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Preface

RaPp 1vpDusTRIALIZATION during the Five-Year Plan periods has
brought about a considerable boost in the mineral development
programmes in India. During the last decade, significantly enough,
its contribution to the national economy has trebled: while in the
First Plan period it was about Rs. 470 crores, it rose to nearly Rs. 1,500
crores by the end of the Third Plan. It is gratifying also to note that
India has come to occupy a prominent position in the international
markets through its mineral exports. However, in spite of the rapid
industrial strides, the per capita consumption of the metals and
industrial minerals in India is still far below that of any developed
country. This calls for an extensive and systematic develop-
ment of the mineral resources with a proper understanding of the
mineralogy, beneficiation processes for upgrading the ores as well as
the specifications of their usage in various industries. At present
there are various organizations involved in the mineral development
programmes on one hand, and their evaluation on the other.

While it is true that enough information regardmg each of these
aspects is available, it is, however, scattered so widely that anyone
interested in it has to collect it from various sources. What adds to
the confusion is that the essential details are lost in lengthy descrip-
tions of relatively less important matters. In most of the books on
Indian mineral resources we find that enough pains have not been
taken to establish the industrial context from which alone such
information derives its relevance.

In the present work, an attempt has been made to project an
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integrated picture covering the occurrences, beneficiation and the
industrial utility of important economic deposits of India. It is not
intended as a primary text book on Economic Geology or Mineral
Economics or Mineral Dressing: the aim of the authors is to provide
ready information on Indian mineral resources to students in various
disciplines like Applied Geology, Mining Engineering, Metallurgical
Engineering, Mineral Engineering and allied fields. The genesis
aspect of the ore deposits is kept to a minimum. A brief review on the
various ore-forming processes, outlined in Chapter 1, is meant to
introduce the subject to a non-geologist reader. Similarly, the
processes and units involved in mineral beneficiation, as outlined
in Chapter 2, are to provide a basis for a proper appreciation of the
methods and flow sheets, referred to in all the succeeding chapters.
A critical discussion on the methods and flow sheets is avoided as it is
out of place in a book of this nature. The major metallic and non-
metallic deposits are discussed in the subsequent Chapters (3 to 18)
on the basis of distribution, characteristics, genesis and processing
techniques employed and on the pattern of their consumption in
industry. Oil and natural gas have not been dealt with.

In the last Chapter, an attempt has been made to familiarize
the reader with the importance of computers which are already
playing a vital role in mineral industry abroad. Thus the reader will
be able to realize the paramount need for their application in India
too. However, elements of programming and specific case studies do
not fall within the scope of our subject matter.

To write a book of this nature, the authors had to draw upon
various sources for necessary information. That it gives absolutely
complete information is not what we would like to claim. Mineral
industry is growing so rapidly in India that it is not possible to keep
pace with the latest information. A kind of time lag is unfortunately
inevitable in information dispersal at present. The authors very
earnestly solicit the cooperation of the readers, so that through
continuous communication the book may be enriched with new
information input from time to time. Any suggestion for its improve-
ment will be thankfully received.

The authors are grateful to several individuals and organizations
(both private and governmental) who have readily provided data,
flow sheets and glossy prints for incorporation. The authors ack-
nowledge the help received from the Chief Metallurgist (Shri C.R.V.
Narasappa) and the Chairman and Managing Director of Kolar
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Gold Mining Undertaking, Mysore: Senior Ore Dressing Engincer
(Shri B.N. Chatterjee) and the Chief of Planning and Development
of Hindustan Zinc Ltd., Udaipur; the Production Manager (Shri
K.C. Upadhyaya) and the General Manager of the National Mineral
Development Corporation; the Works Manager of Indian Copper
Corporation Ltd., Ghatsila; the Deputy General Manager (Shri D.K.
Basu) of Central Coal Washeries Organization of Hindustan Steel
Ltd., Dhanbad; the Superintendent. Ore Mines and Quarries
(Shri K.K. Sengupta) of Bhilai Steel Plant, Hindustan Steel Ltd.,
Bhilai; the Editor (Shri Vadilal Dagli) of Commerce, Bombay; the
Editor of TISCO Technical Fournal of Tata Iron and Steel Co. Ltd.,
Jamshedpur; M/s. Mc-Nally-Bird Engineering Co. Ltd., Kumar-
dhubi; and the Editor-in-chief of Economic Geology, U.S.A.

The authors appreciate the encouragement readily received from
Dr. K.K. Majumdar (of Bhabha Atomic Research Centre, Bombay),
Dr. M. Ranga Rao (of Hindustan Steel Ltd., Durgapur}, Prof. T.C.
Bagchi (of Indian Institute of Technology, Kharagpur) and
Prof. E.C. Subba Rao (of Indian Institute of Technology, Kanpur).
Discussions with several colleagues and students at 1.1.T., Kanpur,
have been of considerable help in bringing out this volume.

The authors place on record their indebtedness to Prof. P.P.
Sharma for his editorial help. Thanks are due to Shri R.N. Sri-
vastava and Shri M.R. Nathwani for the typing of the manuscript
as well as to Mrs. Damayanti Ghosh, Mrs. Susie Tharu, Shri V.N.R.
Sarma and Shri D. Madhava Rao for their assistance. The authors
appreciate the help given by their wives, Sita and Girija, in preparing
this manuscript.

The authors place on record their appreciation for all the efforts
put in by the publishers and in particular the editor, Shri Krishna
Kumar, who is responsible for the present format.

The continuous encouragement received from Dr. M.S. Muthana,
Director of I.1.T., Kanpur, is gratefully acknowledged. Without his
interest and all the facilities provided at the Institute, this work
would not have been possible.

Indian Institute of Technology . K.V.G.K. Gokhale
Kanpur T.C. Rao

January 1973.



Preface to the Second Edition

From THE time the first edition was brought out, several major
changes have come about in the Indian mineral industry like the
reorganization in the establishments connected with the production
of iron and steel, copper, aluminium and coal. In addition, significant
progress has been achieved in the mineral development programmes
that enabled an enhanced production. In the present edition efforts
have been made to incorporate all these aspects, still retaining the
general structure of the book.

The authors are grateful to Prof. E.C. SubbaRao of I.1.T., Kanpur,
for his going through parts of the revised manuscript. The help
received from Sri Vasudev Veluri and Sri P. Bandopadhyay is
appreciated. The authors gratefully acknowledge the valuable
suggestions and encouragement received from Dr. G.S. Marwaha,
Director of Indian School of Mines, Dhanbad and Sri M. Ramakrish-
na, Joint Director of Mines Safety, Dhanbad. Mrs. Sita Gokhale has
been ofimmense help in the preparation of the revised edition.

K.V.G.K. Gokhale
October 1977. T.C. Rao



Principles of Ore Formation

THE TERM ‘ore’ is applied to an assemblage of ore minerals and
gangue which can be exploited at a profit. This term is generally
used for economic metallic deposits. Although a limited number of
non-metallic deposits (of economic feasibility) are called ores, bulk
of the non-metallic mineral deposits are referred to as industrial
minerals.

The ore-forming processes have been classified from time to
time by several workers. Lindgren (1913) first proposed a classi-
fication in which deposits formed by chemical processes were distin-
guished from those resulting from mechanical processes. Niggli
(1929) grouped the ore deposits into two broad divisions—the
plutonic (or intrusive) and volcanic (or extrusive) types.
Schneiderhohn (1941) has classified the ore deposits on the basis
of the nature of mineralizing fluids, types of mineral associations
and their conditions of deposition. Bateman (1950) proposed a
classification of the processes which is as follows:

(a) Magmatic concentration

() Sublimation

(¢) Contact metasomatism

(d) Hydrothermal processes—

Cavity filling :
Replacement

(¢) Sedimentation

(f) Evaporation

(g) Residual and mechanical concentration
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(k) Oxidation and supergene enrichment
(1) Metamorphism.
In recent usage, a reorganization of some of the processes has
been done and Park and MacDiarmid (1964) have grouped these
processes as—igneous, sedimentary, weathering, supergene enrich-
ment and metamorphism. The term ‘contact metasomatic deposits’
has been replaced by ‘igneous metamorphic deposits’. Mechanical
concentration has been included under sedimentation while residual
concentration together with oxidation has been dealt with under
weathering. The detailed classification is as given below:
1. Magmatic segregation deposits
2. Pegmatites
3. Igneous metamorphic deposits
4. Hydrothermal deposits—
Hypothermal
Mesothermal
Epithermal
Telethermal
Xenothermal

5. Sedimentary deposits—
Mechanical accumulations
Chemical precipitates

6. Deposits due to weathering

7. Supergene sulphide enrichment deposits

8. Metamorphic deposits.

The types / to 4 can be be included broadly in the igneous category.
It has always been a matter of concern whether igneous rocks can
be the plausible original sources of metallic materials which could
concentrate by these processes. It has been established by geo-
chemists that an economic deposit of a substantial size can be
formed from very small initial concentrations of these metals in
igneous rocks as original melts. For example, Krauskopf (1967)
indicated that it requires only a metal content of around 3 ppm. in
100 km.? of granite to form a deposit of about one million tonnes of
metals such as copper, lead or zinc. These metals are present in
normal granites up to about 70-100 ppm.

THE MAGMATIC SEGREGATION DEPOSITS

These are a result of direct crystallization of igneous melt or magma.
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The sequence of crystallization proposed by Bowen, popularly
known as Bowen’s reaction series, is as follows:

Olivine Calcic Plagioclase
N Ve
Pyroxene Calc-alkali Plagioclase
~ '4
Hornblende Alkali-Calc Plagioclase
Ny 'd
Biotite Alkali Plagioclase
~ Quartz '
(K-feldspar)

The sequence on the left side, starting from olivine, is known as
the ‘discontinuous reaction series’ wherein the reaction takes place
at different temperatures or over a restricted temperature interval.
The mineral that crystallizes earlier reacts with the rest of the melt,
resulting in the formation of the next mineral in this series. In con-
trast with this, the sequence that starts with the calcic plagioclase
is termed as a ‘continuous reaction series’ in which the crystals
react continuously with the melt until solidification is complete.
Although the order postulated by Bowen for both these series is more
or less true, several departures take place depending on the initial
composition of the melt. The cooling history also greatly influences
the extent of crystallization within a sequence. The partial pressures
of gases and the silicate compsitions in the melt influence the temper-
ature of transformations. As can be seen from the reaction series, the
ultramafic and mafic portions of a magma crystallize first, followed
by the succeeding felsic portions and finally the cooling and conso-
lidation of the residual silicic fractions into pegmatites. These earlier
formed ultramafic and mafic crystals separate out from the main
melt and differentiate or settle down due to their high specific gravi-
ties. Such a process is termed as ‘magmatic segregation’. The
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mechanisms proposed for such segregation are: (/) the s.ortix?g out
of crystals by movement within the magma and (2) 1mn.uscxble
sulphide or oxide segregation from the main silicate melt. Evidences
of both these possibilitics have been convincingly put forth by several
workers. Good cxamples of such segregation deposits are the
chromite, copper, ilmenite, nickel and platinum deposits in mafic
and ultramafic igneous rocks. The metallic mineral grains separate
as layers at the lower portions of the intrusive bodies. For cxaryplc,
the chromite deposits around Jojohatu in Singbhum district (Bihar)
occur in a layered form within the dunites, peridotites and serpenti-
nites. If pressure dominates during segregation whereby the material
is squeezed and forced into weaker zones of the sorrounding rocks,
the resulting deposits are known as ‘injection’ deposits. The largest
iron ore deposits of igneous origin found in Kiruna (Sweden) are of
this type. The highly mobile magma was injected into the porphyry
rock type. If the differentiation during cooling and consolidation is
not possible, the grains of ore minerals may crystallize in various
parts of the host rocks resulting in the formation of ‘disseminated’
deposits. The diamond deposits of Majhgawan (Panna district,
M.P.) are of this type. The diamonds occur as disseminated grains
within the ultramafic intrusive pipe rock.

The deposits associated with the felsic rocks are commonly of tin,
tantalum and rare-carth metals. Deposits of copper, silver, gold,
lead and zinc, although common, have a wider range of host rocks.
Certain overlap is common between the magmatic segregation at the
last stage and the hydrothermal activity.

PEGMATITIC DEPOSITS

With the crystallization and separation of the mafic and a part of the
silicic fractions, the residual liquid is highly silicic in its composition
and rich in volatile constituents and fugatives, if they do not escape
during the process. Cooling and consolidation of this material
give rise to pegmatites of igneous origin. These pegmatites are very
coarse-grained and have, in addition to the dominant quartz and
feldspar, rare mineral assemblages. Pegmatites are reported to form
over a wider range of temperature. In contrast to the igneous type,
the metamorphic pegmatites result from the concentration of
mobile constituents of the melt during the metamorphic diffe-
rentiation. Pegmatites are classified as simple or complex types on the
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basis of their mineral associations and origin. In the former, the
mineralogy is rather simple and no zoning is common. In the com-
plex type, however, a variety of rare minerals occur in well-defined
zones. Pegmatites of this type have economic importance since they
are a source of several deposits like mica, beryl, feldspar, uranium
and rare earths. In a typical zoned pegmatite, the core or the central
zone is usually of barren quartz with feldspar followed by inter-
mediate zone or zones very rich in several of the minerals mentioned
above and the outermost zone is again feldspar with quartz and
mica. Such a zoning has been explained by workers as due to (I)
fractional crystallization in place under disequilibrium conditions
(as in Bowen’s reaction series), (2) progressive change in composition
due to processes like differentiation and (3) two-stage formation
which involves the formation of simple pegmatites by direct crystal-
lization in the first instance followed by the hydrothermal replace-
ment by solutions resulting in the formation of the complex types.

IGNEOUS METAMORPHIC DEPOSITS

Several changes take place in rocks on account of the intrusion of
igneous bodies. The heat effects may induce alterations in the minera-
logy of the host rocks. Further, there may be transfer of material
to the country rocks from the intrusive as a result of which reactions
take place giving rise to characteristic mineralogy in host rocks.
Although such deposits are called contact metasomatic deposits,
Park and MacDiarmid (1964) referred to them as igneous meta-
morphic deposits, in a broader sense. The type and extent of such
deposits depend on the nature of the magmatic fluids and the host
rock. Sandstones are not reactive except for their recrystallization.
But shales and limestones are very susceptible. Particularly in
limestones, the alteration zone (known as skarn) is characterized
by the presence of a variety of calcium and magnesium silicates like
wollastonite, grossularite and serpentine. Some of the copper depo-
sits in Utah and Arizona States in the U.S.A. are reported to be
of this type.

HYDROTBERMAL DEPOSITS

These result from hot aqueous fluids, primarily of magmatic afﬁliati.on
(although contribution from other sources may exist). These fluids
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migrate to distances from their source if suitable conditions exist
for such a mobility. Water is one of the very important carriers of
the ore-bearing material. It is obvious that the mafic and ultramafic
melts rarely contribute to such hydrothermal metal-bearing fluids
because of the restricted presence of water in such melts, unless
water-bearing siliceous material is also present in the melt. The
hydrothermal deposits are characterized as ‘cavity-filling’ or ‘re-
placement’ types. The former are a result of deposition of material
in the open space (like fractures and fissures) available in the rocks
and hence are characterized by the presence of crustification,
symmetrical layering and typical vein forms. The replacement
types result from chemical interaction of the hydrothermal fluids
with the rocks. As such, the deposits assume the structure of the rock.
All the hydrothermal deposits are further categorized as the hypo-
thermal, mesothermal, epithermal and telethermal types on the
basis of their distance from the source. The hypothermal deposits
form in proximity to the source at considerable depths under high
temperature and pressure conditions. Mesothermal types occur at
.intermediate depths with moderate pressure-temperature conditions
while the epithermal deposits form at shallow depths and at low
temperature and pressure conditions. In the latter case, because of
a-temperature differential between the fluids and country rocks,
reaction between host rocks and the invading fluids is conspicuous.
Thus, the zones of wall rock alteration are a characteristic feature of
epithermal deposits. The cavity-filling type is common in the epither-
mal deposits while the hypothermal deposits are generally of replace-
ment category. If the deposits of magmatic affiliation form at very
great distances from the magmatic source, these are termed as
telethermal deposits. Because of the distance involved, their relation
to the source cannot always the inferred with certainty. Thus the
contribution from meteoric and ground water sources cannot also
be ruled out easily.

The characteristic features of the hydrothermal deposits are
indicated in Table 1-1.

Typical examples of the hydrothermal ore deposits in India are
the gold reefs at Kolar (Karnataka) and lead-zinc deposits in Zawar
(Rajasthan).

Another term ‘xenothermal’ is also used to denote hydrothermal
deposits that result from high temperature fluids but at low pressure
conditions. As such, the temperature and pressure differ from the
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Table 1.1 HYDROTHERMAL ORE DEPOSITS

Type . Possible pressure| Features Mineralogy
temperature range
Hypothermal  Greater depths—High a) Irregular Ore Minerals: Pyrrhotite,
pressure, temperatures shape pentalandite, pyrite, chal-
around 300-500°C b) Dominantly copyrite, gold, sphalerite,
. of replacement galena. Gangue: Quartz,
type pyroxene, amphibole,
tourmaline, garnet
Mesothermal  Intermediatedepths— a) Intermediate Ore Minerals: Chalco-
moderate  pressure, to both hypo pyrite, bornite, tetrahed-
temperatures around and meso ther- rite, sphalerite, galena.
200-300°C mal types Gangue: Quartz, carbo-
nates
Epithermal Very shallow depths— a) Cavity-fill- Ore Minerals: Sulpha-
with  temperatures ing common antimonides, Sulpha-arse-
around 100-200°C b) alteration nides, tellurides, silver,
Zones common mercury,
Gangue: Chlorite, sericite,
quartz
Telethermal  Pressure and tempera- a) Both cavity OreMinerals: Native cop-
ture low filling and re- per, uranium, pyrite,
placement chalcopyrite
types common
b) Alteration Gangue: Calcite, dolo-
zones uncom- mite, quartz

mon or absent

regular hydrothermal types and a complex mineralogy prevails in
such cases.

SEDIMENTARY DEPOSITS

Sedimentation processes account for many of the world’s important
iron and manganese deposits. During chemical and mechanical
weathering, the materials from the source rocks are liberated and
carried out either in suspension or in solution, by natural agencies
like streams, to the depositional sites. The deposition of the particles
in suspension (mechanical load) depends on factors such as the
velocity, gradient of the channel, size and shape of the particles and
their specific gravities. These deposits occur as alluvial placers in the
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(gocthite), oxide (hematite), carbonate (siderite) or sulphide
(pyrite) depending on the PH and Eh conditions in the basin,
pltimately On post-depositional changes, the iron mineral present
Is either hematite o magnetite. Similarly, colloidal silica changes
t<? quartz or quartzite, The banded hematite quartzites of Singbhum
district (Bihar) and the banded magnetite quartzites of Salem
(Tamil Nadu) are typical examples.
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The grains of sulphide minerals scattered in rocks are susceptible
during weathering and get oxidized in the presence of water into
their respective hydroxides. During such a process, the sulphide
portion goes into the formation of solvents like sulphuric acid and
ferric sulphate. For example, in the case of pyrite the following
reactions indicate such changes:

FeS,+7(0) + HO = FeSO, + H SO
. 2 3
(Pyrite)

6FeSO, + 3(0) + 3H,0 = 2Fe, (SO,), + 2Fe (OH),

The ferric hydroxide gets converted into goethite. The sulphuric
acid and ferric sulphate solvents are carried down to the ground
water table by the descending meteoric waters. As such the oxidized
zones are characterized by their conspicuous oxide and hydroxide
mineralogy. Such zones of oxidation (gossans) aid many times in the
exploration of sulphide deposits. The extent of this zone is limited
by the water table, rate of weathering, the period for which the
process was active and the nature of the original rock. Such oxidized
deposits vary greatly in their tenor with depth.

SUPERGENE SULPHIDE DEPOSITS

These are formed by the solvents (discussed above) when they reach
the ground water table. The water table limits the zone of free
oxygen supply and as such very low Eh conditions exist below the
water table. If suitable precipitants are encountered there, these
solvents, on reduction, precipitate as sulphides. These sulphides
are termed as supergene sulphides. For a good accumulation of
supergene sulphides, the prerequisites are a thick zone of oxidation,
suitable original sulphide minerals in the rock and the presence of
favour precipitants below the ground water table.

METAMORPHIC DEPOSITS

These are categorized into two types: () those formed (.iue to
metamorphism of the existing ore deposits, and (2) new minerals
during metamorphism of the rock types. The bedded mangarese
deposits, in parts of Madhya Pradesh and Maharashtra, primarily



10 ORE DEPOSITS OF INDIA

of sedimentary origin, have been subsequently effected by meta-
morphism. Braunite, a manganese silicate, is' the important ore
mineral besides several other oxide minerals.

Many valuable non-metallic ore deposits and industrial minerals
are formed during metamorphism of different rock types. Typical
examples of this category are the minerals like graphite, kyanite and
sillimanite which find extensive use in refractory industry and
asbestos, talc and steatite which are used as insulating minerals.



2

Mineral Beneficiation Techniques

INTRODUCTION

ORE, as mined, has the ore minerals in association with the unwanted
gangue portion. In large-scale mining operations carried out by
mechanical means, it is a common experience to find that the mined
ore is-not uniform in quality with regard to the various mineral
constituents. For any smelting operation, in addition to the require-
ments of uniformity in size and quality of the raw material, a mini-
mum tenor for the ore is also essential. For example, lead ores sent
for smelting should have more than 109, lead. But the ore mined
may have only 2 to 49, Pb, which means concentration is essential
to raise the tenor to make it suitable for smelting. Further, certain
deleterious constituents like phosphorus in manganese ores, sulphur,
phosphorus and” alumina in iron ores, should be reduced to the
desired minimal specifications, if not completely removed, as they
adversely affect the smelting operations and influence the quality
of the product. Reduction of the mineral assemblage to an appro-
priate size range is also necessary for effective concentration and
extraction of the metal. From all these considerations, it is obvious
that mined ore needs concentration or beneficiation to change its
physical conditions (such as size) and also increase its tenor. Methods
adopted in mineral beneficiation are essentially physical, as no change
in the inherent physical or chemical identity of the minerals is
involved. In addition, mineral beneficiation reduces the freight and
handling costs per unit weight of value, minimizes the costs of extrac-
tion and in many cases makes it economically and technically

11
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feasible to exploit low grade ore deposits which would not otherwise
be workable.

Mineral beneficiation techniques can be broadly divided into
two phases of operation:

(1) liberation of wanted particles (the value) from the unwanted
particles by means of size reduction, and .

(2) concentration of the valuable part (as concentrate) and
rejection of the gangue (as tailings).

A review of these aspects is presented in the following pages.
However, discussion about aspects such as the transportation of
solids (belt conveyors, rope-ways, etc.) and the storage of products

(such as bins, sumps), though otherwise important, are not included
in this study.

SIZE REDUCTION

Size reduction, also known as comminution, is the first major opera-
tion carried out in any mineral beneficiation plant. It includes the
various stages of reduction of the run-off-mine ore to the fineness
necessary for the subsequent concentration operation or metallurgical
treatment. Breakage also aids in liberating or severing the valuable
minerals from the gangue, thus rendering the concentration
operations more effective.

Comminution is usually carried out in stages so that each machine
operates at its best range with maximum efficiency and economy.
This also facilitates the removal of fine material at intermediate
stages (by screening, classification) in order to eliminate the un-
necessary size reduction, thus increasing the capacity of individual
size reduction units. The various stages involved are indicated in

Ealble 2-1. The main characteristics of these units are outlined
elow:

Comminution Units .

Jaw Crushers ;
in general, one of
cate. This recipr
nately approach
particles that are
are the Blake ty

These have two crushing surfaces (jaws) and
the jaws is fixed while the other is made to recipro-
ocating motion of the movable jaw makes it alter-
and recede from the fixed jaw and thus break the
fed. in between. The most popular types of crushers
P¢, In which the movable jaw is pivoted at the top
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Table 2-1 CRUSHING AND GRINDING OPERATIONS

Equipment Stage Dypical feed Typical product Remarks
size (mm.) size (mm. )

Jaw crushers Primary 150-1800 25-300 Operates dry
crushing

Gyratory Primary .25-1800 6-280 Operates dry

crushers crushing

Roll crusher Secondary or 5-500 3-200 Operates wet
intermediate or dry
crushing

Hammer mill ~ Secondary &r About 2 less than Operates wet
intermediate 0.4 or dry
crushing

Rod mill Fine 12-25 less than 5 Operates wet
grinding or dry

Ball, pebble Fine 0.6-25 less than Operates wet

and tube mills  grinding 0.6 or dry

giving maximum movement on the product or the smallest lump of
ore and the Dodge type with its movable jaw pivoted at the bottom.
Wearresisting materials like white iron, Mn-steel, Ni hard, chrome-
steel are used as replaceable liners for the jaw plates. The line diagram
of a typical type jaw crusher is shown in Fig. 2-1.

Feed

Movable
@ Jaw

AN

Fixed
Jaw Tay

7.2
e

(1

]

g
Product

Fig. 2-1 Jaw Crusher (Blake Type)

Gyratory Crushers: These have an inner crushing surface in the
form of an erect cone gyrating around the axis of a fixed outer
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crushing surface which has the shape of an inverted cone (Fig. 2-2).
These differ from the jaw crushers in that some crushing action
takes at all times because of the gyratory action, while in the jaw
crushers the breakage occurs only when the jaw plates are close to
each other.

Feed
N 1
Main shaft _ -
(Gyrating spindle) Product
Connected
to power

Fig. 2-2 Gyratory Crusher

Cone Crushers: These are similar to the gyratory crushers in
their design and operation except that the crushing surfaces

Feed

O

Product

Fig. 2-3 Roll Crusher
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are made parallel to each other, thus providing a product which is
much closer in size range.

Crushing Rolls:  These essentially consist of two rolls, of the same
type and dimensions, mounted on parallel axes at the same eleva-
tion rotating in opposite directions towards each other (Fig. 2-3).
The ore is fed in the gap between the rolls and is nipped and broken.
In special cases of crushing of friable material such as coal, toothed
or grooved rolls are also used.

Stamp Mills: These are the mechanical versions of the pestle
and mortar and are widely adopted in the size reduction of gold ores.

Hammer Mills: These operate by delivering heavy blows, with
the aid of a centrifugal force, on the ore against breaker plates.
The material is forced to discharge through an opening of grate
bars stationed at the bottom of the mill (Fig. 2-4).

Feed

Grate L —
bars

product

Fig. 244 Hammer Mill

Grinding Mills: A grinding mill essentially consists qf a cylindf:r
or a cylindro-conical container which rotates in a horizontal axis.
The unit is filled with grinding media such as balls, pebbles or rods.
When the mill is rotating, the media get lifted and allowed to fall
under the influence of gravity. Grinding occurs due to the free fall of
balls (cataracting) and by the simple rolling of one ball over the
other (cascading).
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The common types of grinding mills are the ball mills (Fig. 2-5)
(where the length and diameter are approximately same) and tube

Connected
to power

)
\

Feed

=
JH,
Fig. 2-5 Ball Mill

and rod mills (where the length is greater than the diameter). Ball
and tube mills are filled with iron or steel balls of different sizes.
Ceramic or flint pebbles are used as grinding media where the
contamination of iron due to the use of metal balls has to be avoided
(as in the case of processing of gold ores). In a rod mill the rods act
preferentially on coarse materials. Consequently, the product from
a rod mill contains smaller amount of fines with a closer size range
than that of a ball mill. Sometimes rod mills are used as primary and
ball mills as secondary grinding units.

A ball mill is run at speeds which are only 60-80%, of its ‘critical
speed’. Critical speed is defined as the speed at which there is no
grinding done by the mill because the solids get centrifuged to the
mill surface at that speed of rotation. The critical speed of a ball mill
is given by

where Nc is revolutions per minute
and R is the internal radius of the mill (in metres).
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The grinding mills are run wet or dry, depending upon the factors
such as the conditions of the feed to the mill and the nature of the
product required for the next operation. If the final product is to be
dry, as in the case of coal grinding for preparation of pulverized fuel
or in chemical industries, dry grinding is preferred. However, wet
grinding, carried out in a water medium with 60-75% solids, is
noticed to give higher capacity with lesser power consumption than
the dry grinding. Dust problems are also eliminated in the case of
wet grinding.

A special type of mill called the ‘Autogenous Grinding Mill’ has
gained wide popularity in recent years. This is similar to a ball mill
except that, instead of balls, the coarse ore particles themselves are
used as grinding media. This type of grinding reduces the capital
cost of the size reduction units and also eliminates the cost of grinding
media which is considerable in the case of conventional mills.

COMMINUTION PRACTICE

The comminution operations may be carried out in open circuit
or in closed circuit. In the former, the entire product of a unit goes
directly to subsequent stage of the operation (Fig. 2-6). In the latter
case, however, the product is sized or classified and the oversize

FEED CRUSHER FINAL
PRODUCT

OR
GRINDER

Fig. 2-6 Open-circuit operation

(coarse) material is sent back to the same unit for further size reduc-
tion while the undersize material (fine fraction) is passed on to .the
next stage of the operations (Fig. 2-7). Size reduction units operam.ig
dry are close-circuited with screens or air separators and the‘umts
for wet operation are attached to gravitational or centrifugal
separating units.

Open circuit layouts are simple and are preferred w'her.e the
control of product size is not required and also whe.:re tl.le dilution of
pulp is objectionable. But closed circuit operation increases the
mill capacity as there is no unnecessary size reduction of
fine materials. It also provides a controlled product \.mth a low power
consumption for each tonne of the finished material. The amount
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FINE FRACTION (O}

NEW CLASSIFIER
FEED { MILL I OR

INF) SCREEN

F=0+U
aNF+U

COARSE FRACTION (V)

Fig. 2-7 Close-circuit Operation

of solids (by weight) that is fed back to the size reduction unit (U)
is called the ‘circulating load’, and the ‘per cent circulation load’ is
the ratio of this amount to the amount of new feed (NF) solids
(by weight) fed into the mill (expressed as U/NF x 100). The grind-
ing mills are generally operated at circulating loads of 200-500%,.
From simple mass balance considerations it may be noted that at
steady state of these continuous operations, the final product in
weight (O) is equal to weight of new feed (NF). The arrangement
of the closed circuit operation can be simple or complex. This is
illustrated by two grinding circuits shown in Fig. 2-8.

In some cases, depending on the fineness of the new feed, a classifier
may precede a grinding mill.

NEW FEED [NF) |PRIMARY SECONDARY
1 miLL MiLL
CLASSIFIER
SANDS
INF) ___[PRIMARY PRIMARY |oven SECONDARY]__|SECONDARY] UNDERSIZE
SIZE

MILL CLASSIFIER [[SANDS) MILL ’_JCLASSIFIER {FINES)

UNDERSIZE i
- (FINES) 1

Fig. 2-8 Close-circuit Comminution Operation
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SCREENING

Sizing or grading of particles is carried out in the laboratory for
investigations and in industry as a major operation. For laboratory
investigations, standard screens (Table 2-2) are used for sizes up to
about 0.044 mm., and optical, sedimentation and elutriation
techniques are adopted for the finer sizes. However, screening
operations are carried out in industries only for sizes coarser than
0.03 mm. (approximate) because it is difficult and expensive to
manufacture, maintain and operate finer screens on an industrial
scale. The main features of widely used industrial screens are outlined
in Table 2-3.

Nowadays, vibrating screens are preferred because of their
economic operation, larger capacity per unit of screen area and
floor space.

The screening is usually a dry operation but sometimes water is
sprayed on the screens to

(I) eliminate dust problems or losses, and

(2) remove fine materials (of clayey type) which may block the

screen cloth, thereby decreasing the capacity and efficiency
of the operation.

The sieve bend, also known as the Dutch State Mines (DSM)
screen, is of recent origin and is gaining wide popularity, particularly
in the coal processing plants. It is essentially a stationary curved
slotted screen on to which feed is introduced tangentially with
slots perpendicular to the direction of fluid flow. This fluid action on
the bent screen imparts centrifugal action and when this is coupled
with the gravitational forces, a better and more effective sizing is
achieved. In India this type of screens is utilized in the Dugda II
(Bihar) coal washery.

Notes on Table 2-2: The base of the Tyler screen series is a 200
mesh which is a woven wire screen with a square aperture of 74
microns (or 0.074 mm.) or 0.0029 inches and wire diameter of 0.0021
inches. Thus the screen has 200 openings (meshes) per linear inch.
The ratio between the sizes of the apertures of consecutive screens
is the square root of 2.0. For closer sizing. intermediate (double
series) screens are available and these have an aperture ratio of
4+/2 between successive screens.

The U.S. Screens are based on an 18 mesh screen with 1.00 mm.
aperture with ratios of V2 and 4V2 between consecutive screens.
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Table 2-3 INDUSTRIAL SCREENS USED IN MINERAL

BENEFICIATION
Type Example Main Features
1) Stationary screens  Grizzlies (also known as Made of equally spaced paral-
bar screens) lel rods or bars fixed at a slope.
2) Moving screens A) Grizzlies Moving type of (1) above or

variations whichincludealter-
nate rods moving up and
down.

B) Trommels (also called Rotating, punched cylindri-
revolving screens) cal shell through which mate-
rial is made to pass. Can be
horizontal or fixed at an

angle (Fig. 2-9).

C) Shaking and vibrating Consist of perforated or woven
screens wire cloth as screen surface.
In comparison to shaking
screens, the vibrating screens
impart frequent rapid shocks
to the particles with lesser
amplitude.

The B.S. Screens are based on British Standard gauge wire with
ratios between the consecutive screens being approximately equal
to 4V2.

In the I.M.M. screens, the aperture equals the wire diameter
which in turn is equal to the inverse of twice the mesh number.

The I.S. series which follows approximately the Rittinger’s
Series (4\/2), covers the requirements of corresponding sizes in all
these series.

D aasd
Over size
Feed Fraction

Graded product

Fig. 2-9 Tromel.
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SEPARATION OF SOLIDS SUSPENDED IN FLUIDS

Separation of a group of particles of diverse sizes, shapes and specific
gravities into fractions of a more homogeneous nature is achieved by
allowing them to settle in a fluid (liquid, air or gas) which is at rest
or in motion. Here, the separation is effected due to the differences
in the rates of travel of particles (with different physical properties) in
the media. A particle settling in a fluid under the influence of gravity
experiences a resistance and attains a constant maximum velocity
(commonly termed as terminal settling velocity) when the resistance
becomes equal to the effective weight of the particle. In the case of
spheres, this terminal velocity (Vm) can be calculated from a general
equation given by Allen:

n/4n
3k "

AN
An-—l

Vm =

g.y: "

p = viscosity of the fluid
A = density of the solid
A\’ = density of the fluid
g = gravitational acceleration
vy = radius of sphere, and
n and k are functions of particle radius.
The popular laws of Stokes and Newton can be considered as
special cases of the equation (1) as stated below:

where

Stokes’ Law Newton’s Law
4 (A—AN)g.y? v 2 VANE AN
-_—_— m= —_
3K " sKE A7 ¥

Thisiswhenn=1and if K=6
in equation (1) and applies for
small solids falling in water (say
quartz spheres up to 0.005 cm.
radius) under laminar or viscous
conditions of flow (i.e. the lines of
flow are smooth and unbroken)
where the speeds of travel are
low.

This is when n=2 and K=

(mf2) Q,where Q is the drag
coefficient (Q) =

8n(A—-AN)g >and applies for

gyz A’/ large solids fall-
ing in water (say quartz spheres
with ratio greater than 0.25 cm)
where the velocities are high and
the flow is turbulent.

In the prediction of the separation of solids in fluids, these expres-
sions are used directly or with the necessary modifications to account
for factors such as irregularities in the shapes of particles and the
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effects of solid content in the pulp. In general the separation of a
particle into any fraction is effected by

(a) the physical properties such as its size, shape and specific

gravity.

(6) the fluid characteristics, such as its density, solids content,

consistency or viscosity, and

(¢) the design and operating variables of the equipment in

which the separation is carried out.

By proper selection and careful manipulation of (4) and (c) above,
the effects of one of the properties of a particle can be minimized
in extent while the effects due to the other properties dominate.
This iswhat is achieved with classifiers used in closed grinding circuits.
Separation based on the sizes of particles is aimed in classifiers in
order to separate coarse material (for further grinding) from fine
material (finished product). In gravity concentration techniques
like jigging, the conditions are selected for separation of particles
into different specific gravity groups (i.e. to separate heavy valuable
material from the light gangue fraction or vice versa). It can be seen
that separation in classifiers would be effective if the differences in
specific gravities of the individual particles of the feed of a wide size
range are insignificant, while the gravity concentration technigues
would be efficient if the feed is of a relativeiy close size range.

Thus the units in which the separation of solids in fluid media is
carried out can be broadly divided into two major categories.

(2) Classifiers, and

(¢Z) Gravity concentration units.

Classifiers: The common types of classifiers popularly used in
India are:

(a) Rake classifiers (e.g. Dorr type).

(b) Spiral classifiers (e.g. Akins screw type).

(¢) Centrifugal classifiers (e.g. Gyclones).

Classifiers of types (@) and (b) always operate wet and essentially
consist of an open settling trough which is fixed at an angle to the
horizontal. The slurry is introduced into the chamber at a point
near the overflow discharge end. The rate of feed is such that it will
allow enough time for only the large particles to sink to the bottom.
The fine particles are left to overflow along with the major portion
of the feed water. The settled coarse material is slowly dragged up
the slope of the tank and is discharged at the opposite end of the tank.

In the case of a rake classifier (Fig. 2-10), the dragging of solids
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Raking
Mechanism

fFeed
! Overflow
* {
S RGkQ’\
sand
{

Botlom of Classifier
Fig. 2-10 Line diagram of Rake Classificr {Dorr type)

is done by the movement of a rake. This consists of sweeping along
the slope of the rank, going up, moving backwards and then dipping
into the tank to continue the cycle of operation. With a spiral classi-
fier (Fig. 2-11), the solids are carried upwards by the continuous
rotation of a spiral mounted in a semi-cylindrical tank. If two or

three rakes are mounted in the classifiers they are called duplex and
triplex classifiers,

pulp level —

Fig. 2-11 Spiral Classifier (Akins type)

The Dutch State Mines Gyclane is typical ‘centrifugal classifier”,
If operated dry, it is called an air-cyclone and i it is run with watcer,
it is called a *hydrocyclone’ (Fig. 2-12). Because of their simplicity
and their flexibility of opcration, the hydrocyclones are fast re.
placing the mechanical classifiers as sjze separating devices in
mineral processing plants all over the world. As shown in the figure,
a cyclone consists of a cylindrical top part joined 1o a conical bottom
(with 2 cone angle of about 20%) having overflow and underflow
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Fig. 2-12 Centrifugal Classifier—Cyclone

outlets provided at the top and bottom of the unit, respectively.
There are no moving parts in a cyclone. The feed, in the form of a
pulp, is introduced under pressure tangentially through a feed-inlet
positioned at the cylindrical top of the hydrocyclone and there it is
subjected to the influence of dual spiral flow pattern as shown in the
figure. This results in separation in the cone of the hydrocyclone by
the action of centrifugal and centripetal forces. The coarser and
heavier particles selectively enter the outer spiral and then get
discharged through the spigot while the lighter and finer particles,
together with the major portion of the feed water, enter the inner
spiral and get discharged through the vortex finder.

Air-cyclones are used in conjunction with dry-grinding units and
the general principles of operation are similar to those of
hydrocyclones.

Gravity Concentration Processes: These are very effective for separa-
tion of materials which differ in specific gravities and the units
employed can be broadly grouped into processes as follows:
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(a) Tabling
(b) Jigging
(c) Spiralling
ink-Float
(‘;{t)zblszrlzz This operation is the mechanical version of the hfmd
panning employed in old times for recovery of gold. from t'hc river
placers. Wilfley table is a typical example of the various units emp-
loyced under this category. This table essentially consists ofa rectangu-
Jar or rhombohedral deck which is slightly inclined from the horf-
sontal and moves with a differential motion (Fig. 2-13). This

Feed Water
R R N T T4 1]
—
—

X

Table E{ Zone of — _
e stratification —
drive -
/E‘:,L_ighiﬁ_;—zt@gbngs_r____.**eﬂwes
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Fig. 2-13 Wet Concentration Table§ {L Q 7
ig et Concen x’é/{! S I

movement makes the table approach and recede from its reversing
point with greater speed at one end of its travel than at the other
end, thus imparting a conveying action to the solids on the deck.
The deck is usually riffled (partially or fully) with cleats placed at
regular intervals parallel or at an angle to the direction of the motion.
The feed slurry is introduced at the upper corner of the table and
wash water is flowed across the table. The high density materials
settle into the troughs between the riffies and the motion of the table
throws them toward the left side of the table and finally discharges
them at the corner diagonally opposite to the feed corner. The table
movement also gives a jigging action, which helps to stratify the
material. The light minerals which remain in suspension are washed
across the table by the water owing to the inclination of table.
Special makes of tables like Diester, Universal, Plat-O differ from
the Wilfley table in some design aspects. Tabling can be made a dry
operation by injecting air upwards through the perforated deck.
This operation, called ‘pneumatic tabling’ is reported to be effective
in separating the non-conductors, quartz and zircon from each other.
Tables_are successfully used for the recovery of heavy minerals
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from beach sand deposits, coal beneficiation and the like. These
are effective for materials in the range of 6 to 48 mesh (3.327-0.295
mms. ).

Jigging: Here, the separation is carried out in a rectangular,
open-top container called a jig. The bottom of the container is either
a screen or a perforated surface which supports the bed of solids and
allows alternative upward and downward movements (strokes) of
water in the jig. This is effected either by pulsating water through the
perforated bottom surface or by vertically oscillating the jig
compartment that is submerged in water. Cycles consisting of such
upward (pulsion) and downward (suction) strokes are repeated.
This results in opening of the bed and the lifting of the particles
during the pulsion. The particles settle into more homogeneous
layers (because of the differences in their settling characteristics)
during the suction stroke. By proper selection of intensity and dura-
tion of each stroke and the number of cycles of operation, a complete
separation is achieved with the heavy particles at the bottom of the
jig and the lighter particles above them. Jigs can also be operated
dry by using air instead of water to create the pulcions (pneumatic
jigs). The whole operation is made continuous in industrial jigging
by mtroducmg feed at controlled rates and by taking out the products
and moving water through the jig bed simultaneously.

Of the several types of jigs used in industry, the three types in use
in India are—the Harz jig, the Baum jig and the Feldspar jig. The
Harz jig is a fixed sieve plunger type of jig as shown in Fig. 2-14.
The plunger is loosely fitted and moves up and down creating the
necessary pulsations of water in the jig compartment. In practice,

Compressgd

Closed
Chamber

Fig. 2-14 Harz Jig
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a number of compartments can be placed in series for successive
stages of scparation of products of different qualities. The feed is
introduced at one end of the first compartment. The light fraction
stratifics upwards and moves into the second compartment for
further scparation. The final light fraction overflows from the last
compartment. Heavy fractions of each compartment are removed
cither continuously through a discharge gate at the side of
the compartment or periodically from a container (hutch) below the
jig box. The former method is employed if the particles are coarser
than the sieve size (and cannot pass through the screen), and the
latter method is adopted for smaller particles. Harz jigs are used
in the processing of metallic ores to treat particles approximately
in the range of 3.7 to 0.025 cms.

The Baum jig, widely adopted in coal washing industry, handles
any size range of a coal below 20 cms. About 70 per cent of the coal
washed in England is treated in this type of jig. The distinct feature
of this type is that compressed air is used to move water to produce
the necessary pulsations (Fig. 2-15). The heavy fraction (i.e. shale
in the coal washing) is removed by a gate type of discharge. As in the

Fig. 2-15 Baum Jig

case of the Harz jig, several compartments can be put in a series with
separate controls for each compartment for an efficient separation
at each stage. In practice, there are many modifications of the Harz
and Baum types of jigs to suit special requirements.

' The Feldspar jig operates on the same principle as Baum jig and
is developed to treat coals below 1.2 cms. in size. Here, feldspar, due
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Fig. 2-16 McNally Fine Coal Washer

to its low cost, shape and suitable specific gravity is used as an arti-
ficial bed (ragging) on the bottom grid plate of the jig box. This helps
in transverse distribution of water impulses on the screen deck. The
individual grains of feldspar move slightly during the pulsions of
water thus allowing only the shale particles that settle at the bottom
to pass through the grate. Figs. 2-16 and 2-17 represent the unit and
a line drawing showing the cross section of McNally fine coal washer
(feldspar jig).

Spiralling: The Humphreys spiral (Fig. 2-18) is a typical unit
of the concentrators under spiralling and is extensively used in the
beach sand industry to recover heavies (ilmenite, rutile etc.) and
discard the lights (sand etc.). They are effective for particles in the
range of 8 to 200 meshes and for minerals with specific gravity
differences greater than 1.0. The unit is essentially a helical conduit
of modified semi-circular cross-section with no moving parts. The
feed slurry containing 20 to 409, solids is introduced at the top and
flows downward by gravity and the heavier particles quickly sink
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Fig. 2-18 Humphreys Spiral Concentrator

to the trough bottom. Here the water velocity is least and retardation
due to friction is maximum. The gravitational and drag forces push
these solids along the inner side of the spiral and are removed by
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pots placed at the lowest points in the cross section down the spiral.
The light particles at the top centrifuge outwards due to the maxi-
mum tangential velocity of the water on them and move down-
wardsand dischage at the lower end.

Sink-float Processes: These processes are based on the phenome-
non that if two particles of different specific gravities are immersed
in a2 medium of solution or suspension whose specific gravity lies
in between, the lighter particle would float while the heavier one
would sink. Heavy liquids like carbon tetrachloride and bromoform
or solutions of salts like calcium chloride and zinc chloride are used
for such a separation of mineral grains. But their usage is restricted
for laboratory investigations not only because they are expensive,
toxic and corrosive but also because they are adsorbed on the particle
surfaces and cannot be recovered economically. Hence indus-
trial processes have been developed in which finely divided solids
are kept in constant suspension in water to create a ‘dense medium’
(also called heavy medium). This suspension behaves essentially
like a true liquid and the separation is achieved. The solids selected
for this purpose should have the following requisites:

(I) they must be sufficiently high in density to provide the required
separating density at moderate non-viscous conditions to
allow free travel of the solids to be separated.

(2) they must be physically strong and chemically inert,

(3) they should be easily recoverable, and

(4) they should be readily available at a low cost.

The apparent density of the suspension in gm./c.c. (A”) is depend-
ent on the density of the solids ( 4 in gm./c.c.) and their weight
content in suspension (X in gm./c.c.). This can be expressed as

by 100
T (100~ X) +X/4

The ranges of specific gravities of commercial interest are 1.3. to
2.0 for separation of coal from shale and 2.6 to 3.0 for concentration
of oxides and sulphides from the associated gangue minerals like
silica. In the case of coal beneficiation, minerals like sand, barytes,
clay or magnetite are used to create dense media while galena or
ferrosilicon is used in the processing of metallic ores. These processes
have found extensive application in coal washing since they can
handle coals from sizes 0.3 cms or less up to 60.0 cms and also because
the separation is more accurate.
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A simple heavy media separation (H.M.S.) circuit would essential-
ly consist of the following:

(I) aseparating vessel in which media solids are kept in suspension
with provisions for continusouly introducing feed and taking
out products, and

(2) means to clean the products, recover the medium and recir-
culate the medium to the vessel.

Many types of H.M.S. processes are in use and outlined below

are the three H.M.S. processes typical of those in use in India.

The Chance Cone Process: This is being used at coal washery
in Jamadoba, Bihar. Here the separating bath is a cone with a
cylindrical top. Sand is kept in suspension in the vessel with the
help of paddles rotating in the middle and with the help of the
rising currents of water injected from the sides of the cone. The feed
isintroduced at one end of the top portion of the cone. The light clean
coal floats and overflows from the other end while the heavy shale
sinks to the bottom of the cone (refuse chamber) and is taken out at
regular intervals (Fig. 2- 19). The products are passed on to separate
de-sanding screens through which the sand is washed out and tlen
recirculated.

The Wemeo Drum Separator :  This is employed at the manganese
beneficiation plant at Dongri-Buzurg. The separator is a rotating

Driving
mechanism

Raw coal

o
.
pie

Air-operated
retuge Valves

°l

el

Fig. 2-19 Chance Cone Separator
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drum with lifters fixed inside the shell (Fig. 2-20). The feed is intro-
duced by a chute at one end of the drum into the heavy medium
(ferro-silicon kept in suspension by the rotation of the drum) and the
light fraction overflows and is taken out from the other end of the
drum. The sink is lifted by the lifters and discharged into a separate
chute. The products are washed on the screens and the ferro-silicon
is recovered by magnetic methods and is recirculated.

Sink co!llector

Fig. 2-20 Drum Separator

Heayy Medium Cyclone Concentration: Heavy media cycloning is
employed to clean coals smaller than 1.5 cms in size. Here a sus-
pension of solids in water is used as the separating medium in the
cyclone instead of water (as in done when the cyclone is used as a
classifier). The Dugda IT Coal Washery in Bihar, for example, emp-
loys this process with magnetite as the medium. The clean coal
reports through the vortex finder and the heavier discharge through
the spigot. The magnetite is then recovered by wet magnetic
separators.

4. FROTH FLOTATION

The flotation process, which is comparatively of recent origin, has
become so popular in mineral beneficiation that about 90% of the
world’s important ores of lead, zinc and copper are processed by
this technique. It also finds extensive use in the upgrading of non-
metallic deposits like coal and phosphates. Contrary to gravity
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techniques, in flotation the heavier minerals are generally made to
float (in an aqueous suspension of ore) as against the lighter particles.
For practical operational reasons such as keeping particles effectively
in suspension, the process is retsricted to the approximate size limits
given below:

(a) For coal flotation from 2,000 microns to 5 microns, and

(b) For sulphide ores flotation from 295 microns to 5 microns.

In this process, the pulp is treated with chemicals to create favour-
able conditions under which the dispersed air bubbles attach them-
selves to the mineral particles. This decreases their effective specific
gravity and makes them float to the surface.

The conditions created in a flotation process are:

(a) The modification of the surface characteristics of the mineral
particles (to the extent required) in order that the air bubbles
should stick only to specific particles, and

(b) the creation of semi-stable air bubbles (froth).

The reagents commonly used in flotation practice are sum-
marized in Table 2-4 and their essential characteristics are discussed
subsequently.

Flotation Reagents

Collectors:  The function of collectors is to form a thin coating
over the particles to be floated in order to make them air-adherent
or hydrophobic. A collector molecule consists of a polar and a non-
polar group and the latter is always a hydrocarbon group or a chain.
During flotation, the polar group is adsorbed on to the mineral to be
floated while the latter is oriented outwards and makes the surface
of the mineral hydrophobic. The main requirement of a good collector
is that it should be selective in its attachment to minerals.

Collectors extensively used in the flotation of metallic sulphides
and native metals are alkyl dithiocarbonates (also known as

xanthates) with the structural formula
SX

R—0__¢C

A

NON POLAR POLAR
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Table 2244 FLOTATION REAGENTS

Function of
Reagent

Collectors

Frothers

Modifiers

Activators

Depressants

pH Regulators

Dispersing
Agents

Names of the
chemicals

Various
xanthates and
acrofloats

Cationic
collectors

CGarboxylic
collectors -

Pine oil,
cucalyptus

oil, cresylic
acid, organic
acid, and
higher alcohols
(such as
aerofroth and
amines)

Copper
sulphate

Sodium
sulphate

Calcium or
sodium
cyanide

Zinc sulphide

Sodium sili-
cate
Lime, caustic

soda and soda
ash

Sulphuric
acid or
Hydrochloric
acid

Sodium sili-
cate

Purpose

For flotation
of sulphides

For flotation
of silicates
and quartz

For flotation
of non-sul-
phides and

non-silicates

Commonly
used for
various types
of flotation

To activate
sphalerite

To assist

flotation of
oxidized Pb
and Cu ores

To depress
pyrite

To depress
sphalerite
To depress
quartz

To control
the alkalinity
of the pulp

To control
the acidity
of the pulp

To control
slimes

Approximate
amounts added (in
Ib, per ton of ore)

0.01 10 0.2

0.1 to1.0

0.2 t02

0.01 10 0.2

Depends on
the opera-
tion, may
range from
0.05 to 10

E3] 17

Depends on
the opera-
tion, may
range from
0.05t050r 10

3y EE]
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and dithiophosphates (known as aerofloats) with the formula
S

/Y

" \
P
o / N
NON POLAR POLAR

where R contains an alkyl group of 2 to 6 carbon atoms and X is
either sodium or potassium.
Carboxylic collectors like fatty acids,

/ 0
(n—c )
NON POLAR POLAR

(OLEIC ACID)

and their soaps such as sodium oleate (G, H__COONa) are common-
ly used collectors for the flotation of oxides and carbonates (other
than sulphides and silicates). Flotation with fatty acids or soaps is
called ‘soap flotation’.

The above reagents are also known as anionic collectors.

Cationic collectors such as fatty amines and their derivatives are
used for the flotation of quartz and other silicate minerals. A fatty
amine acetate is represented by

H

Re— N — H. HAC

/

NON POLAR POLAR
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Dodecylamine (C,H,NH,)) or dodecylamine hydrochloride are
common collectors belonging to this group.

It may be noted that if the molecule of a collector ionises and its
active hetropolar portion dissociates into a negative ion, an anion,
then the collector is called an anionic type and if it is positively
charged it is known as cationic collector.

Frothers: The main purpose of a frothing agent is to permit
the production of a sufficiently stable froth to hold the floating
minerals until they are removed from the flotation unit. The addition
of a frother decreases the surface tenston of water and increases the
life of the bubbles produced. The solid particles also form a network
around the bubble and thus help in stabilizing the froth. Frothers can
be organic or inorganic but most of those in use are organic. They
are heteropolar, with the polar end attaching itself to the water
phase and the non-polar end to the gas phase. They thus consist of one
or more hydrocarbon groups attached to one polar group (usually
a group containing oxygen in the form of — OH, — COOH or
— CO, or nitrogen in the form of — NH,, or — CN), with the hydro-
carbon radical having more than five or six carbon atoms. Commonly
used frothers are pine oil, eucalyptus oil, cresylic acid as well as
organic acids, alcohols and amines. Some chemicals such as oleic
acid have the preperties of a collector as well as a frother and so
proper control of flotation with these reagents is difficult in practice.

Modifiers: The functions of the reagents under this category
are different from those of the collectors and frothers. Though these
are discussed under different categories such as activators,
depressants, pH-regulators and dispersing agents, a reagent may be
used to serve a number of functions or may act differently under
different conditions. In several cases the flotation pulp is treated with
these chemicals before the addition of collectors and frothers in
order to achieve maximum effectiveness. Such an operation is
known as ‘conditioning’. The modifying agents may function as
activators, depressants, regulators and dispersants.

Activators: Certain minerals by themselves are not amenable
to flotation. Similarly some collectors have no effect on some minerals.
Hence an activating agent, which is generally an inorganic com-
pound, with its active ion having the opposite charge to that of the
collector ion, is added to alter the surface of the mineral so that the
collector may film the mineral and induce flotation. For example:

(I) Oxidized ores of lead and zinc are difficult to float because
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they are relatively soluble and thus consume large amounts of
collectors without producing adequate flotation. In such cases,
sodium sulphide which forms a stable and less soluble surface coating
on the minerals is used to reduce collector consumption and simplify
flotation problems.

12y LEthyl xanthate is not a collector for sphalerite. A higher
santhate, like cetyl xanthate, is a collector but is more expensive.
So. a soluble copper salt such as copper sulphate is generally added
to activate sphalerite and permit flotation with ethyl xanthate. This
is common practice in most of the zine flotation circuits where the
copper metal ion forms a more stable sulphide layer on the sphalerite.

Depressants: These reagents which can be either organic or
inarganic coat the particle surfaces and make them non-floatable
{even in the presence of a proper collector) thus preventing the
flotation of unwanted minerals, It may be noted that the active ions
of these reagents are of the same charge as that of the collector ions,
ex: cyanide is a depressant with an anionic collector and Na * with
a cationic collector.

Cyanide of sodium or potassium, an cffective depressant for sul-
phide minerals of zinc and iron, is most commonly used in the
depression of sphalerite and pyrite in separating galena from a
complex ore of these minerals. It is also used in depressing pyrite
to recover more valuable chalcopyrite. Another example is to add
zinc sulphate (ZnSOQ) to depress the sphalerite (ZnS) in floating
lead sulphide (PbS) from complex ores. Sodium silicate is extensively
used for the depression of silicates and quartz. Metaphosphates are
used as depressants for non-silicates like barite, fluorite and calcite.

pH Regulators:  The pH of an aqueous solution is the common
logarithm of the reciprocal of the hydrogen ion concentration.
Neutral solutions have a pH of 7 and values below this indicate the
acidic and valucs above indicate alkaline conditions. The purpose
of this varicty of reagents (which are both organic and inorganic) is
to change the pH of the flotation pulp to the required optimum
Jevel for operation. The pH of pulp has an important and sometimes
very critical controlling effect on the action of the flotation reagents
discussed carlier. Careful adjustment and control of the pH enables
sclective flotation of complex minceral assemblages like lead, zine
and iron sulphides which would otherwise be diflicult. Common
pH rcgulators for creating alkaline conditions are lime, soda ash
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and sodium silicate and, for creating acid conditions are sulphuric
and hydrochloric acids.

Dispersing Agents:  These are used to disperse the extremely fine
(micron size) minerals like clay which would otherwise flocculate or
adsorb on the surfaces of minerals o be floated and make flotation
operations difficalt and fotation reagents inecffective. Sodium
silicate and soluble starch are some of the reagents commonly used
for this purpose.

FLOTATION PRACTICE

The feed to a flotation operation usually contains 15 to 359, of solids
by weight and the operation is carried out in units (or cells) which
have provision to

(1) agitate and mix pulp,

(2) draw in or introduce air from outside, and

(3) introduce feed and take out products from the cells.
The units most commonly used are either the

({) mechanical type like the sub-aeration cells of Denver, Agitair

or Fagergren (Fig. 2-21), or
(2) pneumatic type (Fig. 2-22).
A sub-aeration cell essentially consists of a rectangular tank
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Fig. 2-21 Fagergren type flotation cell
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Feed Froth

Fig. 2-22 Pneumatic type flotation cell

in which a rotor is mounted with a vertical drive shaft. This impeller
keeps the solids in suspension. Air is drawn in because of the rotation
of the impeller or, if needed, supplied from an external source. The
aerated pulp is then pushed out by the centrifugal forces and the
froth containing the minerals is buoyed to the top and skimmed out.
In pneumatic machines the air is introduced through the porous or
perforated bottom of the cell, thus serving the dual purpose of
creating froth and providing agitation.

For the maximum recovery of a mineral, the flotation operation
is carried out in stages and a typical flow sheet is shown in Fig. 2-23.
Here, the preliminary concentration is carried out in a bank of cells
called roughers. The tailings from a rougher may still contain some
valuable fraction and so they are treated in another set of cells
called ‘scavengers’. The concentrate from the rougher is further
processed in a bank of cells called ‘cleaners’ to obtain high grade final
concentrates. The scavenger concentrate and cleaner tailings are
retreated in the rougher cells to recover the value to the maximum
possible extent. The number of cells in a particular bank, the com-
plexity of the arrangement of the stages mentioned, and the type
and amount of reagents added to each stage are carefully selected
and adjusted to yield the maximum quantity of concentrate, with
the highest quality possible.

SEPARATION OF SCLIDS FROM FLUIDS

The separation of coarse solids from a fluid (water or air) poses no
problem in mineral beneficiation. This can be achieved either by
simple settling, or screening. However, fine particles in the form of
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Fig. 2-23 A typical flotation circuit

slime and dust present considerable problems with regard to separa-
tion from fluids. With the most commonly encountered fluid, the
water, separation is carried out by the processes of thickening and
filtration. Similarly, gravity settlement and filtration are employed
for the separation of particles from gases. Sometimes units such
as air cyclones which use centrifugal forces are also adopted as
separators.

Thickening: This can be considered as a process of concentrating
a relatively dilute slimy pulp into a thick pulp. The operation is
mainly based upon Stoke’s law of settling of solids as was outlined
in section 3 of this chapter. The separation is usually carried out in
thickeners which are circular tanks of large diameter (3 to 30 metres
in diameter and 2.5 to 3 metres in depth). The feed is introduced
continuously through a central semi-submerged feed well at a rate
that allows the upper surface of the solid matter to settle at a safe
distance below the overflow level. Thus the clear water overflows
into the top peripheral launder. The settled solids which have conso-
lidated to the required consistency are swept to the discharge opening
at the centre of the bottom of the tank by a slowly revolving raking
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mcchanism attached to the central rotating shaft and then removed
cither by gravity or by a pump. The Dorr thickener, shown in Fig.
2-24,1s a typical representative of these units. The feed pulp is usually
trcated with flocculating agents such as lime, alum and synthetic

Peripheral L
Launder L
{Overtiow)

Rleh,g
Blades
Discharge
~ Outlet

Fig. 2-24 Schematic section of a Dorr thickener

organic polymers like separan and aerofloc in order to coagulate the
slow scttling fine particles. This increases their settling rate with a
consequent increase in the capacity and efficiency of the
thickeners and filters. Hydrocyclones are also extensively used as
thickeners.

Filtration: In this operation a compact wet cake is obtained
from a pulp of fairly high content of solids such as the coagulated
pulp from a thickener. This is achieved by forcing (or sucking by
using a vacuum) the pulp through a porous surface (screen and/or
a cloth) which will allow the water to pass through and cause the
solids to form into a cake on the filtering surface.

The rotating disc and the drum filters are the types widely used
in the processing industry. The surface of a filter drum (Fig. 2-25)
consists of a perforated plate covered with a filtering cloth and the
disc filter consists of grooved filter leaves or discs covered with cloth
and mounted vertically on a central shaft. Both the filters have

rovisions internally for vacuum application, the flow of filtratc and
the blowing of air. These filters are partially immersed in the slurry
and are rotated at low speeds. The vacuum that is created causes
the filter cake to form in the submerged portion and the filtrate
drawn through the cloth is discharged. As the cake separates from
the suspension during the rotation of the filter, compressed air is blown
through and the cake is removed with the help of a knife close to the
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filter surface. This ‘filtering cycle’ is then repeated and the filter
cake is dried either in the atmosphere or with driers prior to sending
it to a smelter or to the market.

Vaceum
Connectio

]

[T el

Pulp
Fig. 2-25 Drum filter

MAGNETIC AND ELECTROSTATIC SEPARATION
METHODS

Magnetic Separation

The magnetic susceptibility of any mineral depends on its crystal
structure and chemical composition. As such each mineral has its
own characteristic behaviour in an imposed magnetic field. The
relative magnetic attractions of some of the important minerals are
listed here:

Relative magnetic attraction™
Magnetite 40.18

Strongly magnetic | Franklinite 35.38
Ilmenite 24.70
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Pyrrhotite 6.69

j Hematite 1.32

Weakly magnetic Zircon 1.01
Corundum 0.83

| Pyrolusite 0.71

Quartz 0.37

Ruatile 0.37

Pyrite 0.23

Feebly magnetic ) Sphalerite 0.23
or Apatite 0.21
Non-magnetic Magnesite 0.15
. Chalcopyrite 0.14

| Galena 0.04

{*With iron as an arbitrary standard of 100).

The above values refer only to the pure minerals and so the
effectiveness of separation in practice depends upon the degree of
liberation of minerals. The operational principles of a magnetic
separator are essentially as follows: When a stream of ore particles
is continuously passed through a field of magnetic force, the magnetic
particles are attracted towards the source of force while the non-
magnetics travel unaffected. Besides the magnetic permeability,
the other factors influencing the separation are size, specific gravity
and purity of the minerals as also the electrical and mechanical
characteristics of the machine. Based on these, several types of
magnetic separators are in vogue which can be classified as

(1) low intensity dry magnetic separators,

(2) high intensity dry magnetic separators, and

(3) wet magnetic separators.

Permanent magnets are employed in the first category since they
require only weak fields. Their application is limited to the recovery
of tramp iron from run-off-mine ore and the processing of highly
magnetic iron ores. High intensity separation involves strong fields
(in the range of 20,000 gauss) created by electromagnets. Common
examples in practice are the separation of magnetite and ilmenite
from monazite, pyrolusite and psilomelane from siliceous gangue,
ilmenite from chromite etc. In general, commercial type of wet
magnetic separation can be considered to be of one of low intensity
(800-1200 gauss) type. The operation is carried out in water media
and is limited to particles of size below 3.5 mm.
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Electrostatic Separation

Particles of unlike charges get attracted to each other while those
of like charges get repelled. Based on this phenomenon, the electro-
static separati?n is a process by which ore particles are separated
by differences 1n the electrical properites of the constituent minerals.
The separation is essentially between conductors (most of the
metallics, oxides and sulphides) and non-conductors (most of the
silicates, carbonates and phosphates).

There are many types of electrostatic separators. The general
principles of a typical unit are as follows. Particles of various con-
ductivities are fed over a rotating cylinder (the rotor) which is
grounded. The particles are sprayed with voltage discharge known
as ‘electric spray’ emanating from a wire at some distance from the
cylinder. The conducting particles essentially receive no surface
charge (and whatever little is acquired is quickly lost through the
grounded cylinder) and consequently fall down due to gravity,
without being deflected. However, the non-conducting particles
assume a surface charge and thereby get attracted and pinned to
the rotor. These particles slowly drop off because of leakage of charge,
or are scrapped off by a brush.

The limiting parameters in the application of this technique in
practice are: (a) particle size, and (b) moisture content.

The maximum charge of a particle is proportional to its radius,
while its mass is proportional to the cube of its radius. So the ratio
of force to mass becomes very low with increase in particle size and
the separation becomes difficult. Extreme fines are also detrimental
to the efficiency of separation because they tend to aggregate and
affect the flow of materials. The limits of size for a heavy mineral like
zircon are 0.08 cms to about 0.008 cms while for a low density
material like gum this may be between 0.8 cms and .03 crs.

Presence of even minute amounts of moisture affects the electrical
properties of the mineral grains and hence the practice is to dry the
material before it is subjected to electrostatic separation.

SUMMARY

As outlined in the preceding pages, beneficiation operations are
dependent upon the-mineral characteristics. A careful study of these
properties enables the proper choice of the beneficiation method
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and the units. The major steps in any beneficiation operation are:

(1) Liberation of minerals carried out by crushing and grinding
units which are usually operated in closed-circuit with screens and
classifiers. Mechanical properties such as hardness and tenacity and
physical properties such as size, shape and specific gravity affect
thesc operations.

(2) Concentration of minerals by one or more of the following
methods:

(a) Gravity concentration.
(b) Tlotation.
(c) Magnetic and electrostatic separation.

In general, the method (or methods) adopted for the separation
of particular mineral assemblage depends upon the physical, physico-
chemical, magnetic and electrical propertics of the minerals con-
cerned. Besides, the size range of the particles involved is also an
important determining factor in the selection of a technique.

Table 2-5 indicates an approximate estimate of the proportions
of capital costs and cnergy consumption for the various operations in
a typical beneficiation plant.

Table 2-5 COST AND ENERGY INDICES IN A MINERAL
DRESSING PLANT

Operation Capital cost (as per cenl of Pawer consumption (as per cent of
total cost) tolal energy consumption)

Crushing 20 3
Grinding 40 35
Concentration 16 36
Thickening and

filtration 13 6
Drying 3 2

Misccllancous - 8 18
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Iron Deposits

Iron 15 the second most common metal in the earth’s crust. The
principal minerals of iron ores are the oxides (hematite and magne-
tite), hydroxide (limonite) and carbonate (siderite). In nature, the
commercial deposits are mostly of bedded type, although deposits
of magmatic, contact metasomatic and of a replacement nature do
exist. In many cases, ground water circulation and weathering have
resulted in concentration of the ore from primary sources.

The major iron ore producing countries in the world are
the U.S.S.R., Brazil, India, the U.S.A., Canada and Australia.
The principal deposits in the U.S.S.R. are in the vicinity of Black
Sea (the Kerch, Krivoi Rog and Kursk deposits) and Ural-
Kazakhstan (Mt. Magnitnaya and Sverdlovsk deposits). The
deposits of Krivoi Rog area are Precambrian in age and associated
with jaspilites. The Kerch ore is low grade iron-phosphorite type
belonging to Pilocene age. The Magnitnaya deposits are associated
with Carboniferous limestones and are thought to be of contact
metasomatic origin.

The Brazilian deposits are largely situated in Minas Gerais and
Mato Grosso states. The Minas Gerais deposits rank as one of the
largest and the richest iron ore deposits in the world. The ore is
dominantly the hard massive hematite with 70%, iron content and
is of Precambrian age. The other common type is the itabirite ore
(banded siliceous hematitic ore similar to the iron ores of Lake
Superior in the U.S.A.). The Mato Grosso deposits are of banded
hematite-jasper type.

47
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The deposits in the U.S.A. are distributed in four major mining
regions—Lake Superior, the north-castern states (New York,
New Jersey, Pennsylvania), Alabama and Western states (Utah,
California and Texas). The Lake Superior region comprises parts
of Minnesota, Michigan and Wisconsin. Out of the seven mining
districts in this region, Mesabi range is the largest and the most
productive one. The western part of the Mesabi range is the active
region where the ore is concentrated as pockets in the taconite
(un-enriched iron oxide formation) of Precambrian age. However,
on the castern side of the range, the hematite is reduced to magnetite
because of igneous intrusions. Although hydrothermal origin is also
attributed,-the ore is thought to be primarily of sedimentary origin,
later concentrated due to weathering and ground water circulation.
The north-eastern deposits are generally rich in magnetite. While
deposits in New Jersey and New York occur within igneous and
metamorphic rocks of Precambrian age, in Pennsylvania state the
deposits within limestones are of contact metasomatic origin. The
deposits found in Alabama are generally siliceous and sedimentary
in naturc. These deposits are associated with Silurian sandstones
and shales. The Utah deposits, which are the most important
contributors from the western region, are primarily of magnetite and
hematite, occurring in the quartz-monozonite intrusives with the
limestones of Jurassic age.

The Canadian deposits are situated principally in Quebec-
Labrador region, Ontario and British Columbia. In Quebec-
Labrador region, the ore reserves are largely in the Labrador Trough
area and are of the Lake Superior type occurring between quartzites
and slates. In Ontario, the important deposits are in the Steep Rock
Lake area where the ore overlies the eroded surfaces of limestone.
The deposits in British Columbia are of contact metasomatic origin
situated in sedimentary and volcanic rocks. The principal occurrences
are in Vancouver and Texada islands.

In Australia, major deposits are in Kimberely Basin of Cockatoo
and Koolan Islands, in Mt. Goldsworthy and in Hammersley iron
province of Western Australia. The Western Australian deposits are
associated with hematite quartzite of Precambrian age. The ore is
mostly of high grade (up to 699%, iron).

India has around 609, of world’s-high grade ore reserves. The total
reserves of iron ore with 559, and above of iron are estimated to be
around 9,050 million tonnes. These would last for about 100 years
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at an assumed rate of about 84 million tonnes which is twice the
present rate of production. Of the three types of deposits (magne-
titic, hematitic and limonitic), the hematitic variety consisting
about 809, of the total reserves is of considerable importance because
of its hlgh grade quality.yAbout 43% of the Indian reserves are
situated in Bihar and Orissa. The hill ranges covering parts of
Singbhum district (Bihar) and Keonjhar, Bonai, Mayurbhunj and
Cuttack districts (Orissa) form the major mining region Important
mining centres of this region are Gua, Noamundi, Gorumahisani,
Bolani, Barsua, Barajamda, Tomka, Daiteri and Kiriburu. The
Daiteri deposits are developed jointly by Orissa Mining Corporation,
a joint enterprise of the Government of India and the Orissa state
Government, to yield about 1.5 million tonnes of sized lump ore for
export. The entire production from Kiriburu is being utilized for the
Bokaro Steel Plant. The Meghataburu deposits are to be exploited
by 1980. Recently the Mineral Exploration Corporation has located
a deposit around Chiria in Bihar, which is the largest single iron ore
deposit in the country with an estimated reserve of about 2,000
million tonnes. Fig. 3-1 indicates the geological details of important
deposits from Singbhum and Keonjhar districts, The deposits of Bihar
and Orissa belong to the Precambrian Iron Ore Series and the ore
is within the banded iron formations occurring as massive ore with
iron content around 609, (concentrated by leaching), blue dust
ore (extremely friable and micaceous hematitic powder) with iron
content around 65%,, and weathered ore.

¥ In Madhya Pradesh, the deposits occur in Bailadila range of
Bastar and Dalli-Rajhara hills in Durg districty In Bailadila, 14
deposits are located with a total reserve of 3,000 million tonnes of
which the deposit Nos. 5,10 and 14 have received considerable
attention. Mechanized mining in this region was started in 1963-'64,
when the first mine was developed by Japanese on a turn key basis.
At present the production from Bailadila is around 4 mln. tonnes but
plans are underway to enhance the production to 10 mln. tonnes. The
entire ore produced from this area is meant for export to Japan. The
Bailadila ores have 659 while those from Dalli-Rajhara have Fe
content 53-66%4 ) .
N In Karnataka, the deposits are in Bababudhan hills . (in
Chickmagalur district), Sandur hills (Bellary and Hospet distncfs)
and in Tumkur, Chitaldurg and Shimoga districts.f The depostts
in Bababudhan hills estimated at 3,000 mln. tonnes occur in detached
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patches of thick bands and lenses of hematite in banded-hematite-
quartzite of Dharwarian age.tThe Kemmangundi deposits belong
to this group and the ore has 57-629%, iron}In Sandur hills, the de-
posits are located around Donamalai, Devadari, Kumaraswami
Kammadheruvu, Ramandrug and Timmappangudi ranges. Of
these, the Donamalai deposits with reserves around 155 min. tonnes
have received considerable attention. The ore is in the form of long
narrow and scattered patches with intervening shale bands. The
average iron content of the ore is around 64%,. Production is expected
to commence by the end of 1977. The Kodachadri and Kotabare
hills in W. ghats of Shimoga district contain about 1000 min. tonnes
(of both hematitic and magnetitic varieties). It is reported that
200 min. tonnes of ore exist containing 629%, iron, meant for export.
The first stage of mining will commence in 1979 to produce 20 mln.
tonnes for export.

/Deposits in Goa are mainly of blue dust with 59-619%, iron and
these ores are easily amenable to pelletization./ In Maharashtra,
deposits occur mainly in parts of Ratnagiri and Chanda districts./

In addition to the above, hematitic deposits exist in Andhra
Pradesh in Anantapur, Warangal, Kurnool, Adilabad, Nizamabad
and Karimnagar districts. The first three occurrences have iron
content around 55 to 609, while the rest are of low grade (around
359, iron).

The magnetite type of iron ore in India constituting around 8%, of
the total reserves is either of igneous origin or the metamorphosed
banded-magnetite silica formations, possibly of sedimentary origin.
To the former category belong the apatite-magnetite formations
in Singbhum shear zone (Bihar) and the titaniferous and vana-
diferous magnetites in Mayurbhunj district (Orissa). The banded
magnetite silica deposits occur mainly in Salem and Tiruchirapalli
districts of Tamil Nadu (with 35%, iron), the Kudremukh deposits
of Karnataka (with 43%, iron) and in Guntur district of Andhra
Pradesh (with 33-379 iron content).

BENEFICIATION

Beneficiation in case of iron ores is essentially:
(I) mineralogical beneficiation (for the enrichment of iron
content and decrease of constituents like silica, alumina, phosphorus),
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and (2) sizing of the ore and agglomeration of the ore fines (to
prepare proper size for the blast furnace feed).

MINERALOGICAL BENEFICIATION

In general, the chief impurities in iron ore are silica, alumina,
sulphur and phosphorus. The AL O,/SiO, ratio in the ore has an
important bearing on the economics of smelting of the iron ores.
Alumina has a high melting point and under blast furnace conditions
goes to the slag as aluminium silicate, and, therefore, higher tempera-
ature has to be employed in the furnace to render the slag fluid. This
results in a large amount of silica going to the metal. As this is un-
desirable, quartzite has to be inciuded in the blast furnace burden to
reduce the AL O, /SiO, ratio. Because of this, a low AL O, /510, ratio
(approximately 0.5) in the ore is desirable. Sulphur and phosphorus
in the ore are in the form FeS, or CaSO and Ca,(PO,), respectively.
These elements, if present in the ore, go into the metal produced and
have an injurious effect on the properties of iron and steel. Sulphur
up to one per cent can be removed in the blast furnace, but this re-
quires increased fuel and flux. Thus sulphur lowers the value of the
iron ore. Phosphorus can also be removed in the blast furnace in
a similar manner. A small amount of manganese (from traces to about
1.5%,) is usually present in the ore and this in fact helps in eliminating
the injurious effect of sulphur by forming MnS which is less harmful
than FeS.

For beneficiation of iron ores processes such as sizing, washing,
jigging, heavy media separation and magnetic separation may be
used. However, in India at present no elaborate operations are car-
ried out for this purpose. Operations for Indian ores can be broadly
classified on the basis of the type of ore—high grade hematite ores
and low grade magnetite ores.

Unlike iron ores in other countries, Indian ores although rich in
iron contain greater alumina than silica. This high Al O [SiO,
ratio is unfavourable for the blast furnace operations as already
discussed. This has necessitated the processing of Indian iron ores.
As typical examples, operations carried out at Noamundi, Dalli
and Kiriburu mines have been selected and the flowsheets are given
in Figs. 3-2, 3-8, 3-4. The average results of the washing at Noamundi
are given in Table 3-1. This plant produces 2.5 min. tonnes of sized
and washed ore per year for use in the Tata Iron and Steel Works
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FLOW SHEET FOR ORE TREATMENT WITH DRY SCREENING
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Fig. 3-3 Flow sheet for the treatment of ore at Dalli mines (Courtesy: Hindustan

Steel Ltd.)

at Jamshedpur. A similar washing plant operates at Jamshed-
pur to handle the ore from Joda mines. The major operations under-
taken at Dalli mines include crushing, screening and blending of
ores from the two zones of the mines to obtain the required grades

Table 3-1 RESULTS OF IRON ORE WASHING AT NOAMUNDL

(Courtesy: TISCO, Jamshedpur)

Feed to Washing Product from the Washing Plant* Fines
Plant Lumps { + 3/87) (- 318 + 100)

Mesh
Fe % 63.30 65.99 61.31
Sio, % 1.73 1.06 1.73
ALO, % 4.70 2.56 5.83
Moisture % 2.00 4.16 10.76
% Recovery — 64.60 29.10

* ( — 100) mesh material goes away as slime
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of the ore for the various units in the Bhilai steel plant. In the flow
sheet, the changes in the FeO, Al O, and 8iO, contents are indicated
at every stage of operation. Screening and washing are carried out at
Barsua Mines for the iron ore meant for use in Rourkela steel
plant.

As typical examples of the magnetite ores, the Kudremukh
(Karnataka) and the Salem (Tamilnadu) ores can be considered.
The beneficiation process for these ores may include size reduction
to about 40 mesh followed by magnetic separation. Laboratory studies
have revealed that such a process would increase the iron content to
about 659, from a feed assaying 35 to 409, iron. It has been suggested
by some workers that flotation techniques may also be employed for
the beneficiation of these ores.

AGGLOMERATION

In India, the ore mainly used in the steel plants is of the hard lump
type. However, most of the Indian hematitic ores are soft and produce
significant amounts (sometimes upto 459,) of fines during mining and
size reduction operations. In order to produce one tonne of lump
ore, about 1.5 tonnes of fines are generated of which only 0.5 tonnes
of fines are utilized, the remaining fines are either dumped as stocks
at the mines or permanently lost due to lack of proper beneficiation
facilities. In this manner, it is estimated that around 20 mln. tonnes
of fines are lost every year. A problem of considerable significance
encountered during the screening of Indian iron ores is the increase
in the moisture content of the ore in the monsoon season and the
consequent blinding of the screens. Despite all this, the fines cannot
be totally discarded since the iron content in them is fairly high.
The fines should not be fed directly as they choke the furnace. This
calls for the agglomeration of fines in the form of sinters and pellets.
Even in the export market, the purchaser prefers pellets, Agglomera-
tion can be carried out by sintering, pelletizing, nodulizing or bri-
quetting. Of these, only the first two have attained commercial
importance. Sintering plants have been set up at Bhilai, Rourkela,
Durgapur and Bokaro steel plants for the utilization of fines.

At present, one pelletization plant is in operation at Pale in Goa
owned by Chowghule and Company, with a total capacity of
6,00,000 tonnes per year. The output from this plant is being ex-
ported to Japan. Another plant by an associated concern is being
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set up near Mormugao harbour with an anticipated production of
1.8 mln. tonnes to be also exported to Japan. Similar plants are also
planned to be set up at Bailadila (by N.M.D.C.) at Daiteri (by
Orissa Mining Corporation), and at Hospet (by private sector and
state government) and at Noamundi (by TISCO).

IRON ORE AND OTHER RAW MATERIALS IN IRON
AND STEEL INDUSTRY

The main consumption of iron ore in this industry is in the blast
furnace and steel-melting sections. In blast furnace operations,
besides iron ore, the other important raw materials needed are coal
(coking and non-coking), manganese ore, limestone, dolomite and
quartz. For the production of one tonne of iron in the blast furnace,
approximately 1.5 tonnes of iron ore, 0.5 tonnes of fluxes and 0.9
tonnes of coke are consumed. Raw materials account for around
65%, of the total cost of production. The grade of the iron ore controls
the proportion of the other raw materials. For example, about
1%, increase in the gangue content of the ore may lead to an increase
of coke by 1.75%. The AL O_/[SiO, ratio of the ore is also an influenc-
ing factor. High alumina slag has a lower desulphurizing capacity
and hence the iron produced may be rich in sulphur. The role of
fluxes in smelting is to obtain a slag of the necessary physical and
chemical characteristics. The choice of a flux is guided by the nature
of the gangue and fuel ash. Limestone, the common flux used, is
evaluated on this basis. In steel making, it is used as flux to react with
gangue materials and form a fluid slag which can easily be removed.
The limestone used for this purpose should be compact, without
fines, and be able to withstand crushing under load in the furnace.
The coke used as blast furnace fuel should have enough strength
for its descent down the furnace shaft. The size of coke is restricted
from 20 mm. to about 80 mm. The ash content should be minimum
since an increase of even 1%, ash in the coke would enhance the fuel
consumption by 4 to 5% and thus decrease the production by 5 to
6%. The process of beneficiation of run-off-mine coal to meet the
metallurgical requirements is detailed in the section on coal and
lignite.

In steel making processes, the proportion of various raw materials
will depend on the process adopted. Limestone and lime are the main
fluxing materials for the open-hearth furnace. In the open-hearth
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process, iron ore is added to oxidize the impurities of the charge.
Bauxite of about 3 to 3.5 kg. per tonne of the charge is added in the
furnace to facilitate the formation of more basic slag and thinning
of the slag. Fluorspar is also used for thinning down the slag in the
manufacture of special steels. However, in such a case the basicity
of the slag is not reduced. The disadvantage is using fluorspar,
though, is that the released hydrofluoric acid affects the silica roof.
Fluorspar used for this purpose should contain a minimum of 80-859%,
CaF, and not more than 6-8%, of SiO, (I.S.1.: 457-1968). Sintered
dolomite is used as fettling material in open-hearth furnaces. Mined
dolomite used in the manufacture of sintered dolomite should general-
ly have CaO: 29-30%, MgO: 20%, SiO, up to 2%, ALO, up to
0.39% and an ignition loss of around 45%,.

INDIAN INDUSTRY

In India, iron ore production is carried out by three groups:
(i) the public sector mechanized mines owned and operated by the
NDMC for the purpose of exports and also for the consumption in
the steel plants within the country, (ii) the captive mines operated
by various steel plants and (iii) individual private enterprises running
mines of much smaller magnitude. In 1969, the production of iron
ore was around 29 min. tonnes of which about 16.5 min. tonnes were
exported. The pattern of exports was as follows:

min. tonnes
Japan 13.85
Czechoslovakia 0.67
Romania 0.68
Poland 0.39
Belgium 0.35
Yugoslavia 0.18
Hungary 0.18
East Germany 0.03
West Germany 0.14
Others 0.11

In 1976, around 42 min. tonnes were produced and the exports
also were stepped up to 24 min. tonnes with Japan as the major
importer (20 min. tonnes). The projected target of production is
around 56 min. tonnes by 1979.
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PRE-PLAN PERIOD

The Tata Iron & Steel Company in India was the first steel manu-
facturing unit formed in 1907. The first ingot of steel was rolled in
1912 and by 1939 the production touched 8,00,000 tonnes.

The Indian Iron & Steel Company started in 1918 at Hirapur
(4 miles from Asansol) was originally meant for the manufacture
of pig iron. In 1936 it acquired the Bengal Iron & Steel Co. and in
1953 both were amalgamated and Indian Iron & Steel Co. became
an integrated unit with a production of saleable steel around 4,50,000
tonnes.

The Mysore Iron & Steel Works, at Bhadravati, started in 1918
as a small charcoal blast-furnace to produce 20,000 tonnes of pig iron
per year. In 1936 a steel plant and a rolling mill were added. An
electric furnace for ferrosilicon production was also erected.

FIVE-YEAR PLAN PERIODS

Steel industry in India developed very rapidly with the onset of the
five-year plans. Towards the end of the first plan period, the moderni-
zation and expansion of TISCO, IISCO and Mysore Iron & Steel
unit were undertaken to increase the output of steel to 3.77 mlin.
tonnes by 1957. During the second plan period the target of 6 min.
tonnes (yielding around 4.5 mln. tonnes of saleable steel) called for
the installation of threc steel plants in the public sector (Rourkela,
Durgapur and Bhilai) under H.S.L. The Rourkela steel plant
was established with technical and economic assistance from
W. Germany. The Bhilai plant was set up in collaboration with the
1+.S.S.R. while the Durgapur steel plant was built with the assistance
of a consortium of 13 British firms. An alloy steel plant was set up in
Durgapur with Japanese and Canadian collaboration. The latest
in the chain of public sector steel plants was set up at Bokaro as
Bokaro Steel Ltd.

Table 3-2 indicates the pattern of production for pig iron and
finished steel in India in 1976-’77. The main sources of iron ore and
other raw materials for the existing steel plants are indicated in
Table 3-3. .

The Indian steel industry has gone through significant reorgan-
zation since 1970, In 1972, the IISCO has been taken over by the
government. Thus currently the TISCO is the only private sector
steel plant in India. In 1973, the Steel Authority of India Ltd.
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Table 3-2 PRODUCTION OF PIG IRON AND FINISHED STEEL

{Thousand tonnes)

Plant Pig iron Finished steel
TISCO 1755.00 1911.70
1ISCO 935.00 671.19
Bhadravati 94.00 139.68
Rourkela 1462.00 1504.80
Bhilai 2796.00 2308.05
Durgapur 1220.00 1092.62
Bokaro 1738.00 960.89
Others 51.00 1165.60

Towal  10035.0 9753.93

(SAIL) was set up as the holding company for all the public sector
steel plants and also N.M.D.C. In addition, SAIL also holds shares
in Bolani Iron Ore Ltd., Metal Scrap Trade Corporation, Metal-
lurgical and Engineering Consultants India Ltd. (MECON),
Mysore Iron and Steel Ltd. IISCO Ltd. and Manganese Ore (India)
Ltd. While the Durgapur, Bhilai and Rourkela steel plants were
earlier under HSL, more recently only the Durgapur plant is re-
tained under HSL with the other two getting autonomous status.
The existing capacities for the various steel plants are

min. tonnes

Bhilai 4.2
Durgapur 1.6
Rourkela 1.8
Bokaro 1.7
TISCO 2.0
IISCO 1.3

By 1978, expansion to 4.0 min. tonnes of capacity is envisaged for
the Bokaro plant. Similarly, the addition to the existing facility at
Rourkela is in the form of a spirally welded pipe plant (of 55,000
tonnes capacity) for meeting the requirements of the Mathura Oil
Refinery. With all these additions, the steel production capacity is
likely to reach 15.0 min. tonnes from the existing capacity of 13.0 min.
tonnes. Plants are also to be set up in public sector at Visakhapatnam
(Andhra Pradesh) and at Vijayanagar (Karnataka) for the produc-
tion of 2 mln. tonnes of mild steel at each place and at Salem (Tamil-
nadu) for the manufacture of 0.25 min. tonnes of special steels.
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EXPORT TRADE

Of the total foreign exchange earnings of Rs. 3,999 miln. from
mineral exports in 1975, iron ore alone contributed to about Rs. 2,065
min. At present the areas that are developed for the supply of orc
for export are Barajamda and Daiteri (Orissa), Bailadila (M.P.),
Bellary-Hospet (Karnataka) and Goa. Goa contributes about 45%,
of the total exports.

The Kudremukh Iron Ore Co. Ltd., the largest single project in
the country, is set up to export 150 million tonnes of concentrates
to Iran over a period of 20 years beginning from September 1980.
The deposit situated in the Chickmagalur district of Karnataka is
of quartz-magnetite variety (with iron 39%) having an estimated
total reserves around 1100 mln. tonnes. A concentrator plant with an
annual capacity of 7.5 million tonnes is being built by Met-Chem
Consultants Ltd., of Canada. The laying of pipe line for the transport
of concentrates containing 679, iron in the form of slurry over a
distance of about 60 kms. to Mangalore port is in progress.

Major export of iron ore is from Marmugao port on the west
coast which accounts for 8 min. tonnes per year with a loading rate of
6,000 tonnes per hour. The capacity of Marmugao is to accom-
modate vessels around 18,000 DWT. The Visakhapatnam and
Paradip ports have full facilities for the mechanized handling of ore.
The Visakhapatnam port is geared to a developed capacity of
about 15 min. tonnes with a loading rate around 16,000 tonnes per
hour. The harbour can receive vessels of capacities 1,00,000 DWT
initially but, if required, it can also berth vessels of 2,00,000 DWT.
Although at present the Paradip port accommodates 40,060 DWT
vessels, the capacity would be geared to 60,000 DWT in future.
Besides these, the Madras port handles ore mostly from Bellary-
Hospet arca, but in future it will be supplemented with orc from
Donamalai. For this port, the envisaged capacity is around 5 min.
tonnes with a loading facility of 6,000 tonnes per hour. The port will
finally berth vessels of 70,000 DWT (present capacity is 35,000
DWT). The Haldia port, which will be ready soon for iron ore export,
will have a capacity of about 3 min. tonnes of ore.

The cxport pattern from various Indian ports for the iron ore is as

follows:
Port
Haldia

Source of ore
Barabil —



Nayagarh, Tomka-Daiteri —
Kiriburu, Bailadila —
Chikmagalur

Tumkur —_
Chitaldrug

Bellary-Hospet —_
Goa —
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Paradip
Visakhapatnam

Mangalore

Madras, Mangalore
Marmugao

The export of iron ore from India has been facing many problems.
The transport bottlenecks, lack of mechanization and the high
costs of mining, high freight charges and the outdated loading
facilities are but a few drawbacks. India faces stiff competition for
the export of iron ore in international markets. For example, it
competes with Australia and Malaysia in the Japanese markets, with
the Latin-American countries in the W. European markets and with
the U.S.S.R. in the East Furopean markets. Till 1963, India was
second only to Malaysia as a supplier to Japan. Between 1964 and
1967, India occupied the first place with 10.6 mln. tonnes of export
in 1967. However, in 1968, Australia displaced India with an export
of 13.8 min. tonnes as against Indian exports of 12.8 mln. ronnes.
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Manganese Deposits

A\IANGANESE DEPOsITS arc generally either syngenetic (sedimentary,
later metamorphosed) or of cpigenetic (residual enrichment and
oxidation) origin. The syngenetic banded ores contain alternate
laycrs of mangancse minerals and silica or silicates, Due to meta-
morphism, formation of several manganese silicates (manganese
rich amphiboles, pyroxenes, garnets, and mica etc.) is a common
featurc in the ore at the contact of these layers. As such, the minera-
logy of these deposits is an asscmblage characteristic of their meta-
morphic status.JThe common manganese ore minerals are braunite,
Mn (Mn, Si),0,; hollandite, BaMn,O,,; bixybite, (Mn, Fe),O,;
jacobsite, MnFe,0O,; hausmannite, MnO. Mn,O,; vredenburgite,
3Mn304.2Fc203 and to a restricted extent manganite, MnO.OH.
Pyrolusite (B-MnO,), cryptomelane (KMn, O, ) and psilomelane
(Mn02.H20) are the dominant constituents of the epigenetic
dcposits./lAbout 909, of the world’s manganese production comes
from braunite, pyrolusite and psilomelane. The various manganese
silicates found in the metamorphic deposits are spessarite (Mn-
garnet), tirodite, winchite, juddite (Mn-amphiboles), rhodonite,
Mn-diopside, blanfordite, (Mn-pyroxenes) and manganophyllite
(Mn-mica).

The U.S.S.R. contributes 40%, to the world’s production of
manganese ore. The important deposits are situated near Black Sea
in two regions: Nikopol of the S. Ukraine and Chiaturi in Trans
Caucasus areas. The latter deposits are of high grade. Both these
occurrences arc in the sandy horizons of Oligocene age.
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The other leading producers are India, Republic of South Africa,
Ghana, Brazil and Morocco. The South African deposits are situated
in Postmasburg and Kalahari regions. They are of Precambrian age.
In Ghana also the deposits are of the same age and are mostly
around Nsuta. The important Brazilian deposits are in the Minas
Gerais, Amapa and Mato Grosso regions. The chief producing
centres of manganese ore in Morocco are Imini (of Mid Cretaceous
age), Bou Arfa (Mid Liassic age) and Tioune (of Precambrian age).

Both the syngenetic and epigenetic types occur in India. The
former account for about 809, of the Indian reserves. These deposits
are chiefly distributed in Madhya Pradesh, Maharashtra, Andhra
Pradesh, Bihar, Orissa, Gujarat, Mysore, Goa and Rajasthan.

The deposits in Madhya Pradesh and Maharashtra occur in a
westerly trending arcuate belt about 200 kms. long and range in
width up to 25 kms (Fig. 4-1). Within this belt there are about 200
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Fig. 4-1 Manganese deposits of Madhya Pradesh and Maharashtra (After
Straczek et al, 1936}

occurrences which are a source of manganese ore but only 20 of these
deposits have been consistently mined. The ore is associated with
the Precambrian Sausar group of rocks in Chhindwara and Balaghat
(Madhya Pradesh) and Bhandara and Nagpur (Maharashtra)
districts. They are inter bedded with garnetiferous mica-schists,
phyllites and quartzites. The bedded ore body, which in most cases
is conformable to the associated lithic unit, is largely confined to the
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Mansar {formation and to a certain extent to the underlying Lohangi
formation. The mangancse-bearing formation is termed as ‘Gondite’.
Float ore is also mined in addition to the bedded ore. The manganese,
content of the ore is above 46%, and it has very low phosphorus
(less than 0.1%) and silica (up to 7%). The ores are hard, lumpy
and compact in nature. Braunite, pyrolusite and psilomelane are
the important ore minerals. A variety of mangancse minerals like
hollandite, manganite, cryptomelane, bixybite and various manga-
nese pyroxenes and amphiboles have been identified at various
places in this belt. This belt is the major producer of ferromanganese
grade orc in India and the total reserves are estimated to be around
140 min. tonncs. In addition to these deposits, occurrences are also
reported in S. Ratnagiri district (in Maharashtra), associated with
phyllites and quartzites of Dharwarian age. The ore is low grade
(up to 309, of mangancsc).

In Andhra Pradesh, the ore deposits are associated with the
khondalite group in Srikakulam district where Kodur and Garbham
arcas arc the chicf producing centres. The deposits are associated
with garnctiferous silimanite gneiss, calcgranulites and garnetiferous
quartzites. These manganese-bearing rocks are commonly referred
to as “kodurities” supposed to be of a hybrid type formed by assimi-
lation of manganese-bearing rock material with igneous magma.
However, these orc bodies are also considered to be regionally
metamorphosed manganese sediments, confined to two stratigraphic
units, interbedded with khondalite rocks. The deposits are highly
irregular in their occurrence and are in the form of Ienticular_masses
with pyrolusite and psilomelane as important manganese mmt.:rals.
Currently, the mining activity is largely confined to the residual
deposits. The manganese content is around 25-309, with phosphorus
as high as 0.5%. Iron and silica are also fairly high. The reserves
arc cstimated to be of the order of 0.5 min. tonnes.

The deposits of Bihar and Orissa are distributed in S.ingb}'lum
(Bihar) and Sundergarh, Keonjhar, Koraput and Kalahandi (OI:ISS&)
districts. The Singbhum-Keonjhar-Bonai deposits are associated
with the Precambrian ‘iron-ore series’. These deposits are products
of oxidation and enrichment of the primary ore bodies or manganese-
bearing rocks. Evidences of cavity filling and repla.cc.:rr‘lent origin are
also reported. The deposits in the Gangpur sub-dmsmn. of Sunc%er-
garh district are of a fairly high grade and are associated w1t.h gondltes
and phyllites of Gangpur series. These deposits are the oxidized and
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enriched zones of gondites. The Koraput and Kalahandi deposits
(which are chiefly around Kuttungi, Nishikal and Kashipur) are
rocks associated with garnetiferous quartzites, schists and other
khondalite series. In all these deposits, the important minerals are
psilomelane, braunite and pyrolusite. Reserves in Bihar and Orissa
are estimated to be around 22 min. tonnes of varying grades (Mn:
40.0 to 54.5%,). .

In Gujarat, the important deposits are in Panch Mahal and Baroda
districts. These deposits are thought to be epigenetic orign and occur
in the form of tabular and irregular lenses in the highly folded phyl-
lites and quartzites of Precambrian age. Pyrolusite and psilomelane
are the principal ore minerals. The manganese content is around
45%, with high phosphorus (up to 0.35%,). Around 2.5 min. ronnes
of ore are estimated to be available.

In Karnataka, the deposits of Sandur, N. Kanara, Tumkur and
Shimoga regions are associated with the Dharwarian phyllites,
schists, marbles and other metasediments. Two types of ore, ferru-
ginous and siliceous, are reported with varying manganese contents
(30 to 50%,). They are low in phosphorus and silica but high in iron
(5-199%,). Psilomelane, braunite and pyrolusite are the main manga-
nese minerals. The reserves are estimated to be around 12 min.
tonnes. The Goa manganese deposits, mostly of low grade, are of an
epigenetic orign and occur in quartzites in the Pernem and Barder
areas. About I min. tonnes are estimated to be present. In Rajasthan,
low to medium grade deposits dare in Bhanswara and Udaipur
districts. They are high in silica content. These are reported to be of
an epigenetic origin. About 2 mln. tonnes are estimated as reserves
for the same.

The total reserves of manganese ores in India are placed around
180 million tonnes (of all grades) of which the recoverable reserves
may be less than 80 million tonnes. Only 12 million tonnes are proved
so far. At the present rate of consumption, the reserves may not last
for more than 25 years.

BENEFICIATION

As already indicated, the common manganese ore minerals are
braunite, pyrolusite, psilomelane, manganite and wad. Normally
the impurities are silica, alumina, magnesia, phosphorus and lime.
Their presence resultsin an excess of slag and a greater consumption of
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fuel during metallurgical treatment. In general, two types of manga-
nese ore arc mined in India: (1) float ore, and (2) bedded deposits.
In the former case, the ore is mined by trenching. The mined ore is
screened and then subjected to hand jigging in order to remove the
light gangue mincrals. In this case no size reduction is adopted and,
therefore, the jig concentrates are not of good quality. For bedded
deposits, the ore mined is crushed and then selectively handpicked.
Table 4-1 indicates the typical chemical compsition of some of the

Table 4-1 INDIAN Mn ORE REQUIRING BENEFICIATION*

Locality AMn Fe P Si0, Al,0,
1, Nagri-Joida 34.71 18.49 0.03 3.93 6.70
(Karnataka)
2, ” 33.20 19.60 0.02 3.20 4.01
3. Miragpur (M.P.) 34.45 8.19 0.098 17.72 8.51
4. Kachhidana 41.60 8.46 0.20 14.60 —
{Chhindwara Dist.,
M.P.)
5. Banswara Dist. 21,74 14.23 0.58 3.46 1.89
{Rajasthan)
G. ” 38.82 5.00 0.15 21.58 6.70
7. Kodur (Andhra 33.49 13.92 0.29 8.45 745
Pradcsh)
8. ” 33.94 4.53 0.49 14.01 8.50
9. Marivalasa 28.63 12.68 0.20 18.44 6.19
(Andhra Pradesh)
10. Chipurupalli (,,} 25.82 10.89 0.13 25.16 —
11, Shivarajpur 40.0 6.90 0.23 15.00 —
{Maharashtra)
12. Orissa 28.45 19.99 0.113 11.30 7.59

(*Source of data: Harischandra et al, 1957)

Indian manganese ores that need beneficiation. For beneficiation
purposes, the classification proposcd on the basis of mineralogic.al
assemblage is presented in Table 4-2, which also indicates the details
of the possible beneficiation processes.

It may, however, be noted that the réduction of phosphorus in
Indian ores by beneficiation techniques is a difficult problem and
has been receiving considerable attention over a number of years.

At present, beneficiation operations are carried out for manganese
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Table 42 CLASSIFICATION OF INDIAN MANGANESE ORE FOR
BENEFICIATION PURPOSES
{After Narayanan and co-workers 1957, 1960, 1562)

S. No. Type Gangue Remarks Processes suggested
Minerals
1. Simple ores Quartz, feldspar, Manganese ~ Washing, heavy media
apatite, clay, minerals separation, jigging,
micaceous minerals,  are easily tabling, magnetic
pyroxenes, liberated separation, flotation.
amphiboles, baryte.  from gangue
in coarser
fractions.
2. Ferruginous  Hematite, hydrated  Very low (A} Washing, high
ores iron oxides. phosphorus intensity magnetic
level as separation.
compared to
types 1, 3 {B) Ferruginous
and 4 material requiring
magnetizing
reduction roast
and then separated
by magnetic
separation.
3.  Garnetiferous Garnets and — Electrostatic separa-
ores quartz as major tion, flotation.
gangue
4.  Complexores Various mineralsin  Fine grind-  Elaborate processing

intimate association
with ore minerals

ing necessary

techniques required.

deposits from Maharashtra. The operations involve simple treatment
like hand jigging (as at Kandri and Mansar mines) or heavy media
separation (as at Dongri Buzurg mines). The manganese concentra-
tion plant at Dongri Buzurg mines is owned by Manganese Ores
India (Pvt.) Ltd. The capacity of the plant is 75 tonnes per hour
and the main operations are indicated in Fig. 4-2. After the crushing
of the ore, the coarser fraction obtained on screening is treated in a
Wemco drum separator in which a medium of specific gravity 3.4 is
maintained by keeping ferrosilicon suspended in water. The concen-
trate is obtained as a sink product in this operation. The ferrosilicon,
recovered from both the concentrate and tailings by magnetic separa-
tion, is recirculated in the plant.
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Fig. 4-2 General flow sheet of operations at Dongri-Buzurg mine (After C.P.
Manganese Ore Co. Ltd., 1957)

INDIAN INDUSTRY

In 1976, about 1.76 million tonnes of ore were produced, out of
which about 1.05 min. tonnes were exported. The chief producing
agency for the manganese ore in India is the Manganese Ore (India)
Ltd., a joint company with 51%, shares by the Steel Authority of
India Ltd. (SAIL), Governments of Madhya Pradesh and
Maharashtra and 499, by the C.P. Manganese Ore ‘Co. Ltd. In
India, manganese ore is mostly consumed in the ferromanganese
industry. Besides this major use, the ore is also used in the manu-
facture of paints, chemicals and dry battery cells.

For its use in ferromanganese, the manganese in general should
have 48% Mn (min.) with Fe: 7-8% (max.), 8iO,: 8% (max.), P:
0.1-0.15% and S: 0.04-0.05%,. The Indian specifications (IS:
4763--1968) are indicated in Table 4-3. For one tonne of ferro-
manganese, about 2.2 tonnes of manganese ore are used together
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with 0.5 tonnes of dolomite or limestone and 0.6 tonnes of coke and
charcoal. (About 1.2 tonnes of coke are required for the blast furnace
process). Dolomite used should contain CaO: 30-339, MgO:
18-20% with SiO, up to 2%, Production of ferromanganese in India
in the last 15 years has undergone phenomenal transformation.
From an amount of 1,460 tonnes in 1956 it was stepped upto 1,03,600
tonnes in 1961 which by 1975 attained a figure of 1,42,549 tonnes. A
drastic reduction from 319, in 1974 to 1.4%, in 1975 in the export
of ferromanganese is very striking. There is one ferromanganese
plant in the public sector situated at Bhadravati (Karnataka) and
six plants in the private sector located at Tumsar, Kanhan (Maha-
rashtra), Dhandeli (Karnataka), Rayagada and Joda (Orissa)
and Garividi (Andhra Pradesh) with a total capacity of about
0.184 mln. tonnes per year (Table 4-4). Mainly high carbon ferro-
mangancse of standard grade is produced in India. Medium and low
grade ferromanganese is also produced but in limited quantity.
About 60%, of the ferromanganese produced in India is chiefly
exported to the U.S.A., the U.K., Canada and Belgium.

The Maharashtra Elektrosmelt Ltd., a joint sector Co., is setting
up a plant with 50,000 tonnes of capacity at Chandrapur.

Table 43 SPECIFICATIONS FOR MANGANESE ORE FOR
PRODUCTION OF FERROMANGANESE
(ISI: 4763—1968)

Grade Mn (%) Fe (Max. %) Si0, (Max. %) P (Max. %)
1 48 and over 7.0 8 0.12
2 48 up to 46 7.5 9 0.15
3 46 up to 44 9 10 0.15
4 44 up 10 40 12 12 0.15

95%, of it shall be retained over 850 micron 1.S. Sicve.

Indian manganese exports are channeled through the Minerals
and Metals Trading Corporation and the exports are mainly to .the
U.S.A., the UK., Japan and the Common Market countries.
Exports of the ore with 35% Mn are also planned to Taiwan from
March 1978 by the Mysore Minerals Ltd., an undertaking of the
Karnataka State government. However, the trend has been sharply
declining in recent years. Major reasons attributed to the fall of
exports are (1) intensive development of mining activity by other
competitors like S. Africa, Brazil and Australia in the Japanese
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markets, (2) preference of the low grade ore due to the high phos-
phorus content of the high grade ore, whereas India produces high
grade ore, (3) fall in the prices of high grade ores in intcrnational
markets and (4) increase in railway freight and export duty in India.
Manganese ore exports can be revitalized by suitably developing
the coastal ore deposits and also by producing low grade ore for
export. The phosphorus content of the high grade ore can be brought
down by suitable blending techniques. It may be noted that in India
as high as 50%, of the ore mined is left out as fines which“is being
accumulated. Efforts, therefore, should also be made to utilize them.

Table 44 FERROMANGANESE PLANTS IN INDIA

S. No. Name Location Year of Annual Source of Ore
commencement  capacily
(tonnes)
1. TISCO Joda (Orissa) 1958 30,000 Mn mines in
Joda
2. Jeypore Sugar Rayagada 1958 24,000 M.P,, Mahar.a-
Co. Ltd. (Orissa) shtra and Orissa
3. Ferro-Alloys Garividi 1958 50,000 M.P.and
Corporation (Andhra Mabharashtra
Pradesh)
4. Mysore Iron Bhadravati 1956 2,000 Orissa
& Steel Ltd. (Karnataka)
5. Elcctro Mctal-  Dandeli 1957 12,000
lurgical Works ~ (Karnataka)
6. Universal Tusmar Road 1959 30,000 M.P.and
Ferro and (Maharashtra) Maharashtra
Allied Chemi-
cals Ltd.
7. Khandelwal Kanhan 1961 36,000 M.P.and
Ferro-Alloys (Maharashtra) Maharashtra

Ltd.
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Copper Deposits

THE PRINCIPAL copper minerals are the sulphides (chalcopyrite,
chalcocite and bornite), oxide (cuprite) and carbonates (malachite
and azurite). Native copper is also a natural source. In nature,
copper deposits are reported from igneous, sedimentary as also
metamorphic rocks. The ores generally occur as veins, disseminations
and as bedded deposits. The latter two form the important sources
of copper in the world. For disseminated deposits like the prophyry
copper deposits of the U.S.A., hydrothermal origin is attributed.
The stratiform (bedded) types like the Kupferschifer of Europe are
of sedimentary origin. However, for the famous Rhodesian copper
deposits (also stratiform type), the origin is controversial since both
the hydrothermal and syngenetic sedimentary theories are proposed
by different workers. The porphyry copper types account for about
50% of the world’s production.

The major copper ore producing countiies in the world are the
U.S.A., Chile, Peru, Zambia, Congo, the U.S.S.R. and Canada.

In the U.S.A., the deposits extend from Montana to Arizona and
New Mexico and are mainly distributed in Arizona, Utah, Nevada,
Montana, Michigan and New Mexico states. Of these Arizona is the
major producing region. The deposits are of the disseminated type
popularly known as “Porphyry Copper”. This type is characterized
by its large aerial extent, uniformity in mineral distribution and the
soft nature of the rock that enables easy mining. Chalcopyrite and
pyrite are the primary sulphides with minor amounts of bornite,
molybdenite, sphalerite and galena.

75



76 ORE DEPOSITS OF INDIA

The South American deposits are mostly in Chile and Peru.
In Chile, the Chuquicamata, El Salvador and El Teniente mines
account for about 959%, of the Chilean production. In Chuquicamata,
the ore body occurs in granodiorite and monozonite porphyry.
Enargite, bornite, chalcopyrite and tetrahedrite are the copper
minerals. The deposit is considered to be one of the world’s largest
economic deposits. In Peru, Toquepala region is the major producing
centre. The ore body is mushroom shaped and of porphyry type.

In Africa, the Zambia-Katanga copper belt (popularly termed as
the Rhodesian copper belt) is the most important region. Approxi-
mately 25%, of the world’s copper production comes form the strati-
form type copper deposits situated in Zambia. This belt occupies
around 700 kms. and the mineralization is largely confined to
quartzites, shales and dolomites with chalcopyrite, bornite and
chalcocite as the chief ore minerals.

The principal deposits of the U.S.S.R. are situated in Kazakhstan,
the Urals, Uzbekistan, Norol’sk and Armenia of which the Kaza-
khstan area contributes around half of the total production of the
country. Copper-bearing pyritic deposits and sandstones together
with those of porphyry type are the main categorics of the ore bodies
present.

Canada is one of the leading producers of copper. The deposits
are mainly of multiple metal type (either copper-nickel, copper-gold
or copper-lead-zinc). Ontario, Quebec and British Columbia are the
major producing states.

In India, the deposits are mainly in Bihar, Rajasthan, Andhra
Pradesh, Karnatal\a and Tamil Nadu. Tl}_e__Smgbhum n_copper_belt
in Bihar is 2 part of the Smgbhum shear_zone of about 140 kms
in length. This belt, commencing at Duarapuram with an E-W
trend, passcs through Kharswan and Sgﬁu/k_ella from where it takes
a turn to the Rakha Mmes and Mosabani, ending in region south
east of Bahragora (Fig. 5-1). The host rocks,.which_are_intensely
deformed, belong to the Precambrian Iron-ore Series comprising
biotite-chlorite schists, mica-schists, phyllites, " quartzites, _cpidiorifes
and_hornblende_schists. Migmatization and ore-localizatioh—are
the main features within this shear zone and they are thought to be
gcnetlcally related. Two phascs ‘of mineralization have been reported.
The carlier phase contributed to the formation of the oxide minerals
(apatite-magnetite veins and uranium bearing veins) while .thc
latter to the formation of copper sulphide minerals. The apatite-
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magnetite veins occur in the chlorite schists which are migmatized
and are chiefly distributed in the vicinity of Ramachandra Pahar.
Recent studies indicated that the uranium mineralization followed
the apatite-magnetite formation but was prior to the sulphide
mineralization. The working copper mines are at Mosabani. Surda
and Pathargora, operated by the Indian Copper Corporation Ltd.
The main sulphide mineral at Mosabani is chalcopyrite associated
with other sulphides, pyrite, pyrrhotite 4And pentlandite, Nickel
sulphide minerals, millerite and violarite are also reported. In
addition, the Rakha prospect with about 5 kms. strike length is also
developed in this belt by Hindustan Copper Ltd. Detailed exploration
in three blocks of this prospect has been undertaken and reserves
estimated for the same. The copper mineral is chalcopyrite associated
with other sulphides like pyrrhotite, pyrite, pentlandite, nickel
pyrrhotite. Uraninite and molybdenite are also reported to be
present.

The Khetri copper belt (Fig. 5-2) in Rajasthan extends for about
8%@5,.fno_m_§iggh§_n§ (Jhunjhunu district) to Raghunathgarh
(Sikar district). Mineralization has taken place in the phyllites,
schists and slates of the Delhi system. The ore localization in this
is thought to be primarily controlled by structural features (shear
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zones and fractures). The ore bodies occur as enechelon ore-shoots,
stringers and also as disseminations. In this belt, the Kolihan and
K}}egri _prospects are in chblo_ritejch»i‘sts while_the host rocks around
Dhanaota are the phyllites, phyllitic quartzites and quartz-schists.
The Mandan and Kudhan prospects are in garnet-chlorite schists,
silicified chlorite schists and phyllites. The country rocks around
Dariba are phyllites, biotite schists and quartzites. In Khetri belt,
pyrite, pyrrhotite and chalcopyrite are the main sulphide minerals
along with the cobalt sulphides (cobaltite and danaite). The second-
ary copper minerais reported are azurite, malachite, covellite and
chalcocite. Evidences of wall-rock alteration are reported to be mainly
silicifications and at places also cholritization, biotitization and
sericitization in the host rocks.

In Andhra Pradesh, the Agnigundala mineralized belt in the
Guntur district has been the centre of detailed investigations and
exploration activity. Copper and lead deposits of economic pro-
positiori have been proved. The ore bodies are localized in thin beds
of quartzites and dolomites interbedded with phyllites and shales
of Nallamalai series (Upper Cuddapahs). Structural and lithological
controls of mineralization were established. Three major deposits
are indicated in_this belt. These are around Bondalamottu, Nalla-
konda and Dhukonda. The copper déposits are confined to calcareous
quartzites while the lead occurrences are evidenced in dolomites.
These deposits contain appreciable amounts of cobalt, nickel and
silver. The Bondalamottu and Nallakonda deposits are the largest
in this belt. The ore occurs as parallel enechelon and lenticular lodes.
The Dhukonda block has three disconnected ore deposits. In addition
to these, the Mailaram copper belt has deposits in quartz veins in
Archaen chlorite schists and amphibolites. Mineralization is
reported along steeply dipping enechelon shear zones. The ore
occurs as veins, stringers and disseminations. Chalcopyrite is the
main ore mineral. Occurrences of copper deposits are also located
in the Gani-Kalava areas (Kurnool district), Garimanipenta
(Nellore district) and Zangamraju-Varikunta-Chelima areas.

In Karnataka state, the Ingladhal deposits around Chitradurga
occur in ferruginous chert bands intercalated with the greenstones.
The mineralizatiaq appears to_be structurally localized. Deposits
also occur around Kalyadi (Hassan district) in quartzite bands in
schists and gneisses. Mineralization is reported to be cont.rolled
along shear and fracture zones. The ore occurs as lenses, Strngers
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and disseminations of chalcopyrite within these quartzites. In Tamil

S

Nadu, copper deposxts are reported from Mamandur in_South
Arcot district. The ore i localized in the shear zone w1th1nwgnelsses
and charnockites.

The reserves reported for selected Indian occurrences are indicated
in Table 5-1.

Recently a large deposit around Malanjkhand in Madhya Pradesh
has been reported by the Mineral Exploration Corporation. This
deposit, containing 1.35% copper, has been estimated to have
reserves of 65 min. tonnes. With the discovery of this deposit, the
total reserves of copper ore in India reach around 360 min. tonnes
of which 100 mln. tonnes are proved. But the metal content on an

average is low.

Table 5-1 COPPER ORE RESERVES IN INDIA
[Source: Radhakrishna and Nagesa Rao, 1969]

Reserves Average metal
(min. tonnes) content
1. Khetri copper belt
[Rajasthan]
Mandan-Kudhan section — 78.49 [proved] 1% {Cu]
Kolihan section — 10.13 [indicated] 2.29%, [Cu]
Dariba [Kho Darbia] — 0.284 2.449%, [Cu}
2. Singbhum copper belt
[Bihar]
Roam Rakha and
Tamapahar blocks — 98.00 [indicated] 1.25%, [Cu]
Roam Siddeshwar block — n.a. n.a.
Mosabani — 3.50 [proved] 2.2% [Cu]
30.0 [potential} 2.0% [Cu]
3. Agnigundala belt
[Andhra Pradesh]
Agnigundala — 3.15 7.6% [Pb]
0.683 [indicated] 1.5% [Cu]
Nallakonda — 0.683 {indicated] 1.5% [Cu]
Dhukonda — 0.50 [indicated) 2.0% [Cu]
4. Mamandur [Tamil Nadu} — 1.150 [indicated] 0.619, [Cu}

2,009, [Pb]

2.73% [Zn]

5. Kalyadi [Karnataka] — 10.0 [potential] 0.60%, [Cu]
Ingladhal |Karnataka] — 1.0 [indicated] 2.0% [Cu]
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BENEFICIATION

For economic smelting, copper ore needs beneficiation to upgrade
the tenor. Treatment methods depend on the mineralogy and the
nature of the ore. In the case of sulphides, the ore may contain one
or more of the copper sulphides along with the sulphides of iron
(such as pyrite and pyrrhotite). Quartz, carbonates and silicates
are the primary gangue minerals. In general, the sulphide ore bene-
ficiation consists of size reduction followed by flotation. The flotation
is usually carried out in alkaline circuits (pH of 8 to 12) with xanthate
as the main collector. Lime is added to control the pH as also to
depress pyrite. Sometimes alkaline cyanide is also used for this
purpose. The manner and quantity of pyrite present in the ore and
also the recovery of precious metals present in the ore determine the
fineness to which the ore has to be ground and complexity of the
flotation circuits. If ‘oxide’ copper is present in considerable quantity,
flotation of the same is carried out after sulphidization of the oxides
with sodium sulphide. Treatment of the oxide ore poses greater
problems than the sulphide ore. Processes like leaching and pyro-
metallurgical beneficiation are also used for upgrading copper ores.
The first beneficiation plant in India is situated at Maubhandar
(near Ghatsila) owned by the Indian Copper Corporation Ltd.
(I.C.C.) the management of which has been taken over by Govern-
ment of India in 1942. The various minerals in the Singbhum copper
ores, treated in this plant, are chalcopyrite, pentlandite, pyrrhotite,
quartz, chlorite, magnetite and apatite. The ore contains about
2.159%, copper. The ore is crushed at the Mosabani mines with a jaw
crusher in closed circuit with a grizzley. The product is further
reduced in size in a Simon cone crusher which is in closed circuit with
a vibrating screen. Then the material is transported to the bene-
ficiation plant at Maubhandar by an aerial ropeway for a distance
of about 9.5 kms. At this plant, the ore is ground in Hardinge type
ball mills which are in closed circuit with hydraulic classifiers (rake
and screw type). The product is then treated in pneumatic type
flotation cells using potassium ethyl xanthate as the collector and
pine oil as the frother. It may be noted that lime is added to con.trol
the pH around 10.5 to 11.0 and to depress pyrite during i.iotatx‘on.
Sometimes calgon and and soda ash are also added as dispersion
agents. The concentrates and tailings from the flotation circuits
assay to about 26%, and 0.08%, copper and thus 959, of the copper
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from the ore is recovered. The concentrates from the flotation cells
are sent to the thickeners and then to the filters, dryers and finally to
smelters. The flow sheet of operations is given in Fig. 5-3.

A new concentrator plant of 2,000 tonnes per day capacity was
commissioned in 1974 at Mosabani. The Rakha copper project,
commissioned in 1975, consists of a concentrator of 1,00 tonnes per
day capacity. The concentrates produced in this plant are smelted
in Ghatsila plant. A bencficiation plant was also set by the
Hindustan Copper Corporation Ltd. at Khetri for the treatment
of ore from Khetri and Kolihan mines. The capacity of this unit is
10,000 tonnes of ore per day. The ore is crushed in secondary and
tertiary crushers and then ground in a rod mill followed by ball mills
in closed circuit with hydrocyclones. The overflow from the cyclones
(72%, — 200 mesh) is treated in rougher flotation circuit followed by
concentration in recleaner cells. The slag from the furnace is also
ground in autogenous mill and concentrated by flotation. The final
copper concentrate is thickened and then filtered through disc
filters.

At Chitradurga in Karnataka, a beneficiation plant was set up
with a capacity of 250 tonnes per day. The entire production of
concentrates is sold to Hindustan Copper Ltd. for treatment at
Ghatsila smelter.

The Malanjkhand project will consist of an open-cast mining with
a capacity of 3 min tonnes of ore and a concentrator plant to produce
99,000 tonnes of copper concentrates per year. These concentrates
will be sent to Khetri to produce 25,000 tonnes of copper metal

INDIAN INDUSTRY

Hindustan Copper Ltd. (HCL), an undertaking of Government of
India, was set up in 1967. This organization is responsible for ex-
ploration, mining and extraction of important minerals of copper
and lead. The constituents of this company are:

1. Khetri Copper Complex, Rajasthan
Indian Copper Complex, Ghatsila
Rakha Copper Project, Bihar
Daribo Copper Project, Rajasthan
Agnigundala Copper-lead Project, Andhra Pradesh
Malanjkhand Copper Project, Madhya Pradesh
Chandmari Copper Project, Rajasthan.

N O G s 9
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Fig. 5-3 Bencficiation operation at Maubhandar plant
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The production of copper ore in India was about 0.51 min.
tonnes in 1970 which was doubled by about 1973 and reached a figure
of 2.3 min. tonnes in 1976. Upto 1974, the production of the copper
metal was around 12,000 tonnes. In 1975 a substantial increase
(to 22,000 tonnes) was recorded. In 1976, around 24,690 tonnes of
metal was produced while the actual demand was around 50,000
tonnes. The imports were mostly from the U.S.A., Canada, Zambia
and the U.K.

The Indian Copper Complex (ICC) has a total smelting capacity
of 24,000 tonnes per year with the units situated at Ghatsila (a new
flash smelter of 16,500 tonnes and an old reverberatory smelter of
9,500 tonnes). Besides copper, 260 tonnes of nickel sulphate and
10 tonnes of selenium metal are also produced as byeproducts. The
Khetri Copper Complex has a capacity to produce-31,000 tonnes
of electrolytic copper per year. However, its production in 1976
was only 10,000 tonnes of anodes. In addition to the production of the
copper metal, the plant has a capacity to produce 570 tonnes of
sulphuric acid to produce around 2,00,000 tonnes per year of triple
super-phosphate. The refinery at Khetri also provides an opportunity
to recover about 1.2 lakh ounces of silver and 8,500 ounces of gold.
By 1978-°79, the production of copper metal in India is expected
to reach around 37,000 tonnes per year.
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Lead and Zinc Deposits

LeaD AND zinc minerals commonly occur together in nature as their
sulphides, galena (PbS) and sphalerite (ZnS), accounting for most of
th&world’s production. The other minerals of these two metals are

Cerussite—PbCO,

Anglesue——PbSO

Smlthsomte——ZnCO

Hemimorphite—Zn, SIO (OH),

The deposits of lead and zinc are either of hydrothermal (cavity-
filling and replacement) or of sedimentary origin. Some of the
important by-products from these deposits are silver, gold and
cadmium.

The leading producers of lead and zinc in the world are the U.S.A.,
QCanada, Australia, Mexico, Peru and the U.S.S.R. In the U.S.A,,
Missouri, Idaho, Utah and Colorado account for about 90%, of the
country’s output. The deposits in Missouri are centred in Tri-state
and S.E. Missouri districts. The mineralization in the former is
confined to limestone, chert and shaly limestones of Mississippian
age and in the latter it is reported to be in the limestones and dolo-
mites of Ordovician age. The deposits in these two districts together
with those of S. W. Wisconsin and N. E. Illionis are popularly
known as “Mississippi Valley lead and zinc deposits.” The origin
of these deposits has always been a source of controversy among the
workers. Hydrothermal and also syngenetic sedimentary theories
have been proposed.

In Canada, the Sullivan mine in British Columbia accounts for

85
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about 50%, of its production. The mineralization is mostly in quart-
zites of Precambrian age. Pyrrhotite, a sulphide of iron, is the domi-
nant mineral in these deposits along with those of lead, zinc and silver.
In New Foundland, the Buchans mine is a leading producing centre
where the deposits are of replacement type situated in the tuff of
Ordovician age. Other producing areas in Canada are in Manitoba,
Ontario, New Brunswick, Quebec and Nova Scotia. Most of Canada’s
silver production comes from these lead and zinc deposits.

In Australia, the main‘producing areas are in Broken Hill district
(N.S.W.), Mt. Isa district (Queensland) and Rosebery district (in
Tasmania). Among these, the Broken Hill belt is one of the most
important lead-zinc-silver producers in the world. These deposits
occur in metamorphosed sedimentary rocks (gneisses, schists and
amphibolites) of Precambrian age. The hydrothermal origin,
although proposed by many, is still challenged. Galena and iron-rich
sphalerite (marmatite) are the chief ore minerals along with silver-
bearing tetrahedrite. The Mt. Isa deposits are confined to the shale
Precambrian age. The Rosebery deposits are of replacement type
occurring within fine-grained sericitic rock derived from tuffaceous
shale.

In Mexico and Peru, the deposits are chiefly in Chihuahua state
and Cerro de Pasco district, respectively. The ores of Peru have a
complex mineralogical assemblage consisting of lead, zinc, copper
and silver together with gold and bismuth. The deposits in the
U.S.S.R. are mainly in Turkeystan, North Caucasus and
S. Kazakhstan regions.

In India, although several occurrences have been listed in litera-
ture, bulk of the ore comes only from Zawar belt of Rajasthan.
There are three mineralized localities around Zawar—the Mochia
Magra Barai Magra and Zawar Malai hills. The structiral évents
in the area have been worked out in detail and Fig. 6-1 presents the
lithological and structural details for the Zawar region. For the

e

Mochia Magra deposit, the country rocks here are quartzites,

dolomites, slates and phyllites of Aravali system mtruglgdwlgy olivine-
dolerite and quartz veins. The mineralization is largelyhéénﬁmd
to the dolomite horizon. The ore body is in the form of composite
sheeted veins, largely confined to the shear planes._ An E-W shear
zone composed of several individual shear planes has been reported
and the zone as a whole dips steeply to the south. Shearing is dominant

in thedolomite horizon and where the lithology changes to arenaceous
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Fig. 6-1 Geological and structural map of Zawar arca (After Mookherjee)
Reprinted from Economic Geology, 1964, Vol. 59, p. 660

types, the intensity of shearing also is less. While there were three
phases of tectonic activity differentiated in time, the mineralization
in Mochia Magra hill has been inferred by some workers to be broadly
synchronous with the latest phase.

The Mochia Magra mine is developed at four levels at intervals
of 35 to 40 metres. The deposit has been thought by some workers
to be of a hydrothermal replacement and fissure-filling type, replace-
ment dominating progressively with depth. However, opinions exist
also in favour of the syngenetic sedlmentary origin. The prmc1pa1
ore mitierals are galena and sphalerite with the other metallic
sulphides su such as pyrrhotite, arsenopyrite, pyrite, chalcopyrite and
to a lesser extent argentite. The common “gangue minerals are
quartz dolomite and to aminor extent gypsum. In addition to the
three hills mentioned above, deposits are also reported from Bowa,
Baroi and Balaria areas. The last one is under active development
and reserves are estimated to be around 10 min. tonnes. In the
Dariba-Rajpura_area (Bhllwara district), a deposit of about 40
mllhon tonnes with 6. 5%, zinc and 3.5% lead has been reported.
This ore also contains molybdenum and cadmium besides silver.
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About 15 mln. tonnes of ore with 49, zinc and 1 to 1.5%, lead are
estimated to be available at Mochia Magra, Balaria and Zawar
Malai areas.

In the Agnigundala belt (copper-lead) in Andhra Pradesh, lead
mineralization has been reported from two localities, At Bandala-
mottu, a lead dep051t of about 3.0 mln, tonnes with 7.6%, lead was_
proved. The ore is in the form of parallel and enechelon veins. In
the Dhukonda block, the estimates are around 0.5 min. tonnes with
8.989%, lead. The lead mineralization is confined to the dolomites in
this belt. Efforts have already started for their development and
exploitation. In addition, mineralization has also been indicated
around Mamandur in Tamil Nadu, Zangamaraju-Varikunta-
Chelima area in Andhra Pradesh, and Sargepalli and Sundergarh
regions in Orissa.

In Gujarat, around 8.3 million tonnes of copper-lead-zmc ore
with 129, metal content has been reported to occur in the Ambamata
region.

BENEFICIATION

The principal minerals are galena and sphalerite. Besides these, the
ore may contain sulphides of iron (pyrite and pyrrhotite), sulphides
of copper (chalcopyrite) and the silver and gold minerals. The
gangue is usually siliceous (quartz and silicates) and carbonate
(calcite and dolomite) in nature.

If the liberation of valuable minerals is in the coarse size range,
methods like gravity separation and sink-float are cffectively em-
ployed. However, for finely distributed ore types, flotation is the
common practice. Sulphide ores are easily flotable while the oxide
ores need special sulphadizing reagents such as sodium sulphide
before they are floated.

Beneficiation might involve the following:

(a) Separation of lead and zinc sulphides only.

(6) Recovery ofiron sulphides (for the sulphur content) in addition

o Pb and Zn sulphides.

(¢) Recovery of precious metals (silver and gold) also.

In a typical system, the classical method employed is the differen-
tial flotation in which lead is floated and is followed by zinc. In such
a system, the pulp is conditioned with reagents and floated to
obtain lead concentrate first. A sulphydryl collector (such as a
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xanthate) and a frother (such as pine oil or cresylic acid) are used.
Soidum cynaide and zinc sulphate are used to depress pyrite and
sphalerite, respectively. The operation is carried out in alkaline
circuits, with pH between 8 and 11, which is controlled with the
addition of lime or soda ash. The tailings from this operation are
further conditioned with copper sulphate (to activate sphalerite)
and the zinc minerals are floated using a xanthate and a frother.
Hydrated lime or soda ash are used to control pH, thus depressing
pyrite. The pH is maintained between 10 and 12. Tailings from this
operation are iron sulphides and gangue. If iron sulphides are also
to be separated, the above tailings are further conditioned with
necessary reagents to reactivate the depressed iron mineral. This
is achieved either by reducing the pH or by precipitating the calcium
ions with soda ash or both. The pyrite is then floated using xanthate
and pine oil as reagents,

The first beneficiation plant with a capacity of 1,000 tonnes per
day was put into operation at Zawar mines (Rajasthan) in 1958
and is run by Hindustan Zinc Ltd. Ores from the Central Mochia
Stopes above 4th level, Balaria Mine Conventional Stopes and
incidental ore from Zawar Mala and Baroi exploratory mining are
fed to this plant. Fig. 6-2 indicates the major operations carried out
in this plant. The ore is crushed and then ground in the ball mills
in closed circuit with classifiers. Differential flotation technique is
employed in separating the galena from sphalerite. First the galena
is activated and floated in a series of cells. The reagents used in this
circuit are potassium ethyl xanthate, sodium cyanide, zinc sulphate
and cresylic acid. The tailings from the lead flotation cells are condi-
tioned and treated in another battery of cells, using sodium isopropyl
xanthate, copper sulphate, lime, phosoeresol‘c’ and sodium cyanide
to obtain zinc concentrates. The pyrite flotation cells shown in the
flow sheet are not in operation at present. The average assays of the
feed are about 3%, lead and 49, zinc, The lead concentrate contains
about 70% lead and 1.29, zinc and the zinc concentrate assays
about 51.5%, zinc and 5%, lead. About 80 to 90%, of both lead and
zinc from the ore are recovered as concentrates.

The Sikkim Mining Corporation is engaged in mining of copper-
lead-zinc deposits at Rangpo in Sikkim. The concentrates of copper
and lead-zinc are refined by Hindustan Copper Ltd. and Hindustan
Zinc Ltd. respectively.

In 1972, another plant of 2,000 tonnes per day has been established
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Fig. 6-2 Generalized flow sheet of Concentration plant at Zawar mines
(Courtesy: Hindustan Zinc Ltd.)
to treat the ore from the Central Mochia Stopes below 4th level. A
similar plant with 2000 tonnes per day output is to come into opera-
tion by the end of 1977 for Balaria project. For Zawar Mala and
Baroi mines, a central concentrator plant of 3000 tonnes per day
capacity is planned to be established between Zawar Mala and
Baroi hills. In 1976, around 46,000 tonnes of zinc concentrates and
15,850 tonnes of lead concentrates were produced in India. The
former contain 171.5 gms. of silver per tonne and 0.28%, cadmium

while the latter contain 774.5 gms. of silver per tonne of the
concentrates.

INDIAN INDUSTRY
LEAD

In 1976 around 6,000 tonnes of lead metal were produced in the
country. The production of this metal was around 4,770 tonnes in
1975. The imports of this metal, mostly from Australia, amounted to
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30,000 tonnes in 1976. The only lead smelter in India belongs to the
public sector (Hindustan Zinc Ltd.) and is situated at Tundoo
(Bihar). This smelter, with a rated capacity of 8,000 tonnes per year,
treats the concentrates obtained from Zawar and Agnigundala.
Besides lead, the smelter also produces 3,000 kgs. of silver per year.
The lead metal produced is sent to a rolling mill at Udaipur for
making the finished products.

The smelter at Visakhapatnam (Andhra Pradesh) would also in-
clude 10,000 tonne lead refinery and is being built by Hindustan
Zinc Ltd. This is expected to be complete by end of 1977.

Zinc

This metal is produced from the indigenous as also the imported
concentrates. In 1976, around 29,000 tonnes of zinc was produced
while the imports of this metal were of the order of 70,000 tonnes.
Currently there are three smelters for zinc in India. One smelter
is situated at Alwaye in Kerala and is owned by Cominco Binani
Zinc Limited. This plant commenced its operation in 1967. It has
at present a capacity of 20,000 tonnes per year which is planned to be
raised to 40,000 tonnes per year. The smelter is based on the imported
concentrates which are mainly from South America, Australia and
Canada. Besides zinc metal, the smelter has a capacity to produce
48,000 tonnes of sulphuric acid and 40 tonnes of cadmium metal.
The other plant is in the public sector (Hindustan Zinc Limited)
and is situated at Debari near Udaipur. It has initially a rated
capacity of 18,000 tonnes per year and is now expanded to 45,000.
tonnes. This plant has a capacity to produce 26,500 tonnes of sul-
phuric acid per annum (which would be converted to 76,000 tonnes
of superphosphate) and 75 tonnes of cadmium metal annually.
Another smeiter has been set up with Polish assistance by
Hindustan Zinc Limited at Visakhapatnam, with a capacity of
30,000 tonnes per year based on imported concentrates. A proposal
is under active consideration to set up a smelter at Udaipur, with the
Imperial furnace smelting system to treat multimetal concentrates
at one place without employing separate smelters for lead and zinc.



7

Bauxite Deposits

BauxiTE is the principal source of aluminium. About 909%, of the
bauxite mined is utilized for the metal extraction while the rest is
consumed in the chemical, refractory, abrasive and other industries.
Bauxite is also a potential source of by-products like titanium,
vanadium and columbium. In India, great emphasis is laid on the
production of Al-metal because of several advantages it has in the
electrical industry over copper (in which the country is lacking) and
in the aeronautical industry. Also with the development of hydro-
electric projects in India in the last few decades, the installation of
aluminium plants to produce aluminium metal has been accelerated.

Bauxite deposits are a product of residual weathering process in
tropical and subtropical climates. Rocks richer in alumina in the
form of aluminium silicate minerals (such as feldspars and
felspathoids) are broken down during weathering. Silica and iron
oxide released in such a process are leached out with the consequent
enrichment of alumina in-situ. The resulting aluminium oxide may be
present as a trihydrate (Al,O,. 3H,0O—gibbsite) or a monohydrate
(ALO,. H O—diaspore or boehmite). If the leaching is not effective,
the process may result in the formation of laterites and low grade
ferruginous bauxite deposits. Subsurface and surface drainage must
be operative to promote complete leaching. To form sizeable deposits
in nature, the weathering process must be active for considerable
geological periods of time. As such the topography in bauxite terrains
is of the plateau type. The deposits generally are in the form of
blankets and sheets covering the parent rock or interstratified with

92
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sediments. Pocket deposits of irregular form in limestones are also
common. Loose and detrital occurrences derived from any of these
types may also be present.

Some of the important world deposits of bauxite are discussed
below.

In Surinam, two areas, namely, the Surinam River area and the
Cottica River area, are the important regions. The bauxite here
contains 54 to 589, Al O , 8 to 109, Fe O, and 2 to 3% Si0,. The
British Guiana deposxts are broadly in three areas over a zone of 45
kms. in width. They are the Essequibo River area; the Demerara
River area and the Berbice River area. The deposits are generally
horizontal and occur as layers or sheets. The chemical composition
averages to about 35 to 60% Al O, up to 3%, Fe,O, and around
5% Si0,.

jamalca is famous for bauxite deposits. Though practically the
entire island has bauxite occurrences, the chief bodies are from
St. Ann and Trelawny parishes (north-central part) and the Man-
chester and St. Elizabeth parishes (south-western part). The source
rocks are limestones of Oligocene and Miocene ages. The composition
of bauxite is 45 to 509, AlgOa, up to 209, FezO3 and 1 to 2% SiO,.
The bauxite is of the gibbsite type.

The French bauxites are in limestones as pockets in the Var and
Herault regions. The bauxite is of the boehmite type with an average
of 55-60% AlO,, 20-25% Fe,O, and 5 to 6% SiO

Australia also has extensive resources of bauxite. These are chiefly
of gibbsite type and mainly distributed in the Weipa region of
Queensland, the Northern Territory and Western Australia. These
deposits occur as cap rocks over Tertiary sediments and the bauxite
contains at places Al O_ as high as 55%. The SiO and Fe,O, are
around 59, and 109, respectively.

The deposits from the U.S.A. are in the Palaeozoic sedimentary
rocks intruded by nepheline syenites. These occur as blanket type
in parts of Arkansas.

In India, extensive occurrences of bauxite have been reported
from different regions. The total reserves of the metal grade ore have
been estimated to be around 1,500 million tonnes. The chief produc-
ing deposits are in Bihar, Gujarat Madhya Pradesh and Tamil Nadu.
Imdmo‘ﬁ;/;ieposus in Madharashtra; Karnataka, Onssa and
Jammu-Kashmir are also exploited. T

In Bihar, the deposits are situated in Ranchi and Palamau districts.
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In the Ranchi district, there are about 80 individual outcrops around
Ranchi and Lohardaga. These are enrichments in the laterite caps
of the plateau overlying the Archaean and Cretaccovs rocks. In,the
Palamau district, the Natherhat plateau region is important. The

fotal reserves of the highest grade are estlmatcd to be around 10 min.
comparanvcly minor nature have been reportcd The average
chemical composition of Ranchi bauxite is 50_to 60% ALQO_ with
2%, Si0,, 3 to 8% Fe 03 and up to 12%, - T)O whlle that from
Palamau has 6Q to 63% ALO, with about 1.5 to PLAR SIO , up to
2% Fe,O_ and 10 to 11% TlO

The Qujarat deposits are malplL from Jamnagar district. In
addition, a number of deposits have also been reported from the
Kutch_area. The lateritic bauxite occurs as caps on nummulitic
hmestones The bauxite deposits of Saurashtra are_noted_for their
suitability in chemical industry. These deposits contain ALO,
between 38 to 60%, Fe,O, 1 to 2%, SiO, 1 to 2%, and TiO, 2 to 3%
Total reserves are placcd arOLnd 10 min. tonnes.

In Madhya Pradesh, the three important occurrences are: (/) the
continuation of the plateau regions of Bihar in the Sarguja, Raigarh
and Bilaspur districts, (2) the Maikala plateau ranges in B_@_ggg_r,
Durg, Mandla and Balaghat districts, and (3) the Katni arca in
fébalpur district. The bauxite deposits overlie the Vindhyan sand-
stones and quartzites. The reserves are estimated to be around 15 min.
tonnes.

The Shevaroy plateau deposits of Salem district in Tamil Nadu
are the important deposits. They occur as Blankets over the khonda-
lites and leptynites associated with the charnockite series of rocks.
These cover an area of about 500 square kms. and are composed
mainly of gibbsite. The available reserves of good grade (about 509,
ALO,) are estimated to be 2 mln. tonnes.

The Jateritic bauxite deposits of Maharashtra occur as caps on the
Deccan Traps. The Colaba and Kolhapur districts are the important
contributors. Ratnagiri and Satara districts are also the producing
centres. The bauxite averages to about 51 to 62% of Al O,, up to
139, of Fe,O,, TiO, up to 119, and varymg ‘amounts of sﬂlca About
10.5 mln. tonnes of ore are estimated to be present in Maharashtra.

The deposits of Orissa are in khondalite rocks in Kalahandi
district where the ore is ferruginous. The deposits in Rlabl tahsil
of Jammu are in Permo-Carboniferous limestone commonly referred
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to as ‘Great Limestone’. The bauxite is of the diaspore type.

Recently, a major bauxite-bearing belt covering an area of 25,000
sq. kms. in Orissaand Andhra Pradesh hias been reported along the
East coast. These deposits are with or no overburden and are 6 to 51
meters in thickeness containing low silica and titanium contents.
The reserves are estimated for these deposits to be around 1,000 min.
tonnes.

USES OF BAUXITE

Tﬁ@é@gﬂy used for extraction of aluminium metal, bauxite
is also used for the manufacture of aluminium chemical and salts,
abrasives, refractory bricks and in the oil refining process. Table 7-1
indicates the compositional limits of bauxite currently utilized in
India in various industries.

Table 7-1 BAUXITE SPECIFICATIONS

Use Al,0 9% 8i0,% Fe,0. % Ti0,%
Metallurgical >51.0 1.8 -2.0 6.0-11.0 8.0~11.0
Chemical > 57.0 1.7-4.0 1.5—- 3.0 < 5.0
Refractory 50.0 1.0-~5.0 4.0 <120
Abrasives 50.0 8.0 15.0 2.0
Steel 59.0 ~61.0 2.5 < 35 < 10.0

EXTRACTION OF ALUMINA AND ALUMINIUM METAL

If the bauxite ore contains finely dispersed clay and siliceous minerals
and iron oxide, methods of ore dressing such as size reduction,
screening and subsequent washing may be carried out. However,
processes used are largely chemical rather than physical because of
the high costs and greater difficulties involved in physical processing
of bauxites. For preparing metallic aluminium, it is first necessary
to extract high grade oxide from the ore. This is done by Bayer’s
synthetic process. The washed and crushed ore is finely ground and
digested with caustic soda in autoclaves. All the alumina gets con-
verted into soluble sodium aluminate. Impurities such as iron oxides,
silica and titania are not easily dissolved by the alkali and, therefore,
separate out as precipitate. The liquor, after being diluted with an
equal amount of water, is filtered. The essential reaction is
Al203.3H2O + 2NaOH = 2NaAlO2 +4H,O + red mud. The filtrate
is then letinto large tanks with agitators, seeded with small amounts of
freshly prepared aluminium hydroxide and well stirred. Aluminium
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hydroxide starts separating and this, on calcination, yields pure
alumina.

It may be noted that Bayer’s process is not economical for ores
containing more than 7% silica (on dry basis) because cach kilogram
of silica in the ore entails a consumption and loss of 1 to 2 kgs. of
alumina and 2 to 3 kgs. of caustic soda.

The operational details of the Bayer’s process depend upon the
type of the ore. In comparison with monohydrate form, trihydrate
of alumina (Al,O,.3H,O) is more readily soluble in caustic soda and
as such the proccss can be carried out at temperatures slightly above
boiling point and at atmospheric pressure. For the monohydrate
form, the extraction has to be done with concentrated alkali at high
pressures.

Electrolysis in clectrolytic baths is carried out for the separation
of pure metal from alumina. The bath consists of sodium fluoride
and aluminium fluoride (cryolite). During this process aluminium
separates at the cathode.

In Table 7-2, the approximate amounts of raw materials required
for the extraction of metal from bauxite are indicated.

Table 7.2 RAW MATERIAL REQUIREMENTS FOR AL-METAL

PRODUCTION
(Tonnes per tonne of Al-metal)
Caustic soda 0.20
Fuel oil 0.32
Cryolite 0.05
Al-fluoride 0.03
Petroleum coke 0.45
Lime 0.10
Pitch 0.19
Anthracite and coke 0.03
Water 34,000 gallons.

Aluminium manufacturers prefer bauxite containing a minimum
of 52% AlLO, and silica not exceeding 1.8% though SiO, as high
as 69, is allowed if more than half of it is not reactive. Femc oxides
should be less than 39, otherwise the cost of production would
increase. Similarly high percentage of TiO, would increase the bulk
of mud, thereby increasing the cost.

Power is another important factor for the production of aluminium
metal. For example for one tonne of Al-metal, about 20,000 kwh.
of electricity are needed. Thisis a great deciding factor and as such the
Al-plants are located in the vicinity of hydroelectric projects.
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INDIAN INDUSTRY

In 1976, the production of bauxite was around 1.43 million tonnes of
which 14,320 tonnes were exported. Bihar is the largest producer
(around 409%,) followed by Gujarat (25%,), Madhya Pradesh (15%)
with Tamil Nadu, Goa and Karnataka accounting for the rest.

The production of aluminium metal was around 166,000 tonnes
in 1975 which increased to 211,000 tonnes in 1976. Table 7-3 sum-
marizes the present status of aluminium plants in India.

Table 7-3 ALUMINIUM PLANTS IN INDIA

Company Location Technical Capacity
collaboration {Tonnes|year)
Private Sector:
Ind. Al Co. 1. Alwaye (Kerala) Canada
(INDAL) 2. Hirakud (Orissa) » 1,03,000
3. Belgaum (Karnataka) ?
Al Corp.of India  Asansol (W. Bengal) Switzerland 9,000
(ALUCOIN)
Hind. Al. Corp. Renukoot (U.P.) U.S.A. 95,000
(HINDALCO)
Madras Al. Co. Mettur (Tamil Nadu) Italy 21,000
Public Sector:
Bharat Aluminium  Koyna (Maharashtra) U.S.S.R. 25,000
(BALCO) Korba (M.P.) U.S.S.R. {expansion
to 50,000
planned)

INDAL is the largest producer of the metal with the production
around 84,100 tonnes in 1976. The plant of ALUCOIN which was
closed for about three years is planning to resume its production in
1977. The production from HINDALCO reached a peak of 83,815
tonnes in 1976. A new alumina plant under this organization is
proposed to be set up with an annual capacity of 1,00,000 tonnes.
The MALCO recorded a production of about 18,200 tonnes in 1976.

The production from BALCO in the same year was around 25,000
tonnes as against 10,000 tonnes in 1975. The Andhra Pradesh
Government has plans to set up an aluminium plant at Visakha-
patnam to utilize the extensive East coast deposits. Further, the
Government of India has also plans to set up two alumina plants in
Andhra Pradesh and Orissa with a capacity of 5,000 tonnes each.

In spite of a rapid growth of the aluminium industry in India,

it is worth noting that the cost of indigenously produced aluminium

&
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metal is comparatively higher than the world production costs.
This has been ascribed to various reasons such as the higher capital
costs of equipments, the high costs of the raw materials, freight
charges and power rates, smaller sizes of Indian plants and continued
imports of some of the raw materials like flourspar, cryolite, alumi-
nium fluoride and petroleum coke.
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Gold Deposits

THE pRINCIPAL sources of gold are the gold-quartz and gold-sulphide
lodes and the alluvial placers. Gold is also recovered as an important
by-product from copper, nickel, lead and zinc ores. Gold and silver
commonly occur together. Purity of gold is expressed in terms of
carats (different from the carats used for diamonds) and purest form
is one of 24 carats.

About 70% of the world’s gold production is from the famous
Johannesburg deposits is Witwatersrand region is South Africa. The
host rocks are conglomerates (of Precambrian age) in which the native
gold is confined to the pyritic parts of the matrix. This gold-bearing
conglomerate is termed as “blanket” and the ore contains about 109,
silver.

The other major producers of gold are the U.S.8.R., Canada, the
U.S.A. and Australia. The important deposits in the U.S.S.R.
are of placer type situated in eastern Siberia. The Canadian occur-
rences are mostly in Ontario and Quebec with the Porcupine district
of Ontario as the active centre. The deposits, in the form of gold-
quartz veins and lenses, are in the Precambrian folded @nd sheared
volcanic and sedimentary rocks. In the U.S.A., California, S.
Dakota and Colorado are the producing states. In Galifornia, the
deposits are as placers in Sierra Nevada region while in S. Dakota,
they are in Precambrian schists and marbles. The Colorado deposits
are of fissure-filling type in Tertiary volcanics. The Australian depo-
sits are mostly in Western Australia with major activity at Kalgoorlie.
Here the country rocks are quartz-dolerites and greenstones of

99
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Precambrian age. Victoria, Queensland and Northern Territory
are also producing centres. The Ballarat and Bendigo deposits in
Victoria are in the form of quartz reefs of Lower Ordovician age.

In India, Kolar gold fields and Hutti mines in Karnataka are the
producing centres of gold. In Kolar region (Fig. 8-1), the main rock
types are schistose and spotted amphibolites, massive amphibolites,
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Fig. 8-1 Location map for Kolar gold field. (after Narayanaswamy et al).
Reprinted from Economic Geology, 1960, Vol. 55, p. 1431

granular amphibolites and lenticular bands of ferruginous quartzites
of Lower Dharwarian age. These are commonly referred to as ‘Kolar
amphibolite series’. Geological sequence for the rock types in Kolar
schist belt is presented in Table 8-1. Gold occurs as gold-quartz
lodes and gold-bearing quartz-sulphide lodes in the post-Dharwarian
intrusives within the amphibolite suite (Fig. 8-2). The country rocks
are tightly folded with plunging and overturned folds together with
the enechelon drag folds and attendant zones of shearing. Structural
and stratigraphic controls for the localization of the lodes have been
reported. The gold-bearing lodes are generally aligned along the
stratigraphic contacts of the different amphibolite types. Fifteen
parallel lodes have been recognized of which six are of gold-quartz
type (Muscoom, Champion and Mundy’s lodes) while the rest are the
gold-bearing quartz-sulphide variety (of West Reef group). The
gold content in the former is about 7-10 dwt per tonne while in the
latter it is 5-6 dwt per tonne. Quartz is highly sheared and granular.
In the sulphide lodes, pyrrhotite and arsenopyrite form 90%, of the
sulphides with the rest being pyrite, chalcopyrite and minor amounts
of galena. Sulphides form 109, of the lode. In the gold-quartz lodes,
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Fig. 8-2 Gold bearing lodes in Kolar gold field (after Narayanaswamy et al).
Reprinted from Economic Geology, 1969, Vol. 55, p. 1442

Table 8-1 GEOLOGICAL SUCCESSION IN KOLAR SCHIST BELT
(After Narayanaswamy et al., 1960) -

Late
Precambrian

Precambrian

Basic intrusives
[probably of
Cuddapah age]}
Post-Dharwarian
intrusives

Lower Dharwarian
System

7. Dykes of dolerite, gabbro and basalt.

6. Pegmatites and quartz veins.

(5]

. Gold quartz lodes and gold-bearing
quartz-sulphide lodes.

. “Patna” and “Bisanattam® granites.

. Peninsular gneisses.

. “Kolar amphibolite series.”

Champion and autoclastic conglo-
merates.

- N W
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the total sulphides and oxides together are less than 1%, The silicate
gangue in both the cases is mainly of quartz, pyroxene, hornblende,
biotite, tourmaline, garnet and wollastonite while the carbonate is
mainly calcite.

Among the gold-quartz lodes, the Champion Reef'is the main lode
and is worked extensively. There are four mines along this reef—the
Mysore mine, Champion mine, Ooregaum mine and Nandydroog
mine. The reef is about 8 kms. in length with an average width of
about one metre. The dip is 40° to 50° to West which at depth be-
comes almost vertical. The various lodes pinch and swell and are
highly folded and faulted. The most payable part of the Champion
lede has been traced on either side of the Mysore North fault. Tenor
of the ore varies from 5 to 30 dwt. per tonne with an average
around 10 dwt. per tonne. Silver is associated generally in the ratio
of 1:13 with gold. Quartz is the main gangue mineral. The reserves
of gold in the Kolar gold mines are as follows:

Mysore mine 1,41,330 tonnes of 13.9 gms/tonne (up to

. 2,500 metres)

Champion mine 10,53,390 tonnes of 14.9 gmsftonne (up to
3,074 metres)

Nandydroog mine 24,96,880 tonnes of 9.5 gmsftonne (up to
2,250 metres)

The Hutti gold field is the only other producing centre in the
country. The mines are situated around Hutti, 80 kms. west of
Raichur. The present mining belt is in the north-west part of the schist
belt. The country rdcks are greenstones and chlorite and phyllite
schists. Mineralized reefs occur in zones of intense shearing with the
gold emplaced in minute cracks. At the surface, the veins dip 45° to
60° to west while they are vertical at about 500 metres. At present
six separate rcefs are worked of which four (Oakley’s, Middle,
Village and Strike lodes) are the actively producing ones. Production
in Hutti mines was stopped in 1920 and again commenced in 1948.
The tenor of the ore is 5 dwt. per tonne. About 9,53,326 tonnes of ore
of the grade 5.8 dwt. per tonne are estimated to be available from
Hutti mines.

Besides these two producing regions in Karnataka, several other
gold fields, once in production, are receiving attention and a re-
examination. Recently new findings have been reported by the
Geological Survey of India near the Kolar Gold Fields and the
Bisnath area. The Ratnagiri gold field in Anantapur district of
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Andhra Pradesh, the Gadag field in Dharwar district of Karnataka
and Wynad field covering parts of the Nilgiri district of Tamil Nadu
and Kozhikode district of Kerala are the important locations. In the
former two gold fields, the host rocks are greenstones, phyllites and
ferruginous quartzites while in the third one, the rock types are the
Archaen gneisses, granulites and charnockites. The Major concen-
trations in the Ramagiri field are in the form of tongue-shaped
overlapping ore-shoots with a strike length upto 140 m and a width
of 15 m., as reported in the Yeppamana and the Chennabhavi mines.
Fig. 8-3 indicates the occurrences of gold in India.

DECCAN TRAPS
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E CHARNOCKITES AND
KHONDALITES

Fig. 8-3 TImportant gold fields of India

BENEFICIATION

If individual particles of gold are in the association with grains of
quartz and other minerals (of sand size) as in placers, separation
can be achieved by gravity techniques since gold has a very high
specific gravity (18-19). The processes as such may vary from simple
panning by hand (similar to the concentration practice for some
river sands to recover gold) and the use of apparatus like “sluice”
(a battery of inclined troughs made of rough surfaces), to elaborate
operations involving dredgers, etc. (as in South Africa and Canada).
It may be noted that for the recovery of appreciable amount of gold
from alluvial placers, large amounts of gangue have to be handled.

In the case of gold-quartz reefs, gold particles are liberated by
crushing and grinding and are recovered by using conventional
gravity techniques. One of such techniques is the ‘blanket operation’.
Here, the ground ore and water are made to pass as thin stream of
pulp over inclined table which is covered with a blanket, canvas or
corduroy. The heavy gold particles settle to the bottom and adhere
to the surface while the light gangue minerals pass over the table.
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Flotation methods can also be employed for the beneficiation of
gold ores. The type of reagents used depend on the mode of occurrence
of gold and the other mineral associations (like chalcopyrite, pyrite).
Xanthate as a collector and pine oil as frother are used for
chalcopyrite-gold ores. Lime and soda ash are added for both pH
control and to disperse and depress the unwanted fraction of the feed.

Complete recovery of gold may also involve a method like amalga-
mation in which the gold forms an amalgam with mercury while the
gangue is unaffected. In this process mercury is added to the mixture
of ground ore suspended in water and is passed over copper plates
coated with mercury to which the gold amalgam sticks but not the
gangue. The gold is subsequently recovered from the amalgam.

If the gold is very finely disseminated in the ore, then these techni-
ques cannot be adopted as the ore has to be ground to extreme
fineness to achieve the required liberation. In such cases cyanidation
method is employed for gold recovery. Here the finely ground ore
pulp is initially agitated and aerated in pachuka tanks. Lime (about
1 kg. per tonne) is added to control the pH of the system. Then the
pulp is treated with dilute cyanide solution (0.01 to 0.039, strength)
and the agitation is continued for a predetermined number of hours.
Lead acetate (approximately 15 gms. per tonne of dry solids) is
added to the agitators. This treated pulp is passed through sand
beds and zinc extractor boxes filled with filoform zinc dipped in lead
acetate solution. As a result of a phenomenon similar to electrolysis,
gold in the gold cyanide solution is deposited on the zinc. The zinc-
gold precipitate is treated with dilute sulphuric acid to dissolve the
zinc. The residue is calcined and smelted with fluxes and the bullion
is obtained. Recently ion exchange methods have also been suggested
for an effective recovery of gold from alkaline cyanide solution.

The present treatment methods at Nandydroog mine, a Bharat
Gold Mines Undertaking, are given in Fig. 8-4. The ore milled is from
gold-quartz lode of Champion reef and also from the gold-bearing
quartz-sulphide type of West Reef system. As is seen from the flow
sheet, the ore is first reduced in size in jaw and cone crushers and then
in pebble mills using granite pebbles as the grinding media. The
ground product is then classified in cone classifiers and the finer
product (classifier overflow) is sent to a cyanide treatment plant
wherein the operations involved are similar to the ones described
earlier. The coarse fraction (underflow) of the classifier is ground
in tube mills and is subjected to gravity separation by passing the
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Fig. 8-4 Operations at Nandydroog gold recovery plant (After Narasappa, 1969)

pulp over tables covered with coarse sheep wool blankets. The concen-
trates of this separation technique constitute about 709, of the total
gold present in the feed. These are treated in a separate cyanide
treatment plant where the concentration of cyanide is of a higher
strength than in the other plant. The bullions from the two cyanide
plants assay about 910 parts of gold and 75 parts of silver. Treatment
methods adopted at the other plantsin Karnataka are on similar lines.

In 1976, around 3132 kgs. of gold were produced in India. This
form only 55%, of the metal produced in 1960. This sharp decline
over these years is due to the fall in the quality of the ore treated
(20 gms/tonne to 5.5 gms/tonne).
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Chromite Deposits

CHRrOMITE, THE only ore of chromium, has a chemical composition
FeO.Cr, O, with a theoretical proportion of 68% Cr,O, and 32%
FeO. However, in nature the chromium content is less due to the
replacement of Cr by Al. Similarly, Fe is also often replaced partly
by Mg. Chromite belongs to the spinel family and is magnetic.

Chromite deposits occur in association with certain types of
ultrabasic rocks like dunites, saxonites, pyroxenites and norites.
They are a product of segregation during early magmatic crystalliza-
tion where large-scale settling of chromite crystals in the igneous
melt results in the formation of commercial chromite deposits. The
deposits may be irregular, pod-shaped or in stratiform layers of re-
markable uniformity in thickness. In a few cases, chromite forma-
tion has been inferred to be in late magmatic stage of crystallization.

The world’s leading producers of chromite are the U.S.S.R.,
the Republic of S. Africa, Philippines, Rhodesia and Turkey. The
former two together account for 50%, of the world’s production. The
U.S.S.R. deposits are situated in Ural mountains and are of strati-
form type occurring in ultrabasic intrusives (mainly peridotite). The
Sarany deposit in the central Urals is the world’s largest deposit.

The Bushveld complex in South Africa is the classic example for
chromite occurrence. Situated in Central Transvaal, this complex
consists of gabbro, norite, pyroxenite, dunite and anorthosite. The
important mineral reserves are largely in the norite associated with
bronzitite. The Lydenburg and Rustenburg areas are the chief
producing centres in the Bushveld complex region.
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In the Philippines, the chromite deposits are around Luzan,
Mindanao and Palawan. The Luzan deposits are the best refractory
types. The Rhodesian deposits are situated in Southern Rhodesia
and are popularly known as ‘Great Dyke’ of Rhodesia. The Selukwe
deposits of this area arc extensive and of high grade. The important
chromite deposits of Turkey are situated mostly in the southern
Alpine region.

In India, the main occurrences are in Orissa, Karnataka, Tamil
Nadu, Maharashtra, Bihar and Andhra Pradesh. In Orissa, the
chromite deposits are chiefly distributed in the Sukinda area (in
Cuttack district), Nausahi area (in Keonjhar district) and Maraubil
and Maulabhaja areas (in Dhenkanal district). Around Sukinda,
the ultrabasic belt of 2.0 kms. length contains 15 exposures of chro-
mite at the junction of quartzites and enstatite-peridotites. The
deposits in Cuttack district are of high grade with 40 to 50%, Cr,O..
The reserves are estimated to be around 3,10,000 tonnes. The Nausahi
deposits (Fig. 9-1) cover an area around 200 hectares. The country
rocks are quartzites, siliceous limestones, slates and epidiorites in
which the ultrabasic rocks (enstatite-peridotite etc. converted to
serpentine and talc) were emplaced. Three generations of chromite
have been recognized occurring as schlierens, bands, massive lenses
and disseminations in serpentine. The ore lenses generally strike
NNE-SSW. The ore has an average composition of Cr,O, 52%,
§i0, 5.6%, ALQ, 10.6%, FeO 14.8%, MgO 14% and CaO 0.2%.
The Cr:Fe ratio 1s 3:1. The reserves in Nausahi region are placed
around 2,03,200 tonnes. The reserves of Dhenkanal are estimated to
be around 1,22,000 tonnes with Cr203 around 459, and above. The
Orissa deposits are of metallurgical and chemical grades.

In Karnataka, good grade chromite has been reported in the
Hassan district in an area of 89 sq. kms. (from Jambur to Arsikere)
in ultrabasic rocks (enstatite-peridotites) which intrude the horn-
blende-schists and amphibolites. In the Byrapur area, two large
lenses of chromite are traced up to 180 metres depth with average
width of 9 metres. The strike length of the ore bodies was reported
to be around 75 metres. The lenses are confined within two shear
zones. Reserves of Byrapur chromite are placed around 3,00,000
tonnes while the total reserves of all grades in Hassan district are
estimated to be around 8,00,000 tonnes. In Mysore district, occur-
rences of chromite are traced around Shinduvalli, Talur, Gorur,
Dodkattur and Dodkanya. The Shinduvalli chromite has 48% to
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(After Verma)—Reprinted from Economic Geology, 1964, Vol. 509, p. 803

36% Cr,O,. Chromite from Dodkanya on beneficiation improved
its Cr,O, from 29.42%, to 47.509, with corresponding reduction
of 3i0, from 10.16% to 1.49%,. Total reserves in this district are
around 20,300 tonnes. Besides these two producing districts, chromite
deposits are also distributed in Chitaldrug and Kadur districts.
The estimates for the same are around 25,400 and 20,300 tonnes,
respectively

In Tamil Nadu, chromite is reported around Sitampundi (Salem
district) in anorthosites and pyroxenites intruded as layered sheets
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in biotite gneisses. Average analysis shows Cr,0, 21%, Si0, 14%,
FeO 349, ALO, 24%, CaO 7% and MgO 2% On beneﬁcxatlon
Cr,0, 1mproves fo 369%, with reduction of SiO, to 0.25%,. The total
reserves in Tamil Nadu are placed around 2 23 ,900 tonnes.

In Maharashtra, chromite is worked around Pauni in Bhandara
district. The ore is of variable composition with Cr O, content
between 359, and 50%,. Chromite also occurs in Ratnagn‘l district
(around Kankauli and Vagda areas). On the average this ore contains
31 to 389, ofCrzoa.

In the Singbhum district of Bihar, chromite occurs in ultrabasic
intrusive rocks (dunites, saxonites and pyroxenites) within the
Dharwarian slates, phyllites and quartzites around Jojohatu. The
deposits are reported in 4 hills—Roroburu, Kinsiburu, Kittaburu
and Chittangburu. Reserves are estimated to be around 20,800
tonnes with Cr,O, around 53%.

Chromite deposits of Andhra Pradesh are distributed around
Kondapalle in Krishna district. Chromite occurs as veins, pockets
and disseminations in serpentinized ultrabasic charnockites. Chro- -
mite here is of two types, either hard and friable or massive. The
range of compositions for this chromite is Cr,0, 39 to 55%, FeO
20 to 23%, MgO 9 to 12%, SiO, 0.6 to 8.6%, ALO_ 17% and CaO
up to 3%,. .

Typical analyses of Indian chromites are indicated in Table 9-1.
The total Indian reserves of chromite of all grades are placed around
17.0 mln. tonnes of which the high grade is about 45%,. Chromite,
to be used for metallurgical purposes, should contain at least 48%,
Cr,O, with Cr:Fe ratio being not less than 2:9. Sulphur and phos-
phorus should be less than 0.5%, and 0.29%,, respectively. Apart from
metallurgical industries, chromite is also used in refractory and
chemical industries. For refractories, Cran content should be more
than 40%,. High percentage of iron is detrimental as the bricks expand
on heating. Silicates of magnesium (serpentine, talc etc.), if present
would lower the melting point. The average analysis of Indian
chromite brick shows SiO, 4. 109%, Al O 16.0%, Fe, O 24.80%,,
Cr,0, 44.10%, TiO 0. 70%, CaO 1 2%, MgO 9. 5% and loss on
1gmhon 0.20%,. P.C.E. is above Orton cone 35 (or above 1785°C).
Refractoriness under load of 3.5 kgfcm? is 1430°C. Chromite for use
in chemical industry should have at least 44% Cr,O, with total iron
(as FeO) up to 20%, ALO, 14% (max) and MgO 14%, (max)
(ISI: 4737-1968).
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BENEFICIATION

In most cases, good quality ore as mined is of sufficient purity and
hardly needs any dressing except hand-picking. In case of disseminat-
ed deposits, concentration is achieved by vibrating screens, tables
and jigs. While the gangue associated with chromite can be separated
by mechanical means, special techniques like roasting and leaching
are needed for increasing the Cr,O, content in the chromite. In
Indian ores, iron is largely present in the chromite constitution itself
and as such cannot be effectively reduced by simple methods.

For beneficiation purposes, the Indian ores are classified as the
simple and the ferruginous types. The suggested sequences of opera-
tion for both these types are given in Fig. 9-2.

SIMPLE ORES FERRUGINOUS ORES
ROM ROM
Gyratory crusher Gyratory crusher
Rod mult Reduction furnace
Classitier Rod mill
Tabling Classitier

{ I Thickener

oncenirates  Tailings to waste .
c ¢ hngs to Wet magnetic separator

|
. }

Concentrates Taiings to wasle

Fig. 9-2 Suggested flow sheets for simple and ferruginous chromite ores

Fig 9-3 indicates the beneficiation practice adopted for low grade
chromite at Shinduvalli, Karnataka.

Taking into consideration the need for various industries, total
requirement of chromite in India is placed around 1,50,000 tonnes
per year. In 1976, the production was around 401,650 tonm.:s' of
which 3,59,000 tonnes were exported. Though the resources position
indicates a limited availability of metallurgical grade of chromite
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Fig. 9-3 Flow shect for bencficiation of low grade chromite at Shinduvalli,
Karnataka. (After Bancrjee and Narayanan, 1957)

in India, it is to be noted that about 899, of the total Indian produc-
tion in 1976 was exported. A restriction on the exports, better
utilization of high grade chromite and introduction of proper
beneficiation techniques are warranted.



10

Diamond Deposits

DiaMonD, ALTHOUGH carbon in its chemical composition, is the
most sought after gem stone. In the crystal structure of diamond,
the covalent bonds between the carbon atoms provide strong attrac-
tive forces between them and thus make the diamond the hardest
mineral known in nature. The refractive index of diamond is around
2.41 and its lustre coupled with the hardness make it a gem variety.
Diamonds with flaws and in fragmental form, unsuitable for use as
gem stones, are used as industrial diamonds, popularly known by the
name “bortz”.

Diamond deposits are primarily confined to ultrabasic rocks
commonly in the form of intrusive necks. High temperature and
pressure prevalent in the plutonic depths favour the crystallization
of diamonds. The famous Kimberley diamond deposits are the
world’s greatest contributors of diamonds. In South Africa, these
deposits occur in four belts: (a) the Western African belt which
extends from Sierra Leone to Southern Ghana, () the Congo Basin,
(¢) South African belt following S.W. edge of Transvaal orogenies
and (d) South African belt following Atlantic coast. The host rock is
‘*kimberlite’, an ultrabasic rock of variable composition consisting
of tuff and breccia with serpentinous mass. These kimberlite bodies
are cylindrical, often oval or funnel-shaped, having a dike-like occur-
rence and occasionally tapering at depth. Pretoria and Kimberley
areas are the noted producing centres besides the coastal regions
of S. Africa where rich placer deposits are mined. The placer deposits
provide a large share of industrial diamonds. It is interesting to note

113
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that 909 of the world’s diamond production is from S. African

belt, the rest from the U.S.S.R., Brazil, India and other countries.

In India, the diamond bearing deposits can be broadly classified
into three main horizons:

1. Volcanic pipes of Madhya Pradesh and Andhra Pradesh.

2. Diamondiferous conglomerates and quartzites of Vindhyan
system (Madhya Pradesh) and Kurnool system (Andhra
Pradesh).

3. Alluvial placers along the Bhagen river of Panna district and
in Mahanadi basin of Orissa.

The volcanic pipe at Majhgawan (36 kms. south-cast of Panna)
is a pear-shaped intrusive body, covering an arca of 8.5 hectares,
with approximately a length of 500 metres and 325 metres width at
its widest portion. This body has an clongated neck (inclined to the
north-west) which was found to be barren of diamonds. Situated
within the Kaimur orthoquartzitic sandstone (Vindhyan system),
the intrusive is an agglomeratic tuff, greenish in colour and extensive-
ly traversed by calcite veins which lend a banded appearance to
the rocks. Serpentine is the common mineral and is of chrysotile
and antigorite varietics. Also, ilmenite, hematite, magnetite,
perovskite and rutile occur in the host rocks. Garnet is conspicuously
absent. Similar kimberlite-type pipe rocks have also been reported
at Wajrakarur in Andhra Pradesh.

The diamondiferous conglomerates of the Vindhyan system
occur as two thin basal horizons separating the Kaimur, Rewa and
Bhander series. The source for these diamonds has been attributed
to the volcanics in the Bijawar series. The basal Banaganapalli
conglomerates in the Kurnool system also belong to this category.

The gravels formed by the Bhagen river in the Panna district are
an important source for diamonds. Extensive activity is centred
around Ramkheria (33 kms. north-cast of Panna) where the gravel
deposit is at a depth of 12 to 18 metres. It is reported that the dia-
monds are concentrated cither at the base of this bed or in its lower
portions. This gravel is classified as an older alluvial deposit. In
India, the mining for diamonds is only at Panna in Madhya Pradesh.
Here the operations are carried out both by private and public
sectors. However, the activities of the former (controlled by the
Government of Madhya Pradesh) arc confined to the shallow
diamond mining. The public sector operations are carried out by the
National Mineral Development Corporation (N.M.D.C.) which
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holds mining leases at Majhgawan and Ramkheria. At Majhgawan
the preliminary exploration was started by the Geological Survey
of India and Indian Bureau of Mines in 1956 and several pits have
since been opened for evaluation. The shaft-sinking operations,
however, started around 1963-64 with the regular mining operations
commencing around 1968 by N.M.D.C. Total reserves, up to 28
metres depth from the surface, have been estimated to be of 4.5 min.
tonnes of tuff with 10.47 carats per 100 tonnes of the rock. Of the total
production at Majhgawan, 409, are of the off-colour type, 30%, are
of gem variety and the rest are of industrial grade. At Ramkheria,
detailed prospecting has indicated a total estimated reserve of
1,15,000 carats within about 50,000 cu. metres. This figure was
based on the estimates from three blocks around the area. From
Ramkheria mine, 50 to 609, of diamonds produced are gem quality.

The total production of diamonds in India is 20,400 carats in 1976.

BENEFICIATION

For diamond deposits, the gangue varies with the mode of occurrence
of these deposits. The typical gangue encountered in volcanic pipe
deposits is composed of calcite, diopside, enstatite, ilmenite, phlogo-
phite and pyrite. As explained earlier, the famous South African
kimberlite deposits as also the Indian occurrences at Majhgawan
are associated with typical volcanic ultrabasic intrusive rocks altered
to serpentine rocks. However, in the deposits associated with the
diamondiferous quartzites, conglomerates and the alluvial gravels,
quartz and heavy minerals like rutile, zircon and garnet are the
gangue minerals to be handled.

During beneficiation, it is essential that the diamonds should not
be physically damaged or chemically altered by the treatment
procedures. This is normally achieved by adopting differential
grinding procedures followed by techniques like gravity separation,
heavy media separation, grease tabling, electrostatic separation for
an effective recovery of diamonds. Gravity concentration is parti-
cularly suitable for diamond beneficiation because the diamonds
have a specific gravity of 3.5 while more than 80%, of the associated
gangue minerals have a specific gravity less than 2.7.

As a typical example, the major ore-dressing operations adopted
at Kimberley Mines of De Beers Consolidated Mines Ltd. (S. Africa)
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Fig. 10-1 Generalized flow sheet of Kimberley mines—De Beers Consolidated Ltd.
{Based on flow sheet after Colvin and Simpson, 1960)

are given in Fig. 10-1. The washing pan (Fig. 10-2) used at these
mines is essentially an annular shaped vessel, made up of two con-
centric walls of 90 cms. and 250 cms. radii, the inner of which is 30
cms. high and the outer 50 cms. A sliding bottom door is provided
for cleaning operation. The feed which consists of the ore and the
puddle (a suspension of fines in water) with a specific gravity of
1.26 is continuously introduced tangentially at the outer circum-
ference of the pan. A vertical moving shaft at the axis has the stirring
arms with teeth which thrust the settled material outward against
the inward flow of the slurry. A single circular tooth at the end of the
arm moves settled material to a discharge pot in the outer wall. The
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Fig. 10-2 Schematic diagram of a washing pan used at Kimberley mines

arms revolve at 8 r.p.m. The rakes keep the mass in the pan in a state
of semi-suspension at a specific gravity around 1.5 to 1.6 allowing
heavy minerals like diamonds, ilmenite, garnet and diopside to
settle and the lighter gangue minerals to float and flow over the
inner weir. Dense media separation is carried out in hydrocyclones
using ferrosilicon as the medium. Refined petrolatum is used as the
grease for the tables. Diamonds caught on the grease are scraped
off periodically by hand and are de-greased by boiling water. For a
daily input of 13,500 tonnes of kimberlite, the final concentrate of
diamond weighs 2,800 carats. As a recent addition to this plant, a new
circuit is introduced after the heavy media cycloning operation.
In this circuit, vibrating grease tables are introduced, and electronic
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colour sorters and x-ray separators are employed to recover diamonds
from grease tables.

As mentioned earlier, electrostatic separation and flotation techni-
ques may also be employed for diamond beneficiation and the
choice should be based on the type of gangue and the degree of
liberation of the materials.

In India, the current practice involves only gravity separation
and hand-picking. The beneficiation plant at Majhgawan (Fig. 10-3)
treats the tuff material and has a capacity of 400 tonnes per day.
The material from the mine is reduced in size in the jaw and roll
crushers and in a ball mill. The product is destimed in a duplex spiral

Run-ott-mine

Grizzly(75mm)

},

()
Jaw crusher

(-}

{

Vibrating screen(i0mm)

(+)
Roll crusher

(-)

Batt il {With12Zmm openung)

i

-12mm
Sprrai classitier
Screen(l 25mm)
(0 1S
Vibrclji'ng screen(2-5mm) To waste
el
V\brath screen (10mmy)
(ﬁé\ Vibrating
T
g ibra »gg screen(5mm)
@] (&
Jig2 Jig3
[} ¥
]
Concentrate Jig4
k
Over tlow
(Recirculation to ball mitf) 1
L ) L < Over
Concenlrales to wa

(To the picking yard)
Fig. 10-3 Beneficiation for Diamonds at Majhgawan (Source: Singh, 1969
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classifier to remove the suspended solids. Then the material is desand-
ed on a wedge bar screen and the oversize is screened into (— 12 + 10)
mm., (— 10+ 5) mm., (=54 2.5) mm. and (— 2.5+ 1.25) mm.
fractions. These are treated in jigs designed and fabricated at the
plant. The concentrates are dried and hand-picked for diamonds.
The plant at Ramkheria is for treating the alluvial gravel. The
operations mainly involve scrubbing and removal of boulders by a
grizzly and sizing into (+ 8) mm., (—8+4) mm., (—4+ 1.75)
mm. and (— 1.75) mm. fractions with a vibrating screen and a
grizzly. The fine material (— 1.75 mm.) is discarded while the
coarse material (+8 mm.) is hand-picked. The intermediate
fractions are concentrated by jigging operations. The diamonds
are hand-picked from the jig concentrates.

It may be interesting to note that in India, of the total production
of diamonds, the gem variety constitutes around 809, with the rest
being the industrial type whereas in South Africa the industrial
diamonds form a substantial fraction of its total production.
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Beach Sand Deposits

Inp1A 15 one of the leading producers of the heavy minerals from
beach sand deposits. The heavy black sands along the Kerala and
Tamil Nadu coasts constitute valuable mineral assets of the country
and are considered to be one of the richest deposits of the beach
sand minerals in the world. The important economic minerals in
these deposits are ilmenite (FeO. TiO,), rutile (TiO,), monazite
(Ce, La, ... PO,) and zircon (ZrO,. 8iO,).

Australia and Brazil also are major producers of these minerals.
Most of the Australian occurrences are along the parts of coasts of
New South Wales, Queensland and Western Australia. The Austra-
lian deposits contain about 459, rutile while the Indian deposits
have about 59, rutile. Around 90%, of the world’s supply of rutile
comes from Australia. However, the ilmenite content of the Austra-
lian deposits is quite low (around 209%,). Further, its high chromium
content bars the usage of the Australian ilmenite in pigment industry.
Brazil supplied about half of the world’s monazite till recently.
The deposits occur mainly along 1600 kms. of the coast which covers
Rio de Janeiro, Bahia, Espirito Santo, Parabyba and Rio Grande
do Norte. The largest deposits are at Guaratiba in Bahia, at Guara-
pary in Espirito Santo and at Barre do Itabopoana in Rio de Janeiro.
The sands are generally richer in ilmenite and monazite but rutile
is meagre. The Bahia deposits are the richest in monazite.

In India, the heavy mineral deposits of the west coast are largely
concentrated as high-grade beach and low-grade dune deposits
extending from Kanyakumari to the Malabar coast with inter-
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ruptions. The main deposits are around Kayamkulam-Neendakara
coast (popularly known as the Quilon deposits) in Kerala State, and
in the Manavalakurichi region in Tamil Nadu. The heavy minerals
are thought to be derived from the crystalline basement rocks,
chiefly of granitic and dioritic nature and also partly from the
Tertiary sediments. They are a product of the river action which
carried these to the sea where sorting and repeated wave action have
resulted in concentration of the heavy minerals along the sand bars.
Deposits occur on present beaches, barrier beaches and old elevated
inland beaches buried below sand dunes. The localization of some
of these deposits is a result of changes in surface level and diversions
of the complicated stream networks. The Quilon deposits extend for
about 20 kms. in length (Fig. 11-1). A rock ridge parallel with
the coast has enabled these rich deposits to concentrate between
Neendakara and Kayamkulam bars. At Manavalakurichi, the
deposits are spread over 2 kms. in length. The mineralogical composi-
tion of the Quilon and Manavalakurichi deposits is indicated in
Fig. 11-1 and Table 11-1, respectively.

Although the west coast deposits are the only ones that are worked
currently, heavy mineral sands are also reported along the east
coast at several places in Andhra Pradesh and Orissa with the
monazite content up to 109,.

Table 11.1 MINERALOGICAL COMPOSITION OF MANAVALAKURICHI

DEPOSITS

Mineral Beach washings Dune material
Kadiapatnam  Chinnavilai Valliar bank  Chinnavilai
IImenite 75 69 60 60
Garnet 3 7 2 4
Zircon 6 6 5 5
Rutile 4 4 3 4
Monazite 4 2 2 2
Silica and 8 12 28 25
Others

*Data after Karve and Majumdar (1972).

BENEFICIATION

Monazite and ilmentite are to be separated from other heavy
minerals such as zircon, rutile and sillimanite. Quartz is the dominant
gangue mineral with leucoxene, calcareous spar and mica as su.b-
ordinate associates. In the Quilon deposits garnet is very little while
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Fig. 11-1 Beach sand deposits along Neendakara-Kayamkulam Coast (Figures
indicate mineral percentages)

in the Manavalakurichi deposits, elimination of garnet is also needed
which adds to the cost of production.

In general, the specific gravities of the important heavy minerals
in beach sands are in the range of 3.0 to 4.5 while for the gangue the
range is between 2.5 and 2.8. As such, simple gravity techniques such
as tabling and Humphreys spiralling can be suitably adopted for an
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effective separation of the gangue from the heavies. Within the
heavy minerals, fortunately, high-tension separation can be used to
separate monazite and zircon (high tension pinned nonconductors)
from ilmenite and rutile (high tension thrown-conductors). Within
these pairs of monazite-zircon and rutile-ilmenite, monazite and
ilmenite are magnetic while zircon and rutile are non-magnetic.
It may be noted that ilmenite is more magnetic than monazite. Fig.
11-2 indicates a generalized scheme of separation.

Beach sands
Gravity techniques~——e=Gangue
Heavies

High tension separation

Magnetic separation Magnetic separation
Monazi te Zircon Ilmgxite Rutije

Fig. 11-2 Typical scheme of separation for beach sands

However, the present practice as adopted in India and reported
in literature is indicated in Fig. 11-3. This includes both electrostatic
and electromagnetic separation techniques together with concentra-
tion by dry tabling. The mined beach sand is dried and screened
through 38-mesh vibrating screen. The fines are subjected to mag-
netic separation where ilmenite is obtained as concentrate. To
scavenge the entrapped ilmenite, the non-magnetic portion is furth(?r
subjected to a series of high-magnetic separators. The non-magnetic
portions of these operations are treated by electromagnetic separators
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Fig. 11-3 Flow sheet for beneficiation of Kerala beach sands (After Viswanathan,
1957)

and wind-tables to recover monazite. The non-magnetic portions at
this stage consist of zircon, rutile and sillimanite. These are further
separated out through a series of electrostatic and electromagnetic
separation techniques together with dry tabling. However, two
separate flow sheets (Figs. 11-4 and 11-5) for the Manavalakurichi
and Chavara deposits have been reported recently. These were based
on an extensive work carried out at the Ore Dressing Section of the
Bhabha Atomic Research Centre (Bombay). It may be noted that,
at present, these flow sheets are not fully implemented (particularly
with reference to the flotation part of the circuits). While ilmenite
dominates in the Indian beach sands to an extent of 60 to 829, the
Australian sands have only about 209, of the same. However, in the
latter rutile and zircon are comparatively in considerable amounts.
As such, beneficiation in Australian occurrences is directed to the
recovery of rutile and zircon while the Indian beach sands call for
adequate beneficiation techniques for separation of ilmenite and
monazite from rutile and zircon. It is to be noted that magnetlic
concentration of Indian ilmenite is complicated by the fact that its .
composition widely varies with grain size and as such magnetic
susceptibility varies with particle size.
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INDIAN INDUSTRY

The beach sand mineral industry in India dates back to the beginning
of the 20th century. Monazite in the Kerala beach sands was first
discovered in 1909. The growth of this industry has been relegated
to three distinct periods—the first period between 1909 and 1919
when largely the discovery of the deposits was followed by German
exploitation, the second one between 1918 and 1959 with the British
controls and subsequent period in which the important events are
the mining agency agreement and the nationalization. The ThO,
content in Indian monazite is around 8 to 109,.

India’s ilmenite sand reserves have been estimated to be around
350 min. tonnes of which 939, is from the beach sands of Keralaand
the rest from Manavalakurichi area. Around 2 mln. tonnes of
monazite sand with average 2%, monazite containing a total of
about [,50,000 to 1,80,000 tonnes of ThO2 have also been estimated
to be present. In 1976 around 1,75,000 tonnes of ilmenite and 7,700
tonnes of rutile were produced in India. The heavy minerals are
mainly produced by three important companies. Of these three,
the Indian Rare Earths Ltd. (IRE) was set up by the Atomic Energy
Commission for processing sands and separating thorium, uranium
and rare earths from monazite. The IRE has two plants, one at
Manavalakurichi and the other at Chavara to process, respectively,
300 and 650 tonnes of beach sand per day. Details of the annual
production of these plants are indicated in table 11-2.

Table 11-2 HEAVY MINERAL PRODUCTION AT MANAVALAKURICHI
AND CHAVARA

Mineral Manavalakuricht plant Chavara plant
Tonnes Tonnes
IImenite 60,000 1,00,000
Monazite 4,900 650
Rutile 1,500 5,850
Zircon 5,700 . 7,000
Sillimanite 300 4,000

Chemical processing at monazite is carried at Alwaye. The capacity
of this plant is to produce 4,600 tonnes of rare earth chlorides, 5,560
tonnes of tri-sodium phosphate and 7,030 tonnes of thorium
hydroxide from monazite. Currently, the industry meets around the
third of the world’s requirement of rare earths.






































































































































































































































































































