 035 49 0.07 000 25 0.01 001 112 O0.16
Fe pisolites (cm 2.50; rm 0.30; to 0.60; pr 5.20; w 1.80)
Avg 5.7 0.09 001 466 021 003 438 002 039 9.7 0.03 025
Max 84 033 002 599 094 0.14 308 011 053 487 0.13 041
Min 14 0.01 001 227 002 001 03 001 005 1.3 0.01 0.04
n 18 14 7 18 18 18 18 18 18 18 12 18
Std. dev. 2.3 0.10 000 108 022 004 74 002 014 121 004 0.11
Hardgrounds (cm 8.40; rm 3.60; to 4.10; pr 66.10; w 7.70)
Avg 2.7 1.02 005 09 067 054 541 015 009 42 0.183 0.13
Max 4.5 1,79 008 13 070 090 558 026 0.10 44 030 0.19
Min 1.7 047 003 07 064 031 508 0.08 008 38 0.10 0.08
n 3 3 3 3 3 3 3 3 3 3 3 3
Std. dev. 1.6 069 003 03 0.03 031 280 0.10 001 03 0.11 0.06
Laminar mangcretes (cm 18.50; rm 7.90; to 7.30; pr 30.70; w 10.40)
Avg 6.3 216 009 30 1.74 007 441 031 007 112 006 029
Max 8.9 421 019 43 307 017 474 050 032 288 012 040
Min 2.5 0.10 003 1.6 129 001 377 012 002 538 0.04 0.11
n 7 7 3 7 7 7 7 7 7 7 7 7
Std. dev. 2.0 1.82 009 1.1 0.65 005 35 0.12 011 8.1 0.03 0.09
Laterites (cm 1.40; rm 0.50; to 0.70; pr 4.90; w 0.60)
Avg 234 0.4 001 125 030 0.03 5.0 002 002 388 002 120
Max 283 046 006 270 078 005 163 0.10 007 663 005 156
Min 16,5 0.01 0.01 09 0.08 001 0.1 001 001 269 001 0381
n 26 24 24 26 26 26 26 26 26 26 23 26
Std. dev. 33 0.10 001 56 0.16 001 45 002 002 94 0.01 0.2l
Massive mangcretes (cm 34.90; rm 2.50; to 5.60; pr 20.70; w 13.80)
Avg 49 066 0.09 66 301 004 455 016 0.6 53 0.12 0.26
Max 126 316 020 305 436 012 546 025 042 144 053 067
Min 2.0 001 001 14 1.83 001 260 003 004 16 002 0.10
n 13 13 13 13 13 13 13 13 13 13 13 13
Std. dev. 3.6 0.85 0.06 9.1 089 003 86 007 011 4.1 0.13 0.18
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Table 5. (Continued)

Al Ba Ca Fe K Mg Mn Na P Sr Sc Ti
Radial pyrolusites (cm 3.80; rm 0.60; to 1.90; pr 80.90; w 1.20)
Avg 3.0 0.17 003 27 035 007 548 007 006 34 0.03 0.19
Max 39 0.50 0.07 4.0 209 013 566 028 0.18 47 0.11 025
Min 2.1 0.06 001 18 0.06 001 522 001 003 2.1 0.01 0.13
n 9 9 8 9 9 9 9 9 9 9 7 9
Std. dev. 0.6 0.14 002 08 066 003 1.4 0.10 005 09 0.04 0.04
Mn-impregnated sands (cm 3.19; rm 0.97; to 0.61; pr 1.92; w 1.85)
Avg 2.7 026 001 09 030 001 45 0.02 002 852 0.01 0.15
Max 106 270 0.07 53 1.67 0.03 245 0.06 011 994 004 0.54
Min 0.6 0.01 0.01 0.1 0.03 001 0.1 001 O 52.7 001 0.04
n 18 18 15 18 18 18 18 18 18 18 18 18
Std. dev. 2.7 0.65 002 13 052 001 87 0.0l 0.03 154 0.0 0.15
Siliceous ores (cm 17.79; rm 1.59; to 4.48; pr 39.06; w 7.24)
Avg 2.7 043 006 1.1 1.59 0.06 425 0.15 007 240 009 0.10
Max 4.5 0.84 0.13 3.6 228 0.14 547 025 015 489 0.16 0.17
Min 1.8 002 002 04 091 001 273 0.10 0.01 59 0.03 0.08
n 10 10 10 10 10 10 10 10 10 10 10 10
Std. dev. 0.8 030 003 09 042 005 11.8 005 0.04 190 005 0.03
Uncemented oolites (cm 4.77; rm 2.99; to 2.45; pr 68.93; w 1.90)
Avg 4.9 1.53 010 23 0.74 057 464 0.18 0.07 92 055 022
Max 147 247 016 101 148 086 555 030 053 300 107 0.64
Min 2.4 041 001 0.7 028 009 219 003 0.04 20 0.11  0.10
n 39 39 39 39 39 39 39 39 38 39 39 39
Std. dev. 3.2 043 003 16 025 020 80 0.07 0.08 74 024 0.13
Uncemented pisolites (cm 12.09; rm 5.28; to 5.66; pr 43.78; w 13.45)
Avg 5.4 0.81 004 2.1 045 0.10 50.1 007 0.06 7.7 0.04 024
Max 13.0 409 012 56 1.0l 040 61.1 0.19 0.10 197 0.19 0.56
Min 0.8 0.03 001 0.1 0.02 004 364 001 003 09 0.02 0.04
n 19 19 19 19 19 19 19 19 19 19 19 19
Std. dev. 3.0 134 003 12 031 0.08 7.1 0.07 0.02 58 0.05 0.13
Spherulites (cm 1.80; rm 1.50; to 0.80; pr 9.20; w 1.70)
Avg 166 046 004 167 028 0.07 110 0.02 004 318 004 0.76
Max 239 176 0.10 375 059 025 463 0.07 015 550 020 1.17
Min 4.7 0.06 001 24 0.10 0.02 0.7 0.01 0.01 13.1 001 023
n 15 15 9 15 15 15 15 15 15 15 12 15
Std. dev. 5.2 0.51 003 108 0.15 0.06 139 002 0.03 163 006 0.26

* Average content of normative Mn oxide minerals in ores (%), pr — pyrolusite, rm — romanechite, cm —
cryptomelane; to — todorokite; w — wad, vernadite, and other poorly identified Mn oxides (Pracejus and

Bolton, 1992).
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Table 6. Statistics for trace elements (ppm), Groote Eylandt, Australia (Pracejus and Bolton, 1992).

As B Co Cr Cu Mo Ni Pb S¢ Th U V Zn Zr
Cemented oolites
Avg 61 1732 7739 1495 138.80 73 342 57 8 6 12 330.80 11530 43.17
Max 72 2289 1342 17.11 184.70 77 427 58 10 6 13 493.00 16190 61.88
Min 50 12.83 3588 1393 9884 69 258 56 5 5 11 256.80 99.24 3148
n 2 8 8 8 8 2 8 2 2 2 2 8 8 8
Std. dev. 16 2091 3558 1.07 2964 6 63 1 4 1 1 76.99 2220 12.15
Cemented pisolites
Avg 39 14.13 9506 1450 89.50 43 132 41 9 4 10 200.50 97.53 38.27
Max 55 31.24 171.80 1840 19120 56 344 72 15 8 13 516.00 185.70 72.75
Min 26 0.00 3578 1340 4290 34 28 23 4 0 6 3733 6529 14.79
n 14 31 31 31 31 14 31 14 14 14 14 31 31 31
Std. dev. 8 7.28 28.15 125 3677 6 7l 15 4 2 2 101.20 2849 15.75
Chocolate ores
Avg nd. 17.14 40.05 2365 5042 nd. 220 nd. nd nd nd 261.0 4970 2575
Max nd. 2636 63.66 2633 83.09 nd. 100.0 nd. nd. nd nd 399 81.04 2748
Min nd. 641 2425 17.13 3848 nd. 53 nd nd. nd nd. 1597 4495 1423
n nd. 10 10 10 10 nd. 10 nd. nd. nd. nd. 10 10 10
Std. dev. n.d. 7.28 1270 251 1283 nd. 29.0 nd. nd. nd nd 728 11.05 407
Kaolinitic clays
Avg 2 65.02 17.87 40.16 2526 2 2.7 10 14 14 3 136.60 42.76 193.00
Max 2 511.60 2233 7638 4070 3 7.7 13 15 15 4 923.70 4948 279.50
Min 1 0.00 1350 7.09 1412 2 O [§ 13 12 1 5.58 3623 63.34
n 2 8 8 8 8 2 8 2 2 2 2 8 8 8
Std. dev. 1 180.50 2.87 2499 907 0 29 S 1 2 2 31880 4.8l 78.15
Concretions
Avg nd. 13.83 11870 15.16 158.70 nd. 112 nd nd. nd. nd. 122,60 120.70 33.26
Max nd. 43.57 15630 18.82 287.80 n.d. 314 nd. nd nd nd. 296.00 205.40 54.37
Min nd. 1.73 89.22 1326 5328 nd. 24 nd. nd. nd. nd 53.82 3228 2286
n nd. 10 10 10 10 nd. 10 nd. nd. nd. nd 10 10 10
Std. dev. n.d. 11.00 22.06 153 7050 nd. 96 nd. nd. nd. nd. 8322 5189 8.0l
Digital concretions
Avg nd. 13.67 131.00 16.33 131.20 n.d. 59 nd nd. nd nd 11540 122.30 46.89
Max nd. 23.67 174.10 1998 16240 nd. 103 nd. nd. nd. nd. 1522.0 141.20 74.44
Min nd. 6.80 8547 1398 7292 nd. 24 nd. nd. nd nd 3440 76.02 2897
n nd. 6 6 6 6 nd. 6 nd. nd. nd nd 6 6 6
Std. dev. n.d. 5.63 30.67 207 3447 nd. 26 nd. nd. nd. nd 4239 2516 2042
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Table 6. (Continued)

As B Co Cr Cu Mo Ni Pb Sc Th U V Zn Zr
Fe pipe walls
Avg 50 055 2005 37.10 3255 32 18 57 14 9 5 28670 4493 209.10
Max 50 261 2887 5038 4098 32 29 57 14 9 5 39810 5487 25620
Min 50 0.00 1427 2719 2692 32 12 57 14 9 5 8305 3213 15560
n 1 5 5 5 5 1 5 1 1 1 1 5 5 5
Std. dev. 0 115 608 900 533 0 07 O O O O 13190 8.17 3754
Fe pisolites
Avg 333 17.41 50.19 23.04 19030 120 324 112 16 S 20 864.46 191.10 118.80
Max 436 133.10 97.37 79.13 41870 203 938 163 24 9 26 1535.00 281.50 180.30
Min 228 - 2386 1285 52.13 67 96 62 13 1 15 70.89 123.50 50.75
n 5 18 18 18 18 5 18 5 5 5 18 18 18
Std. dev. 94 34.60 2227 1626 113.80 57 195 47 3 5 42600 4921 4132
Hardgrounds
Avg nd. 61.58 7527 14.14 9163 nd. 1980 nd. nd. nd. nd. 17140 86.47 5897
Max nd. 9792 8287 1436 11850 nd. 207.0 nd. nd. nd. nd. 18560 89.77 85.56
Min nd. 948 6272 13.13 5571 nd. 191.0 nd. nd. nd. nd. 159.70 8220 37.29
n nd. 3 3 3 3 nd. 3 nd. nd. nd. nd. 3 3 K]
Std. dev. n.d. 4628 1095 022 3237 nd. 81 nd nd nd nd 1312 388 2451
Laminar mangcretes
Avg nd. 13.16 7354 1536 1127 nd. 62 nd. nd. nd. nd. 5094 79.65 62.94
Max nd. 31.73 173.70 19.61 1440 nd. 186 nd. nd. nd. nd. 1067.0 97.19 8258
Min nd. 680 2723 1559 100.04 nd. 18 nd. nd. nd. nd. 161.50 63.86 43.8I
n nd. 7 7 7 7 nd. 7 nd. nd. nd. nd. 6 7 7
Std. dev. n.d. 850 4634 145 149 nd. 67 nd. nd. nd. nd. 3034 1441 1145
Laterites
Avg 52 4.61 4170 4070 4352 S 13 S1 24 17 6 301.7 5095 243.60
Max 94 4497 9226 105.70 68.58 18 32 82 33 21 9 7384 72.83 268.60
Min 31 0.00 1467 1879 2043 1 03 25 19 13 4 92 39.37 180.60
n 7 26 26 26 26 7 26 7 7 1 1 26 26 26
Std. dev. 23 877 21.71 2162 1355 6 10 9 6 3 2 1680 826 19.85
Massive mangcretes
Avg 12 1047 16920 1594 168.50 17 90 56 15 8 10 360.3 136.20 62.58
Max 12 2141 29490 1879 41596 17 311 56 15 8 10 1189.0 248.0 166.30
Min 12 152 9098 1433 5139 17 19 56 15 8 10 662 6122 21.67
n 1 13 13 13 13 1 13 1 1 1 1 13 13 13
Std. dev. 0 498 6944 138 1192 0 95 0 0 O 0 380 6112 4593
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Table 6. (Continued)

As B Co Cr Cu Mo Ni Pb Sc Th U V Zn Zr
Radial pyrolusites
Avg 96 31.51 23.14 1603 5166 28 46 122 4 6 7 3975 7719 3574
Max 96 4272 5888 20.65 8269 28 88 1224 6 7 1030.0 100.80 41.10
Min 96 17.73 8389 11.62 2975 28 20 1224 6 7 1274 5436 28.19
n 1 9 9 9 9 1 9 1 1 1 1 9 9 9
Std. dev. 0 648 1562 283 2035 0 25 0 0 0 0 3510 1541 472
Mn-impregnated sands
Avg 2 206 5318 1630 6292 4 12 9 4 3 1 161.40 4201 55.64
Max 12 2990 19140 28.18 34160 26 8.1 53 17 10 7 1462.40 8696 121.60
Min 0 000 871 1434 1163 1 O 2 1 0 0 109 3278 3220
n 15 18 18 18 18 15 18 15 15 15 15 18 18 18
Std. dev. 3 699 4972 325 9816 6 23 13 4 2 2 39270 1592 2226
Siliceous ores
Avg nd. 1553 14930 1497 13520 nd. 84 nd. nd. nd nd 25140 118.10 33.41
Max nd. 2560 21630 17.05 262.80 nd. 187 nd. nd. nd. nd. 82850 195.86 49.92
Min nd. 3.87 8669 1432 6845 nd. 24 nd. nd. nd. nd. 5139 7438 16.60
n nd. 10 10 10 10 nd. 10 nd. nd. nd. nd. 10 10 10
Std. dev. nd. 735 4649 081 6927 nd. 43 nd. nd. nd. nd 23050 34.60 1097
Uncemented oolites
Avg 53 1348 8339 1467 12870 79 440 97 8 6 13 329.30 137.00 61.39
Max 66 21.13 14990 24.44 19020 108 703 124 12 12 18 512.80 224.40 170.90
Min 39 407 2648 1253 4036 7 29 38 3 2 8 14430 67.14 2099
n 17 39 39 39 39 17 39 17 17 17 17 39 39 39
Std. dev. 9 417 2698 183 3713 26 160 26 2 3 3 9458 3678 36.13
Uncemented pisolites
Avg 70 37.49 5534 16.16 71.68 70 98 58 6 5 13 24540 8478 69.07
Max 90 114.60 102.80 27.88 120.40 125 233 79 12 8 52 53280 123.50 136.40
Min 48 0.00 2224 1411 3922 9 41 32 0 4 9159 64.10 1116
n 8 19 19 19 19 8 19 8 8 8 19 19 19
Std. dev. 16 3235 2362 301 2689 42 53 16 2 16 11140 1744 35.87
Spherulites
Avg 28 659 51.18 5551 7269 7 630 49 23 16 7 5127 66.13 197.80
Max 28 21.85 8341 119.10 13890 7 266.0 54 26 18 7 1471.0 123.30 263.90
Min 27 0.00 1817 1711 3930 7 55 44 19 13 6 1724 42.67 61.88
n 2 14 15 15 15 2 15 2 2 2 2 15 15 15
Std. dev. 1| 6.85 18.07 2933 3220 0 90 7 S5 4 | 379.0  28.00 59.00
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Table 7. Summary of REE analyses and statistics of ore and rocks (ppm),
Groote Eylandt, North Territory, Australia (Pracejus et al., 1990).

Sample La Ce Nd Sm Eu Gd Yb REE

Cemented pisolites

n 31 31 31 31 31 31 31 31
Avg 53 74 54 139 33 192 51 2225
Max 79 164 98 258 79 648 94 448.8
Min 33 12 28 52 1.3 103 27 92.5

Std. dev. 12 44 16 5.1 1.4 116 15 91.3

Cemented oolites

n 8 8 8 8 8 8 8 8

Avg 52 55 90 227 65 248 69 257.9
Max 60 127 114 277 79 293 104 3762
Min 38 32 51 156 38 215 42 166.1

Std. dev. 7 31 21 3.6 14 28 2.3 69.6

Chocolate ores

n 9 9 9 9 9 9 9 9

Avg 21 227 26 5.0 06 232 24 305.2
Max 30 337 39 100 14 300 34 450.9
Min 16 118 17 2.1 02 169 13 171.5

Std. dev. 4 65 7 27 04 39 0.6 83.6

Clays

n 8 8 8 8 8 8 8 8
Avg 9 28 12 0.7 02 79 0.7 58.5
Max 14 40 19 3.7 06 335 22 112.9
Min 0 7 0 0 0 0 0 7.0

Std. dev. 5 12 6 1.3 02 114 07 36.9

Concretions

n 10 10 10 10 10 10 10 10
Avg 37 116 34 137 22 207 26 226.2
Max 55 226 56 208 39 759 65 377.1
Min 16 11 18 8.7 0.0 87 1.1 133.7

Std. dev. 11 68 14 34 1.0 199 18 713

Digital concretions

n 6 6 6 6 6 6 6 6
Avg 29 52 27 8.5 1.7 237 58 147.7
Max 33 68 34 147 24 390 72 170.1
Min 23 4 17 24 06 5.8 4.0 97.3

4.3 07 115 1.1 26.8

o
~

Std. dev. 3
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Table 7. (Continued)
Sample La Ce Nd Sm Eu Gd Yb REE
Fe-pipe walls
n 5 5 S 5 5 5 5 5
Avg I 35 11 1.5 0.0 31.0 1.5 91.0
Max 16 67 16 3.1 0.0 464 2.0 134.1
Min 8 12 9 0.2 0.0 168 1.0 52.1
Std. dev 3 21 3 1.4 0.0 110 0.5 29.6
Fe-pisolites
n 18 18 18 18 18 18 18 18
Avg 17 64 20 124 00 935 6.5 2134
Max 35 95 36 177 05 112,7 110 2814
Min 31 0 7.6 0 48.7 2.1 139.7
Std. dev. 8 16 9 24 0.1 173 2.1 35.7
Hardgrounds
n 3 3 3 3 3 3 3 3
Avg 40 29 52 148 35 173 44 161.0
Max 4 34 61 221 49 249 5.6 179.3
Min 38 18 44 33 1.7 92 29 135.3
Std. dev. 3 9 9 101 1.7 79 1.4 229
Laminar mangcretes
n 7 7 7 7 7 7 7 7
Avg 36 117 36 9.7 20 164 2.8 2199
Max 47 231 68 198 4.0 25.1 47 3149
Min 28 43 23 49 09 115 1.6 147.8
Std. dev. 8 73 17 5.1 1.1 49 1.2 70.9
Laterites
n 26 26 26 26 26 26 26 26
Avg 22 158 30 73 .1 29.6 2.8 250.8
Max 52 417 95 176 54 615 7.0 557.3
Min 1 28 12 04 00 05 0.4 81.3
Std. dev. 11 105 22 4.6 LS 125 1.5 133.0
Massive mangcretes
n 13 13 13 13 13 13 13 13
Avg 38 170 41 125 23 255 44 293.7
Max 6l 368 064 205 41 719 10.6  506.3
Min 22 36 20 7.0 00 118 2.0 116.5
Std. dev. 12 116 17 4.4 1.5 184 2.6 144.3

81
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Table 7. (Continued)
Sample La Ce Nd Sm Eu Gd Yb REE
Mn-impregnated sands
n 18 18 18 18 18 18 18 18
Avg 11 33 12 1.1 0.6 1.8 0.5 60.0
Max 19 87 29 8.4 13 131 43 162.1
Min 6 19 5 0.0 0.1 0.0 0.0 30.1
Std. dev. 4 16 5 2.1 03 35 1.2 313
Radial pyrolusite
n 9 9 9 9 9 9 9 9
Avg 71 292 213 681 128 494 36 715.9
Max 112 396 316 983 191 724 52 1002.5
Min 46 193 61 20.1 39 205 2.7 347.0
Std. dev. 23 61 78 249 48 154 09 198.2
Siliceous ores
n 10 10 10 10 10 10 10 10
Avg 35 75 40 124 25 139 35 182.3
Max 50 187 57 175 36 203 74 3429
Min 19 38 22 5.1 14 79 1.8 95.2
Std. dev. 12 48 15 4.6 0.8 4.7 1.9 87.0
Spherulites
n 14 14 14 14 14 14 14 14
Avg 27 146 37 9.8 1.1 453 3.6 269.8
Max 53 205 103 220 59 828 5.6 382.6
Min 14 62 18 3.0 0.0 228 1.8 207.6
Std. dev. 11 55 21 52 1.6 199 12 49.7
Uncemented oolites
n 39 39 39 39 39 39 39 39
Avg 44 51 58 121 3.7 209 7.1 196.8
Max 58 106 92 247 65 348 134 3353
Min 29 8 39 4.1 14 6.9 1.6 89.9
Std. dev. 7 24 14 5.1 1.3 7.4 2.8 61.3
Uncemented pisolites
n 19 19 19 19 19 19 19 19
Avg 54 80 66 177 43 216 38 2474
Max 92 178 121 307 101 376 85 4719
Min 30 14 26 6.0 1.5 6.9 14 85.7
Std. dev. 14 49 24 73 2.0 8.7 1.8 106.6
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the oolite and pisolite varieties are the early products of the supergenous alterations in
comparison with more altered overlying sediments: digital concretion, laminar mangcrete,
and massive mangcrete (see Table 8, Figure 27).

The distribution of the ratio Mn/Fe (Table 8, Figure 28). In the distribution of Mn/Fe
values there is, almost, a twofold increase of this ratio during the transition from unce-
mented oolites (20.2) to the cemented varieties (37.4). But for the corresponding types
of pisolite ores the values of Mn/Fe differ insignificantly: 23.9 (U.P.) and 18.2 (C.P.).
Such relationships cannot be used for the determination of some significant differences
between the ‘primary’ and ‘secondary’ Mn ores of the deposits. On the whole, with the
development of relatively late supergenous cementation of altered, corroded, redeposited
oolites, pisolites, and fragments of massive Mn ores resulted in the formation of dense
thin interlayers several cm thick (i.e. hardground), the value of Mn/Fe is increased to 60.1
(see Table 8, Figure 28). Similar separation of Mn and Fe clearly distinguish sharply these
supergenous ores from Mn-Fe oxyhydroxide concretions of the World ocean (Mn/Fe,
1.46) or internal seas (Central part of the Baltic sea, 0.65) (see Table 8). At the same
time, the products of manganese laterite enrichment of the initial sedimentary-diagenetic
accumulations (Mn/Fe, 18 to 60) differ significantly from later and essentially ferruginous
varieties (digital concretion, laminar mangcrete, massive mangcrete and others), devel-
oped in the upper half of the section: Mn/Fe, from 8.7 to 20.3 (see Table 8, Figure 28),
most strongly developed in proper ferruginous products (Mn/Fe, 0.10-0.13). In other
words, the history of the supergenous alteration development, registered in the section of
the ore bed, is sharply subdivided into relatively early manganese lateritic processes and
comparatively late ferruginous lateritic processes in the upper part of the bed, and that is
reflected in the distribution of the value of Mn/Fe (see Table 8, Figure 28).

The distribution of the Co/Zr ratio (Table 8, Figure 29). Geochemical passivity of
the three most inert elements (Al, Ti, and Zr) of zones of sedimentation and supergenesis
in the settings of formation of the considered Mn ores is reflected in relatively limited
variations of ratios (see Table 8) of Al/Ti (from 15.8 to 29.4) and Ti/Zr (from 12.0to 53.2).
Especially demonstrative is the stability of these ratios for so called (Pracejus and Bolton,
1992 a) ‘primary’ and ‘secondary’ ores of similar morphological type. For example, for
uncemented—cemented oolite and pisolite varieties the variations of these ratios are rather
insignificant: Al/Ti 22.3 (U.0.) — 24.3 (C.0.), 22.5 (U.P)) - 29.4 (C.P.), and Ti/Zr 35.8
(U.0.)-32.4(C.0.), 38.0 (U.P) —41.8 (C.P). Hence, the distribution of Co/Zr values
may serve as a measure of relative accumulation (depletion) of Co in the Mn ores, being
especially clear against the background of this ratio in clays of the Earth’s crust (0.63, see
Table 8, Figure 29).

In the distribution of Co/Zr in ores of the Groote Eylandt a number of features have
engaged our attention:

(a) There is relative accumulation of Co in cemented varieties of oolite and pisolite
ores (see Table 8, Figure 29); 1.36 (U.0.)-1.79 (C.0.), and 1.14 (U.P.)-2.48 (C.P.).

(b) It is particularly remarkable that the accumulation of Co is observed in concretion
ores of relatively late stages of the manganese supergenous (laterite) process. For example,
for siliceous ores and concretions the following Co/Zr ratio is characteristic: 4.51 and 3.57
respectively, whereas in later ferruginous laterite products the Co/Zr values are about 0.10
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to 0.42 (see Table 8, Figure 29). The given data signifies at the geochemical generality of
Mn and Co behavior in manganese ore laterite processes. With relatively high amounts of
Co in the primary parent rocks, this process was distinguished in the formation of Co 10 A-
manganates (asbolanes). In the section of the Groote Eylandt deposits 10 A-manganates
are developed essentially in the upper half of the ore bed.

The distribution of B/Zr ratio (Table 8, Figure 30). At present it Is customary to assume
that B, as a rule, is not an element accumulated in the products of humid continental
sedimentation and supergenesis. This concept is confirmed by the B/Zr values in Mn
oxyhydroxide ores of the Groote Eylandt deposits being considerably lower than that of
similar ratios for clays of the Earth’s crust (Turkian and Wedepohl, 1961) and Mn deep-sea
nodules of the World ocean (Baturin, 1986) (see Table 8, Figure 30). Two types of ores
represent an exception: hardground and radial pyrolusite, products of relatively early
supergenous alterations, that took place in ore-depositing solutions with relatively low pH
values.

At the same time a number of concretion types of ores, products of relatively deep
supergenous alteration (digital concretion, laminar mangcrete, massive mangcrete) are
characterized by considerably lower values of B/Zr compared with oolite and pisolite
ores. Even lower B/Zr ratios (see Table 8, Figure 3) are typical for ferruginous products of
the laterite profile (0.003 to 0.15 against 0.59, uncemented pisolite) and correspondingly
of the soil laterites (0.02), and spherulites (0.03).

The ratios mentioned in the distribution of B/Zr may be interpreted as an indication
of the pronounced stages in the development of the weathering profile: the intensity of
supergenous alterations is increased to the top of the ore bed.

The distribution of La/Yb ratios (Table 8, Figure 31). Rare earth elements (REE) are
sufficiently sensitive indicators of the formation conditions of Mn ores of a sedimentary
and hydrothermal-sedimentary nature (Varentsov, 1993; Varentsov et al., 1991, 1993).
In the environments of formation of Mn ores of the supergenous origin the REE reflect
both the composition of primary parent rocks (ores) and the conditions, dominating in the
formation processes of the weathering crust profile.

The ratio of La/Yb in the Mn oxyhydroxide ores is the measure of separation of heavy
and light REE. As a whole in the distribution of La/Yb in different types of ores of the
Groote Eylandt there is no distinct trend: as a rule, the values of La/Yb are considerably
lower than in shale, Mn—Fe concretions of the World ocean and the Central part of the
Baltic sea (see Table 8, Figure 31, La/Yb respectively, 12.49; 11.82; and 9.65). Itis
interesting to emphasize, that the value of La/Yb of oolite and pisolite (uncemented and
cemented) types of Mn ores of the Groote Eylandt deposits differs slightly from concretion
or lens-layered varieties of relatively late stages of the Mn laterite process. On the basis
of such a homogenous distribution of this ratio the fact that La/Yb in ores is considerably
lower than in shales, and similar to the value of the ratio of Mn—Fe concretions of the
sedimentation basins, may indicate the considerable removal of La as the most mobile REE
in the supergenous settings has occurred. At the same time, high values of La/Yb (21.4;
see Table 8, Figure 31) are observed in such ore types as radial pyrolusite, distinguished
in the lens-like intercalations at dozens of m with relicts of oolite and pisolite structures
and reproducing the contour of the ore bed top. This behavior of La/Yb may indicate the
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relative accumulation of La under the conditions of formation of the actual supergenous

pyrolusite, where low values of pH are characteristic.

Distribution of Ce/SREE x 10% (Table 8, Figure 32). The value of Ce/SREE x 102
ratio corresponds to relative percentage of Ce content. The behavior of Ce in the process
of Mn-Fe concretion formation in the modern basins is sufficiently well studied (De Baar
et al., 1985; Fleet, 1984; Glasby et al., 1987; Varentsov et al., 1991; Varentsov, 1993).
The accumulation of this element in Mn—Fe concretions of the World ocean and shelf seas
is controlled by processes of chemosorption, autocatalytic accumulation from seawater
and pore solutions, accompanied by the interphase oxidation of Ce(II) — Ce(IV), that is
characteristic for a number of transitional elements of variable valency (Mn, Fe, Co, and
others).

Manganese ores of the Groote Eylandt deposits are subdivided into two groups by the
ratio distribution of Ce/SREE x 102
(a) The group of oolite and pisolite (uncemented and cemented) ores as well as the

hardground (see Table 1) is distinguished by the values of Ce/SREE x 102 that are
considerably lower than that in shale and Mn-Fe concretions of the Central Baltic
(correspondingly 35.5 and 37.82, see Table 8, Figure 32).

(b) The group of concretion, lens-like ores with the values of Ce/SREE x 10? higher
than in shale and approaching the values of this ratio for Mn—Fe concretions of the
World ocean (55.43). It should be recorded that the formation of the latter ores takes
place in sufficiently different settings with generality of reaction mechanisms.

The given data may be interpreted as an indication of the accumulation of Ce in
relatively stable conditions of concretion ores (concretion, laminar mangcrete, massive
mangcrete, see Table 1), and Mn laterite profile of the weathering crust with relatively
high values of Eh (zone of free oxygen exchange).

The distribution of Eu/Sm ratio (Table 8, Figure 33). The distribution of Eu/Sm ratio in
Mn oxyhydroxide ores of the Groote Eylandt deposits is dependent on the displayed trend.
The highest values of Eu/Sm, which considerably exceed the values that are characteristic
for shale (Eu/Sm = 0.21), are observed in oolite ores: (U.0.) 0.31 and (C.O.) 0.29; they
are slightly lower in pisolite varieties and hardgrounds (0.24). In concretionary lens-like
ores of higher horizons of the ore bed, forming deeper stages of the laterite alteration,
lower values of Eu/Sm than in shale are observed (to 0.16) (see Table 8, Figure 33).

Such distribution of Eu/Sm reflects at least two main geochemical features of Eu
behavior in the process of formation of the weathering crust profile:

(a) Itis believed that high values of Eu/Sm in Mn oolite ores of the deposit representing
relatively initial products of the supergenous alteration, correspond to the REE composition
in the primary parent rocks. It is worthy to note that Eu/Sm value of 0.31 is characteristic
for the mean composition of the continental crust as a whole (Taylor and MacLennan,
1981, 1985). As the alteration of the manganese ores and enclosing rocks proceeded, the
removal of Eu(IIT) took place and, correspondingly the values of Eu/Sm were decreased
in the products forming with deep alteration of the matter relative to the early generation
(concretion, Eu/Sm = 0.16). The practically complete removal of Eu in this process took
place during the formation of Fe products of lateritization (Fe-pisolite and Fe-pipe wall,
Eu/Sm = 0, see Table 8).
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(b) At the same time, the successive series of decreasing values of Eu/Sm from Mn
oolite ores to concretion, lens-like varieties (see Table 8, Figure 33) is the inverse trend of
the distribution of Ce/REE x 10 (see Figure 32). Such alterations in these two geochemical
indicators testifies to the significant enhancement of the laterite process to the top of the
manganese ore bed, accompanied by an increase in oxidation conditions.

2.2.1.8. Paragenetic Assemblages of Components

The features of the structure and mineral and chemical composition of the oxyhydroxide
manganese ores of the deposit, find distinct reflections in the isolation of the paragenetic
assemblages (associations) of chemical components factor groups (clusters). Such groups
are revealed after processing the chemical analysis data by factor analysis; the interpreta-
tion of their shades of meaning allows one to determine the geochemical essence of such
assemblages: compounds or phases, or specific forms of occurrence of the determined
groups of components. The analytical data was processed by computer in the Laboratory
of Mathematical Methods GIN, Russian Academy of Sciences using factor analysis (R-
and Q-mode, Davis, 1973; Harman, 1967).

The separation of the associations was made by the grouping of components with factor
loading greater than or equal to an absolute value of 0.30. Each chemical component is
characterized by a value of factor loading (in brackets) which is closely associated with
the interrelationships between the components of a specific assemblage. The number of
the assemblage corresponds to the number of the factor. It is presumed that characteristic
loadings on other factors for each given assemblage are close to 0. These results reveal
components of the assemblages and their distribution throughout the section. The data
was transformed by rotation methods to obtain more distinct values of factor loadings
(Varimax by Kaiser, see Davis, 1973). The experience of the successful application of
the factor analysis was described in a number of works (in particular, Varentsov, 1980;
Varentsov et al., 1981, 1983; and others). It is worthy to note that the basis for the
interpretation of paragenetic combinations of chemical components are the direct data of
the study of mineral composition and parameters of those processes, the products of which
may, almost certainly, be the considered phases (clusters).

Assemblage IA(+): SiO; (0.63),* TiO, (0.89), Al,O; (0.87), Fe O3 (0.68), MgO
(0.41), H,O% (0.87), HO™ (0.77), P,0s (0.69). BaO (0.12), Zr (0.69), La (0.04), Ce
(0.19). The set of components and the results of the study of mineral composition of
ores definitely indicate that this group, in the most characteristic manifestation (Tables 9
and 10, Figure 34), is represented by the residual, essentially terrigenous components
(quartz, kaolinite, halloysite, associated with it oxyhydroxides of iron, and phosphates),
being the products of supergenous alterations of Fe-smectites, Fe-hydromicas, manganese
carbonates and oxyhydroxide varieties (in particular, manganite, cryptomelane, and others)
of relatively early generations. Distinctly pronounced localization of this assemblage is
characteristic: it is developed in the western part of the sublatitudinal profile (sections
of quarry-A south, A, and southeast, E), gaining the highest development in the lower

*The value of the factor loading of the component to the given factor is shown here and below in brackets.
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Table 9.  Results of the factor analysis (R-mode) for chemi-
cal components (wt. %) of oxyhydroxide manganese ores of the
Groote Eylandt deposit, North Australia.

Factor loadings (after rotation)

no. Component FactorI  Factor I  Factor 111
1 Sio; 0.63 -0.38 -0.26
2 TiO; 0.89 -0.20 0.14
3 AL O3 0.87 -0.12 0.10
4 Fe;03 0.68 -0.30 0.32
5 CaO -0.02 0.44 0.02
6 MgO 041 0.39 0.15
7 MnO -0.55 0.28 021
8 MnO; -0.79 0.37 022
9 Na; O -0.59 0.34 0.003

10 K,0 -0.13 0.56 0.29

11 H,0t 0.87 0.14 023

12 H,0~ 0.77 0.35 0.30

13 P,0s 0.69 -0.08 -0.15

14 BaO 0.12 0.85 -0.23

15 Cu -0.41 0.56 0.29

16 Rb -0.23 0.42 -0.02

17 Sr -0.32 0.72 -0.35

18 Y -0.04 0.06 0.73

19 Zr 0.69 0.07 023

20 Ba -0.05 0.75 -0.34

21 La 0.04 -0.21 0.78

22 Ce 0.19 -0.03 0.53

Input in dispersion (%)  32.8612 14.4000 10.6801
Total dispersion (%) 32.8612 47.2612 57.9412

and upper parts of the ore bed. As it was noted during the analysis of the geochemical
features (see Figures 10 to 15), it is in these parts of the section that there are relatively
high amounts of terrigenous components and the residual silicate phases, retained after
the alteration of the ‘primary’ sedimentary-diagenetic Mn-bearing sediments, including
early manganese compounds, into the products of deep supergenous alteration.
Assemblage IB(-): MnO (-0.55), MnO; (-0.79), Na,0 (0.59), K,0 (-0.13), Cu (-0.41),
Rb (-0.23), Sr (-0.32). The given cluster group is an antagonist of the assemblage IA(+).
It is relatively widely distributed in the ores of the deposit, with dispersion of 32.86%
(see Table 9). The main component is MnO;, where other components play the role
of admixtures. Comparison of the most significant manifestations of this assemblage
(Figure 35) with the mineral composition of ores (see Figures 10-15) and the features of
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Table 10. Distribution of factor scores (R-mode) for
chemical components (wt. %) of oxyhydroxide man-
ganese ores of the Groote Eylandt deposits, North

Australia*).

Factor score (after rotation)

no. Sample Factorl Factor I  Factor IlI
1 2 -0.78 0.33 -0.04
2 3 -0.47 0.87 -0.63
3 4 -0.23 -0.30 -0.09
4 4D 0.30 0.14 -0.30
5 5 -0.62 0.63 -1.28
6 6 -1.14 -0.14 -2.05
7 7 -0.07 253 -0.18
8 8 0.41 1.89 -0.49
9 9 -0.39 -0.39 -1.05
10 11 -0.24 -1.58 0.52
11 12 -0.04 -1.37 0.93
12 13 -0.58 -0.86 0.65
13 14 -1.58 -1.04 -0.13
14 15 -1.41 -0.32 0.55
15 16 -0.70 -1.19 0.79
16 17 1.73 0.59 -0.54
17 18 0.53 0.50 0.70
18 19 2.12 0.19 0.79
19 20 1.21 -1.11 -2.30
20 21 -0.14 0.27 -0.12
21 22 -0.33 -0.02 -1.21
22 23 -0.77 -0.002 0.57
23 24 -0.86 1.21 0.99
24 25 2.25 -1.76 -0.09
25 26 1.14 -0.30 0.34
26 27 -0.48 0.13 2.33
27 28 1.16 1.08 1.38

*Chemical, mineral composition of the samples,
their position on the area and in section of the ore
bed is shown in Tables 2 and 3, Figures 10 to 15, 34
to 37.

its distribution in the sections, provides reason enough to believe that it is represented
by the oxyhydroxide phases of pyrolusite type, and to a lesser degree, by cryptomelane
with an essential deficit of K*. It is important to keep in mind that its occurrence in
the lower half of the ore bed section is distinguished by the distribution of the given



97

Manganese Ores in Weathering Crusts

“(ouepawi0}dAxo pue s)uedueul) SINSLBA IPIXOIPAYAXO UIA] SE [[9M SE ‘S3jeuoqred
UA] ‘SEOIWOIPAY-ay ‘soinoswis-9,f Areurd jJo uoneisye snouadiadns jo sonpoid oy are Kayy (saledsoyd pue o Jo sIpIXOIPAYAXO Yiim PaIRIoOSSE ‘skojfey
‘a)urjoey) SIUSMIISU0D Pawioy A[mau ‘fenpisal pue snousSius) 0) Suipuodsaniod ‘sjuauodwod [esnwayd Jo Jas e £q pajuasaidal st (g a[qe], 99s) Fe[quIasse YL
(01 03 ¢ 21031 995) sHsodap IPURIAF 910010 3Y) JO UISEq WISYLOU JY) ‘SJUSWIPas SULIR3G-aI0 JO UONDaS 3y} I (+)y] ade[quiasse 1010ej Jo uonnquisiy  “p¢ 81



Chapter 2

98

“JTSLIAIOBIBYD ST Paq 10 3Y3 JO J[ey Jomo] a3
Ul 32UALINDJ0 SI| * L ) JO NIYIP reoyusis Yim auepawoidAs £q 90180p 1ass9] € 0} pue ‘ansnjoikd Aq A[enuasso pojuasaidar st i 18yl smoys (O] N3] 99s) S0 Jo

uomnsoduod [eIour 3y Yim IL[qUIASSE SIY) JO SUOHERISAJIUBW JUBdYIUSIS ISOUI 3y} JO UOR[ALIOD Y], "ZQUIN Aq Ajurew pajussaidar st (6 d[qe], 29s) a5ejquuasse a1
-(01 03 ¢ semnS1L 205) susodap IPuBAT 310010 3y} JO UISEq WIAYHOU 2y} ‘sjusWIpas FuLreaq-210 JO UoHI3s 3y Ul (-)g] ITe[quasse 1030e Jo uonnquistq  "SE "Il



Manganese Ores in Weathering Crusts 99

assemblage. This fact may be interpreted as an indication that pyrolusite formation took
place at relatively early stages of alteration relative to the early manganese compounds.
However, the ores of this generation were preserved under the cover of the overlaying
sediments from later supergenous alterations of the pedogenic laterite nature.

Assemblage ITA(+): CaO (0.44), MgO (0.39), MnO (0.28), MnO; (0.37), Na; O (0.34),
K,0 (0.56), H,O% (0.14), HO0~ (0.35), BaO (0.85), Cu (0.56), Rb (0.42), Sr (0.72), Y
(0.06), Zr (0.07). This cluster group is represented by oxyhydroxide phases of manganese,
in the composition of which the essential role belongs to such large ions as K, Ba2t, Sr2t,
Cu?* and others. They include mainly tectonomanganates, that is minerals with the tunnel
structure {Chukhrov et al., 1989; Giovanoli, 1985), as well as cryptomelane, todorokite
and admixtures of birnessite, romanechite (psilomelane) and lithiophorite. Due to these
features, the highest factor scores of the given assemblage are observed in those parts of
the section where there are combinations of these minerals (see Tables 9 and 10, Figures 10
to 15 and 36): quarries G and E. In these cases, when the relatively pure cryptomelane
varieties (middle part of the ore bed in the quarry-A, samples 17 and 18, see Figures 10
and 13) are developed, high factor values are observed (see Tables 5, 10, Figure 36). Thus,
this group of components has the dual genetical nature: on the one hand it is represented
by different manganates, in which a considerable role belongs to ions with large radius,
and these phases are of relatively late character; on the other hand it reflects the presence
of cryptomelane varieties, being relatively early or old products of supergenous alterations
of the primary sedimentary-diagenetic accumulations of manganese.

In this context the presence of CaO (0.44) and Mg (0.39), united into the same cluster
group with MnO (0.28) and MnO, (0.37) attracts attention. During the calculation of
the pair coefficients of correlation of the relatively large file of analytical data (Pracejus
and Bolton, 1992a, p. 1332), it is shown that the considered components are associated
by relatively close correlation relations: CaO-Mn (r = 0.706); MgO-Mn (r = 0.719);
L.O.J-Mn (r = 0.604). The comparison of the data suggests that there is a generality of
the geochemical fate of these components, in the process of supergenous alterations, of the
primary manganese-bearing carbonate sediments in the Mn oxyhydroxide accumulations.

Assemblage IIB(-): SiO, (-0.38), TiO, (-0.20), Al,03 (-0.12), Fe;O3 (-0.30), P2Os
(-0.08), La (-0.21). The set of components of this group and its antagonistic role relative
to the assemblage IIA(+), and its distinguishing features of distribution in sections (see
Tables 9 and 10) indicate that the given cluster is represented by the residual clastogenic
silicate components. Attention is called to the fact that the largest factor scores of the
assemblage are observed in the lower parts of the ore bed (see Tables 9 and 10). This
conclusion is confirmed by the data considered above (see Figures 10 to 15) on the
enrichment of the ore bed base in the residual clastic redeposited material.

Assemblage IIIA(+): TiO; (0.14), Al,O; (0.10), Fe,O3 (0.32), MgO (0.15), MnO
(0.21), MnO; (0.22), K>0 (0.29), H;O* (0.23), H,O™~ (0.30), Cu (0.29), Y (0.73), Zr
(0.23),La (0.78), Ce (0.53). The set of components of this cluster and the comparison with
the factual mineral composition, and the features of distribution of the highest factor scores
in the sections of the ore body (see Tables 9 and 10, Figure 37), allow this conclusion;
that this group is represented by the oxyhydroxides of manganese and iron of the residual
nature, with which the relatively stable relict phases with TiO; and Al,O3 are closely
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associated. These compounds are closely related with such slightly mobile elements as Y,
Zr, La, and Ce accumulating in supergenous conditions. The conclusions find a reflection
in the localization of the considered group: the highest factor scores are observed in the
central (quarry-A south and A) and western (quarry-E) sections in the lower and upper
parts of the ore bed, that is in ores represented by products of relatively deep supergenous
alteration. In the western section (quarry-E, see Figures 10 to 15) the considered forms are
the residual products of the alteration relative to early alteration in cryptomelane into such
minerals as todorokite, romanechite (psilomelane), and lithiophorite (samples 27 and 28,
see Figure 15). In the central sections (quarry-A and A south, see Figures 10, 13, and 14)
the given assemblage represents the residual phase after the alteration of cryptomelane:
(a) into pyrolusite (samples 11 to 13 and 15 to 16); (b) into pyrolusite, and lithiophorite
(sample 19); (c) at the substitution by goethite (samples 18 and 24).

Assemblage IIIB(-): SiO; (-0.26), P,Os (-0.15), BaO (-0.23), Sr (-0.35). The consid-
ered cluster is an antagonist to the assemblage (IIIA(+), see Figure 37) discussed above;
its residual ore-free nature is shown most clearly in cryptomelane ores, that are altered to
a limited degree by substitution processes by pyrolusite, romanechite (psilomelane), or
other oxyhydroxides of Mn (see Figures 10 to 15), for example, in quarry-A, A south, G,
and D.

Hence, the consideration of the distribution features of the paragenetic assemblages
of ore components, made with all available geological, mineralogical, and geochemical
information, allows the definition of the main characteristics of ore formation and the
development of this process within the deposits to be shown in a clear form. The
multistage, lateral, heterogeneous character of the supergenous mineralization process
is distinctly distinguished.

2.2.1.9 K-Ar Age of the Mn Oxyhydroxide (Cryptomelane) Ores

It was emphasized above that among the geologists who studied the manganese ores of the
Groote Eylandt deposits, there are contradictions both on the nature of these accumulations
and regarding their age. The majority of the Australian authors (Bolton and Frakes, 1982,
1984, 1988, 1990; Bolton et al., 1984, 1989, 1990; Frakes and Bolton, 1982, 1984b; Frazer
and Belcher, 1975; Mclntosh et al., 1975; Ostwald, 1975, 1980, 1981a, 1981b, 1982, 1984,
1987, 1988, 1992; Ostwald and Bolton, 1990, 1992; Pracejus and Bolton, 1992a, 1992b;
Pracejus et al., 1986, 1988a, 1988b, 1990a, 1990b; Slee, 1980) share the concepts of
Smith and Gebert (1969) that the oxyhydroxide manganese ores are the sedimentation (or
geochemical) facies, accumulated in the Albian—-Cenomanian time in the shallow-water
intracraton basin: oxyhydroxide ores are laterally substituted by carbonate varieties.
Accepting the probability of the existence of relatively low-grade primary (sedimentary-
diagenetic) Mn ores, the above data substantiates the validity of conclusions, made in our
early works, on the dominating role of the supergenous processes in the formation of the
commercial ores (Varentsov, 1982a, 1982b). At the same time it is vital to note that in the
recent works of Bolton, Pracejus and others (Bolton et al., 1984, 1988, 1990; Pracejus and
Bolton, 1992a, 1992b; Pracejus et al., 1988a, 1988b, 1990a, 1990b) the essential role of
supergenous processes in the formation of oxyhydroxide ores of the deposit is discussed.
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Therefore, the determination of the absolute age of oxyhydroxide ores has an importance
for understanding the processes of the deposit formation. Cryptomelane represents the
most important mineral for K—Ar dating (Varentsov and Golovin, 1987). The positive
experience of application of this mineral is described in works by Chukhrov et al. (1965),
Yashvili and Gukasyan (1973), Vasconcelos et al. (1992). It should be mentioned that
such tectonomanganates as cryptomelane, K¥ is present in the tunnels of the structr
the stability of which is to a considerable degree determined by the relations of sizes
of, almost, square sections of the tunnel space (= 3.0 A) and the filling cations with
relatively large radius (1.5 A, for example, Ba** — hollandite, K+ — cryptomelane, Pb?t —
coronadite, NH;‘F — synthetic phases and others). The presence of similar relatively large
cations is essential for the stabilization of this structure and prevention of its destruction.
In the natural manganese oxyhydroxides of the tunnel structure (cryptomelane, hollandite
and others) their stability at relatively high temperatures is determined by the presence
of such ions as Kt and Ba?*t in their structure (Burns and Burns, 1979; Chukhrov et
al., 1989; Giovanoli, 1985; Turner and Buseck, 1979). As a rule, the natural varieties
of cryptomelane are distinguished with relatively high stability: some of them at the
temperature of 600°C are transformed to bixbyite, and at 825°C to hausmannite, others are
altered directly to hausmannite, avoiding bixbyite (Frenzel, 1980). On the substantiation
of this type of dating there were unsuccessful attempts to find some information in literature
on the behavior of K—Ar isotopic systems of cryptomelane. There is no data on energies of
argon removal from the crystalline lattice and its tendency to exchange with K cations, but
according to the thermal analysis data (Frenzel, 1980) one may suppose that the beginning
of argon removal from the structure is associated with its destruction at temperatures
higher than 400°C. The composition of studied sediments, and mineral parageneses of
the ores allows for the absence of their visible temperature alteration to be discussed with
confidence. Under these conditions the tendency of cryptomelane to low temperature
(< 100°C) loss of argon is extremely unlikely. Thus, the features of Kt occurrence
in the structure of cryptomelane make the mineral as suitable for the K—Ar dating as
mica or feldspar, assuming the same levels of error. In other words, at the preservation
of cryptomelane structure, one may believe that the relationships of the corresponding
isotopes of K and Ar reflects the age of the mineral formation.

Relatively pure phases of cryptomelane with the most considerable contents of K
were selected: samples 21, 24, and 27, and for comparison pyrolusite with relatively
high amounts of K*. The mineral and chemical composition of these ores is given
in Table 10a, location in sections of the ore bed is shown in Figures 8 to 10, 14, and
15. The determinations of K—Ar dating were carried out by D.I. Golovin, GIN, Russian
Academy of Sciences (Varentsov and Golovin, 1987). To study the isotopic composition
of argon the sample weighted portions of 150-200 mg were melted in a quartz tube at a
temperature of 1200°C after the six hour ageing at 150°C. The emitted argon was treated
with the standard technology on Cu—CuO and Ti—Zr—Al absorbers. The isotopic relations
of “Ar/*8Ar and *8Ar/*®Ar were measured by the mass spectrometer MI 1201 in a one
beam regime with the registration of ion current intensities by digital voltameter and direct
statistical processing of mass spectra with a computer. The number of spectra, determined
for each sample, was about 30 with the RMS error (26) for the ratio “°Ar/*8 Ar was 0.8%,
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Table 10a.  Results of K-Ar absolute age determinations of the manganese oxyhydroxide ores, the
Groote Eylandt deposit, Northern Australia (Varentsov and Golovin, 1987).

no. of Mineral Potassium Argon Absolute Geological age

sample  composition content content age (Harland et al., 1982)
(see Table 2) (%, weight)  radioact. (Ma)

+ 1% (mm3/g)

13 almost pure 0.52 0.00350 168 & 20 Middle Jurassic,
pyrolusite Callovian age?

21 cryptomelane with 1.96 0.00319 41.5+0. Late/Middle
subordinate amounts Eocene
of goethite

24 cryptomelane with 2.74 0.00343  32.0+ 0.4 Beginning of
rather slight ad- the Late Oligocene

mixture of goethite,
traces of manganite

27 cryptomelane 1.90 0.00176 24.0x 1.0 Theend of the
with slight admixture Late Oligocene
of lithiophorite

and for the ratio *¥Ar/*®Ar 1.5%. The measurements were performed by the method of
isotopic dilution. The contents of K in the samples was determined by the method of
flame photometry with the error less than 1%.

In Table 10a the results of the sample analysis are listed; these were obtained for several
independent measurements with the error determined by their convergence (Varentsov and
Golovin, 1987).

From the data, given in Table 10a, it is seen that K~Ar dating of samples, represented
by cryptomelane, are subordinated to a definite regularity. The sample 21 (see Figures 8,
10, and 14), located in the lower part of the ore bed of quarry-A, has the absolute age
of 41.5 £+ 0.5 Ma (Late—Early Eocene). This value reflects the time of formation of the
relatively early generation of cryptomelane, and the effect of admixtures of potassium-
bearing terrigenous, clay components is rather insignificant (Al,03 1.81%). The sample
24, picked up from the top of the ore bed (see Figures 8, 10, and 14) some 2.5-2.75 m above
sample 21, has the absolute age of 32.0 £+ 0.4 Ma (the beginning of the Late Oligocene).
The quantity of quartz and alumosilicate admixtures in this case is relatively lower (SiO,
0.77, A1,03 1.78%), this allows for the assumption that almost all the potassium and
the products of its decomposition are conserved in the lattice of cryptomelane. These
determinations do not contradict the K-Ar dating of sample 27 (quarry-G, middle part of
the ore bed, see Figures 9, 10, and 15), according to which the age was 24.0 & 1.0 Ma.
In this case the influence of potassium-bearing alumosilicate admixtures was extremely
insignificant too (see Table 2). However, at the interpretation of this determination it is
necessary to keep in mind that quarry-G section is located in the marginal western part of
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the deposit, where the eluvial nature of manganese ore accumulations is relatively clearly
marked.

The K—Ar age of sample 13 (lower part of the ore bed of quarry-A south, see Figures 7,
10, 13), determined as 168 & 20 Ma (the Middle Jurassic) differs sharply from the above
data. It is explained by the fact that this sample is composed of almost pure pyrolusite (3-
MnQ5;), the mineral, characterized by the tunnel structure of the rutile type, in which due
to the relatively smail diameter of channels there is no space for K™ ions and other cations
(Chukhrov et al., 1989). Potassium available in this sample is associated with essential
admixtures of alumosilicate micaceous material, whose presence is indicated by the value
of Al;03 6.18%. Any reasonable interpretation of this determination is extremely difficult.

The example of the evaluation of the absolute age of the samples, represented on the
one hand by cryptomelane and on the other hand by pyrolusite, shows how important it
is to account for the structural features of any potassium present in the mineral for its age
determination, as well as the sampling of pure minerals with minimum admixtures.

Thus, the K—Ar dating of cryptomelanes of the deposits was determined to the interval
of 41.5-24.0 Ma, that is from the Late Eocene to the end of Oligocene—beginning of
Miocene. However, taking into account that if there are alterations in the sequence of the
primary carbonate-oxyhydroxide manganese ore matter of Albian—Cenomanian age (97.5~
95.0 Ma), there are both more early products, for example, manganite patches, and later
varieties (pyrolusite, 10 A-manganate (todorokite), birnessite, romanechite (psilomelane),
lithiophorite — this geochronological range (17.5 Ma) should be expanded. Its upper limit
may be the Late Tertiary—Quaternary laterite, soil formation processes.

2.2.1.10. Problem of Genesis

The majority of the Australian geologists (Bolton and Frakes, 1982, 1984, 1988, 1990,
Bolton et al., 1984, 1988, 1990; Frakes and Bolton, 1982, 1984a, 1984b; Frazer and
Belcher, 1975; Mclntosh et al., 1975; Ostwald, 1975, 1980, 1981a, 1981b, 1982, 1984,
1987, 1988, 1992; Ostwald and Bolton, 1990, 1992; Pracejus and Bolton, 1992a, 1992b;
Pracejus et al., 1986, 1988a, 1988b, 1990a, 1990b; Slee, 1980) that studied the Groote
Eylandt deposits, accept the point of view of Smith and Gebert (1969), with different
variations on the shallow-water sedimentary genesis of oxyhydroxide manganese ores.
The above mentioned Australian geologists consider that the primary types of oxyhy-
droxide ores (see Table 1) of the Groote Eylandt deposit (Pracejus and Bolton, 1992a) were
accumulated under shallow-water conditions at the Albian—Cenomanian time, and that the
closest analog of the Groote Eylandt deposits is the Chiatura Oligocene deposit in Georgia
(Frakes and Bolton, 1984). Considerable interest in the genesis study of manganese ores
of the Groote Eylandt deposits is reflected in works by Bolton and Frakes (Bolton and
Frakes, 1982, 1984, 1985; Bolton er al., 1984, 1988, 1990). In contrast to earlier investi-
gations of the Australian geologists (McIntosh et al., 1975; Ostwald, 1980, 1981, 1982;
Slee, 1980; Smith and Gebert, 1969), Bolton and Frakes, as well as Pracejus and Bolton
(1992a), assume that only pisolite and oolite ores and some sand ores should be considered
as the Albian—Cenomanian primary ores (sedimentary-diagenetic). All other types of ores
are, according to their opinion, secondary (that is, later and associated with weathering,
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dissolution, and redeposition) taking place during the lateritization process. The evidence
for the ‘primary’ origin of pisolites is: (1) features of their structure, different from the
pedogenic pisolites; (2) their occurrence in cross-bedded thin complexes; (3) abraded
pisolites, forming thin intercalations at definite levels in the ore bed, are observed in rel-
atively thick pisolite layers. The pisolite formation is considered as an event, associated
with sedimentation of oxyhydroxides, with a lesser degree of manganese carbonate during
the oxygeneration phase, i.e. establishing a normal oxygen regime in the water of the
basin, that takes place after the accumulation of dissolved manganese due to long period
of widely developed stagnation. This concept is confirmed by regional stratigraphical
data: at the basin center the given ore varieties are identified (the late age of the black
shales complex) as sediments of stagnated oxygen-free environments, indicated by the
paleontological findings, e.g. foraminifers, that were observed below the ore, and the Late
Cretaceous remnants of planktonic organisms in the ore zone.

The above results of the studies and the available factual material may be unam-
biguously interpreted, considering, that the Groote Eylandt deposits represent the locally
redeposited products of deep laterite weathering, developed after the Lower—Middle Creta-
ceous manganese-bearing clay-marl sediments, containing Mn carbonates, and to a lesser
degree Mn oxyhydroxides. The determinations of the K—Ar age of cryptomelane ores of
the Groote Eylandt deposits discussed earlier (Late/Middle Eocene—Early Miocene/Late
Oligocene, 41.5 £+ 0.5 to 24.0 + 1.0 Ma) correspond to the determinations of the ab-
solute age of the laterite weathering crusts of different regions of Australia, made by
the paleomagnetic method (see review, Indurm and Schmidt, 1984). In this context the
conclusions are of interest, that the Late Paleozoic and Mesozoic rocks of the Pert Basin,
Western Australia were subjected to intensive chemical weathering during the Late Ter-
tiary (Schmidt and Embleton, 1976). The most extreme laterite processes were found in
the northern part of the Pert Basin. The paleomagnetic determinations performed by the
authors show that the period of deep weathering is spanned by the interval from the Late
Oligocene to early Miocene. These results correspond very well to other data on the wide
regional lateritization in the Northern Australia. The sharp polarity of the natural residual
magnetization testifies in the favor of this processes duration.

The wide development of the intensive weathering during the Middle-Late Tertiary
was established by the investigations of Schmidt and others (Schmidt et al., 1976) in
southern Australia. On the basis of study of the regional material the authors come to an
important generalizing conclusion: the Australian continent as a whole was subjected to
deep chemical weathering during the Middle-Late Tertiary.

Later the conclusions by Schmidt and others (Schmidt et al., 1976) were refined
by Indurm and Senior (Indurm and Senior, 1978), who investigated several regionally
separated weathering profiles in southwestern Queensland. It was established that the
age of the relatively ancient profile corresponded to the range from Maastrichtian to
Early Eocene, and the relatively young one — dated by a wider range — corresponded
approximately to Late Oligocene (30—15 Ma). The authors point out that the given
datings do correlate with the time intervals of high paleotemperatures, determined by the
oxygen isotopes of the marine fauna fossils in the section of sediments of the south part
of the Indian ocean. The relatively young age of the deep weathering is related to the



Manganese Ores in Weathering Crusts 107

Early Miocene ocean warming up, and that does not contradict the given age range, taking
into account the error range of the dating interval (30~15 Ma). The position of the first
paleomagnetic pole (later weathering) differs slightly from the pole positions, determined
earlier for the deeply weathered rocks of the western, southern, and northern regions of
Australia, and this confirms the hypothesis of the existence of wide continental Middle
Tertiary weathering on the Australian continent.

It was possible to compare the conclusions of Schmidt et al. (1976), Indurm and Senior
(1978) with the lateritization intervals of the Indian peninsula. During the study of the
paleomagnetic age of the deep weathering profiles at 25 regions of the Indostan peninsula
(Schmidt et al., 1983) it was found that laterites, occurring at present at considerable
absolute levels, were formed in the Late Cretaceous and in the beginning of the Tertiary,
while the weathering crusts, developed on plains and low hills near the ocean coast were
formed in the Middle and at the end of the Tertiary period. These age determinations
correspond very well with the above data on the laterite age of Australia, with which India
composed the unit continental plate 53 Ma ago (Early Eocene).

In accordance with the solution of the problem of the genesis of the Groote Eylandt
deposit it is necessary to point out that the study of laterites (in particular Late Cenozoic)
developed on different continents, shows the relatively single-type residual profile, com-
posed by the following sequence (from base to top): parent bedrock — transitional zone —
saprolite — laterite — residual soil, and this is characteristic for these accumulations. The
similar profile is typical for vast plain territories with periodical alternations of dry and
humid, or a predomination of humid environments without any visible development of
the slope processes.

However in the case of local slope redeposition at the areas of accumulations of the
crust material, its residual autochthonous nature turns out to be destroyed and deeply
altered with time. Under these conditions the weathering profile reflects the sequences of
sediment depositions and accompanied infiltration events.

The essential problem of the genesis of laterite weathering crusts, both residual and
allochthonous, is the formation of pisoids (pisolites) as the most important structural
component of these accumulations. The data available at present (Alexander and Cady,
1962; Banerdji, 1981; Beadle and Burges, 1953; Chowhury et al., 1965; Chukhrov et al.,
1984; Proceeding, 1981; Varadan, 1979) on occurrence conditions, morphology, structure,
composition, and chemistry lead to the conclusion that their origin cannot be explained
by the mechanisms of genesis alone. This is especially justified for the long formed
redeposited products of the weathering crusts, reflecting different zones of the laterite
profile and different stages of alteration (maturity), in which there are both development
stages of authigenic pisoids, including growths, crusts, plates, concretions, and their clastic
derivates. Itis necessary to add to the above the great diversity of alteration of the material
of the soil laterite and laterite profile, associated with the ground water activity. Both these
types of laterites may be visible together.

The results of the study of laterite crusts, illustrated by the example of Western Africa,
indicates that pisolites, forming at the profile base, generally incorporate and include the
products of relatively early weathering stages as well as unweathered minerals. In the case
of the Groote Eylandt deposits such unstable minerals, occurring at the base of the ore
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bed, near the contact with the parent bedrocks are represented by hydromica (to 10%) with
the general predominance of kaolinite. The relict manganite may play a similar role. And
finally these minerals may be found at the profile top, where the pisolite accumulation
takes place due to the removal of interpisolite material. In the works of a number of
authors preference is given to mechanical removing, that is carried out due to climate
change and the removal of protecting vegetation; this favors the penetration of rain waters
and the washing out of relatively light thin material, leaving the heavy pisolite remnants
to accumulate.

Thus, it may be assumed that the influence of the deep laterite weathering on the Early—
Middle Cretaceous beds and the accumulation of its products took place in a relatively wide
geochronological interval (main stages: Middle-Late Tertiary), accompanied by local
redeposition of deeply altered matter in the form of cryptomelane and to a lesser degree
pyrolusite material. Cryptomelane is a relatively stable and quickly preserved product
of manganese carbonate oxidation, but in a number of cases it is possible to observe,
that cryptomelane is developed after manganite and preserved in admixture amounts
(Ostwald, 1980). Pyrolusite and in the areas of deep laterite alterations (upper zones of
the weathering profile) — lithiophorite, 10 A-manganite (todorokite) with the admixture
of birnessite, nsutite, romanechite (psilomelane) are developed after cryptomelane of
the early generation under supergenous conditions. Some distribution symmetry of the
ore types, their mineral and chemical composition in the section of the ore bed, may be
interpreted as an indication of the local redeposition of manganese crust at the beginning of
the relatively late weathering stage. According to Bolton and Frakes (Bolton and Frakes,
1982, 1984) an important argument for the substantiation of the primary-shallow water
(sedimentary-diagenetic) nature of the pisolite facies of the Albian—Cenomanian age,
represented by manganese oxyhydroxides (pyrolusite, cryptomelane and romanechite)
are the textural features of pisolite layers: cross-bedding, inverse and normal character
of the gradational sequence of the pisolite dimension distribution, as well as a number of
other features.

Nonetheless this data does not contradict the concepts on the probability of the local
redeposition of pisolite products of the deep weathering within the same basins of the
general sedimentation depression in the western, northern, and southwestern parts of the
Groote Eylandt island, where the Early-Middle Cretaceous manganese-bearing sediments
up to 100 m thick were accumulated.

Additional light is given to the solution of the genesis problem of the oxyhydroxide
manganese pisolites by the above determinations of K—Ar age of cryptomelane ores,
underlying the pisolite layer (sample 21, quarry-A, see Figure 14, 41.5 £+ 0.5 Ma) and
those covering it (sample 24, 32.0 + 0.4 Ma). These datings seem to indicate the
Late Eocene-Early Oligocene age of the accumulations of the pisolites considered and it
corresponds to the results of paleomagnetic age determinations (Indurm and Senior, 1978;
Schmidt and Embleton, 1976; Schmidt et al., 1976, 1983) of the regional lateritization of
the Australian continent in the Middle-Late Tertiary time.

Thus, the available evidence indicates, conclusively two main stages in the deposits
formation: (1) Albian—Cenomanian — the deposition of shallow-water marine, essentially
carbonate-clay manganese-bearing, sediments took place, the formation of which was
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satisfactorily explained by the model of the intercraton basin during regressive changes
of the stagnation regime to environments of a normally aerated basin (Bolton et al., 1990;
Frakes and Bolton, 1982, 1984); (2) Middle-Late Tertiary. During this time the high-
grade oxyhydroxide manganese ores were formed. The main role belonged to processes
of deep chemical weathering (lateritization). It is quite possible that similar supergenous
alterations began in the Maastrichtian, and their development continued to the present
time. Deposits of iron-manganese ores in the area of Ripon Hills and manganese ore
of Pilbara Province, Western Australia (de la Hunty, 1965; Denholm, 1977) could be
close to the Groote Eylandt deposit supergenous in nature. These deposits were formed
due to the Cenozoic, and possibly earlier deep laterite weathering of the Proterozoic
ferruginous-manganese-bearing shales. As a result of these processes the areal deposits
of supergenous Fe-Mn ores were formed at the upper zone at the depth of about 11 m
(30 m) from the surface. The concentrations of Mn and Fe are decreased below 11 m.
The essential ore accumulation process is the wide but rather irregular substitution of
these parent rocks by Fe and Mn oxyhydroxides, during leaching and intensive removal of
other components. The ores are represented by fine-grained pyrolusite, occurring in close
intergrowth with fine-grained hematite; lithiophorite aggregates are observed as well, and
the relicts of deeply altered bixbyite and braunite were found. The enclosing sediments
are made up by deeply altered essentially kaolinite material. It is important to point out
that the initially Mn and Fe enriched parent rocks (protores) served as the main source of
these metals during the formation of supergenous high-grade ores. As long as the depth
and intensity of the substitution of the substrate rocks by Fe and Mn oxyhydroxides vary,
the considerable variation in Mn and Fe contents is observed in different deposits. If one
takes 15% of Mn for the threshold of ore concentrations, then the average contents in such
ores are: Mn 19.5%; Fe 26.0%, and the ore reserves of this grade is 56 mln t.

The data given allows us to draw the conclusion, taking into account the similar double-
stage formation of initially relatively low-grade carbonate-oxide ores and the successive
formation of the products of deep chemical weathering after them, that the Groote Eylandt
deposits may be compared to known shallow-water marine manganese ore accumulations,
in particular with the Oligocene manganese deposits of Ukraine, Georgia, Bulgaria, and
other regions.

By the character of the interrelations of manganese accumulations with the initial rocks,
mineralogy, and structural-textural features of the ores, the Groote Eylandt deposits may be
compared, to some degree, with the Moanda deposits of the Republic of Gabon considered
below. In works by Bouladon and Weber et al. (1965), Leclerc and Weber (1980),
Perseil and Bouladon (1971) it is shown that the largest accumulations of oxyhydroxide
manganese ores (essentially pyrolusite, cryptomelane, lithiophorite) of Western Africa
are the products of deep laterite weathering of initially poor manganese-bearing rocks:
Precambrian (Francevillian) black carbonaceous shales, containing manganese carbonates
(Mn, 13.5%). The manganese deposits, associated with developed weathering crusts, are
relatively insufficiently described in literature. It is known that the largest reserves of the
high-grade manganese ores in India, West and Central Africa, and Brazil are associated
with deposits of such type.
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2.2.1.11. Conclusion

The deposit of high-grade oxyhydroxide manganese ores at Groote Eylandt is the largest
in Australia. Manganese ores are contained in bed-like body of complicated structure
from 2 to 20 m thick, with an average thickness of 3 m. They are developed in the western
and southwestern parts of Groote Eylandt in the form of a band 6 km wide and 22 km
long. The oxyhydroxide manganese ores occur disconformably on the underlying rocks.
The oxyhydroxide ores are represented in the main by oolite, pisolite, large-fragment,
lump, and sinter-earthy textural varieties. They are composed essentially of cryptomelane
and pyrolusite with the admixtures of lithiophorite, todorokite, nsutite, and romanechite
(psilomelane). The enclosing sediments are represented by clays of kaolinitic composition
with an admixture of quartz sand.

On the basis of the main section study of the deposit, and analysis of the available
material, the manganese oxyhydroxide ores of the Groote Eylandt deposits are considered
as the products of the local redeposition of developed weathering crust, formed after the
Lower-Middle Cretaceous manganese sediments. The Groote Eylandt deposits belong
to the group of manganese deposits, associated with laterite weathering crusts. The
results of determinations of K—Ar age of cryptomelane ores point to the interval of the
Late/Middle Eocene—Early Miocene/Late Oligocene (from 41.5 £+ 0.5 to 24.0 & 1.0 Ma)
that corresponds to a time of wide regional development of the laterite weathering over
the Australian continent. Rather clear representatives of deposits of this type are known
in Western Africa, for example, Moanda deposits, Republic of Gabon, in Brazil, and in
other regions.

2.2.2. MODEL TEST AREA: MOANDA DEPOSIT, GABON, WEST AFRICA
2.2.2.1. Introduction

The Moanda manganese deposit is the largest in West Africa (Figure 38): the reserves of
high grade commercial oxyhydroxide ores are evaluated in 200 mln t (Leclerc and Weber,
1980). At present the investigators who studied this deposit, consider that the formation of
high grade oxyhydroxide ores is associated with processes of deep supergene alteration —
lateritization of the Precambrian manganese-bearing black shales, the Fransvillian Series,
attributed to the group of iron-siliceous formations (Bonhomme et al., 1982; Bouladon et
al., 1965; Bros et al., 1992; Gauthier-Lafaye and Weber, 1989; Hein and Bolton, 1993;
Hein et al., 1989; Nahon et al., 1983; Perseil and Bouladon, 1971; Weber, 1968; Weber et
al., 1979). High grade manganese ores are developed, essentially, on a number of plain
uplifts, among which two plateaus are well studied: Bangombe and Okouma. Sequential
gradations of supergene alterations into high grade oxyhydroxide manganese ores were
penetrated by numerous mines and exploration bore holes. The age of the Fransvillian
Series of the Lower Proterozoic is 2.095 + 0.045 Ga (Bonhomme et al., 1982; Bros et
al., 1992). Stratiform manganese carbonate accumulations alternate with black shales,
dolomites, and sandstones with dolomite and pyrite cement. In the upper part of the
patches of Mn mineralization is developed with sandstones, black shales, and to a lesser
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Fig. 38. Geological sketch of Gabon. 1. Lower Precambrian; 2. Middle Precambrian; 3. Upper Precambrian;
4. Mesozoic and Cenozoic; 5. Tertiary of the Bateke Plateau; 6. Quaternary (Leclerc and Weber, 1980).

degree volcanogenic rocks and banded siliceous rocks (cherts and quartzites) associated.
According to Weber (Leclerc and Weber, 1980; Weber, 1968) in the representative section
of the Bangombe Plateau the following units stand out (from the base): (1) Rocks of the
proper Fransvillian Series — black shales with accumulations (stratiform bodies, lenses,
and concretions) of rhodochrosite (in some places with dolomite and pyrite); in some
areas near the border with covering sediments of the weathering crust rhodochrosite
amounts may reach more than 10%; the weathering crust: (2) the pyrolusite interbed (2
5 cm), separated from the underlying rhodochrosite by a thin manganite interlayer, occurs
at the base; (3) discontinuous, intermittent lens-like beds of manganese oxyhydroxides
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Fig. 39. Schematic weathering crust profile, Moanda deposit, Gabon (Bouladon et al., 1965).

(cryptomelane, pyrolusite, nsutite, and lithiophorite) 3-9 m thick, alternating with fine-
grained ferruginous rocks; (4) ferruginous sandstone (to 60% of Fe,O3) (Hein and Bolton,
1993; Leclerc and Weber, 1980; Weber, 1968) and a conglomerate bed (0.5-1.0 m),
composed essentially of hematite, goethite and cryptomelane with an admixture of quartz
and clay matter (kaolinite); (5) pisolite unit 5-6 m thick; pisolites are represented by
gibbsite, goethite, and cryptomelane; the matrix is composed of the same minerals, as
well as of quartz, kaolinite, and lithiophorite. The commercial ores are mined below the
third and fourth units.

2.2.2.2. Geological Setting: Structure, Lithology, Mineral Composition, Geochemistry
of the Ore-Bearing Horizon

In the profile of deep chemical weathering of black manganese-bearing shales of the
Fransvillian Series (Figure 39) the following units (zones, interbeds, levels and so on)
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may be distinguished by progressive development of the processes of the primary material
alteration (Leclerc and Weber, 1980; Weber, 1968; Weber et al., 1979).

1. Unaltered black shales with dispersed concretion aggregates of multicomponent
manganese carbonates, the composition of which may be characterized by the following
formulae: (Mng g4, Cag.22, Mgo.13, Feo.01)CO3 and (Mnyg 45, Cag 26, Mg0.20)CO3 (Boeglin
et al., 1980; Nahon et al., 1983). The main components of the Precambrian sediments
are illite, manganese carbonate (with average Mn 13.5%), pyrite aggregates, and some
amounts of clastic grains of quartz. A significant feature is the enrichment of these rocks
in organic matter, on average about 7%, and in some places more than 20% of the total
organic carbon (Hein and Bolton, 1993).

2. Slightly altered black shales. The initial stages of alteration are distinguished with
depth, for example, at about 10 m in a number of holes in the carbonate nodules a rapid in-
crease of the relative amounts of manganese and the substitution of Ca—Mg—Mn-carbonate
by clear crystallized rhodochrosite is noted. Usually rhodochrosite is observed in the form
of ovoid microconcretions with sharp outlines. Such microconcretions consist of three
or four intergrown crystals, but sometimes they may be represented by rhodochrosite
monocrystals. The matrix of microconcretions is composed of illite, goethite, and silty
quartz. The average chemical formula of such rhodochrosite (Nahon et al., 1983) is:
(Mnyg 991, Cap.007, Feo.oo1» Mgo.001)COs. This change takes place both below and above
the zone of pyrite oxidation without any alteration of the rock structure. Twofold increase
of the manganese content takes place owing to such transformation. In rather large,
slightly drained areas, in particular, in the center of the Bangombe Plateau the distinct re-
crystallization of rhodochrosite keeps pace with partial alteration of the rock microtexture
and with the preservation of its microscopic structural features. The recrystallization is
accompanied with manganese enrichment. In such settings the thickness of the Mn car-
bonate sediment, with transformations of such type, is up to several dozens centimetres.
They are developed below the compacted basal layer of the proper supergene deposit (see
Figure 39).

3. The zone of manganese leaching. The position of the weathering profile horizon is
changed depending on the area relief. At the well-drained slopes of the hills manganese
is considerably leached, and the black shales are converted into black clay, whereas the
higher levels are altered into yellow clay, represented by illite, kaolinite, goethite, and
quartz. In these rocks the manganese content does not exceed 1%. Atthe ares of relatively
limited drainage the thickness of the zone of manganese leaching is less than 20 cm.

4. Productive zone.

4a. The compacted basal layer (thickness 90-50 cm). At the contact with the
rhodochrosite-bearing black shale, as a rule, the thinnest intercalation (several mm) of
manganite occurs, which is overlain by a pyrolusite interbed 2-5 cm thick. The border
between the rhodochrosite-bearing rock and manganite intercalation is rather distinct; this
is emphasized by a number of investigators (Bouladon et al., 1965; Leclerc and Weber,
1980; Nahon et al., 1983; Perseil and Bouladon, 1971; Weber, 1968; Weber et al., 1979).
It is of value to point out that this border cuts disconcordantly the thin-layered black
shale. The observed preservation of oval and egg-like outlines of the microconcretions
even after their alteration into manganite is of interest. However, in some places the
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border of the manganite intercalation may also cross the microconcretions. The matrix
of the manganite microconcretions consists essentially of kaolinite and goethite. Illite
is present at this level as an insignificant admixture, while organic matter is practically
absent. The weathering, observed in the profile base and developed around the borders
of the manganite microconcretions and particularly of the secondary manganite growths,
retaining the perfect optical homogeneity (orientation) with the substrate manganite, is
of considerable importance for the understanding of the stage of formation of the man-
ganese oxyhydroxides supergenous accumulations. It is emphasized that similar covering
growths are the results of relatively later manganite deposition. The average chemical
composition of the manganite, determined with the electronic microprobe, is close to Mn
OOH (Nahon et al., 1983): SiO; 0.20; Al,O; 0.15; Fe; 03 no; Cr,05 0.05; Mny, O3 81.74;
FeO no; MgO 0.01; CaO 0.01; NayO not determined; K>O not determined; TiO, 0.02;
H,0 17.82; total 100.00%.

The pyrolusite interbed is overlain by the massive stratified ore, composed essentially
of X-ray amorphous manganese oxyhydroxides with manganite, groutite, polianite (clear
crystalline pyrolusite), and nsutite. The observed basal layer replicates, concordantly the
stratification features of the shales. But the pyrolusite interbed often crosses the shale
stratification. In some places in the pyrolusite interbed there are growths of the concretion
aggregates in the form of ‘lime nodules’ or ‘loess dolls’ (Leclerc and Weber, 1980), that
often penetrate into the underlying substrate rocks. In such cases the initial lamination of
the shale is preserved both in the pyrolusite interbed and in these concretion intergrowths.
The observed relationships suggest the whole substitution of the shale by almost pure
manganite, altered later into pyrolusite. It is emphasized (Leclerc and Weber, 1980) that
in these cases the position of the basal ore layer corresponds to the top of the ground water
horizon.

In some places of the deposit, where the rocks are represented by decarbonatized shale,
the compacted basal layer is also developed. However, in these cases the manganite
interbed is not preserved at the base of the pyrolusite layer. The laminated fragments of
manganese oxyhydroxides are developed, instead of it, under the basal interbed in the
decarbonatized shale. The formation of a new basal layer under its relatively ancient
equivalent is sometimes observed that is associated with the change (depression) of the
ground water level.

4b. The horizon of laminated fragments (thickness 3-9 m). The ores of this level,
located above the basal layers, form the main productive horizon of the deposit. The
tabular ore fragments, as a rule, have laminar texture, their thickness varies from one
to several cm, such fragments are enclosed into ochreous matrix, containing small ore
pisolites as well. The ores are usually developed in the form of horizontal layers. In
those places, where karst cones or depressions are developed, such plates are oriented
vertically, and they are mixed with the aggregates from the higher levels (in particular,
from the transitional (4c) and pyrolusite (4d) levels). It is pointed out that the presence
of the tabular ores, as well as the boulder, and large lumpy varieties and the fragments
of pyrolusite interbed in the horizon composition may indicate the ancient destruction
and redeposition of ores from the compacted basal layer (Leclerc and Weber, 1980).
The clearest evidence of such redeposition is the concretion intergrowths—‘lime nodules’,
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distinguished at different levels of the ore bed. But as it was mentioned above, they were
formed initially in shale below the ore bed base. Within the horizon of the tabular ore
fragments at different levels there is an alternation of thin sandstone interbeds, cemented
by manganese oxyhydroxides, and the red ferruginous shale. The main components of
ores of this horizon are mixtures of amorphous or cryptocrystalline Mn oxyhydroxides,
as well as polianite (pyrolusite), lithiophorite, nsutite, and cryptomelane. The ochreous
material of the matrix is represented by the mixture of iron oxyhydroxides and alumina.

4c. The transitional horizon (thickness 0.5-1.0 m). The ores of this level differ from
the underlying ones by the absence of laminated texture and in the sharp heterogeneity
of the composing components. These components include fragments of the tabular ores,
aggregates of pisolites, cemented by concretion cryptomelane, fragments of sandstones
and crusts, composed of manganese and iron oxyhydroxides. In the areas of the depressed
relief and on the plateau slopes these accumulations acquire the nature of compacted
hard ores owing to their cementation by the concretion cryptomelane. Such zones of
compacted, rather hard ores are sometimes distributed to the underlying horizon, where
there is cementation of the tabular fragments and small pisolites. Formed in such a
manner the crusts or ‘caps’ are often cut by water channels, draining the plateau, which
have caused cliffs and rocks, composed by the massive ore, and accumulations of ore
boulders on slopes to be formed.

4d. The pisolite subhorizon (thickness 5-6 m). These accumulations cover underlying
ore levels (4b and 4c). They are represented by spheroidal pisolites ranging from 2
10 mm, enclosed in a yellow ochreous earthy matrix, composed of goethite and gibbsite.
The pisolite cores usually include fragments of ore,around which is observed an alternation
of concentric layers of gibbsite, goethite, and lithiophorite. The manganese content in this
productive subhorizon is about 15% (Leclerc and Weber, 1980).

4e. Clay-sand horizon (thickness 0.1-0.5 m). The specific feature of these supergene
sediments is their considerable depletion in manganese due to leaching, but sometimes
they contain small amounts of relict pisolites in them.

In the diagram of distribution of rare earth elements (REE), normalized to chondrite
(Figure 40, Hein and Bolton, 1993) a distinct single-type feature and extraordinary similar-
ity of the curve configurations for the rhodochrosite accumulations and Mn oxyhydroxides
products of the weathering crust of the Moanda deposit is displayed. Such behavior of the
REE indicates the inherited nature of their distribution in products of the laterite alteration
of parent rocks (Fransvillian Series) that as a whole is rather typical for the weathering
crusts (Boiko et al., 1986; Burkov and Podporina, 1967; Duddy, 1981; Geochemistry of
elements-hydrolisates, 1980; Nesbitt, 1977; Podporina and Burkov, 1977; Popov et al.,
1967).

2.2.2.3. Genesis: Ore Formation as a Result of Deep Supergene Alterations
(Lateritization)

The analysis of the data of the geologists who studied the Moanda deposit (Bouladon et
al., 1965; Hein and Bolton, 1993; Hein et al., 1989; Leclerc and Weber, 1980; Nahon et
al., 1983; Perseil and Bouladon, 1971; Weber, 1968; Weber et al., 1979) gives ground to
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Fig. 40. REE plots relative to chondrites for Moanda oxide ores, except MG5-1B which is for rhodochrosites
(Hein and Bolton, 1993).

distinguish a number of stages in the formation process of the considered laterite ores.

1. The alteration of manganese carbonate. In the lowest horizon of the weathering
profile (see above horizon 2), significantly below the ground water level in a relatively
reducing environment, the alteration of three component carbonates — (Mn, Ca, Mg)CO4
— into well crystalline rhodochrosite proceeds. The characteristic feature of this stage is
in formation of a fairly enriched variety from the carbonate which is relatively depleted
in manganese. It is of interest that iron does not take part in these processes under these
conditions at the clearly distinguished mobility of manganese ions and complexes. It was
emphasized above that iron was present in these slightly altered black shales in the form
of pyrite. Thus, manganese at the most early weathering stage is the main ore-forming
element, capable of migration in the lower horizon of the weathering profile.

2. Oxidation of pyrite. The further enrichment of the forming carbonates in manganese,
without any significant destruction of the shale structure, continues near the upper level
of the ground water in the zone of pyrite oxidation.

3. Manganese oxidation. Rather complicated multistage processes of the manganese
oxidation go on above the ground water level. The most important place in this process
is occupied by the formation of pyrolusite, continuing through a number of intermediate
transformations and phases. The relatively complete substitution of the shale by pyrolusite
may be considered as the process completion (Leclerc and Weber, 1980; Weber, 1968;
Weber et al., 1979).

As it was pointed out (see above the ores of the productive zone (4)), the earliest
stage of manganese oxidation is the manganite formation during rhodochrosite (MnCQO3)
weathering. The significance of this event was emphasized by the geologists who stud-
ied the formation of manganese ores in tropical and equatorial zones: the rhodochrosite
weathering in deposits Nsuta of West Africa (Perseil and Grandin, 1978), Moanda (Nahon
et al., 1983; Perseil and Bouladon, 1971), or in some regions of Brazil, at the Consel-
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heiro Lafaiete deposit (Buttencourt, 1973; Nahon et al., 1983), Serra do Novio, Amapo
(Rodrigues et al., 1986), Lucinio de Almeida, Bahia (Basilio and Brondi, 1986), Miguel
Congo, Minas Gerais (Barcelos and Biichi, 1986), Urucum, Corumbd, Mato Grosso do Sul
(Haralyi and Walde, 1986), Azul, Serra dos Carajas, Par4 (Coelho and Rodrigues, 1986),
Serra de Buritirama, Pard (De Andrade et al., 1986). Manganite may be the weathering
product of different manganese silicates as well.

Such manganese oxyhydroxides as manganite and groutite were obtained as the result
of experimental modeling of processes of laterite weathering of rocks, consisting of
pyroxmangite (75%), thodonite (8%), rhodochrosite (6%), Mn-amphibole, and serpentine
at the first stage of interaction (Melfi ez al., 1973; Melfi and Pedro, 1973).

Manganite is developed not only as the substitution product of some initial manganese-
bearing minerals, but as an authigenic new product in the form of acicular crystals, filling
in fractures and voids, and this is significant for the understanding of the initial stage
of oxidation in the weathering profiles of the Moanda deposit, as well as others, such
as Nsuta. It also is important to distinguish relatively late manganite growths around
earlier substitution areas by this mineral (Nahon et al., 1983; Perseil and Grandin, 1978).
However under the conditions of relatively hard weathering manganite is not encountered
as a widely distributed product of the supergene oxidation of the earlier manganese
minerals. It is observed essentially in the form of interbeds several mm (to one cm) thick,
occurring in the base of the weathering profile (general thickness 10-12 m). Such a limited
distribution of manganite is explained by the extremely narrow interval of the geochemical
parameters, controlling its formation. The manganite formation may be proceeded after
such intermediate phase as hausmannite (or hydrohausmannite). Birnessite, cryptomelane,
nsutite, and pyrolusite are usually later products of manganite alteration (Eswaran et al.,
1973; Roy, 1968). The general process of the oxidative accumulation of manganese in
the weathering profile is determined by significant alteration (decrease) of the hydrostatic
level due to a change of the ground water circulation. In other words, after some drop
of the hydrostatic level, the intensive leaching and oxidation of the rhodochrosite matter
goes on. The parent rocks are usually represented by material (protore) preliminary
enriched with manganese, and occurring directly under the basal layer. The richest
manganese ore beds were formed as the result of oxidation at the place of rhodochrosite
aggregates, and later the growth of these oxide accumulations was controlled by the
supply of dissolved manganese, that was leached from around the Fransvillian rocks
during the decarbonatization of the black shales. The most important role in this process
of accumulation of manganese and other transitional metals belongs to their chemisorption
concentration, as a rule, accompanied by autocatalytic oxidation (Varentsov ef al., 1979,
1980). The partial washing out of clay components due to the plateau draining by
surface and ground waters took place during the later stages. Similar water saturation and
the hydration of clay components led to their considerable expanding, general volume
increase, and corresponding formation of cracking and breaking textures. Owing to these
events the oxyhydroxide manganese ore is represented by disordered accumulations of
laminated fragments, enclosed in the clay matrix. Similar character of the drainage system
distribution (Leclerc and Weber, 1980), controlling the mechanism of ore formation, may
be observed in mines and quarries. Some areas of these drainage systems operate to the
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present time.

4. Redistribution of manganese. Redistribution or, as defined by G. Bouladon and
others (Bouladon et al., 1965), remobilization of manganese above the basal horizon is
distinguished in the development of the wide cementation zone. The example of local
redistribution of manganese in the weathering crust may be the formation of coat and
cementation growth of the cryptomelane composition, i.e. cap. At the same time it is
important to point out that the final result of the development of such a deep process of
manganese redistribution is the leaching and depletion of the earlier rich ores.

2.2.3. SOME WEST AFRICAN DEPOSITS (NSUTA, GHANA; MOKTA, COTE D’IVOIRE;
TAMBAO, BURKINA FASO (UPPER VOLTA))

In spite of some differences in the geological position, and settings, as well as the features
of composition of both parent, primary and preliminary enriched source rocks (protore),
mineralogy, and structure of ore beds of the West African manganese deposits, they can be
characterized by clearly distinguished genetic generality of the ore formation. The distinct
geochemical trend of alterations and the history of climate and formation of this region’s
relief were reflected here. It is pertinent to note that the Mokta and Nsuta deposits are
located in the climatic zone of modern tropical forest, and the Tambao deposit in the zone
of semidesert steppe sachel (African savanna at the north of Burkina Faso). They differ
in the scales of mineralization: if Nsuta (Ghana) is included in a number of large world
deposits of high grade ores (reserves more than 10 min t), then Mokta and Tambao are
related to considerably smaller ones (Figure 41). The main aspects of geology, mineralogy,
geochemistry, and the genesis of these deposits are reported in a number of works by,
essentially, French researchers (Grandin, 1976; Grandin and Perseil, 1977; Perseil and
Grandin, 1978, 1985; Sorem and Cameron, 1960; and others).

2.2.3.1. Geological Setting

All three deposits (see Figure 41) are located in the laterite weathering zone, developed
in rocks of the crystalline basement of the West African Platform, the formation of which
took place about 2.0 Ga ago (Black, 1967; Bonhomme, 1962; Rocci, 1965). The base-
ment is composed by the Birrimian volcanogenic-sedimentary Series, containing intrusive
bodies of granites. The remarkable feature of the Birrimian Series is the presence in its
composition of the manganese-bearing horizons, traced to more than 100 km. These
manganese-bearing rocks are associated with sericite schists of tuffogenous nature and
with jasper-like quartzites. But the manganese mineralization is developed discontin-
uously within these horizons in the form of lens-like complexes, enclosed in ore-free,
practically manganese-free sequences. The thickness of these lens-like complexes, as a
rule, does not exceed several meters, and their lateral persistence is of several dozens to
several hundreds meters.

If the metamorphism of basement rocks at the areas of the Mokta and Nsuta deposits is
manifested relatively insignificantly to the upper facies of micaceous schists, then at the
Tambao area the rocks are altered into fine-grained gneisses and amphibolites.
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Fig. 41. Schematic map of main manganese deposits of the weathering crusts, West Africa: Cote d’lvoire,
Burkina Faso, Ghana. 1. Rocks of the Liberian basement, Lower Precambrian; 2. Basement rocks of Céte
d’Ivoire (Eburnéen), Middle Precambrian; 3. A chain of Panafrican structures; 4. Sediments of the platform
cover; 5. Mesozoic-Cenozoic sediments, essentially continental; 6. Borders; 7. Borders of distribution of dense
forests; 8. Studied deposits; 9. Other deposits or occurrences (after Grandin and Perseil, 1977).

The basement rocks of these manganese ore deposits were subjected to transformations,
resulted in formation of the rocks, relatively enriched in manganese (protore). The
main minerals of the protore are rhodochrosite, spessartine and braunite, sometimes
hausmannite, seldom rhodonite, and tephroite. Thus, in protores of Nsuta and Tambao
deposits the predominant manganese mineral is rhodochrosite, and at the Mokta deposit
spessartine.

All three deposits are located on hill-like uplifts, elevated above gently hilly or flat
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plains. The characteristic feature of these uplifts is their variations in the depth of slope

development as drainage systems. Such uplifts with deposits differ in absolute marks:

(a) for the Mokta deposit the continuous chain of uplifts with the top (140 m) is charac-
teristic;

(b) for the Nsuta deposit a chain of hills with steep slopes and the dome-shaped tops,
elevated to 180 m, is characteristic;

(c) the Tambao deposit: elongated hills with narrow ridge-shaped tops and steep slopes,
elevated to 350 m, are characteristic.

In spite of the fact that these deposits are separated by almost 9 degrees of latitude,
a number of general features are characteristic for them (Grandin, 1976; Perseil and
Grandin, 1978, 1985):

1. Relative elevation of the deposits is about 100 m.

2. The material, making up the surface rocks of tops and talus at the uplift slopes, is
represented by lumpy and gravel-sandy fragments of ferruginous cap, whose chemical
composition is typical for the so called cap of the ‘transitional facies’. Such facies of
ferruginous cap are distinguished by a number of investigators at the Atlantic coast of
West Africa and in the bend of the Niger (Eschenbrenner and Grandin, 1970; Perseil
and Grandin, 1978). Its formation proceeded at the end of the Tertiary period and was
caused by the wide development of a slope system in the relief of the plain regions.
The authors mentioned often determine such forms of the relief as the ‘transitional
surfaces’, with accumulations of litomarges of kaolinite composition.

3. The large outliers and uplifts of different type, in which the relicts of transitional
caps are preserved, are located several km (3 to 7) from each of the three considered
deposits.

The origin of the hills, at which these three deposits are situated, is determined by the
formation of the cut relief on the ancient surface of planation. However, the formation of
the relict uplifts took place during a longer interval — to the beginning of the Quaternary
time — when relatively high steep slopes were formed. The deposits had a comparable
geomorphological and climatic settings up to this stage of the supergene processes. Some
features of the differences, associated with the modern climatic zoning, began developing
in them later. This is manifested in the known morphological varieties of the hill-like
uplifts.

2.2.3.2. Mineralogy and Geochemistry of the Initial Stages of the Protore Alteration

Mineral and chemical composition of the primary Precambrian rocks (protore), prelim-
inarily enriched in manganese and represented in some cases by Mn-carbonate, and in
other cases by silicate, plays a critical role in the formation of oxyhydroxide supergene
ores. The protore significance is displayed especially clearly on the background of mono-
type geomorphological development of the deposit regions. The composition of the rocks
controlled the relief formation and the trend of supergene alterations, as well as the distri-
bution of the surface material redeposition. All these processes went on during a certain
interval of geological time: from the second half to the end of the Tertiary period, when
the conditions of humid climate, favoring the development of the kaolinite weathering
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crust with the distinctly manifested ferralitization, dominated in the boundaries of a rather
wide band (more than 10 degrees in latitude).

2.2.3.2.1. Nsuta. Alteration of the carbonate protore. In the carbonate protore of
this deposit the manganese contents do not exceed 30-35%. The most characteristic
are complexes, and protore layers, preserved at the lowest parts of quarries. They are
represented by carbonate schists rich in manganese, and black limestone sandstones,
enriched in carboniferous matter and composed essentially of recrystallized rhodochrosite.
The beginning of oxidation is determined by appearance of the dispersed mottled patches
of manganite (Table 10b, sample GH-15).

Further transition to the completely oxidized ore is specified by an extremely sharp
character. In some cases the alteration of manganese carbonate to completely oxyhydrox-
ide ore is observed at a distance of several dozens of cm through the area of intensive
vugular porosity, where voids are filled in with manganite crystals (Perseil and Grandin,
1978). The main components of the oxyhydroxide ores are manganite, pyrolusite, and
cryptomelane. As a whole the authors determine the following generalized scheme of the
mineral transformation:

Mn-carbonate — manganite — pyrolusite — cryptomelane — nsutite.

But in some samples, with a considerable predominance of pyrolusite, the partial substi-
tution of this mineral by ramsdellite is observed (Perseil and Grandin, 1978). In other
cases of ores rich in manganite there are two or three phases of MnO,, but pyrolusite
is completely absent. This data may be interpreted as an indication that in the alter-
ation of Mn-carbonates into oxide phases the process is controlled by at least three main
parameters: (1) pH regime; (2) Eh regime (content of dissolved O,); (3) composition,
chemistry, and masses of circulating solutions. In the weathering crust profile of the
deposit where the settings differ considerably both in the composition of the altered pro-
tores and in the relationships of these three categories of parameters, then the definite
deviations from the general scheme with variation of these factors in time may indicate
the local specific features of some transformations. This general conclusion finds con-
firmation in the identification, on the basis of microtextural relations, of two generations
of manganite: (1) early as the product of direct alteration of Mn-carbonates: (2) late, a
considerably well-crystallized generation, appearing as the last phase in the oxyhydroxide
ore formation.

In the final result of the whole sequence of mineralization the tight association is
developed: manganite, nsutite, and cryptomelane.

Alteration of the silicate protore. As it was mentioned above, the main manganese-
bearing mineral of the protore of this deposit is carbonate, while garnet-containing quartzite
plays a secondary role.

In the general sequence of the supergene alteration of garnets, lithiophorite is formed
in the beginning, and cryptomelane later. The process development is favored by the
presence of fractures and other disturbances in the rocks, in which concretions of lithio-
phorite are formed. These concretions at subsequent stages are substituted and altered into
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Table 10b. Chemical composition of manganese ores — products of the protore alteration,
the Nsuta and Tambao deposits (after Perseil and Grandin, 1978).

NSUTA TAMBAO
Component  GH15! GH3b GH16* HV14a’ HV5%
Mineral Soluble
insoluble  fraction?

residue?
SiO, 14.16 4.90 61.00 30.00 15.20
AL O3 1.55 19.60 1.02 18.90 17.81 15.87
Fe,03 0.80 1.75 8.85 3.24 3.80 6.92
TiO; - 0.55 - - - 0.75
MnO; 2.39 - - 7.74 27.50 43.50
MnO 47.14 0.06 30.10 - 8.80 4.30
CaO 3.00 0.11 10.70 0.26 1.63 0.05
MgO 2.40 0.59 5.20 0.31 0.54 0.06
Na,O 0.16 0.16 - 1.42 0.07 0.12
K20 0.08 3.33 - 1.74 0.38 0.32
Li,O - 0.37 - - - -
BaO - - - - - 2.60
NiO - 0.55 - - - 0.22
CoO - - - - - 0.19
H,0 0.70 0.70 - 3.80 8.90 10.9
CO, 27.87 - 13.20 - - -
Total - 32.67 69.07 98.41 98.63 100.38
101.74

The Nsuta deposit:

1. Sample GH-15. Slightly oxidized carbonate manganese ore. The noted alterations:
rhodochrosite, and manganite.

2. Sample GH-3b. Slightly oxidized carbonate manganese ore, mineral insoluble residue.
3. Sample GH-3b. Slightly oxidized carbonate manganese ore; of the analysis extract
after weak acid treatment.

4. Sample GH-16. Oxidized ore, strongly leached. The noted alterations: garnet —
cryptomelane + goethite.

The Tambao deposit:

5. Sample HV14a. Partially oxidized ore. Protore alteration according to scheme:

/" cryptomelane + goethite

N\, lithiophorite

6. Sample HV5. Oxidized ore. Alteration of Mn-silicate according to scheme:

/" cryptomelane

. lithiophorite

garnet

garnet
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cryptomelane and nsutite. The process begins with the appearance of the finest aggregates
of cryptomelane, dispersed in the mass of lithiophorite, and during their further matur-
ization a close association of lithiophorite and cryptomelane is observed. Often during
the intensive progress of the alteration process of Mn-silicate, lithiophorite, as an initial
phase, is not preserved or may not be present at all, and the direct substitution according
to the scheme is observed: Mn-garnet — cryptomelane + goethite (see Table 10b, sample
GH-16).

The formation features of these minerals allow one to consider that at the initial stage
of alteration the hydrolithic decomposition of garnet is associated with intensive leaching,
that determines the transportation of hydrolysis products to the areas of lithiophorite
formation beyond the garnet grains. It is interesting to point to the presence of the lens-
like zones, pockets, and patches, composed of white siliceous matter and developed at the
periphery of areas, enriched in manganese oxides.

2.2.3.2.2. Mokta. Alteration of the carbonate protore. At the deposit with rather limited
distribution of the rhodochrosite protore, the last alteration stages of this mineral into
manganese oxyhydroxide phases are usually distinctly manifested:

groutite — ramsdellite
cryptomelane — nsutite — ramsdellite.

Alteration of the silicate protore. At this deposit the high grade ores were mainly formed
by the intensive substitution of garnet-containing quartzites by manganese oxyhydroxides.
It is significant that rhodochrosite and braunite are not present in this type of protore in any
considerable amounts. Two alteration stages are distinguished (Grandin and Perseil, 1977;
Perseil and Grandin, 1978, 1985). During the first stage of garnet alteration hydrolysis
reactions take place, that are usually accompanied by leaching and dissolution. There
is binding of manganese, released from garnet essentially with aluminium as a residual,
slightly mobile component of the hydrolithic interaction: as the result of this lithiophorite
is formed. Perseil and Grandin (1978, 1985) distinguish two types of garnet substitution by
lithiophorite: (a) ‘centrifugal’ (autochthonous) — a grain of garnet is substituted from the
center to periphery, that responds to quick manganese binding to an oxyhydroxide phase
without any considerable transportation; (b) ‘centripetal’ (allochtonous) — substitution
from the grain periphery to its center, that is accompanied by transportation of part of
manganese due to dissolution of nearby components. In the result of similar alterations
the contours of garnet grains, as a rule, are preserved (Table 11, samples 65, 68). The
geochemical properties of transformations of the first stage of alteration of the silicate
protore are rather well observed in the comparison of samples 65 and 68 (see Table 11):
SiO; amounts in the transformation process are decreased by a factor of 3.2, and MnO,
and MnO quantities are increased by a factor of 10.7 and 47.7, respectively.

Within the second stage the formation of cryptomelane initially proceeds along the
silicate and quartz streaks in garnets. Later cryptomelane fills in hexagonal areas in
the altered garnet grains. The substitution is usually distributed from the periphery to the
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center along the microfractures or other defect zones. During this stage within the massive
cryptomelane accumulations the laminar aggregates of nsutite are formed (see Table 11,
samples 66, 67, and 42). The chemical evolution of the ores, formed at this stage of the
protore transformation, is distinctly seen from the comparison of contents of samples 66,
67, 42 (see Table 11, Grandin and Perseil, 1977): the content of MnO,, is increased from
64.80 to 78.73% with some oxidation increase, MnO:MnQO, = 0.111 — 0.072 — 0.071,
whereas the amounts of Fe, O3, Al;03, and CaO are considerably decreased.

2.2.3.2.3. Tambao. Alteration of the carbonate protore. The highest grade ores of
this deposit (more than 40% of Mn) are mainly associated with the protore, represented
by rather pure coarse-crystalline rhodochrosite. In the areas of the oxyhydroxide ores
the relicts of preserved textures and the residuals of the primary carbonates occur. The
following general scheme of alterations is suggested (Perseil and Grandin, 1978):

Mn-carbonate — birnessite — nsutite and ramsdellite.

In those cases, when pyrolusite is registered, it, as a rule, is substituted by cryptomelane
or nsutite and ramsdellite.

Alteration of the silicate protore. A rather insignificant part of the ores of this deposit
is genetically associated with deep weathering of the garnet-bearing quartzite. The latter
forms sharply subordinated interbeds, interbedding in the mass of sericite schists, among
which a significant place belongs to manganese carbonates. A rather limited quantity of
manganese silicates in the section and their slight preservation during the history of the
deposit relief formation considerably complicate the distinguishing of its alteration stages
into oxyhydroxide manganese ores.

At the first stage of the garnet alteration the same features are distinguished that were
considered for the Mokta deposit (Perseil and Grandin, 1978, 1985). The following
features are characteristic for the second stage: cryptomelane is developed both after
lithiophorite and at the rims of partially altered grains of garnet, the central parts of which
were not subjected to hydrolytic decomposition. In the latter case two separated, newly
formed phases may occur: lithiophorite and cryptomelane (see Table 10b, samples HV14a
and HVS5). It should be noted that in sharply oxidizing settings of deep protore weathering
there may be either fast transition from the first stage to the second one, or destruction and
annihilation of products of the first stage owing to the second stage development. The
stage is displayed especially clearly near the topographical surface. The stages of the ore
formation may be manifested repeatedly at new levels during the formation of the new
relief forms and its rejuvenation. In such sharply oxidizing conditions with the relatively
high acidity of the draining waters the formation of cryptomelane takes place.

2.2.3.3. Mineralogy and Geochemistry of the Late Stages of Oxyhydroxide Ore
Formation (Manganese Cap (Cuirass))

2.2.3.3.1. General characteristics. The most important genetic feature of the above ores
is the presence of deeply altered, limitedly distinguishable textural features and compo-
nents of primary rocks/protores in them: for example, layered textures, relicts of garnet,
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Table 11. Chemical composition of manganese ores, Mokta deposit, Cote d’Ivoire (after Grandin and
Perseil, 1977).

Residual lens-like-stratified ores Ores of cuirasses

Components (after silicate protore)

65 68 66 67 42 32 73 80 74 62
Si0, 8338 2620 11.50 9.70 3.50 1.80 1.00 1.00 0.90 0.00
MnO, 435 4576 6460 7286 7873 84.60 8090 7873 6590 8756
MnO 0.13 620 7.17 5.28 5.66 2.49 7.07 8.10 6.67 746
Fe; 03 1.73 466 3.00 2.41 2.16 1.76 0.50 0.90 388 024
Al O3 552 708 4.67 3.54 2.60 295 342 3.60 9.50 0.38
CaO 034 035 080 0.70 0.23 0.14 0.06 0.06 0.06 0.12
MgO - - 0.20 0.30 0.07 0.07 tr. tr. 0.11  0.02
Na,O - 0.1S 020 0.15 0.21 0.13 0.39 0.45 039 014
K,0 - 044 064 0.32 042 0.44 1.46 1.66 1.46 043
BaO - - - - - - - - 0.14 -
NiO - - - - - - - - 045 -
CoO - - - - - - - - 0.20 -
TiO, - - - - - - - - 0.26 -
Li;O - - 0.10 0.10 0.05 0.10 - - 0.05 -
H,;0 09 678 6.30 5.20 4.40 5.50 5.00 5.80 8.80 3.00
L.OIL 3.30
Total 99.71 99.02 99.18 100.56 98.03 100.00 99.81 100.30 99.27 99.35

Residual lens-like-stratified ores, progressively enriched in oxyhydroxides.

1. Sample 65. Deeply leached low grade silicate ore with relicts of thin lamination. Initial uncompleted
alteration. Manganese oxyhydroxides are developed in the altered garnets in the form of cutting streaks.
/" kaolinite

“\\ lithiophorite — cryptomelane

2. Sample 68. Oxyhydroxide silicate ore. Transitional stage of enrichment.

/" lithiophorite

N\, cryptomelane

3. Sample 66. Oxyhydroxide ore. Transitional stage of enrichment (for mineral composition see
sample 68).

4. Sample 67. Oxyhydroxide ore. Transitional stage of enrichment (for mineral composition see
sample 68).

5. Sample 42. Oxyhydroxide massive ore; relatively complete stage of alteration with the loss of
features of the primary protore; composed of thin layers of cryptomelane and nsutite.

Ores of cap (cuirass)

6. Sample 32. Oxide ore with relicts of the protore components, hard, dense with small concretions.
Composition: manganite — pyrolusite — cryptomelane — nsutite — ramsdellite.

7. Sample 73. Rich oxide ore of fine fibrous, felt-like structure, composed of cryptomelane.

8. Sample 80. Rich oxide ore.

9. Sample 74. Rich oxide ore. Nsutite concretions with cavities filled by kaolinite and lithiophorite are
enclosed in cryptomelane mass.

10. Sample 62. Rich concretion ore. The distinctive feature of it is absence of kaolinite and iron oxide;
composed of the close association of cryptomelane and nsutite.

garnet

garnet
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braunite, rhodochrosite, and ore-free minerals. However, in the deposits considered other
ores are also developed, the formation of which is not directly associated with the al-
teration events of the primary material immediately in sitzu. These ores form so called
‘secondary’ or relatively late ledge among stratified clay accumulations or in Colluvium.
Their formation is associated with the lateral migration of manganese-bearing solutions
down the slope.

Such ores form layers 3—5 m thick, occurring parallel to the relief surface and covering
sediments many m thick, deprived of any considerable concentrations of manganese. Such
ore layers form hard armored horizons — caps (cuirasses) — occurring at the base of ancient
ferralite soils (Grandin and Perseil, 1977; Perseil and Grandin, 1978).

The characteristic feature of the cap ore is its concretion-bearing nature and high en-
richment in manganese: to 50-60% of Mn or to 80-95% of MnQ;. In rare cases, among
the masses of the concretion ore there are relicts of the primary structures (remnants
of garnet grains, and layered structures), as well as foreign inclusions (quartz pebbles,
ferruginous gravel fragments). These relicts and inclusions belong to the primary compo-
nents of the soils, from which the given manganese caps were formed together with the
relict remnants of lens-like ores, fragments of vein quartz and transitional ferruginous cap
(Tables 10 to 11).

2.2.3.3.2. Mokta. The manganese caps are the characteristic features of the deposit (see
Figure 41). They make up about 15% of the reserves of high grade ores (see Table 11).
Both well-preserved varieties and ores, associated with well-developed soil profile, are
distinguished among them. Perseil and Grandin (1978) point out that the given caps are
formed on the ancient basements of slopes before the beginning of the relief dissection in
the Quaternary period during the time interval, when the deposit was emerged in the relief
as a large elevated ridge, whose slope steepness did not exceed 15-20 degrees.

The cap ores are represented by concretion accumulations, in which laminated or fine
fibrous and diverse columnar textures are distinguished (see Table 11, samples 73, 80, 74,
and 62), as well as breccia-like varieties sometimes being observed. Usually, the residual
clay matter of the cap is represented by white or red (ferruginous) kaolinite material.
In the cap numerous remnants of plant roots occur, relative to which the manganese
oxyhydroxides are the later phases. This fact indicates the relatively late secondary origin
of caps and their formation within the soil layer (Perseil and Grandin, 1978).

The most distributed association of the cap minerals was formed in the following
sequence:

cryptomelane — nsutite — ramsdellite — pyrolusite — cryptomelane.

2.2.3.3.3. Tambao. The cap ores of this deposit are represented by the same varieties
characteristic of the Mokta deposit: concretion, hard, or breccia-like. But the typical
feature of the given ores is the pisolite varieties. Manganese pisolites sized from 6 to
10 mm are usually composed of cryptomelane, nsutite, and ramsdellite, and have cores of
clay material.
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The same minerals compose most of the concretion ores. However, in the center of
some concretions there are tabular grains of garnet or relicts of braunite, altered into
lithiophorite. It is of interest that lithiophorite is also observed in the form of thin films
in the mass of concretions, composed of cryptomelane and ramsdellite. Unlike the Mokta
deposit, the cap layers do not have any significant commercial value among the Tambao
ores. This is due to the fact that the layers of manganese-bearing protore, distinguished by
relatively large thicknesses and lateral extension, are developed among the substrate rocks
of this region. As a result of their deep supergene alteration, the intensive enrichment in
manganese, with the formation of more high grade ores of the residual nature, proceeded.
At the same time, more sharp dissection of the relief did not favor the cap development,
because its composing accumulations were disintegrated into blocks: fragments were
transported and dispersed. Furthermore, these accumulations were weakly disclosed
and exposed at the elevated emerged areas, where the accumulation of components of
the oxyhydroxide manganese cap usually took place. The covering ferralite soils, not
containing any significant concentrations of manganese, were destroyed by the deep
chemical weathering. Their spotty relicts are enclosed in the considerably decomposed
concretion ores (Grandin, 1976; Perseil and Grandin, 1978).

2.2.3.3.4. Nsuta. The cap ores of this deposit are characterized by a relatively moderate
development in comparison with the extreme manifestations in Mokta and Tambao. But
in some areas the cap is preserved rather well. The decrease of its lateral distribution is
determined by a number of factors: (a) mechanical erosion; and (b) destruction as the
result of deep chemical reworking of the underlying altered rocks due to action of draining
waters. Under these conditions the cap remains within the ferralite soil, occurring on the
rocks, covering the ancient base of slopes.

The main mineral of the ores is ramsdellite. The most distributed association is
represented (Perseil and Grandin, 1978):

ramsdellite
pyrolusite = cryptomelane
nsutite

Lithiophorite is found only in some places.

2.2.3.4. Features of the Protore Alteration (Formation of the Primary Residual Ores)

The mineral parageneses of the ores considered, their history, and the sequence of mineral
alteration with all other factors being equal, are controlled considerably by the nature,
and composition of preliminary enriched, in manganese, parent rocks of the substrate
(protores). The manganese components of the latter are represented essentially by garnet
or carbonate (rhodochrosite).
Two types of transformations are distinguished in the alteration of Mn-carbonate.
Nsuta:

Mn-carbonate — manganite — pyrolusite — cryptomelane
— nsutite — ramsdellite.
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Tambao:

cryptomelane
Mn-carbonate — birnessite (— pyrolusite) =
ramsdellite.

The second transformation succession (Tambao) is developed with the protore alter-
ation. The protore differs both in the relative significant pureness of carbonate and the
considerably high contents of manganese. The alteration of Mn-carbonate directly into
7 A-MnO, (birnessite), passing the manganite stage (7-Mn OOH), may indicate the rela-
tively hard oxidation regime of the environment. Under these conditions well-crystallized
ramsdellite is sometimes formed after birnessite.

In the alteration of Mn-garnet, as a rule, the following sequence of mineral transforma-
tions is developed: Mn-garnet — lithiophorite — cryptomelane. The geochemical feature
of the early (autochthonous) generation of the lithiophorite, formed after hydrolithically
decomposed spessartine, and relatively late generation (filling in the voids and hollows
in the leached ores) are shown in Table 12 (Perseil and Grandin, 1985). In the products
of the alteration of the silicate protore material two varieties of cryptomelane are rec-
ognized. (1) Relatively early, developing as the patches of MnO; in the quartz streaks
and grains, often in the form of botryoidal, concretion growths. These accumulations
are characterized by relatively small contents of admixtures, for example, Fe;Os, SiO,,
Al O3 (see samples 1 to 3, Table 13, Perseil and Grandin, 1985). (2) In cryptomelane
varieties, developed after garnet, relict islands of spessartine are often encountered. In the
relatively complete development of the process, the polyhedral aggregates of a-MnO; in
the ground mass of quartzite are formed. The genetical specific feature of this variety is
displayed by the presence of increased amounts of Fe;O3, SiO,, and Al,O3 (see Table 13,
samples 4 to 6), that may bear witness to the incorporation of these residual, relatively
immobile components during substitution of deeply decomposed spessartines.

Under these conditions pyrolusite very rarely occurs. As it was mentioned above
(Perseil and Grandin, 1978, 1985), the direct alteration of garnet into cryptomelane was
accompanied in some cases by the subsequent development of nsutite and ramsdellite in
this mineral (Mokta).

With all the empirical reliability of the considered mineral transformation rocks, they
reflect only to some degree the evolution of the main parameters, controlling the forma-
tion processes of the laterite profile of the weathering crust. The spatial heterogeneity of
primary rocks/protores, and the diversity and instability of the settings during the devel-
opment history of the weathering crust profile, allow to mark only the general trends in
the mineralization scheme of this type deposits.

2.2.3.5. Formation History of the Major Manganese Ore Minerals

Manganite history. In the most typical occurrences the manganite is formed in the initial
stage of the carbonate protore alteration in the direct vicinity from the front of intensive
oxidation. However at this alteration stage together with this mineral, formed due to the
direct substitution of the carbonate shale matter, there are well-crystallized manganites,
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Table 12. Chemical composition of lithiophorites of different nature, the
Borumba and Mokta deposits, Cote d’Ivoire (after Perseil and Grandin,
1985).

Components 1 2 3 4 5 6
MnO, 54.04 5763 5823 6210 66.49 60.27
Fe, 03 0.14 0.09 0.29 - - -
SiO, 0.54 0.18 0.10 0.18 0.20 0.30
AlL,O3 2385 2387 24.12 1910 1940 20.40
Na,O 0.03 - - 0.10 0.05 0.10
K,0 0.08 - - 0.83 0.60 0.50
CaO 0.06 - - 0.02 - -
MgO - - 0.01 0.02 - -
TiO, - - 0.01 0.02 - -
Cl'203 - - - - - -
NiO - 0.11 - - 0.30 0.03
CuO - - 0.09 298 2.80 3.10
CoO 0.17 - - - 0.05 -
ZnO 0.05 - 0.03 0.59 0.80 1.02
PbO - - - - - -

Samples 1, 2, 3 (sample EE10), the Borumba deposit. Neogenic ac-
cumulation of lithiophorite, formed on account of hydrolysis of garnet
(spessartine).

Samples 4, S, 6 (sample $SS26), the Mokta deposit. Neogenic accumu-
lations of lithiophorite in hollows, formed as a result of garnet leaching.

Table 13. Chemical composition of cryptomelanes, formed as a result of
substitution of quartz (samples 1, 2, and 3) and garnet (samples 4, 5, and
6), the Borumba deposit, Céte d’Ivoire (after Perseil and Grandin, 1985).

Components 1 2 3 4 5 6

MnO, 89.62 90.03 92.03 90.08 90.05 93.67
Fe, O3 0.15 0.10 0.09 0.33 0.36 0.14
CaO 0.59 0.60 0.47 0.38 0.50 0.29
SiO, 0.05 0.05 0.09 2.39 0.21 0.41
TiO, - - - 0.08 - 0.08
MgO 0.02 0.01 0.08 0.03 0.03 0.14
Cl‘203 - - -~ - - -

NiO 0.15 0.18 0.18 - -~ -

K,0 249 2.50 1.66 1.48 3.06 0.46
NaO 0.06 0.04 0.06 0.09 0.31 0.07

AlLOs 0.63 0.60 0.74 2.92 1.74 1.08
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that fill in voids of the cavernous ore. The latter is characterized by the contraction struc-
ture, determined by that the Mn oxyhydroxides occupy less volume than the corresponding
carbonates, after which they were formed. The manganite, filling in the relatively late
(secondary) streaks, appeared in the final formation stages of some oxyhydroxide ores, is
of considerable interest. It is pointed out (Perseil and Grandin, 1978), that in the same
thin section are observed sometimes several generations of manganite. To explain these
observations it is assumed, that alongside with the events of the local autochthonous ox-
idation (in situ) with the formation of oxyhydroxide ore of the transitional composition
and consequent its alteration into the ore of cryptomelane-nsutite composition, some part
of manganese, leached from the carbonate matter, may migrate to considerable distances.
In the result of such migration a new relatively late manganite generation may appear, and
during the repetition of the appropriate conditions (for example, during new depression
cycle of the ground water level) the formation of the whole sequence of oxyhydroxide
minerals may take place (pyrolusite, cryptomelane, nsutite, and so on).

Pyrolusite history. In the zone of development of deeply oxidized ores, formed essen-
tially in the carbonate protore, pyrolusite occupies the intermediate position in the general
sequence of mineralization. Its predecessor is usually manganite, and pyrolusite is altered
in its turn into cryptomelane, after which nsutite or ramsdellite are developed. In some
cases pyrolusite is substituted by 10 A-manganate (todorokite). In this case it is important
to emphasize that in the ores of such type pyrolusite may be observed both as the product
of Mn-carbonate alteration of the definite stage and as a mineral, filling in relatively late
streaks.

In cap (cuirass) ores, occurring in the mature stage of development, as the relatively
late accumulations, pyrolusite is present in rather limited amounts. It was mentioned
above that the major components of these ores are cryptomelane and ramsdellite. In the
formation dynamics of the ferralite profile of the weathering crust, pyrolusite may occupy
a definite place. It is essential for understanding this event that the protore alteration
begins at the lowest part of the profile, where pH is characterized by somewhat higher
values. Later, as the relief surface depresses the solutions in these horizons, they become
gradually more acid. At this relatively late stage the cap formation takes place in the soil
horizon. Its manifestation in the relief during the Quaternary period is often followed
by destruction and removal of the manganese-free material as the part of ferralite soils
covered the cap. Ground and intersitial solutions of these soils are characterized by higher
acidity, for example in the cap of the Mokta deposit pH of the soil solutions is 4-5 (Perseil
and Grandin, 1978).

Considering pyrolusite in the light of the experimental studies (Brickes, 1965; Giovanoli
et al., 1975) as a manganese dioxide (3-MnO,), characterized by relatively high stability
in the oxidation medium at 25°C, it is necessary to point out (Giovanoli et al., 1975) the
relatively high stability of the 7-MnO, (nsutite) at more acidic values of pH. At the same
time (Bricker, 1965) cryptomelane is characterized by higher stability in media rich in
potassium. The Birrimian sericite schists, containing manganese ore layers and complexes
may serve as the potassium source for such mineral-forming solutions.

Thus, pyrolusite occupies a rather definite place in the formation process of deeply
oxidized ores, genetically associated with direct protore alterations and especially its
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carbonate varieties. Similar carbonate Mn rocks decrease and neutralize considerably
the acidity of solutions, filtering from higher horizons. The surface ores, particularly
the manganese cap, the major components of which nsutite (y-MnQ,) and cryptomelane
(a-MnO,), are formed in these horizons.

A sharply different position is occupied by local streaks of large crystalline pyrolusite
in ores of the exposing cap. Obviously the above neutralization mechanism of acidic
solutions does not explain all the particular features of this mineral formation; but for the
interpretation of this fact the locally limited circulation of corresponding Mn-containing
solutions as derivatives of acidic surface waters may be assumed. The substitution of
similar pyrolusite by cryptomelane, after which nsutite in turn is developed, is of interest
for these cases.

Nsutite history. Except for Nsuta, the discussed mineral as the characteristic component
of high grade (battery) ores (Mn > 52%) in relatively less amounts, is registered at the
Tambao and Mokta deposits too.

The most considerable amounts of nsutite are observed in ores, formed after the carbon-
ate protore with the moderately soft oxidation regime of its change. For example, at the
Nsuta deposit the following sequence of alterations is determined (Perseil and Grandin,
1978): Mn-carbonate — manganite — pyrolusite — cryptomelane — nsutite. The nsutite,
as a rule, is formed after cryptomelane; but the alteration of nsutite into pyrolusite has
been never observed. Usually ramsdellite is developed after nsutite, which is typical for
the cap.

The given data suggest a clearly displayed trend of alteration of chemical composition
of the draining solutions, reflecting the formation dynamics of the weathering crust profile.

Lithiophorite history. Lithiophorite is the typical product of deep supergene alteration
of Mn-silicates, in particular the spessartine quartzites. The above two genetic varieties
(generations) of lithiophorites are characterized by distinct features of chemical compo-
sition (see Table 12 after Perseil and Grandin, 1985). The first variety: the lithiophorite
formed due to hydrolithic decomposition of spessartine, is characterized by relatively high
amounts of Fe; 03 and Al,O; with extremely low contents of alkali and heavy metals. The
second variety of the lithiophorite usually fills in voids and pockets; it is formed as the
result of deep leaching of Mn-garnet and rather considerable transportation of mineral-
forming components. It contains higher amounts of K,O and heavy metals, in particular
copper and zinc compared to the first variety. This data may be indicative of the dual geo-
chemical history of the components, transported during the decomposition of Mn-silicates
and other components of the protore. The early generation (autochthonous in consider-
able degree) is associated with the formation of lithiophorite in the matrix (substrate) of
hydrolithically decomposed garnet, and the components of the primary material (Fe,0Os,
Al,03), characterized by relatively slight mobility under these conditions, are distinctly
displayed. The late generation of lithiophorite is enriched considerably in components,
transported in the solution possibly with the notable Eh gradient, as the differences in
Fe(III) concentrations may indirectly testify.
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MANGANESE ORES IN KARST

3.1. Introduction

3.1.1. MANGANESE ORE KARST IN THE GENERAL SYSTEM OF GROUND WATER ACTIVITY

The manganese deposits in paleokarst are characterized by certain genetic dualistic fea-
tures. On the one hand, they may be referred to accumulations, associated with events
of leaching, redeposition of ore components by surface meteoric waters, and it may cor-
respond, according to the general classification scheme of Patterson (1971), to typical
supergene associations. On the other hand, in a wide diversity of the ore accumula-
tions, associated with the activity of subsurface waters of the Earth’s crust (sedimentation,
infiltration, regenerated, including metamorphogenous), the karst Mn ores are often char-
acterized by relatively deep epigenetic nature that is caused by high dissolution and
migration properties of the solutions under these settings.

It was established (Baskov, 1976, 1983; Baskov and Pavlov, 1985) that sedimentation
ground waters with mineralization in the carbonate and terrigenous sequences of about
2040 g/kg are distributed in the artesian basins of the zone of epigenesis (catagenesis, to
the depth of 5-7 km). The genetic dualistic features of the manganese ores are determined
by the considerable differences of hydrogeological conditions within the artesian basins
for zones of supergenesis, diagenesis and epigenesis (catagenesis).

The deposits of karst manganese ores are usually closely associated with artesian
basins, composed by slightly dislocated, weakly- or unmetamorphosed at all carbonate
layers, containing accumulations of ground waters (often mineralized, chloride composi-
tion). Similar basins are developed within cratons, ancient and young platforms, plates,
sometimes miogeosyncline regions, and intermountain troughs.

In the process of the geologic development of artesian basins and their general subsi-
dence the accumulation of sediments, their compaction, accompanied by separation and
migration to the surface of ground waters, took place. The largest masses of waters were
squeezed during the stages of diagenesis-epigenesis. The processes of interaction in the
water-rock system at the epigenesis (metamorphism)-supergenesis stages are essential
for the understanding of the formation processes of manganese ore accumulations in pa-
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leokarst. Artesian basins are the best studied to depths of 4-6 km, where ground waters
are characterized by temperatures of 100-200°C, that makes them hydrothermal solutions
in many aspects. The hydrogeological settings change considerably below these depths:
the chemically bonded waters of many hydroxyl-containing minerals are converted to the
dissolved state, and the decarbonatization events are accompanied by the formation of
carbonate-bearing high temperature solutions in limestone-dolomite sequences. The pro-
cesses of the karst manganese mineralization are activated in those artesian basins where
magmatism manifestations appear. Under these conditions the subsurface waters are usu-
ally enriched in fluids, supplied from endogenic sources (SO, Ha, CO,, HCl, HF, etc.)
that increases their reaction activity at the interaction with sedimentary, mainly, carbonate
rocks. The large-scale karst manganese and iron ore deposits in the Proterozoic carbonate
sequences of Postmasburg and Sishen, South Africa, considered below, (Beukes, 1983,
1986; Boardman, 1940, 1964; De Villiers, 1956, 1960, 1983; Grobbelaar and Beukes,
1986; Strauss, 1964; Van Schalkwyk and Beukes, 1986) suggest that these processes are
rather efficient.

Intensive interaction of rocks with ground (predominantly stratal) waters, leading to
the decomposition of organic matter, and the dissolution of relatively unstable carbonate
and silicate minerals (biotites, pyroxenes, amphiboles, Ca, Na-plagioclases, etc.) takes
place in the zone of epigenesis (catagenesis).

The most considerable deep alterations of rocks proceed in the zones of tectonic
deformations and faults. In these settings manganese, together with other heavy metals,
may be intensively leached by relatively hot chloride solutions and transported to the areas
with higher oxidation values of Eh, where ore deposition goes on.

Under near surface conditions (to the level of local, regional erosional base) in as-
sociation with the general development of karst, the supergene processes of manganese
ore accumulation may be active. The geochemical essence of this type of mineralization
is similar to the events, occurring in weathering crusts, developed in carbonate rocks
(protores) initially enriched in manganese. As a rule, the considerable transportation of
manganese and the accumulation of the ores in karst hollows give ground for separate
discussion of these processes.

One of the most essential conditions of the karst development is the relatively active
water movement in carbonate rocks (Bernard, 1972): (a) in fractures and (b) in pores, or
in their combinations. The features of such solution movement determine the morpholog-
ical varieties which formed the karst: (a) caves, caverns, channels, expanded fractures;
(b) through the formation of cavernous-porous rocks — formation of carbonate dust of
dolomite, dolomite-limestone composition — to residual siliceous-aluminous products,
often containing accumulations of manganese and iron oxyhydroxides. The processes
may take place in different hydrodynamic zones (Safronova, 1985): (1) modern aera-
tion; (2) ancient aeration; (3) along the filtration pathways of water-bearing horizons:
(3.1.) zone of the seasonal variation of karst waters; (3.2.) zone of the complete saturation
in the sphere of draining interaction of the local hydrographical system; (3.3.) zone of
deep circulation, where the water flow proceeds in the direction of distant discharge places
beyond the direct influence of the local hydrographical system; (4) redeposition of the
dissolved components and filling in the karst hollows.
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In aeration zones the presence of fresh infiltration waters, whose aggressiveness is
increased owing to biochemical phenomena and temperature variations, causing pore
expansion, favors the processes of intensive leaching. A special place belongs to the
acidic waters, formed during oxidation of pyrite-bearing sediments.

In ancient zones of aeration the considered processes arc controlled by features of the
geological structure of the region.

On filtration pathways of water-bearing horizons (that is in the zone of complete
saturation) the aggressiveness of waters of upper horizons depends on the diffusion of
CO, from the subsurface zone of aeration and the oxidation processes of the organic
matter, that take place below the level of the subsurface waters.

In the zone of seasonal variation of the karst water level, the periodic deionization
and temperature increase of the subsurface waters, saturated with CO, and O,, favor the
leaching processes.

In the zone of deep circulation of the subsurface waters a considerable role belongs to
the rock leaching owing to the slow circulation of stratal waters during geologically long
time.

3.1.2. FORMULATION OF THE PROBLEM

It is well known that certain types of manganese ore accumulations are associated with
karst sequences. The ore matter in them usually fills in hollows and fractures, it is included
into the composition of the karst deposits, forms independent stratified and vein deposits,
composes the cement of the dissolution and caving breccias. The formation of similar
deposits is often geologically long and of a periodically repeated or pulsation character.
Multiple breccia formations, polychronous accumulations of the manganese ore matter
may be the result of such events. The chemistry of the country rock has a special function:
at relatively wide development of karst formation processes, the deposits are formed, as a
rule, in those cases, when Mn contents in the parent, leaching carbonate sequences exceed
the clark concentrations.

However, relatively slight attention has been focused on the general problems of the
karst deposits in the literature on manganese ore formation.

The objective of this section is to elucidate the major aspects of the most representative
karst type manganese deposits, to show the geochemical features of the ore formation
processes.

3.2. Model Test Site: Zone of Oxidation and Accumulation of the Karst Ores, the
Urkiit Manganese Deposit, Hungary (Mineralogy, Geochemistry, and Genesis)

3.2.1. INTRODUCTION

The current concepts, based on extensive research, recognize the formation of manganese
accumulations in the region of the Urkit deposit as a multistage process: (1) the Early
Jurassic formation of hydrothermal-sedimentary layered carbonate-clay manganese ores;
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and (2) the Late Jurassic-Cenozoic accumulation of manganese oxyhydroxide ores associ-
ated with supergene and karst processes (Cseh-Németh and Grassely, 1966; Cseh-Németh
et al., 1971, 1980; Grasselly and Cseh-Németh, 1961; Kaeding et al., 1983; Szabo and
Grasselly, 1980; Szabo et al., 1981; Varentsov et al., 1988). It is important to point
out that the ores of the zones of oxidation and karst-formation at this deposit have th
highest industrial value. This multistage process with apparent superposition of supergr
manifestation is globally common.

Examples of such deposits are the rich accumulations of manganese oxyhydroxide
ores in Western Africa (Nsuta, Moanda, etc.) and South Africa (Postmasburg, etc.),
which occurred in rather poor carbonate-silicate Proterozoic Mn-bearing rocks, and in
Australia, in Groote Eylandt, where the rich oxyhydroxide manganese ores of the crust of
weathering were formed in Cretaceous manganese-bearing formations. Less spectacular,
but on a sufficiently large scale is the formation of fairly rich ores of the oxidation zone
manifested in the Oligocene deposits in the south European section of the former U.S.S.R.
(Nikopol, Chiatura), and in other regions.

In contrast to the indicated deposits, however, the oxidized karst ores in the Urkiit region
experienced gradational development of oxidation processes with relatively restricted or
minimal transport of the matter. These features characterize the relations between the
initial hydrothermal-sedimentary ores and the products of their oxidation. It is important
to note that for the part of the deposits of this type there is limited data mostly describing
the behavior of the major components, the information about the geochemical behavior
of heavy metals, trace elements and rare earth elements in the course of accumulation of
oxidized ores is extremely fragmentary.

The purpose of this section is to reveal the basic characteristics of formation of relatively
rich ores of the oxidation and karst-formation zone using the example of the Csardahegy
area of the Urkut deposit by detailed mineralogical and geochemical research using data
on the major components, heavy metals, trace and rare earth elements.

The investigation is based on field research data and on the analysis of samples of ores
and of enclosing rocks collected in accordance with the Manganese project of the Interna-
tional Geological Correlation Program (IGCP). Great help in this study was provided by
the late professor Gy. Grasselly (University of Szeged, Hungary) and Dr. Ing. Z. Szabo
(the Urkiit Mine, Hungary).

The samples available were studied in thin sections under a microscope. The ore com-
ponents, individual interbeds, patches, etc. were sampled under the binocular microscope.
These materials were selected as samples for X-ray diffractometric and other methods of
study. The X-ray analysis was carried out using the DRON-2 and DRON-3 diffractome-
ters with radiation = CuK, and CoK,, under 35 kV and 20 mA. The scanning rate was
2°/min and for detailed studies 1°/min. The infrared spectra of the analysed samples were
obtained in 400-4000 cm™! band.

The chemical composition of samples was determined at the Geological Institute,
the Russian Academy of Sciences, and at several analytical laboratories in Hungary.
The methods and laboratories where determinations of the chemical components was
performed are shown in the notes for the tables of analysis.

The analyses, marked by indexes ‘V’ (Geological Institute) and ‘Gr’ (Szeged Univer-
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sity, Hungary), were obtained from different samples. This is apparently the reason for
the slight differences in the results of determinations.

3.2.2. GEOLOGICAL SETTING

The aspects of geological structure, stratigraphy and lithology of the Early Jurassic rocks
and ores of the Urkaiit deposit (Figure 42) are discussed chiefly by the Hungarian geologists
(Cseh-Németh and Grasselly, 1966; Cseh-Németh et al., 1971, 1980; Grasselly and Cseh-
Németh, 1961; Kaeding et al., 1983; Szabo and Grasselly, 1980; Szabo ef al., 1981).
We have shown in our studies (Varentsov et al., 1988) that the Liassic hydrothermal-
sedimentary ores of this deposit are represented by three principal components in various
proportions: (1) Fe-mica of the polytype modification IM (celadonite) containing up
to 20% of Fe-smectite with interlayers of nontronite type; (2) Fe-smectite (nontronite),
homogeneous as a rule, occasionally with a few Fe-mica packets; (3) Mn-carbonate very
close to rhodochrosite, sometimes with a admixture of the FeCOs molecule.

Individual intervals of the section contain subordinate quantities of oxyhydroxides of
Fe (goethite) and Mn (manganite). The composition of these deposits is similar to that
of the nontronite-celadonite metalliferous sediments of the hydrothermal regions in the
World Ocean (the Galapagos Rift Zone, South Pacific, the Red Sea deeps, etc.); these
sediments were formed in moderately hot to low-temperature hydrothermal solutions.
The formation of rhodochrosite with FeCO3 admixture, sometimes with manganite, is
associated with the diagenetic events in the reduction environments of local depressions
of the Liassic basin in the western part of the Tethys.

The manganese oxyhydroxide ores of the deposit studied are mostly the products of
oxidation of carbonate varieties (see Figure 42).

After the completion of the Jurassic-Neocomian sedimentary cycle, the Neo-Kim-
merian orogenic movements became the essential feature in the geological evolution of
the region. As a result, many areas of the deposit were lifted as blocks; this event was
followed by the denudation of the Upper Jurassic sediments and often of the supra-ore
rocks as well. The manganese ore accumulations were therefore exposed and subjected to
supergene processes, in particular, rather intensive local denudation, karst-formation and
redeposition. Consequently, the younger sediments overlaid the eroded surfaces of the
Lower Jurassic deposits. These relatively young sediments are composed of clayey marls
and limestones of Aptian to Albian age, and sometimes of nummulitic Eocene limestones.
The Epleny deposit, situated 25-30 km from the Urkiit deposit, contains Miocene pebbles
lying on the surface of the Lower Jurassic rocks (Cseh-Németh et al., 1980). It is of
interest that the erosion and denudation processes caused the appearance of a variety of
karst forms where the residual products of dissolution of carbonate rocks accumulated
(Figure 43).

In the larger part of the Urkiit deposit, the processes of supergene oxidation of man-
ganese ores occurred, either with a minimal transportation of matter, or practically in situ.
The oxidized ores are characterized by a finely banded layered texture which is similar
to that of the initial carbonate-clayey varieties and which occasionally contains nodular
oxyhydroxide accumulations alternating with deeply altered clays. The thickness of the
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Fig. 42. (a) The Urkit manganese deposit and the major structural lineaments of Hungary (after Szabo and
Grasselly, 1981). 1. Direction of displacement; 2. Transform fault; 3. Eugeosyncline; 4. The Urkiit manganese
deposit. (b) Geological sketch map of the region of the Urkit manganese deposit, Hungary (after Szabo
et al., 1981). Legend. The Upper Triassic: 1. the Norian dolomite; 2. Neritic limestone, marl, Raetian
dolomite; 3. Raetian ‘Dachstein type’ limestone; the Jurassic: 4. Liassic limestone sequence; 5. Karsted Liassic
limestone; 6. Upper Liassic manganese deposit (tentative pre-denudation area is shown); 7. Dogger limestone;
8. Malm deposits; 9. The area covered by the reworked Jurassic deposits and leached cherty gravelites (Lower
Cretaceous—Lower Eocene); 10. Bauxite ore manifestations (Lower Cretaceous-Lower Eocene); 11. The lines
of large structural dislocations; 12. Horizontal displacements; 13. Zones of intensive crumpling; 14. Anticlines;
15. Synclines; 16. Faults; 17. Direction of geological profiles.
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Fig. 44. Structural scheme of the Cs4rdahegy area (exploring opening) built up by highly oxidized manganese
ores at the Urkt deposit, Hungary. 1. Limestone of the ‘Hierlatz type’, Lower Liassic; 2. Manganese oxyhy-
droxide ore; 3. Banded manganese oxyhydroxide ore with clayey interbeds; 4. Nodular ferruginous manganese
oxyhydroxide ore with clayey inclusions; 5. Limonitic crust; 6. Siliceous ferruginous manganese oxyhydroxide
ore; 7. Cherty nodules; 8. Clay in manganese bed; 9. Fe and Mn clay from the inner part of a large nodule, ore
boulder; 10. Weathered Upper Liassic limestone; 11. Ore-free redeposited material filling the cavity; 12. Sites
of samples collection (no. 1 to 17). Description of samples see in ‘Notes to Tables 14 and 15°.

oxidized zone is 3 to 5 m; it distinctly shows relict bedding, the thickness of some of the
manganese oxide ore interbeds varying from 1-2 to 100 mm.

It should be emphasized, however, that the Urkiit deposit has not only the autochthonous
oxidized ores, but the redeposited varieties as well.

3.2.3. MINERALOGY OF THE OXIDIZED ORES

Among the autochthonous accumulations of the zone of oxidation in the Urkiit deposit
the manganese oxyhydroxide ores of the Csardahegy area occupy a particular position
between the Lower Liassic limestones of the ‘Hierlatz-type’ and the Lower Eocene layers
(Cseh-Németh et al., 1980). On the whole, this deposit can be described as a fairly
large karst cavity which was formed as a result of intensively folded tectonic structure.
The lower beds of the deposit are built up by predominantly autochthonous oxidized
ores, whereas the central and upper sequences contain locally displaced large blocks,
boulder debris and smaller fragments enclosed in the clayey mass with different degrees
of alteration and the color varying from green to yellow and brown. Large blocks of ore
material have inclusions of silicate and limestone fragments.

Figure 44 shows the rather simple relationships of manganese oxyhydroxide ores whose
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formation is associated with low matter transport. In this case the altered ore sequence

about 10 to 12 m thick is bedded between the Lower Liassic limestone of the ‘Hierlatz-

type’ and the Upper Liassic weathered limestone. We may state that the lower (see

Figure 44, samples 1 to 5) and upper (samples 12 to 17) parts of the deposit, on the whole,

correspond to the general normal sequence of bedding of the Liassic ore-bearing deposits.

However, the presence of the allochthonous boulder block (3.3 to 4.0 m) with a relatively

symmetrical structure (samples 6 to 11) in the central part of this deposit allows us to

characterize this accumulation as a karst cavity, the central part of which is filled with
redeposited ore material.

Allowing for the indicated restrictions, we can suggest the following succession in
the section of the deposit (from base upwards). Tables 14 and 15 present the chemical
composition of these ores and rocks; the mineral composition was analysed by the X-ray
diffractometry and infra-red spectroscopy.

1. Brachiopod limestone of the ‘Hierlatz-type’, Lower Liassic, insoluble residue is
kaolinite with hydromica and smectite admixtures.

2. Red-brown ferruginous clay, overlying the limestone of the ‘Hierlatz-type’, com-
posed of a mixture of hydromica and goethite with a notable admixture of kaolinite,
hematite and quartz.

3. Manganese oxyhydroxide ore composed of a mixture of 10 A-manganates (the
todorokite-buserite-asbolan etc. group), pyrolusite, with cryptomelane admixture
and traces of smectite.

4. Clayey manganese oxyhydroxide ore, low ferruginous, composed of a mixture of
10 A-manganate and cryptomelane.

5. Manganese oxyhydroxide ore, crystalline grained. Predominant are pyrolusite, hy-
drogoethite with appreciable admixture of 10 A-manganates, cryptomelane, probably
with traces of the metastable phase [z Fe(OH), - y FeOCl - z H,0]. Pyrolusite dom-
inates in some parts with patches composed of black sooty matter (sample 5/1/).

6. Predominantly limonitic, highly ferruginous encrustation composing the marginal
part of the ore boulder block.

7. Ferromanganese oxyhydroxide ore composes the inner part of the ore boulder block.
Hydrogoethite and quartz dominate; there is an admixture of 10 A-manganates and
pyrolusite and traces of the relict mixed-layered hydromica-smectite phase.

8. Highly ferruginized ore from the central part of the ore boulder block. The major
components are: hydrogoethite and 10 A-manganates; there is an admixture of
cryptomelane and highly amorphous clayey matter (strongly degraded hydromica).

9. Ferromanganese oxyhydroxide ore, siliceous. The major components are: quartz
and hydrogoethite with admixture of 10 A-manganates, cryptomelane, and traces of
relict smectite.

10. Manganese oxyhydroxide ore, ferruginous, siliceous, composed mostly of pyro-
lusite with subordinate amounts of hydrogoethite. Individual parts and patches of
cryptocrystalline black matter are composed of hydrogoethite with an admixture of
pyrolusite and traces of cryptomelane. Brown patches mostly contain hydrogoethite
and quartz with traces of cryptomelane.

11. Ferromanganese oxide ore. Hydrogoethite dominates, 10 A-manganates are present
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in subordinate quantities with admixture of cryptomelane and traces of quartz. The
parts, composed of dull black matter, contain X-ray amorphous hydroxides crystal-
lized in 10 A-manganates with cryptomelane admixture.

12. Clay, in some parts cherty, is composed mostly of deeply degraded hydromica and
quartz with local appreciable admixture of hydrogoethite.

13. Ferruginous manganese ore with silicate inclusions. Pyrolusite with hydrogoethite
and quartz admixtures dominate.

14. Clay, with green inclusions of manganese carbonate, is a mixture of quartz and deeply
degraded hydromica.

15. Manganese oxyhydroxide ore, fallow, earthy, is composed of a fine mixture of
pyrolusite and hydrogoethite.

16. Oxyhydroxide ore, cherty, ferruginous, is composed of pyrolusite with goethite and
quartz admixtures. Some parts of mostly brown hydroxides (sample 16/1/) are
composed of hydrogoethite, 10 A-manganates with quartz admixture.

17. Weathered Upper Liassic limestone.

The determination of the mineral composition of the altered oxidized ores and enclosing
rocks, and also the data of study under a microscope of their structural relationships, bring
out several features:

1. On the whole, this deposit is not characterized by a developed weathering crust
with zones of the carbonate protore transformation (Bouladon et al., 1965; Grandin and
Perseil, 1977, 1983; Leclerc and Weber, 1980; Perseil and Grandin, 1978, 1985; Weber et
al., 1979).

2. The general intensity of the supergene alteration is relatively low in rocks that
are predominantly carbonate, siliceous, and clayey and in rhodochrosite — Fe-mica and
Fe-smectite ores: the clayey components are altered to the stage of deeply degraded
hydromica-smectite partially transformed into kaolinite with quartz and goethite admix-
tures in places of intensive circulation of karst waters (e.g., sample 2, Figure 44).

3. Throughout the entire section the minerals of Mn and Fe oxyhydroxides co-exist
practically without any visible separation. The relationships between them are controlled
mostly by the composition of the initial material and the intensity of the local circulation
of karst waters.

There is a vague difference, however, between the lower and the upper parts. If the
lower part (samples 3 to 11; Figure 44) contains an appreciable amount of minerals
belonging to 10 A-manganates (the todorokite-buserite-asbolan etc. group, and possibly,
lithiophorite) and cryptomelane, then in the upper layers of the deposit (samples 13 to
16) the dominant manganese mineral is pyrolusite. The Fe oxyhydroxide compounds
are represented chiefly by hydrogoethite, and only on the contact with the Lower Liassic
limestone of the ‘Hierlatz-type’ by goethite.

As already mentioned, the X-ray diffraction methods can, as a rule, determine only
the general presence of the 10 A-manganate phase. In order to obtain a more reliable
determination of minerals belonging to the 10 A-manganates (at least 7 minerals with
clearly different structural parameters), the methods of electron microdiffraction should be
applied in combination with the microprobe determination of the composition (Chukhrov
et al., 1980a-1980c, 1982, 1989).
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4. Separate observations under a microscope of the structural relations of Mn minerals
and their identification by X-ray diffractometry can be, to a certain extent, generalized by
a scheme of stages:

MnCO; — manganite — pyrolusite (I) —
— cryptomelane — 10 A-manganates (mainly todorokite) — pyrolusite (II).

Moreover, manganite, being the unstable initial oxidation product of Mn carbonates, is
mainly found in the autochthonous bedding of the Urkit deposit, whereas in Csdrdahegy
this mineral is not in evidence (Cseh-Németh et al., 1980; Szabo and Grasselly, 1980).

3.2.4. GEOCHEMISTRY
3.2.4.1. The Major Components

The basic information about the geochemical features of behavior of major components
in the zone of formation of the oxyhydroxide manganese and ferromanganese ores of
Csérdahegy is given in Tables 14 and 15 and Figures 45 and 46. The analysis of this data
allows us to draw the following conclusions.

1. Extensive research has established that in the supergene zone the Ti and Al com-
ponents are highly geochemically inert. These features are definitely revealed in the
distribution of relative accumulation (removal) coefficients of these elements in the zone
of oxidation of manganese ores and karst formation:

6Ti and 6Al. The coefficients were calculated from

El — Elyg
0El = By
where El is the content of the element in a given sample; El;g is the content of the element
in sample 18 composed of rhodochrosite-celadinite ore which is assumed as the primary
unaltered substratum (Tables 14 and 15, Figure 45).

It should be emphasized that Ti and Al experience residual accumulation of one main
type, in almost the same way, in rather intensively altered clayey, hematitic, silicitic
(quartz) rocks, where the clayey matter is represented by deeply degraded hydromica with
occasional appreciable admixtures of kaolinite (sample 2).

In manganese and ferromanganese ores of the oxidation zone the weight proportion of
Al and Ti greatly decreases due to the massive supply and accumulation of the Fe and Mn
oxyhydroxide phases. Moreover, the content of Ti in the authigenic accumulations proper
of Fe, Mn oxyhydroxides sometimes does not exceed the determined minimum (< 0.01%
Ti, samples 7V and 9V; Table 14).

2. On the whole, Fe and Mn are rather intensively accumulated in the oxidation zone.
However, if Fe accumulation is fairly restricted in the lower and upper autochthonous parts
of the deposit, the concentrations of this metal within the allochthonous boulder block
are the highest. Contrarily, the largest Mn accumulations, associated with the supply
of 250-360% of the primary amount of the metal, are observed in the lower part of the
deposit (samples 4V and 5V; Figure 45). It is particularly remarkable that in these very
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Fig. 45. Distribution of rela}ive accumulation (removal) coefficients: 8Ti, §Al, §Fe, §Mn, in ores and rocks
of the oxidized zone of the Urkit deposit, Csdrdahegy area. The coefficients were calculated according to:
—El

SEl = E—El—i—;%{ﬂ’ where El is the content of the element in a given sample; El g /37 is the content of the element
in sample 18/37 (rhodochrosite-seladonite ore) assumed as unaltered primary material. The mineral content is
given in ‘Notes to Tables 14 and 15°. Lithology is shown in Figure 44. Legend: 1. Limestone of the ‘Hierlatz
type’, Lower Liassic; 2. Degraded hydromica; 3. 10 A-manganates; 4. Pyrolusite; 5. Cryptomelane; 6. Quartz;
7. Hydrogoethite; 8. Goethite; 9. Upper Liassic weathered limestone.

parts the products of relatively late and mature stages of supergene alteration dominate
cryptomelane and 10 A-manganates, whereas in the upper parts of the deposit pyrolusite
is the principal Mn mineral.

These features of Mn and Fe behavior are confirmed by the distribution of Fe/Ti,
Mn/Ti, and Mn/Fe ratios (Figure 46). As noted above, however, when interpreting Fe/Ti
and Mn/Ti, the extremely low Ti contents should be taken into account as being caused
by intensive Mn, Fe, and SiO, input to the upper parts of the deposit.

3. In the distribution of P/Ti ratio there is a marked tendency to phosphorus accu-
mulation in the oxidation zone, in particular in its upper parts. The anomalously high
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Fig. 46. Distribution of Fe/Ti, Mn/Ti, Mn/Fe, P/Ti ratios in ores and rocks of the oxidized zone of the Urkiit
deposit, Csardahegy area. The mineral composition is given in ‘Notes to Tables 14 and 15°. Lithology is
shown in Figure 44. Legend: 1. Limestone of the ‘Hierlatz type’, Lower Liassic; 2. Degarded hydromica;
3. 10 A-Manganates; 4. Pyrolusite; 5. Cryptomelane; 6. Quartz; 7. Hydrogoethite; 8. Goethite; 9. Upper Liassic
weathered limestone. Dashed line shows ratio values calculated from the analyses marked by ‘Gr’ index.

phosphorus contents (P > 10%) are of special importance, the phosphorus being repre-
sented by X-ray amorphous compounds in clayey rock (sample 12), chiefly composed of
deeply degraded hydromica and quartz (Figure 46).

3.2.4.2. Heavy Metals

The distribution of relative accumulation (removal) coefficients by the example of Co,
Ni, Cu, and Ba reveals notable differences reflecting the geochemical features of their
behavior in the karst type of weathering.

Co is characterized by the most-distinctly defined distribution. The maximal accumula-
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Fig. 47. Distribution of relative accumulation (removal) coefficients: §Co, éNi, §Cu, éBa in ores and rocks
of the oxidized zone of the Urkiit deposit, Csardahegy area (see Figure 44). The mineral composition is given
in ‘Notes to Tables 14 and 15°’. Lithology is shown in Figure 44. Legend: 1. Limestone of the ‘Hierplatz
type’, Lower Liassic; 2. Degraded hydromica; 3. 10 A-manganates; 4. Pyrolusite; 5. Cryptomelane; 6. Quartz;
7. Hydrogoethite; 8. Goethite; 9. Upper Liassic weathered limestone.

tion of metal (up to 157%) is observed in the lower part of the deposit (samples 3 to 5 and §;
Figure 47), in ores containing appreciable amounts of 10 A-manganates and cryptomelane.
Contrarily, in the upper parts, with dominating pyrolusite, hydrogoethite, and quartz, the
removal of the metal is clearly displayed. We may presume that the distribution of Co, as
the element sufficiently sensitive to changes in Eh and pH regimes, describes with greater
clarity the zonality in the development of the oxidation and supergene transformation of
the initial rhodochrosite-clayey ores. In this case, with a certain amount of justification,
we may suggest the possibility of formation of asbolane varieties in the composition of
minerals of the 10 A-manganates (Chukhrov ef al., 1980a, 1980c; 1982; 1984; 1989).
Ni, in contrast to Co, is accumulated throughout the entire deposit, the richest beds of
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which are found in the upper parts (samples 15 and 16; Figure 47) in ores predominantly
composed of pyrolusite and hydrogoethite.

Cu shows no distinct tendencies in its distribution, but the maximal accumulations
(up to 400-600%) are found in the rocks composed of the deeply degraded hydromica,
often with the admixture of goethite, quartz, and occasionally kaolinite (samples 2 and
14; Figure 47).

Ba is accumulated throughout the entire zone of oxidation. The ores of autochthonous
bedding are characterized by higher concentrations of this element in the lower part of the
deposit, which gradually grow toward the center: samples 3/22-4/23-5/24. Accordingly,
6Ba has values of 7.76-8.46—15.13 in the lower part, whereas in the upper part of the
deposit (samples 12/31 to 17/35) §Ba value does not exceed 3.52 (Tables 14 and 15;
Figure 47). The maximal Ba accumulations, however, are observed in the central part of
the allochthonous boulder block (samples 7 and 8).

It is important to note the clearly expressed mineralogical control over the distribution
of the element, i.e., the largest Ba accumulations are in the ores with appreciable amounts
of 10 A-manganates and cryptomelane, whereas in pyrolusite varieties Ba concentrations
are lower. Therefore, the most likely Ba carriers are tectonomanganites, whose tunnel
structure is highly favorable crystallochemically for fixation of such large cations as Ba?*
(ion radius 1.38 A) and Kt (1.33 A).

3.2.4.3. Rare Earth Elements (REE)

In spite of the extensive application of rare earth elements (REE) in the solution of various
geological problems, the information on REE geochemistry in the crusts of weathering
and particularly in the zone of oxidation of Mn ores is scarce and contradictory (Balashov,
1976; Basu et al., 1982; Boiko et al., 1986; Burkov and Podporina, 1967; Cullers et al.,
1979; Duddy, 1981; Geochemistry of elements-hydrolysates, 1980; Haskin and Haskin,
1966; Haskin et al., 1966; Krainov, 1973; Nesbitt, 1979; Piper, 1974; Podporina and
Burkov, 1977; Ronov et al., 1967; Scherbina, 1959; Taylor and McLennan, 1981, 1985).

On the one hand, it was established with sufficient reliability that REE are geochemi-
cally highly inactive, almost immobile in supergene settings, and that they are generally
accumulated in the profile of the crust of weathering even during profound lateritic de-
composition of the parent rocks. It should be also emphasized that REE, as elements-
hydrolysates, are fairly sensitive to pH regime, and individual REE change their modes of
occurrence in accordance with the change of Eh values, and in the amounts of organic or
inorganic complexing agents (Scherbina, 1959; Yatsimirsky et al., 1966). These features
are displayed with different intensity in individual lanthanides and in certain settings may
result in their fractionation.

In this study it is interesting to document to what extent REE reflect the composition
of the source rocks and the scope of their fractionation and of their relationships with the
general evolution of oxidized karst weathering, which is accompanied by the formation
of authigenic Mn and Fe oxyhydroxide compounds.
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REE: Relationships in the Primary Ores and the Products of Oxidation, General
Features of Distribution

The analysis of REE, normalized on North American shale and chondrite meteoritic matter
(Baynton, 1984; Haekin et al., 1966) shows that the general REE distribution corresponds
to their composition in the parent rhodochrosite-clay ores. Moreover, REE distribution
and abundance are very similar in North American and European clay shales, in Paleozoic
clayey rocks of the Russian platform, and in the Post-Archean Average Australian Shale.
The differences are, as a rule, not much above analytical errors (Balashov, 1976; Haskin
et al., 1966; Nance and Taylor, 1976; Ronov et al., 1967; Taylor and McLennan, 1981).

Sample 18/37 (Table 17) of fine-layered rhodochrosite-clayey ore was chosen to charac-
terize the initial parent rock. In a previous paper (Varentsov et al., 1988), it was indicated
that REE content in this sample is typical of the hydrothermal-diagenetic ores of the Urkait
deposit (Grasselly and Panto, 1987) and that REE distribution in these ores is of a dualistic
nature, i.e., the behavior of light lanthanides resembles that of hydrothermal metalliferous
sediments, whereas the heavy REE content reflects the seawater influence (De Baar et al.,
1985a, 1985b).

It is precisely these hydrothermal-diagenetic features of parent manganese ores that are
fully exhibited in the distribution of REE of the weathering products. The ores and rocks
of the oxidation zone are clearly subdivided into accumulations enriched or depleted in
lanthanides, as compared to the source rocks which occupy the middle position in the plots
of shale and chondrite normalized REE values (Figures 48 and 49). The extremely high
accumulation of lanthanides in sample 12/13 is of particular interest, the sample having
a fairly high content of X-ray amorphous supergenic phosphates (P > 10%; Table 17;
Figure 48). These features are yet more apparent in the distribution of REE directly
normalized on source ore (Figure 50).

The major statements are as follows:

1. There is an obvious relation between the extremely high accumulation of lanthanides
and the formation of supergenic phosphates which, in general, characterizes REE geo-
chemistry in the lithogenic zone (Arrhenius and Bonnatti, 1965; Blokh and Kochenov,
1964). In this particular case, however, it is interesting to note the increase in enrich-
ment from the light (La, Ce, Nd) through intermediate (Sm, Eu, Tb) to heavy REE
(Tm, Yb, Lu). In other words, the rather high mobility of intermediate REE, as a
rule extremely inert in the crusts of weathering, can be regarded as a discriminating
feature of the supergenic phosphate formation.

2. The products of supergenic alteration, characterized by the general REE enrichment
(samples 14/33; 2/21; 15/34; 4/23; 11/30), are not enriched in Sm and Eu as com-
pared to light and heavy lanthanides. This feature is particularly apparent in the
autochthonous altered rocks with dominating contents of deeply degraded hydromica,
quartz, goethite, occasionally of pyrolusite, and hydrogoethite. In the most typical
cases, not only Sm and Eu are accumulated, but Ti and Al as well (samples 14/33,
2/31; Figures 45 and 50).

3. The oxidized Mn and Fe ores are the products of karst weathering rather enriched
in REE. Moreover, the general decrease in lanthanides enrichment is observed in
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Fig. 48. Distributiog of shale-normalized rare earth elements (Haskin et al., 1966) in ores and rocks of the

oxidized zone of the Urkiit deposit, Csdrdahegy area. The numbers of curves correspond to the analyses given
in Tables 16 and 17. Lithology and mineral composition see in ‘Notes to Tables 14 and 15°.
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Fig. 49. Distribution of rare earth elements, normalized on chondritic meteoritic material (Baynton, 1984), in
ores and rocks of the oxidized zone of the Urkiit deposit, Csdrdahegy area. The numbers of curves correspond
to the analyses given in Tables 16 and 17. Lithology and mineral composition see in ‘Notes to Tables 14 and
15°.
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Fig. 50. Distribution of REE normalised on unaltereq primary material (rhodochrosite-celadonite ore, sample
18/37) in ores and rocks of the oxidized zone of the Urkiit deposit, Csardahegy area. The numbers of curves
correspond to the analyses given in Tables 16 and 17. Lithology and mineral composition see in Tables 14 and
15.

the transition from autochthonous ores to redeposited varieties. For example, it is
evidently displayed by correlation of relatively low amounts of REE in ores in the
central part of the boulder block (samples 7/23, 9/28, and 10/29) with the fairly
rich autochthonous varieties (samples 16/35, Figure 50). Therefore, the process of
authigenic formation of supergenic Mn and Fe oxyhydroxide phases is not associated
with REE accumulation. In the process of general depletion, however, a tendency is
observed in the distribution of lanthanides which was noted earlier in the products
enriched in phosphates, i.e., a slight increase from light through intermediate to heavy
REE fractions.
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4. The features in REE behavior in the Mn oxidation zone of carbonate-clayey ores (items
1-3) discussed earlier are distinctly exhibited on the profile across the Csdrdahegy
area (Figure 51). The X(La-Lu) distribution implies that high accumulations of these
elements are mostly associated with autochthonous altered rocks and are not typical of
the authigenic Mn and Fe oxyhydroxide phases. The example of £(La-Sm)/(Gd-Yb),
La/Yb, Ce/Yb ratios distribution shown that the autochthonous residual deposits of the
oxidation zone generally accumulate not only XREE, but light fractions of lanthanides
as well. However, the Mn and Fe oxyhydroxide ores, which are associated with an
appreciable input of these metals (Figures 52 and 53), accumulate chiefly heavy REE.

REE: INDIVIDUAL FEATURES OF BEHAVIOR IN THE ZONE OF THE KARST MN ORE
FORMATION

In the group of light REE, the measure of separation of La and Ce is geochemically rather
informative (Figure 52). The analysis of Ce/La ratio distribution implies that the highest
values of the ratio, as compared to source deposits, mostly characterize later oxidation
products in the lower autochthonous part of the deposit, which are chiefly composed of
the minerals of the 10 A-manganates group and cryptomelane. In the ores of the upper
part of the deposit and in the redeposited varieties, the Ce/La values are less than in the
rhodochrosite-clayey sediments.

A similar distribution pattern is observed in the cerium anomaly (Ce/Ce**) having
higher positive values in the ores indicated above (Figure 52). This data can be interpreted
as the evidence of Ce accumulation in a setting of rather high oxidation, in all probability,
in the form of Ce with a high capacity for hydrolysis (Krainov, 1973; Schrbina, 1959).

The distribution of relative accumulation (removal) coefficients of §La and 6Ce, on
the whole, is in agreement with these conclusions (Figure 53). These values, however,
distinctly reveal the extraordinary role of supergenic phosphates (sample 12) as concen-
trators of REE in the process of formation of their residual accumulations in the zone of
karst supergenesis.

In the Ce/La-La/Yb plot (Figure 54), the dots indicating the karst oxidation products
form a cluster around sample 18/37, the parent hydrothermal-diagenetic rhodochrosite-
clayey ore, and notably differ from the average composition of the shales and the sedi-
mentary rocks (Haskin et al., 1966). Such relationships infer a high heritage of REE in
the materials of supergenic alterations of source sediments which is likewise repeatedly
observed in the crusts of more extensive weathering (Boyko et al., 1986; Burkov and
Podporina, 1967; Duddy, 1981; ‘Geochemistry of elements-hydrolysates’, 1980; Nesbitt,
1979; Podporina and Burkov, 1977; Ronov et al., 1967).

Intermediate REE, as implied by Eu/Sm distribution, do not show appreciable deviation
from the values typical of the parent rhodochrosite-clayey ores (Figure 52).

The Sm/La distribution, as a measure of separation of light and intermediate REE,
reveals fairly high values of this ratio in the autochthonous oxyhydroxide ores of the
upper part of the deposit (samples 13 to 16; Figure 52), which are mostly composed of
pyrolusite, hydrogoethite, and quartz. Such relations can be attributed to residual passive
accumulation of Sm with essentially higher migration and removal of La against the
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Fig. 54. The Ce/La and La/Yb ratios in ores and rocks of the oxidized zone of the Urkit deposit, Csardahegy
area. The numbers of the dots correspond to the analyses shown in Tables 16 and 17. Lithology, mineral
composition is given in ‘Notes to Tables 14 and 15°.

background of the general accumulation of LREE (Figure 51). In particular, the common
features in geochemical behavior of light and intermediate REE, by the example of La~Sm
and Nd-Sm, and also the absence of Eu—Sm and Tb-Sm separation in the intermediate
REE group, are exhibited in the direct relation of their concentrations in the products of
oxide supergenetic alteration (Figures 55 to 58).

This statement is also confirmed by the distribution of coefficients of relative Eu concen-
tration (removal) (Figure 53), i.e., their higher values are associated with autochthonous
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Fig. 55. The ratios of La and Sm concentrations in ores and rocks of the oxidized zone of the Urkt deposit,
Csdrdahegy area. See legend to Figure 54.

residual products of supergenic alteration and oxidation, whereas the maximal values are
typical of supergenic phosphates.

Yb, as a typical heavy REE, is characterized by a certain dualistic behavior (Figure 53).
On the one hand, like the rest of the lanthanides only at a less pronounced rate, Yb is
accumulated in autochthonous residual products of supergenic alteration. On the other
hand, this element, having greater migration capacity in this setting, is accumulated both
in redeposited Mn and Fe oxyhydroxide products (samples 11 and 8) and particularly in
authigenic phosphates (sample 12).
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3.2.5. ON GENESIS

The nature of manganese ores in paleokarst is characterized by a certain dualism. On the
one hand, they have affinity with formations associated with leaching of ore components
redeposited by surface meteoric waters, and correspond to typically supergene formations
(Patterson, 1971). On the other hand, in the multitude of ore accumulations, associated
with the activity of crustal ground waters, the karst Mn ores are characterized by the fairly
deep epigenetic nature caused by the high solvent and migration capacities of solutions in
these environments.

Such is the case that this dualistic nature of Mn ore accumulations is definitely exhibited
in the Csdrdahegy area of the Urkiit deposit.

The manganese ore deposit is a large karst cavity in the intensively folded tectonic
structure. The studied section contains a supergenically altered ore sequence, 10-12 m
thick, bedded between the Lower Liassic of the ‘Hierplatz-type’ and Upper Liassic weath-
ered limestone layers. The lower and upper parts of the deposit correspond to the general
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normal sequence of the Liassic Mn ore sediments. The central part of the deposit has an
allochthonous boulder block (3.5 to 4.0 m) and fragments of the redeposited ore material.

On the whole, the deposit has no well-developed profile of weathering. The general al-
teration of carbonate, siliceous, clayey, and hydrothermal-diagenetic rhodochrosite-clayey
protores is not high. The clayey rocks are converted into deeply degraded hydromica-
smectites, partly transformed into kaolinite, with quartz and goethite admixtures, in places
with intensive karst water circulation.

The lower part of the deposit contains a considerable amount of minerals belong-
ing to 10 A-manganates group (todorokite-buserite-asbolane etc., probably, lithiophorite,
etc.) and cryptomelane; in the upper part, the major Mn mineral is pyrolusite. The Fe
oxyhydroxides are represented by hydrogoethite, and occasionally by goethite.

The following general succession of stages in Mn mineral formation is suggested:

MnCO3; — manganite — pyrolusite(I) —
— cryptomelane — 10 A-manganates — pyrolusite(II).

The accumulation of Fe was restricted in the lower and upper autochthonous parts,
but the allochthonous boulder block contains the highest concentrations of this metal.
Contrarily, the largest Mn accumulations, with enrichment up to 250-360% of the initial
quantities of metal, are in the lower part of the deposit.

The ores of the lower part of the deposit are characterized by the maximal accumulation
of Co and Ba, represented chiefly by 10 A-manganates and cryptomelane. This means that,
besides K, the most likely concentrators of these elements are tectonomanganates, whose
tunnel structure, from the crystallochemical point of view, is favorable for the fixation of
such large cations. Moreover, the formation of asbolan varieties can also take place. The
maximal Ni concentrations are recorded in the upper parts, chiefly in the pyrolusite ores.

The REE distribution in the products of weathering is largely inherited from the par-
ent hydrothermal-diagenetic Mn carbonate ores. The X (La-Lu) distribution indicates that
high accumulations of these elements are mostly associated with the altered autochthonous
rocks and are not typical of the authigenic Mn and Fe oxyhydroxide phases. The behavior
of X(Le-Sm)/X(Gd-Yb), La/Yb, Ce/Yb ratios testifies that light lanthanides are accu-
mulated at the same time with the general ¥REE concentration in the autochthonous
sediments of the oxidation zone, whereas chiefly heavy REE are accumulated in the Mn
and Fe oxyhydroxide ores with an appreciable supply of these metals. It is noted with
interest that the highest values of Ce/La ratio, as compared to the parent rocks, are chiefly
typical of later oxidation products in the lower part of the deposit, composed mostly of
minerals of the 10 A-manganates and cryptomelane. In these ores, the cerium anomaly
(Ce/Cexx) has a similar distribution and higher positive values. The obtained data may
provide information about Ce accumulation in the setting of higher oxidation in Ce**
form with an expressed preference for hydrolysis. In the process of such concentration
the leading role belongs to chemisorption accumulation accompanied by the interphase
autocatalytic oxidation: Ce(II) — Ce(IV). The similar reaction mechanism processes also
control accumulation of some transition 3d metals (Mn, Fe, Co, and others) in various
geochemical environments, from crusts of weathering to pelagic regions of the World
Ocean.
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The described data positively indicates that a greater part of the studied Mn ores can be
ascribed to the supergene products of karst formation. The phenomena of karst formation
are based on the fairly well-known interactions between the surface ground water and
the carbonate rocks resulting in their dissolution (Thrailkill, 1968; White, 1984; Wood,
1985):

Corg + 02 - COZ
CO; + H,O — H,COs
H,CO; + Ca, (Mn) CO3; — Ca?t, (Mn?*) + 2H,COs.

The processes of karst manganese ore formation are active in those artesian basins,
where attenuating exhalations take place and thermal waters develop into a system. In
this setting, the ground waters are, as a rule, enriched with fluids supplied from endogenic
sources (SO,, H,, CO,, HCI, HF, etc.); this enrichment greatly increases their reactive
capacity in interaction with the sediments, which are chiefly carbonate rocks. The thermal
springs in the Bakony Mountains are an indirect indication of the role of these factors in
karst formation. Moreover, the presence of SOZ‘ ion, the product of pyrite oxidation,
in stratal waters essentially affects the dissolution process of carbonate rocks (Szabo and
Grasselly, 1980).

The next period of geochemical evolution of Mn(II) can be described as a sequence of
oxidation reactions in which the sorption-autocatalytic processes play an important part
(Stumm and Morgan, 1970; Varentsov, 1989; Varentsov et al., 1979).

It should be emphasized that in natural environments, where often the solutions with low
to moderate concentrations of Mn and other transition metals are common, the reactions of
oxidation are the most probable and their sorption and autocatalytic character is revealed
in their pulsating, cyclic repetition. Moreover, at the same time with ion Mn(pyqr), the
ions of heavy and alkalic metals, to a less degree of alkalic earths and REE, can participate
in reaction with similar functions. This statement is particularly valid with regard to the
formation of Co(III)-Ni(Il)-bearing oxyhydroxide minerals of manganese-asbolanes in
the crust of weathering (Chukhov et al., 1980a, 1980b, 1982; Vitovskaya et al., 1984).

The study of mineralogy and geochemistry of the major components, heavy metals and
REE definitely attests that the Csardahegy manganese ore accumulation, as a part of the
Urkiit deposit, was formed after the termination of the Jurassic-Neocomian sedimentary
cycle. Atthis stage of the geological evolution of the region, the essential role belonged to
block movements which were accompanied by extensive supergene alterations and karst
processes.
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3.3. The Giant Manganese Ore Accumulations in Paleokarst: Deposits of the Post-
masburg Region, Griqualand West, Cape Province, South Africa

3.3.1. GEOLOGICAL SETTING

Manganese deposits of the Postmasburg region are related to the largest ones in the world:
reserves of about 3 billion tons recalculated as Mn for the ore, which is of extremely high
quality (> 44% of Mn) (Boardman, 1940, 1964; De Villiers, 1960; Ellison, 1983; Roy,
1980).

The deposit area occupies a gently hilly area of about 400 square miles (1024 km?) with
the absolute altitude of about 4400 feet (1450 m) in the central part of the subcontinent
(Figure 59). The main data on the deposit geology is given in a number of works by
the South African geologists (Beukes, 1973, 1983, 1984a—, 1986; Boardman, 1961,
1964; Button 1976a; Button and Tyler, 1981; De Villiers, 1956, 1960, 1967, 1970, 1983;
Grobbelaar and Beukes, 1986; Songe, 1977; Van Schalkwyk and Beukes, 1986).

The major role in the geological structure of this region belongs to the relatively
slightly metamorphosed sediments of the Lower Proterozoic Transvaalian Supergroup
(2500-2100 Ma) with an initial maximum thickness of about 12 km, developed on the
Kaapvaal craton in the structural basin Griqualand West (Beukes, 1983, 1986). The
stratigraphical scheme, based on relatively recent works and adopted by the Geological
Survey of the South Africa, is used in our work (Beukes, 1983, 1984c, 1986, 1993;
Grobbelaar and Beukes, 1986; Songe, 1977; Van Schalkwyk and Beukes, 1986). For the
deposit area the works by Beukes (1983, 1986) were used as a basis for the scheme. These
works considerably defined as a whole the regions of Griqualand West and Transvaal
stratigraphic units, suggested by the South African Committee for Stratigraphy (1980).

‘Wolkenberg and Buffalo Springs Groups (protobasin stage) are represented by basalt
and acid volcanites, quartz clastites with subordinate carbonate and cherty rocks.

The Wryburg and Black Reef Formations (the beginning of the major transgression)
are composed of shallow-sea quartzites and marine argillites of limited thickness.

The Proterophytic (Cloud, 1976) Transvaal Supergroup includes the Ghaap Group, a
large chemical sedimentary unit, that is unconformably overlain by a mixed volcanic-
sedimentary rock unit, the Postmasburg Group (Figures 59 and 60).

The Ghaap Group is subdivided (from the bottom upward) into the Schmidtsdrif Sub-
group (interbedded siliciclastics and carbonate rocks), the Campbellrand Subgroup (lime-
stone and dolomite), the Asbesheuwels Subgroup (iron formations), and the Koegas
Subgroup (interbedded siliciclastites and iron-formation).

The Postmasburg Group consists of (from the bottom upward) the Makganyene Di-
amictite (unsorted terrigenous rock), the Ongeluk Formation (andesitic lava), the Hotazel
Formation (interbedded iron-formation and sedimentary manganese) and the Mooidraai
Formation (limestones and dolomites).

The Transvaal Sequence is overlain with an angular unconformity by red Paleophytic
beds (Cloud, 1976), the Olifantshoek Group, composed by quartzites and shales, which
builds the Korannaberg fold belt along the western margin of the Kaapvaal Craton.

According to Beukes (1983, 1986) the deposition of the Transvaal Sequence at the Gri-
qualand West region was controlled by three main tectonosedimentary elements (Figures
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Fig. 59. Regional geological map of part of the northern Cape Province, showing distribution of manganese
deposits, unconformity between Transvaal and Olifantshoek Sequences and general structure of the area (Beukes,
1993).

59 and 60): (1) basin type: the sediments were accumalated in the environment of the
shallow water platform basin on the Kaapvaal Craton; (2) structural tectonic localization:
sedimentation took place at the platform edge, located parallel to the Griquatown fault
zone in the south, which then swung northwards parallel to the Korannaberg fold belt;
(3) paleogeographic position: a basin formed along the western and southwestern margin
of the Kaapvaal Craton.
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The manganese deposits considered are associated with sediments of the Early Protero-
zoic Transvaal Supergroup in the northern Cape Province. The deposits of the sedimentary-
diagenetic nature are developed in the Heynskop Formation of the Koegas Subgroup; exo-
genic sediments are associated with the unconformity between the Transvaal strata and the
overlying late Early Proterozoic red beds of the Gamagara Formation of the Olifantshoek
Group. The deposits of the hydrothermal-sedimentary nature are closely associated with
the Hotazel Formation of the Postmasburg Group (see Figure 59).

Manganese accumulations in the Koegas Subgroup are represented by two types:
(1) manganiferous marls associated with the stromatolite-dolomite bioherms and mud-
stones in the lower part of the Heynskop Formation; (2) two beds of oxyhydroxide Mn
ores about 1 m thick, composed essentially of romanechite (psilomelane), and to a lesser
degree pyrolusite, jakobsite, hausmannite, and hematite, intercalating with the Rooinekke
iron-formation member at the top of the Heynskop Formation. It is supposed that Mn
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and Fe ores, altered by supergene oxidation, were initially represented by jakobsite and
hematite. The limited mining of the ores of these deposits is performed in the neighbor-
hood of Rooinekke. The content of Mn in the ores are 35 wt. % and of Fe 25-27 wt. %; the
reserves do not exceed several thousand tons. The manganese marls contain 3—-10 wt. %
MnO and 5-15 wt. % FeO (Beukes, 1993). The manganese carrier is the diagenetic
ankerite with the negative value of §'3C equal to 11%, that indicates the incorporation
of organic carbon during the mineral formation (Beukes et al., 1993). The associated
limestones have an average value of §'>C equalling 5%o, pointing to the fresh water en-
vironment of their formation; the value of 6‘801,0S for limestones is 14%o, for ankeritic
marls 13%. Beukes (1993) assumes that these manganese-bearing marls were accumu-
lated as the primary carbonate sediments in stromatolite bioherms (‘reefs’). Similar marls
were formed due to mixing of carbonate fragments and particles of reefs with terrigenous
sediments, that rimmed these structures. The mudstone was deposited in distal areas from
the source land, where the carbonate material was not supplied. The sedimentation of the
banded iron-formation was an even more distal facies than the mudstones and they were
accumulated at the extreme end of the sedimentary sequence, deposited after the main
transgression.

The manganese ores, associated with the unconformity between the Transvaal Sequence
and overlying Olifantshoek red beds, are developed at the Postmasburg area on the
Maremane dome. This dome (Figure 60) is composed of the Campbellrand carbonates.
Oxyhydroxide manganese ores were accumulated essentially as supergene oxyhydroxide
sediments on the karst surface prior to deposition of the Olifantshoek red beds. Lens-like
pods of braunitic ore were formed in association with chert breccia, that was developed in
areas (Figure 61), where the pre-Olifantshoek erosion surface transected cherty dolomite
units. Bixbyite ores, as a rule, are developed in areas where the paleo-erosion surface
transected chert-free manganese-rich dolomite units. For example, near Lohatlha (see
Figure 60) similar beds occur in the base of the Campbellrand sequence in the dome
core. In some areas the Precambrian erosion surface was exposed for the influence of
supergene factors during later geological epochs (till Holocene). In such environments due
to the destruction of the Precambrian manganese ore beds a great number of clastic ores
were formed, that were accumulated in the modern cavities of the dolomite dissolution
(Figure 61). To the present the majority of similar ores have been mined out and the
remaining reserves are 15 mln t with the content of 30-52% Mn and 9-14% Fe.

3.3.2. GENESIS
3.3.2.1. The General Features

Among geologists of the 1950-1960s and the following years, who studied the iron and
manganese ores of the Postmasburg area, there were some contradictions regarding the
genesis, that reflect the progress in the achievements of the last years. These works
(Beukes, 1973, 1983, 1984a, 1984b, 1986; John de Villiers, 1956, 1960; P.R. de Villiers,
1967, 1970; J.E. de Villiers, 1983; Grobbelaar and Beukes, 1986; Van Schalkwyk and
Beukes, 1986) made a great contribution into the study of the geology and mineralogy
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Fig. 62. Schematic section across a typical deposit of manganese ore in the Western Belt, Maremane dome
area, Postmasburg region, the Northern Cape Province (De Villiers, 1960).

of the deposit. If the factographical part of these works deserves the most attention,
then the general conclusion (J.E. de Villiers, 1983) on the ore origin from so called
hypogenic solutions needs, at least, precise consideration in the light of known geological
information.

At the considered area of the iron ore deposits at Sishen (Van Schalkwyk and Beukes,
1986) and Beeshoek (Grobbelaar and Beukes, 1986), the manganese deposits at Lohatlha
(Boardman, 1964; De Villiers, 1960; Grobbelaar and Beukes, 1986) and the iron and
manganese deposits at Rooinekke (Beukes, 1986; Visser, 1954) are essentially supergene
accumulations. As it was mentioned above they were associated with the period of
weathering and intensive erosion that preceded sedimentation of the Gamagara and Mapedi
Formations of the Olifantshoek Group. In the Maremane dome (see Figures 59 and 60) the
paleokarst erosion surface was formed and regionally developed on the carbonate rocks
of the Campbellrand Subgroup. The relatively hard rocks of the Kuruman iron-formation,
which are resistant to weathering, slid down along this surface and were accumulated in
paleokarst cavities prior to deposition of the Gamagara Formation. A siliceous slump
breccia, called the Wolhaarkop Breccia, occurs at the base of the slumped iron-formation;
the latter is distinguished as the manganese iron-formation (Beukes, 1983a, 1986), in
order to distinguish it from the undisturbed Kuruman iron-formation (Figures 60 and 62).

In a number of works (Beukes, 1973, 1983, 1984a—c, 1986, 1993; De Villiers, 1956,
1960, 1983) it is shown that at the Griqualand West area the manganese and iron ore
deposits form two belts (western and eastern), which extend for 130 km in a submerid-
ional direction from Postmasburg in the south to Black Rock in the north. A small ore
manifestation is known at Rooinekke which is 70 km to southwest from Postmasburg (see
Figures 59 and 60).
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In discussion of the problems of geology and formation of manganese and iron ore
deposits it is necessary to emphasize the special role of the dolomite rocks of the Camp-
bellrand Subgroup, bearing such important functions as: (1) distinct regional reference
layer, over which the younger layers usually were shifted and thrust over during the sheet-
slumping dislocations; (2) as the source of manganese and iron, that were leached from
dolomites, they migrated and were accumulated in karst cavities of these and younger
rocks; (3) dissolution and leaching of the considered carbonate rocks led, in numerous
cases, to the development of slumpings and associated overthrust structures, that favored
the preservation of the commercially important manganese and iron deposits.

3.3.2.2. The Main Manganese Deposits: Bishop, Lohatlha, Glosam, and Kapstewel,
Postmasburg Region, Griqualand West

Manganese mines Bishop, Lohatlha, and Glosam are located between Sishen and Post-
masburg in the center of the Maremane dome (the center of the western belt of manganese
deposits), the Griqualand West region, Northern Cape Province (Figures 59 and 60). These
deposits are rather similar in geological structure, mineral and chemical composition of
the ores (Beukes et al., 1993, De Villiers, 1960; Grobbelaar and Beukes, 1986).

It was mentioned above that manganese deposits of the Maremane dome of the Postmas-
burg region are directly associated with the unconformity between rocks of the Campbell-
rand Subgroup of the Ghaap Group. In those cases, when rocks of the Gamagara Formation
overlay the manganese-bearing dolomites of the Reivilo Formation of the Campbellrand
Subgroup in the central part of the dome (Figure 60), the supergene manganese ores of
essentially bixbyite composition are developed at the base of the Sishen Shale Member
of the Gamagara Formation (Beukes, 1983; Grobbelaar and Beukes, 1986). This rela-
tionship is distinctly distinguished at the Glosam, Bishop, and Lohatlha manganese mines
(Figures 60 and 61).

As it was noted earlier, the main role in the formation of the manganese deposits
belongs to formation processes of karst cavities and depressions and associated processes
of leaching, extraction, transportation, and accumulation of manganese and associating
metals during the erosion break that preceded the Gamagara Formation deposition.

Considerable, to gigantic, deposits of hematite ores were formed when the large frag-
ments and blocks of the formation of deeply hematitized ferruginous quartzites of the
Manganore Iron Formation was accumulated. This formation is the product of the ex-
ogene alteration of the Asbesheuwels Subgroup (i.e., Kuruman and Griquatown Iron-
Formations), composed mainly of oxidized iron minerals, slumped down and loaded into
karst depressions and graben-like basins. The process of slumping and intensive dis-
solution and leaching of the fragments of ferruginous quartzite rocks of the Kuruman
and Griquatown Iron Formations was accompanied by the formation of the Wolhaarkop
siliceous chert breccia, that occurred usually at the base of the Manganore Iron-Formation.

In the central part of the Maremane dome the Sishen Shale, as an integral member of the
Gamagara Formation, occurs directly on the eroded dolomite of the Reivilo Formation.
In this case the paired association of Wolhaarkop Breccia/Manganore Iron Formation is
absent, that is typical for the iron ore deposits. Usually paleokarst basins, depressions and
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Table 18. Chemical analysis of the Bishop, Lohatlha, and Glosam manganese
ores (wt, %) (De Villiers, 1960; Grobbelaar and Beukes, 1986).

no./no. Mn Fe SiO, P Mn/Fe  Notes

1 52.2 8.6 5.5 0.066 6.1 Glosam

2 49.1 10.5 37 0.053 4.7 Bishop

3 46.5 12.6 44 0.046 3.7 Glosam

4 44.8 13.7 37 0.044 33 Glosam

5 39.8 17.5 2.6 0.038 23 Bishop

6 35.1 20.9 2.1 0.034 1.7 Glosam

7 30-32 2224 46  max. 0.05 - avg., Lohatlha

cones with the developed pre-Gamagara erosion surface are filled in with high alumina
clays and low crystalline, structurally poorly organized manganese oxyhydroxides. In
the subsequent geological history of the region these Mn oxyhydroxides were intensively
recrystallized and altered into the accumulations of the bixbyite composition that, as arule,
occurred at the base of the Sishen Shale (Beukes, 1983; Beukes et al., 1993; Grobbelaar
and Beukes, 1986).

The Bishop, Glosam, and Lohathla manganese deposits (Figure 60) differ in irregularity
forms of the karst depressions, developed in the dolomite substrate of the Campbellrand
Subgroup formations. It is supposed (Grobbelaar and Beukes, 1986) that ore formation
and slumping processes are probably associated with the different intervals of supergene
alterations, including processes of supergene leaching, transportation, and accumulation
of ore forming components.

The clearly crystalline bixbyite ores occur in the form of lens-like irregular bodies on the
surface of large cavities after dolomite dissolution at the base of the Sishen Shale. The ores
are distinguished by massive habit and slightly developed stratification. They were formed
owing to intensive recrystallization of manganese, almost amorphous oxyhydroxides and
the alteration processes of the clayey material of shales that filled in the pre-Gamagara
karst erosion cavities (see Figure 61A).

During the later geological periods, after the accumulation of the Olifantshoek Group
sediments and until the Mesozoic Karoo Supergroup sedimentation, a crystallization of
manganese oxyhydroxides proceeded (see Figure 61B) (Grobbelaar and Beukes, 1986).

In the Cenozoic cycle of the regional geological history there was a wide reactivation
of karst structures (see Figure 61C), which resulted in slumping, brecciation, and crushing
with dissolution and redeposition of the earlier recrystallized ore, that led to the accumu-
lation of romanechite (psilomelane) crusts and pyrolusite concretions (De Villiers, 1960;
Grobbelaar and Beukes, 1986). The main part of the manganese ores is distinguished by
a rather high quality (see Table 18). The reserves of the manganese ore of the deposits of
the Western manganese belt are evaluated to 15 mln t with Mn contents of 28 to 50 wt. %
(Grobbelaar and Beukes, 1986).
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The Kapstewel manganese and iron ore deposits are located in the Klipfontein Hills
region, 30 km to the northeast from the Postmasburg (see Figures 59 and 60) near the
Fe-Mn deposits known as Manganore. They are typical representatives of deposits of
the Eastern Belt of the Postmasburg Manganese Field (Beukes et al., 1993; De Villiers,
1960). These deposits, in difference to deposits of the Western Belt at the common model
of formation, are associated with the erosion and karst formation of Fairfield-dolomites
(1-3% of MnQ) of the Campbellrand Subgroup. Processes of Mn ore accumulations were
manifested in the formation of Klipfontein Hills and essentially enriched with manganese
Wolhaarkop chert breccia at the contact of eroded dolomites and overlying Manganore
Iron Formation. The above features of the geological history of the region led to a
considerable part of the manganese ores being represented by detrital type. Some parts
of the Wolhaarkop chert breccia and the associated manganese ores were eroded and
redeposited in the form of conglomerates. The thickness of the conglomerate beds is more
than 5 m.

The iron ores belong to the Manganore Formation. This formation, as it was mentioned
above, is a deeply supergenically altered equivalent of the Kuruman Iron Formation, the
fragments of which were transported owing to slumping into large karst cavities. Due
to these supergene processes, the accumulations similar to the iron ores of the Beeshoek
deposit (Figure 63) were formed. As a whole, the mineral composition of the ores of the
manganese deposits reflects relatively definitely the conditions of their formation.

Braunite usually crystalline, and fine-grained is the major component of ores of the
Eastern Belt. This mineral is registered in the southern and northern parts of the Western
Belt. It should be noted that braunite in difference to other manganese minerals of the
deposit is characterized by relatively high contents of boron (B,0O3 0.5-1.1%). However,
braunite ores (De Villiers, 1960) of a number of other deposits of the world (Kabetsa
de Ferro, East Minas, Brazil; Longban, Sweden; Sitapar, India; Thuringen) are also
distinguished by similar boron concentrations.

According to the data by J. Gutzmer (Beukes ez al., 1993) the deep epigenetic alterations
are distinctly manifested in manganese ores. A considerable part of the ores of the Eastern
Belt is composed by fine- to midcrystalline granoblastic patches and grains of braunite
and hematite, that enclose and substitute large (about 1 cm) grains (clasts) of quartz.

Bixbyite makes up the major part of the ores of the central and southern areas of the
Western Belt. Lower supergene alteration of this mineral in comparison with braunite
should be noted. In ores of the Eastern Belt, bixbyite is rare and always forms intergrowths
with braunite (Beukes et al., 1993).

Partridgeite differs from bixbyite (Fe;O3 > 30%) by having a lower concentration of
iron (Fe,03 < 10%). Partridgeite is little different from braunite at small contents of iron.
The mineral is distributed throughout the deposit; its largest concentration are found at
the southern part of the Western Belt. In the crystalline ore, partridgeite is associated with
braunite, and in the shale it is partially substituted by the ore mineral, it is present together
with braunite, hematite, and often bixbyite.

Hausmannite: Ores composed of this mineral differ by coarse granularity with the size
of separate grains to several mm. They occur in the form of limited, isolated accumulations.

Jakobsite forms ores composing small deposits. Often this mineral is encountered
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Fig. 63. A. Model illustrating the development and distribution of iron and manganese ore deposits of the
Maremane dome during the period of weathering and erosion that preceded the deposition of the Gamagara
Formation. B. Model illustrating the possible distribution of sedimentary environments during the early stages
of deposition of the Gamagara Formation on the Maremane dome (Van Schalkwyk and Beukes, 1986).

in association with fine-grained hematite and romanechite (psilomelane), composing the
oxyhydroxide matter substituted shale or breccia. But in the Postmasburg region the
mutual occurrence of jakobsite with braunite and bixbyite was not found.

Pyrolusite and polianite. Fine-grained pyrolusite is developed in association with
romanechite (psilomelane) everywhere in the deposit. Polianite crystals, their aggregates
and streaks are found in separate, isolated ore accumulations.

The manganates with tunnel structures and the minerals of the cryptomelane, romane-
chite (psilomelane) group are widely distributed at the majority of the deposit and they are
fairly definite products of surface weathering. The supergene alteration of granoblastic
manganese ores was manifested in the formation of variable amounts of fine-crystalline
accumulations of cryptomelane, manjiroite, pyrolusite, ramsdellite, and lithiophorite, re-
placing braunite and bixbyite. The largest accumulations of ores of such composition in
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association with pyrolusite are known in the very northern areas of the Western Belt.

Lithiophorite occurs in associations with braunite, bixbyite, and sometimes with
hematite in the form of fine-grained small flakes or coarse-grained ore accumulations
in some parts of the deposit.

Manganite is present in the form of an insignificant admixture in polianite-pyrolusite-
partridgeite or pyrolusite ores.

Hematite is the major admixture of the ores of the Western Belt. The formation of the
hematite composition is essentially associated with the substitution products of ferruginous
shales or breccias. The gradational and gradual transitions between the unaltered rock
enriched in iron and the pure manganese ore can often be traced (De Villiers, 1960). At
the Eastern Belt, hematite is found in subordinate quantities.

Barite is widely distributed at the deposit. Especially great accumulations of this
mineral are developed within the Eastern Belt. Spotty barite aggregates with idiomorphous
inclusions of braunite and streaks, in which romanechite (psilomelane) is present, are
characteristic. In the manganese ore deposits of the Eastern Belt the barite is usually
associated with braunite ore, depleted by fragments and breccia clasts.

Diaspore and ephesite (Na-margarite) are remarkable components of bixbyite ores of
the central part of the Western Belt (De Villiers, 1960). Usually diaspore fills in interstices
between crystals and bixbyite patches, or it forms idioblastic acicular crystals. Ephesite
occurrence conditions are the same as those for diaspore, but this mineral fills in streaks
as well. The presence of these minerals in Mn and Mn-Fe ores of the Postmasburg region
may indicate the depth of chemical leaching, the decomposition of alumosilicate material
of dolomites and other primary rocks, and the intensity of the processes of their epigenetic
alteration.

Amesite is observed fairly infrequently and usually in association with diaspore and
ephesite. Akmite, albite, and apatite may be present in admixture quantities.

3.3.2.3. Processes of the Manganese Ore Formation

The concepts on the genesis of the ores of the Postmasburg deposits were proposed from
the very beginning of its study (see review, De Villiers, 1960); but two sharply different
points of view were actively discussed later:
1. on the hypogenic hydrothermal origin of the ore-bearing solutions (De Villiers, 1983);
2. onexogenic karst genesis of ores (Beukes, 1983, 1986; Beukes et al., 1993 De Villiers,
1956, 1960; Grobbelaar and Beukes, 1986).

The data given above on the regional geology, ore deposit structure, and geological
settings, and mineral composition of ores show that each of these concepts is based on a
definite set of data. The attempt for generalized uncontradictory interpretation of available
geologic information is made below.

As it was noted, the structure of manganese ore deposits and their tight association
with the dolomite rocks of the Campbellrand Subgroup suggest that the latter is the main
source of manganese. At the Griqualand West region the Mn content in the considered
dolomites is from 0.32 to 1.62% (De Villiers, 1960; Klein and Beukes, 1981). It is
necessary to emphasize that siliceous breccia, in many cases, includes ore bodies and it
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is represented by the insoluble residue of the tectonically crushed, brecciated and deeply
leached manganese-bearing cherty dolomite and associated rocks, including ferruginous
quartzites. Owing to tectonic crushing these rocks became highly porous and permeable.
It favored the circulation of ground water in them. The general increasing of the reaction
surface intensified the dissolution of these carbonate rocks, accompanied by leaching and
deposition of manganese. The Mn deposits were formed both on the eroded surface of
dolomites and in the residual siliceous breccia. The data on the deposit geology indicates
that the composition of ores (Mn, Mn-Fe, and Fe) was sufficiently definitely determined by
the lithology of primary rocks (Mn-dolomites, Si-dolomites, Fe cherty quartzites). Thus,
the tremendous volumes of dolomite rock, altered into porous permeable accumulations,
were subjected to dissolution with the removal of manganese that was accumulated with
the formation of ore deposits in the corresponding environment (with relatively oxidizing
Eh).

Major iron ore deposits of this region — Sishen and Beeshoek — were formed as a result
of deep hematitization during slumping of the Manganore Iron-formation material under
the effect of supergene solutions. In some places the slumped units of the iron formation
were perfectly preserved between the cherty dolomite of the Klippan and Klipfontein-
heuwel Formations of the Campbellrand Subgroup. In those areas of the Maremane
dome core, where the unconformity surface between the Gamagara Formation and the
Transvaal Supergroup transects the manganese-bearing dolomite of the Reivilo Forma-
tion in paleosinkholes and large depressions, the manganese oxyhydroxide accumulation
took place. These Mn oxyhydroxides were structurally low organized and almost amor-
phous. Later they were deeply recrystallized and altered (Figures 61 and 62). Thus, the
major manganese deposits of the region (Lohatlha, Bishop, and Glosam) were formed.

Transgression, that followed this significant break, resulted in the deposition of the
sediments of the Gamagara Formation. Screes, that were supplied from the surrounding
ridges and uplifts, were accumulated in the form of hematite pebbles, and alluvial pebble
fans, occurring at the base of the Gamagara Formation. Such hematite conglomerates
constitute an essential part of the iron ore reserves of the regarded region (Beukes, 1986,
1993; Button, 1976). During the following geological epochs to the present time there
was a repeated activation of paleosinkholes, where slumping products were accumulated
and the supergene enrichment of the earlier ore sediments and the Gamagara Formation
rocks took place.

It is significant, that the Gamagara Formation is a correlation equivalent of the Mapedi
Formation of the Olifantshoek Group (Beukes, 1983, 1986, 1993), that allows one to
consider the iron and manganese ore deposits of the Postmasburg-Sishen region to be
practically synchronous accumulations (see Figures 60, Section, and 63). The formation
of these deposits was controlled by factors close in their nature, during the transitional
interval, from the Proterophitic to Palaephytic Periods, which according to Cloud (1976)
were the times of evolutional changes of the atmosphere from reducing to relatively
oxidizing conditions. Such transition took place approximately in the interval from 2200
to 2100 Ga (Beukes, 1983, 1986, 1993), because the absolute age of the Ongeluk/Hekpoort
lavas of the Transvaal Sequence is 2224 + 21 Ga, and the Hartley lava of the Olifantshoek
Group is 2070 + 90 Ga.
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Consequently the favorable combination of such factors as the composition of parent
component-bearing rocks, structural position of the region, features of the geological
development, and the extremely favorable time interval in the geochemical evolution of
atmosphere for leaching, extraction, transport, and accumulation of Mn, Fe, and associat-
ing elements determined the development of such a tremendous and extended ore forming
process in the Earth’s history. In later works (Holland and Beukes, 1990) the dating of the
transitional interval from the reduction to essentially oxidation atmosphere was loosely
defined. The beginning of development of relatively deep oxidation of rocks of the Ku-
ruman Iron Formation is evaluated to be about from 2.2 to 1.9 Ga. It should be noted,
that in the unaltered form, the Kuruman Iron Formation is composed of siderite, ankerite,
magnetite, greenalite, and quartz. Such relatively deep oxidation (hematitization) of these
rocks may be explained by the presence of relatively increased O, content with a partial
pressure of > 0.03 atm in the atmosphere during the accumulation of red sediments of the
Gamagara Formation. Such partial pressure of O,, as considered by Holland and Beukes
(1990), noticeably exceeds the value, calculated for paleosoils developed on basalt (age
> 2.2 Ga), but it corresponds to the relatively high oxidation of the soil of the Fun Flon.
According to the data of these authors the partial O value increased dramatically from 1%
of the present atmospheric level (PAL) to > 15% PAL between 2.2 and 1.9 Ga (Holland
and Beukes, 1990).

At the same time it is necessary to emphasize that the association of main ore minerals,
in the composition of which braunite, bixbyite, and to a lesser degree hausmannite and
jakobsite predominate, has a dualistic nature. It may be regarded as either relatively high
temperature or as reflecting the relative reducing conditions, under which the Mn(IV)
compounds could not be formed. If as in the iron ores of the Beeshoek and Sishen deposits
(see Figures 60 and 63) the main mineral is Fe(III) oxide~hematite, then minerals of Mn(II)
and Mn(III), but not the primary (Proterozoic) minerals of Mn(IV), dominate in the
composition of manganese ores of the Precambrian age of the Postmasburg region. Such
minerals as pyrolusite, romanechite, cryptomelane, and others are relatively late supergene
products, formed in the place of older and less oxidized varieties. In the environment,
when the content of O, in the atmosphere during the accumulation of the Gamagara
Formation was about > 15% PAL (Holland and Beukes, 1990), oxidation of Mn(II) in
karst solutions took place only to Mn(III), that corresponds well with experimental data
(Hem and Lind, 1983; Murray et al., 1985), thorough discussion of which is given in the
following chapters.

Manganese compounds in comparison to iron are relatively sensitive to the Eh regime
variation, determined mainly by the concentration of dissolved O, in component-bearing
solutions. Itis illustrated in the transitional zones from oxygen poor environments to water
masses with normal aerated regimes of O, in oceans and other modern basins (Landing
and Bruland, 1980, 1987). In paleobasins the illustration of such control may be the
distribution of Mn forms in ores of the Famennian manganese ore basin of the Central
Kazakhstan (Varentsov et al., 1993). If in relatively deep water and stagnated environ-
ments, for example at the area of the Karazhal and Ushkatyn deposits the compounds
accumulated were essentially of Mn(II) and Mn(III) braunite and hausmannite ores, then
in the well-aerated shallow water environments were chiefly formed minerals of Mn(IV):



Manganese Ores in Karst 183

romanechite, cryptomelane, coronadite, and pyrolusite ores with similar hydrothermal
sources of ore-forming components. At the same time it is obvious that for adequate ge-
netic interpretation of the data on mineral composition it is necessary to take into account
that ore enclosing rocks are altered to stages of deep epigenesis-early metamorphism.

Similar sets of minerals in Mn deposits in India indicate high stages of metamorphism
that corresponds well with the mineralogy of enclosing rocks (facies of mica schists-
granulites, and gneisses). However, in the regarded case, the enclosing rocks at the
Postmasburg region are extremely weakly metamorphosed. Relatively high concentrations
of lithium in bixbyite and lithiophorite, boron in braunite and other components may be
considered as indirect indications of endogenic influence on the chemistry of ore-forming
solutions that leached manganese from the dolomite layers. The mineral composition of
ores that were not altered supergenically, allows one to consider that manganese in the
solutions was transported in the form of Mn(II) and the oxidation of this metal to Mn(III)
took place with relatively low oxidation values of Eh (relatively low concentrations of
dissolved Q). It is important to note too that ore deposition proceeded both as the result
of substitution of the enclosing rocks and owing to the accumulation in different cavities,
channels, or ore traps. The deposit structures indicate that the manganese mineralization
was developed prior to and after the Carboniferous glaciations of Dwika-Karroo, including
the Cretaceous or later erosion cycles.

As it was noted above, a rather considerable part of these ores may clearly be attributed
to residual sedimentation, and infiltration deposits in karst cavities (Figures 61 to 63)
of the carbonate Cambellrand Formation (Beukes, 1983, 1986; De Villiers, 1956, 1960;
Grobbelaar and Beukes, 1986; Songe, 1977; Van Schalkwyk and Beukes, 1986). The
presence of such a mineral as diaspore in products of deep leaching may be indicative of the
decomposition intensity of the primary alumosilicate components. The known geological
data is not contradictory to the idea that the process of interaction of vadose solutions
with the enclosing rocks and the formation of spatially separated accumulations of oxide
minerals of manganese and iron could take place in arelatively wide geochronological span
(about 2000 Ma), including after intrusions and the formation of the Bushweld intrusive
complex. In the later cases the formation of ores, composed by some coarse-crystalline
manganese and iron oxides, could take place from heated metal-bearing solutions, the
bases of which were subsurface waters of the meteoric origin. The metamorphogenic
alteration of ores to products, represented by braunite and bixbyite in association with
specularite and muscovite-like mineral ~ ephesite — took place owing to the intrusion of
‘bostonite’ dykes and sills (Sénge, 1977).

Thus, the regarded type of karst sedimentation of the residual-infiltration manganese
and iron ores is associated with the wide development of exogenic processes in the
time predominantly of an erosion hiatus. During these intervals there was leaching and
consequent concentration of Mn and Fe from dispersed amounts, available in underlying
beds. In the dolomite formations, belonging to the Campbellrand Subgroup (Beukes,
1983, 1986, 1993; Klein and Beukes, 1989; Songe, 1977) there is about 0.5% of Mn. In
the overlying ferruginous-chert formation of banded jespillite ores of the Asbesheuwels
Subgroup (Griquatown Formation) the concentration of Mn is 0.3%.
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It is important to emphasize that in the optimum set of factors favoring the formation
of considerable supergene deposits of manganese a rather essential role belongs to the
primary parent rocks initially enriched with Mn as the source of ore matter (i.e., protore).
The analysis of data, presented in the work by Klein and Beukes (1989) on average
chemical composition of rocks of the Transvaal Supergroup and recalculated by us for
the comparison with the average composition of sedimentary rocks of the Earth’s crust
(Tables 19 to 21), allows us to note a number of important geochemical features.

The carbonate rocks of the Campbellrand Subgroup (Gamohaan Formation), repre-
sented by carbonate, limestone (MC), and dolomite (MD) micrites are the sediments of
relatively shallow water marginal basins. Relatively high average concentrations of Mn:
0.515-0.552 wt. %, are characteristic for them, that approximately in exceeds the con-
tents of this element in carbonate and clay rocks of the Earth’s crust by five times (see
Table 19). The terrigenous clastic components of carbonate rocks of the Campbellrand
sequence, judging from the ratio values of Ti/Al (< 0.022 to 0.051) and Zr/Al (0.003 to
0.004), differ slightly from the average composition of sedimentary rocks of the Earth’s
crust (Tavekian and Wedepohl, 1961). This conclusion is confirmed by the distribution of
ratios of a number of heavy metals to Zr as the geochemically inert element in sedimen-
tation and supergene ore formation environment (Cr/Zr, Co/Zr, Ni/Zr, Cu/Zr, Zn/Zr, see
Table 20).

However, the relatively high values of the ratio of As/Zr (0.601 to 1.231) and Se/Zr
(0.012) exceed in 1-2 orders of magnitude the similar characteristics in carbonate and
clay rocks of the Earth’s crust, and may be considered as an indication of significant
role of hydrothermal exhalations in this sedimentary basin. In other words, the above
increased concentrations of Mn are genetically associated with high concentrations of
As and Se; this is characteristic for a number of intracraton manganese-bearing basins
in geological history: Tertiary Mn deposits in the southwest of the U.S.A., Famennian
manganese-bearing basin in Kazakhstan, etc. (Koski et al., 1989; Varentsov et al., 1993).
The features of REE distribution in the regarded rocks (see Table 21) do not contradict
these conclusions.

Rocks of the ferruginous quartzites (mainly the Kuruman Iron Formation) are repre-
sented by essentially oxide (rich in magnetite) and carbonate (rich in siderite) varieties.
Extremely low concentrations of such clastogenic elements as Ti (< 0.020 wt. %), Al
(0.035-0.052 wt. %), and Zr (19.0-31.8 ppm) are characteristic for these sediments, that
is in 1-2 orders of magnitude lower than in clays, and shales of the Earth’s crust (see
Table 19). In the distribution of REE the value of ¥(La-Lu)=3.853-4.132 ppm is of spe-
cial interest, and it is in almost two orders of magnitude lower than the similar parameter
for clays, and shales of the Earth’s crust (see Table 21). Values of the ratio of Eu/Sm =
0.386-0.401 are 1.5-2.0 times higher than in clay rocks of the lithosphere and they are
close to the corresponding ratios for hydrothermal metal-bearing sediments of the World
Ocean (Fleet, 1983; Klinkhammer et al., 1983; Varentsov, 1993; Varentsov et al., 1991).

Thus the regarded sediments of iron ore formations are chemogenic hydrothermal-
sedimentary accumulations equivalent to the modern metalliferous sediments. Major
parameters of the Early Proterozoic sedimentation are registered in the features of their
occurrence, structure and mineral and chemical composition. As in numerous later basins



"(I1)3d JO UonEpIX0 J0J PAIIALI0D pue IQD pue (4 )OTH FUIPNIOUL SAUE[OA = “TOA wuxx

"PaUIULIA)AP Jou anfea suesw aoeds uadQ, .,

*SJUSW]D ISOW JO 93RISAE UI PISD SISATRUR JO JAQUINU = N],,

-onukd sreys = 4§ ‘snourdniuay ‘opeys = S

Sn03JBUOGIED JfRYS = DS ‘S[eYS = § ONIUO[OP ‘NUDIW = (A ‘SNOATRI[EI ‘AILIdIUI = DA ‘UOIBULIO)-UOIT PIapueq SNLISPIS = §¢ ‘UONBULIOJ-UOII Papueq = g :9p0J SAde.],

Manganese Ores in Karst 185

$S0°0 6000 LSOO SY00 ¥£0°0 LT00 €200 00> 150°0 $8€°0 1.50> IVAL
€01°0 6870 81070 6£0°0 $00°0 8000 S10°0 LTT0 §740] €100 2000 /U
€9 8€°0 wy TS LL'TT £r'6l 1S°11 €T v1T ze6l ¥$'6C (o)ag
- - - 8014 SL9T SSy 16°¢ €750 9880 0800 T100 o)
€1°0 o Y20 S7A| S1'91 S0 9ET'Y 90%°0 1LS0 800 TI00 S
- - - TT91 8L 917T LY'SI $8°6¢ 01°s¢ 68°EC WL wnnxlOA
- - - S1°0 €0 0 0 60°0 80°0 80°0 SO0 (-)O™™
S0 Y00 LOO Y€0°0 1€0°0 €00 ££0°0 ¥20°0 LEOO LTO0 8400 d
ST LTO 997 LOSE 1671 £€0°0 69€T 01$0 0150 LI00 700 b |
00 Y00 96°0 881°0 SLOO 7200 ZE1°0 0200 $20°0 €100 S100 eN
67 £20€ 12 LEO9 £SH'T (4449 LLTS S0T61 60%°1€ LT8¢ $S0°T e)
01C Ly ST 0L6C 24! ¥10°S €L0E SYT 01 or1l 780°¢ 1Tl 3N
L90 1o $80°0 Y020 ¥80°0 SS1°0 0L1°0 7550 SIS0 0ST0 1L0°0 (IDuUN
- - - 1T°S LLTT €161 IS11 €T y1°T ¥S'81 y9€l (ID°d
- - - 680 68°S1 (a4
v'8 (a4 08 LS 88L°¢ 0209 0s0'S S16°0 8801 7500 S€0°0 v
9%'0 00 910 7€T0 €10 910 811°0 0200 > 950°0 0200 0z0°0> 1L
0T v'T €L 0022 (A% Or'l1 6781 se'y A L981 0L12 1S
- - - 9 4 z o1 v 8 9l 6 N
SJUBWIPAS
Kafepod SY001 UOBULIOJ-UOIT
evas-daag ajeuoqIe) skep) oS ds N areys an O sd papueq 3pIXQ x

(% W) (1961 ‘[yodapapy pue ueyaIn]) UMoys si S)SIID S, 1Iea ay) JO sjun ofews WIOS UL SJUSWIALD Y} JO JUSIU0D d5eIane
oy uostredwioo 104 (6861 ‘saxnag pue utaly) (DS) A[eYS SNODLUOQIED PUE () 2feys YoL-aukd “(4S) areys snou1dnuay ‘afeys () NWOOp ‘(D) suoIsawl] (Sg)
UOYJBILIO} UOII SJLISPIS ‘UONBULIOJ-UCH 3PIX0 By yinog ‘dnoiSiodng [eeAsuel], 210Z012joid Alreq ay) Jo sa130[0yN] SnOLEA ay) JO suonisodwod aferaay "] 9[qelL



186 Chapter 3

*61 9IQEL 35 ‘5p03 SILIL S310U IO

000 0000

2000 000 000 7000 0000 €000 000 1900 PS00 < Wiz
£€00 Lo SE00 6£00 Lo SLOO 6100 9Ero< LLOO 6510 $60°0 < wz
EEEST 9750 STt T 80€'1 05T0> 8LY'8 8¥9'1 9641 £96°0 > 08’1 > IZred
1000 0100 6000 8500 S61°0 €00 6780 6100 00 $00°0 L100 IZ/as
L9%'0 9z¢'0 700 €100 - 1000 8¥0°0 990 £90°0 6800 L600 1z
1000 000 000 0200 LO0 T100 w10 1o Ti00 90070 > 0100> ZRS
L80°0 €500 1800 9011 £L9'Y L9€0 P8’ 1090 €71 89¢°0 7800 IZIsY
oor't £50°1 650 Sov'T 9Er'l 901 0g6’L EELO> et 2080 Siet Z/ez
1991 0170 1870 L0 S0s'1 sTro 14147 EELD €790 wyo> 68L0> br/ie]
0081 £50'1 [¥441) ors’l 68b°1 Lie'l 0ge’9 LEE'T Is11 1260 6L5'1 TZI'N
E6v°0 S00°0 6110 6SE0 WE0 wTo 68¢°1 910 w010 8100 6100 IZ/oD
0090 6L5°0 950 1671 090 6LT'1 L'y Lé6¥'0 9170 w010 8910 ZI
€1l (44 Le 65t wT sLe 691t L9v0 8960 $E00 0oro n
oL (A 0Tl €£TL01 658 9pl 990'11 TIE'l 90T w010 6900 uL
u X110 u X100 80 ST80 SLSO 60'1 8780 7600 070 $T00 0800 BL
|84 €0 8T S06'T $09°T 69°¢ 00t 91¥0 L8O 000 0r0'0 JH
00£T 001 08¢ (4344 €Tl 0g> 1's61 oSy (444 0og> og> A2
09 u X 10 (XY 658 (144 £T0 09 8L0 101 LTo 970 Lol
o1 70 vl (149 €E81 8¢ LsL 150 £6'0 910 w0 qs
14 €0 1 el (4! ST SEl T8 L8 VL oL qN
01 61 091 868 6 (174 0€T €L 6y 483 061 zZ
06 0t 092 62 61 (314 §'sT 9 so1 8e 8y A
081 019 00¢ 8'€T (31} 6 81 Loy 6'1S €6 6L s
ool oe orl L01 SL s61 Ieg (434 oLe 681 (4714 Qi
0oL 9 oy Ul - 80 ort T8l 08T €8T S8l E: |
LTo 80°0 90 w1 L 'l e %o €S0 o> o> £
€l o1 €1 €66 13743 v SEEl 91 8TS o L1 sy
$91 0T <6 91T Sel LTl v'T81 o> LS ST (14 vz
0sT 14 194 899 (84} ¢l o'6L 00T 897 1> s1> Ls]
1544 (174 89 £8EL oyl 8s1 Lyadl £9¢ 1414 6T ooe IN
L 0 61 we SOpE S0'6T S6'1¢ 66'¢ 9ty 650 Lo L]
06 " 06 £6'SHT $5°9¢ SIvl L1601 9s°El 676 £TE 0oTe D
o1 114 0gl 0s1 051> 081 S91 051> os1 > 0s1> ost> A
61 o1 2 901 6L9 907 3283 T 69'1 170 £ro £
- - - 9 T T 01 14 8 91 1 wone OF
s1uawipas Aaked $}204 UONBUWIOJ-UOIT
eas-daoq Ruiclie] ske|y o}y ds EN aeys an o126 sq PapuEq pIXO x

“(wdd) (1961 ‘[yodopam pue uerain])

UMOYS ST ISILIO S, 1183 9} JO SHIUn Jofewr SwIos Ul SJUSWI[S 3B Ay} JO Jupuod a8eraAe 3y uosueduwiod 10 *(SR6T ‘saynag pue ulsry) (OS) sreys
SNO3JBUOGIED PUE (JS) Sreys You-auAkd ‘(IS) s[eys snourdniiaj ‘areys ‘(Q) AMWO[op (DIA) duoisawi] ‘(Sg) UONBULIOJ-UOII JJLIDPIS ‘UOTIRULIOY
-uoJI 9pIX0 BOMJY ynog ‘dnoiSradng [eeAsuel] 910Z013J0IJ 3y} JO SASO[OYI| SNOLBA UL SJUSWI[S 30BN JO JUAUOD afeIGAy ‘O 9[qelL



Manganese Ores in Karst 187

(9961 1P

12 UP{SEH) 9[eyS WedLISUIY YUON S} Ul SJUajuod Jiay) are “PUSpN] pure *?1P4Sey <3RSy (£Zo10yI1] 9Y) UL SIUSLIA[A JO SIUIUOD JY) 218 PN pUe ‘B
‘9D araym ‘[PPYSpNY/PN + TPWere1)/[ P4 /eD€] = *9)/a) :Aq pare[nores sem ATELIOUR WNLD JO 3N[RA YL "6] S[qEL Ul 335 9pod Saloe],

6£€°1C 18L°CC S00'8C 0SE'Ly  TOTLT L10°0¢ 1LT1e  LI%OE - - (nTng)/(ws-eT)

$S1°0 98¢0 £91°0 091°0 981°0 891°0 8¥C°0 8810 98¢0 10v°0 wg/my

0L9°91 £SETT 090'vC STTLY  8LL'TT 6L09C 9v8'CE 001'8C 80S'8 960°L qA/3D

°W69°L LS80l LISTL  ¥98¥%1 15S°C1 106°C1 67901  ISLTI  1€0°6 eS8 ws/eD

¥S1'9 1LS'S £95°9 wo's 8069 7889 14429 8069  TET9 1119 ws/e

geeel ILy11 L19T71  0S§°'ST  LeSTI 116°¢l L1961  TCTST  TLY'S 080°S qA/E]

6€L°0 000'1 s0°1 6061 S0e'1 SSL0 £96°0 900'1 - - *3Df3D)

0sT'1 6v6'1 LO6'1 8v8'l L1811 SLY'T LT8'1 9p8'1 6¥¥'1 L6E'1 LaTCe]

001°'s¢ £'991 61801 69066 TE90El  ¥SBOII  9TSvC  L9v'8E  CEI'Y £68'¢ (n1eDx

0L0 090 1224V 691°0 8S¥°0 ee’o 050°0 010  TS00 290°0 ni

0¢e e ELIT SHO'l Le £50°C £1e0 8¥9°0  T¥CO0 197°0 qx

060 0e'l £ES°0 £0e°0 £9¢°0 w6v0 SE1'0 0610  TYOO 870°0 qaL

01 0c 089°0 (43¢ 1160 L69°0 7970 6970 8800 L80°0 nq

$9 oL LLT'Y [4%3 6V oSty 950°'1 8l 8¢C0 L1T0 wg

€T LE £86°0T  S9°LI SL'ST 0£0°1¢ 0se’s LSL'L - - PN

0s 9L €8TCS  St6P S19 orS'es  0TTIT 60781  6S0°C (430 D

14 6¢ LI¥'LT L9t G8'EE 09$°8¢ or1'9 ¥98°6 vl 9te’l L8t

- - 9 [4 [4 01 4 8 91 6 wx OU

(sareys pue safeys

skepo) syd01 uesusury uopeuLI0}-UoI

Areyuswpag YHON oS ds a8 Sreys an O sd papueq apixQ *

eoujy yino§ ‘dnoifradng [eeasuel], 510zois)old Apreq ayp Jo SIISO[OUI| SNOLEA Ul SJUSWS[A YL Srel JO Judjuod sferaay

(2961 ‘AopeiSourp ) (safeys ‘sKe[d) sy00I AIejuawipas ay) ul pue (996 |
‘Un{SeH) S[eys UedusWY YLUON U3 ul Iy Jo Juasuod afesae ay) umoys st uostredwiod 10 ‘(S861 ‘saynag pue udy) (OS) 2[eys snoajiuoqres
pue ‘(dS) areys you-ajuAd ‘(JS) areys snowrdniiaj ‘areys ‘() Auo[op (DN) duoissul] {(Se) UOHBULIOJ-UOIT LIIPIS ‘UOHBULIOJ-UOIT IPIXO

17 °lqeL



188 Chapter 3

the sporadic contribution of Mn and Fe to the sedimentation zone was determined by
the dynamics of development and distribution of the major parameters of the supplying
hydrothermal system: convection, temperature gradients, Eh, and pH. The supergenic
alteration of rocks of the Kuruman Iron-Formation and the Griquatown Iron-Formation
was the next most important factor in the formation of the tremendous iron ore (hematite)
karst deposits Sishen and Beeshoek.

Cycles of essentially supergene leaching from dolomite rocks and deposition of man-
ganese, and to a lesser degree, of iron were observed at the territory of the Transvaal
basin repeatedly during 2000 Ma. Such a long history of the wide development of erosion
breaks and the governing of supergene environments was reflected in that manganese
oxyhydroxide minerals were distributed essentially to the depth of about 100 m in the
hydrothermal-sedimentary accumulations of the Hotazel Formation, whereas the haus-
mannite predominated in ores, observed at depths, exceeding 400 m (De Villiers, 1983).
In other words the wide development of supergene (or activity associated with the ground
water) alterations of hydrothermal-sedimentary deposits of ores of the Hotazel Formation
took place except manganese and iron mineralization associated with karst events (De
Villiers, 1956, 1960, 1983).

3.4. Manganese Ore Deposits of North Africa: Imini, Morocco

3.4.1. GEOLOGICAL SETTING

The Imini deposit is located in the zone of Pre-African tectonical suture, dividing the region
of the High Atlas in the north and the region of Anti-Atlas in the south in the form of a
narrow band. This geosuture zone is characterized by the development of a number of Mn
deposits of a supergene karst nature (Beaudoin et al., 1976; Bouladon et al., 1956; Pouit,
1964, 1976; Vincienne, 1956). Primarily these deposits of continental and sometimes
marine genesis are represented by subhorizontal bodies, occurring unconformably on the
Precambrian basement (western areas) or on the Paleozoic rocks (eastern areas).

A wide and contradicting spectrum of views has been suggested on the origin of
oxyhydroxide Mn ores of this zone: from supergene, karst concepts (Beaudoin et al.,
1976; Bouladon et al., 1956), sedimentary and hydrothermal-sedimentary (Jouravsky and
Pouit, 1960; Pouit, 1964, 1968, 1976) to the recognition of the critical role of mixing of
the ore solutions supplied from the zone of the supergenesis and ore-bearing solutions
from the stagnant oxygen-free deep ocean basins (Thein, 1990). Such a situation makes
the author adhere to the factographical basis in the interpretation of the available data.

The Imini ore deposits are situated at the southern margin of the geosuture band in the
zone, characterized by several phases of secondary supergene mineralization, revealed in
the lithofacies plan as the border of the transgression distribution in the northern province.
The lower ore-bearing level is represented by the Cenomanian—Turonian dolomite se-
quence, occurring on the transitional sediments: Infracenomanian and Permo-Triassic,
beds of clays and sandstones to conglomerates. Sometimes dolomites occur outside this
transitional sequence on the basement, represented by the Ordovician crystalline schists
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Fig. 64. Section of the Upper Cretaceous sediments, enclosing manganese ores, Imini deposit, Northern Africa
(after Beaudoin et al., 1976).

or on volcanogenic-sedimentary rocks (Precambrian III). The thickness of the consid-
ered Cenomanian—Turonian sediments increases gradually and steadily to the north from
10-12 m near the deposit to 20-25 m in 8 km to the north (Figure 64).

Ore deposit structure and occurrence features. The ore deposit is represented by three
beds: the first and second beds are usually separated or form an almost single body in
the section (see Figures 64 and 65), consisting of these two superimposed accumulations;
they occur at the base of the dolomite sequence. The third bed is developed to the north
of the area of characteristic manifestation of the first two beds.

Mineral composition. The ores are mainly composed of oxyhydroxides. The predom-
inant mineral is pyrolusite, occurring in the form of clearly developed fibrous aggregates.
The tectonomanganates of the tunnel structure are widely distributed minerals. Romane-
chite (psilomelane)—cryptomelane type minerals are usually represented by amorphous
or cryptocrystalline accumulations: cryptomelane proper (with contents of K typical for
it), hollandite (Ba), coronadite (Pb), and X-ray amorphous wads. Lithiphorite, hematite,
goethite, and martite are present in subordinate amounts. The information on mineral and
chemical composition of ores is generalized in Table 22.

In the work by Beaudoin et al. (1976) the supergene alteration of the Cenomanian—
Turonian dolomite sediments is especially emphasized. It is fairly intensively developed
at their base at the level of the first and second manganese ore beds. The authors point
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Fig. 65. Scheme of manganese ore sequence structure, Imini deposit, Northern Africa (after Beaudoin et al.,
1976).

that the alteration has the karst nature. The development of karst structures controls
the major features of manganese ore mineralization within the deposit. There are several
types of alterations: (a) alterations with preservation of relatively unaltered rock structure;
(b) alterations, associated with dissolution and filling in of cavities; and (c) alterations,
associated with epigenetic (secondary) redistribution of manganese and iron. It should be
noted however, that the concepts on the leading role of karst processes in the formation
of manganese ores of the Imini deposit (Beaudoin et al., 1976) contradict the views
of some French geologists, adhering to traditional concepts on sedimentary genesis of
these ores (Jouravsky and Pouit, 1960; Pouit, 1964, 1976). Pouit (1976) criticized
the karst hypothesis. In the work by Thein (1990) on the basis of detailed geochemical
investigations and the analysis of microfacies of the carbonate section of the Cenomanian—
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Turonian region of the High Atlas, Morocco, there was an attempt to relate the origin of
high grade manganese ores of the Imini—Tasdremt region to the processes that took place
in the zone of mixing of oxygenized stratal waters of meteoric origin and reduced sea
water near the shore. Ore forming metals were contributed by solutions, associated with
continental weathering and owing to events of remobilization from oxygen-free deep
water ocean basins. Recognizing the complexity of this problem and the possible role of
sedimentation processes in the formation of relatively early generations of romanechite
(psilomelane)—cryptomelane ores, it is necessary to display the essential data, on which
the conclusions on karst genesis (Beaudoin et al., 1976) is based.

3.4.2. ALTERATIONS WITH THE RETAINING OF THE RELATIVELY STABLE ROCK
STRUCTURE

It is pointed out (Beaudoin et al., 1976) that unaltered structure (see Figures 64 and
65) is usually observed in the dolomite interbed about 1 m thick, occurring between
the first and second ore beds. Laterally this interbed is changed by the rock of the
sandstone composition of irregular texture, composed of numerous thin intercalations
several cm thick. The lateral transition between these two extreme varieties is represented
by brecciated and altered dolomite. This breccia is a transitional rock in the continuous
series between unaltered dolomite and the interbed, composed by sand material of a
residual nature.

The formation of such deeply altered intermediate products may take place at relatively
late stages after the accumulation of initial dolomites to the final products of the supergene
epigenesis (in sequence): ‘

1. Dolomite white, often somewhat sandy, weakly fractured, usually loose.

2. Dolomite white, fractured or microfractured with jointing of orange color.

3. Breccia, composed of light fragments or clasts, colored by iron oxyhydroxides into
red color of different tints. As the development of this stage increases, the breccia
cement becomes more ferruginous with a color transition from light orange to dark
brown.

4. The formation of breccia similar to no. 3; however the manganese oxyhydroxides
(mainly pyrolusite and X-ray amorphous wad-like phases) appear between the frag-
ments.

5. The manganese oxyhydroxides at this stage form the breccia cement; contours of the
composing fragments become relatively less distinct; thin sand intercalations of pink
color of residual origin appear owing to the substitution of the dolomite breccia.

6. The breccia fragments are not distinguished at this stage, and the manganese oxyhy-
droxides are developed from the surface and fill in almost the whole volume of the
primary rock; the pink sand intercalations from 2 to 15 cm thick substitute dolomite,
they are the transitional material in the process of substitution of the dolomite by the
manganese oxyhydroxides.

All these stages of the above alteration may be observed at a distance of several m.
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3.4.3. DISSOLUTION, FORMATION OF CAVITIES, AND THEIR FILLING

The alteration of rocks of the dolomite series at a relatively late stage of development is
represented by the formation of cavities and hollows and their consequent filling in by
products of different types. Cavities and their combinations, formed owing to leaching,
gave rise to irregular pockets that are often connected into general large sinkholes, de-
veloped essentially at the contact of the second ore bed and the fractured dolomite. The
cavity or large pocket, formed in such a way, may be to 10 m long and several m high
(Figure 65).

Owing to the wide development of such cavities and hollows the caving or subsiding
of blocks and lumps of the fossiliferous dolomite proceeded and they were accumulated
at the manganese bed level. They were subjected to dissolution and substitution by the
components, transported in ground solutions. The forming cavities were filled to different
degrees by the products, among which (Beaudoin et al., 1976) are distinguished two main
types: (1) manganese-free accumulations, represented by clays and dolomite breccias,
enclosed in clayey matrix; (2) manganese accumulations, consisting of the aggregates of
pyrolusite and breccias, composed of the fragments of dolomite and minerals of romane-
chite (psilomelane)—cryptomelane group with manganese oxyhydroxides cement.

3.4.4. GENESIS OF THE MANGANESE ORE ACCUMULATIONS

The data given above gives grounds to consider that the enclosing rocks of the Imini
manganese deposit were subjected to the following alterations:

1. Dissolution of the carbonate material, leading to the formation of cavities and
hollows, developed mainly in fractures and in some permeable horizons.

2. Due to closeness of formed cavities to the relief surface they, as a rule, were filled
in by supergene clastic material.

3. The existence of oxidation environments of mineral-ore formation is confirmed both
by the composition of formed products, represented by manganese and iron oxyhydroxides,
and by their depositional sequence. The pyrolusite as a relatively late product indicates
stronger oxidation environments than the preceding manganates of the tunnel structure
group, romanechite (psilomelane)—cryptomelane. The features of pyrolusite occurrence
indicate its secondary supergene epigenetic nature, recorded different manifestations of
both pore circulation of stratal waters and proper karst alterations of the Cenomanian—
Turonian dolomite rocks. It is essential that these alterations are associated mainly
with the dissolution-deposition events due to flow of stratal waters of the surface origin.
It is notable that pyrolusite fills in fractures or pocket-like cavities in dolomite; often
it is a cement of karst breccia, and binds the fragments of romanechite-cryptomelane
composition, or it forms diffusion aggregates in karst clays. Along with such obvious
indications of epigenetic karstogenic origin of pyrolusite it is important to bear in mind
that, according to Gaudefroy (1960) and Pouit (1976), all pyrolusite of the deposit is the
product of manganite alteration, the relicts and structure features of which are preserved.
The primary presence of manganite enables us to raise a question on the rather complicated
history of epigenetic supergene alterations of manganese ore accumulations of this deposit.
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The formation of minerals of the romanechite (psilomelane)—cryptomelane group took
place prior to pyrolusite. Breccias, with the predomination of fragments of these minerals,
are the mechanical products of karst formation. The concretions of this composition occur
too. Their origin is associated with manganese-bearing karst waters. However, on the
formation of fragments, composed of the initial tunnel manganates of the romanechite—
cryptomelane group, contradicting concepts exist among investigations (Beaudoin et al.,
1976; Bouladon and Jouravsky, 1956; Vincienne, 1956; Pouit, 1964, 1976). On the
basis of analysis of known data we may consider that as long as the fine banding of the
romanechite—cryptomelane aggregates is conformable with syngenetic lamination of the
primary dolomites, then these manganese accumulations are relatively early epigenetic
stratimorphous products of stratal water activity. Later at intensive development of
leaching and caving events, karst breccias of romanechite—cryptomelane were formed.
Thus, the source of the regarded oxyhydroxide accumulations was the dispersed and
relatively increased amounts of this metal in the carbonate form. At the same time, in the
surroundings of the Bouarfa deposit, Eastern Morocco in the Liassic transgressive series,
the unaltered beds of limestones and dolomites of chocolate color are characterized by Mn
contents of from 2 to 3% (Jouravsky and Pouit, 1965). These sediments must also be the
source of manganese that participated in the cycles of multiple redeposition of sediments
of this region (Varentsov, 1964). The detailed discussion of physico-chemical features of
formation of these minerals in supergene environments is given below.

The material testifies that the formation of the main part of the manganese ores pro-
ceeded in the environment of karst regime.

In order to imagine more completely the development features of the karst processes
at this deposit it is important to emphasize that the Cenomanian—Turonian carbonate part
of sediments occurs, usually on clayey sands and is overlain by a bed, represented by an
alternation of argillites, marls, and evaporites of the Cenomanian age. The horizon of
increased permeability occurs in the lower part of the Cenomanian—Turonian sediments.
It is necessary to note an extremely essential role of widely developed fissures of the
enclosing rocks, represented by the fossiliferous dolomites. They are associated with the
development of deep leaching of considerable amounts of dispersed manganese and of
iron to a lesser degree and their relatively limited transportation and accumulation.

Beaudoin et al. (1976) pointed out that available geological data indicates that karst
formation began at the end of the Cenomanian and it continues to the present time. These
authors state that they have no basis for the identification of some definite span of the
geological history, corresponding to the most intensive karst ore formation.

Hence, the general concept on multistage formation of rich supergene Mn oxyhydroxide
ores after initially depleted concentrations is supported by the examples of the formation of
karst ores of Postmasburg, Imini, and other deposits. The examples of such accumulations,
in the broad sense, may serve the deposits of the South Ukrainian manganese ore basin
(Varentsov, 1962; Varentsov and Rakhmanov, 1974; Varentsov et al., 1967), Groote
Eylandt (Varentsov, 1982), and Moanda (Leclerc and Weber, 1980; Weber, 1968; Weber
et al., 1979) deposits.
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3.5. The Other Mn Ore Accumulations in the Oxidation Zone and Paleokarst

3.5.1. ZONE OF OXIDATION AND PALEOKARST ACCUMULATION OF THE MANGANESE
ORES IN THE DEPOSITS OF THE WESTERN UKRAINE

The Burshtynskoe deposit is relatively large and well studied among few manganese ore
deposits and ore occurrences known in western Ukraine. It is related to the carbonate-
gypsum manganese-bearing formation of the Ulu-Telyakskii subtype (Khmelevskii, 1968),
included into the group of limestone-dolomite manganese-bearing formations of Imini-
Tazdrem type (Varentsov, 1964). The deposit is situated in the jointing zone of the East
European Platform and Predcarpathian marginal trough in the region of basins of left
tributaries of the Dnestr river. The problems of geology, structure, composition of ores
and the enclosing sediments of the Burshtynskoe deposit were considered in works of
the Ukrainian geologists (Bobrovnik et al., 1966, 1975; Yanchuk and Khmelevskii, 1976,
1981, 19824, 1982b, 1985).

Manganese ore deposits are associated with the base of the Verbovetskii beds of
the Kosovskaya Suite of the Upper Tortonian, Miocene. ‘Primary’ or relatively early
sedimentary-diagenetic ores are composed of Mn carbonate minerals, constituting clay-
marl rhythmic laminated accumulations. They are characterized by thin laminated struc-
ture, represented by alternation of the horizontal-linear laminated intercalations of light-
grey and dark-grey varieties. Sometimes thin interbeds of vitroclastic plagioclase-liparite
tuff are observed among clay-marl constituents. Major components (55-80%) of light-
grey varieties are manganocalcites, rarely Ca-rhodochrosites. In dark interbeds the car-
bonates constitute 20-25%, the remaining part belonging to clay and to a lesser degree to
silt constituents. Such carbonate material is represented essentially by montmorillonite
and hydromica with an admixture of dispersed silica and finest pyrite spherulites (Bo-
brovnik and Khmelevskii, 1966, 1968; Khmelevskii and Gurzhii, 1975; Yanchuk and
Khmelevskii, 1981). The average composition of carbonate ores of deposits (% wt., 10
analyses) is as follows: SiO, 25.20; TiO; 0.33; Al,03 5.78; Fe,03 3.58; CaO 18.92; MgO
3.69; MnO 11.43; K,0 1.69; Na,O 0.70; CO, 22.92 (Yanchuk and Khmelevski, 1981).

The oxidized ores are formed in those parts of the deposit where Mn carbonate ac-
cumulations are relatively actively drained by ground and surface waters. At the initial
stages of such supergene alterations along fractures and lamination surfaces, the spotty
brown, black aggregates grow proportionately to the process development and constitute
the brown-black earthy loose masses. At later stages of oxidation the volumetric weight
of similar supergene products is 1.7-2.0 g/cm® with considerable density: 2.8-3.1 g/cm®.
Owing to alterations, CaO, MgO, Na,O, and CO, are removed from Mn carbonates and
the residual products of dissolution and oxidation of the following composition are formed
(% wt., average from 10 analyses): SiO, 22.70; TiO, 0.36; Al,03 6.02; Fe; 03 3.74; CaO
7.96; MgO 2.38; MnO 30.00; K,0 1.79; Na,0 0.23; CO; 5.39 (Yanchuk and Khmelevskii,
1981).

On the basis of detailed observations of the wide scale of supergene alterations of Mn
carbonates to relatively deep oxidized products, Yanchuk and Khmelevskii (1976, 1981)
report the following formation sequence of Mn oxyhydroxide minerals. Their diagnosis
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is mainly based on the data of X-ray diffraction and DTA.
Manganocalcite (Ca-rhodochrosite) — rancieite (+buserite) —birnessite — vernadite.

The succession of the mineralization stages reflects the evolution of drainage intensity
and the composition of surface and stratal waters, inherent to the area of the Burshtyn-
skoe deposit. It may be interpreted as an indication that oxyhydroxide phases with the
essentially decreasing structural ordering {7 A-MnOj (birnessite) — 2.4 A-MnO, (verna-
dite)] formed in the environments of relatively deep supergene alterations after relatively
early structurally ordered oxidation products (rancieite + 10 A-manganate). It is wor-
thy of notice that the most oxidized products are developed in layers, occurring near
the surface, i.e., at the depression edges. Khmelevskii and Gurzhii (1975) point to the
presence of distinct relation between manganese content and the ore oxidation degree, as
well as to the inverse relation between the occurrence depth of the oxidized ore and its
manganese-bearing grade.

It is shown by the examples of formation of oxidation zones of some Mn deposits (see
other chapters of the work) that the formation sequence of Mn oxyhydroxide compounds
may be essentially different depending on the composition of the substrate, hydrochemical
features, circulation regime of surface and ground waters, including climatic features of
alternation of humid and dry periods.

3.5.2. ZONE OF OXIDATION AND KARST ORE ACCUMULATION OF THE ENISEI RIDGE MN
DEPOSITS (CENTRAL SIBERIA)

3.5.2.1. Geological Setting

The Enisei Ridge is a heterogenic structure, in the formation of which the Archean—-Lower
Proterozoic and Upper Proterozoic complexes take part. The main problems of geology
in relation to manganese-bearing potential of this region are covered in a small number
of works (Balitskii and Kornev, 1984; Divana, 1976; Golovko et al., 1982; Gribov and
Varand, 1984; Kavitskii et al., 1980; Kornev, 1972; Mkrtych’yan et al., 1979, 1980, 1982;
Mstislavskii and Potkonen, 1990; Musatov et al., 1980; Pasashnikova, 1984; Savan’yak
et al., 1984; Tsykin and Kostenenko, 1984; Ustalov, 1982; Varand and Andreev, 1984;
Vladimirov and Gorovoi, 1972).

In the Precambrian sequences of the Enisei Ridge, five major stratigraphically isolated
horizons of the regional development of manganese mineralization are recognized (Bal-
itskil and Kornev, 1984; Golovko et al., 1982; Kornev, 1972; Mkrtych’an et al., 1979;
Musatov et al., 1980; Savan’yak et al., 1984; Ustalov, 1982; Varand and Andrev, 1984):

1. The Middle Proterozoic, upper part Teiskaya Series (Penchenginskaya Suite):
marble; quartzites, crystalline schists; the mineralization is represented by Mn carbonates.

2. The Riphean, the upper beds of the Sukhopitskaya Series (Sosnovskaya Suite):
dolomites, limestones, volcanites of middle and acid composition. Manganese mineral-
ization: manganocalcite, rhodochrosite.

3—-4. The Riphean, the middle part of the Tungusikskaya Series (Potoskuiskaya and
Tokminskaya Suites): carbonate-terrigenous sequence with diabase-albitophyre volcan-
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ites. Mn mineralization: rhodochrosite, manganocalcite, rhodonite, pyrolusite.

5. The Vendian, the lower part of the Chapskaya Series (Pod’emskaya Suite):
cherty-tuffogenic-carbonate-terrigenous sediments predominate. Mn mineralization:
rhodochrosite, manganocalcite. The major manganese deposits and ore occurrences of
the region are associated with the Prieniseiskaya eugeosynciinal zone. If the Penchengin-
skaya Suite of the Middle Proterozoic belongs to the ancient Preriphean platform cover
and the Pod’emskaya Suite of the Vendian is attributed to the orogenic trough of the same
age, then the manganese-bearing Riphean Suites (the Sosnovskaya, Potoskuiskaya, and
Tokminskaya) are developed within the eugeosynclinal zone. These Riphean Mn-bearing
sediments, the mineralization scales of which go beyond ore manifestations, are associ-
ated with spilite-keratophyre and spilite-diabase volcanism of basins of the eugeosynclinal
zone. The largest accumulations of Mn ores are known in the Pod’emskaya Suite of the
Vendian, developed in the northwestern part of the Enisei Ridge within the Vorogov-
ski orogenic trough. The latter is a structure developed on the intensively folded and
metamorphosed volcanogenic-sedimentary complex of the Baikalides. The Porozhinskoe
deposit structure, observed at present, was formed at the end of the Vendian and it was
overlaid by the platform cover in the beginning of the Cambrian (Figure 66).

3.5.2.2. MODE OF OCCURRENCE, LITHOLOGY, MINERALOGY, AND GENESIS OF PRIMARY
(HYDROTHERMAL-METASOMATIC) ORES

The main manganese-bearing areas are located in the Porozhinskaya graben-syncline of
the Mikheevskaya depression of the Vorogovski trough. The composition of manganese-
bearing sequences (600-800 m), enclosed in molass-flysch sediments 5-6 m thick
(Golovko et al., 1982; Gribov et al., 1984; Ustalov, 1982) (Figure 66) is distinguished by
the following units:

The subore, predominantly dolomite unit (350-400 m), sometimes containing transect-
ing streaks, and dendrites of Mn oxyhydroxides of the infiltration nature.

A manganese ore layer (10-120 m) occurs in synclines, conformably on the dolomite.
Manganese-bearing rhyolite (liparite) tuffs compose the main part of the unit. They are
represented by thin alternations of sand-silty pyroclastic material and interbeds, com-
posed of slightly recrystallized siliceous matter, thinnest aggregates of Mn oxyhydroxides
and fine-grained pyroclastics. In carbonate varieties the ore matter is represented by
rhodochrosite and manganocalcite. The average content of Mn in tuffs is 8—10% and Cog.
0.7%. In the upper part of the tuff beds the substitution of liparite and quartz volcanoclasts
by rhodochrosite and manganocalcite is often observed (Golovko et al., 1982). In tuffs
there is common rhythmical, and cross bedding (Golovko and Nasedkina, 1982) that may
be construed as an indication of their accumulation in shallow water basins with both calm
and active hydrologic regimes.

The supraore unit (80—~120 m) is composed of tuffosilicites, represented by slightly
recrystallized cherty material and interbeds of fine-grained pyroclastics of the liparite
composition.

The most concentrated sections of manganese ore beds are developed in synclines and
on their flanks. In these cases, between the dolomites and Mn-bearing sediments, are
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Fig. 66.  Typical sections of the Mokhovskoi area, Porozhinskii manganese ore region, the Enisei Ridge
(after Pashashnikova, 1984). 1. silt-clay sediments of the Neogene-Quaternary age; 2. variegated Creta-
ceous—Paleogene clays with debris; 3. pyrolusite-romanechite (psilomelane) ores; 4-7. Vendian sediments:

4. silt, 5. tuffosilicites, 6. manganese-bearing silts; 7. dolomites; 8. carbonate sandstones of the Upper Protero-
zoic; 9. zone of brecciated rocks; 10. fault line.

gradual, but rather reduced in thickness, lithological transitions. Within the anticlines
between the dolomites and ore layer, according to M.M. Mstislavskii, there is a sharp
contact and angular unconformity, or the manganese unit of the Upper Pod’emskaya Suite
overly transgressively the sand-limestone rocks of the Sukhorechinskaya Suite (Vorogov-
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skaya Series, lower part of the Vendian). It is also pointed out that at the contact of the
dolomite unit and manganese ore tuffite sediments usually occur as brecciated dolomites
with interbeds of the terrigenous material and traces of weathering (Varand and Andreev,
1984).

It is important to emphasize that manganese mineralization is closely associated with
thick beds of tuffosilicites at areas of their most complete development. However, in
marginal parts of the Vorogovskii trough at the general pinching out of the pyroclastic
siliceous sediments the Mn accumulations and aggregates have disappeared.

In manganese ore units the superimposed relatively later events of infiltration, breccia-
tion, and argillization are also developed. The most intensive secondary processes were
manifested at the base of the Mn-ore unit near the contact of dolomites and cherty liparite
tuffs. In these zones, to 6 m thick, the main alteration products are montmorillonite and
rhodochrosite, and in subordinate amounts there are chlorite, sericite, hydromica of the
muscovite type, kaolinite, goethite, hematite, siderite, and apatite (P,Os to 4%). The
development of similar mineralization is accompanied by deep decomposition and amor-
phization of the components of the enclosing pyroclastic rocks (Golovko et al., 1982).

In manganese tuffites the thickness of ore interbeds, composed of Mn oxyhydroxides,
varies from 0.1 to 3 m. In the lower part of the ore unit the manganese ores compose
lens-like beds of 1-1.5 to 8 m thick with a Mn content of 17 to 27.4%. The spatial
zoning is characteristic for the Porozhinskoe deposit. In its northwestern part the ore
matter of manganese tuffs is represented essentially by manganite (to 80%), and in sub-
ordinate quantities pyrolusite, romanechite (psilomelane), vernadite, goethite, kaolinite,
and quartz. The colloidal structure is highly typical for such early primary manganite
ores. The breccia-like breaking textures that were formed during the substitution of tuffs
by manganite matter, are of interest too. Several generations of manganites, indicating
pulse-interrupted formation of similar metasomatic ores are distributed (Golovko and
Nasedkina, 1982). Oxyhydroxide ores pinch out to the southeastern parts of the deposit
and they are substituted by the crushing zones with ore mineralization at the base of the
ore unit.

The differentiation of the primary oxyhydroxide ores and the oxidation products, asso-
ciated with relatively late superimposed supergene processes, is of considerable difficulty
for the Porozhinskoe deposit as well as for a number of other similar deposits. Tsykin
and Kostenenko (1984) pointed to epigenetic alterations of subore dolomites: formation
of dolomite powder, accumulations of clay and loam with fragments of enclosing rocks
and impregnation of rocks with Mn oxyhydroxides. These observations, according to
the authors’ view, indicate the circulation of karst waters, and this is confirmed by the
increased water permeability of manganite ore zones and in the spouting of a number of
wells, that penetrated the fissured-stratal and karst waters. Carbonate ores predominate in
the eastern part of the deposit. The ore matter within this zone is, in the main, represented
by rhodochrosite and manganosiderite. The Mn carbonate substitute fragments of porous
glass and cherty fragments and aggregates. The Mn contents in similar ores are to 5S—10%.
Siderite, manganocalcite, pyrite, apatite, and sometimes admixtures of vernadite and ran-
cieite are observed in them in addition to rhodochrosites. Montmorillonite-rhodochrosite
aggregates and lenses in the brecciated tuffs and tuffites are of special interest for under-
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standing the deposit formation. The thick parts (5-6 m) of the altered rocks of similar
type are observed (Golovko and Nasedkina, 1982) at the base of the ore unit at the contact
with dolomite, as well as in the upper part of this section. Rhodochrosite mineralization
is a relatively later process: rhodochrosite streaks transect the manganite ores. One may
assume that relatively rare aggregates of manganosite and hausmannite (Potkonen, 1985)
occupy intermediate positions in the row of the successive deposition of hydrothermal
products of the Mn mineralization: Mn carbonate (I) — manganosite — hausmannite —
manganite — Mn carbonate (II)—, reflecting the regime of Eh, pH, CO; of the ore formation
environment. Similar relationships may be interpreted as the manifestations closely as-
sociated with the explosive rhyolite volcanism, but of later hydrothermal mineralization,
displayed in several stages. In our works (Varentsov, 1964; Varentsov and Rakhmanov,
1974) it was shown that manganese ore mineralization, associated with rhyolite (liparite)
volcanism, belongs to the group of volcanogenic-sedimentary formations of the porphyry
series. The given formations, in difference to formations of the greenstone series, are
characterized by relatively less dispersity of Mn among the composing accumulations
and a correspondingly higher degree of concentration of this element. Formations of
the porphyry series are widely developed in orogenic zones, regions of activation of an-
cient platforms, and marginal troughs, particularly in the regions of Siberia (Durnovskoe
deposit, etc.). According to Dzotsenidze (1965, 1969), the relatively high manganese-
bearing potential, associated with manifestations of rhyolite volcanism, is determined by
the events of contrast differentiation of melts of such type and considerable enrichment
in volatile components with Mn and other heavy metals. The similar petrologic feature
of the liparite magmatism in the distinctly defined Mn mineralization is accompanied by
hydrothermal activity. Thus, the Mn mineralization of the Vendian Vorogovskii trough,
independent of its representation by oxyhydroxide or carbonate minerals, is a relatively
late event of the hydrothermal nature. Its development is accompanied by essential al-
teration, dissolution, and substitution of the liparite pyroclastic and silicite material that
took place after the completion of the explosive phase in relatively limited shallow water
basins during diagenesis—epigenesis.

3.5.2.3. Zone of Oxidation and Karst Formation

The platform cover of the Vorogovskii trough, composed of Cambrian sediments during
the subsequent geological history, was gradually destroyed. To the beginning of the
Cretaceous—Paleogene time the Vendian structure of the Pod’emskaya Suite was exposed
for the influence of supergene processes of crust and karst formation. The zones of
grabens and structural scarps played the role of depression cavities, intensively drained by
the meteoric waters. The features of the modern structure and hydrogeology of the deposit,
as well as the composition of the substrate rocks, determined the development of supergene
processes and the formation of Mn oxyhydroxide ores (Figure 66). According to data
by Mstislavskii and Potkonen (1990) the formation of manganese ore zones of oxidation
and accumulation of karst Mn ores did not proceed beyond the primary hydrothermal-
metasomatic ore accumulations in the liparite tuff sequence. They were formed, as a
rule, within the same structural facies zones, where the primary Mn mineralization was
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developed. Any distinct zoning is not developed in the kaolinite type weathering crusts
reaching to 70-80 m in thickness. At the deposit, the thickness of the zone of oxidized
Mn ores is about 8-10 m, and in some places the oxidation products occurred to the depth
of 50 m and more (Figure 66).

It is established (Golovko et al., 1982; Golovko and Nasedkina, 1982) that the oxi-
dized products of pyrolusite composition were formed during the alteration of manganite
ores. These ores are represented by large fragments and concretions, enclosed in a clayey
loose mass, impregnated by manganese oxyhydroxides. The relict texture of the ini-
tial accumulations, for example, breccias often with residual fragments of manganite
ores, is observed in them. The major minerals are represented by pyrolusite (to 80%),
relict manganite (to 20%) with admixtures (to 10%) of vernadite, goethite, rancieite, and
Al-containing varieties of MnO,. In those cases, when the brecciated dolomites, impreg-
nated with Mn oxyhydroxides and rhodochrosite, were subjected to supergene oxidation,
rancieite-vernadite-romanechite (psilomelane) ores were developed. In the products of
oxidation of this type are found the relicts of dolomite. They are composed of verna-
dite, romanechite (50-60%), and rancieite (40-45%) with admixtures of pyrolusite and
goethite.

Therefore, the richest commercial ores are associated with the Cretaceous-Paleogene
weathering crusts, developed in manganese-bearing sediments of the Vendian in the form
of the autochthonous accumulations, oxidation products, and infiltration sediments in
tectonically weakened zones and at the areas of karst development.

The average chemical composition of the oxidized Mn ores (25 samples), according to
Mstislavskii and Potkonen (1990) is: (wt. %) Mn 10-39; Fe 0.4-7; P 0.1-0.4; (ppm), Ba
900; Sr 320; Ti 3282; Ni 176; Co 62; Cu 46; Pb 52; U 74; Sc 15; Y 37.

The deposits, associated with the karst sedimentary collector, i.e. exogenic structural
form, produced as a result of the evolution of covered karst (Tsykin, 1985; Tsykin and
Kostenenko, 1984), are of considerable interest among the supergene accumulations of
Mn ores. The Mokhovyi area of the deposit (Figure 66) illustrates the development
of ores of similar type. According to Pasashnikova (1984) this area is transected by a
fault zone with a northwestern strike, accompanied by a gentle overthrust. The deep
karst cavities and sinkholes are developed in the fault cavity in the carbonate rocks of
the Pod’emskaya and Sukhorechenskaya Suites. The linear elongated karst depression
(12 x 1.5 to 2.5 km), filled in by loose variegated clay, manganese-bearing sediments of
the Cretaceous—Paleogene (Figure 66), occurs on steeply dipping carbonate sequences.
The structure of the depression base is sharply inhomogeneous; there are local basins
(from 400 x 200 to 1200 x 400 m) and dividing protrusions; absolute marks vary from
-140 to -1 m. The areal weathering crusts are represented by variegated structural clays
of hydromica-kaolinite composition up to 20 m thick. The linear weathering crusts are
developed after manganese-bearing tuffites: different maturity stages of the crust to the
structural clays of hydromica-kaolinite composition are observed along their contact with
dolomites. It is noted that the crust formation process is not divided from the karst
formation (Pasashnikova, 1984). The ore beds are 8 km long with the average width of
1 km (Varand and Andreev, 1984). The thickness of ore layers is from 0.5 to 34 m
and their general thickness is to 30 m and more. The ores are represented by pyrolusite,
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romanechite (psilomelane) with admixtures of manganite and vernadite; contents: (%)
of Mn are 1043, average -18; P 0.2-0.8; Fe 2-10. Predicted reserves to the depth of
100 m are evaluated to be 30—40 min t (Varand and Andreev, 1984). The Cretaceous—
Paleogene sediments are distinguished by high contents of unsorted clastic material and
accumulations of fine clays redeposited from the weathering crusts. Pasashnikova (1984)
recognized subore beds, represented by coarse lumpy debris fragments of dolomites and
silicites, bonded by grey clays and loams to 10 m thick. The beds of the ore sediments are
composed of variegated clays and fragments of basement rocks, predominantly silicites.
The thickness of these sediments is maximum in karst depressions: 30-40 m to more than
100 m. As a whole, karst sediments are characterized by a rhythmical nature. There are
five rhythms (Tsykin and Kostenenko, 1984). The rhythm base is formed by subore coarse
clastic sediments with high concentrations of fresh debris of tuffosilicites; the upper part
is represented by clays, loams with weathered debris and enclosed manganese ore. The
Cretaceous—Paleogene Mn ore deposits are covered by the Neogene—Quaternary silts and
clays, at the base of which pebbles occur. The total thickness of ore sediments, controlled
by the depression morphology, varies from 1-3 to 37 m.

According to Tsykin and Kostenenko (1984), formation of the karst sedimentary col-
lector of the Mokhovoi area began in the Late Jurassic and it was developed at least
to the Neogene with intervals of the washing and erosion of sediments and consequent
eluvial weathering. Obviously, later in the Late Cretaceous the destructive processes were
developed in the subsurface environment. Disintegration products of tuffaceous silicites,
the rocks that are rather stable to weathering, were accumulated in karst cavities, covering
the eluvium of tuffaceous siltstones, tuffites, and tuffaceous sandstones (Figure 67). It
is emphasized that Mn ores in karst sediments have the postsedimentation nature, that is
indicated by the substitution of silty-clay material and sometimes dolomites by Mn min-
erals. The lacustrine sediments of rhodochrosite, associated with subsurface, probably,
thermal waters, are of special interest (Tsykin and Kostenenko, 1984, pp. 114-115). The
redistribution of Mn took place in the Quaternary time: covering of sand-pebble sediments
of the Pleistocene and modern flood plain alluvium by Mn oxyhydroxides.

Thus the most valuable commercial oxyhydroxide (pyrolusite-romanechite (psilome-
lane)) ores are the products of supergene alteration of the Vendian hydrothermal-
matsomatic manganite, and rhodochrosite accumulations. They are accumulated in the
residual weathering crusts of Cretaceous—Paleogene age, and sediments, filling karst cav-
ities, and redeposited materials of the exogenic decomposition products. As in other
deposits of a similar type, all the mentioned types of supergene manganese ore accumu-
lations are distinguished by rather close relationships with the primary parent sequences,
which are represented by relatively poor Mn ores.

3.6. Manganese Mineralization and Ores in the Regions of the Intensive Karst
Development

Manganese mineralization, revealed in the accumulation of oxyhydroxide and carbonate
phases, is usually widely distributed in the areas of karst development. The scales
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Fig. 67. Scheme of formation of the Mn ore karst sedimentary collector of the Porozhinskoe deposit under
the conditions of the monoclinal occurrence of the Vendian sediments (after Tsykin, 1985). 1. sand limestones;
2. dolomites; 3. tuffites, tuffaceous siltstones, tuffaceous sandstones; 4. tuffaceous silicites, 5. siltstones and
sandstones; 6. slumps of tuffaceous silicites; 7. neoeluvium; 8. silt; 9. Mn ore lenses in loams and unsorted
clastic accumulations; 10. Quaternary sediments.
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of this process, as a rule, are controlled by factors responsible for the extraction of
metal from drained substrate rocks, transportation intensity, corresponding setting of
accumulation, and stability, and duration of the general functioning of these parameters
during considerable geological time. In other words, the development of the accumulation
process of Mn-bearing karstogenic accumulations, to a significant degree, is determined
by the contents of Mn and the associated metals in the primary rocks, by the intensity
of their draining, hydrochemical characteristics of circulating solutions, and favorable
combination of mineral forming characteristics, and stability of the process development
in the geological history of the region (Shvartsev, 1978, 1980, 1985; Sokolov, 1962).

3.6.1. MANGANESE MINERALIZATION IN MODERN KARST CAVES

The geochemical essence of the above processes is best determined in areas of modern
karst development. Dublyanskii (1971) expounded the observation results on formation of
the calcite sinter dams in the karst cavities, caves of the Crimea Mountains and associated
events of accumulation of manganese oxyhydroxides of wad-romanechite (psilomelane)
type (EMnO + MnO; = 35%). Similar calcite dams are formed owing to chemical (i.e.
chromatographic) deposition of calcite and Mn oxyhydroxides from flowing karst waters,
flowing velocities of which are from 0.001-0.1 to 100.0 I/sec. The general mineralization
of such solutions is from 190.0 to 508.0, average 275.0 mg/l, and their hydrogeochemical
facies vary in narrow limits with predomination (66%) of HCO3;—Ca~SO; and somewhat
subordinate values of HCO3—Ca—Na; HCO3—-Ca—Cl; HCO;—Ca-Mg types. Itis interesting
that the dams are characterized by a height of 0.05 to 5.0 m, though at greater velocities
their height is significantly more: 0.2 to 7.0 m. It is important to point out that in the
dams, growing from such high velocity flows, internal and especially external walls of the
structure are usually covered by sinters of 0.2—-0.3 mm, composed of admixtures of Mn
oxyhydroxides (almost X-ray amorphous phases of wad-romanechite (psilomelane) type)
and illite-calcite material. Contents of Ba, Ti, Mn, Co, and Sn in similar sediments are
2-4 times as high as in the enclosing rocks, and the general mineralization of waters, from
which Mn oxyhydroxides are deposited, as a rule, is more than 300 mg/1 (300 to 508 mg/1)
with domination of HCO3—Ca—Na composition. The characteristic feature of the structures
is its rhythmical microlaminated texture. V.N. Dublyanskii (1971), using the thickness of
the seasonal microlamination of the dams and its average height (1.9 m), evaluates the
duration of the structure growth to be 9~10 thousand years. A rather significant feature
of microlaminated accumulations is that the development history of karst cavities of the
region is registered in the mineral and chemical composition of products. The enclosing
rocks, in which karst caves of the Crimea mountains are formed, are essentially the Upper
Jurassic organogenic, biochemogenic, clastic, and dolomitized limestones. In these rocks,
according to the data of more than 380 analyses, the content of MnO varies in limited
range: 0.01 to 0.04 wt. % (Dublyanskii and Polkanov, 1974). In addition to the above
dam structures in karst caves, the accumulation of Mn oxyhydroxides are well displayed
in the form of sinters, encrustations, and crusts, growing on the walls of karst cavities in
the zone of periodical flooding by high waters. According to Dublyanskii and Polkanov
(1974), in some samples the contents of “MnO + MnQO; reaches 35% (average 20%). The
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composition of similar growths, determined by methods of X-ray diffraction and DTA,
is represented by the mixture of slightly crystallized almost amorphous minerals of wad-
romanechite (psilomelane), hydromica, and calcite type. The increased concentrations of
Be, Ba, Ti, Co, Sn, and La relative to primary rocks are accumulated in these deposits too.
Comparison of this data with the manganese growths of rhythmically laminated structures
of cave dams points to the closeness of the mineral and chemical composition of these
accumulations.

Similar growths are deposited from subsurface waters, the general mineralization of
which is characterized by rather high variability: from 128 mg/l in areas of accumulations
of snow and ice of karst cavities to 343 mg/1 for waters of subsurface flows and 408 mg/1
for waters of karst springs. Hydrocarbonate—calcium, rarer hydrocarbonate-potassium-
calcium or hydrocarbonate-magnesium-calcium types predominate among them. The
waters of karst water flows of the Crimea mountains recalculated to the oxide-anhydrite
form contain MgO 6%, Na;O 6%, SO3 4.5%, CO, 55.5%, CaO 27.5%.

Thus, the authigenic accumulations in karst cavities and caves reflect the well-defined
geochemical features of circulating subsurface waters and, correspondingly, drained rocks.
The oxyhydroxide growths in karst caves of Southern Siberia, in particular of the Krasno-
yarsk region and Irkutsk Amphitheater may serve as examples, illustrating the justification
of this concept. Rather clearly this process is distinguished in the Krest cave (Krasnoyarsk
region), where Tsykin (1977) described the sinter patches and accumulations of romane-
chite (psilomelane), composing the central parts (0.5-2.5 cm) of stalactites with diameters
of 12 cm. The brown rims (2-3 cm), composed of the mixture of calcite and limonite,
grow around the black zone of Mn oxyhydroxides, and the external part of stalactites is
represented by calcite. This data may indicate the essential separation of Mn and Fe,
accumulated in oxyhydroxide form from bicarbonate solutions at different stages of the
bedrock’s drainage.

3.6.2. MANGANESE ORE OCCURRENCES IN THE KARST REGIONS

Manganese accumulation in the karst regions takes place with higher intensity, all other
conditions being equal in those cases, when the rocks, containing increased amounts of
this metal, are subjected to drainage. According to Vologodskii (1975), a rather large
number (more than 50) of manganese ore deposits are associated with karst depressions of
the Paleogene and Quaternary age, developed on the surface of the Archean marbles of the
Priol’khon’e and the OI’khon Island at the Baikal lake district in the region of the Irkutsk
Amphitheater. The manganese accumulations occurred in the form of pockets and lenses
0f 0.4 to 4 m thick and from 5 to 20 m long. They are composed of loose sooty, sometimes
hard or concretion ores, with Mn contents of from 2.7 to 24%. The brown iron ores (Fe,
2 to 17%) are associated with Mn accumulations. A number of deposits of infiltration-
karst type are noted (Vologodskii, 1975) in carbonate sequences of the Karagasskaya
Suite at the Prisayan’e region. Their formation is associated with the Mesozoic—Cenozoic
weathering crusts, developed after the carbonate rocks, in which the initial contents of Mn
are 0.05-0.3%. Manganese ores, essentially composed of cryptomelane and more rarely
pyrolusite, form irregular lenses and pockets in the lower kaolinite zone of the weathering
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crust, which are formed mainly in the silty dolomites. Manganese contents in such ores
vary from 14 to 40%. General reserves of Mn for the Nikolaevskoe deposit is evaluated
to constitute several min t (Vologodskii, 1975).

The Singaiskoe manganese ore occurrence is close in its nature; it is developed in
the weathering products, filling in karst cavities in carbonate volcanogenic-sedimentary
sequences of the Alambaiskaya Suite of the Lower Cambrian in the central part of the
Salair Ridge (the divide of the Zeglovyi Sungai and Bol’shaya Rivers) (Portnyannikov
and Ageenko, 1979). The formation of the karst cavities and associated weathering
materials went on essentially in zones of tectonic crushing. Manganese, iron-manganese,
and hematite-limonite types of ores of colloform, streak, and breccia texture are distinctly
distinguished in the deposits of irregular lens-like form, substituted by the poor streaky iron
varieties down the dip. The hydrothermally altered silicified and sulfidized carboniferous
shales with the interbeds of chlorite schists and limestones are observed at the depth of
150-200 m under the weathering products. Manganese ores are composed of hollandite,
cryptomelane, pyrolusite, lithiophorite, goethite, hydrohematite, and hematite. Chemical
composition of Mn ores (wt. %) is: Mn 13.3; FeO + Fe,03 3.7; SiO; 68.3; P,05 0.054;
Al,05 2.7; Ca 0.6; Mg 0.07; L..0.1. 5.0; Ni 0.01 to 0.3, average 0.06; Co 0.03 to 1.0,
average 0.16; Cu 0.01 to 0.3; Ba 0.05 to 5.0. We have every reason to believe that Mn
ores in weathering crusts and karst of the central part of the Salair Ridge are the result of
the Mesozoic—Cenozoic supergene alterations, that were widely developed not only in the
south of the Siberia but as a global climatic event at least for the Northern Hemisphere.

The examples of wide development of Mn-bearing weathering crusts are known in
Western Europe and at the Far East.

The accumulations of the Tertiary karst Mn ores in the area of the Dr. Geier Mine
near Bingen city at the Rhine River, Germany (Bottke, 1969) are of interest in Western
Europe, apart from the Mesozoic-Tertiary weathering crusts and karst accumulations,
developed in depleted Mn ores in a number of Hungarian regions (see above). These
ores form deposits in the karst cavities on the Middle Devonian dolomites. The intensity
and scale of Mn ore accumulation development are controlled by a set of the karst relief,
lithologic-facies features of karst sediments, and tectonic structures. The formation of
karst cavities, depressions, and other forms is associated with distribution peculiarities
of faults and fissured states as with distribution features of faults and jointing as well
as bedding surfaces of dolomites within the isoclinal basin. Such structural, textural
distortions, inhomogeneities in massive dolomites executed the role of drainage channels,
that widened during the leaching of bedrocks at the period of uplifting under the conditions
of warm humid climate, which dominated in the Eocene and Early Oligocene. The
karst sediments, represented by clays, sands, breccia debris, and Mn, Fe ores, are most
completely developed along the strike of faults of the synclinal structure. The ores are
represented by Fe-Mn varieties with the ratio of Mn/Fe = 1/2. The localization of the
richest ores near the contact with dolomites (04 m): Fe 30.17 to 32.78%, Mn 12.29
to 13.59%; SiO; 11.62 to 14.88%, is of significant interest for the understanding of
these sediments’ genesis. Contents of ore components are decreased to the periphery of
the karst deposit (22 to 38 m from dolomite), and ores become brecciated, clayey with
fragments, boulders of crystalline schists and quartzites (Fe 6 to 12%; Mn 1.7 to 5.7%;
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Fig. 68. Geological map of the Janggun mining area, Korea. Arrow indicates the Nam ore deposit where the
janggunite is found (Kim, 1977).

SiO; 38 to 46%). It is important to note that the primary dolomites are distinguished
by the increased contents of accumulated metals:’ Fe 0.5 to 2.5%; Mn 0.3 to 1.5%.
Variable amounts of goethite (30 to 50%), X-ray amorphous Mn oxyhydroxides (20 to
30%) and muscovite (10 to 50%) are contained in ores of clay type, and hard concretion
ores are composed of essentially manganite and pyrolusite (0 to 22%). The data (Bottke,
1969) may be interpreted as evidence for the Mn, Fe ore origin, associated with deep
karst dissolution of the dolomite substrate and accumulation of oxyhydroxide Fe, Mn
compounds from circulating solutions essentially near the contact with the parent rocks.
In these environments there was rather limited transportation of Mn and Fe with slight
separation of these metals. There are no reasons for accepting the concepts by Bottke
(1969) on the leading role of mixing of colloidal solutions of Mn and Fe oxyhydroxides
in the formation of the ores under the oxidation conditions of the karst relief.

The rather large Junggun mining area in South Korea (Choi and Kim, 1992; Kim, 1974,
1977, 1980, 1990, 1991, 1993) is of great interest among numerous supergene deposits
and Mn ore occurrences of the Far East region. The primary Mn carbonate ores are closely
associated with the Cambrian Janggun Suite, consisting of the limestone beds, crystalline
schists, and quartzites, composing an anticlinal structure (Figure 68). Mn sedimentary-
diagenetic mineralization is closely associated with the Janggun limestone sequence,
represented by limestones (Mn 0.05 to 0.06%) by dolomites white (Mn 0.09 to 0.26%),
grey (Mn 2.75 to 4.65%), dolomite limestones (Mn 0.06 to 0.43%), rhodochrosite rocks
(Mn 25.38 to 38.56%), quartzites, jasperoids, and limestone-silicate rocks (Figure 69).
Rhodochrosite rocks, consisting of rhodochrosite (70 to 97%) with admixtures of quartz
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Fig. 69. Geological section of the Janggun Mn deposit, Korea (Kim, 1980).

(2 to 5%), sericite (0 to 6%), and sulfides are most remarkable. Kutnahorite is often
present among these components. Braunite, rhodochrosite, and calcite with a slight
admixture of rhodonite and alletanite [Mns[(OH),(Si0;4)] are present in dolomites at the
same stratigraphical level as the rhodochrosite rocks in the form of discontinuous lenses.
This data (Kim, 1974, 1980) shows that irrespective of the complicating influence of the
granite intrusion, in the Mn carbonate sequence, the sedimentary-diagenetic genesis of
these Mn-bearing rocks is relatively obvious.

The deep oxidation zone and karst formation, developed in steeply dipping Mn carbon-
ate beds, is characteristic for the deposit. Massive oxyhydroxide ores were formed mainly
after beds of the carbonates rich in Mn. The discontinuous lens-like irregular concretion
ore bodies were formed as a result of alteration of relatively depleted Mn carbonate ores.
The contacts of the primary Mn carbonate ores and the supergene oxyhydroxide varieties
are usually intricately winding and rather sharp with irregular borders. As a whole the
supergene Mn ore accumulations fill in karst-like sinkholes, cavities of different form and
a definite zoning is evident (downward):

1. Zone of earthy ores, composed of wad, X-ray amorphous Mn oxyhydroxides and
similar minerals, fragments of dolomite, quartz, lumps of rocks. The thickness is
from several cm to several m.

2. Zone of netted-branching streaky ores which is developed usually in carbonates de-
pleted in Mn. The ores are represented by nsutite, 10 A-manganate (Ca, Mg-buserite),
and cryptomelane (Choi and Kim, 1992).

3. Concretion zone is formed, as a rule, in carbonates depleted in Mn or in Mn dolomites.
Concretions consist of 10 A-manganate (buserite), manganite, and nsutite. The zone
thickness is from several dozens of cm to about 1 m.

4. Cementation zone is composed by hard and in some parts partially porous ores. De-
velopment of a mixture of secondary carbonates (calcite, rhodochrosite) with Mn
oxyhydroxides directly over the Mn dolomites and rhodochrosite rocks is charac-
teristic. Ores are composed of 10 A-manganate, nsutite, manganite, and janggunite
(janggunite is a Mn-oxyhydroxide mineral, found by Kim (1977, 1980)); accord-
ing to the X-ray diffraction pattern it may be a mixture of 10 A-manganate ((Ca,
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Mg) buserite), cryptomelane, and pyrolusite. In the ore are also present calcite, and
rhodochrosite (Choi and Kim, 1992).

5. Zone of compacted ores is formed directly over rhodochrosite bodies. Ores, retain-
ing the textural features of primary rocks, are composed by manganite, birnessite,
takanelite-rancieite, 10 A-manganate (buserite), and rhodochrosite (Kim, 1990, 1991,
1993).

The following types of supergene karst Mn oxyhydroxide ores are recognized: (1) ores
of substitution; (2) ores of filling and covering of the cavities; (3) ores, formed owing to
leaching and consequent concretion growth. On the basis of structural relations observed
under microscope, the following paragenetic sequence of Mn oxyhydroxide mineral for-
mation in the supergene zone and karst formation of this deposit is proposed (Kim, 1980):

rhodochrosite > manganite> birnessite (takanelite - rancieite}s> pyrolusite> nsutite

104- manganate (buserite) %/

slightly crystallized 10 i- manganate—> cryptomelane—>  janggunitite

A comparison of this scheme of the supergene alteration of Mn carbonate with the
mineralization sequence in the zone of oxidation, and karst of other deposits or areas, con-
sidered above, shows that their relatively similar character engages one’s attention. Such
similarity reflects the known closeness of processes, resulted in leaching, transportation,
relatively narrow range of pH and Eh, mineralization, and macroionic composition of the
solutions. We should mention also the chemisorption and autocatalytic oxidation and de-
position, as well as the events of the consequent dissolution and redeposition, solid phase
transformations, accompanied by alteration of the composition and their recrystallization.

3.7. On the Geochemical Model of the Karst Mn Ore Formation

In the process of karst formation, a consecutive general increase of decayed carbonate rocks
proceeds. Against the background a number of components, and in first turn, the heavy
metals, are bound into secondary new formed phases, and their amounts are increased too.
During the leaching of manganese and iron in the supergene environment, an associated
but spatially isolated formation of oxyhydroxide phases took place, with the accumulation
of residual cherty, clay and aluminiferous components. Manganese ore karst processes
differ from incongruent dissolution of alumosilicate rocks by essentially higher kinetic
parameters. At the initial stages of dissolution the solutions, reflecting considerably the
composition of the leached rocks, are formed: they are hydrocarbonate calcium solutions
(main components: Na*, Ca?*, Cl~, HCOy5 ', OH™) for carbonate sequences. However,
the long term of the formation of metamorphozed and more concentrated solutions is quite
possibly rather highly aggressive to the country rocks (‘Basis of Hydrogeology’, 1982;
Shvartsev, 1978, 1985).
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The formation of karst manganese ore deposits takes place within the general system
of the water—rock interaction which, as a rule, are irregular irreversible processes. Under
these conditions the events of mass exchange occur. As aresult of this, the non-equilibrium
systems may regularly pass through the stages of partial and intermediate, or metastable
equilibriums to the state of relatively stable chemical equilibrium (Krainov et al., 1985).
This concept may be illustrated as applied to the geochemistry of manganese in the karst
formation conditions and exemplified by the successive deposition of the oxyhydroxide
compounds of Mn(II) — Mn(III) - Mn(IV). This sequence is common at the gradational
increase of concentrations of dissolved O, (general increase of Eh) proportionately to
flowing of stratal waters to their discharge zones (Giovanoli, 1980; Hypoloto et al,
1982a, 1982b, 1984; Murray et al., 1985). The number of partial equilibriums with the
formation of the transition products increases with the decrease of filtration velocities of
subsurface waters and the increase of the duration of interphase interactions at the retaining
and stability of the external environment. There are strong grounds to believe that, as
a whole, the congruent dissolution in the water-rock system takes place for carbonate
deposits. This system remains constantly in non-equilibrium at the dynamic filtration
of waters relative to the primary rocks, but it passes through a consecutive number of
equilibriums with corresponding reaction products. The dissolution of manganese and
other heavy metals, with the change of the chemical composition of the solution, would
be continued as long as the whole system (initial rocks — solution — products) does not
pass to stable a thermodynamic state. The carbonate barrier is the major geochemical
factor, hindering the accumulation of manganese and other heavy and transition metals in
karst waters. That is, in oxygen-free environments with neutral-slightly alkaline pH, the
maximum concentrations of the considered elements are controlled by their equilibrium
values with carbonates and oxycarbonates in the waters of the given particular chemical
composition. The degree of complexing of heavy metals is increased with the growth of
sulfate and especially chloride concentration of the waters. It may lead to the growth of
saturation deficit of these waters relative to the most probable solid phases.

The migration ability of manganese and iron, as the metals with variable valence in
subsurface waters, is controlled by the redox regime of the environment (Eh), pH values,
composition and concentration of macroions, availability of dissolved organic matter,
composition, and contents of dissolved gases.

It was shown by direct investigations of natural objects, and computations, as well
as by the experimental works (Shcheka and Zakutin, 1985; Stumm and Morgan, 1970)
that these metals are present in the form of aquations of Mn(Il) and Fe(II) in slightly
mineralized waters with oxygen-free—sulfide-free regime in the field of neutral-slightly
alkaline values of pH. In the carbonate systems with pH > 7.5 that are characteristic
at least for karst zones of deep circulation (oxygen-free—sulfide-free environment), the
concentration of hydrocarbonate forms of Mn(II) and Fe(II) is determined by dissolution
values of thodochrosite and siderite respectively. The redox potential values of the consid-
ered systems are controlled by relative amounts of potential-determining components of
0,/H,0, S°/S?~, Fe(OH)3/Fe?*. Here the presence of dissolved Fe(II) is characteristic for
oxygen-free—sulfide-free water environment in the interval of Eh: from +50 to +250 mV,
whereas for Mn(II) at pH 7.5 this range is increased to +300, and to +400 mV. Thus, the
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variations in coordinates of pH and Eh at relative stability of other factors, in particular
with the absence of the complexing of ions of these metals, determine the features of their
migration and they may lead to spatial separated deposition of their ore accumulations.
In waters of oxygen-free—sulfide-free environments, there are relatively high concen-
trations of Fe (to 10 mg/l) and Mn. In many cases the ratio of their contents in the solution
is close to the values of Mn/Fe in the enclosing rocks: about 0.02 (Shcheka and Zakutin,
1985). In subsurface waters of the source regions the content of O, was identified: from
the first units to 10 mg/l at the values of Eh > +200 mV (the modal values of Eh: +250 to
+350mV). In these environments the supply of O, exceeds rates of its consumption for the
oxidation reactions of the different components, including the organic matter (Shcheka and
Zakutin, 1985). Fe(II) in the subsurface waters of these environments is, as a rule, absent
owing to deposition in the form of Fe(OH)3. The concentrations of Mn(II) in the solution
reach to the first fractions of mg/l, and the formation of accumulations of oxyhydroxide
phases of Mn(III) and Mn(IV) is possible at the local increase of Eh and with the leading
role of chemisorption, autocatalytic processes. However, in the regions of subsurface
water flows (filtration, circulation) the quantity of dissolved O is considerably decreased
to its complete disappearance. The oxygen-free—sulfide-free environment with Eh from 0
to +200 mV (the modal values of Eh: +50 to +150 mV) is created as a result of it. In some
areas the oxygen-free—sulfide-free conditions of subsurface waters are changed by sulfide
environments that are characterized by negative values of the redox potential (Eh: from 0
to -150 mV). But as a whole the sulfide waters are slightly typical for karst processes.
Three major types of zoning of the redox regime of subsurface waters (Shcheka and
Zakutin, 1985) are common for many artesian basins: (1) The change of oxygen envi-
ronment of the subsurface waters to an oxygen-free—sulfide-free one; (2) The change of
oxygen environment to oxygen-free—sulfide-free and lower to sulfide one; (3) The change
of oxygen environment to sulfide and lower to oxygen-free—sulfide-free one. With all
possible varieties of geochemical regimes of the formation of karst manganese ores, the
above examples of relatively large deposits indicate that the environments of free O,
existence are most characteristic for them. The similar environments are considerably
close to the supergene zone settings, in particular, weathering crusts in carbonate rocks.
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MODEL OF MANGANESE ORE FORMATION IN THE
SUPERGENE ZONE

4.1. Formulation of the Problem

In geological science, in particular, in the geochemistry of sedimentary ore formation,
relatively complete genetic models are created as a result of tight interaction of three
methods:

1. Observation, and study of modern and ancient natural objects, accumulation, and
understanding of empirical data, distinguishing of significant information, and factors
that determine the investigated phenomena. In these investigations it is necessary to
reduce the rather complicated natural system to some relatively elementary system.

2. Modeling, experimental simulation of separate parts or stages of processes with the
inevitable simplification of the system.

3. The historical method is essential, because the history of geochemical events is
manifested in the change of conditions, environments, and in the general trend of
the basin development, i.e. in evolution of the proceeding processes.

It is significant that geochemical investigations of recent years convincingly indicate
that in the zone of sedimentary-postsedimentary transformations the processes are subor-
dinated to kinetic control and are in a rather restricted measure determined by the laws
of equilibrium thermodynamics. It is necessary to add that in the zone of sedimenta-
tion a special role belongs to microorganisms and organic matter. More corroboration
of Vernadskii’s idea that in sedimentary environments the major geochemical processes
including ore formation were to a rather significant degree controlled by different forms
of life was obtained (Putilina and Varentsov, 1980).

Thus, for an adequate understanding of the geochemistry of low temperature supergene
processes of ore formation it is necessary that non-equilibrium and irreversible features
of these processes, controlled by kinetic and sorption factors, and relatively complete
concepts on mechanism of these processes, including the nature of irreversible reactions,
were reflected to a sufficiently complete degree in the specific and generalized models of
these processes. It was noted above that in comparison with other ore-bearing weathering
crusts, the geochemistry of the mineralization processes in manganese-bearing crusts is
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relatively scantily studied to the present time. Nevertheless for the derivation of the

preliminary geochemical model of the weathering profile it is necessary to emphasize

some items:

(a) Large laterite manganese deposits are associated with aerial weathering crusts and,
to a considerably smaller degree, with linear crusts.

(b) Mn-ore crusts are usually characterized by zonal structure. Each zone is defined by its
typomorphic mineral paragenesis, i.e. a definite mineral and chemical composition.

(c) The change of typomorphic mineral paragenesis together with features of substrata
rocks reflects the chemical composition of filtrating ground solutions with definite
regimes of pH and Eh and the value of their mineralization and contents of dissolved
organic matter.

(d) In the weathering crust three main components-stages, often spatially weakly sepa-
rated, may be distinguished: (1) source; (2) transportation medium; (3) ore formation
environment. In the result of the activity of solutions, containing carbonic acid,
humus and other acids and probably with participation of biochemical and bacterio-
logical phenomena, the following phenomena take place: (1) dissolution, hydrolysis
of primary minerals; (2) migration and autochthonous or with some transportation,
accumulation of compounds of ore components.

(e) In processes of authigenic formation of oxyhydroxide mineral and ores of man-
ganese and associated metals, the essential role belongs to sorption processes often
accompanied by autocatalytic accumulation of transition metals from ultra-diluted
solutions.

The manganese deposits in laterite crusts of West Africa, whose autochthonous and
redeposited nature is sufficiently substantiated in most cases is accepted as a natural model
(Bouladon et al., 1965; Grandin and Perseil, 1977, 1983; Leclerc and Weber, 1980; Perseil
and Grandin, 1977, 1983; Weber et al., 1979).

4.2. Data of Natural Observations

4.2.1. ALTERATION OF THE SILICATE PROTORE

In some of the considered deposits of West Africa (Mokta, Ziemougoula, Céte d’Ivoire;
Tambao, Burkina Faso; etc.), the regional manganese volcanogenic-sedimentary Precam-
brian rocks of the Birrimian Series is the Mn-protore. Irrespective of the variability of
the series composition, the following generalized mineral composition may be accepted
(Nahon et al., 1983): tephroite (65%), spessartine (20%), manganocalcite (10%), Mn-
bearing chlorite and sulfides (5%). Tephroite, manganocalcite, and Mn-chlorite are the
most easily altered at the early stages of weathering to manganese oxyhydroxides, whereas
the transformation of spessartine proceeds in the upper parts of the weathering profile,
where manganese oxyhydroxides of the early generations are substituted by later ones.
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Fig. 70. Sequence of formation of Mn minerals in the weathering crusts developed after silicate parent rocks
of the West Africa deposits (after Grandin and Perseil, 1977, 1983; Nahon, 1982, 1983; Perseil and Grandin,
1978, 1985).

4.2.1.1. Early Stages of Alterations (Transformation of Tephroite)

4.2.1.1.1. Stages of Mn(II)-smectite formation. The stages of Mn(IT)-smectite formation
are manifested at the most initial stages of tephroite weathering (Nahon et al., 1982). The
clayey matter is developed in the filling of the corrosion cavities and crystal fractures (Fig-
ure 70). Each of the patches of this matter, represented by Mn(II)-trioctahedral saponite,
retains crystallographic (and crystalloptical) orienting of the initial tephroite grain, that
may indicate a non-destructive (in situ) mechanism of transformation. According to data
of microprobe analyses (Nahon et al., 1982) the newly formed Mn(IT)-smectite is some-
what depleted relatively to the initial tephroite in Mn and Mg, but is enriched in Al. The
environment, in which the formation of Mn(II)-saponite proceeded, was not so open to
the oxidation of Mn(II) to Mn(III) or Mn(IV).

4.2.1.1.2. Stage of manganite (y-MnOOH) formation. The stage of formation of man-
ganite (y-MnOOH) is developed at relatively higher levels of the weathering profiles,
where Mn(IT)-smectite is destroyed or substituted by manganese oxyhydroxides formed
mainly after unaltered tephroite (Nahon et al., 1982, 1983). The manganite should be
considered as the phase widely formed at early stages of transformation of slightly stable
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Mn-silicate matter under the conditions of relatively soft gradational oxidation. The man-
ganite is most often found filling in the microfractures transacting tephroite crystals and as
mosaic idiomorphic crystals. It is interesting to note (Nahon et al., 1983) that manganite
is developed during Mg and Ca leaching and during incomplete removal of SiO;, and to
a lesser degree of Fe and Al, while the dispersed micronodules of SiO,, and the highest
concentrations of Si are observed near the borders of unweathered tephroite (by the data
of microprobe scanning of the above authors).

During consideration of the manganite genesis as the initial product of the oxidation
transformation, it is necessary to point out that its formation is not associated with any sig-
nificant transportation of manganese released during complete dissolution of the tephroite.
This feature essentially differentiates the formation of oxyhydroxide Mn minerals at the
dissolution of manganese silicate from the formation of Mn oxyhydroxides after other
minerals.

4.2.1.2. Major States of Weathering (Alteration of Mn-Garnet)

Alteration of Mn-garnet, essentially spessartine, in the laterite weathering crust was con-
sidered in previous chapters. On the basis of analysis of investigations (Grandin and
Perseil, 1977, 1983; Perseil and Grandin, 1985) we may accept the following scheme of
the alteration sequence of the manganese garnet (Figure 70) reflecting the directed change
of the geochemical regime at different stages of the weathering crust development:

Mn-garnet — lithiphorite — cryptomelane — ramsdellite — nsutite.

I I}

4.2.2. ALTERATION OF CARBONATE PROTORE

In processes of interaction of ground solutions with the distinguished initial carbonate
material, a number of alteration stages (Figure 71), are developed, controlled by properties
of the composition, in particular, by presence of the organic matter and drainage intensity
among general factors, determining the formation of the weathering crust profile (Boeglin
et al., 1980; Bouladon et al., 1965; Grandin and Perseil, 1977, 1983; Kim, 1974, 1977,
1980, 1991; Leclerc and Weber, 1980; Perseil and Grandin, 1978, 1985; Weber et al.,
1979).

1. The earliest stage of alteration of the initial carbonate manganese-bearing rocks
is distinctly manifested in a number of deposits of West Equatorial Africa (Moanda,
Gabon; Ziemougoula, Cote d’Ivoire, etc.) and South America (deposits of the Lafayette
region, Brazil). For example, in the carbonate metamorphosed protore of deposits of
the Lafayette region (Boeglin et al., 1980) four generations of rhodochrosites have been
distinguished. Their composition is substituted and enriched by manganese exhibiting
some regular trends from deeper and more ancient rocks to surface and relatively young
beds. This stage is rather clearly represented in lower parts of the weathering profile
of the Moanda deposit (Gabon). Initial rocks are represented by black carbonate clayey
shales composed essentially of illite, complex Mn-carbonate, aggregates of pyrite, and
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Fig. 71. Sequence of formation of Mn minerals in the weathering crusts developed after carbonate parent rocks
of the West Africa deposits (after Boeglin ez al., 1980; Bouladon et al., 1965; Grandin and Perseil, 1977, 1983;
Kim, 1974, 1977, 1980, 1990, 1991; Leclerc and Weber, 1980; Nahon, 1982, 1983; Perseil and Grandin, 1978,
1985; Weber et al., 1979).

admixtures of clastic quartz. It is important to emphasize the enrichment of these rocks
by organic matter. The essence of alteration is that the initial multicomponent carbon-
ate composed of (Mng 64Cag 22Mgp 13Fe0.01)CO3 and (Mny 45Cag.26Mgo.29)CO3, near the
weathering profile base, is transformed to well-crystallized almost pure rhodochrosite
(nodules, intergrowths of crystals, and monocrystals) (Mng g9 Cag.0o7Fe0.001 Mg0.001)CO3
(Boeglin, 1981; quoted after Nahon et al., 1983).

2. Slow, gradational oxidation, alteration of the initial material (Figure 71).

Rhodochrosite — (groutite), manganite —

~ nsutite

— pyrolusite — cryptomelane « ramsdellite.
3. Fast, intensive oxidation and weathering (Figure 71).

Rhodochrosite — birnessite — pyrolusite — cryptomelane — ramsdellite.

4.2.3. FORMATION OF MANGANESE CAP (CUIRASS)

The formation of manganese ore cap is associated with the mature final stages of de-
velopment of the laterite profile when Mn, leached from the bedrock and autochthonous
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Africa deposits (after Bouladon er al., 1965; Grandin and Perseil, 1977, 1983; Perseil and Grandin, 1978, 1985).

|| PYROLUSITE I

rocks after considerable transportation, is accumulated with the formation of massive ores
protruding in the relief. For deposits of West Equatorial Africa, and a number of envi-
ronmentally similar regions, the definite sequence of mineralization has been established
that may be accepted as sufficiently general (Grandin and Perseil, 1977, 1983; Perseil and
Grandin, 1978, 1985):

~ nsutite

pyrolusite — cryptomelane « ramsdellite.

The comparison of this series with the sequence of the major and mature stages of min-
eralization of autochthonous, and lens-like laminated accumulations in the weathering
crust of the silicate and carbonate protore indicates their similarities. This fact testifies
to the definite similarity of the geochemical evolution of ore-forming solutions and con-
jugated character of the formation of upper horizons of non-redeposited crusts and cap
accumulations.
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4.3. Experimental Data

4.3.1. INTRODUCTION

The major parameters of the natural processes of the Mn and Mn-Fe ore formation in
the supergene setting were considered above. Special attention was paid to chemical
composition of ground solutions, subsurface and karst waters, as well as to solid Mn and
Fe oxyhydroxide phases deposited from them.

Processes of removal of transition metals from such solutions and of their accumulation
in the form of oxyhydroxides and other phases in the supergene zone are characterized
by extremely low rates. It allows one to attribute them to unobserved phenomena.
Studies of separate phases of Mn ore formation in weathering crusts (proper matter of
ore accumulations, composition of ground solutions and subsurface waters, enclosing
rocks, role of sources of metals and facies conditions) allow one to evaluate only rather
approximately the parameters of processes and to discuss indirectly the chemistry of this
phenomenon and the essence of its mechanism. Investigations, performed during the
last two decades by the researchers of different fields of chemistry and geochemistry
on the sorption extraction of transition metals from solutions of complex electrolytes by
oxyhydroxides of iron, manganese, and other metals, significantly expanded the notions
of these processes. The major results of the investigations were discussed in our previous
works (Putilina and Varentsov, 1980; Varentsov and Pronina, 1973; Varentsov et al., 1978,
1979a, 1979b, 1980, 1981, 1985).

4.3.2. SORPTION SYNTHESIS OF THE OXYHYDROXIDE PHASES OF MN, FE, NI, AND CO
ON IRON OXYHYDROXIDES

Our previous works (Pronina and Varentsov, 1973; Pronina et al., 1973; Varentsov, 1972,
1976; Varentsov and Pronina, 1973; Varentsov et al., 1980) have shown that the formation
of Fe—Mn ores in the Recent basins and in the weathering crusts involves chemisorption
processes accompanied by the autocatalytic oxidation of transition metals sorbed from
the component-bearing solution by the active surface of the sorbent. Several experiments
have revealed the main stages of this complex interaction. They have also shown that the
process may be proceeded in a wide range of concentrations, from ultramicroquantities to
highly noticeable contents.

The purpose of the present study is to synthesize newly formed phases in amounts
sufficient for identification by the existing techniques, using the process of chemisorption
and autocatalytic oxidation of Fe, Mn, Ni and Co accumulations on the hydrous iron oxide
(7-FeOOH) and to examine the mechanisms of the process in more detail.

4.3.2.1. Main Results

Table 22a shows sorption dynamics data for the components studied. An analysis of this
data indicates that the rate of sorption varied appreciably during each cycle, especially for
Mn and less markedly for Ni and Fe. On the whole, there was a tendency for these elements
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Fig. 73. (a) Spectra 2p% of Mn electrons in the outside and inside parts of the newly formed layer; (b) The
ratio (%) of Mn valence states in the outside and inside parts of the newly formed layer (Varentsov et al., 1980).

to show a significant reduction in the rate of sorption. As a result of the seven changes of
the original solutions the following relative quantities of the metals were accumulated on
the sorbent: Ni = 19.46%, Co = 15.65%, Fe = 28.13%, Mn = 10.51%.

From the study of the initial phase of the sorbent by means of a scanning electronic
microscope it can be stated that lepidocrocite occurs as microglobular aggregates with
characteristic needle-shaped crystallites on the surface. High-resolution photographs show
the general globular structure of these formations having characteristic fine needle-shaped
crystallites developed on the surface. On the photograph of the final product the globular
structure is seen to have been preserved only for relative coarse aggregates. At the higher
resolution it is possible to distinguish the relative flat microlaminate stepped forms of the
outside parts of the sorbent aggregates that are defined as epitaxial forms of successively
growing new phases.

X-ray photoelectron spectroscopic methods make it possible to study the features of
the valence states of atoms only in surface layers (with the depth of photoelectron ejection
averaging 50 to 70 A). so that the surface of the particles were etched by argon jons with
an energy of 0.7 KeV at 6 mA (the argon in the camera having a pressure of 0.14 torr
during sample preparation) to examine deeper sections. Two rounds of etching with a
step of 3400 A were performed on the sample under investigation. The structural and
chemical characteristics of the sorbed layer were evaluated from the spectra 2p% of the
electrons of Mn, Fe, Ni, and Co, which are illustrated in Figures 73a, 74a, 75a, and 76a.
As shown, the spectral pattern for all the atoms studied in the outside portion of the layer
is very distinct from that for the atoms in the inside portion of the layer.

Manganese. The spectrum Zp% of the electrons of Mn in the outside portion of the
layer has a complex structure showing a distinct subdivision into two maximum groups:
a low-energy group (with a bond energy range of 640 to 644 e¢V) and a high-energy group



222 Chapter 4

Fig. 74. (a) Spectra Zp% of Ni electrons in the outside and inside parts of the newly formed layer; (b) The ratio
(%) of Ni valence states in the outside and inside parts of the newly formed layer (Varentsov et al., 1980).

having a bond energy range of 645 to 647 eV (Figure 73a). The low-energy portion
of the spectrum has a substantial breadth and is asymmetrical to allow one to assume
the superposition of several manganese charge states. The same is indicated by the step
configuration of the top part of the spectrum in this bond energy range. A comparison of
the spectrum thus obtained with the spectra known for various manganese oxides indicates
that the 641.6 eV peak refers to Mn?t and the 642.7 eV peak to Mn*+. The 646.6 eV
peak, which shows intensity and high resolution, is associated with the manganese in
the uppermost oxidation valent state (Mn’1). However, the valence states Mn(VII) and
Mn(V) should be regarded as transitional and metastable. It is significant that in the
present case the ratio Mn?t : Mn** : Mn"* approaches 1 : 1 : 1 (see Figures 73a, b).
The peak responsible for Mn’* disappears altogether at a depth of 3400 A from the
surface in the sorbed layer and the most oxidized form of manganese here is Mn>* (with
a bond energy of 645.2 eV), while there is simultaneously a considerable reduction in the
proportion of Mn** (the ratio Mn?* : Mn** : Mn>t =2:1: 1). The inside portion of the
layer (6800 A) is represented only by lower manganese oxidation states, Mn?t and Mn**+
having approximately equal quantities.

Nickel. The spectra Zp% of the nickel electrons in the outside part of the layer also has a
substantial breadth (3 eV) (Figure 74a). In addition, satellite lines are found at intervals of
6 to 7 eV in the high-energy portion of the spectrum. These satellite lines can be distinctly
subdivided into two narrow components: one with a bond energy of 862.5 eV and the
other with a bond energy of 863.0 eV. The transition in the intermediary portion of the
layer (3400 A) causes the basic line Zp% of the nickel electrons to become much narrower
and move toward the low-energy portion, up to 855.5 eV, compared with the bond energy
of the basic peak in the outside portion of 856.3 eV. The 855.5 eV value is characteristic
of divalent nickel (Frost et al., 1972; Minachev et al., 1975; Nemoshkalenko and Aleshin,
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Fig. 75. (a) Spectra 2;)% of Co electrons in the outside and inside parts of the newly formed layer; (b) The ratio
(%) of Co valence states in the outside and inside parts of the newly formed layer (Varentsov et al., 1980).

1976; Rosencwaig et al., 1971), the satellite lines having a bond energy of 861.5 eV. In
other words, the significant breadth of the nickel spectrum in the outside portion of the
layer and the double structure of the satellite lines give reason to suppose that this spectrum
is a superposition of the two nickel states: Ni** and Ni**, quantitatively proportioned
as 1 : 1 (see Figure 74). As stated above, the intermediary portion of the layer is largely
represented by divalent nickel, but the amount of trivalent nickel, as evidenced from an
influx in the bond energy region of 857.0 eV, is 1/4 of the total. It is interesting that a
corresponding redistribution of intensity also occurs on the satellite lines in this case. The
spectrum Zp% of the nickel electrons in the lower layer (6800 A) does not differ from the
spectrum of the intermediary layer.

Cobalt. The structure of the Zp% lines of the cobalt electrons is similar to that of the
nickel lines (Figure 75a, see Figure 74a): the cobalt spectrum in the outside portion also
has a substantial breadth and tends to shift into the high-energy region, compared with the
inside portion of the sorbed layer. By analogy with nickel, this spectrum is a superposition
of Co?* and Co®* in the ratio Co3* : Co?* =3 : 2 (see Figure 75). It is of interest to note
that the cobalt spectrum has a satellite structure only in the outside portion. The satellite
in the 785.2 eV region is probably due to the discrete losses associated with the secondary
transfer of the electrons 3d—4s to the ion Co**. The cobalt spectra at 3400 A and 6800 A
are absolutely identical and have rather symmetrical lines. The peak of the cobalt basic
line at 3400 A and 6800 A has a bond energy of 780.0 eV, which exactly corresponds to
the presence of Co®*. The remnant amounts of Co are noticeable only in the intermediary
layer from a certain asymmetry in the high-energy portion of the basic line.

The presence of a satellite in the Co spectrum for the outside portion of the layer is
most likely to be connected with the specific nearest surroundings of Co?* and not of
Co*, since Co3* possesses no satellite structure. This is also supported by the fact that
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Fig. 76. (a) Spectra 2p% of Fe electrons in the outside and inside parts of the newly formed layer; (b) The ratio
(%) of Fe valence states in the outside and inside parts of the newly formed layer (Varentsov et al., 1980).

the satellite distance is very small: Co** Zp% : 3.3 eV. instead of the commonly found
45eV.

As known from experimental studies, satellites are mainly characteristic for octahedral
configurations with Co as the ligand, while the absence of satellites indicates the transfer
of Co into tetrahedral surroundings, i.e. into the inner parts of the sorbed layer Co?* are
distributed largely over tetrahedral vacancies.

Iron. All the three levels of the studied layer of the spectrum Zp% of the iron electrons
are close both in the configuration of the lines and in the magnitude of the binding
energies (Figure 76a). Nevertheless, in the outside portion of the layer the reduction of
the maximum of the Zp% lines of the iron shows somewhat higher magnitudes of binding
energy (711.6 eV), while in the intermediary and lower part of the layer this energy falls
to 711.2 eV. This indicates that the outside portion is characterized by a higher effective
iron charge than the inside portion. Since the present iron spectrum has a relatively great
breadth, then we can assume that this spectrum reflects the concurrent presence of Fe?t
and Fe3*, with the trivalent form of iron prevailing in the outside portion of the layer. A
comparison of the iron line in the intermediary portion and the shift of this line into the
low-energy region points to a relative reduction of the trivalent form. The subsequent
broadening of the iron lines on the low-energy side to a magnitude of 6800 A is most
likely to be attributed to the hydrate form of Fe(OH), and this points to an increase in the
relative quantities of Fe>* (see Figure 76).

From a study of the sorbent phase and the product synthesized on its basis by using
X-ray diffraction powder methods one can determine that a number of hydroxide phases
have synthesized on the surface of lepidocrocite in the form of epitaxial growths, as
evidenced from scanning microscope photographs. The most pronounced crystalline
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phase is that of the manganate of potassium (K,MnOy4) which is distinctly identifiable
from the series of reflexes: 4.29, 3.83, 3.08, and others (Table 23). In addition, there
are the oxyhydroxide phases of some other metals whose low crystallization and weakly
pronounced reflexes do not match their true composition in the newly formed layer. In
particular, the iron compounds are represented by an X-ray amorphous phase (FeOOH,
Fe(OH),;). Among the compounds of Mn, Ni, and Co one can identify a solid solution
of CoO-NiQ, NiO, Ni(OH);, Mn,03, and trace amounts of Co,0O3 may also be present
(see Table 23). It should be stressed that X-ray photoelectronic spectroscopy data on the
interlayer distribution of the valence forms of these metals should be taken into account
when considering the distribution of these phases in the newly formed layer. On the whole,
the results of X-ray photoelectronic spectroscopy agree well with the phases identified on
X-ray diffraction patterns.

4.3.2.2. Discussion

Although the conditions for each cycle of sorption of Mn, Fe, Co, and Ni from the solution
by the dispersed phase of the sorbent (lepidocrocite) were kept as identical as possible,
the degree of sorption was found to vary from component to component. For Co and Ni,
and to a lesser extent for Mn, there is a distinct reduction in the degree of sorption in the
final stage (5-7) as compared with the beginning of the interaction (see Table 22a). For
iron no such tendency is in evidence. In Table 22a it is shown how the rates of sorption
(pg/hour) vary and illustrate the dynamics of absorption. An analysis of these data leads
to the conclusion that the rates of sorption during the final stages (5-7) are four to five
times lower than those during the initial stages. Since the joint sorption of the hydrous iron
oxides and Mn, Fe, Ni, and Co present in the solution took place during the process of the
interaction, it is necessary to consider changes in the rates of the overall sorption of these
metals during the experiment (see Table 22a). It is obvious that reduction in the overall
sorption rates for the metals under investigation is to be compared with the specifics
of the distribution of their valence forms at different levels of the sorbed layer. This
reduction in the sorption rates can be correlated with the distribution of the metals over
three depth levels in the newly formed layer. Characteristically, the behavior of Mn, Ni,
Co, and Fe follows a general pattern: high-oxide forms of these components predominate
substantially in the outside portion of the layer. Manganese within the range of 0-50 A
is characterized by the presence of the highest oxidation from Mn’* (33%) and the high
degree of oxidation -Mn** (33%), only one third of the total amounts of this metal being
present as Mn?*t. Also characteristic of the outside portion is a considerable content of the
high-valence forms of Co, Ni, and Fe (see Figures 73 to 76). In the intermediate portion of
the layer (3400-3450 A) the relative amount the high-valence forms of Mn, Co, Ni, and Fe
falls markedly. In the interval of 6800-6850 A, the low-valence forms of Co, Fe, and Ni
are significantly predominant and it is only for Mn that the ratio between Mn** and Mn2+
is found to be approximately equal. Thus, the extensive occurrence of the high-oxide
forms of the metals in the outside portion of the newly formed layer may be attributed to a
significant reduction in the rate of sorption. The composition of certain zones in the newly
formed layer may be considered to be controlled by the relationship between the rates of the
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two processes: the initial ion-exchange sorption process and the subsequent autocatalytic
oxidation process at the surface-solution interface. However, as the experiment results
indicate, the ion sorption process is predominant at high accumulation rates, while the
development of the interphase catalytic oxidation reaction is blocked. It is only during
the final stages of the experiment (5-7) when the sorption rates drop sharply that the
interphase oxidation reaction could be developed. This is also facilitated by the prolonged
washing of the final product by deionized water from Cl-1ons, increasing the overall length
of the oxidation stage. It can be supposed that on the surface of the sorbent there occurs
sorption of relatively high concentrations of dissolved oxygen, leading to the formation
of the high-valence compounds of Mn, Ni, Co, and Fe.

The most probable cause controlling the decrease of the rate of sorption in the course
of the experiments is the reducing of the total surface of the sorbent (see Table 22a). The
relatively large specific surface of the initial sorbent (its increasing is favored by wide
development of needle-shaped crystallites on globular particles) is essentially reduced at
the final stages of the experiments. The SEM photomicrographs of the final products
shows the development of microlaminated epitaxial overgrowths, relative enlargement
and aggregation of the particles.

The data described herein indicates that when the kinetic parameters of the stages of
the process are in a certain relationship the sorption of Mn, Fe, Co, and Ni by hydrous
iron oxides is of a pronounced chemisorption nature with autocatalytic oxidation. The
interaction is a complex, multi-stage one and a tentative model of it has been described
in previous works (Pronina and Varentsov, 1973; Pronina et al., 1973; Varentsov and
Pronina, 1973). It is to be noted that under natural conditions the sorption of Mn, Fe,
Ni, Co, and other metals proceeds at extremely low rates, as these rates are controlled
by microquantities of these components in natural solutions. Where the quantities of
dissolved oxygen are sufficient and the magnitude of Eh is high, the conditions may favor
the development of autocatalytic oxidation, a leading process in the formation of Fe~Mn
ores.

4.3.3. SORPTION SYNTHESIS OF THE OXYHYDROXIDE PHASES OF MN, FE, N1, Co, AND
CU ON MANGANESE OXYHYDROXIDES

Goldschmidt (1937) was the first to consider sorption as being the process responsible
for Me removal from seawater as well as the natural ground waters. Goldberg (1954)
and Krauskopf (1956, 1957) contributed to this idea and Goldberg and Arrhenius (1958)
suggested that the transition metal sorption from seawater on amorphous FeOOH-zH,0
might be autocatalytic.

Evidence for the accumulation of transition metals together with amorphous FeOOH-
zH>O0 in Mn oxyhydroxides has been put forward since (Griitter and Buser, 1952) and
related to earlier evidence in laboratory experiments (Feitknecht and Marti, 1945).

More recent results have shown:

1. that Me sorption occurs in a wide range of concentrations of which the lower limit is
frequently unreliable to detect due to complex formation phenomena;
2. that sorption specificity at low and high concentrations (10! ... 10~2 ug/l and above
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10* pug/l, respectively) is important;

3. that at low concentrations the ion exchange nature is less prominent in the Me accu-
mulation by amorphous FeOOH-zH;0 and Mn oxyhydroxides than at higher concen-
trations;

4. thatbelow 10* ;g/l the Co and Zn accumulation does not follow the Langmuir equation
(as opposed to K and Na which follow the equation in a wide concentration range);

5. that the Me accumulation depends on ionic strength and other matter present in the
electrolyte (such as seawater, the most complicated electrolyte found as yet and other
natural waters also);

6. that the anion present is of particular importance for the Me accumulation, and that
also pH plays an important part as the solid-solute interface depends on it;

7. that Mn oxyhydroxides show little effect of the electrolyte at pH 6-8 for Me accu-
mulation but that the competition of 10~7 M turns up at 2 to 10 (Murray, 1975a,
1975b);

8. that the interface sorption of Me as opposed to ion exchange varies little with the
crystallinity of the substrate and has merely an influence on the sorption rate (Anderson
etal., 1973; Sipalo-iuljevié and Wolf, 1973);

9. that Mn oxides and oxyhydroxides depend in their surface charge considerably from
the pH (Gabano et al., 1965) but that in natural waters (pH 5 to 11) Mn oxides and
oxyhydroxides are always carrying a negative surface charge;

10. that contact oxidation Mn?>* — Mn** might explain the higher sorption capacity for
Mn?* as compared to Ag*t, Ba?t, Ca?t, Mg2t, Nd3t, Sr2+ (Posselt e al., 1968);

11. that hydrolysis increases Me accumulation drastically since at low pH only sorbent
OH-groups exchange their proton against the Me ion, while in the alkaline region
hydrolysis overtakes this surface reaction;

12. that evaluation of chemical and Coulomb adsorption (Murray and Brewer, 1977)
leads to unsatisfactory results which, however, may also be due to the extremely poor
characterization of the sorbent used by these authors;

13. that Stumm et al. (1976) can explain surface phenomena without having to resort
to hydrolysis while other authors (James et al., 1975; Novikov, 1972; Novikov and
Gonchrova, 1972; Novikov and Knyazev, 1977) came to conflicting views.

All these models and ideas suffer from poor characterization of substrate and hence,
poor evidence. It is, therefore, necessary to concentrate the efforts on using defined Mn
oxyhydroxides such as synthetic Mn3Oy, birnessite, and buserite (Giovanoli et al., 1975).
We are not aware of the use of similar substrates by other authors and it is no wonder that
as a consequence they suffer from the inadequacy of existing sorption models.

Our own studies (Pronina and Varentsov, 1973; Pronina et al., 1973; Varentsov and
Pronina, 1973, 1976; Varentsov et al., 1978) revealed once again a high sorption selectivity
in seawater as well as in other mineralized natural waters, e.g. karst waters, and a sequence
of several stages from surface exchange of OH groups to formation of new phases.

The purpose of the present study (Varentsov et al., 1979a, 1979b) is to elucidate the
principal factors in the sorption of Mn, Fe, Ni, and Co from seawater or similar mineralized
water by Mn30;.
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Fig. 77. Initial Mn304. Scanning electron microscope. The microglobular topography of the aggregates is
visible (Varentsov et al., 1979a).

4.3.3.1. Experimental

Substrate; metal solutions. Synthetic, pure Mn30O4 (Feitknecht and Marti, 1945) in
bipyramids about 2000 A size was used as substrate (Figure 77).

The synthetic seawater (Bruevich, 1946) was prepared from deionized water: 19%o
Cl—, 35%0¢ S; pH 8, 10 : 8, 15. Me ions were complexed with a 10-fold molar excess of
citric acid to prevent hydrolysis, Fe was added as analytical grade NH Fe(SO4),-12H,0,
and Co as analytical grade ‘Ni free’ CoCly-6H»O. Ni was used as analytical grade ‘Co
free’ NiSO4-7H,0.

Initial concentrations are shown in Table 24.

Experiment.  5-litre polythene bottles with the solution and 300 mg Mn3O4 were shaken
for 72 h. Mn3O4 was then isolated by centrifuge. Controls were carried out to account
for sorption by the bottle wall and for possible hydrolysis.

After each run the isolated Mn3;O4 was exposed to a new portion of starting solution.
Seven cycles proved necessary to get sufficient Me accumulation (Table 24).

The final precipitate was washed free of CI~ with deionized water.

Analytical. Ni and Co contents were determined by polarography (Vinigradova ez al.,
1968) and Fe by photometry of 1 x 10-phenanthroline (Marchenko, 1971). Mn was
determined as MnO} by photometry (Marchenko, 1971).
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X-ray diffraction, electronmicroscopy, X-ray photoelectron spectroscopy, Mdssbauer.
Routine diffraction has been made with a 57.3 mm powder camera and V filtered Cr
radiation (Sokolova). For better resolution a Guinier—de Wolff camera Mk.I with focusing
quartz monochromator and FeK, ; radiation was also used.

The morphology was observed with a scanning electron microscope HITACHI-
AKASHI MS M-2 and a JEOL transmission electron microscope (Serebrennikova). A
HITACHI HU-12A transmission electron microscope also was used.

The valence of accumulated Me was studied by X-ray photoelectron spectroscopy
(spectrometer VIEE-15) with MgK,, excitation of 1.2536 keV energy. The accuracy of
+0.1 eV and resolution of 1.2 eV were attained in vacuo (3 x 10~7 torr). The carbon 1-s
line with binding energy 285.0 eV was used for calibration. Samples were prepared to
cover a finely corrugated Al cylinder.

Photoelectrons penetrated about 50 to 70 A into the sample. For deeper zones the
substances were ion etched (Ar ions, 0.7 keV, 6 mA, at 0.14 torr) in steps of 3400 to
6000 A.

The Fe valence was determined by Mdssbauer spectroscopy, using an electrodynamic
spectrometer and Co”’ as source, in a Pd lattice. A NaJ(TI) crystal scintillation counter
served for recording. Spectra were taken at room and liquid nitrogen temperature.

4.3.3.2. Results

Analytical. Table 24 shows the following features:

(a) The amount of sorbed Co decreases from 40.06 to 15.50% in the final stage of the
experiment.

(b) Ni shows a less pronounced trend.

(¢c) Feis sorbed gradually and reaches 100% after stage 5.

(d) Mn shows a decrease from 21.14 to 14.40% up to stage 3, and from stage 4 to 7 even
a desorption of Mn occurs. The released Mn in solution drastically exceeds, in the
final stage, the initial Mn concentration, i.e. by 2535 ug.

After 7 changes of the initial solutions 17.67% Ni, 19.50% Co and 27.64% Fe, respec-
tively, were accumulated on the sorbent; while from this data it may be formally concluded
that there is no Mn accumulation on Mn3;04. A manganese amount equivalent to 16.14%
of sorbed Co or 17.96% of the Ni was removed from the Mn3Q4 substrate during the
surface exchange reaction.

Morphology. Figure 77 shows the globular aggregates of Mn3O4. Figure 79 presents
the actual Mn3 Oy crystals as bipyramids.

After the reaction, the globular aggregates have changed into microlaminated steps of
epitaxial outgrowths of the new phase (Figure 78).

Photoelectron spectra. The Zp% photoelectron spectra (Figures 80 to 82) give the fol-
lowing evidence:
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Fig. 78. Product, obtained after the sorption experiment. Scanning electron microscope. The aggregates have
grown and the spherical form has disappeared (Varentsov et al., 1979a).

Mn. In the external part of the sorbed layer there is a clear cut separation of the low-energy
peaks, i.e. binding energy 640 to 644 eV. The considerable breadth and the symmetry
suggest that several valence states of Mn are present. This is supported by the top portion
in this binding energy region.

From reference obtained with defined Mn oxides (Frost et al., 1972; Minachev et al.,
1975; Nemoshkalenko and Aleshin, 1976; Rosencwaig et al., 1971) it follows that the
641.5 eV peak represents Mn?* and the 642.7 eV peak Mn*t.

The relative amounts of Mn** and Mn?* will then be 60 and 40% in the top layer (Fig-
ure 80). With depth this relation alters to 50-50% in 6000 A and in 12.000 to 15.000 A
depth the Mn** peak disappears entirely in favor of a new peak at 641.4 eV corresponding
to Mn**. At 12.000 to 12.050 A the ratio Mn3* : Mn?* is 70 : 30 and decreases below
15.000 to 15.050 A to 40 : 60.

Ni. Figure 81 shows again a considerable peak breadth, i.e. 3 eV. In the high energy
region, at a distance of 6 to 7 eV, satellites turn up which can be separated into two com-
ponents of binding energies 862.5 and 863.0 eV, respectively. At a depth of 6000 A the
main line becomes narrower and is shifted to 855.5 eV (cf. main peak at the surface with
856.3 eV). 855.5 eV are characteristic for Ni%t (Frost et al., 1972; Minachev et al., 1975
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Fig. 79. Product, obtained after the sorption experiment. The initial Mn3;Oy4 bipyramids show indications of
corrosion, and a new phase has grown on the crystals (Varentsov et al., 1979a).

Fig. 80. (A) Mn X-ray photoelectron (2;)%) spectra for the external and internal parts of the newly-formed
layer. (B) Relationships (%) between the Mn valence states in the external and internal parts of the newly-formed
layer (Varentsov ef al., 1979a).
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A B

Fig. 81. (A) Ni X-ray photoelectron (Zp%) spectra for the external and internal parts of the newly-formed layer.
(b) Relationships (%) between the Ni valence states in the external and internal parts of the newly-formed layer
(Varentsov et al., 1979a).

Nemoshkalenko and Aleshin, 1976; Rosencwaig et al., 1971). The satellite indicates a
binding energy of 861.5 eV.

In short, there are two valence states of Ni (+2 and +3) in the outer layer, with a ratio
of 70 : 30. In the depth Ni* is prominent. In this case the corresponding intensity
redistribution on the satellites can be observed as well.

In the depth of 12.000 A the spectrum remains unaltered.

Co. Figure 82 shows very much the same spectrum as Figure 81, i.e. as in the case
of Ni there is a superposition of Co?* and Co’* in a ratio 70 : 30.

There are satellites, however, in the spectrum of the outer part of the new formed layer.
At 782.5 eV, most probably, lies an indication of discrete losses due to secondary 3d-4d
electron transition in the Cot ion.

At 6000 and 12.000 A depth the spectra are identical and show fairly symmetrical lines.
The Co main line indicates a binding energy of circa 780.5 to 781.5 eV which corresponds
to Co?t (Frost et al., 1972; Minachev et al., 1975; Nemoshkalenko and Aleshin, 1976;
Rosencwaig et al., 1971).

The satellite occurring in the outer layer spectrum is due to special features of the
nearest surrounding of Co?*, not Co**t. The latter produces no satellites (Rosencwaig et
al., 1971). The small distance of 3.3 eV instead of the usually observed 4.5 eV supports
this. Satellites are typical for octahedral Co (Frost et al., 1972; Minacheyv et al., 1975;
Nemoshkalenko and Aleshin, 1976). Their absence implies tetrahedral Co. In the deeper
parts Co?™*, thus, is mainly occupying tetrahedral sites.
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Fig. 82. (A) Co X-ray photoelectron (2p%) spectra for the external and internal parts of the newly-formed

layer. (B) Relationships (%) between the Co valence states in the external and internal parts of the newly-formed
layer (Varentsov et al., 1979a).

Table 25. M@ssbauer spectra parameters of FeOOH;H,O amorphous on accumulated Mn304
(Varentsov et al., 1979a).

Sample T Isometric Quadrupole Half-width Effective e (%) %3%
(°K) shift 6E  splitting of rg magnetic field
(mm/s) AFE (mm/s) lines (mm/s) intensity (kOe)
a 300 0.18 0.68 0.61 - 1.00
80 0.17 0.66 0.48; 0.42 - 1.80 0.55
b 300 0.18 0.71 0.61 - 0.53
80 0.17 0.69 0.45; 0.60 - 1.50 0.34
c 300 0.18 0.66 0.61 - 0.20
80 0.17 0.69 0.54; 0.39 - 1.16 0.15
Synthetic 300 0.18 0.66 0.62 - 2.50
FeOOH-zH;0 80 0.17 0.66 0.54; 0.60 - 380 0.66
‘Goethite’ from 300 0.15 0.57 0.46 - 7.70 -
the Red Sea 80 0.15 0.69 0.45 454 - -
(X-ray amorph.)
Goethite synth. 300 0.20 0.55 0.44 -

a-FeOOH 200 A 80 0.08 0.58 - - - -
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Fig. 83. Mbossbauer spectra of the product obtained as a result of the sorption of the dissolved Ni, Co, Fe,
and Mn from the solution of seawater by Mn304. The spectra were taken at a temperature of liquid nitrogen.
The samples a, b, and c are the products of parallel experiments. The parameters of these spectra correspond
to amorphous FeOOH-xH;O. The samples of the a-b-c series show an increase of disorder in amorphous
FeOOH-zH,0 (Varentsov et al., 1979a).

Mossbauer spectra.  Spectra of three samples a, b, and c are shown in Figure 83 and
summarized in Table 25.

Sample a. The quadrupole doublet with an isometric shift of 0.17 mm/s and quadrupole
splitting AE = 0.66 mm/s is characteristic for Fe’T, the line width of 0.48 mm/s is 1.5
times the instrumental line width. The magnitude of the effect is 1.8%.

Sample b. The quadrupole doublet has the same order of isometric shift but a some-
what higher quadrupole splitting (AE = 0.69 mm/s). The lines are slightly asymmetrical
with 0.45 mm/s and 0.60 mm/s width, respectively, for the left and the right component.
This is 1.40 and 1.87 times the instrumental line width, respectively. The magnitude of
the effect is 1.5%.
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Fig. 84. X-ray powder pattern of initial Mn3 O, (top) and products of the sorption experiments. New lines
appear on account of the intensity of the Mn30j reflections. Guinier—de Wolf camera; FeK radiation.

Sample c. The quadrupole doublet is similar to that of b, with reverse asymmetry and a
magnitude of the effect 1.16%.

The constant isometric shift (1.17 mm/s) and the magnitude of quadrupole splitting
(0.66 to 0.69 mm/s) indicate Fe** for all three samples and correspond most closely to
amorphous FeOOHzH,O0.

The difference from a to ¢ in the magnitude of the effect (1.80% to 1.16%) as well as
the line width correspond to a decrease of crystallinity.

The parameters given above were obtained atliquid N, temperature and there is virtually
no difference when passing from room temperature to liquid N, temperature. However,
there is a prominent increase of the effect, characterizing the crystallinity. For compar-
ison, finely divided a-FeOOH and amorphous FeEOOHzH,O are included in Table 25
(temperature of liquid N») to underline the splitting effect. Our evidence indicates the
presence of amorphous FeOOHzH,O in the sorbed layer.

X-ray diffraction. Table 26 and Figure 84 show the X-ray diffraction results. After the
experiment there appears a new set of reflections (3.39; 3.26; 2.69; 1.97; 1.88; and 1.74 A
amongst others) in addition to the Mn3Oj4 pattern. From comparison of the d values only,
phases like v-MnOOH, a-CoOOH, Co0,03, Ni,03, and NiSO42H,0 could be found in
reference files (ASTM file and others). The direct X-raying of our samples with these
substances side-by-side reveal that y-MnOOH and a-CoOOH can be discarded and also
the other compounds listed are most improbable under the conditions of our experiments.
A purely numerical coincidence of some of the d values is not sufficient proof for these
phases.
The exact identification of the additional reflections has therefore still to be solved.

4.3.3.3. Discussion

The main features of the sorption experiment have turned out as follows:
1. The amount of sorbed Co decreases from 40.06 to 15.50% during the experiment.
The same holds for Ni but is less pronounced.
2. Fe shows a substantial increase of sorption, especially towards the end of the experi-
ment.
3. Mn is accumulated less — as opposed to Fe — by each step, and in the end is even
released into the solute phase. This can be compared to the morphological evidence:
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Table 26. X-ray powder patterns of the starting material Mn3O4 and final
product (Guinier-de Wolff camera Mark I, FeK,, radiation) (Varentsov ez
al., 1979a).

Initial Mn3O4 End  Product Reference Hausmannite
Mn;04 ASTM 16-154

d(A) I d(A) I d(A) 1
491 20 - - 4.94 30
- - 437 0.5 - -
- - 3.93 0.5 - -
3.56 0.5 3.56 05 - -
- - 3.43 0.5 - -
- - 3.39 10.0 - -
- - 3.33 0.5 - -
- - 3.30 0.5 - -
- - 3.26 8.0 - -
3.06 0.6 3.02 0.5 3.09 50
2.87 1.0 2.82 0.5 2.89 30
2.76 10.0 2.72 0.5 2.77 90
- - 2.69 7.0 - -~
2.48 9.0 245 0.5 2.49 100
- - 2.40 1.0 - -
231 2.0 237 3.0 236 40
- - 235 0.5 - -~
- - 233 1.0 - -
- - 2.32 1.0 - -
- - 2.18 1.0 - -
- - 2.11 0.5 ~ -
2.04 5.0 2.10 2.0 2.04 40
- - 1.97 6.0 - -
- - 1.88 5.0 - -
-~ - 1.81 4.0 1.82 20
1.782 5.0 - - 1.795 50
- - 1.72 0.5 - -
- - 1.74 4.0 - -
1.696 5.0 1.72 2.0 1.706 30
1.634 2.0 1.64 0.5 1.642 20
1.579 7.0 - - 1.575 80

1.541 10.0 1.55 0.5 - -
1.44 6.0 1.49 0.5 1.468 10
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Table 27. Relationship between the intensities of the (Zp%) lines of
Co, Ni, and Mn for the end product on the substrate Mn3O4 and on
~v-FeOOH (Varentsov ef al., 1978, 1979a).

Depth from the surface Co Ni Mn
of the accumulated 1(2p3) Mny 0,4

material (A) I1(2p3) v-FeOOH

0-50 0.74  0.68 0.44
6000-6050 (6800-6850) 127 158 0.93

the initial spherical aggregates of Mn3;O4 (Figure 77) show the sorbed material as
outgrowths (Figure 78).

The active surface of the initial Mn3O, diminishes therefore during the runs which
explains the behavior for Ni and Co. Similar relations were observed for Ni, Co, and Mn
on Fe oxyhydroxides (Varentsov et al., 1978).

From spectroscopy we conclude that the ions accumulated on Mn3Oy4 prefer the higher
of two possible valences. This differs from what we have observed with Fe oxyhydroxides
(Varentsov et al., 1978). The presence of much Mn?* in the accumulated layer (Figure 80)
is remarkable. The Ni and Co spectra resemble those produced on v-FeOOH at least in
the depth of 3400 to 3450 A on Mn30,.

It is noteworthy that the Co, Ni, and Mn accumulation on Mn304 decreases with time
(Table 27) as opposed to similar processes on y-FeOOH.

The intensity ratio of the (2p%) lines for accumulated material on Mn3O4 on the one
hand and y-FeOOH on the other indicates that the reaction does not proceed in a uniform
manner; the starting phase shows high adsorption but then it slows down. These data are
consistent with chemical analysis (Table 24) and a consequence of the vanishing active
surface.

The decrease of Ni** and Co®t with depth is more pronounced than in material
accumulated on v-FeOOH. There must, therefore, be a specific influence of the substrate.
However, the accumulation rate seems to have an influence as well: the outer part with
low rate shows the highest amount of Ni*t and Co3*.

The redox reactions during the diffusion of accumulated ions into the substrate will
presumably account for the apparent inconsistencies of the Mn data (Table 24) and the
Mn valence distribution: Mn?T and Mn3* leave the Mn;04 lattice when Ni and Co are
adsorbed and there occurs a kind of ion exchange at the lattice interface. This exchange,
however, i1s not stoichiometric.

It should be underlined that the accumulated Fe forms exclusively amorphous
FeOOHzH,O0 spectra.



240 Chapter 4

4.3.3.4. Geochemical Interpretation

In supergene environments we must consider
— metal sources,
— transportation,
— ore formation.

Our present data deals with the third item listed. Their main results are that Mn,
Fe, Ni, and Co accumulate in several distinct stages, involving autocatalytic oxidation,
interaction of active surfaces with the solute phase, sorption, and ion exchange. We find
a very selective sorption of transition metal which is explained partly by the particular
properties of transition metal ions and partly by the substrate. A third factor is hydrolysis.

Later stages include postsedimentation phase transformations, particularly in the geo-
logical time scale.

The autocatalytic stage is distinct at pH values slightly beyond 7 (e.g. 8.20) and under
aerobic conditions, i.e. in the presence of free O,. What is actually deposited on the
substrate will also depend on the solute phase, where the dissolved Me can be supplied.

The autocatalytic stage controls the entire process while the high sorption rate blocks
interface oxidation.

The role of micro-organisms in recent basins and other supergene environments has
recently been stressed and Ehrlich again makes a distinction between sorption and biocat-
alytic oxidation (Ehrlich, 1972, p. 66). The former takes place on an active surface while
the second involves specific enzymes such that the oxidation rate depends on enzyme
concentration.

Schweisfurth et al. (1978, p. 66) have found that with Pseudomonas manganooxidans
Mn2* oxidation occurs only in concentrations below 3 x 107> M and is favored by
complexing agents which decrease the ion activity of Mn*.

Thus, the reactions of microbacterial oxidation of transition metals (biocatalytic oxi-
dation) occur in complete agreement with the principal laws of chemical transformations
(Bruce and Benkovich, 1970; Jencks, 1969; Thomas and Thomas, 1967). For the phe-
nomena of microbacterial oxidation of transition metals, the mechanisms of chemical
transformations is likely to be based on the reactions of autocatalytic oxidation considered
above. Moreover, the autocatalytic oxidation is the leading process in the formation of
oxide metalliferous sediments.

It is supposed that in natural environments the autocatalytic oxidation is the main
process of the phenomena discussed (Morgan and Stumm, 1965; Varentsov, 1976) and
our own data is consistent with this assumption.

4.3.3.5. Sorption Synthesis of the Oxyhydroxide Phases of Mn, Fe, Ni, Co, and Cuon 7 A
MnO, (Birnessite)

These experiments are the continuation of the studies on the synthesis of oxyhydroxide
compounds of a number of transition metals (Mn, Fe, Ni, and Co) on hausmannite
considered above. The conditions of these experiments were identical.

It is important to emphasize that the most distributed Mn compounds in ore accumu-
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lations of different environments of the supergene zones, as well as the modern basins,
are essentially represented by 7 A MnO, (birnessite), 2.4 A MnO, (vernadite), and 10 A
MnO,. Hausmannite (hydrohausmannite) is found among supergene Fe-Mn ores compar-
atively more rarely than the minerals mentioned above. In the environments of the distinct
oxidation regime the hydrohausmannite is usually a metastable compound, transformed
into MnO, modifications. Owing to such distribution features of the studied phases, the
problem of how specifically the processes of the sorption synthesis of the studied tran-
sition metals on these two oxyhydroxide Mn minerals (Mn3O4 and 7 A MnO,) proceed
inevitably appears.

We have every reason to assume that the considered sorption interaction is controlled
mainly by the chemical properties of the component-bearing solutions: pH and Eh val-
ues, concentration, set of sorbed metals, state of their occurrence, composition and the
component contents of the background electrolyte, kinetic parameters, that jointly and
considerably determine the character and the charge value of the solid phase surface, i.e.
the active functional groups:

OH
/
-Me-OH | =Me or =Me-O

OH

We can assume from this assumption that the essence of the mechanism of chemisorp-
tion process during sorption of the considered transition metals is common for the sorbents
represented both by hydrohausmannite and birenessite. The differences in values of the
specific surface, distribution features of the active centers, functional groups, and the sur-
face chemistry may be manifested in kinetic characteristics of the process and the features
of interactions of the sorbed ions with the components of these sorbent structures.

The experimental data obtained on the sorption of Ni, Co, Cu, and Fe from seawater
and other mineralized solutions by biressite allow the following conclusion.

1. The sorption of Ni, Co, and Cu does not considerably vary during eight cycles of the
experiment. The variation of the sorption ratio (in %) is relatively limited: Ni 15.38
to 50.00; Co 13.95 to 45.83; Cu 12.19 to 34.43.

2. The sorption of Fe during all eight cycles of the experiment proceeds almost entirely.

3. The sorption of the studied transition metals during the most part of the experiment
was of a distinctly defined ion exchange nature. In the result of sorption of these
cations the noticeable amounts of the hydrogen ions were released into solution, that
was confirmed by noticeable reduction of pH of the final solution: ApH to 0.95 (third
cycle). However, along with the exchange releasing of protons for the most stages
during the second and fifth cycles of interaction was an insignificant alkalization of
the final solution that indicates the ion exchange releasing of alkaline cations during
the sorption of the given transition metals.

The study of the initial sorbent under transmission and scanning microscope shows
that the used birnessite is characterized by the finest microglobular structure of grain
aggregates. Such developed surface of the sorbent resulted in relatively high extraction
of Ni, Co, Cu, and Fe during all eight cycles of the experiment. We may note that in the
experiments described above with y-FeOOH and Mn3O, was a decrease of rates of sorption
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to the final cycles that are associated with considerable reduction of the specific surface
of the sorbent, accompanied by the development of step-like microlaminated epitaxial
growths of the newly formed layer on the sorbent. The comparison of the initial sorbent
(7 A MnO) and the final product under the transmission electron microscope indicates
the appearance of distinct signs of enlargement, aggregation of the sorbent grains, and
the development of the newly formed margins on their periphery, representing the sorbed
layer.

The study of the final product with the Mossbauer spectroscopy shows that iron is
present in the form of Fe(IIl). The obtained Mossbauer spectra do not practically differ
from those for the iron compounds synthesized on Mn3Q4. Thus, the compound of the
FeOOH type was formed in the result of the Fe sorption by birnessite on its surface in the
newly formed layer (Varentsov et al., 1979a, 1988a).

The content of other transition metals in birnessite is relatively low, %: Ni 0.59; Co
0.59; and Cu 0.42. With such concentrations the known methods of the X-ray diffraction
structural analysis and X-ray photoelectronic spectroscopy do not allow one to determine
the phase composition of the newly formed compounds and the distribution of the valence
states of atoms in the sorbed layer. In the separate experiment definite amounts of Mn
(300 to 500 ug/l) were introduced into the system in addition to the metals, studied in
the experiment (Ni, Co, Cu, and Fe) considered above. The sorption dynamics of these
components in many features is close to the observed one for the other experiments of
this series. At the powder X-ray diffraction patterns of the final product obtained in the
experiments with 7 A MnO; and with Guinier—de Wolff camera (FeK, radiation and
MoK, performed by R. Giovanoli, Bern University), the new lines corresponding to
reflections of cryptomelane-hollandite (¢-MnO3) type are distinctly observed.

The experimental data on the synthesis of the oxyhydroxide compounds of some of
the transition metals on 7 A MnO, are well compared with the results of the described
studies. They are satisfactorily described by the model of the process discussed above,
consisting of two main stages of the interaction: (1) the sorption proper (ionic exchange
and hydrolytic accumulation); (2) interphase autocatalytic oxidation of some transition
metals, sorbed during the first stage.

4.3 4. THE EFFECT OF THE MAJOR IONS OF THE BACKGROUND ELECTROLYTE SOLUTION
ON SORPTION OF THE HEAVY METALS

4.3.4.1. Formulation of the Problem

The processes of sorption extraction of heavy metals by manganese and iron oxyhydrox-
ides from ground waters and the waters of recent basins play a most important role in
the control of the main features of their geochemical behavior (Goldberg, 1954, 1961;
Goldberg and Arrhenius, 1958; Murray and Brewer, 1977; Turekian, 1977; Vernadskii,
1954; etc.).

The results of the study of Fe-Mn ores, features of their occurrence, distribution, struc-
ture, mineral and chemical composition, and the data of their experimental research allow
us to believe that the basic process in the formation of these ores is chemisorption with
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autocatalytic accumulation of heavy metals from natural waters or interstitial solutions.

A characteristic aspect of this process is an extremely high selectivity in the sorption of
ultramicrogramme amounts of heavy metals from the solution of such a relatively strong
electrolyte as seawater, or other mineralized natural waters.

The concentration of major cations (Nat, Mg?*) in standard seawater is 10° to 107
times higher than the concentration of heavy metals. In this connection there appears an
unavoidable problem of the influence of the macrocomponents of such solutions (cations
and anions) on the sorption of heavy metals by manganese and iron oxyhydroxides.

Numerous publications present rather conflicting data evaluating the influence of major
ions of the background electrolyte solution on the process of sorption of heavy metals by
manganese and iron oxyhydroxides.

The data currently available makes it possible to think that the phenomenon of sorption
of heavy metals from electrolyte solutions is a rather complex multifactor process that is
controlled by the following parameters:

1. the nature of the heavy metal that is sorbed, its form in the solution and its concentra-
tion;

2. pH of solution;

3. the nature of the sorbent, features of its surface chemistry, structure, electric and
crystal-chemical characteristics, its relative amount in the solution;

4. the composition and concentration of major ions in the solution of the background
electrolyte, molecular-kinetic properties of their hydration, features of the chemical
reactions and complex formation with the surface of the sorbent and the sorbed metals;

5. the dynamics of the sorption process involved;

6. the temperature and pressure: when they change (for instance, in natural environ-
ments), these parameters may cause an essential effect on the sorption processes.

The aim of this study is to present experimental data on microamount sorption of heavy
metals on the example of copper (II) by hydrated manganese dioxide from solutions
of NaCl and the mineralized natural waters, like e.g. artificial seawater as a complex
electrolyte, and to estimate the role of major ions in the process (Varentsov et al., 1985).

4.3.4.2. Sorption of Cu(ll) from Seawater and NaCl Solutions
Sorption of Cu(ll) from seawater

The findings of the experiments on copper sorption by birnessite from seawater in the
presence of complexing agent (citrate ion) are shown in Table 28 (Figure 85). The time
of interaction between the solution and the sorbent varied from 10 min to 720 h (30 d).
About 80% of the initial concentration of copper (about 100 pg/1) was extracted from the
solution in 10 min. A maximum uptake of about 92% was reached in 24 h after which it
was practically stable.

The dynamics of the process is shown by the change in the mean rates of Cu(II) sorption:
from 480 pg/h during the first 10 min to 0.1 to 0.2 ug/h during the longest experiments
(see Table 28). A certain decrease in pH of the final solution was observed in the process
of Cu(Il) uptake: ApH was 0.17 in the shortest experiment (10 min), while in the longest
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Fig. 85. Dynamics of Cu sorption by manganese dioxide (synthetic birnessite) from electrolyte solutions:
(1) artificial seawater; (2) 0.6 M NaCl solution; (3) 0.1 M NaCl solution (Varentsov et al., 1985).

Table 28.  Cu uptake by birnessite from seawater in the presence of a complexing agent (citric acid,
5.2 x 1076 M).

Exper. Interaction Initial solution Final solution Cu extrac- Mean rate ApH=
No. time (h) pH; Cuconcent. pHy Cuconcent. tiondegree of Cuuptake by pH; - pHy
(ng/) (pg/h) (%) birnessite (ug/h)

1 1/6 8.14 96 797 19 80 480.0 0.17

2 1 8.12 94 7.93 18 81 81.0 0.19

3 2 8.12 110 7.92 18 84 40.5 0.20

4 4 8.12 100 7.91 19 81 20.2 0.21

5 6 8.10 90 7.88 16 82 13.7 0.22

6 8 8.12 100 7.86 18 82 10.2 0.26

7 18 8.04 94 7.80 10 89 4.8 0.24

8 24 8.10 100 7.90 8 92 3.7 0.20

9 48 8.13 90 7.90 10 89 1.8 0.23
10 96 8.10 92 7.85 10 89 0.9 0.25
11 192 8.13 92 7.88 10 89 0.5 0.25
12 240 8.13 90 7.84 9 90 0.4 0.29
13 480 8.10 100 7.85 8 92 0.2 0.25

N

720 8.11 110 7.81 10 91 0.1 0.30
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Table 29. Cu(ll) uptake by birnessite from 0.6 M NaCl solution in the presence of a complexing agent
(citric acid, 5.2 x 1076 M),

Exper. Interaction  Initial solution Final solution  Cu extrac- Mean rate ApH=
No. time (h) pH; Cuconcent. pH; Cuconcent. tion degree of Cuuptake by pH; -pHy
(ug/l) (g (%) birnessite (pg/h)
1 1/6 8.20 96 7.60 42 56 336 0.60
2 8.12 106 7.10 29 73 72 1.02
3 2 8.14 106 6.90 26 75 375 1.24
4 4 8.10 110 6.80 24 78 195 1.30
5 18 8.25 92 6.85 22 78 43 1.40
6 24 8.10 96 6.64 22 76 32 1.46
7 48 8.14 106 6.65 9 89 1.8 1.49
8 96 8.05 94 6.55 10 91 0.9 1.50
9 240 8.00 94 6.65 7 92 04 1.35
10 312 8.10 96 6.63 8 92 0.3 1.47
11 480 8.20 96 6.55 8 92 0.2 1.65
12 720 8.15 94 6.56 7 92 0.1 1.59

experiment (720 h) it reached 0.30 (see Table 28).

Of interest is a comparative evaluation of the participation of the major ions of seawater
and Cu(II) in the ion-exchange displacement of protons from birnessite. While there are
no differences in the change of pH with and without addition of Cu(II) in the early stages
(to 96 h) of interaction between birnessite and seawater, the relative contribution of Cu(II)
amounted to about 0.1 pH during the longer runs (more than 240 h).

It should also be noted that Mn discharge from birnessite in its interaction with major
ions of seawater and in Cu(Il) uptake differs quite negligibly, i.e., the displacement of
structural Mn(III) into solution in the sorption of the microamounts of Cu(II) is so small
that it is not pronounced against the background of a tangible (10 to 20 ug/t) ion-exchange
displacement of Mn(II) by major cations of seawater from the sorbent involved.

Sorption of Cu(Il) from NaCl solutions. The concentration of salts dissolved in seawater,
and the ionic strength of seawater with due regard for the relative quantities of the ionic
forms of its macrocomponents correspond approximately to a 0.6 M NaCl solution. It
is accepted in chemical oceanography to simulate seawater properties with 0.5 to 0.6 M
NaCl solutions (Horne, 1969). We used 0.6 and 0.1 M NaCl solutions in the experiments
conducted to evaluate the influence of the major ions of seawater on Cu(II) sorption.

The ‘pure water-birnessite’ system, where Nat prevailed among the uptaken cations,
showed increased peptization: the release into solution of fine stable colloid manganese
dioxide occurring during experiments.

In the experiment with a 0.6 M NaCl solution, 56% of the initial amount of Cu(II) was
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Fig. 86. Dynamics of mean rates of Cu sorption (ug/h) by manganese dioxide (synthetic birnessite) from
electrolyte solutions: (1) artificial seawater; (2) 0.6 M NaCl solution; (3) 0.1 M NaCl solution (Varentsov et al.,
1985).

extracted in 10 min, the initial concentration being 100 pg/l. A maximal sorption of 92%
was reached in 240 h and it had not decreased by the end of the experiment after 720 h
(Table 29, Figures 85 and 86). Just as in the experiments with seawater, the maximum
value of the mean rate of sorption was registered within the first 10 min (336 pg/h); by
the end of the experiment this value decreased to 0.1 to 0.2 pg/h.

Under similar conditions, the experiments with a 0.1 M NaCl solution showed that
only 12% of the initial amount of Cu(II) was uptaken by birnessite in 10 min (Table 30,
Figures 85 and 86). On the whole, Cu(II) sorption from this solution is characterized by
appreciably smaller rates than from a 0.6 M NaCl solution. While 92% of Cu was uptaken
from a 0.6 M NaCl solution in 240 h, the same amount of Cu was uptaken from a 0.1 M
NaCl solution in 480-720 h of interaction.

It is striking in the experiments with NaCl that there is an essential, ion-exchange
release of protons, compared with seawater solutions: ApH is about 1.0 in the early stages
of the interaction (up to 1 h) and increases to 1.65 in 480 h (see Tables 28 to 30). Since
NaCl solutions, unlike seawater, are not relatively stable buffer systems, the exchange
release of HT ions in these experiments is observed very clearly. This noticeable decrease
of pH in the earliest stages of interaction in the NaCl solutions caused a certain drop in the
rate of Cu(II) sorption by birnessite at the later stages. Despite the values of pH change
being comparatively close and the dynamics of ion-exchange release of protons in 0.6
and 0.1 M NaCl solutions being similar, there are considerable differences in the degree
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Table 30. Cu(Il) uptake by birnessite from 0.1 M NaCl in the presence of a complexing agent (citric acid,
5.2 x 1076 M).

Exper. Interaction Initial solution Final solution  Cu extrac- Mean rate ApH=
No. time (h) pH; Cuconcent. pH; Cuconcent. tiondegree of Cuuptake by pH; - pHy
(pg/ (pgh) (%)  birnessite (ug/h)

1 1/6 8.05 92 7.05 81 12 72.0 1.00
2 1 8.10 88 7.00 40 54 54.0 1.10
3 2 8.25 88 7.05 33 62 31.0 1.20
4 4 8.10 94 6.85 31 67 16.5 1.25

5 6 8.04 92 6.90 31 66 11.0 1.14
6 18 8.16 106 7.10 20 81 43 1.06
7 24 8.14 90 7.00 19 79 3.25 1.14
8 48 8.12 100 6.80 21 79 1.6 1.32
9 96 8.05 90 6.55 20 78 0.8 1.50
10 192 8.14 106 6.85 17 84 0.4 1.29
11 240 8.20 90 6.70 8 91 0.4 1.50
12 480 8.25 90 6.60 6 93 02 1.65
13 720 8.20 90 6.55 7 92 0.1 1.65

of Cu(II) uptake and the mean rate of sorption during respective time intervals, and they
reveal the role of the solution macroions with certainty.

Forms of Cu(ll) in solutions. The forms of Cu(II) occurrence in solutions are important
for the proper interpretation of the experimental data. Metal-ligand complexes in solutions
can be characterized by their individual behavior in the sorption processes depending on
their strength, charge, steric properties, relationship to the structure and physicochemical
properties of the sorbent surface: they can be sorbed like a metal ion, a ligand, or a specific
compound that are considerably transformed after their fixation.

‘We have mentioned above that the concentration of Cu(II) in our experiments amounted
to about 100 pg/l (1.6 x 10=% M), and citric acid was added as a complexing agent with
10 times the weight concentration, i.e., 1 mg/1 (5.2 x 10~® M). Approximations based on
stability constants of Cu(I) complexes for such solutions as seawater show that at pH = 8
there can be a predominance of Cu(OH)Y in this medium, there can be less Cut?, CuOHt,
and significantly less Cu(CsH507)~, CuCl+, (CuCO;)° (Balistrieri and Murray, 1982b;
Reuter and Perdue, 1977; Ruppert, 1980).

The results of calculations for the forms of Cu(II) in 0.1 and 0.6 M NaCl solutions and
in seawater are presented in Table 31.

The analysis shows that the main role in the studied solutions of NaCl and seawater
belongs to hydroxy complexes, ionic forms, less so to citrate complexes of Cu(II). The
content of the citric form in NaCl solution is 32%. However, it is important to bear in
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Table 31. Forms of Cu(Il) in 0.1 and 0.6 M NaCl solutions, artificial
seawater at pH = 8, Cu(II): 100 pg/l, H3C¢H507: 1 mg/l.

Amount of Cu(Il) forms in solution (%)

Cu(ll) 0.1M 0.1M artificial 0.1 M NaCl
forms NaCl NaCl seawater Cu(Il) 40 pg/l
Cu?t 8.75 8.62 13.00 8.80
CuClt 0.40 2.37 0.60 0.40
CuCl) 1 x 1072 0.37 0.01 1x 1072
CuCly 8.75 x 10~* 0.20 1x1073 9x10~*
CuOHt 3.13 3.10 5.0 3.20
Cu(OH)) 55.63 54.30 80.00 55.7
CuCit™ 31.80 31.20 0.10 32.0
CuHCit® 2.6x1073 25x 1073 6x 1073 3x10~12
CuSO! - - 0.90 _
CuHCOF - - 1x 1074 -
CuBrt - - 2x 1073 -

mind that the relations between different forms of copper can change significantly in the
dynamics of its sorption. During the initial stages (up to 8 h), predominantly Cu(OH)9,
CuOHT, Cu?*, CuCl~ are actively uptaken (see Tables 28 to 31, Figures 85 to 87). Later,
against the general background of sorption decrease, a certain activation of sorption can
be seen in the sharp maxima of its rates at some stages (see Figure 87). This fact can be
interpreted as an evidence of the development of copper hydroxide sorption layers and of
the preserved domination in the solution of such forms as Cu(OH)Y, and to a lesser degree
CuOH*, Cu?t, and CuCl*. These forms can be actively sorbed by birnessite. Thus,
when the amount of Cu was decreased down to 40 ug/l in a 0.1 M NaCl solution, there
was no essential change in the forms of this metal (Table 31).

pH of solution. 1t has been established by now that the sorption of heavy metals by
oxides is most active in a relatively narrow range of pH. A number of researchers believe
that sorption of cations is very much similar to hydrolysis of metals in solution, since both
sorption and hydrolysis intensify with an increase of pH, and both are accompanied by
releasing of protons into the solution (Balistrieri and Murray, 1982b; James and Healy,
1972). However, in view of the known data this analogy seems to be of a somewhat
formal nature, because it does not take into account the chemical properties of the sorbent
surface and the reactions that may possibly to occur at the interface between the phases.
Very interesting for the comprehension of the processes of sorption of heavy metals
by oxyhydroxides is the conclusion made by Balistrieri and Murray (1982b) on that the
onset of sorption of heavy metals can be shifted towards lower pH with an increase of
the relation of the solid phase to the solution, and towards greater pH with a decrease of
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Fig. 87. Dynamics of mean rates of sorption of Cu (12g/h) by manganese dioxide (synthetic birnessite) from
electrolyte solutions: (1) artificial seawater; (2) 0.6 M NaCl solution; (3) 0.1 M NaCl solution (Varentsov et al.,
1985).

the solid phase/solution relation. In other words, the relative concentration of protons for
a certain amount of the solid phase (its surface) essentially influences the pH range of
the onset of sorption of heavy metals because of the competition for active sorption sites
with other components of the solution. This conclusion is true for static conditions of
sorption. The data of our earlier studies on the dynamics of sorption, and the findings of
the experiments described above, provide the grounds to believe that because of the great
selectivity of uptake with respect to many heavy metals by oxyhydroxides in the systems
with diverse solid phase/solution relations, the results of interaction, as a rule, are very
similar in the long run.

Physicochemical properties of the surface of hydrated MnQ,. On the examples of §-
MnO; and 0.7 nm (7 ff\) manganate-birnessite, a number of authors established in their
research that pH of the point of zero charge (PZC) was less than 3.0 (within 1.40 to 2.25),
the titratable charge of the surface was significantly higher than that of other oxides: 27.2
(£2.2) mol/kg for 6-MnOy,, 1.3 mol/kg for a-FeOOH, 10.9 mol/kg for Fe(OH), and the
value of the surface area could vary within 74 to 350 m%/g depending on the techniques
used to synthesize the phase and to determine the parameter (Balistrieri and Murray,
1982a, 1982b; Healy et al., 1966; Morgan and Stumm, 1964; Murray, 1974; Loganathan
and Burau, 1973).

The low value of pH(PZC) for MnO, modifications is the reason why a number of
anions (Cl—, SOﬁ_, etc.) cannot be sorbed on this phase in the pH range within 2 to 9
(Balistrieri and Murray, 1982a).

Unlike MnOy, such typical representatives of iron hydroxides in various supergene
environments as a-FeOOH (goethite) are characterized by pH(PZC) amounting to 7.5
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(Balistieri and Murray, 1982a, 1982b). The findings of these researchers show that while
MnO, sorption capacity in conditions of seawater for Na, Mg, Ca, and K is almost
an order greater than goethite sorption capacity (recalculated for weights), the relative
distribution of potential sorption sites (determined by the tritium exchange technique) for
both hydroxides is approximately similar: 85 to 90% of surface sorption sites are occupied
by protons and 10 to 15% of them predominantly by Mg (Balistrieri and Murray, 1982a).

For proper interpretation of the obtained data it is essential to bear in mind the main
distinction between the surface properties of these hydroxides in seawater: anions are
sorbed by the hydroxides of iron but not of manganese, which results from the different
values of pH of the point of zero charge (pH(PZC)).

4.3.4.3. The Role of the Major Ions of the Background Electrolyte Solution

It has been shown in the sections above (see Tables 28 to 30, Figures 85 to 87) that
birnessite can sorb essentially different amounts of Cu(Il) from artificial seawater, 0.6 and
0.1 M NaCl solutions in the course of the same time periods.

Since Cu(II) sorption is accompanied by a release of protons into solution (see the
drop in pH, Tables 28 to 30), which can have its effect on the intensity of copper sorption
during later periods, it is expedient to compare the value of sorption in the course of the
first 10 min of interaction, when the initial solutions are of very similar pH. These are
the stages that are characterized by the maximal rates of sorption (see Tables 28 to 30,
Figures 86 to 87).

During the first 10 min the degree of Cu sorption amounts to 12, 56, and 80% of the
initial quantity, and the rate of sorption was 72, 336, and 480 ug/h for 0.1 and 0.6 M
NaCl solutions and seawater respectively. In other words, the intensity of sorption in this
sequence increases as 1,4.7, and 6.7, taking 0.1 M NaCl solution as unity. The calculations
that have been carried out allow us to believe that Cu(II) forms in the studied systems, in
particular 0.1 and 0.6 M NaCl solutions, differ insignificantly: the predominant ones are
hydroxy complexes, Cu**.

A relatively easy comparison of Cu(II) sorption from 0.1 and 0.6 M NaCl solutions
show that Cu(II) sorption increases with the rise in the concentration of this electrolyte.
Still more pronounced is the increase in the sorption of copper if we take seawater, ions
of Mgt and SO2™ are also present.

The available data on the relations between sorption of Cu, Pb, and other heavy metals
on hydroxides of manganese, iron, and other substrates with a change in the concentrations
of the components of the background electrolyte are very contradictory (Balistrieri and
Murray, 1982b; Beevers, 1966; Benjamin and Leckie, 1981; Chuiko and Gavrilyuk, 1969;
Gavrilyuk, et al., 1970; Idzikowski, 1971, 1972a, 1972b; Makatova and Imanalieva, 1977;
Murray, 1975; Novikov, 1972; Novikov and Goncharova, 1972; Novikov and Knyazeyv,
1977; Novikov et al., 1977; Swallow et al., 1980; Tewari et al., 1972; Volkhin et al.,
1979).

Without going into an analysis of each publication’s conclusions we can say that they
tend to fall into three groups:

1. sorption of microamounts of heavy metals gains essentially with the rise in the con-
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centration of the major ions of the background electrolyte;

2. there are no indications of a competition between ions of heavy metals and the
electrolyte components;

3. sorption of heavy metals is suppressed by the ions of electrolytes.

This complicated and contradictory data on the role of major ions of the background
electrolyte can be adequately interpreted considering the following:

1. Structural features of the electrical double layer at the solution/sorbent (oxyhydroxide)
phase interface.

2. Modern concepts on the structure of aqueous solutions of electrolytes, on hydration
of ions, structural features of water near the solution/solid phase interface.

3. Features of sorption of Cu(II) and other heavy metals, their forms in solution, relations
between various kinds of sorption: ion exchange, physical sorption, specific sorption,
chemisorption, etc.

Evidently, these characteristics of a sorption system are not manifested separately while
determining a certain reaction mechanism.

Structural features of the electrical double layer at the solution/oxyhydroxide interface.
The model of electrical double layer (Bockris et al., 1963; Grahame, 1947; Lyklema,
1968, 1971) is very efficient for the comprehension of the sorption processes. Unlike
mercury, the electrical double layer on the surface of most oxides is produced owing to
adsorption of potential-determining ions. Ions H* and OH™ are potential-determining
for all oxides in a wide range of pH, with due respect for the individual features of the
oxides. Typically, most oxides are able to adsorb protons at low pH, producing a positively
charged surface; at higher pH the surface becomes negatively charged due to adsorption
of hydroxyl groups.

Lyklema (1968, 1971) described the features of electrical double layer of oxides Al,O3,
Fe,03 (hematite, goethite), MnO,, ZnO, TiO; (rutile), SnO,, and SiO; (various modifica-
tions), and others; it is shown that unlike metallic Hg and Ag(I), a characteristic property
of oxides is a steep rise of the surface charge with a gain in pH. For most of the diverse
oxides, a general regularity was established: the greater the surface porosity (in a wide
sense, including colloformity, gel-like quality), the greater the surface charge (6¢) at given
pH, where A pH = pH — pH®, pHC corresponding to pH of the point of zero charge. The
absolute value of the surface charge is related to the density of OH-groups on the surface,
and the maximal surface charge is determined by the general number of OH-groups per
surface unit. This author emphasizes, as an essential point, the fact that the experimentally
measured surface charge of oxides with a relatively high porosity of the surface can ex-
ceed the charge produced by complete dissociation of all hydroxyl groups on the surface
without taking porosity into consideration.

These conclusions laid down the foundation of the concept of Lyklema (1971), the
essence of which is in that the surface charge, as well as the countercharge, is not limited
by the surface proper, and can be located in the solid phase, at a distance behind the
surface, since the surface layer is ‘porous’ and permeable for ions.

This experimentally substantiated model of porous double layer explains the most
important features of sorption on oxides:
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1. the more permeable such a layer is for ions, the greater the charge density (per unit of
surface) that can be reached;

2. sorption is not limited by the surface proper, and the values of experimentally measured
charges were more than the value of charges corresponding to the number of OH-
groups on the surface;

3. since counterions can also pass through the surface, the charge and the potential of
the double layer from the side of solution remain low.

An extremely important problem in the use of this model is the depth to which counte-
rions can penetrate and their affinity for the solid phase.

It has been established that porosity decreases exponentially with the distance from the
surface; it is shown on the example of highly selective sorption of Li* (as compared with
Kt and Cst) on a-Fe,03 (hematite) that the ionic radius of lithium 0.068 nm (0.68 A)
is almost identical with the ionic radius of Fe 0.064 to 0.067 nm (0.64 to 0.67 A). The
author believes that Li* ions can occupy positions of Fe3*. At the same time, the solid
phase in this case appears to be permeable with respect to counterions but not water
molecules. It means that other ions prove to be too large to occupy a position of Fe**, and
the distribution of the components beyond the limits of the system under consideration is
governed by the features of the Stern layer.

Ideas similar to the conceptual model of Lyklema (1971) were also developed by
Perram et al. (1974). These authors showed that the model of electrical double layer of
Gouy-Stern—Grahame, with distinct plane interface and the surface potential described
by the Nernst’s equation, cannot be applied to the oxide/solution system. Improving the
concept of porous oxide surface (Lyklema, 1971) the authors provide the data on the
boundary gel layer on the surface of oxide. The structure of the interface with a gel layer
2.0 to 4.0 nm thick was determined quantitatively for oxides with high values of surface
potential: TiO,, Fe,03, SiO,, Al O3, etc. The presence of a relatively thin surface layer
that is distorted, deformed due to penetration of water and various ions, is a characteristic
feature of the oxide/solution interface.

Benjamin and Leckie (1981) cite very interesting data on a model of multiple het-
erogeneity of the adsorption sites on amorphous iron oxyhydroxide (Fe,O3-H2Oym) in
phenomena of a sorption of Cd, Cu, Zn, and Pb ions. It is emphasized that the surface
of this sorbent possesses several types of active sites with different affinities for adsorbed
ions. It is indicated in the paper that the estimates of the charge/potential relationship of
the surface area can vary depending on the selected model of electrical double layer.

Though not directly, the authors write that they made use of the Stanford generalized
adsorption model, i.e., the general model of electrical double layer with related active
sites (Davis and Leckie, 1978; Davis ef al., 1978), that had been worked out on ‘model’
colloids, for instance, quartz, rutile, goethite, etc. In the opinion of the authors, these
are non-porous, crystalline oxides, and their phase interfaces can be described in terms of
plane, non-porous models.

The concept of ‘porous electrical double layer’ was not considered in the model of
surface complexing (Stumm et al., 1970). However, it is known that crystalline dispersed
oxides with undisturbed non-porous surfaces occur very rarely in natural sedimentation
basins. As it has been noted above, the most important role in other models elaborated
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for oxides (Lyklema, 1971; Perram et al., 1974) belongs to the porous or gel layer. The
basic (experimentally supported) postulate of these models is that the surface charge and
a portion of countercharge are localized in the surface, external, porous part of the solid
phase, since the surface layer (or the gel layer) is permeable for these ions. Consequently,
there is a chance for the distribution of greater surface charge with a low electric potential
and small charges of the diffuse layer.

4.3.4.4. Structural Aspects of Electrolyte Aqueous Solutions, lon Hydration, Salting out;
Structural Properties of Water near the Solution/Solid Phase Interphase

Structural aspects of electrolyte aqueous solution and ionhydration. The most essential
manifestation of hydration is the interaction of ions with water molecules accompanied
by a transformation of water structure into solution structure. Two kinds of hydration are
distinguished: near and far hydration. The essence of far hydration is that the field of ions
polarizes water molecules surrounding it. According to Mikhailov and Syrnikov (1960),
the electrostatic ion field can bring disorder in the structure of water, accompanied by the
relative number of molecules occupying cavities in the water structure increasing.

The investigations carried out by Vdovenko ez al., (1967) show that water structure is
destroyed, or, more exactly, disordered to a certain extent in an electrolyte water solution
under the influence of ions. Similar inferences on a certain destruction in the model of
double-layer hydrate shell are noted by Frank and Wen (1957), Frank (1965) and others.

The problems of near hydration are most essentially covered by Samoilov (1957a,
1957b, 1972, 1980) in the works on the molecular-kinetic theory of hydration. Taking
into account the properties of an ion (its charge, radius, structure of the electron shell)
and the parameters of solution, one can estimate the mean time of the presence of water
in the nearest vicinity of the ion: that is determined by the change of the energy of near
hydration of the ion in solution.

Two types of near hydration are distinguished. In one of them (positive hydration)
the exchange of the molecules of solution water nearest to ions occurs less often than the
exchange of water molecules in water, i.e., there is an effect of relative binding by the ions
of the nearest molecules of the solution water (e.g., Li*, Nat, Ca?*, Mg?*, Fe™, etc.).

In the other type (negative hydration) the molecules of water nearest to the ions exchange
more often than molecules of water in water (e.g., K*, Cs*, C1=, Br™, SOi_, etc.).*

*1t should be noted that there are contradictions in the estimations of the sign of ion SOi_ near hydration.

Goncharov et al. (1967) showed that for SOi_ in diluted aqueous solution at 21.5°C it is typical that ASOi"
= -0.15. Making use of a magnetochemical method, Ergin and Kostrova (1969) established that the boundary
between positive and negative hydration at 25°C, atmospheric pressure, and infinite dilution corresponds to
an jon with crystal-chemical radius r; = 1.1 A. This is in agreement with earlier data obtained by Samoilov
(1967). Note that SOi" ionic radius is 2.30 A (Krestov, 1973). Ions with such ionic radii r; should certainly be
characterized by negative hydration. However, Erdey-Gruz (1976), while analyzing the viscosity of electrolyte
solutions, came to a conclusion that SO%" ion holds the place close to Ca?* ion. A calculation of the change in
SOi" partial mole volume carried out by Stunzhas (1979) reveals negative SOi_ ion hydration. The problem

of establishing the nature of the relations between SOﬁ_ ions and water molecules is a complex one, and was
discussed by Musinu et al. (1982).
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It has been established that the effect of ions on the translation of the nearest water
molecules in solution can be seen by a change in solution viscosity. Negative hydration
is characterized predominantly by a disordering effect in the structure of water with
concomitant drop in its viscosity. Positive hydration effect is the reverse.

Analysing the data of the studies on dielectric constants of electrolyte solutions, Yas-
tremsky and Samoilov (1963) showed that the introduction of a diluted organic component
(for instance, methylene alcohol) into the solution brings about stabilization of the aqueous
solution structure. Such an effect is similar in its action to a decrease in temperature, and
is due to lessening of hydration (i.e., dehydration) of ions in solutions.

Investigations into the changes of entropy characteristics of both near and far hydration
at various temperatures allowed Krestov and Abrosimov (1967) to show a difference on
their relation to water structural changes. It was made clear that the effect of temperature
on far hydration is unimportant. This parameter considerably influences near hydration:
the higher the temperature, the lower is negative hydration, and the ions become positively
hydrated when a certain temperature is reached.

There is conflicting data on the role of pressure on near hydration. Nevolina et al.,
(1969) provide some data showing that the rise of pressure leads to destruction of the
water structure accompanied by an increase in near hydration of sodium and potassium
ions. This conclusion supports earlier data of Samoilov (1959) on the existence of certain
critical pressures at which negative hydration of ions in solution gives way to positive
hydration and favors the general findings that the destruction of the structure of free solvent
intensifies solvation (Samoilov, 1967).

However, Horne (1963) draws a conclusion that a relatively high pressure does not
only result in structural destruction of water in solution, but also leads to a decrease in ion
near hydration.

The problem of relationships between anions and cations is very prominent in the works
of Samoilov and his colleagues. Areas of a relatively elevated density of water molecules
appear around cations with positive hydration, while anions are distributed in the areas
of lowered density of water molecules. These relationships are reversal for cations with
negative hydration, i.e., an intensification of cation hydration results in a displacement of
anions from the vicinity of cations. Moreover, cations with positive hydration suppress
the translation of the nearest water molecules, while negatively hydrated cations, on the
contrary, intensify such motion.

These findings are in agreement with conclusions of Frank (1972) on the subdivision
of ions into structure-reinforcing ones (with positive hydration) and structure-destroying
ones (hydrated negatively).

Consequently, the molecular mechanism of near hydration in solution permits us to
qualitatively describe a continuous sequence from relatively weak hydration to strong hy-
dration, resulting in the formation of stable aqueous complexes. Numerous experimental
studies using thermodynamic, magnetochemical, and spectroscopic methods confirmed
the validity of Samoilov’s model (Ergin, 1983).
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4.3.4.5. Problems of Salting Out

Of great interest for the comprehension of heavy metal sorption in the light of the theory
of ion hydration are the phenomena of salting out the components of electrolytes by
electrolytes. Samoilov and his colleagues point out in their works that salting out is the
process of decreasing near hydration of the salted out ions due to the effect of the salting
out agent (Ionov et al., 1969; Samoilov, 1966a, 1966b; Samoilov and Tikhomirov, 1960;
Varshal and Sennyavin, 1964).

Nosova and Samoilov (1964) showed that while dehydration of salted out ions promotes
their salting out and hydration promotes their salting in, the end result depends on which
of these effects prevails in the solution with due regard for the overall action of the cations
and anions of the salting out agent. Samoilov (1966a, 1966b) writes in his works on the
theory of salting out that the molecular mechanism of salting out, in particular the change
in the value of the potential barrier (A Ej.q), depends on the nature and composition of
the salting out agent, as well as on the changes in concentration, temperature, and pressure.
On the whole, the established dependencies of the molecular mechanism of salting out are
valid for solutions of low or moderate concentrations, since with the approach to complete
solvation the molecules of the solvent come into the hydrate shells of ions as fully as
possible.

The experimental findings of Nevolina er al. (1969) are of essential interest for our
understanding of the processes at significant depths in recent basins, or deep-seated
ground waters. The data reveal that with the rise of pressure there occurs an essentially
greater lessening of the distance between oppositely charged ions than between ions of the
same sign, since in the latter case the electrostatic repulsion forces come into play, which
brings about a predominance of the phenomena of hydration over those of dehydration,
with a prevailing influence of anions of the salting out agent.

As it is emphasized by Samoilov, the structural theory of salting out is of a qualitative
nature, and it can be used for the interpretation of natural phenomena only on a clear
enough phenomenological basis. This mainly concerns natural electrolyte solutions of
low or moderate concentrations (e.g., waters of inland basins, seawater, ground and karst
waters, etc.) where the role of salting out agents belongs to major ions (macroions).

4.3.4.6. Structural Properties of Water near the Solution/Solid Phase Interface

Comprehensive research carried out has established with certainty that the structure of
the boundary layer of water near the solution/solid phase interface is essentially different
from the structure of water in the bulk of solution (see reviews by Deryagin, 1983; Drost-
Hansen, 1969; etc.). Summarizing ongoing studies, Drost-Hansen (1969) suggested a
three-layer structural model of boundary water. This author shows that near the surface
of the solid phase (especially when it has pronounced polar properties) there is a layer of
water with ordered structure. The ordering decreases exponentially with the distance from
the surface in connection with lessening of the influence of the surface field and greater
effect of the thermal motion. Between the structurally ordered layer and the bulk water
(with an essentially different structure) there is a layer of disordered structure that is only
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several molecular diameters of water molecules thick. It is pointed out that the boundary
water is characterized by a greater density than the bulk water. The gain in density can be
related to filling the structural cavities by monomer water molecules (Samoilov, 1957), as
well as to the existence of a disordered structure with more compact packaging of water
molecules.

Later research (Schufle et al., 1976) on further elaboration of the boundary water model,
on the basis of studying temperature dependencies of surface conductivity, showed that
the thickness of the layers with modified structure can vary from 0.05 to 0.2 pm.

Of interest is the clarification of the influence of various components of the system
on the peculiarities of changes in water structure: the role of the nature of the solid
phase, composition and concentration of electrolytes and temperature (Drost-Hansen,
1977). In the context of the problems under consideration, the estimation of the effect of
the structural properties of water in the surface layers and the electrical double layer of
the solid phase acting together is of interest. In a critical analysis of a relatively small
number of experimental works, Drost-Hansen (1977) indicates that the electrical double
layer, according to preliminary estimations, does not affect the formation of structural
properties of the boundary water layer. However, the influence of the substrate through
the process of ‘energy delocalization’ reveals itself in the protection of the boundary,
specially structured, water layer from the impact of the thermal motion and the extensive
development of structures of the bulk water.

In recent years, the most convincing data on the structural properties of boundary water
layers was obtained in the course of studies of the viscosity of thin films with the use
of various techniques (Deryagin, 1983). It has been established that the influence of a
hydrophilic surface on viscosity (i.e., its appreciable increase) can be felt at distances up
to 10 nm. In cases of highly hydrophilic surfaces, e.g., of crystal quartz, their structuring
influence can reach as far as 20 to 30 nm. The action of structural forces of repulsion in
electrolyte solutions can be followed in interlayers no more than 5 nm thick. As it has
been noted, a characteristic feature of specially structured thin boundary layers of liquids
is their relatively elevated density.

Radiospectroscopic research (NMR and EPR) on the structure of the boundary water
layers (Mank and Ovchrenko, 1983) reveals some comparative data on the condition of
water molecules in the near vicinity of the surface: they are in their intermediate form,
between the states in the bulk liquid and in the solid. Proceeding from the analysis of NMR
and EPR spectra, the authors identified the specific role of the exchangeable (sorbed) ions
(copper in particular) in the formation of the boundary layers: when the exchangeable ions
are localized on a solid surface, water molecules are found around them in a certain order.
In order to develop our understanding of sorption phenomena, particular attention should
be drawn to the findings of the authors obtained as a result of studying chemical NMR
shifts of water protons in various salt forms of ion exchangers and chloride solutions. The
authors found out that ions with both positive and negative hydration interact in a similar
way with water molecules both in aqueous solutions and in the adsorbed phase of ion
exchangers. It is emphasized that there are distinct changes in water structure near the
phase interface as compared with water structure in the bulk solution.

However, it might be well to point out that the studies of Lyaschennko (1968, 1972,
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1973) have established that water structure undergoes, relatively, the least possible changes
when an electrolyte solution is obtained with a concentration of up to 6 to 7 molecular per
cent. Similar concepts are presented by Mischenko and Poltaratsky (1976). These studies
allow us to believe that water layers with modified properties cannot extend far from the
surface into the bulk solution.

Unlike the indirect estimations of the relationships between the layers of boundary
water and the electrical double layer (Drost-Hansen, 1977) that were mentioned above,
Mank et al. (1983) state the example of their study of dispersed silicates with certainty
that the boundary water layers are within the electrical double layer and ‘apparently very
much depend on the condition of the latter’ (p. 130). Referring to the studies of Churaev
(1973), Mank et al. (1983) (taking a metal electrode as the example) write that adsorption
of neutral molecules increases with the rise in the population of the charged monolayer in
the dense portion of the electrical double layer.

The authors registered anisotropy in the mobility of water molecules by means of EPR
and NMR techniques at the distance of up to 20 nm from the surface. Boundary layers of
two types were distinguished within this range: (a) layers 1 to 3 water molecules thick;
(b) relatively thick layers (from tens to the first hundreds A) with comparatively poorly
changed structural characteristics.

Similar conclusions on the structure of the boundary water layers on model phases of
Na- and Li-montmorillonite are presented by Tarasevich (1983). This author points out in
his critical analysis the diversity in their methods of study that the ratio of molecules with
broken hydrogen links in the boundary water layer 10 nm thick is greater than in the water
bulk. The properties of boundary water may be most adequately explained proceeding
from the existence of a destructured transition layer between the bulk water and the ordered
layers of adsorbed water (Efremov et al., 1980) that, on the whole, supports the validity
of the Drost-Hansen’s (1969) three-layer model of vicinal water.

Tarasevich (1983) stresses that in the interpretation of sorption phenomena it is ex-
tremely important that the viscosity of the water of boundary layers near Na- and Li-
montmorillonite (layers 3 and 5 nm thick) is approximately one order greater than the
viscosity of the bulk water; this can be seen distinctly in the difference between diffusion
rates. The author provides quantitative parameters of the three-layer model of boundary
water that he develops for the example of the above-mentioned layered silicites:

1. The structure of a 1.0 nm layer of strongly bound (adsorption) water is governed by
the distribution of the active sites on the basal and side faces of the mineral.

2. Anintermediate 7 to 9 nm layer is formed under the influence of the field of the surface
and the adsorbed water layers; comparatively greater amounts of water molecules with
broken hydrogen links and less concentration of exchangeable cations are character-
istic for this layer.

3. The formation of the third layer (15 to 20 nm) of osmotically bound water is caused by
hydration of exchangeable cations that are within the diffuse portion of the electrical
double layer.



258 Chapter 4

4.3.4.7. Features of Uptake of Cu(1l) and Other Heavy Metals: The Relationships
between Various Kinds of Sorption

A general term ‘sorption’ is used in this work since there are many cases when it is rather
difficult to determine the specific type of uptake that takes place: adsorption, ion exchange,
or chemisorption. Moreover, considering the dynamics of sorption of heavy metals on the
example of Ni, Co, Cu, etc. (McKenzie, 1980; Varentsov and Pronina, 1973; Varentsov et
al., 1979), one becomes convinced that one kind of uptake substitutes another with time.
In particular, the ion exchange of the early stages becomes replaced by chemisorptive (or
catalytic) accumulation of the uptaken metal at the later stages. The widely used term
‘specific sorption’ is related to such a type of uptake that cannot be described on the basis
of the interaction between charges. This can be illustrated by an example from Grahame,
et al., (1952) showing that the specific sorption of halide ions (I, Br, Cl, and F) on the
surface of mercury is caused by the covalent bond of the anions to mercury. However,
this inference is disputed by the studies (Bockris et al., 1963) that regard the degree and
type of hydration as the main factors defining specific sorption.

It has been established that specific sorption occurs only within the Stern layer and the
diffuse portion of the electrical double layer nearest to the surface (the external Helmholtz
plane); however, non-specific sorption takes place both in the diffuse and in the fixed part
of the double layer.

Specific sorption is to no less extent characteristic for cations. According to Bockris
et al. (1963), at a given charge cations reveal a greater tendency to specific sorption than
anions of the same radius. However, these conclusions were drawn on the grounds of the
study of sorption phenomena for the mercury/solution phase interface that is essentially
different from the system oxide/solution of Lyklema (1968, 1971).

Another example of specific sorption that is closer to the considered systems is the
uptake of heavy metals on negatively charged surfaces of clayey particles. It is noted in
one of the earlier publications dealing with this phenomenon (Elgabaly, 1950) that besides
ion exchange reactions in zinc uptake, strong binding of zinc ions to montmorillonite
occurs in such a manner that this sorbed metal does not participate in ion exchange under
the action of ammonium acetate.

A striking example of specific sorption is the uptake of cobalt into montmorillonite
(Hodgson, 1960) in the presence of a large excess of calcium chloride. The uptake reveals
itself in two specific reactions, one of which is related to chemisorption, the other occurs
in connection with the introduction of cobalt ions into the cavities of the crystal lattice
that are formed following isomorphous substitution of Si(IV) and by Al(III). The cobalt
fixed in this way does not exchange.

Benjamin and Leckie (1981) draw particular attention to the specific, very high selec-
tivity of heavy metal sorption (on amorphous iron oxyhydroxide) as compared with that
of alkaline and alkaline-earth metals (in particular Ca and Mg) that are present in solution
in much greater concentrations. The authors explain this selectivity of uptake by the solid
phase (Fe203-H;O,n) possessing a wide variety of active sorption sites with different
affinity for various metals.

Despite the reliability of the cited experimental data, the interpretation of the physical
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background of this phenomenon would be more convincing if spectroscopic studies of the
sorbed layers were undertaken.

It has been established that ion exchange occurs only with counterions of the double
layer, while coions play an insignificant role in exchange reactions if they are non-
specifically sorbed.

Most of the publications indicate that at least a portion of, if not the entire, specific
sorption can be regarded as chemisorption. However, in a number of cases the criteria for
unambiguous detection of chemisorption phenomena are rather conditional. It is widely
accepted that chemisorption is the process of producing chemical bonds between particles
of a gas or a liquid and the surface of a solid or a cluster (Smith, 1980). It should be noted
that experiments in chemisorption research are considerably advanced leaving the theory
behind. This is due to the appearance of the techniques of photoemission spectroscopy,
diffraction of slow electrons, and a number of spectroscopic methods to obtain reliable
characteristics of chemisorbed layers. This is particularly characteristic for chemisorption
on oxides of transition metals (Wolfram and Ellialtioglu, 1980).

These authors show that the concepts of ‘active’ sites on the surface are often used
to explain chemisorption and catalysis on oxides. It is assumed that these sites interact
with the reacting molecules producing either a ‘surface complex’ or the end product of
chemisorption, or an intermediate product of catalysis. It is conditionally supposed that
the active sites are either coordination-unsaturated surface ions of the transition metal or
such defects as oxygen vacancies. It is very important to have a clear understanding of the
nature of the active sites, but in most cases this is unknown. Nevertheless these authors
write that it is generally accepted that an important part in the processes of chemisorption
and catalysis is played by d-electron surface states and the states of various surface
defects (for instance, surface oxygen vacancies). There are numerous coordination-
unsaturated d-orbitals on the surface of perovskites. It follows from considerations of
geometry and energy that at the points of localization of these so-called free links there are
favorable conditions for chemisorption of molecules and the transfer of charge between
the solid and the interacting molecules. The authors especially emphasize the role of
the electron structure of the states of surface oxygen vacancies (SSOV). When bonds are
formed between SSOV and molecules, there can occur transitions of electrons from filled
SSOV to adsorbed molecules. And vice versa, unfilled SSOV can receive electrons from
electrophobic substances. This means that both donors and acceptors of electrons can take
part in reactions with a transfer of SSOV charge.

In the light of the presented data, the features of Pb(II) uptake on a-Al,O3 can be
seen in that the prevailing form of Pb(Il) fixed on the surface at pH > 5 is a hydrolytic
complex (a monohydroxy complex) SO~PbOH™, where SO~ is the functional active
group of the surface (Davis and Leckie, 1978). These authors point out that adsorption
of monohydroxy complexes usually starts near those pH values at which hydrolysis of
metal ions begins. The conclusions drawn from the example of uptake of Pb(II) on iron
hydroxide (as well as on other hydroxides) hold true with respect to sorption of Cd(II),
Cu(1I), and Ag(I); these metals are sorbed mainly in the form of monohydroxy complexes.
However, Davis and Leckie (1978) make an important remark: they think that a thorough
investigation into the kinetics of surface reactions is needed in order to determine whether
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hydrolysis occurs first in the solution or if this reaction takes place on the surface following
sorption of metal aqueous complexes.

This remark is singularly essential because the studies of the dynamics of sorption of
heavy metals on hydroxides (McKenzie, 1980; Varentsov and Pronina, 1973; Varentsov
etal., 1979, 1980) allow us to distinguish the following three main stages:

1. the initial stage, when the uptaken metals are fixed to a considerable extent, in the
exchange form;

2. the hydrolytic stage, when the hydrolytic reactions occurring on the surface result in
the formation of strongly bonded hydroxy complexes of transition metals;

3. following the processes of dehydration, the formation of oxyhydroxide forms of the
sorbed metals, as a sorption layer, on the surface of the sorbent.

It should be stressed that these processes in many cases proceed on low-crystalline,
amorphous phases. This allowed Swallow et al., (1980) to use the terms ‘surface’ and
‘adsorption’ somewhat vaguely, taking uptake of Cu and Pb by amorphous iron hydroxide
as an example. They believe that ions of heavy metals can diffuse freely into the structure
of the sorbent and the process is not restricted to external surface localizations. The loose,
highly hydrated structure of hydrous ferric oxide can be penetrated easily by ions of heavy
metals that become incorporated into the solid in the process of sorption when they are
hydrolyzed. Phases that contain ferrites can form as the result of such interaction.

Identification of newly-formed sorption phases and determination of the appropriate
characteristics of their crystal lattice provide reliable proofs of the chemisorption processes
on the sorbent surface. Appelbaum and Hamann (1980) indicate that diffraction of
slow electrons is a very efficient method for identification of chemisorbed phases on
semiconductor surfaces. These authors point out that these surface phases are lattices
coordinated with the structure of the substrate, i.e. an elementary cell of the adsorbent is
a multiple of an elementary surface cell that corresponds to the ideal volume lattice of the
substrate.

Identification of mixed-layer phases presented by disordered alternating interlayers of
manganese dioxide and oxide of cobalt or other heavy metals in oceanic Fe—-Mn nodules
(Chukhrov et al., 1983a, 1983b) can be considered as substantiation of the existence of
the third stage of the discussed mechanism in the natural environment. This conclusion is
indirectly supported by Davis and Leckie (1978), when they write that for many dissolved
metals the chemical component of the binding energy with active sites of oxides is
approximately the same as from one oxide to another. However, these authors note that
with the present level of knowledge on the nature of the bonds it is impossible to correlate
the differences in the stability of surface hydroxy complexes and free aqueous complexes
(the former are considerably greater) with physical or chemical binding energies. They
explain that the heavy metal ions are considerably easier to hydrolyze on the surface than
in the bulk water due to a change in the entropy of this environment. In conclusion Davis
and Leckie (1978) remark that chemical models can be more practical for several other
areas of application, e.g. for modeling adsorption of metals dispersed in waters.
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4.3.4.8. On the Effect of Major lons of Electrolytes on Cu(1l) Sorption by Manganese
Oxyhydroxides

In the previous section we have considered the concepts that are essential for the clarifi-
cation of the effect of major ions of electrolytes on sorption of heavy metals.

It has been pointed out that a characteristic feature of manganese hydroxides, as well
as of a number of other hydroxides, is a relatively well-developed porosity of the surface
layers of these particles. Taking this into account, Lyklema (1968 and 1971) showed
experimentally that the surface charge of such substances essentially exceeds the charge
that would be produced by surface active sites (predominantly OH-groups) only. It means
that the surface charge, just as the countercharge, is not restricted to the surface proper,
but can be located in the solid phase off this surface, since the surface layer is porous and
permeable for ions. The model of an electrical double layer elaborated by the author on
this basis allows us to explain the most important features of sorption on hydroxides:

1. the more this layer is permeable for ions, the greater is the charge density (per unit
surface);

2. sorption is not limited to the surface only;

3. since counterions are capable of passing through the porous surface into the solid
phase, both the charge and the potential of the double layer on the side of solution are
relatively small.

Lyklema stresses that this porous double layer can be permeable for certain ions that
possess high enough crystalchemical affinity for the solid phase, but not permeable for
water molecules. It is essential that the distribution of the components (including major
ions of electrolytes) that are beyond this system is governed by the features of the Stern
layer.

The studies by Perram et al. (1974) supported the structural concept of such a boundary
‘gel layer’ on the surface of oxides whose thickness for oxides with high values of surface
potential was estimated to be about 2 to 4 nm (Figure 88).

Hydration of ions with a transformation of water structure into solution structure is a
characteristic feature of electrolyte solutions. Two types of hydration are distinguished:
near and far hydration (Blokh, 1969; Frank, 1965; Frank and Wen, 1957; Mikhailov and
Syrnikov, 1960; Samoilov, 1957a, 1957b, 1972; Stunzhas, 1979; Vdovenko et al., 1967).

Near hydration is most significant for the understanding of the structure of solutions
where ions that are positively hydrated, such as Li*, Na*, Ca’*, Mg?t, etc., and neg-
atively hydrated, such as K*, Cs*, CI—, Br™, SOi_, stand out. It has been established
that positively hydrated ions are structure-reinforcing ones, increasing the viscosity of
solution. Negatively hydrated ions possess structure-destroying properties, they lower
viscosity, increase the electric conductivity of solution, and intensify the diffusion of
particles.

The presence of a dissolved organic component (e.g., methylene alcohol) in solution
provides a stabilizing effect on the structure of aqueous solutions, which is similar to the
effect of a temperature drop that results in a lesser hydration of ions (Yastremsky and
Samoilov, 1963). This point is essential in the interpretation of the features of viscosity
and structure of such an electrolyte as seawater, where dissolved organic substances are
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invariably present (up to several mg Co,/1).

At the same time, electrolyte ions can exert a salting out effect with respect to the heavy
metals of the system (Samoilov, 1966a, b), which can bring about appreciable dehydration
of the sorbed components and a rise in their effective concentration.

The findings of the studies of the structure of the vicinal water layer near the solid
phase/solution interface (Deryagin, 1983; Drost-Hansen, 1969, 1977), i.e., the structure
that is essentially different from water structure in the bulk solution, are of outstanding
importance for the comprehension of the sorption of heavy metals.

It has been established by means of NMR techniques (Mank et al., 1983) on the example
of chlorides that ions with both positive and negative hydration interact in a comparatively
similar way with water molecules both in the bulk solution and in the adsorbed phase of
ion exchangers in various salt forms of ion exchangers and electrolyte solutions. A distinct
change in water structure is marked near the phase interface as compared with the structure
of the bulk water.

Recent investigations (Efremov et al., 1980; Tarasevich, 1983) corroborate the qual-
itative three-layer model of vicinal water developed earlier by Drost-Hansen (1969).
Proceeding from the study of Li- and Na-montmorillonite, three main boundary layers are
distinguished:

1. the structure of a 1.0 nm layer of strongly bonded (adsorption) water is governed by
the distribution of the surface active sites of the solid phase;

2. the intermediate boundary layer (7 to 9 nm) is formed under the influence of the field
of the surface and the adsorbed water layers;

3. the formation of the third layer (15 to 20 nm) of osmotically bonded water is caused
by hydration of exchange cations in the diffuse portion of the electrical double layer.

Evidently, the three-layer model of vicinal water that is quantitatively substantiated on
the basis of layered silicates can be applied to manganese hydroxides of layered structure,
in particular to the 0.7 nm manganate-birnessite (Giovanoli, 1980) that was used in our
experiments.

This three-layer model can also be valid for a large number of oxyhydroxides, e.g.,
for hydrophilic surfaces of crystalline quartz type (Deryagin, 1983) whose structuring
influence on boundary water is estimated to be present within 20 to 30 nm (see Figure 88).

Consequently, the phenomena of sorption of Cu(II) ions that exist in electrolyte so-
lutions (including seawater and other natural waters) mainly in the form of a hydroxy
complex on 0.7 nm MnO; are, to a large extent, governed by the factors cited above.
Owing to the developed porous structure of the electrical double layer, Cu(II) ions can be
selectively hydrolytically sorbed both on the surface and in the porous portion of the solid
phase (see Figure 88).

Major cations of the electrolyte (Nat, Mg?*, and Ca?* in the case of seawater and
other natural waters) can be fixed, as positively hydrated counterions, within the Stern
layer and the diffuse portion of the double layer.

The presence of boundary water layers near the solid/solution interface that are charac-
terized by elevated structural ordering, viscosity (by an order higher than that of the bulk
water), and in many cases increased density (the second layer in particular) can impede a
diffuse influx of Cu(II) ions.
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However, the presence of negatively hydrated ions of electrolyte (C1~ and SO‘%_)
reveals itself in their disordering effect on water structure. In other words, the presence
of negatively hydrated ions in solution, primarily of such anions as CI~ and SOi_ , results
on the one hand, in a decrease of the viscosity of solution and promotes diffusion of heavy
metals in its bulk, and, on the other hand, acts destructively on the boundary water layers
and enhances the diffusive influx of these metals directly to the sorbent surface. It is
appropriate to note here that Balistrieri and Murray (1982b) also noticed the promoting
effect of SOﬁ_ ions on Cu, Pb, Zn, and Co sorption by goethite from electrolyte solutions
of seawater type.

At the same time, an appreciable role in the promotion of heavy metal sorption can
belong to the salting-out action of the components of electrolytes in the bulk solution, in
particular to the action of such positively hydrated ions as Nat and Mg?* within a range
of relatively moderate concentrations of, for instance, seawater.

The final stages of this interaction include sorption accumulation of Cu(Il):

1. when on the surface (or in the porous portion of the solid), following hydrolytic
reactions, strongly bonded insoluble hydroxy complexes of transition metals appear;

2. because of ageing, after this stage comes dehydration of oxyhydroxide forms of Cu(II)
(or other heavy metals) in the sorbed layer.

It seems that such a mechanism allows for a consistent explanation of the phenomenon
of a significant rise in the sorption of heavy metals on hydroxides, in connection with
an increase of the electrolyte concentration within the range of their relatively low and
moderate values characteristic for natural waters.

4.3.5. ON THE ROLE OF ORGANIC MATTER IN THE SORPTION PROCESS OF TRANSITION
METALS

During the last decade, different aspects of geochemistry of organic matter in natural
waters were studied rather thoroughly (Putilina and Varentsov, 1980). When studying
the migration and concentration of a number of chemical elements, mostly heavy metals,
Vernadskii repeatedly referred to the unique role of organic matter in the distribution
of chemical elements. In fact, many elements, such as uranium, germanium, vanadium,
molybdenum, iron, copper, manganese, and others, form complex compounds with organic
matter in the waters of recent basins (Linnik and Nabivanets, 1977; Varshal et al., 1979).

In the process of vital activity and posthumous decay, organic matter decomposes
into more simple compounds. Horne (1969) gives a scheme of decomposition using the
example of proteins.

The decomposition process can be accompanied by an intermediate synthesis of com-
pound substances from simple ones. The most stable compound formed as the result of
synthesis of products of decay is the carbonic-proteins complex which is a complicated
polymeric compound composed of amino acids referred to as humus in literature; its
solution is called ‘humus water’. On average about 60-80% of dissolved and suspended
organic matter consists of humus compounds (Reuter and Perdue, 1977).

Humus is divided into humus compounds, soluble in alkalies and insoluble in acids,
and fulvo-compounds, soluble both in acids and alkalies. Chromatographic analysis of
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Decomposition of organic matter in the process of vital activity and posthumous decay using the example of
proteins (Horne, 1969).

products of the hydrolysis of humus and fulvo-compounds revealed that up to ten kinds
of amino acids and more take part in their compositions; these amino acids belong to
basic, neutral, acid, and aromatic groups: lysine, histidine, glutamic acid, serine, proline,
glycine, alanine, valine, isoleucine, and phenylalanine. Glycine, asparagine, and alanine
comprise the greater part of amino acids (up to 44%).

Fulvo- and humus compounds in solution tend to associate and form polydispersion
systems with the range of molecular mass from 300 to 6000 and more (Varshal et al.,
1979).

Humus compounds with high molecular mass can flocculate and accumulate on fairly
shallow bottom. The nature of formation of compounds with high molecular mass is
unknown as yet, and open to discussion. It is not ruled out that coextraction of compounds
with low molecular mass occurs, or polymerization processes take place. Reuter and
Perdue (1977) obtained data on the content of humus compounds in the rivers of the United
States. The concentration of humus dissolved compounds is on average 3.4 & 0.6 mg/l
and that of suspended compounds is 3.8 + 1.6 mg/l. However, higher and lower values are
also known. Evidence is available which suggests that the content of humus compounds
can be up to 100 mg/l (Reuter and Perdue, 1977).

Apart from humus and fulvo-compounds, natural water contains a great amount of other
organic substances. Varshal et al. (1979) illustrate the most common organic compounds
by the example of the water in the Moscow River (Table 32).

Table 32 can be supplemented by a number of organic compounds found in the surface
waters of the States of California and Washington, U.S.A. (Hem, 1965). The identified
constituents included acetic, propionic, butyric, valeric, catroic, lactic, malonic, maleic,
succinic, and other carboxyl acids. The concentration of these substances varied from 4
to 592 pg/l; in organic substances containing nitrogen most of them belong to free amino
acids: glycine, serine, ornithine, and alanine (Siegel, 1971).

The products of decay of organic substances may enter into reactions. Thorstenson
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Table 32. Content of the major classes of dissolved organic matter (after Varshal ez

Polyaromatic carbohydrates
Pesticides

Synthetic surface-active substances
Phenols

al., 1979).
Class of natural organic substances Concentration
Carboniferous and oxycarboniferous acids of aliphatic ~ 0.01-10 mg/l
series: formic acid, proteins, oxalatic, citric, tartaric,
etc.
Humic acids 0.01-30 mg/t
Fulvic acids 1-100 mg/1
Alcohols up to 2 mg/l
Aldehydes, ketones, polyfunctional compounds 0.05-2.2 mg/l
Phenols 0.001-0.060 mg/l
Polyphenols up to 10 mg/l
Reducing sugars 0.1-0.2 mg/l
Polysaccharides 0.2-0.6 mg/l
Compound ethers, lipids. mono-, di-, and triglyc-  10-200 pg-equiv./l
erides of aliphatic acids (C1—Cig)
Aliphatic amines 15-50 pg/l
Amino acids (20 varieties) 2-25 pgll
Petrol products 0.05 mg/l1

(1.5-2) x 10~4 mg/
Ix1073-1 x 10~ gn
0.5-2.0 mg/l

1 x 1073-2.0 mg/

(1970) studied the decomposition reactions of amino acids and carboxyl acids using the
example of alanine and carbohydrate. He distinguished several types of reactions:
(a) oxygen reactions:

CH,0 + 0, — CO, + H,0
4C3H70,N + 150, — 12CO; + 2N, + 14H,0
(b) sulphate reactions:
2CH,0 + CO2™ — CO, + HCO; +HS™ + H,0
2C3H;0,N + 380%™ + H,0 — CO, + SHCO; +2NHj + 3HS™

In the decomposition reactions under consideration, an essential part belongs to the
equilibrium between SO;~, HS~, N, and NH} :

3502~ + 8NHJ = 4N, + 3HS™ + SH* + 12H,0
4H,0 + 2C3H;0,N = 2NH{ + 2HCO; + CO, + 3CH,.
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4.3.5.1. The Interaction between Organic Matter and Metals

The interaction between organic matter dissolved in natural water and trace metals is a
problem which has not yet been studied sufficiently.

According to the results, obtained by several researchers (Gardner, 1974; Tkach, 1974),
simple amino acids and hydrocarboxyl acids are less active in the process of dissolution
of metals than bisulphides and polysulphides. However, the principal role in dissolution
of trace elements of metals belongs to such polymeric compounds as humic acids (Picard
and Felbeck, 1976), because the stability of metal-humus complexes in natural waters is
much higher than the stability of complexes of metal-ion-organic compounds (Reuter and
Perdue, 1977). By the example of humus, Siegel (1971) has demonstrated its ability to
bind copper and lead. Gardner (1974) showed that humus compounds bind Cd(II) to a
greater extent than the major inorganic ligands CO%‘, SO%‘, Cl—,0H".

Experiments on ion exchange testify thations of Ca, Zn, and Mg are combined by humus
matter in cation form, while iron and zirconium make anion and non-ionic complexes
(Desai and Ganguly, 1970; Linnik and Nabivanets, 1977; Varshal et al., 1979). Pillai et al.
(1971) studied complexing between the metal ions and dissolved organic compounds; the
obtained data give evidence that within 16 weeks 65% of amphoteric zinc, and also 70%
of manganese, pass from the cation form to non-ionic form. In 4 weeks, 71% of Co passes
to non-ionic form and remains at that state later. It was also noted that an extra amount of
metal ions added to solutions, containing humus and other organic compounds, results in
exceeding their solubility. For example, the study of iron solubility in the coastal waters
of the State of Washington (Desai and Ganguly, 1970) revealed that the concentration
of ionic iron is 4 pg/l, whereas the general concentration after oxidation by perchloric
acid is 17 pg/l, implying that 75% of dissolved iron was in a bound form. Analysis
of algal filtrate, containing a great amount of dissolved organic constituents (Desai and
Ganguly, 1970), shows higher solubility of a number of elements: the amount of dissolved
manganese is 5,779 pg/l, of zinc 380 pg/l, of iron 4.79 pg/l, of zirconium 0.78 pg/l. The
study of some of the elements (Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Mo, Au, Ag, etc.) in the
ash of sea plants and in the coastal sediments of the Sea of Okhotsk testify that they are
accumulated in amounts 10?-10° times exceeding their average content in the waters of
the World Ocean (Saenko et al., 1977). The maximum accumulation coefficient for Mn
is 1.8 x 10°, for Ti 4.4 x 10*, for Fe 2.4 x 10%, for Cr 1.2 x 10° (Saenko et al., 1975).

Picard and Felbeck (1976) studied the formation of complexes of iron with humic
acid. It was observed that by adding humus to the solution the amount of iron in the
precipitate decreases. Experiments, and the study of natural processes, brought the
authors to the conclusion that humic acid facilitates the transportation of iron in seawater.
This conclusion is in accordance with the results obtained by Rashid (1972a) and Koshy
etal. (1969).

Duursma (1968) studied Co and Zn sorption in seawater. The sorption of these elements
was reduced by adding leucine. The author attributes this effect to the formation of
complexes between leucine and the studied elements, and emphasizes the necessity to
take into account the concentration of elements and of organic matter. Complexing did
not occur at low leucine concentrations. Only iron (Fe*t) and chromium (Cr3*), having
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high stability constants, easily form complex ions. Duursma (1968) believes that iron
regulated the binding of all other metal ions at low concentrations of organic matter.

The work by Varshal er al. (1979) presents data on the nature, composition, and
stability of complex compounds formed by metal ions, i.e. calcium(II), strontium(II),
cerium(III), yttrium(III), iron(I) and (III), ruthenium(III) and (IV), copper(I) and some
other elements, with fulvo-acids, polyphenols and other constituents of dissolved organic
matter. Interaction between the metal ions and fulvo-acids is accompanied by the formation
of a number of soluble cation, anion, and neutral complex compounds and of insoluble
forms.

Three groups of metal ions have been distinguished according to their interaction
with fulvo-acids. Cu(Il), Sr(II), and Mg(II) form soluble complex compounds and are
not hydrolysed at the pH of surface waters. Fe(III), Ru(IIl) and (IV) and other easily
hydrolysed elements are ascribed to the second group. Solubility of these elements
increases owing to complexing by fulvo-acids and, consequently, their migration ability.
The formation of soluble complexes with associated forms of fulvo-acids is the principal
feature of these elements. The third group comprises Ce(III), Y(III), and Yb(III), which
form, depending on pH and metal-ligand, insoluble and soluble complex compounds.
Solubility increases from cerium to ytterbium in the process of interaction with fulvo-
acids of a definite molecular mass.

Linnik and Nabivanets (1977), in the course of their studies, determined different forms
of manganese in natural waters. These authors show that the main amount of dissolved
forms of manganese are represented by high molecular complex compounds. Between
8 and 15% of the amount of Mngonp, are cation complexes with molecular (ion) masses
of 500 to 5000. In waters of the Dnieper River, manganese is combined in complexes of
anion nature; their molecular (ion) mass is about 70 000, 15 000 to 5000, and 500 to 1500.
In the waters of the Desna River, the complexes have molecular (ion) masses of 1500 to
5000 and 500 to 1500. This combination of metal ions, according to the data by Rashid
(1972b, 1974) and Duursma (1968), belong to the reaction of chelation:

Me »* + 0 H;N-C-COOH =

H; H)
| i
H N AN: H
l/ \/\1
R -C C-R

=1kn Me +1/nHz

o C\O/\O/C -°

where Me™ is a metal ion, R is the non-polar aliphatic group:

CH:NH:»COOH GLYCINE
CH;CH>NH:-COOH ALANINE
(CH;)2CH-CHNH: COOH VALINE

(CH;);CH CH:-CHNH:-COOH LEUCINE

CH3(C:Hs) -CH-CHNH;-COOH ISOLEUCINE
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or hydroxyl-containing aliphatic or aromatic group, aspartic, and glutamic acids, sulphur-
containing group:

CH;OH-CHNH,-COOH SERINE
CH;CHOH-CHNH:-COOH THREONINE
OH.-C¢H,-CH>-CHNH»COOH TYROSINE

C¢Hs-CHCHNH;COOH PHENYL ALANINE
NH:-CH: (CHs)»CHNH:-COOH LYSINE
HS-CH»CHNH:-COOH CYSTEINE
COOH.CH:»CHNH,-COOH ASPARATIC ACID
COOH-CHNH; (CH,)»COOH GLUTAMIC ACID

CsHsN-COOH PROLINE

According to Wershaw (1976), lead forms two types of complexes. The first type is
chelate complexes, where lead forms ionic compounds. Compounds, covalently combined
with the atoms of carbon, can be regarded as the second type.

Besides the reaction of chelation, all the amino acids can have separate reactions in
amino and carboxyl groups (Williams, 1975).

Many other groups, found in the side chains of organic molecules, can also interact
with metal ions, for example, OH™ in serine and pyrosine, the second group COO™ in
aspartic and glutamic acids: —SH in cysteine assumes the role of polydentate ligands in
relation to the metal ion. The size and form of side chains of amino acids are essential too,
because they determine steric effects in chelation. In addition to these factors, the effect of
the nature of elements is essential; e.g. in the presence of equal concentrations of Cu, Co,
Ni, Mn, and Zn, adsorption of copper is 50% of the total adsorption capacity of organic
substances. Copper forms relatively more stable complexes with humus compounds.
The following order of adsorption of elements is observed: Cu > Ni > Co > Zn > Mn.
Among trivalent elements, iron is characterized by higher adsorption by humic acids than
aluminium (Rashid, 1974). Fulvo-acids form complexes in the molar relation 1 : 1 with
ions of Cu?*, Ni**, Co?+, Pb?+, Mn?*+, Zn?*, Ca>*, Mg?* at pH = 3-5 and ionic strength
u = 0.1. However, at the same ionic strength, but at pH = 1.7-2.3, fulvo-acids form a
complex 1 : 1 with the ions of Fe** and AI**. If pH is more than 5, and ionic strength is
decreased from 0.1 to 0, the relation of a fulvo-acid to the metal ion becomes less than 1;
this fact indicates the formation of mixed polynuclear complexes. With pH = 3, stability
constants decrease in the following order: Fe>* > APt > Cu?t > Ni?t > Co?t > Pb?t =
Ca?t > Zn%t > Mn?* (Schnitzer and Hansen, 1970).

The formation of complex compounds of metal ions with organic substances in natural
water is confirmed by IR-spectrometric research (Rashid, 1972c). Comparison of infrared
spectra of amino acids, and of their complexes with metals, implies the participation of
atoms of oxygen and nitrogen in these reactions. For instance, the IR-spectra of the
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aspartic acid show a series of bands of -NH group of amino acid at 2,080, 1,640, and
1,520 cm™! and of carboxyl group at 1,690, 1,610, and 1,420 cm™!. In the IR-spectra of
the complex of aspartic acid with copper, the bands disappear at 2,080 and 1,640 cm™!,
whereas the intensity of the band at 1,520 cm~! increases considerably. The bands of
the carboxyl group disappear at 1,690 and 1,420 cm™! and simultaneously the band at
1,630 cm~! develops. The new band, which appears at 1,390 cm ™!, is extra evidence for
transformation of the carboxyl group into carboxylate. For natural amino acids the bands
corresponding to NH-group are in the region of 3,000-3,300, 1,630, 1,500 cm™!; for the
carboxyl group they are 1,730 and 1,430 cm~'. When a complex with metal is formed,
then changes occur as described above.

A number of factors affect the formation of complexes. Molecular mass of organic
matter and valency of metal are the most essential ones. It has been determined (Picard
and Felbeck, 1976; Rashid, 1972a) that those fractions of organic matter with relatively
low molecular mass bind metal 2 to 6 times more than fractions of higher molecular mass.
Equal amounts of divalent metals are complexed by these fractions 3 to 4 times more
than trivalent metals. Hem (1972) has defined six factors controlling the solubility of
iron and manganese in water systems: (1) changes in pH of solution; (2) Eh of systems;
(3) increase or decrease of activity of some of the anions with other different factors being
constant; (4) increase in the activity of the complexing ligand results in higher solubility
of elements; (5) change of temperature and pressure as compared to normal conditions;
(6) effect of various sources of energy, for example, solar. Calculations show that at given
Eh values, changes of pH by one tenth of unit, at pH ~ 7, change the solubility of iron
approximately by a factor of two. Effect of pH on migration properties of elements is
studied by the example of aluminium (Matveieva et al., 1978). It has been established that
oxalic acid reduces precipitation of Al to pH = 8; this is associated with the presence of
soluble complex oxalates of aluminium in the acid pH region. These complexes disappear
at pH > 8. Humic acids encourage quicker precipitation of aluminium in media with pH
= 4-8, but produce more stable forms at pH > 8. Antimony and titanium in different
pH regions form differently charged complexes with humic and fulvo-acids (Ostroumov,
1956; Udodov et al., 1975). The degree of Cd(II) combination, by the same organic
compounds, considerably increases with an increase of pH (Reuter and Perdue, 1977).

The effect of background ions on complexing reactions is essential. Ferguson and
Bubela (1974) note that the presence of relatively small quantities of Nat and Mgt
cations in the solution reduces the sorption of zinc by Ulothrix algae to zero, whereas
the sorption of Pb(II) and Cu(Il) increases considerably. Determination of the content
of polyvalent metals in seawater, depending on the season of the year, has shown that
iron and manganese are subjected to the greatest seasonal variations (Dobrosmylova et
al., 1979). Their maximal content has been observed in December and the minimum in
August; this distribution is connected with the period of intensive production of plankton.
According to data of Crerar ef al. (1979), in summer 60 to 70% of iron is associated with
organic matter, while in winter this value does not exceed 5 to 10%.

During the last decade, much attention was drawn to the concentration of organic
matter and heavy metals in the surface microlayer of waters in basins. For example, the
concentration of lead, iron, nickel, and copper increases by 0.5 to 50 times in the surface
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layer, within a range of 100 gm, in relation to the basic mass of water 20 cm below the
surface (Duse et al., 1972). On the surface of the air-water interface, the surface-active
fractions of organic colloids accumulate forming films. Such films affect the surface
properties of seawater, including surface potential, viscosity, and attenuation of capillary
waves; evaporation is reduced. The films enhance warming of surface water (Horne,
1969).

Garrett (1968) believes that surface films are monomolecular, since only polar
molecules can adhere directly to the surface of the air—water interface. Adsorption is
carried out by the hydrophilic functional groups. Duse et al. (1972) are of opinion that
the film can be several molecules thick.

The concentration of heavy metal occurs in films in all the cases. Williams (cited
after Garrett, 1968), as the result of his studies of the process of formation of such a
film, comes to the conclusion that this process involves lipids, proteins, carbohydrates,
and phosphorous compounds. The lipids of high molecular mass are, however, the most
important and long-lived on the surface of the water—air interface. For example, fatty
acids, alcohols, and fatty ethers are highly polar and insoluble in water. They can have
a strong tendency to selective adsorption, as compared with other less active substances;
they can also stay longer on the sea surface. As the result of selective adsorption on the
surface, water can be enriched by combined insoluble compounds of heavy metals.

4.3.5.2. Role of Dissolved Organic Matter in the Process of Fe(Il) Sorption by Birnessite

The aim of this study was to obtain experimental data elucidating the sorption mechanism
of Fe(I) compounds by 7 A MnO, (birnessite) from seawater in the presence of different
amounts of the organic component (citrate-ion). The latter is characterized by values of
the formation constants of complex (Kgorm) compounds which are similar to the most part
of compounds of the dissolved organic matter (DOM) of seawater. Special attention was
paid to the distribution of the Fe(II) forms in seawater solution. The main results of these
studies are presented in our previous works (Putilina and Varentsov, 1980, 1982, 1983,
1984).

The performed calculation and experimental investigations on studies of the sorption
dynamics of Fe(Il) from seawater by birnessite, in the presence of organic matter (sodium
citrate), allowed us to determine a number of features of the sorption mechanism.

(1) The behavior of Fe(II) in seawater in the presence of different quantities of organic
complex-forming component is determined by competitive reactions, essentially between
Fe?t, Ca’t, Mg?*, and citrate-, sulphate-, and chloride-ions. The main forms of Fe(II)
in seawater with pH 8.0 to 8.2 are aqua-, sulphate-, and chloride-ion.

(2) In alkaline aerated media, Fe(IT) is oxidized to Fe(III). The oxidation rate is increased
due to the oxidizing function of 7 A MnO;.

(3) The adsorption rate of Fe(I) by birnessite is controlled by the concentration of
citrate-ion. With low concentration of the organic component, the oxidized iron is trans-
formed into a relatively insoluble form and is sorbed by birnessite. At high concentrations
of sodium citrate, Fe(II) is bonded into complexes with the organic matter and occurs in
a dissolved state. However, in the course of time the iron complexed by organic matter is
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transformed into a more stable form of iron hydroxide and is sorbed by the active surface.

(4) The process of iron sorption is accompanied by a relative decrease of pH of the
solution that may be explained by substitution of counterions at the sorbent surface by
different ionic forms of iron.

Under the conditions of extremely low concentrations of DOM, there is a relatively
quick formation of hydroxy forms of Fe(III). They may possess the tendency to coagulate
and formate suspended hydroxide compounds of iron that, together with other suspended
components of seawater, are deposited with sediments.

4.3.5.3. Role of Dissolved Organic Matter (Citrate-Ion) in the Process of Cu(ll)
Sorption by Birnessite

It was shown in the previous section that in the basis of the sorption processes of a number
of transition metals (Mn, Fe, Ni, Co, Cu, Pb, etc.) in supergene environments there
are processes of a chemisorption nature, in a number of cases, that are accompanied by
autocatalytic oxidation. The important role of DOM in the process of sorption of the
transition metals is emphasized. The aim of studies was to obtain experimental data on
the role of organic matter in the sorption process of Cu(I) on 7 A MnO,, as well as in
geologic interpretation of the results for natural systems.

The performed investigations allow one to define the main propositions to the model
of sorption of Cu(II) on 7 A MnQ, in seawater in the presence of DOM. The process
of Cu sorption by birnessite in the presence of different amounts of citrate-ion may by
presented in a generalized form as follows. At a low concentration of citrate-ion, the
copper is essentially in the form of aqua-ion. In seawater, Cu(Il) is easily hydrolysed
(pPKcy(on), = 12.2). Hydroxy complex is sorbed by the surface of 7 A MnO,. With
an increase in the concentration of sodium citrate, the quantity of copper aqua-ions in
the initial solution is considerably decreased, leading consequently to a change of copper
sorption. The lower the contents of aqua-ions of Cu(Il) in the initial solution, the less is
the quantity of copper sorbed during the first stage. With an increase in the concentration
of citrate-ion, the amount of copper, associated with organic matter, is increased. The
equilibrium of CuCj; = Cu(OH)) is attained, and the dominating form becomes hydroxy
form of Cu(II) essentially sorbed by birnessite. The higher the concentration of CuCit~
complex in the initial solution, the slower the equilibrium is shifted to the right, reflected
in the moderation of the Cu(II) sorption process. Simultaneous with this process, some
sorption of the citrate ion by MnO, surface may be admitted. Citrate-ion is a polyfunctional
ligand comprising three carboxyl and one OH™ groups and it may be sorbed on the sorbent
surface. Presence of Ca?t and Mg?* ions influences greatly the sorption of organic matter
by hydroxide surfaces. The experimental studies show that during sorption from seawater
the decrease of pH of the solution occurs due to exchange sorption of Nat, Ca?*, and
Mg?* ions. At the same time, the calculations have shown that practically all citrate-ion
is consumed in the formation of complexes with Ca and Mg. It may be supposed that
CaCit™ and MgCit~ complexes are concentrated at the surface where Ca?* and Mg?*
ions fulfil the role of ‘bridges’ between the surface and the organic component. The
location of citrate-ion in the external part at the surface of 7 A MnO, probably increases
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its negative charge. At early stages of interaction, the sorption process of the organic
complex hinders temporarily the sorption of copper from the solution. There is a decrease
of the rate of copper sorption, and the amount of copper sorbed is approximately constant.
The consequent stage of the sorption process is associated with copper sorption increase,
in which a definite role belongs to uncompensated functional groups of the organic matter.
They form complex compounds with Cuﬁc‘fv and CuOH™* and promote additional copper
sorption. Here the formation of the composite surface complex is supposed: birnessite
— Ca(Mg) — citrate — copper hydroxy form. The reality of such hydrolytic accumulation
of copper is confirmed by the data of studies of solid phase composition, both with the
example of Cu and other elements (Ni and Co).

Thus, in the presence of relatively high contents of dissolved organic matter with
relatively moderate values of constants of complex formation, the rate of Cu sorption may
be considerably decreased due to intermediate stages in which an important role belongs
to surface reactions between a sorbent and organic matter.

In natural environments, during long periods, the definite amounts of sorbed organic
matter may be oxidized under the influence of MnO; and other oxidants.

4.3.5.4. Experimental Data on Cu(Il) Sorption by Birnessite at Different Concentrations
of the Complexing Component (EDTA)

The diverse role of dissolved organic matter (DOM) was considered above. It is able
to bind metal ions into complex compounds, participate in redox processes, and act as
surface-active matter. Depending on some or other properties, the DOM may considerably
influence the sorption processes of transition and heavy metals.

The aim of the experimental investigation was to study the influence of DOM con-
centration, forming relatively stable complex compounds (pK > 10), on Cu(lI) sorption
by MnO, (7 A MnO,). It is known that in natural water a considerable part of Cu(II)
is bonded into relatively strong metallorganic complexes. At the same time, sorption
interaction of such sea and pore waters with manganese hydroxides leads to the formation
of ore concentrations of copper in iron-manganese concretions.

The obtained results indicate that the trend of Cu sorption process is determined by
what properties of DOM, to a greater degree, are manifested in the given environments.
In the considered experiment, etylenediaminetetracetate (EDTA) may display properties
of both surface-active matter and a rather strong complexing agent. It is supposed that
having sorbed on the surface of 7 A MnO,, the EDTA may increase the number of its
active centres favoring additional sorption of metal ions, Cu(II) in the given case.

But the main mechanism of Cu(II) sorption on birnessite from seawater and similarly in
mineralizing natural waters, is characterized by hydrolytic reactions. Cu hydroxy forms
are sorbed directly on the surface of 7 A MnO,. There is also sorption of definite amounts
of Cu on modified surfaces of this sorbent with the possible consequent formation of a
mixed complex of {Cu(OH)THR3~}-(Ca, Mg)MnO, type, in which ions of alkali-earth
metals play the role of bridges between the surface and the organic component.

Copper sorption by birnessite from seawater, and similar solutions comprising dissolved
organic matter, is a multistage process, the main place in which belongs to: (1) reactions
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of hydrolysis and sorption of metal hydroxy forms; (2) sorption of dissolved organic
matter by oxide surface; (3) additional sorption of metal ions by modified surface with the
formation of a mixed surface complex. In natural environments, during postsedimentation
transformations due to redox processes, there may be decomposition of the organic matter
and formation of mixed oxyhydroxide phases.

4.3.6. GEOCHEMISTRY OF FORMATION PROCESSES OF MN OXYHYDROXIDE MINERALS
4.3.6.1. Early Stages: Initial Oxidation of Mn(I1) to Mn(III)

Numerous studies have established that in supergene environments, in particular in the
weathering crust, the leaching processes and transformations of Mn-bearing minerals
usually proceed in the range from low to neutral values of pH and substantially in normal
partial pressures of O; relative to that of the atmosphere. Under similar conditions Mn(II),
supplied to ground waters, as arule, is transformed to relatively stable forms: Mn(III) and
Mn(1IV) (Giovanoli, 1976, 1980; Ruetschi and Giovanoli, 1982; Stumm and Giovanoli,
1976). Nominally, these transformations proceeding in acid medium may be presented by
equations of reactions:

Mn?t = Mn?t + e~ (soft oxidation) m
Mn3t = Mn*t + e~ 2)
Mn?t + H,0 = MnO, + 4H* + 2e~ (rigid oxidation) 3)
Mn3*t + 2H,0 = MnO; +4H* + e~ “4)
Mn*t + 2H,0 = MnO, + 4Ht. ®)

In surface environments with absence of catalytic phenomena, and in acid—neutral
ranges of pH, Mn(IIl) is a rather stable form that represents the initial stage of Mn(II)
oxidation. Mn3* formation may take place as the result of a reaction with the participation
of Mn?* and MnO,, i.e. direct reaction (1) or reverse reaction (4), or owing to the
combination of two reactions: reverse (4) and direct (3) ones. Finally the reaction may
proceed:

MnO; + Mn?* + 4H* = 2Mn3t + 2H,0. ©6)

But it is necessary to note that in natural media the redox transformations of manganese
are described by these equations only in extremely general schematic form.

A more justified understanding of the behavior of this element in the supergene zone
may be obtained by the data from the study of natural phenomena and experimental
modeling.

Mn(Il) oxidation in neutral-slightly alkaline media. At early stages of development of
the weathering crust profile, the neutral and slightly alkaline solutions are formed during
solving the initial manganese-bearing minerals, due to neutralizing reactions and the
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transition of ions of alkaline metals and alkaline-earth metals into solution. The behavior
of Mn(II) in ground waters of similar types may be considered by the way of the example
of the experimental data presented below.

The investigations of oxidation dynamics of Mn(Il) in artificial and natural lake water
(Giovanoli, 1980; Stumm and Giovanoli, 1976) have shown that in the absence of Fe,
suspended organic matter, and other components, slow oxidation of Mn(II) into Mn(III)
proceeds. The authors have established that ion [Mn(H,0)g]?* present in the solution,
introduced in the form of [Mn(NOs),], the initial concentration of which is 1073 to
10 M9, is oxidized and precipitated after occurring in the medium with pH 8.06 to
8.99 within approximately 350 days. The observed situation is similar to results that
proceed during Mn(OH), oxidation in humid environments (about 70 to 85% of relative
humidity). Under these conditions, rather rapid oxidation of Mn(lII) takes place with a
number of consecutive transformations: Mn?t — Mn3;04 — S-MnOOH — v-MnOO.
Thus, the authors illustrated that the precipitation, resulted due to long relatively soft
oxidation, is represented by acicular crystals of manganite (y-MnOOH) as the phase
which is stable in these environments. It is interesting that in microphotographs made
under electronic microscope (Giovanoli, 1980) we could easily see laminated crystals
of 7 A MnO, (birnessite) and 10 A MnO, (buserite), the identification of which was
confirmed by electron microdiffraction.

Later studies have defined that under conditions at 0°C, Mn(II) may be oxidized to
feitknechtite (3-MnOOH), whereas at 250°C Mn304 (hausmannite) is mainly formed
(Hem and Lind, 1983). In the systems with sulphate-ions, these authors have observed
direct formation of y-MnOOH (manganite). Moreover, Hem and Lind (1983) do not
consider that the initial products of oxidation of Mn(Il) in aerated water systems are
metastable solid phases in which the oxidation state of manganese does not exceed Mn(III).
They think that in the result of disproportionation reactions the transformation of Mn(III)
to Mn(IV) takes place by the scheme:

2MnOOH + 2Ht — MnO,; + 2Mn?t + 2H,0, @)

that ts essentially similar to the reverse reaction (6) considered above.

The problem of the existence of long duration lowest forms of manganese oxides in
media with neutral or slightly alkaline values of pH has needed thorough experimental
testing. Such investigation has been conducted with modern methods of study of fine
dispersed phases, including X-ray photoelectron spectroscopy (Murray et al., 1985). It
has been established that from aerated solution of ammonium chloride with pH 9.0, and
containing Mn?* (1.6 x 10~2 M), of Mn304 (hausmannite) initially precipitated, with
admixtures of 3-MnOOH (feitknechtite) and specific MnOOH (Marti modification). After
approximately eight to nine months they are quantitatively transformed to y-MnOOH
(manganite). It is of interest that the initial stage of Mn2t oxidation in the solution
proceeds rather quickly: the precipitate, deposited in 30 min, was characterized by ratio
0/Mn = 1.367 that, in combination with the X-ray diffraction data, pointed to the presence
of hausmannite, and to small amounts of 3-MnOOH, and traces of y-MnOOH. Further
transformations proceeded according to the mechanism of dissolution-precipitation. The
main transformation is associated with the transition of Mn3O,; — y-MnOOH described
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by reactions (Giovanoli et al., 1976b):

Mn304 + 2HY — MnOOH + Mn%+ 8)
with consequent oxidation of Mn?* into hausmannite

3MN2* + 1/2 Oyaq + HoO — Mn3O, + 6H. ©)

It is necessary also to recognize the possibility of the disproportionation reaction of Mn3 O,
and the formation of MnO,. However, as the experiment and calculations show, under
these conditions the activity of dissolved manganese, that may admit the disproportionation
occurrence, is lower than the activity, with which the protonation reaction (8) in this system
proceeds (Hem and Lind, 1983). Thus, the presented data (Hem and Lind, 1983; Murray
et al., 1985) indicate that during this experiment MnOOH is most probably formed from
Mn304. Concentrations of dissolved manganese are too high to promote the formation
of v-MnO,. We have every reason to believe that disappearance of Mn3QO, (the reverse
course of reaction (9) may take place with the decrease of dissolved Mn2*,

Presented results unambiguously demonstrate the possibility of y-MnOOH (manganite)
existence as a relatively early product of Mn(II) oxidation in neutral to slightly alkaline
solutions, with normal (atmospheric) values of the partial pressure of O, and relatively
high concentrations of the initial Mn?*. Nevertheless, the results also indicate that with an
insignificant change of these parameters, for example, with some decrease of the system
pH and the concentration of Mn?*, a more stable compound (7-MnO,) may be formed
instead of v-MnOOH.

4.3.6.2. Major Stages: Oxidation of Mn(I1) to Mn(IIl) and Mn(IV)

Lithiophorite formation. The characteristic feature of a series of alteration sequence
of Mn silicates differentiating it from products formed on carbonate or oxide (braunite-
hausmannite) protore, is the formation of lithiophorite. It is developed mainly after
residual aluminiferous matter, from incongruent dissolution, that play the role of matrix
or active surface. Numerous experimental and field investigations have established that
under conditions of acid values of pH (3 to 5) and the oxidizing regime of ground waters
of the initial stages of weathering, Al is characterized, as a rule, by extremely limited
mobility in comparison with manganese. It may be accepted that the spessartine formula
is Mn3Al,(SiO4)3 with the parameter of the cubic cell to be ag = 11.61 A, and the
lithiphorite formula is [Mn§*Mn?*01,][Al4Li,(OH) ] with a = 5.06 A; b=8.70 A; c =
9.61 A, and 8 = 100°7'. Simple calculations show that in spessartine the ion of Al and the
ion of Mn occupy similar volumes and their relation is approximately 1. Similar relations
of volumes of Mn and Al ions are characteristic for lithiophorite too. Thus, we may safely
assume that autochthonous transformation of spessartine to lithiophorite may proceed on
a residual aluminiferous matrix without any considerable addition of Mn. In this case,
Al forms octahedral layers in lithiophorite structure [(Al,, Li)(OH)g] alternating with
octahedral layers of [MnOg] (Burns and Burns, 1979; Giovanoli, 1985; Giovanoli et al.,
1973). However, along with autochthonous pseudomorphs after spessartine in these parts
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of the crust profile there are also transecting streaks composed of lithiphorite. Such data
may be interpreted as an indication of a significantly inhomogeneous and spotty pattern of
pH regime, when in relatively more acid solutions the transportation of mineral-forming
components takes place.

In works by Giovanoli (Giovanoli, 1985; Giovanoli et al., 1973) it is emphasized that
in experimental conditions lithiphorite synthesis is possible only when 7 A MnO; phyllo-
manganate of the analytical composition of Mn;035H,0, as well as y-Al(OH);-gibbsite
and LiOH-H,0, was used as the initial manganese oxyhydroxide. The reaction proceeds
during 2 to 3 days at 300°C and 90 to 130 atm. In other words, the application of man-
ganese oxyhydroxide of layered structure as an initial component is of critical significance.
The attempts of application of - or 3-MnO, (i.e. nsutite or pyrolusite), characterized by
chain-like tunnel structures, failed in lithiophorite synthesis. The presented data shed
additional light on the genetic aspects of the problem regarding the place occupied by
lithiophorite in a series of newly-formed oxyhydroxide minerals of manganese after the
alumosilicate (spessartine) protore.

Cryptomelane formation. In a series of supergene alterations of silicate, carbonate, and
manganese-bearing protore, cryptomelane occupies a definite place. In autochthonous,
lens-like, laminated ore accumulations of the weathering crust profile it is formed, as arule,
after lithiphorite (during alteration of Mn-garnets) or after pyrolusite (during weathering
of Mn-carbonates). In ores, formed with relatively long transportation of manganese
(for example, of a cap) the cryptomelane is an essential mineral. The analysis of natural
observations and experimental data allow one to think that the formation of cryptomelane
may proceed during relatively mature or final stages of development of the weathering
crust profile, when a pronounced oxidizing regime occurs and a sufficient amount of K
ions are present in the system. The cryptomelane may be formed both during direct
oxidation of Mn(II) ions by the scheme (Giovanoli, 1976, 1980):

[Mn(H,0)]?>* + H,0 + K+ (Ba?*) — Me,MngO6 + HT,

where Me,, is ion of K in the case of cryptomelane or Ba?>* during hollandite formation,
and through the intermediate products, in particular, v-MnOOH (manganite).

Experimental works on the synthesis of the considered mineral illustrate the main
features of the process dynamics (Hypolito et al., 1982a, 1982b, 1984). These authors
obtained synthetic cryptomelane as the result of oxidation of Mn(II) ions by oxygen
at 25°C, initial pH less than 3, and gradual addition of KOH to the solution. The
nucleation (nucleus formation) of cryptomelane takes place only with a local increase of
pH. Similar phenomena may occur under natural conditions when in the neutral medium of
infiltrating ground waters, the contact develops between the component-bearing solution
and hydrolytically decomposing minerals which produce OH-ions. The experiments show
that cryptomelane forming during the nucleation stage will coexist with manganite and
nsutite, formed proportionately to the pH increase.

In experiments with solutions characterized by high pH, nsutite (y-MnO ) is the first
mineral that is formed in media, containing K ions at pH decrease. However, later nsutite
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may be transformed to cryptomelane. During acid treatment of some synthetic oxyhy-
droxide minerals of manganese in the presence of K* ions the following transformations
may take place: nsutite — cryptomelane; hausmannite — nsutite; manganite — pyro-
lusite. However, it is necessary to point out that under the same experimental conditions
it was not possible to achieve direct transformations of manganite and pyrolusite into
cryptomelane. The most probable mechanism of formation of the considered mineral may
be realized under conditions of low values of pH and in the presence of K*, when cryp-
tomelane nucleation is initiated mainly by H3O™ ions. It is essential that cryptomelane
crystallinity is increased with the incorporation of K* and Mn(IV) ions into its structure,
but it is decreased with an increase of Mn(II), H,O, and ions of Zn(II) (as one of heavy
metals) in the system.

Thus, cryptomelane synthesis proceeds most actively in the interval of pH of 1.00 to
2.90, with a gradual addition of KON and the passing of pure O, bubbles through the
solution (Hypolito ez al., 1982a, 1982b, 1984).

During consideration of problems of the genesis of supergene manganese oxyhydroxide
minerals of the hollandite-cryptomelane group, it is necessary to keep in mind that rigid
stoichiometry is not always typical for these compounds. On the contrary, they are
characterized by relatively wide ranges of substitutions, in which a number of ions of
heavy and alkaline metals and alkaline earths, as well as of manganese of different
valence, participate. In works by Giovanoli et al. (Giovanoli, 1985; Giovanoli and
Balmer, 1981) it is shown that tunnel cavities in the structure of these minerals are built
from four double chains of octahedrons of MnQg. The cross-section of similar tunnels is
about 3 A, allowing penetration of cations of radius of about 1.5 A (for example NH;",
H;0%, K*, Ba?*, and Pb™) into them. The stability of such supergene minerals depends
on how their structure is balanced, mainly by cations in tunnels, from the action of such
factors as values of pH, Eh, oxygen contents, pressure and temperature, as well as from
geological settings of their occurrence. A crucial role belongs to the chemistry of solutions,
ground waters, their ionic composition, ionic strength, and presence of dissolved organic
components. In comparison with layered manganates (6-MnO,; 7 A-MnO,, and 10 A-
MnQ,), the tunnel manganates of the hollandite-cryptomelane group are characterized by
absence or extremely low ion exchange properties, since cations in the tunnel sites are
rigidly incorporated in the mineral structure.

Formation stages of nsutite (y-MnQO,) and other modifications of MnO,. During forma-
tion of manganese-bearing weathering crusts, an essential role belongs to acid solutions
that participate both in early stages of manganese leaching from bedrocks and in a number
of its consequent phase transformations. Experimental investigations by Giovanoli and
his colleagues (Giovanoli, 1976, 1980; Giovanoli et al., 1976a, b) have shown that in the
region of acid pH, with normal values of partial pressure of O, (or generally at oxidizing
values of Eh) and in the absence of ions of alkaline and alkaline-earthy metals, the Mn2t
is directly oxidized to y-MnO; (nsutite). This product is almost completely transformed
to 3-MnOQ; (pyrolusite) during consequent recrystallization in an acid medium. Schemat-
ically, the process of rigid oxidation of Mn(II)>Mn(IV) was considered above in reaction

3).



Model of Manganese Ore Formation in the Supervene Zone 2779

In those cases when, in acid solutions, the above products of intermediate oxidation of
manganese, represented by Mn3O4 or by modifications of MnOOH, have been formed,
their consequent oxidation to Mn(IV) shown in reactions (2 and 4) takes place. It is
experimentally established (Giovanoli et al., 1969, 1976b) that the oxidation of y-MnOOH
(manganite) in a diluted solution of HNOs, saturated with oxygen, leads to its topochemical
transformation to 8-MnQO; (pyrolusite). Oxidation of less stable oxide Mn(III) groutite (a-
MnOOH) in similar conditions depends on the degree of its dispersion: the finest isolated
crystals of this compound are oxidized quickly to MnsOg (a variety of 7 A-manganate)
which is transformed to 3-MnQO; during consequent oxidation. It is essential that in the
acid medium, as a rule, the reaction of disproportionation of Mn304, @-MnOOH, and
4-MnOOH to v-MnO; and Mn?t (see reaction (7) above), proceeds with consequent
quick oxidation of Mn(II) to Mn(IV) (reaction (3)).

4.4. Conclusion: On the Geochemical Model

It is necessary to keep in mind that the data on the chemistry of manganese, and the
results of experiments, only schematically reflect the general trend of processes proceed-
ing in natural environments of weathering. Relatively simple and obvious features of
manganese behavior in different regimes of oxidation were accounted with examples of
simple model systems, in which the sorption interactions in diluted solutions were taken
into consideration. Nevertheless, this data allows one to explain without contradictions,
mineral relationships observed in natural objects. The above general sequence of oxidiz-
ing transformations of silicate and carbonate protores is described by the following series
(Bouladon et al., 1965; Grandin, 1978, 1985; Grandin and Perseil, 1977, 1983; Leclerc
and Weber, 1980; Nahon et al., 1982, 1983; Weber et al., 1979):

(tephroite---spessartine) ——>Mn(II) - smectite ————> manganite ——>

> lithiophorite ’crypt?melane > ramsdellite > nsugite }

Mn carbonate) ———> manganite ——————> pyrolusite
t=]

\jlow oxidatio/

birnessite

— crypt?melane'—> nsutite — > ramsdellite

.

(fast oxidation)
In these series of the mineral transformation sequences the geochemical trend of alter-
ations is convincingly reflected in the development of the laterite weathering crust profile,
from the neutral slightly oxidized environments to acid with normal regime of Oy (Eh) of
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the medium and different participation of such components as AI’**, K*, H;0%, Ba2*t,
etc. By the example of manganite formation (Nahon et al., 1983) it is shown that chemical
composition of this mineral in autochthonous occurrences varies noticeably depending on
the initial matter type. The initial mineral-forming solutions (slightly alkaline with a soft
oxidizing regime) are also enriched in Si, Ca, Mg and a number of transition metals, in
addition to Mn, that are sorbed by the forming solid phase. The uniform and homoge-
neous distribution of these elements in the manganite structure, as shown with the data
of electron microprobe scanning, points to this mechanism. Purer crystals of v-MnOOH
without admixtures are found in streaks filling in fractures, and voids, i.e. in aggregates,
associated with a certain transportation of mineral-forming solutions.

In higher horizons of the weathering crusts during long, and intensive circulation
of acid ground solutions with oxidizing values of Eh, accumulation of some Mn(IV)
compounds occurs. For the minerals which form in this zone (lithiophorite, birnessite,
cryptomelane, etc.) it is typical that their composition, as it has been shown above,
reflects the geochemical features of primary rocks, protores (Perseil and Grandin, 1985).
It is necessary to emphasize that sorption processes are the main mechanism of the given
interaction. As a whole, the considered process may be described by the proceeding
reactions of Mn(II) oxidation, in which an essential role belongs to sorption autocatalytic
interactions (Stumm and Morgan, 1970):

Mn?l-lt'dr.) +Opgasy =  MnOx(solig) )
(slow)
2 —_—
Mngt oy + MnOs(aia) = Mn(IT) MnOyo1iq) Q)
Mn(II) Mno(solid) + O2(gas) = 2Mn02(slow)~ )

(slow)

It is necessary to point out that in natural environments, where solutions and waters
with relatively low to moderate concentrations of Mn and other transition metals are
often found, the reactions (1) and (2) will most probably proceed. Their sorption and
autocatalytic nature is shown by their pulsed and cyclic repetition. Here in the solution,
together with the ion of Mn%}fydr. with close functions in reaction (2) ions of heavy and
alkaline metals and, to a lesser degree, alkaline earths may participate.

This proposition is especially valid for the formation of Co(III) and Ni(II)-bearing oxy-
hydroxide minerals of manganese, i.e. asbolanes in weathering crusts after ultrabasic rocks
(Vitovskaya et al., 1984). In spite of the fact that for manganese in similar weathering
crusts the complete removal is characteristic, this metal is relatively enriched in the upper
zones: in nontronite clays by one order of magnitude, in ochre by two orders of magni-
tude. The behavior of manganese and associated Co and Ni in the weathering crust profile
may be illustrated by the example of laterite weathering crusts after ultrabasite complexes
of Siberia and Bulong, Kalgoorlie region, West Australia (Elias et al., 1981), where the
maximum concentrations of these elements (MnO, to 61.35%; NiO to 14.77%; CoO to
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10.87%) are observed in the zone of clays at the base of limonite (goethite) zone. The most
common forms of manganese accumulations are nodules of different types and globules,
the combination of both of which are predominated by early products: Ni, Co-asbolanes
(Chukhrov et al., 1980a, b), and to a lesser degree §-MnO; and 3-MnO,. Later gener-
ations are represented by Ni and Co-asbolanes, minerals of the cryptomelane-hollandite
group, romanchite, coronadite, rancieite, todorokite, and Ni-lithiphorite (Vitovskaya et
al., 1984). These authors pointed out that in the process of formation of the weathering
crust profile after serpentinite, the repeated redeposition of manganese may take place.
The composition of the minerals so formed reflects the medium chemistry.

Hence, in mineral transformations controled by the dissolution-deposition mechanism,
the most important role belongs to processes of sorption accumulation of a number of
metals (Ni, Co, Ba, K, etc.) reflecting the chemistry of both solutions and primary rocks.
The essential part of this processes is the separation of Mn and Fe controlled by the regime
of pH, Eh, chemistry of solutions, and kinetic parameters.

In the given context, the experimental data provides the grounds for the interpretation
of the main facts observed in the natural environment, though it does not embrace the
natural complexity of the whole phenomena.
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EVOLUTION OF MANGANESE ORE FORMATION IN THE
EARTH’S HISTORY

5.1. General Classification of Manganese Deposits

At present on the basis of available information, the following general classification
scheme of manganese ore deposits is proposed (Betekhtin, 1946; Rakhmanov, 1967; Roy,
1980, 1981; Strakhov et al., 1968; Varentsov, 1962; Varentsov and Rakhmanov, 1974).

1. Weathering crusts:

1. Residual accumulations and products of their local redeposition (laterite type, deep
leaching and redeposition). The manganese ores of this type are usually devel-
oped after initially manganese-poor accumulations in the zone of tropical weathering:
deposits of West Africa (Gabon — Moanda, Ghana — Nsuta, etc.; Cote d’Ivoire —
Ziemougoula), Australia (Groote Eylandt), Brazil (states: Amapa, Bahia, Moro do
Urucum), etc. Manganese ores are composed of oxide minerals — cryptomelane,
pyrolusite, manganite, lithiphorite, nsutite, and todorokite. Manganese ores are char-
acterized by high quality (40.4 to 57.3% of Mn). Reserves of this type are rather
considerable with many hundreds min t of high grade manganese ores (Brazil’s im-
portant new manganese province, 1978; Leclerc and Weber, 1980; Manganese, 1977;
Nahon et al., 1983; Slee, 1980; Varentsov, 1982).

2. Karst, infiltration accumulations. This type includes the considerable part of man-
ganese ores of deposits of Kuruman and Postmasburg regions at the north of Cape
Province of South Africa. Oxide manganese ores (braunite, bixbyite, hausmannite,
and jacobsite) are localized in deposits filling in the cavities of paleokarst in the lower
dolomite suite of the Lower Proterozoic Transvaal Supergroup. Manganese ores are
characterized by high quality (more than 44% of Mn). The reserves constitute about
3 bin t calculated for manganese in the ore (Boardman, 1964; Roy, 1980; Ellison,
1983). Other deposits of smaller scales are known too.

II. Sedimentary (manganese ores accumulated in sedimentary basins):

1. Sedimentary (exogenic source of ore components: redeposited weathering crusts,

282
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products of washing out of the source area; underwater leaching); the typical repre-
sentatives of this type are the Lower Oligocene deposits of Ukraine (Nikopol’skoe,
Bol’she-Tokmakskoe, etc.), Georgia (Chiaturskoe and others), a group of the Pale-
ocene deposits of the eastern slope of the Northern Urals, etc. (Nikopol’ski manganese
ore basin, 1964; Chiaturskoe manganese deposit, 1964). Ore-bearing scales are con-
siderable: about 6% of the reserves of manganese ores of continents. The most
commercial valuable ores are represented by oxide, oxidized ores composed of py-
rolusite, manganite, and minerals from the romanechite (psilomelane)-cryptomelane
group; carbonate ores (calcium rhodochrosite and manganocalcite) are also used in
metallurgy;

. Hydrothermal-sedimentary (endogenous source of ore components: hydrothermal

solutions, exhalations, etc.); examples of such types are stratified deposits of man-
ganese and iron-manganese ores in the Famennian marine siliceous sequence, Atasu-
iskii area of the Central Kazakhstan (Kalinin, 1963; Rozhnov et al., 1967, 1980,
1984; Sapozhnikov et al., 1961, 1963, 1967; Varentsov et al,, 1993). The as-
sociation of iron-manganese and barium-lead-zinc mineralization is characteristic;
the predicted reserves of more than 300 mln t of high grade phosphorus-free man-
ganese ores (Rozhnov et al., 1967) are the second highest in the U.S.S.R. after the
Nikopol’skii—~Chiaturskii basin. Braunite, braunite-hausmannite, and cryptomelane-
coronadite-hollandite ores are distributed among manganese accumulations of this
type; in oxidation zone: romanechite (psilomelane) and romanechite-vernadite vari-
eties (Kalinin, 1963, 1963; Rozhnov er al., 1980; Sapozhnikov et al., 1961, 1963). In
South Africa, the hydrothermal-sedimentary Kalahari deposit (reserves 7.5 bln t of the
ore containing more than 30% of Mn), the Transvaal Supergroup, Lower Proterozoic
has been studied and operated; the ores, associated with ferruginous-cherty (iron) for-
mation and are represented essentially by braunite, to a lesser degree by kutnahorite,
hausmannite, and other minerals (Beukes, 1983, 1989, 1993).

II1. Volcanogenic:

1.
2.

Hydrothermal;

Contact-metasomatic. Manganese ores of the (1) and (2) types do not have essential
commercial significance. However, in a number of cases they may be facies types in a
series of volcanogenic-hydrothermal-sedimentary deposits of manganese; for exam-
ple, vein bodies in a group of deposits of iron-manganese ores of Central Kazakhstan.

IV. Metamorphosed (regional, contact metamorphism of sedimentary and volcanogenic
ore accumulations):

The characteristic representatives are deposits of India, composed of metamorphosed Pre-
cambrian sedimentary sequences partially enriched in the lateritization zone: deposits
of the Sausar group of the manganese ore belt of Madhya Pradesh and Maharashtra
States. The layers of oxide ores (braunite, bixbyite, hollandite, and jacobsite) are con-
formably alternated with manganese oxide-siliceous rocks (gondites), crystalline schists,
and quartzites, altered to green schist-amphibolite stage. In rocks of the Khondalite Group
the beds of oxide manganese ores are enclosed in the rock mass, metamorphosed to gran-
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ulite facies (Andhra Pradesh and Orissa States). Similar types of deposits are known
among the Precambrian sequences of the African and Brazilian Shields. These deposits
are characterized by rather considerable reserves (hundreds min t) (Dorr, 1972; Roy, 1980,
1981).

The limited frames of the work do not allow us to give a thorough description of the
geochemistry of formation processes of Mn ores in the main types of paleobasins. The
results of these studies are presented elsewhere and in our earlier publications.

5.2. On the Relationship of Formation of the World Ocean Metalliferous Sediments
and Oxyhydroxide Nodules and Crusts

5.2.1. METALLIFEROUS SEDIMENTS

In the Mesozoic—Cenozoic sedimentary rock sequences of the World Ocean metallif-
erous sediments are widely developed, the typical hydrothermal accumulations of the
axial zones. The hydrothermal solution, from which the components of these sediments
precipitate, is deeply transformed seawater convectionally circulating within the mag-
matic/hydrothermal chamber and leaching heavy metals from enclosing basaltoid rocks.
The thickness, dimension, and composition of such hydrothermal accumulations are asso-
ciated with geologic and geophysical features of the active zone: distribution of geother-
mical anomalies, relation of mantle, magmatic masses (diapirs, chambers, etc.), structure
of faults as the hydrothermal channels, spreading rate, specific features of circulations of
fluids, and the presence of favorable conditions for the accumulation of hydrothermal sed-
iments. Among the considered sediments, several groups are distinguished differing by
composition, scale of mineralization, and formation settings (Embley and Jonasson, 1988;
Leinen et al., 1986; Levin, Varentsov et al., 1987; Rona, 1983, 1987, 1988; Thompson,
1983; Varentsov, 1980; Varentsov et al., 1983, 1984, 1985, 1989).

1. Sediments of sulphides of heavy metals associated with activity of relatively high
temperature hydrothermal fluids (depressions of the Red Sea, accumulations of poly-
metallic sulphides in the region of the East Pacific Rise, in particular, in the zone of the
Galapagos Rift, in the region of 21° N, the Mid-Atlantic Ridge, etc.). The representative
example of development of metalliferous sediments of such a type is the region of the
Galapagos Rift of the East Pacific Rise (Embley and Jonasson, 1988; Varentsov et al.,
1983). Depending on the combination of the above listed parameters, the hydrothermal
sediments are represented by essentially massive sulphides, more rarely by oxyhydroxide
ores, and to a lesser degree by todorokite (birnessite, celadonite), nontronite varieties.
Different types of the postvolcanic mineralization are associated with the zone of large
faults, along which basalt-andesite lavas were subjected to deep hydrothermal alteration,
accompanied by removal Ca, K, Na, SiO;, Mn, partially Fe, and accumulation and supply
of Fe, S, Cu, and Zn. In this case the content of Si and Mg is changed depending on the
degree of alteration and chloritization of the substrate. The temperature of hydrothermal
solutions varies widely reaching 350°C. In their composition, from the data of 87 St/%6Sr
ratios the seawater predominates over the ‘juvenile’ fluid in ratio of > 100 : 10. The
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sulphide ores, developed on hydrothermal fields in the form of cone-like mounds 1 to
80 m high and up to 100 m in cross section, are localized near areas of discharge of high
temperature hydrothermal solutions. The mineral composition of such ores is: quartz,
amorphous silica, goethite, hematite, magnetite, sulphides of Fe, Cu, and Zn, covellite,
digenite, atacamite, botallackite, and barite. In the deeper and central parts of deposits
the massive sulphide ores are developed. In the altered effusives they are changed by
streak-impregnated and stockwork-like ones. Within the modern continents, such deposits
are similar to pyrite deposits in ophiolite zones of Cyprus, Oman, Newfoundland, etc. The
characteristic feature of the considered ores is that in areas of development of relatively
low temperature hydrothermal solutions (Varentsov et al., 1983) hydrothermal mounds are
formed. They are essentially composed of todorokite (birnessite)-nontronite (celadonite)
that indicates a mainly temperature gradient control of separation of Mn, and Fe, as well
as the heavy metals in the zone of circulation of hydrothermal fluids.

It is important to note that the deposits of metalliferous sediments in both volcanogenic
and enclosing sediments may be found in tectonic settings, as a rule, indicative of both
early and relatively mature stages of opening of ocean basins. The features of tectonic
settings control the mineral composition and morphology of the deposits, except for cases
of accumulation formation in sedimentary sequences with low rates of spreading and at
areas of the development of underwater mountains. Thus, the considered type may include
both stratiform, stockwork, and dispersed sulphides of high temperature nature and, to
a lesser degree, stratiform laminated sulphates, silicates, carbonates, and oxyhydroxides
that are relatively low temperature accumulations. However, a considerable part of the
discussed deposits may be attributed to massive ores (Rona, 1988).

2. The accumulations of Mn—Fe oxyhydroxides, to a lesser degree, of sulphides of
heavy metals occurring on altered basalts of the second seismic layer (basement), that are
covered by sedimentary sequences. They also include Mn—Fe crust-like accumulations
on the surface of basalts of rift valleys and fault zones and other sediments formed near
hydrothermal vents. In those cases when these sediments are exposed to hydrogenetic
activity of the bottom water they are characterized by high content of heavy metals and
REE.

These products, as well as the above considered accumulations of massive sulphides,
are usually associated with early stages of the ocean crust formation.

3. The relatively low temperature accumulations may be attributed to an independent
type on a wide scale and massive development within the above considered sediments
(see 1). Such metalliferous sediments compose the uplifts of the hydrothermal mounds
and ridge types or they are accumulated in marginal sedimentary basins: depressions of
the Red Sea, and in the Southwestern Pacific. Their early Jurassic equivalents are known
in Mn-Fe deposits of Urkit, Hungary, and adjacent regions of the Alpian zone (Varentsov
et al., 1988). The results of the study of the deep sea (DSDP) drilling data in the region
of the Galapagos Rift (70th Leg of the R/V ‘Glomar Challenger’, Varentsov et al., 1983)
suggest that the given metalliferous sediments consist of green ferruginous clays (mixed-
layered phase — nontronite-celadonite) and Mn-oxyhydroxides (todorokite, to a lesser
degree birnessite). The significant feature of these accumulations is a sharp separation of
Mn and Fe. Fe-clays were deposited at the initial stages, and Mn-oxyhydroxides were
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deposited during the final stages. Considerable amounts of Mn were disseminated in the
surrounding pelagic sediments and seawater.

4. The masses of Mn-Fe oxyhydroxides and associated components, accumulated in
sedimentary depressions of axial and fault zones, for example, depressions adjacent with
East Pacific Rise: Hess and Bauer, and small basins on flanks of the Mid-Atlantic Ridge
(Varentsov, 1978). These sediments are characterized by a considerable dilution of Mn—Fe
oxyhydroxide components by clastic, aeolian, and biogenic material.

5. Sediments accumulated at some distance from the axial zones and considerably
diluted by biogenic and clastogenic material. The metalliferous and hydrothermal nature of
ore components of such sediments may be determined after the corresponding geochemical
recalculations allowing the removal of the diluting effect of biogenic and clastogenic
components (Varentsov, 1980, 1981a, 1981b, 1983; Varentsov et al., 1981a, 1981b). The
hydrothermal activity of axial zones as a whole considerably influences the accumulation
of heavy metals in sediments and concretions in the sedimentation history of the World
Ocean. On the basis of analysis of accumulation rates of transition metals and their
associations in the Cenozoic sediments of the central-eastern parts of the Pacific, it was
established that at definite time intervals the dominating role belonged to the components
of a hydrothermal nature derived from the East Pacific Rise (Leinen and Stakes, 1979;
Leinen et al., 1986).

5.2.2. MN-FE CRUSTS AND NODULES

The formation of polymetallic nodule and crust-like Mn—-Fe ores is the characteristic
feature of the most part of modern and ancient basins (Bezrnkov, 1976; Drittenbass, 1979,
Exon, 1983; Glasby, 1977, 1978, 1986, 1988; Glasby et al., 1982a, 1982b; Guillou, 1976;
Jenkyns, 1977; Levin and Varentsov et al., 1987; Roy, 1981, 1988; Roy et al., 1982;
Varentsov, 1975, 1980; Varentsov et al., 1984, 1989). The nodules and crusts occur, as
a rule, on the surface of the sediment—water interface in areas where the rates of their
growth usually exceed the rates of sediment accumulations. The mineral composition
of nodules and crusts is usually represented by tiny dispersed oxyhydroxides of Mn and
Fe (Varentsov et al., 1989). The nodules with high contents of Mn, Ni, Cu, Pb, and
Zn are known in the World Ocean regions with optimum combination of a number of
factors: (a) high biological productivity, (b) water depths exceeding the critical level of
carbonate compensation (CCD), (c) regions of relatively active action of the bottom ocean
currents. The largest deposits of such polymetallic nodules are developed in latitudinally
elongated zones of the World Ocean, for example, in sub-equatorial regions, limited by
Clarion and Clipperton fracture zones (6°~20° N and 110°-180° W), where the radiolarian
sediments overlie the Miocene and Paleogene sediments as a thin cover. The association
of biogenic siliceous sediments with the nodules, characterized by anomalous enrichment,
is of interest: Ni + Cu to 2%. As a rule, the cores of such nodules are composed of
fragments of palagonitized basalts and hyaloclastites. Rather low rates of sedimentation
(£ 1 mm x 1073 years) and pronounced erosion activity of bottom currents are observed.
We emphasize that the region is adjacent to the western flank of the East Pacific Rise,
characterized by tremendous hydrothermal activity (Leinen and Stakes, 1979; Leinen et
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al., 1986).

It was found that nodules considerably enriched in Ni, Cu, and Mn are developed in
areas of relative depressions of the bottom relief, where a noticeable role belongs to the
oxidation diagenesis, whereas the high contents of Co are registered in the crust growths
on seamounts (Exon, 1983; Varentsov et al., 1989). In recent works it is reported that
Mn-Fe oxyhydroxide nodules and crusts are developed as the result of hydrogenetic
(hydrogenetic-diagenetic) or hydrothermal processes. The reality of the formation of
Mn-Fe oxyhydroxide accumulations due to such an alternative supply of components
is sufficiently obvious. However, in environments of the sedimentary zones the given
sources are rarely manifested separately and independently: each of them may provide
the definite contribution to the accumulation of the Mn—-Fe oxyhydroxide deposits at
different stages of their formation. The study of the mineralogy and geochemistry of the
Mn-Fe oxyhydroxide growths on the substrate of seamounts of the Cape Verde plate, the
Eastern Atlantic (Varentsov et al., 1989), showed that the hydrothermal influence was
noticeably manifested during the early stages of formation of Mn—Fe crusts, when the
seamount (in the given case the Krylov Seamount) was located near the axial zone of the
Mid-Atlantic Ridge. As this area of the lithospheric plate was moved off to the east, the
role of hydrothermal processes was decreased, and in the accumulation of relatively young
layers of the crust the participation of hydrogenetic factors was considerably greater than
for more ancient accumulations.

The study of natural phenomena of formation of nodules, and crusts and the experimen-
tal data (Varentsov et al., 1979) lead us to the conclusion that the oxyhydroxide phases of
Mn, Fe, Ni, Co, and other metals are formed as the result of multistage chemisorption with
autocatalytic oxidation interaction of active surfaces with component-bearing solutions
(pore solutions, bottom seawater). A certain role during the early stages of accumulation
may belong to microbiological phenomena, the essence of which probably differs mainly
by kinetic parameters at the general trend of these processes (Varentsov et al., 1979).

In the relatively vast literature discussing the role of hydrothermal processes in the
World Ocean, there are extremely few evaluations of Mn amounts in metalliferous sed-
iments and crusts: only in the work by Bostrom and Kunzendorf (1986) is a value of
5 x 10'2 t of Mn mentioned, that is one order of magnitude higher than the amount of
Mn in deep sea nodules — 10! t (Wedepohl, 1980b). Irrespective of the absence of dis-
tinctly established ratios between amounts of Mn supplied by hydrothermal solutions to
the ocean and accumulated in sediments, as well as the disseminated Mn in the seawater,
it is necessary to take into account that a number of authors consider that 90% of Mn from
the hydrothermal sources is buried in the form of metalliferous sediments (Bicker and
Fellerer, 1986; Bostrom and Kunzendorf, 1986; Bicker and Lange, 1987; Scott, 1987).
In this case, most calculations ignore the low temperature, halmyrolithic leaching of Mn
from basalt rocks and clastic sediments on the ocean bottom, irrespective of the large
scale of these processes and their rather significant contribution to the total balance of Mn
in the ocean (Varentsov, 1971). Collier and Edmond (1984) also point to the hypothet-
ical nature and rather approximate character of similar evaluations. According to these
authors, there is almost a precise correspondence between the amounts of Mn introduced
into the ocean and Mn consumed in the formation of deep sea nodules and sediments,
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and that Mn, delivered by hydrothermal sources to the ocean, constitutes. about 90% of
the total Mn introduced to the ocean. Lisitsyn et al. (1985) considered the role of a
hydrothermal source to be significantly dominant. Taking into account all the complexity
of biochemical transformations of manganese compounds, including the phenomena of
multiple recycling (Landing and Bruland, 1987), the opinion may be formed that in so
called hydrogenetic processes the initial nature of an element, in particular, Mn may loose
its genetical roots. However, even approximated calculations of the balance of input and
removal from the ocean, with the account of mechanisms of plate tectonics, indicate the
leading role of hydrothermal and halmyrolithic processes.

5.3. Geochemical Evolution of Mn and Mn-Fe Ore Formation in Geological History

The analysis of the formation of Mn deposits in the history of the Earth’s crust development
allows one to focus particular attention to the basic concepts of the evolution of manganese
ore process from the Archean to the modern time (Glasby, 1978, 1988; Levin, Varentsov,
et al., 1987; Roy, 1981, 1988; Varentsov, 1964; Varentsov et al., 1984).

In the Archean (older than 2600 MA), the oxide manganese ores of the Iron Ore Group
of India, rhodochrosite, kutnahorite accumulations of carboniferous of the Rio das Velhas
Series, Brazil (2700 MA), and similar formations of other regions were accumulated in
large, relatively shallow basins (Table 33).

In the Proterozoic (2600-570 MA), manganese was concentrated in carbonate-free,
siliceous-carbonate, siliceous-ferruginous, and carbonate sediments, often altered to
gondites, queluzites, eulysites, itabirites, jaspilites, and marbles, as well as in the sed-
iments associated with the basic volcanites (see Table 33). The fixed paragenesis of Mn
with different types of iron ore and carboniferous formations is noted. The ore formation
took place in protogeosyncline basins on the Archean basement; it was known both in the
zones similar to eugeosynclines and in zones close to miogeosynclines of the Phanero-
zoic. Reliable evidence for the manganese ore sediments accumulated in the large deep
water basins is absent. The presented concepts did not change in the light of recently
obtained data on tremendous accumulations of Mn ores in the Early Proterozoic Transvaal
Supergroup (2500-2239 MA), Griqualand West Region, Kalahari, Cape Province, South
Africa. Manganese deposits of this region are the lateral lithofacies, and in some sites
alternate with iron ores and lavas, and they are substituted by dolomites up the section.
Ore-bearing sediments were accumulated in the basin occurring on the Kaapvaal craton.
Contribution of ore components proceeded mainly from hydrothermal sources associated
with thick series of pillow-lavas. Manganese ores are represented by braunite, kutna-
horite, and manganese calcite. In the region, over 13613 mln t of ore (1337 drill holes)
with Mn content of 20% were explored. A 20 m thick bed is distinguished, containing
400 min t of the ore with concentration of 38% of Mn (Beukes, 1983, 1989, 1993; Pouit,
1988). If we assume that 5026.3 miIn t of Mn is concentrated in ores of the Kalahari
Province (DeYoung et al., 1984; Glasby, 1988), then this quantity constitutes 95.6% of
Mn in ores of the Precambrian, or 78.8% of the World reserves of Mn ores on land from the
Archean to Holocene (see Table 33). Nevertheless, a considerable part of Mn, delivered



Evolution of Manganese Ore Formation in the Earth’s History 289

useq JIoys Jajem
MO[[RYS [eUIUI

sajwo[op
‘SOYDIIS ‘SISIYOS

*210 ‘alunelq Jaye
ajeuesuewWw-y o] ‘ONu
-eSuew ‘suejowoldA1d
‘ansnjoiAd :suoz

00Z¢ (weaydry Apey)

—(¢) uniopield otuagoyn] :UOHRIOSSY Suuayream jo sato upy —0s67 dnoin asp-uoyg
*0J9 ‘gluureLUSney
$Y001 ‘ansqooef ‘anpuerjoy
Sursopoua ur Kjqewiojuod ‘ayunelq Isye sjewed (o10z019101g
Ino20 sa1Q) "919 ‘senueid -UeW-y O] ‘syueduew Areg
ayderd ‘surpuewre-joured Jarel ‘ouefewo}d£1o -UBdyoIYy
:satoey annuesdard Aq ‘apsnjoid :sysmo 0S92 aje) dnoig
pasoydiourejaw are sYo0y Suuayieam ‘salo-upy —0091 aepuoy
seonu-upy ‘sejoquydure
-UN ‘ousxoiAd-up
‘ajuopoyl ‘auruessads
‘anSinquapalA ‘Juuewsney 000Z—00LI
‘aysqooel ‘aupueyjoy uone) (o10Z0191014 eIpu]
‘anfqxiq ‘ayunelq  -uSMIPaIs Kreq) ‘351§ BSSLIO
SISIYIS SNOITBINA ‘Jisodep 1ofeuoyn  9p6—948 dnoin ind3uen Y20 61°0 p21 josusodog |
(sua2010H
stseq uon (wdd) —ueayory)
-g[numnaoe (sreak pue] uo pue] uo
Jo adfy UONRII0SSE 901 X u) S2I0 UA JO S3I0 U] JO
‘uonisod 3001 ‘SUSWIPas a3e NUN SQAIASAI  SAAIRSAI () 401 X u) uotdax
SalON o1u03993], Sursojoua yo A3o[0yn A3oeroun ‘adfya1Q  amjosqy  eowydesdnens (%) PHOM (%) PHOM  S9AISsaY ‘nsoda(] "ON

3 ‘6861 ‘8861 ‘1861 ‘A0Y ‘+961 ‘A0SIUAIEA Io)JE) pue] uo s)sodap urew ay) 1o} AJoisy 01301053 UL (3 40T X u) SUOHERIUIIUOI A0 U JO UCHNGLISI

(8861 “AqselD ‘p861 ‘0 12 unog
€€ alqeL



290 Chapter 5

(s1smyos

anydess pue amolq
‘sanzirenb) or1aoN op
eudg :dnoin 1eddn (q)

E1(\]
-wydwre-upy pue ‘zyrenb

‘(samzyrenb  ‘oyydess yiim ountes Iizeig
‘SISTYOS Qulje)sAIo -sads :sazo ajeorqis (I
(¢)-uiseq ore ‘sanjoqrydwie) [euIof  UJA U] "SIIUOPOYI puB ueauInNDn)
-pue|st yoeq Jo dnoin Jamor] (8) sunressads jo ainy (d10Z0191014 K|IRyg nsodap
(¢) aup ‘PIOYS UeduIn  -XTWPE Im IJISOIYD 00LT  -uesyory aeT) OIAON
%¥1°0 -uksoa8o1N ungiim souag edewly -opoyl :S3jeUOGIEd-UIA -00L1 sauag edewry L1°0 $1°0 6'8 opeusg g
(ueayory)
SOLIaG BYo0IN],
- ay jo red Jomo] - - - vy isey v
[1zexg “‘a)e1s sreson BISSIY
SBUTJA ‘SOUAS SBY[SA Sep ‘eusqig
ory 0} 2509 ‘S)USWIP3S SAJROIJIS-UJAl (ueaydry) ajing ‘JIssewt
— Suwresq-upy snoisjiuoqre) ‘sajeuoqred-ujy - efeysueyodeyy - - - Dsleqeuy g
‘sayzyrenb SapIXOIpAYAX0 U
(U Jo uoxt ‘sayrjoqrydure ynm Suuayeam Jo
() seo1nos ds1uagoxs ‘sajerawoj3uod pasoydiow suoz pue snduewxoifd
Yim uiseq ore -ejow soyizirenb  ‘a)uopoyd ‘ounressads (reayory izelg
-pue[st) uiseq ‘SISIYoS snoagediw  “aytoryda) ‘ayroresoued 9Je]) saues ‘spsodop euly
%T0°0 2u1PUAS0aD ‘saiAyd anydery  -wew ‘ansoryoopoyy  OLT < SeYJaA Sep ory €00 2o ¥l Op OLION T
(sua00j0H
siseq uon (wpg) -uesyory)
-B[NWNOE (sreak puej uo puE| uo
Joadfy uorRId0SSE o0l X 1) S3I0 UJA JO SAI0 U JO
‘uonsod Y001 ‘SjuaWIpas a8e JUR SOAIASAI  SOAIASAI (1 g0] X W) uoidal
S9ION o1U0393], Sursooua yo ASojoyi]  ASoressurw ‘adA3 210 SINjosqy reoydesSnens (%) PHIOM (%) PHOM.  SOAISSIY ‘nsode "ON
(panunuo)d) €€ SIqelL



f Manganese Ore Formation in the Earth’s History 291

on o,

Evolut

SapIXOIPAYAxXO U

(wreayoly je])
1 aseyd ‘dnoin

%1002 saynuesd :auoz Suuoyieam ond 059 aepuoydf
ayydesd ‘onuewlis  -Inquapala ‘oysqodel (o10Z013)01d
qoured :wsydioweisw Jo  ‘apueijoy ‘dAruneiq JAPPIN)
saroej annueId jo :STOAI] JUAISJIP 18 11 aseyd ‘dnoiny
%100 3001 ATeJUsWwIpaseld]y SPaq 2J0 J[qeuLIoju0)D 0091 aepuoyy
uiseq j[ays s
‘mofreys -014d ‘anfpepsures (0102012101d) (erpuy) AvIS
‘fewxa)ur s1adsefl ‘sj001 ‘annsu ‘9)Issau speg ysepeld exypuy
- wioyeld SNOAJI[IS ‘SAUOISAWIT  -11q ‘Sjeueduew-y 01 edueduag Josusodag L
orqnday AseSerely
saprxoIpAyLxo (01020191014 “Is1 JeoseSepely
-uy :Sutsyleam jo Kres) spsodop
(o1usBoued|oA Jou) suoz ‘ayoryda) 9y washg AIyedg
- SISIYos QuieIsK1)  -tuopoys ‘sunmessads  0ZHZ nyde1n ‘yrdwy 9
[1zerg
‘(PPWYS
ueauInon)
yisodap
%8¢0 mzy
siseq uon (wdd) -ueayary)
RAuliilibal (sreak
Jo adAy UONRId0SSEe 601 X &) SAIO0 U JO S2I0 UA JO
‘uomsod 001 ‘SIUIWIPas a3e jun SIAISAI (3 601 X ) uoigal
S9JON  OIUOPIL Suisopua o Aoyl ASoressuru ‘adfy 210 awmjosqy  eowyderdnens (%) PHOM (%) PHOM qisodaq ‘oN

(ponunuoD) g€ dIqEL



292 Chapter 5

‘SeAR[ OIseq £q pan)
-1sqns A[esase|

are sanzyrenb-a4
PUe S210 UJA] "UOTI3S
ay1 dn sjurojop

S310 JOo £q paoejdas Ajpenpeid BOLJY
sisauad Arejuawipas are pue sajyizyrenb ynos
~[euLayloIpAy snour3nuoy yim (Lsee ‘puerenbun
‘ulseq [RUISIBW  POJR[BOIIUI SJUSWIIPIS AR -6£77) (s10z0131014 oM
0] uojeISRIUL Suwreag-ssoueSuew  -oueSuew ‘djuoyEUINY 00SZ Areg) dnoid ‘nsodap
%BOT°LL WOy uopIsuel],  OHAUSSeIp-AreluaWIpag  ‘ajuueWISNEy ‘ONunelg  —0Q1C -1edng [eeAsuel] 0€'96 or'LL £'970S  weyeey 0l
J[9¢ Inpues
Asqooel-a4 ‘anuneiq (o10z019301d
JO sjunowre djeuIpIogns 00T Apreg) dnoin
qim anueSuew “a) e3ipeny)
(UN Jo -lopsures ‘auepawoldA1o (0102019014
0In0S 21u230X3 ‘ansn|oikd :syoo1 Areg) dnoin
Yim uiseq ore Suisopoua ur Surnosoo I[opue(J-Inu BIpU] ‘9)RIS
-pue[suauI) sanzuenb KjqeuLIoyuod ‘sa1o 00vg -ueqiuey ‘dnoid eyeleuRIRYy
%L00 aulouksoan SNOJdIIS “SAM[[AYJ  apIxo Uy onsuaduks  —0po7 -1edng Jemreyq 80°0 L0°0 v’y Jonsodaq -6
sayoemAaI3 pue sannj
(UA JO 921n0S aydess pue anouas SOpIXOIPAYAXO Uy BOLYY
owagopus yIm  “s)SIYoS udaIg Jo soroey :9u0z Supayeam ug oM
uiseq ore-puefst pasoydiowreisur ‘uonisod  -oyuopoys ‘ourressads (o10z019101d ‘eueyn
-I9uD) UISeq  -WOJ JJBIPSULIAU] pue “a1ISOTYO0POYI :SII0 00ve Alreq) sauag nsodap
%600 Teurdu£soagng Jlseq JO sjyn) ‘seaw  AMBOIIS ‘AJRUOGIRI U —(0TT ueruLug 1o 600 09 BOSN g
(aua0ojoy
Siseq uon (wdd) —uesyory)
-e[nwndoe (sreak pue| uo puej uo
Jo adfy UOIIBID0SSE 90T X u) S3I0 UJA[ JO SAI0 U JO
‘uonisod 300! ‘syuauipas a3e MR SOAISSAI  SAAISSAI (1 01 X U) uoi3a1
SAlON owopal,  Sursoous jo A3oloyny  A3oferounu ‘edfy 210 anjosqy  [eomyderSueng (%) PIOM. (%) PHON,  SOAJasay ‘qpsodag ‘ON

(panunuoD)

‘€t Qlqel



istory 293

Evolution of Manganese Ore Formation in the Earth’s

$3JEUOqIED
U I SSUOISIWI]

sapIxo1pAy£xo
-UJA| :9UOZ UOTEPIXO

(RIUS[[0D) SUOIBWIONS  “ISTD U] “2NSOIYOOPOYL arez ‘eq
‘sayzarenb ‘sispyos ‘apueSuew ‘onAqxiq elewey]-23uasry
anydeig-oyouag  ‘onunelq ‘ounuessadg  ¢p81 < xojdwiod mysoyn - - - Jo susodag ‘€1
sajizuenb o jo
SaIoR) 2jBUOQIED AQ PO nzeig ‘omls
(U Jo do1nos -erdar A[reIaie] ‘sou SOpIX0IpAYAX0 STRION) SBUlj
Areyuomnipas -2§ Sey[eA Sep O JO  -UJA [ISTUD Suuayieom ‘oal[jupend)
-feunoyioipAy  sapjoquydure pue s)sIyos ‘3U0Z UONEPIXO ‘yisodap
[eISIp ynm uiseq snoasestu ‘sayjAyd uJ “S9JedIJIS U] J)areJE] 0)
Sre-puejst ‘ome Suoure £jqeuuojuod JAYI0 pue SPUOPOYI (01070191014 A1reg nsodap 19y [9p
yorq) wuope[d  INOJ0 SAI0 U ‘SAwojop  ‘aunuessads ‘9joTeoou 00ZZ  -9IPPIA) SoUIaS oeof OBS Wolj
-aurpuksoagorN ‘soyizyrenb snourdnuoy -eSeuew ‘aisorydopoyy — —QSEl STRISN)-SBUTIA - - - WaqAOUN 71
sapixoIpAyLxo
-UA] ISIID 9ILIOJe]
‘2u0z Suuayeom ey
(U] Jo uoneWINSOE Yoyl ‘soyoemAaid 189p0) BURYD)
puE “a0In0s ‘sayqAyd aymydeid ‘aIloA],p 910D JO
Arejuswiipas PUB 3)ILI3S ‘SISMYOS nsodap uy pue
-TewsIayiolpAy u2a13 Jo satoej 0) pas ‘(ej0A Jodd()
yim uiseq ore -oydioweysw ‘vonisodwod (o10z0191014 ose, eupjing
-pue[SLId)ur) QJBIPSULI3)UI pUe JIseq SUOpPOYI ‘QurLres 00ve Ajeg) walskg ‘BaIe ORqUIB],
%Y1°0 Sulouksoan Jospm pue seae]  -sads ‘ayisoryoopoyy 00T UeTUILHIg LTO 1’0 06 Jousoda@ 1
(aua00]0H
siseq uon (wpd) —weayory)
-B[nuINooe (sreak pue[ uo pue[ uo
Jo adKy uoneIooSse 001 X u) SO0 UJA JO S3I0 UJA] JO
‘uonisod 001 ‘SJUdIPIS a3e Hun SOAIOSAI  SOAIASAY (1 501 X ) uot3ar
SAlON OO, Sursopoua Jo A3ojoyny  ASorerounu ‘adA} 310 SIN[OSqQY reowydes3nens (%) pHom (%) PIIOM  S9AIOsay ‘ysodaq ‘OoN

(panunuo)) “gg S[qEL



294  Chapter 5

sajuoydsoyd

S[eIouIW 9pIX0IPAYAXO

(uiseq Jjays ‘sajizyrenb snou UJA] JO 138 9pIM Ylim (01020191014 BOLIJY ISOM
mojreys -13nu19) ‘sayiuiofop S3I0 U SJUII)E] JO Kresy) ‘uoqen
Teurajur) ‘SOUO)SpUES ‘S3[EYS  SUOZ YOIY ] 9)UIO[OpOU SaLIRg ‘nsodap
b8yl uloyeld  Sno3deUOqIES Yoelg -eSuew ‘alIsOIYoopoyl-e) orLl ual[[IAldURLy S8l 87l 896 EpUBON 9]
"auoz Sunayespy aNu (01020131014 A1Rg)
-opoy! ‘ayoryds) ‘oun sajels jerelpnn
-Iessads ‘aJIsoIyoopoys pue ‘ueysefey
:dno1n seuedurey) 1o 000T ‘Ysapeid erypep ul
-S1(J S[RYBIA Yyoueq "ou ‘pas  dnoin souedurey)
s1s1yos anydesd -oz Suuayyeam ‘seorw-upy 00S1 pue dnoi3
:dno1p sowedwey)  “sojoquydure-upy ‘ouaxor -0S6 -12dng 1reARIyY
-Kd-upq “eyuopoys ‘oun (01020191014
sanzurenb ‘saypdyd -ressads ‘aysqooef 93 000C Kjreq) aeis BIpU]
.dnoi31adng 1peaery -1pue[[oy ‘ankqxiq ‘o) ‘pas  jerelnn ui dnoin ‘ueyseley
-tuneiq :dnoiSradng 1 006 Jouedueyd=dnoid pue jerenn
%T0°0< -[eARIY OIS enqeyf  —0Q0S1 -Jadng 1esesy 200< w00< [A RS Jo susodag "G
SBOIW UJA] “93Iuopoys
(uiseq SUOZLIOY JUSI3JIp ‘aurressads eIpy] ‘sajels
Jre-puejsr) Josydoranz  ondinquapala ‘a)isqooef (o10Z0131014 eIyseleyey pue
woperd  -uenboyuo-sieuoqres  ‘oyuuewsney ‘slpue[ioy 986 ae) ysapeid elypejy
$€°0 -surouksoagorpy ‘SISIYOS SNOJDLIIJA] ‘ankqxiq ‘oyuneig -918 dnoin resneg €0 €0 €T Jo susodag “p
(suadcojoH
siseq uon (wdd) -ueayory)
-e[nwnooe (sreak pue[ uo pue| uo
Jo adKy uolerosse 901 X u) S9I0 UJA] JO S3I0 UJA JO
‘uonisod Y001 ‘SJUBWIPIsS a3e JUD S9AISSAI  SAAIRSAI (1 o01 X u) uoidaz
SAION ooy, Fuisoous jo A3ojoyiy A3operounu ‘ed4) 210 Injosqy eowydeiSnens (%) PO (%) PHOA\  S9AIOSIY ‘nsodag ‘oN

(panunuo))

‘€€ dlqeL



tory 295

[AY

Evolution of Manganese Ore Formation in the Earth's H

(UJN Jo d2In0S

‘030 ‘sayjidsef

swadouedsjoauou  ‘sayzurenb snourdnuay anpuejoy (o10z0131014 BOLYY
i urseq :sayzurenb uon ‘aygInquapala 9IPPIN ‘BIQIUIEN
ore puejsr) Jo uoyeuLIO] YIM  ‘9)AQXIq ‘SIUUBMISNEY 0001 -gje) dnoig ‘ynsodap
- auIouksoad  SaI0 U JO UOHBIIOSSY ‘ansqooel ‘ajunerg 079  -1adng ereuwre(y - - npuosoflQ ‘0z
s39) aNuopoys ‘aun 0200J0]A
uiseq -elawo[3uod ‘saucjspues  -ressads ‘gynuojop-upy ‘sepy Iy
[eIULUNUOD MO[[RYS  ‘SISTYdS oruagoyyng pal ‘syipue[joy ‘aNoed ‘sysodap
‘auagoye[ne ‘uLojy ‘sajAyoen ‘saye]  -oue3duew ‘UUEWISNEY 0501 (o10Z0191014 ‘urnoty,
- -Je[d pazianoy ‘Sa)Isapue ‘sal[oAyY ‘ansqooel ‘snunerg —006 SIPPIA) - R C> L) B
syidap (3rays)
JjeIapoui Jo uIseq ajeurwopard
reuoissardop  syuswWIpas Kake[o-ajeu
feiusunuooida -0gJes :sa[eys Sno3d
PasOIoIUISS -euoqres Y3y yoeiq (o10z0191014 3T BUIYD
‘pareuge)s) JO uoneIdOSSE JO  J)d[edoueSuRM ‘IjI0Y 008 SJUBWIIPaS ‘yisodap
L0'0< ulopeld 9z8uex  SHUSWIPSS [ROB[TINU]  -eUINY ‘BNSOIYIOPOYY -00L ueruis Apreg LO0< ¢y < Sueduery ‘g1
(uiseq jrays
JuLEw jJo
JUNOWeas Jo
do) oy 1e)
woped
3SAUYD-YUON S9UOISIWI] “SISIYOS (o10z013101g
uo 33019 ‘SIS :syo01 3IPPIAD BUIYD
yneynifg  sjRUOQRED ‘afRys YoR[q STUEIUBU ‘AJISONYO0POYI UOIBULIO] ‘nsodap
%10°0 Jowred gN ‘IS JO UOHEIO0SSY -3 ‘ansoryoopoyy 0sel Suipy 100 L0 rz8uejepm L]
(au3a20[0H
siseq uon (wpg) —wesyary)
-B[NWNJOE (sreak pue| uo
Jo adky UOIRID0SSE 001 X u) S210 UJA JO S3I0 U JO
‘uonisod {001 ‘SUaWIpPas ofe nun SoAIAsAI (3 ¢01 X u) uoigdar
S3I0N oruo3ds],  Sursorous Jo £Sojoyry ASoreraurui ‘adf) a1 2INjOSqQy reowydesd3nens () puom (%) PHOM  SaAIasay  “pisoda( ‘ON

(panunuo))

‘£t 2lqeL



296 Chapter 5

awy wispouwt
0] 910Z013}01d

sanalreA auAqxiq
-9JIoIIS JnowpIm
SONWO[OP Ul :3jeuru
-opaid saio ajuneiq
SOJIIO[Op AIayd

u] “dnoi3qng puery[aq

90uIs powniof ‘auoz -dure)) Jo SWOIOP-U U Jo BOLY INOS
uoneprxo ur  woij uonisodepal pue siisodop 1sreyoasred QI Wspow-d10Z ‘yisodap
%60°0 SANIAED JSIRY] Sumyoeay Jo synpoig ‘ankqx1q ‘ayunerg  00ZZ-0 -019)014 A1y - 600 8'S ingseunsod ‘€7
(ujq Jo 201n0s JJIUOPOYI ‘Quires nzeig
JagouedjoAuOU -sads ‘apomesoueSueur ‘oIS
YIm uiseq SISIYOS dUI[[eISAI0 ‘ayuIo[op-upy ‘aNp enjeq
Jre puejst) pue sajiAyd yum  -uejjoy ‘ajruvewrsney 06L uBLIqUEBD) ‘nsodap
SUIPUASO3D)  PaJeUId)E Qe SAI0 U ‘ansqooel ‘ankqxig —07S -010Z013j01d 3B - - - puRl) ‘7T
(suiseq Tejusu
-JUODI2JUL Iajem
AMO[[eYS PI)IWI|) UA JO uonisoduroo (019 “anuopoyl) eissny
$30In0S ATRJUWIPas J1Seq JO SIUSWIPas  SIJedIIS aseueduewl ‘Jseq e
-fewssyloIpAy YPim  owagoyyny Jape YOOI ‘aILI9pIS ‘AyouSewr 030 ed
sauagoye[ne) spissewr  pasoydiourejowr ‘pasaife ‘anuo3Io ‘ajisox -uIgy] 1A
S[ppruI veniquIedald  ‘sanzurenb snourdnirdy -yoopoyy ‘uuewsney 0€9 ueLIqUE)) Jo seare
U0 SY00[q PZIANOY ‘SISIYIS KaKe[0-SnoadIIS ‘ameuIay ‘ajunerg —0pS  JOMOT-UBIpUIA $00°0 €000 70 Josusodog ‘1T
(suao0[oH
siseq uon (wdqg) -ueayory)
-B[nuIndoe (sreak pue| uo pue| uo
Jo ad4y uoneIoosse 901 X ) SI0 UJA] JO SO U] JO
‘uonisod 001 ‘SuAWIpas age Jun SOAISSAI  SOAIASAI (3 g0 X u) uoigar
S9lON dojay,  Jursopua jo A3ojoyr]  ASofersunu ‘edA) a1 Amjosqy  eowderSnens (o) PHOM (%) PIIOM  S9AIOSY ‘nsodag "oN

(panuyuo))

‘£t QlqeL



istory 297

Evolution of Manganese Ore Formation in the Earth’s

uISeq [EIUSUNUOD

-1oju1 wxojierd jo (snoojuogIe))
SJUSWIPAS SULIBWI 9IPPIA) BUIYD) ‘BAIR
MO[TeYS Ul S3I0 g Suojdueny jo SIpIX0IPAYAX0-9,] SuoSueny Suiday 30
%500 J-UIA JO susoda(]  S)USWIPAS JUOISIWI] ‘S3JeUOGIED 9 U €€C 9NNS SUO)ISAWI] €C0 SO0 0€ sysodep U LT
‘(uonyez "33 ‘aueawo)dAio ‘(aue]
-1pesourw apydins -awofisd) 23ydauBwOr
uz ‘qd Aq peruedwodse ‘ONIPBWIDA 13U0Z
9 ‘un Jo SISTYOS uonepIXO U] "UOTIeZI|
90INOS [BULIYI0IPAY sno2o1pIs ‘syadsef  -eroulwa UZ-qd ‘sAuU0IS uelsyyezey [eHud)
UM UISEq MO[[BYS  ‘SOMIISIe ‘Souo)saul] -QWI| U\ pUe 3JI0[eD ‘sysodap
[eIUSUNUOIIUT) Ayayo-snoutdniey -oueduew ‘9003 L9€ URIUOAJ(] 194310 pue
%Y8'1 suajoxe[ny pajeSoLreA ‘pay  ‘ANuUeWISTIRY ‘A)unelg —09¢ 9] ‘ueruuduIR, £€T6 ¥8'1 Al Q03s [eyzerey] ‘97
(UAl JO 92In0S d1UaF0Xd
pue TewIayIoIpAY BISSNY ‘nejery
paxIW ‘mojreys So[eyS SOpIXOIPAYAXO-UN :9U0Z ysjouznyf
‘uiseq oIe pue[st) -auojseul| yoerq uonepIxo ‘9)oredoues 065 ‘yisodap
%BEY0 aurpoufsoaSnyg ‘S9NWOJOP ‘SAUCISIWIT]  -UBW ‘9)ISOIYO0pPOYI-8)) —opSs  uenqure)) Ajreg S1'C €50 087 Joysuls)) 'Sg
(uJAl Jo 321n0s
o1ua30xa Yum [1ze1g
uIseq mofeys sojel ‘nsodep
[ewaunuod  -awojSuod ‘SUOISPUES 06S UBIDIAOPIO wnynIn
BTY'0 -1do) wuopield ‘sanzirenb snouidnirag owepwordAry  —gey -uepiquie) 01z wo $LT op 010N 4T
(auado[oH
siseq uon (Wwdd) -weaydory)
-B[NUINOOE (sreak pue[ uo pue[ uo
Jo adfy UONBIDOSSE §01 X ) SOIO UJA] JO SAI0 UJA] JO
‘uonisod YOOI ‘SHUSWIPIS ade MUD SIAJASAT  SAAIASAI (3 ¢0I X w) uoi3o1
SII0N 51039], Sursopous Jo ASofoyn-] ASorerounu ‘adfy 219 Jnjosqy  eoryderSnuens (g) pHop (%) PHIOM.  SOATISIY ‘qisoda] "oN

(panunuoD)

‘£t QIqeL



298 Chapter 5

w0o€ 03 001 Jo

syadap yim suorsuawip
painuj Jo uiseq a1y
-ua8Axo ‘payeusers

ur uonezifeIauUIL sauojsaLLI| J1sseing ajery
onouaduks  pue safeys £ai3-yrep ASOXYo0poyI a8e uerSpuswwry OOIXON
-onRuUaSeIp  YOR|Q JO UONE[EDID) ‘QJUOYRUINY :SIIRUOGIED 0S1 ‘UONBWIO ‘nsodap
%08 ‘uopeld -ul [UOTIBULIO Uewre], U pajeururey ulyy, —961 ueewre], LTOY €08 9'€TS U o3wejoN I
(sypdap jo TeAtsur
J19ys) unojrerd
JJeuoqred uo ansnjoifd AreSuny
uiseq snouad 19U0Z UONBPIXQ ‘SUreJUNOIN
-0)JLI pajIw ut ‘anueguewl ‘9JIu uoyeqg
sa10 Arejuswipas -OPE[33 ‘3)10aWS-9,] 881 a3e ueroreo], nsodasp upy
%L O -[eudyIoIpAY  SauOISAuII| SNOAVYIS pue ‘a)Isorys0poyy —61 ‘olssenf Ajreg 8¢t L9°0 ovy L ST IV
(sa1o8) auLRW
-Teuoco3e] ‘adKy
QULIRW-3ULSNOB]  SOLIAS QAISSAITSue) Ut
Jo uiseq puequy)  ‘sayqii3re pue safeys Spueqere ‘ONu (ueruiag BUIYD
syuauntpas wiojyerd snosojiuoqied Y3y  -uewsney ‘a)opeooues JleT) uoneUlIO ‘eare 1funz
€00 < 3jeUOqIe)  “YOBIq JO UOHEIOOSSY  -UEW ‘3)ISOIYOOpoyy £ST uey3uoy S1°0 €00 < 0c< nsodap U ‘67
UJN JO 321n0s BISSY
J1ua30%3 YIIm uiseq BUELHEN 9)IYdoUBWOI ‘2, JeInpaig
uodeas ejuou UpAYue-3)1uo[op ‘3)IPBUIA 19UOZ (a3e1s ueryn) JoxsInyseq
-nuootdo mo[eys  pue auOISAWI[-ALAYD UOIEPIXO U] "Lrew S)uSUIIpas ‘yisodap
%T0°0 wojgreld ‘SHeW ‘sauolsawI] pue sauojsew|-up 86T uelurad aje] 110 200 y'1 [oysyek[aL-nin '8¢
(3uad0[0H
siseq uon (wDd) —weayary)
-e[nuINooe (sreak pue| uo pue| uo
Jo adfy uoteIdOSSe 001 X u) S310 UA] JO S3I0 UJA] JO
‘uonisod 3901 ‘SJUSWIIPas a3e MuN SOAISSA  SAAISSAI (1 0] X ) uorgdar
S9JON o1u0323], 3ursopus jo A3ojoyny  A3oressumu ‘ed£) 210 SINjosqy reowydeinens (%) PHOM (%) PHHOM,  SOATasy ‘nsoda "oN

(panunuo))

‘te dlqeL



Evolution of Manganese Ore Formation in the Earth’s History 299

unopterd jo urSreur
paziAnoR ‘giqour

)0 ‘dosnjoIAd :duoz
uonepixo u[ ‘AIp
-ueqee ‘apreooues

Buesing
‘B9JB BUJBA
qisodep

%80°0 ‘auagoye[ny sAe[o ‘sapwoeY -UeUl ‘ANSONIOPOYI-B)  ST-8E aua00810 8¢'0 80°0 0's SMSIY20I190 'vE
$3I10 IpIXO
uJA Jo s1ake] IsTEY
pasodwiadns :1ajem
MO[[eYS Bas 0] puey
wolj uonisuen aouanbas ayuoydnyn 00008
JO suoz apn SIIUOOP Ul S[IAJ] ‘ayipueqoy ‘anp ‘syisodep
‘uIseq Mofeys JBI9AAS JB INJ00  -BUOI0D ‘(auerowioqisd) S'88 ugpoIny, PS8
%100 ‘uroneld SPaq S3I0 SPIXO-UN SNYoaUBWOI ‘AIsnoIkd =§'L6  -—uBlUBWIOUd) $0'0 100 L0 puvju] ‘gf
PAULIO] Sem S3I0 U *018 ‘ansnjoifd s
apead ySmy ynm isn1o ‘auerawo}d£1o Isnid Supsyieom
Suuayyeom a)uIse| Suuayivam U008 0 2ua0081]0
AW} WIdPOUI Jy) 0} -1O—duaoog ui i(a8e ~(£T U300y pos BjBASNY
2ua0081]O~2ua00g Ut URIURWOUd)~URIq]Y ~Zp) -odwiuadns pim Jsodap
‘uiseq uojersenut jrew-upy Sumresq-uuAd  Jo sprew ‘ssuolsawiy (§'L6  suawIpas uviu puR|Ag
%YeT UBUBWIOUI)-URIQ]Y ‘skep ‘pues zuend)  -UN) SSJBUOQIES-UY  —€]]) ~BWIOUSD-UBIQIY 9L'1l pe'T 6’81 J001n 'TE
(Pua00j0H
siseq uon (WDd) ~ussyory)
-e[nuInode (sreak puB[ U0  pue[ uo
Jo 2dfy UOIRIDOSSE 901 X w) S0 UA JO §310 U] JO
‘uonisod 3001 ‘SIUdWIPS o8e jun  SOAJSSAI  SBAJRSAI (1 501 X u) uoi8az
SOI0N ouopa), Suisopus Jo A3ojomr]  ASofessunu ‘odl) 210 anjosqy [eowydeaSnEng (%) PHOM (%) PUOA  SaAlesRY “1sodeq ‘ON

(panunuoD)

'€e 9dlgEL



300 Chapter 5

Vi dJIUU[Up U
Apueunopaxd ‘syoox
3102013J01 JaMO ]

aw yussaxd

Ioye uonisodapar 0] 910Z012)014 BOLJY YInos
‘uoneurioy jsrey up Jo 90UIS paULIO] ‘[eBASURI], ISOM
%90°0 ‘Buuayieom Jo suoz SOPIXOIPAY ‘SIPIXQ 00007 ISTIO SuLsyIEam 820 900 Le Josusodeq g€
uiseq J)uo[[LoUUOW
JIe pue|si yoeq -OMII ‘sKe[o
(aurpouksoag) ‘S9)IWOIRIP ANU *0)0 ‘ayuegueul ‘91 e1d109n
uoi3a1 pap[o] -oone|3 ‘onorwifod -1snjo1&d ‘ayoresoues ‘nsodap
%860 JO JiSsew ueIpsj -zyrenb sauo)spueg -UBW ‘3)ISOIYD0pOYI-8)) 8¢ 2uad031jQ Jomo] 6T 850 08¢ [0)sIery) /¢
(Uq Jo 901nos o1uagoxa
‘uIseq eas jsea 019 ‘ajeuedue-y O]
Jo [eIonI[-19)eM ‘anuedueul ‘(Aue[awo] aurenyn
MO[[eYS [BISEOD) ske[d -1sd) 9yoauewos ‘o) ‘yisodop
PISIYS SUI[TRISAID ‘spues a)uoone[3 -1snjoiAd ‘ayoesoued 20 SyewyoL,
%TI'E uetureryn) jo ado[g ‘anzurenboyuQ -Uew ‘9)SOIYI0POYI-e) 8¢ 9UdD03I|Q Jomo] S9°¢Cl1 [4 53 §'e0T -ysjod "9¢
SOpIX0IPAYAXO-NA :uonep
(uq Jo 201n0s oagoxa -1X0 JO JuoZ -ojIofeooues
‘uIseq eas Jsea -Uew ‘9)ISOIYO0poyI-8D)
JO [eIONI[-IoJEM 013 ‘a)ueduew-y [
MO[[eys [eISe0d) skepd ‘QuejowoydAIo ‘oyued aurenyn
PISIYS SUI[[BISAID ‘spues ajuoone[3 -uew ‘(auejowoyisd) 9) ‘nsodap
%1TT uetureny) jo adojg ‘anzirenboyno -Iyoouewor ‘ysnjo1kd 8¢ 9ua20310 Alreq 8011 12C I'thl  2oysjodoIN “S¢
(aua00[0H
siseq uon (wpd) —ueayory)
-g[nuInooe (s1eak puef uo puey uo
Jo adky uoneId0SSE g0T x u) S3I0 U] JO S210 UJA] JO
‘uonisod 3001 ‘SJUSWIPas age UD SSANASAI  SAAIAsAl (1 0] X u) uoi3a1
SIION o10393], SuIso[dus jo KSojopry ASoreroutw ‘9dfy 210 amjosqy  [eomydesSnens (%) pHOA\ (%) PHOM  S9AIasdy ‘qsode ‘oN

(panunuo))

‘€€ QlqeL



Evolution of Manganese Ore Formation in the Earth’s History 301

SaInjoelj SpUBULINUL
pue sjunouress Jo
pue ‘s)[nej se [[om
Se ‘Seas pue sueaso

SIUSWIPaS SeUOGIED "039 ‘SAIOSWS

9861 JO sauoz ferxe ‘Kake[d ‘snoddI[IS -9 ‘a4 pue s[ejow SjusWIpa:
““H ‘JIOpuIzZuny| pue JO suone[MWNOdE  YIIM PAXIW B SUON -K1od 3o saprydins QUS0[0H (U 3 7;01 X § "9T) SNOISJI[[EIW AI-U]
“y ‘wonsog onsusperey)  -1odoxd Juarayip uf ‘sapIxoIpAYAXo 94U AW -0 181  —dIsseinf PPN 401 X § Uead(Q PHION
sasnjery
DD Mopaq I e se UOJS0I9 JO s13pIoq
‘sajel uoNeIUSWIPas UaYo ‘SIUSUWIPaS
MO[ 1M UB3D) ajeuOqIEd JoIR] (UN 3 ;01 '9T) S3MPOU 3-UJr
0861 ‘yodapap  pliIom Jo suoi3ay ‘Koke[d ‘SNOADI[IS SIPIXOIPAYAXO-34-NJN AW 0—6'HS SUIDOJOH—U00] <01 uea0(Q) PHON
(s3oAe] paynensun)
91020131014
N A 4 Areg-ueayory 60 L0 08y
9'1-¢'T  dlozoajold Areg §$86 06'8L L'evls
910Z0121014
60-9'T 3w’ pue JpPIN €S0 wo LT (e13qns ‘e1d
S¥6S0 ueniquredald - 90°08 (A4 sun [ed130
8¥C°0-65°0 d10z03red 66'¢l 6LC 6’181 -0uOI o033 urew
€90°0-8¥C°0 J10Z0Sa N oL'ey L8 €09S Ul S3I0 U pue
000°0—-590°0 J10Zoua) ey 44 0°0sS ‘uonnquusiq
000°0-015°0 Jlozoraueyq - $6'61 00t
(401 X ) [eog,
pue
Uo SaI0 U JO
0001 0001 P'61S9  SIAISAIPHOM
(suad0joH
siseq uon (wDd) —uesyory)
-e[nundoe (sreak puef uo pue[ uo
Jo odfy UONBIOOSSE 01 X ) SOIO U\ JO S3I0 U JO
‘uomisod 001 ‘SJUAWIPas a3 NN SOANASAX  SAAISSAI (3 501 X u) uo13a1
SaJON orojal Sursopoud Jo ASojoyn]  ASopersurw ‘adA 10 anosqy reoydeiSnens (%) plom (%) PHON SISy ‘nsodag “op

(panunuoD) "gg 3IqEL



302 Chapter5

by hydrothermal solutions to this Early Proterozoic basin of sedimentation, was bonded to
a limited degree to low valence (braunite) oxides and diagenetic carbonate ores, and was
dispersed in the water mass because the oxygen content in the atmosphere of that period
constituted approximately one hundredth of the modern value.

In the Paleozoic (570-230 MA), manganese deposits of volcanogenic-sedimentary
(basaltoid) formations were mainly formed. These deposits were accumulated in eu-
geosyncline rift basins in environments of relatively shallow depressions (Magnitogorski
synclinorium) with rather active underwater volcanism. The Famennian hydrothermal-
sedimentary ores of Central Kazakhstan, the associations of Usinskoe and Ulutelyakskoe
types were accumulated in comparatively shallow basins (see Table 33).

In the Mesozoic (230-65 MA), apart from rather small manganese deposits of
limestone-dolomite formation of North Africa, the formation of nodules and metallif-
erous sediments in pelagic environments of the Early Jurassic—Cretaceous is of interest
(marginal seas of Tethys, Alpine-Mediterranean region, Timor Isl, Reti, Indonesia).

It is important to emphasize that in the Middle Jurassic the break-up of the superconti-
nent took place, leading to the initiation of formation of the modern oceans.

Cenozoic (65.0 MA). At the end of the Paleogene at the northern periphery of the
Paratethys, under the conditions of the marine littoral-shelf, the largest manganese de-
posits were formed (Varna region of Bulgaria, the south of Ukraine, Western Georgia,
Mangyshlak Peninsula). However, irrespective of the commercial significance of these
deposits, the total reserves of Mn in them (390.6 mln t of Mn) are rather small in geological
history (6.1% from the amount of Mn in ores on the land; see Table 33).

The beginning of the formation of deep sea iron-manganese nodules is mainly associated
with the boundary of the Paleogene and Neogene, when as a result of the opening of the
Drake Passage, the massive invasion of Antarctic waters into more northern regions took
place. The development of the World Ocean, manifested in its widening and deepening
and accompanied by gigantic endogenous activity of the axial zones, led to manganese
ore accumulation unknown in scales within the Earth’s history: 10!! t of Mn in the form
of nodules and crusts and 5 x 10'2 t of Mn as metalliferous sediments (Bostrém and
Kunzendorf, 1986; Wedepohl, 1980b).
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