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NOTATION

Angstrom = 1078 cm

millimicron = 0.000001 mm

crystallographic axes

symbols of crystal faces

symbols of simple forms

index of refraction of optically isotropic minerals

axes of ellipsoid of optical indicatrix—the direclion of
the main refractive indices (maximum, medium, and
minimum) in optically anisotropic minerals

lengths of edges of elementary cell, A

length of edge of rhombohedral cell, A

angles between crystallographic axes in monoclinic and
triclinic systems
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Part One

INTRODUCTION

MINERALOGY AND MINERALS. DEFINITIONS

Mineralogy is one of the geological sciences concerned with the study
of the earth’s crust. The term literally means the science of minerals
and embraces all aspects of minerals including their genesis. The word
mineral comes from “minera”, which once meant an ore specimen,
which shows that it dates back to the beginnings of mining.

By minerals we mean the constituents of rocks and ores which differ
from one another in chemical composition and physical properties
(colour, hardness, lustre, etc.). Biotite granite, for instance, is com-
posed of three principal minerals of different composition: light-coloured
feldspar, grey quartz, and black mica (biotite). Magnetite (magnetic
iron ore), on the other hand, is virtually a monomineral, i.e., composed
of crystalline magnetite grains.

Genetically, minerals are natural chemical compounds (more seldom
native elements) and are natural products of various physico-chemical
processes going on in the earth’s crust (including the products of the
life activity of various organisms)*. The vast majority of these natural
products occur as solid minerals with definite chemical and physical
properties which are related to the chemical composition and crystal
structure of their constituents. With some degree of approximation, it
may be stated that within the space occupied by any mineral regardless
of its dimensions it may be regarded as a homogeneous crystalline
mass**,

The study of minerals, as they occur in nature, as well as experi-
mental work indicate that every mineral is formed under definite phys-
ico-chemical conditions (temperature, pressure, and concentration of
chemical components in the system). Individual minerals remain unal-
tered until their limits of stability are overcome by the operation of
environmental factors (e.g., oxidation or reduction, temperature or
pressure rise or fall, etc.). Therefore, in the course of development of

* A wide variety of synthetic products, i.e., laboratory- or factory-made com-
pounds, are not considered to be minerals. Very many of them do not and even
cannot occur in nature. The only synthetic compounds conditionally called
minerals are those the chemical composition and crystal structure of which cor-
respond to those of the natural compounds.

** No mineral is perfectly homogeneous either chemically or physically.
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geochemical processes, many minerals are altered, destroyed or re-
placed by other minerals which are stable under the new conditions.

Quite a few minerals, however, such as diamond, graphite, corun-
dum, rutile, etc., remain 'in a state of equilibrium within a wide range
of environmental conditions.

A great many minerals known at the present time constitute impor-
tant raw materials, provided, of course, their accumulation in a par-
ticular locality, called a mineral deposit, is large enough. The percent-
age of the useful component is high enough to make mining worth-
while. Some minerals contain important metals, such as iron, manga-
nese, copper, lead, zinc, tin, tungsten, molybdenum, etc., which are
extracted by concentration and smelting. Other minerals (diamond,
asbestos, quartz, feldspars, micas, gypsum, soda, mirabilite, etc.) owing
to their important physical and chemical properties may be used either
as found, without any pretreatment, or as stock materials for indus-
trial synthetic compounds, building materials, etc.

Thus as a science of natural chemical compounds (minerals), miner-
alogy concerns itself with the study of their interrelated properties, such as
composition, crystal structure, propertLes occurrence and economic impor-
tance. Therefore, mmeralogy is closely associated, on the one hand,
with the progress of allied sciences (physics, chemistry, crystal chem-
istry, etc.), and, on the other hand, with the practical requirements of
geological prospecting and exploration.

At the present time mineralogy has the following principal tasks:

1. Comprehensive study and a deeper penetration into the phys-
ical and chemical properties of minerals in relation to their chemical
composition and crystal structure, for the purpose of practically using
them and to reveal new mineral raw materials.

2. Study of the dependences governing the association of minerals and
the order in which mineral assoctations are formed in ores and rocks for
the purpose of establishing the conditions of the formation of minerals,
as well as the specific features of the processes of mineral formation
(genesis), and using this knowledge in prospecting and exploration of
economic mineral deposits.

In solving these problems mineralogy relies upon the laws of exact
sciences: physics, chemistry, crystallography, crystal chemistry, colloi-
dal chemistry, and physical chemistry. The data made available by
mineralogical research in turn is used in geochemistry, petrography,
the science of economic mineral deposits, geological prospecting and
exploration, as well as in some applied sciences (metallurgy, ore bene-
ficiation, etc.).

Conceptions of the nature of minerals and correspondingly the
substance of mineralogy have developed historically and altered with
the progress of our knowledge in the field of geology and natural
science on the whole. We shall discuss below the main stages in natural
history that have influenced the development of mineralogy as a
distinct science.

12



THE MAIN STAGES IN THE DEVELOPMENT OF MINERALOGY

The origins of mineralogy. In prehistoric times, long before the art,
of writing was known, minerals began to attract man. The growth of
the store of mineralogical knowledge is closely associated with the
history of the development of material culture, in which mining played

Fig. 1. An ancient working al an antinvily iniie.

an important part, particularly in the Bronze and Iron ages. Arche-
ological findings show that the ancient Chinese, Babylonians, Egyp-
tians, Greeks, etc., were among the pioneers of mining.

From time immemorial man has known not only native copper,
gold and silver, but also ores rich in copper, tin, and iron compounds.
Gradually he learned to extract them and smelt them into metals,
at first to make ornaments, then weapons, so essential in the constant
struggle for survival, and finally, instruments of labour. Besides metals,
the ancients recognised and collected various coloured stones which
struck them by their beauty and gave rise to various superstitions.

They must have known from experience certain properties of min-
erals and ores, as well as some empirical dependences of their occurrence,
which enabled them to prospect for mineral deposits. In places, ancient
mine workings have survived to our time (Fig. 1). Of course, no scien-
tific concepts of the occurrence of ores and minerals could have existed
at that time.

13



Aristotle (384-322 B. C.) was the first author in whose writings
we find mentions and an attempt to classify inorganic natural bodies.
Metal-like mineral formations were classed by him as ‘“‘metalloids”.
His disciple Theophrastus (371-286 B. C.), in a special mineralogical
treatise On Stones, described 16 mineral species, mostly gemstones,
this time in practical terms. Pliny the Elder of Rome, who lost his
life in the eruption of Vesuvius in 79 A. D., wrote four treatises in
which he collected all the contemporary knowledge about minerals,
including legends and myths.

The early Middle Ages were marked by obvious progress of science
in the Arab countries, which have assimilated ancient Greek and Indian
culture. A tremendous role in that progress was played by the scholars
of Central Asia (Uzbekistan), then under the rule of the caliphs of
Baghdad. Outstanding contributions to mineralogy were made early
in the 11th century by a scholar, mathematician, and astronomer
Biruni (972-1048), a native of Khorezm (Uzbekistan). Writing about
gemstones he gave a very remarkable, for his day, description of min-
erals, using for the first time in the history of mineralogy such physical
constants as relative hardness and specific gravity to differentiate
between mineral species. Another great scholar of that time, Avicenna
of Bokhara (980-1037), in his Treatise on Stones divided all the then
known minerals into four classes: (1) stones and earths; (2) combustible
or sulphur minerals; (3) salts, and (4) metals.

In the meantime complete stagnation reigned in the scientific
thought of Europe. The so-called lapidaries (from the Latin lapis—
stone), the only mineralogical literature of the day, were mainly tales
about the magic properties of stones.

Thus, the first stage in the development of mineralogy, which includ-
ed the Middle Ages, ended with the science still in the embryonic
state. For the most part only ores were recognised as minerals, and
their classification was rather primitive. There existed no conception of
chemical elements, or of chemistry as such; hence the concept of the
chemical nature of elements could not emerge. Chemistry appeared in
the late Middle Ages in the form of alchemy which persisted through
the 17th century. The alchemists’ goal was to obtain the ‘‘philosophers”
stone”” which would make it possible to turn base or ‘‘imperfect” metals
into noble metals, mainly, gold. It was held that metals consisted
either of arsenic, sulphur, and water or of mercury and sulphur mixed
in different proportions. Moreover, what was meant by sulphur and
mercury was very different from what it is today. For a long time the
search for the “philosophers’ stone” stifled natural science in general
and chemistry in particular, and often led the experimenter to the
most fantastic conclusions. .

Mineralogy becomes a science. In the 16th century a number of
important mineralogical treatises appeared in Europe. Independently
of each other, Biringuccio (d. 1538) in Italy and especially, Geofgius
Agricola (1490 1555) in Bohemia summed up the mineralogical knowl-

14
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edge of their day derived from practical mining experience in Saxony,
Bohemia, Italy, and elsewhere in Europe.

Having discarded alchemy, Agricola made many accurate observa-
tions on the conditions of occurrence of different minerals in ore depos-
its. As a result he suggested a system of classification of minerals
which, though roughly identical with that of Avicenna, was much
more thorough. Agricola classified mineral formations as combustible
minerals, earths, salts, gemstones, metals, and mineral mixtures.
Although he had nothing to say as yet about chemical composition of
minerals, Agricola described in detail such diagnostic features as colour,
transparency, lustre, taste, odour, weight, hardness. He also touched
upon the origin of ore deposits. His works influenced generations of
mineralogists.

In Russia the beginning of mineralogy as a science is linked with the
name of Mikhail Lomonosow{1711-1765). A son of an Archangel peas-
ant, he was exceptionally gifted and erudite, and in his scientific
thinking he was far ahead not only of his German-born colleagues at
the Russian Academy of Sciences, but also of many of the best minds
of Western Europe. Proceeding from his ‘‘corpuscular philosophy’’ he
formulated a theory of the structure of crystalline matter, and devel-
oped the kinetic theory of gases and the mechanical theory of heat,

15



in which he was at least a hundred years ahead of his time. Being a
talented chemist, he applied quantitative analysis of chemical proc-
esses, clarified the role played by air in the burning of organic matter,
and formulated the law of conservation of matter long before Lavoisier.

Mineralogy proper began to interest Lomonosov during the second
half of his scientific career. In 1742 he began to study minerals and com-
pile a catalogue of the Mineralogical Museum of the Academy of Sci-
ences. The remainder of his life was spent in writing the General System
of Russian Mineralogy, a stupendous undertaking for his day. In 1761
he submitted to the Senate a project for the collection all over Russia
of ‘““various sands, various stones, various clays as indicated by their
colour’’, to be delivered to St. Petersburg for further study. In 1763
he appealed to the mine owners asking them “to supply specimens of
various metalliferous ores and thus share in the compilation of a Rus-
sian Mineralogy”’.

An ardent patriot, Lomonosov wrote his geological treatises in
Russian (How Metals are Born Through the Quaking of the Earth, The
Strata of the Earth, etc.). In them he gave much practical advice on
prospecting for ores.

In Western Europe, by the middle of 18th century there rose to
prominence a number of Swedish mineralogists, such as K. Linnaeus
and Kronstedt who were Lomonosov’s contemporaries. K. Linnaeus
(1707-1778), the author of Systema Naturae, extended the application
of his binomial nomenclature (genera and spemes) from botany and
zoology to mineralogy. To A. Kronstedt (1702-1765) goes the credit,
for eliminating fossils from the domain of mineralogy. He also improved
the blowpipe method and studied the chemical composition of min-
erals.

The late 18th century saw the appearance of the Freiberg school
of mineralogy. At first headed by A. G. Werner (1750-1817) and then
by I. A. Breithaupt, the school influenced the development of miner-
alogy in many countries.

Meanwhile, mineralogical knowledge in Russia developed independ-
ently and rose to such a high level that it acquired renown and rec-
ognition throughout the Western Europe. A great role in this was
played by great scientific expeditions to various provinces over the vast
territory of Russia, principally in the Urals and Siberia, organised by
the Academy of Sciences in the second half of the 18th century. Funda-
mental treatises appeared dealing with the geography of the country,
its etnography, fauna, flora, and mineral resources. The authors of
these works were I. I. Lepekhin (1771-1772), P. S. Pallas (1771-1788),
I. F. Hermann (1789-1811), V. F. Zuyev, V. M. Severgin, and others.

Quite a few mineral deposits were discovered by peasants and min-
ers. In the late 18th and early 19th centuries they discovered numer-
ous deposits of gemstones and gem materials (tourmaline, topaz, rock
crystal, emerald, malachite, etc.), gold and platinum first discovered
in the Urals (Flg 2) as well as deposits of iron, copper, lead, silver,

16



etc. All these discoveries, especially of new minerals which were often
displayed at international fairs, were generally recognised outside
Russia as highly important contributions to the development of world
science. -

Eminent Russian mineralogists of that time were V.M. Severgin
and D. I. Sokolov.

Fig. 2. Open-cut mining on Mt. Vysokaya in the Urals.

V. M. Severgin (1765-1826), Lomonosov’s successor, was intolerant
of all sorts of scholasticism, especially that of the Werner school. It
was Severgin who brought to completion Lomonosov’s project for
compiling a General System of Russian Mineralogy in which he summed
up the vast data collected by the Academy expeditions. In 1809 he
published a two-volume Essay of Mineralogical Description of the Rus-
sian State. Among his numerous writings the following are the most
important: Elements of Mineralogy or the Natural History of M ineral
Bodies (1798), The Art of Assaying or a Manual for the Chemical Test-
ing of Metallic Ores (1801), Comprehensive M ineralogical Glossary (1807),
A New System of Minerals Based upon External Features (1816). His
writings did much to disseminate mineralogical knowledge. Many
terms he coined won a permanent place not only in mineralogy but
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\V. M. Severgin D. 1. Sokoloy

also in chemistry, since Severgin extended his study beyond the exter-
nal physical properties to the chemical composition of minerals.

Honorary Academician D. I. Sokolov (1788-1852) was a gifted
lecturer. A Manual of Mineralogy in two volumes which he wrote in
1832 was a model textbook. To him also goes the credit for popularising
mineralogical knowledge through lectures which invariably attracted
large audiences.

By about the middle of the last century, mineralogy at last began
to emerge as a distinct science. Many names of rocks hitherto consid-
ered minerals were, with the advent of microscopy, eliminated from
the mineralogical nomenclature. Minerals were increasingly looked
upon as crystalline entities possessing definite properties. Verbose dis-
sertations on minerals in the tradition of the Werner school now gave
way to the description of the crystallographic forms, physical and
chemical properties of minerals with full chemical analyses.

Academician N. I. Koksharov (1818-1892), whose name is associ-
ated with the flourishing of Russian mineralogy, was an outstanding
crystallographer and research worker. He carried out an enormous
work in precise study and systematisation of the minerals found in
Russia, and his numerous descriptions and measurements of crystals
(still unsurpassed in accuracy), mainly of those from the Urals, have
become standard in all textbooks and manuals on mineralogy.

His eminent contemporary, Academician P. V. Yeremeyev (1830-
1899) took an active part in studying all the new specimens arriving
at the Mineralogical Society. His extensive research in the physio-
graphy of minerals, especially of twins and pseudomorphs, was a great
contribution to the development of Russian mineralogy.

18



As the number of full chemical analyses performed by research
workers (such as Academician T.Y. Lovits, Vauqueline, Wollaston,
Lubarsky, Moscow apothecary R. Hermann, P. Yevreinov, Tennant,
and others) was increasing, scientists began to consider developing a
system of mineralogy based upon the chemical composition of min-
erals. However this became possible only when the great Russian scien-
tist D. I. Mendeleyev (1834-1907) had suggested the periodical system
of chemical elements. The tremendous importance of the periodic law
is emphasised by the fact that it has become the foundation for many
of the great modern breakthroughs in the field of natural sciences.

At the same time A. M. Butlerov (1826-1886) laid the foundations
of the theory of chemical structure of matter which played an impor-
tant role in the advancement of chemistry and crystallography.

The modern period in the development of mineralogy. Russian
crystallography owes its greatest achievements to Y.S. Fyodorov
(1853-1919) who, proceeding from purely mathematical analysis, for-
mulated the theory of the structure of crystals and in 1890 published his
classical work Symmetry of Regular Systems of Figures in which he
deduced the only possible 230 space groups of symmetry. A year later
(1891) German mathematician A. Schoenflies published his own work
on the same space groups into which he later introduced corrections
suggested by Fyodorov.

Another field to which Fyodorov made a great contribution was
the microscopic study of minerals. He developed a universal optical
method of studying crystal grains in thin sections with the help of

N. I. Koksharoo P. V. Yeremeyey
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D. I. Mendeleyey

what we now call Fyodorov universal stage. The last years of his fruit-
ful career I'yodorov spent in developing crystallo-chemical analysis,
i. e., in determining the chemical composition of minerals based on
goniometric measurements of crystals and his theory of crystal struc-
ture. Having critically revised the enormous amount of empirical
data on crystal measurements that had accumulated by that time in
literature, he arranged them in a systematic order. The fruit of this
research was his capital The Kingdom of Crystals which was published
posthumously in 1920.

Mendeleyev’s periodic law and periodic system played a singular
role in the development of mineralogy.

The idea that minerals are products of chemical reactions in the earth’s
crust is most remarkably expressed in the numerous works of the
great Russian naturalist Academician V. I. Vernadsky (1863-1945).
Regarding mineyalogy as ‘‘the chemistry of the earth’s crust”, Ver-
nadsky initiated a new trend in mineralogical research. He conducted
extensive studies of the chemical compos1t10n of minerals in the light
of modern science, the paragenesis of minerals, and the conditions of
their existence in nature viewed historically. In 1891 Vernadsky proved
experimentally that in alumosilicates tetravalent silicon may be re-
placed by trivalent aluminium whose role was that of an acid function.
Thirty years later this experiment was not only fully confirmed by
X-ray study of feldspars but also helped to further the study of the

structures of alumosilicates other than feldspars.
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Vernadsky’s mineralogy struck a new note in the development of
mineralogical knowledge. The result of his enormous, painstaking work
done between 1908 and 1914 was the first volume of his classical mon-
ograph on the mineralogy of Russia Essay on Descriptive Mineralogy
which dealt with native elements. Unfortunately, he has not completed
in his lifetime this work, nor his other book 7he History of Minerals
in the Earth’s Crust. '

Geochemistry was a new science which Vernadsky created and for
which his own generalisations served as the foundation, though the
first attempts at generalising the chemical processes in the earth’s
crust had been made in the middle of the last century by K. Bischoff
(1792-1870) and Elie de Beaumont (1798-1874). Modern geochemistry
also owes much to V.M. Goldschmidt (1888-1947) and, last but not
least, to Soviet Academician A. Y. Fersman.

In 1895 while studying cathode rays, W. Roentgen (1845-1923)
discovered X-rays (also known as Roentgen rays) and, as a result,
new methods were developed for the analysis of mineral substances.
The discovery in 1912 by physicist M. Laue of the diffraction of X-rays
by crystals, and the subsequent research in this field by G. V. Wulf in
Russia, W. G. Bragg and W. L. Bragg (father and son) in England,
L. Pauling in the U.S.A., and by other workers, revealed a close
relationship between the internal crystal structure and the chemical
composition and physical properties of minerals. This research con-
firmed Lomonosov’s conjectures on crystal structure and Fyodorcv’s
deduction (1890) of the only possible 230 patterns of arrangement of
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atoms in crystals. Fyodorov’s concept of symmetry has been fully
accepted as the basis of modern X-ray structural analysis.

All this progress led to the development of a new branch of sci-
ence — crystal chemistry concerned with thelaws governing the spatial
arrangement and interrelations between the atoms or ions in crystals,
and the relationship between crystal structure and physico-chemical
characteristics of minerals.

In 1896 French physicist Henri Becquerel (1852-1908) discovered
that uranium salts emitted radiation. This historic discovery was soon
followed by the discovery by M. Curie-Sklodowska and P. Curie of
radium, a strongly radioactive chemical element, exhibiting the phenom-
enon of spontaneous emission of energy in the form of «-, §-, and
p-rays. The phenomena of radioactivity played a large role in the
development of the modern theory of the composition and structure of
atomic nuclei, the transmutations of chemical elements, and the study
of isotopes.

Advances in colloidal chemistry and physical chemistry have also
played an important part in the development of modern mineralogy.

Research 1n the field of natural colloidal systems was first summed
up and developed by Russian scientist P. P. Weimarn and Austrian
scientist F. Kornu. Other studies deserving mentinn are those by Van
Bemellen concerning the properties of the principal colloids in the
earth’s crust, and those by R. Liesegang of diffusion phenomena and
rhythmic reactions in natural colloids.

Highly important were also the advances of physical chemistry,
especially in the fields of the theory of phases (in the physico-chemical
sense of the word), and the equilibrium of physico-chemical systems.
World science is indebted not only to Gibbs who formulated the phase
rule, but also to Soviet Academician N. S. Kurnakov (1860-1941) who
developed the method and technique of physico-chemical analysis
of alloys and other complex bodies using graphic means of expressing
the relationship between the composition and properties of substances.
He was also, at least in part, the founder of the thermal analysis of
minerals.

The study of natural compounds was accompanied by experimen-
tal work in the synthesis of compounds identical with those occurring in
nature. Minerals were produced artificially as early as the 18th century,
but it was not until the middle of the last century that the experiments
such as those carried out by G. Daubrée, F. Fouqué, and others,
became systematical. In Russia considerable success in this field was
achieved by K. D. Khrushchov.

Thus, the turn of the century was marked by many major achieve-
ments in crystallography, physics, and physical chemistry. These
discoveries made on the basis of Mendeleyev’s periodic law led to the
greatest discoveries of modern science.

Mineralogy in the Soviet Union. The Great October Socialist Rev-
olution was the turning point in the development of Russian science
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in general, and mineralogy in particular. Geological prospecting, explor-
ation, and research launched on a vast scale throughout the Soviet
Union have added immeasurably to our knowledge, especially in re-
gional mineralogy. Within a relatively short time both the regions
already explored and those either entirely or partially unexplored
became the object of systematic study. Some of these regions proved
exceptionally interesting mineralogically and otherwise. However,
without detailed mineralogical studies, it would have been impossible
to discover most numerous deposits of economic minerals to supply
the needs of the burgeoning industry.

Mineralogical research ceased to be an end in itself, since mineralogy
had to satisfy the increasing demands of industry. It was therefore
essential for it to become more purposeful than it was before the Revo-
lution. Soviet mineralogists attacked problems important to the nation-
al economy. This called for applying their theoretical knowledge to
the solution of practical tasks which, in turn, involved thorough study
of natural phenomena and the further expansion of theoretical knowl-
edge in the best traditions of Koksharov, Fyodorov, Vernadsky, and
others.

Earlier abstract descriptions of minerals gave way to purposeful
investigation of mineral substances. No longer fascinated only with the
esthetic aspect of mineral substances and well-shaped crystals, min-
eralogists concerned themselves with the peculiarities of composition
and those finer properties of minerals that might prove of value to
science and industry. As far as the problems of the formation of min-
erals were concerned, research workers discarded speculations often
utterly unfounded and delved into the realities of nature instead.
They began working out scientific methods for the analysis of the para-
genesis of minerals by applying the laws of physical chemistry.

The discovery and development of mineral resources depended
greatly on the expeditions of the U.S.S.R. Academy of Sciences led
by A.Y. Fersman (1883-1945), Vernadsky’s gifted disciple and contin-
uer whose versatility and energy showed themselves most fully in
Soviet times. Among his numerous works is a monograph Pegmatites
which sums up his research of many years and is of special importance
to mineralogy.

The study of mineral resources was considerably advanced by
A. K. Boldyrev (1883-1946), Fyodorov’s closest pupil. His detailed
A Course of Descriptive Mineralogy (in three issues), and the two edi-
tions of an undergraduate course in mineralogy prepared under
his supervision by a team of lecturers of the Leningrad Mining
College, had a great influence on the spreading of mineralogical knowl-
edge.

The name of Academician S. S. Smirnov (1895-1947), a noted min-
eralogist and explorer of ore deposits, is known to every Soviet geologist,
chiefly through his classical monograph The Zone of Ozidation of Sul-
phide Deposits.
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Major contributions to the mineralogy of economic mineral de-
posits were made by other Soviet scientists as well.

Extensive work was also donein the development of different meth-
ods for the investigation of mineral substances, and it was this work
that made possible rapid advances in mineralogical research, particu-
larly in the field of finely dispersed mineral matter and opaque ore
minerals. Coarse methods of research were superseded by accurate and
rapid methods, such as spectral analysis, X-ray examination, electron-
ography, the examination of opaque substances in polished sections
and reflected light, luminescent analysis, and thermography. Great
progress was made in the synthesis of minerals and in the field of ex-
perimentation.

Improved research techniques due to advances in auxiliary exact
sciences permitted a deeper approach to the study of minerals and re-
vealed new, hitherto unknown, properties which could be used for practi-.
cal purposes. This elevated descriptive mineralogy, an important as-
pect of mineralogy as a whole, to a new, higher plane. An accurate
description of new natural phenomena and their analysis in terms of
the exact sciences is always a contribution to the progress of science
in general.

In recent years, Soviet scientists have made enormous progress also
in deciphering the crystal structures of minerals which put them far
ahead of their foreign colleagues. Thus, to N. V. Belov goes the credit
for evolving the theory of crystal structure based on the principle of
closest packing of atoms or ions, a theory which helped to decipher
within a short time many complex crystal structures, and to reveal some
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new structural types. These highly laborious mvestlgatlons are of im-
portance not only for determining the chemical composition of minerals,
but also for establishing the relationship between the properties of
minerals, on the one hand, and their composition and crystal structure,
on the other, thus giving a key to rational mineral classification.

Modern mineralogy is of fundamental importance to a number of
other geological sciences, above all to those dealing with rocks (petro-
graphy) and ores (mineragraphy), i. e., mineral aggregates which form
independent components of the earth’s crust.

Summing up, it may be said that Russian mineralogy, ever since
Lomonosov, developed along its own original lines.

The work of Russian scientists holds a place of honour in the his-
tory of mineralogy as a whole. Russian and Soviet scientists made an
indisputable and very substantial contribution to the progress of min-
eralogy as a world science. The foundations of modern mineralogy
were laid by y great Russian mineralogists, from Lomonosov and
Severgin to Exodorov, Vernadsky and other outstanding scientists of
our time.

THE ECONOMIC IMPORTANCE OF MINERALS AND
MINERALOGICAL RESEARCH

There is virtually a single industry where minerals have not been
used either in their crude state or after appropriate treatment. Eyery-
body knows the tremendous role played in mankind’slife by iron extract-
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ed from iron-rich ores by smelting the latter into various grades of
cast iron and steels. Iron is vital to metallurgy, mechanical engineer-
ing, ship-building, railway transport, bridges, reinforced-concrete
structures, manufacture of mining machinery and the production of
consumer goods. In turn, iron smelting consumes about 40 per cent
of the total output of coking coal. Liquid mineral fuels such as oil and
its fractions play an enormous economic role. Natural gas is also
increasingly used by modern industry.

Non-ferrous metallurgy, electrical engineering, ship building, and
the aircraft industry, etc., depend greatly on the so-called non-ferrous
metals extracted from the ores of copper, zinc, lead, aluminium, nickel,
and cobalt. The so-called rare metals such as tungsten, molybdenum,
titanium, vanadium and cobalt are indispensable strategic materials.

Modern farming is inconceivable without mineral fertilisers, min-
erals containing potassium (potassium salts), phosphorus (apatites,
phosphorites), nitrogen (nitre), etc. Minerals are often used by the
chemical industry as stock materials for the production of chemicals,
e. g., sulphuric acid from pyrites. Native sulphur, nitre, fluorspar,
and minerals of boron, potassium, sodium, magnesium, and mercury
are used to make chemical preparations; sulphur, talc and barite
find uses in the rubber industry; asbestos, quartz, graphite, etc., go to
make acid-resistant materials and refractories; galena, sphalerite,
barite, minerals of titanium, copper, iron, arsenic, mercury, cobalt, and
boron, cryolite, orthoclase, and zirconium are used in making plgments
enamels and glazes; talc kaolin, sulphur, alum, magnesite, etc., are
used for paper-making.

Rock and common salts form a vital part of the human diet. Some
minerals and the products thereof are used as medicines. They include
Glauber salt or mirabilite, mineral waters like narzan and borzhomi of
Georgia and also salts of bismuth, barium, boron, and iodine. Mineral
springs (hydrosulphuric, carbonated, chalybeate, hydrochloric, etc.) and
natural muds also find medical uses. Radioactive substances obtained
from radioactive minerals, or the man-made radioactive isotopes of
certain chemical elements are important not only to medicine but also
to industry.

Besides gemstones which are used as ornaments or jewelry, there
exist beautifully coloured ornamental stones used as wall facings. The
Soviet Union’s finest buildings are decorated with pink rhodonite,
varicoloured jasper, marble, and quartzite. Quartz, Iceland spar, mica,
tourmaline, and fluorite are used in optical instruments. Agate, corun-
dum, zirconium, and other hard minerals make good bearings for
watches and precision instruments. Diamond (carbonado), corundum,
garnet, and quartz are used as polishing abrasives. Soft and unctuous
minerals such as talc and graphite find employment as fillers and
lubricants. ,

Now that the problem of releasing the tremendous power of the
atom in so-called atomic piles or reactors has been solved, vast pros-
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pects have opened for harnessing this power to peaceful uses. In 1954
the world’s first power station burning atomic fuel was commissioned
in the U.S.S.R. Thermonuclear reactions releasing an enormous amount,
of energy through the fusion of heavy hydrogen (deuterium and tritium)
into helium, with the participation of lithium, are fraught with still
even greater promise.

The economic importance of minerals and of their immediate
products is far from being completely covered in this account.

The industry of tsarist Russia was at a very low level of develop-
ment, and largely depended on foreign capital which owned all the
larger mines. After the Revolution the country faced the task of most
rapid industrialisation. This involved the establishment of entirely
new technologically up-to-date industries. This, in turn, called for
forced development of mining to meet the ever-increasing demand for
mineral raw materials.

In the course of this work numerous new deposits of highly impor-
tant commercial minerals were discovered and developed, including
some that had never been mined in old Russia: the Solikamsk deposits
of potassium and magnesium salts, the boron deposits of the northern
coast of the Caspian Sea, aluminium in the Northern Urals, the copper
ores of Kazakhstan, the oil fields in the West of the Urals and those
of the European plain. The known reserves of ferrous, non-ferrous,
and rare metals: iron, manganese, chromium, copper, zinc, lead,
tin, tungsten, molybdenum, nickel, etc., increased immensely. The
U.S.S.R. became self-sufficient with regard to metals and mineral
raw materials, and has been able to discontinue entirely imports
thereof.

Knowledge of mineralogy is highly important for geological pros-
pecting and exploration which depend primarily on accurate identifica-
tion of minerals, on knowledge of the conditions and associations in
which they occur in nature, etc. Many a valuable deposit has been missed
because of the failure on the part of the geologist to identify the min-
erals correctly. In the search for outcrops of mineral deposits it is impor-
tant to know the mineralogical characteristics of the oxidised zones
of ore deposits and to be able to determine the composition of the pri-
mary ores below the ground-water table.

Apart from this, a number of physical properties of minerals (mag-
netism, electrical conductivity, specific gravity, etc.) have great impor-
tance for geophysical prospecting and exploration methods in the
search for minerals and ores (magnetic, electrical, gravimetric, and
other methods).

The study of the qualitative characteristics of ore deposits that are
being exploited is a major task of the mining geologist. Observing daily
the behaviour of ores in mine workings, the mine geologist grasps
better than anybody else the dependences governing the spatial alter-
ation of the mineral composition of ores which is highly important
for directing further mining operations.
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In many instances, prior to smelting or processing, the extracted ore:
is mechanically enriched at ore-dressing plants where the mineral is
either separated from gangue or divided into concentrates of different
composition. Ore concentration with preliminary crushing and milling
is carried out in special installations that take advantage of certain
properties of the minerals such as specific gravity, magnetism, elec-
trical conductivity and flotation characteristics. These processes, to a
considerable degree, depend on the size of grains composing the ore
and the nature of theirintergrowth. The evaluation of these character-
istics comes within the scope of the special mineragraphic laboratories
of ore-beneficiation research centres. However, any geologist profi-
cient in the techniques used in mineralogy, provided he pays close
attention to the study of mineral constituents and the structure of
ores, may be able to predict the behaviour of an ore during concentra-
tion and to say which components will be lost, and why.

Therefore, mineralogical study of deposits of economic minerals is
important not only in geological exploration and prospecting but also
in mining and subsequent treatment of these minerals.



Chapter I THE EARTH’S CRUST.
STRUCTURE AND COMPOSITION

The structure of the earth. Geology, and hence mineralogy, is main-
ly concerned with the study of the earth’s crust* by which is meant
the uppermost shell accessible to direct examination. This includes
the lower atmosphere, the hydrosphere, and the upper lithosphere.

Our knowledge of the structure and composition of the earth’s
crust depends almost entirely upon observations of the uppermost parts
of our planet. The only exception to this are those deeper parts pene-
trated by mine openings and oil wells. At the Witwatersrand gold fields
in South Africa the maximum depth of mines is about 2.5 km. The
warld’s deepest oil wells reach the depth of 4 to 5 km.

The orogenic processes throughout geologic time, which resulted
in the formation of mountain ranges, often lifted from the interior of
the earth to the surface rocks which are never formed under surface
conditions. The geological data and estimates thus gained give a more
or less reliable picture of the structure and composition of the globe
only to a depth of 16-20 km, as compared with the earth’s total radius
of more than 6300 km.

An idea of the structure and composition of the deeper parts of the
earth’s interior may be formed only on the basis of indirect data. A
comparison of the density of the entire globe (5.527) and its crust
(2.7-2.8) shows that the inner parts of our planet must possess much
greater density than the outer ones. Various data (geophysical obser-
vations, comparison between the earth and other celestial bodies, the
composition of meteorites, etc.) indicate that this should be attributed
not only to the increase in pressure with depth but also to the different
composition of the deeper parts.

According to V. M. Goldschmidt, the earth consists of three princi-
pal concentric zones (geospheres): (1) the upper lithosphere; (2) the
intermediate chalcosphere rich in oxides and sulphur compounds of
metals, mostly iron; and (3) the central siderosphere or an iron-nickel
core**, The lithosphere is subdivided into two parts: an upper one

.* The term “earth’s crust” is purely metaphorical and bears no relation ¢o the
crust formed by the original cooling of the earth. o

** Recent astronomic evidence indicates that the core at a depth of about
3000 km possesses the properties of a liquid.



extending to a depth of 120 km chiefly composed of common silicate
rocks, and a lower eclogite shell (120-1,200 km) composed of silicate
rocks enriched with magnesium.

Charaecteristics of Individual Geospheres According to Goldschmidt

Geospheres Thilc{lgless. Density Composition
Atmosphere Several
hundred | 0-0.0015| N,, O,, H,0, CO,, noble gases
Biosphere 0-11 About 1| Organic matter and minerals of skele-
tons
Hydrosphere 0-11 1 H,O0, etc. (oceans, partly inland waters,

ice and snow)
Upper silicate shell | 60-120 2.73 | Lithophylic! elements: O, Si, Al, Ca, Mg,
Na, K, Li, Rb, Ba, etc.

Eclogite shell 1100 3.6-4 | Silicates, chiefly of Mg, Fe
Sulphide-oxide 1700 5-6 Chalcophile? elements: S, Se, Te, Fe,
shell Cu, Zn, Pb, Cd, Hg, Sb, Bi, As, Au,
Ag, etc.
Iron-nickel core 3500 8-10 | Siderophyle® elements: Fe, Ni, Co, the

platinum group; Mo, P, C, etc.

1 “Lithos” is the Greek for stone; most lithophyles characteristically have an affinity to
oxygen.
¢ lzli‘Chalcos” is the Greek for copper; most chalcophiles characteristically have an affinity

0 sulphur.
% “Sideros” is the Greek for iron (“meteorite”).

The relation between the geospheres is diagrammatically represent-
ed in Fig. 3 in accordance with geophysical data obtained at depths of
1,200 and 2,900 km from the surface of the
earth.

The composition of the earth’s ecrust. The
average chemical composition of the outer
16 km of the crust -which is accessible for
study and which includes the hydrosphere,
biosphere, and the lower atmosphere, has been
estimated by many scientists. In 1889 Ameri-
can investigator F. Clarke was the first to
compute the composition of the solid crust
of the earth in weight percentages. These per-
Fig. 3. Diagram of the centages were calculated more precisely by

earth’s structure. V. I. Vernadsky, A. Y. Fersman, I. and V.
Noddak, G. Hevesi, V. M. Goldschmidt, and

A. P. Vinogradov. The latter calculated the average composition of
the lithosphere alone leaving out the hydrosphere and the atmosphere.
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Academician A. Y. Fersman introduced the term *Clark numbers’’
or simply ‘‘clarks” for the average figures of the contents of individual
elements in the earth’s crust, and also suggested that these values be
exll)ressed not only in weight percentages but in atomic percentages as
well.

Of the 102 chemical elements listed in the Mendeleyev periodic
table (Table 1) very few are widespread in the earth’s crust. These
are found mainly at the top of the table, i. e., are elements with low
atomic numbers.

The most widespread elements are O, Si, Al, Fe, Ca, Na, K, Mg,
Ti, H, and C. All the others make up as little as a few tenths of a per
cent of the earth’s crust (by weight). The vast majority of these ele-
ments occur solely in the form of compounds, and only very few are
found in the native state. Both types are formed as a result of chemical
reactions occurring in the course of the various geologic processes in
the earth’s crust giving rise to most diverse rock masses and economic
mineral deposits.

According to weight percentages, the major elements compri-
sing the earth’s crust may be arranged in tabular form (see
Table 2).

The table shows that the compounds of the elements of the first two
groups must constitute the overwhelming mass (by weight) of the
minerals in the earth’s crust. Indeed very widespread in the earth’s
crust are oxygen compounds of silicon, aluminium, and iron as well
as those of the alkali-earth and alkali metals (calcium, magnesium, so-
dium, potassium). They occur for the most part as oxides and oxygen
salts (chiefly silicates, alumosilicates, carbonates, sulphates, etc.) and
enter into the composition of various rocks composing the earth’s
crust.

The economically important heavy metals generally have the lowest
clarks and fall into the last columns of the elements, arranged in the
order of occurrence (Table 3).

Some special characteristics of the distribution of the heavy metals
in the earth’s erust. Many of these elements, though rare in the earth’s
crust as a whole, through the agency of natural geochemical processes,
often form very large accumulations called ore deposits. Were it not
for these processes, the extraction of the metals so vital to our indus-
trial civilisation would not be worthwhile. Many of them extracted from
rocks in the laboratory would be extremely expensive. Although the
clarks of metals like vanadium, caesium, and gallium, are much higher
than those of mercury, bismuth, silver and gold, the former, despite
their valuable properties are not employed by man on any large scale

'because they seldom occur in the form of deposits with concentrations
that would make their extraction economic.

Most of the natural compounds of heavy metals are relatively
simple. Some of the heavy metals (Fe, Mn, Sn, Cr, W, Nb, Ta, Th, U)
occur in the form of oxygen compounds, whereas many others (Fe, Ni,
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- D. L. Mendeleyev’s Perlodic

G . .
portods 0 1 Il I v
1. H )
I Hydrogen
1.0080
2. He 3. Li 4. Be 5. B 6. G
11 Helium Lithium Beryllium Boron Carbon
' 4,003 6.940 9.013 10.82 12.01
10. Ne 11. Na 12. Mg 13. Al 14, Si
III Neon Sodium Magnesium | Aluminium | Silicon
20.183 22.991 24.32 26.97 28.09
18. Ar 19. K 20, Ca 21. Sc 22. Ti
Argon Potassium | Calcium Scandium Titanium
IV 89.944 39.000 40.08 44.96 47.90
29. Cu 80. Zn 31. Ga 32. Ge
Copper Zinc Gallium Germanium
63.54 65.38 69.72 72.60
36. Kr 37. Rb 38. Sr 39. Y 40. Zr
Krypton Rubidium | Strontium Yttrium Zirconium
v 83.80 85.48 87.63 88.92 91.22
47. Ag 48. Cd 49. In 50. Sn
Silver Cadmium Indium Tin
-107.880 112.41 114.82 118.70
54, Xe 55. Cs . 56. Ba 57. La* 72. Hf
Xenon Caesium Barium Lanthanum | Hafnium
VI 131.30 132.91 137.36 138. 92 178.50
79. Au 80. Hg 81. Tl 82. Pb
Gold Mercury Thallium Lead
197.0 200.61 204.39 - 207.21
86. Rn 87. Fr 88. Ra 89. Ac 90. Th
VII Radon Francium | Radium Actinium Thorium
222. (223) 226.05 2217 232.05
* 58-771. TR ~rare earths (lanthanoids)
** Actinoids:
o .
Poriods 0 I Ir It v
58. Ce 59.Pr | 60.Nd |61.Pm |62.8m |63.Eu |64 Gd
Cerium | Praseody- | Neody- |Prome- | Sama- Euro- Gadoli-
mium mium thium rium pium nium
140.13 140.92 144.27 147.0 150.1 152.0 156.9
65. Tb 66. Dy 67. Ho 68. Er 69. Tu 70.Yb | 71. Lu
Terbium | Dyspro- | Holmium | Erbium | Thulium | Ytter- Lute-
, sium bium cium
158.9 162.46 164,94 167.2 168.9 173.04 174.99

Note. In parentheses: mass numbers of the stablest isotopes.




Table of Elements Table 1
v VI VII VIII

7.N 8.0 9. F

Nitrogen Oxygen Fluorine

14.008 16.0000 19.00

15. P 16. 8 17. Cl

Phosphorus | Sulphur Chlorine

30. 975 32.066 35.457

23.V 24, Cr 25. Mn 26. Fe 27. Co 28. Ni
Vanadium Chromium | Manganese | Iron Cobalt Nickel
50.95 52.01 54.94 55.85 58.94 58.71
33. As 34. Se 35. Br

Arsenic Selenium Bromine

74.91 78.96 79.916

41. Nb 42. Mo 43. Tc 44, Ru 45. Rh 46, Pd
Columbium | Molybdenum| Technetium| Ruthenium | Rhodium | Palladium
~92.91 95.95 \ (99) 101.1 102.91 106.4
51. Sb 52. Te 53. 1

Antimony Tellurium Iodine

121.76 127.61 126.91

73. Ta 74. W 75. Re 76. Os 77. Ir 78. Pt
Tantalum Tungsten Rhenium Osmium Iridium Platinum
180.95 183.86 186.22 190.2 192.2 195.08
83. Bi 84. Po 85. At

Bismuth Polonium Astatine

209.00 210 (210)

91. Pa 92. U**

Protactinium| Uranium

231 238.07

v I VI ‘ VII l VIII
92. U 93. Np 94. Pu 95. Am | 96. Cm 97. Bk 98. Cf
Uranium | Neptu- Pluto- Ameri- Curium | Berke- Califor-
nium nium cium lium nium

238.07 (237) (242) (243) (245) (249) (249)
99. En 100. Fm 101. Mv | 102. No

Einstei- | Fermium | Mendele- | Nobe-

nium vium lium
(253) (255)

3 — 8010
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Table 2

The Average Chemical Composition of the Lithosphere in Weight Percentage
(A. P. Vinogradov, 1949)*

1 047.0 Ni 0.008 Se 6103
Si27.5 Li 0.0065 Cd (5-107%)
Zn 0.005 VII "Sb (4-1078)
Al 8.6 . Ce 0.0045 I 3103
Fe 5.0 Sn 0.004% Bi (2:107%)
Ca 3.5 Co 0.003 Ag (1-1079)
1I Na 2.5 Vv Y 0.0028 In (1-1073)
K 2.5 La 0.0018
Mg 2.0 _ Pb 0.0016
.Ga 0.0015 Hg 7-10-¢
Ti 0.60 Nb 0.001 Os 5108
III H (0.15) VIII Pd 1-10-¢
C (0.10) Te (1-107¢)
Mn 0.09 Th 8-10—¢ Au 5107
S 0.09 Cs 7-10™4 Pt 5107
P 0.08 Ge 71074 IX Ru (5-1077)
Ba 0.05 Be 6:10—4 Ir 11077
Cl 0.045 VI Sc 6104 Rh 1107
Sr 0.04 As 5104 Re 1107
v Rb 0.031 Hf 3.2:10—4
F 0.027 Mo 3-10—4 .
Cr 0.02 B 3104 Ra 1-10~10
Zr 0.02 U 31074 XI Pa (1-10719)
VvV 0.015 Tl 3:10—4
Cu 0.01 Ta 2104
N (0.01) Br1.6-10—4
W 1104

* Some of the rare earths and noble gases the quantitative determina-
tions of which are unreliable have been omitted. For the first eight elements and
also for sulphur, the data are corrected in accordance with the latest calculations
of Soviet scientist A.P. Vinogradov.

Co, Zn, Cu, Pb, Hg, Mo, Bi, As, Sb, Ag) chiefly in accumulations of
sulphur, arsenic, and antimony compounds.

A graph (Fig. 4) in which the atomic numbers of the elements are
plotted on the z-axis and the logarithms of their atomic clarks along the-
y-axis shows that as the atomic numbers increase, the curves for the
clarks of both odd and even elements tend to go downward. This

84



Table 3
Distribution of the Principal Metals in the Earth’s Crust

gggggn I I v v VI VII VIII IX-XI

Metals Al, Fe | Ti Mn, Ni, Zn,| Th, Cs | Cd, Hg, Au, Pt,

Mg Cr,V, | Sn, Ge, Sb, Os, Ru,
Cu Co, Y, | Be, Bi, Ag | Pd, Ir, Rh,
La, As, In Te Re,
Pb, Mo, Ra
Ca, U, Tl,
Nb Ta, W

means that the average content of most chemical elements in the earth’s
crust is inversely proportional to their atomic numbers, although there
are some exceptions (Li, Be, B and a few others).
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Fig. 4. Distribution of the elements in the upper lithosphere.

Graph gives the logarithms of atomic clarks (H) as functions of atomic numbers (Z), with
oxygen taken as unity.

Soviet scientist P. P. Pilipenko noted that, generally, with a few
exceptions, there is a direct relationship between the occurrence of
elements in the earth’s crust, in terms of atomic clarks, and the num-
ber of the minerals in which they are found. This is especially true in
the case of elements with low atomic weights*:

* The number of minerals does not include only the varieties which contain
the element as an isomorphous admixture.
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Element | A00RC | Nomotaier || Element | AR | N erals

0 53.39 1,221 Fe 1.31 170
H 17.25 798 K 1.05 43
Si 16.11 377 C 0.51 194
Al 4.80 268 Ti 0.22 30
Na 1.82 100 Cl 0.10 67
Mg 1.72 105 F 0.07 50
Ca 1.41 194

This relationship does not hold in the case of certain heavy metals.
Tellurium, whose atomic clark in the earth’s crust is roughly one-hun-
Iredth that of selenium, forms about 40 separate minerals under natural
sonditions, whereas only 28 selenium minerals are known and these
mainly in association with sulphur. Zinc, whose atomic clark is 50 times
that of lead, forms 26 minerals in nature, whereas lead forms as
many as 130, etc.

These differences obviously stem from the chemical properties of
the elements themselves which, in turn, depend upon the structure of
sheir ions and the position they occupy in Mendeleyev’s periodic table.
[n the case of elements possessing similar properties, structures and
lonic sizes but of different concentrations in a given solution or melt, it
would be but natural to expect that during crystallisation, elements of
lower concentration would dissolve, as it were, in the crystal structures
formed by the predominant elements. Conversely, if in a given environ-
ment an element fails to find ions of other elements similar in size and
structure, it will form a compound of its own, whatever its concentra-
tion in the solution. Characteristically, divalent manganese in most cases
s present in minerals as an isomorphous admixture to divalent iron
and calcium, whereas tetravalent manganese always forms compounds
>f its own. This also helps to explain why in nature elements like rubi-
lium, scandium, hafnium, indium, and rhenium with low atomic clarks
1ever form minerals on their own, but occur, instead, as disseminated
somorphous admixtures to other elements. This is also true to a large
»xtent of more widespread elements such as selenium, vanadium, caesi-
im, and cadmium. On the other hand, elements with very low atomic
slarks such as tellurium, gold, platinum metals, and bismuth quite
>ften form their own minerals.
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Chapter 11 PROPERTIES OF MINERALS

1. GENERAL

When arranged in a systematic collection, mineral specimens pre-
sent a great diversity of external features.

They may be transparent (rock crystal, rock salt), translucent, or
absolutely opaque (magnetite, graphite).

The colour of a natural compound is often its most striking proper-
ty. In the case of some minerals it is constant and very characteristic.
Thus, cinnabar (mercury sulphide) is always carmine-red, malachite
is bright-green; the cubic crystals of pyrite are readily identifiable by
their pale brass-yellow colour, etc. On the other hand, some minerals
exhibit a great variety of colour: different varieties of quartz are
colourless (transparent), milk-white, yellowish brown, almost black,
violet, or pink.

Lustre is also a very characteristic property of minerals. In some
instances, minerals have the bright appearance of metals, and they are
said to have a metallic lustre (galena, pyrite, arsenopyrite); in others,
minerals have the appearance of glass and are said to have a vitreous
lustre (quartz); or they may have the iridescent appearance of pearls,
in which cases the lustre is termed pearly. There are many minerals
which have no lustre and show a dull surface even when freshly broken.

Minerals often occur in crystals which are sometimes very large,
and sometimes so small as to be visible only under a hand lens or a
microscope. Minerals may possess peculiar crystal forms. Examples
are the cubes of pyrite, the rhombododecahedra of garnet, the hexag-
onal prisms of beryl. However for the most part mineral masses occur
as massive granular aggregates in which the individual grains have no
external crystal form. Many minerals are also found in sinter forms
which often assume strange shapes that have nothing in common
with crystals, such as reniform (kidney-shaped) masses of malachite,
or stalactitic formations of limonite (iron hydroxides).

Minerals also differ in other physical properties. Some areso hard
that they readily scratch glass (e. g., quartz, garnet, pyrite), while
others themselves are readily scratched with a fragment of glass, the
point of a knife (e. g., calcite, malachite), or even with the finger nail
(gypsum, graphite). Some minerals split easily along definite planes,
the pieces having a regular form similar to that of a crystal (rock salt,
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galena, calcite), others exhibit upon fracture curved, conchoidal sur-
faces (quartz). Properties, such as specific gravity, fusibility, etc.,
also exhibit a great variety.

Chemical properties of minerals vary no less widely. Some, rock
salt for instance, are readily soluble in water, while others such as cal-
cite are only soluble in acids, and still others like quartz are insoluble
even in acids. Most minerals are stable in the air, but there are many
natural compounds which readily oxidise or decompose under the action
of atmospheric oxygen, carbon dioxide, and moisture. It has also been
known long since that on exposure to light certain minerals gradually
change their colour.

There is an increasing mass of evidence that shows that all these
properties of minerals depend on chemical composition and crystal
structure of matter. These are in turn determined by the size of the
atoms and ions entering into the composition of the mineral, the struc-
ture of the electron shells (especially the outer ones), and by the prop-
erties of the elements as determined by their position in the periodic
table. Therefore much that once seemed mysterious, now in the light
of modern knowledge, becomes more and more clear. This not only gives
us a better understanding of natural phenomena, but is also of use in
putting the properties of minerals to practical uses.

It is therefore relevant at this stage to recall some of the fundamen-
tals of physics, chemistry, crystal chemistry, and colloidal chemistry.

The aggregate states of minerals. In accordance with the three
existing states of matter, three states of minerals are recognised: solid,
liquid, and gaseous.

Any inorganic substance may be in any of these states depending on
temperature and pressure or may change from one state to another
when these factors change.

Depending upon the nature of the substance, the temperature lim-
its of stability for each aggregate state may differ widely. Under
atmospheric pressure and at room temperatures, most minerals remain
solid, melting only at high temperatures. But under the same condi-
tions mercury is a liquid, while hydrogen sulphide and carbon dioxide
are gases. .

The majority of solid minerals are crystalloids, i.e., substances with
a crystal structure. Each crystalloid has a definite melting point at
which the changes of the aggregate state involves absorption of heat
which is clearly reflected in the behaviour of the heating curves
(Fig. 5a). Over a certain interval of time, the heat which has been im-
parted to the system is spent for fusion (the curve flattens out).

Although the crystallisation of a homogeneous liquid upon cooling
should occur at the same temperature as the melting of a solid body of
the same composition, usually it occurs at certain supercooling, and
this must be borne in mind. ,

Chemically pure solids characterised by the absence of an ordered
structure, i.e., those lacking a regular arrangement of atoms are known
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as amorphous bodies. They are classed with isotropic substances, i. e.,
those which have uniform physical properties in all directions. In con-
trast to crystalline substances, in amorphous substances the change of
the aggregate state is gradual. This is shown by the gentle slope of
the curve in (Fig. 5b), which is similar to the one given by sealing
wax, a substance which on heating gradually becomes plastic, then
viscous and finally fluid.

3 3
S N y
— [ime —= fime
(@) (D)

Fig. 5. Heating curves of crystalline (a) and amorphous (b) substances.

Amorphous substances often result from extremely rapid solidi-
fication of melted viscous masses. An example is the formation of lech-
atelierite, amorphous quartz glass, when lightning strikes crystalline
quartz rocks. Amorphous substances are liable to change to crystalline
masses only when kept for a prolonged period in a softened state at a
temperature close to the melting point.

Crystal structure. The structure of a crystalloid, it will be recalled,
is determined by: (1) the number of structural units (atoms, ions, mole-
cules) held in space in a regular pattern by electrostatic forces;
(2) the ratio of the sizes of the structural units which in turn determine
the density of packing and the coordination number (i. e., the number
of the nearest anions surrounding a given cation); (3) the type of
chemical bonding which also has a major bearing on the spatial
arrangement of atoms or ions giving rise to different types of struc-
ture.

The bonds maintaining the structural units of crystals in equilib-
rium are different for various types of chemical compounds. lonic
bonding which predominate in inorganic crystal substances depends on
the electrostatic attraction between oppositely charged ions (e. g.,
Nal+ and CI'~ in NaCl crystal structure). Directional, covalent (homo-
polar) bonding is characteristic of many crystal substances in which
adjacent atoms form stable electron shells by sharing one or more
electron pairs (e. g., in diamond each atom forms four stable covalent
bonds with four surrounding atoms). The crystal structure of metals
is characterised by metallic bond due to the fact that excess electrons
in the outer electronic shells of the atoms are not lost, but form a com-
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mon electron cloud, among the positively charged nuclei of the struc-
tural units. In molecular structures, the structural units which are
electrically neutral molecules (e. g., many organic substances, native
sulphur, antimony oxide, etc.) are held together by weak van der
Waals (residual) forces. There also exist crystal substances with more
than one type of bonding, one of the types being predominant. Many
properties of minerals (optical, mechanical, electrical and heat con-
ductivity, etc.) depend on the type of bonding between the structural
units.

In ionic compounds the anions, being relatively large units, occupy
most of the spacein crystal structures and tend toward regular arrange-
ment in space in accordance with the law of cubic (treble layer) or
hexagonal (double layer) closest packing. The cations, being smaller,
fill the spaces between anions which are either tetrahedral or octahed-
ral depending on their relative dimensions. As a rule, the number of
octahedral spaces in a closely packed arrangement is equal to the num-
ber of the anions, while the tetrahedral spaces, which are smaller in
size, are double that number. However not all these spaces are filled
with cations, nor are they filled in the same way. They may be filled in
rows, layers, rings, zigzags, etc. The tetrahedral and octahedral shapes
of the spaces largely explain why 4 and 6 are the most common coor-
dination numbers for cations.

The theory of closest packings for inorganic compounds elaborated
by N. V. Belov and fruitfully applied to the deciphering of the complex
crystal structures of many minerals has helped to reveal most essential
structural features which determine certain properties of crystalline
substances. It should be noted, however, that depending on the size of
the cations there may be less closely packed structures (with wider
spacing between the anions), or some which are not at all closely packed
(e. g., feldspars).

As known, crystallisation is an exothermal process, i. e., one which
takes place with the evolution of heat. The energies of ionic-bound
crystalline substances which donot contain strongly polarising or polar-
isable ions are the greater, the greater is the number of structural
units, the higher are their valencies and the smaller their sizes (ionic
radii). The energy of crystalline matter determines such properties as
solubility, volatility, melting point, to some extent hardness, and oth-
ers on which the stability of the compound depends.

Polymorphism. Polymorphism (poly is the Greek for many) is the
ability of a crystalline substance to undergo one or more changes in
crystal structure, and hence in physical properties, due to changes in
environmental factors (mainly temperature). The most striking exam-
pleisthe dimorphism of natural carbon which, depending on the-condi-
tions, crystallises either as diamond (cubic system) or as graphite
(hexagonal system) which, though identical in composition, widely
differ in physical propertles On heating in the absence of oxygen at

“over 3,000 °C under atmospheric pressure, the crystal structure of
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diamond changes to that of graphite which is more stable under these
conditions. The reverse change does not occur.

Sometimes polymorphic conversion involves changes in crystalline
structure so slight, as in the case of conversion of the so-called x-quartz
into f-quartz, and vice versa; that they may be detected only upon
very close examination of thé physical properties of the mineral.
However, optical examination (Fig. 6) positively shows that at the

I | I |\ T | a-quartz== B-quartz
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}'f’ig. 6. Variation of the properties of quartz on heating.

I — rotation of polarisation plane; II — birefringence value;
I11 — refractive index n, (for the D line of the spectrum).

transition point (about 573 °C) there is an abrupt change in such prop-
erties as refractive index, double refraction, and rotation of the plane
of polarisation.

The varieties of a crystalline substance which remain stable under
given physico-chemical conditions are called modifications, each
modification possessing a definite crystal structure of its own. A crys-
talline substance may have two, three, or more polymorphous modi-
fications (sulphur has six, only three of which occur in nature; SiO, has
nine, ete.).

Polymorphous modifications are usually indicated by the Greek
letters «, 8, y, ete. (i. e., x-quartz which is stable below 573°; 8-quartz
which is stable above 573°). There is no agreement in literature on this
matter. Some designate modifications by the letters «, §... etc.,
according to the order of lower or higher transition temperatures, others
use these letters to indicate the extent of their occurrence or the order
in which they were discovered. The first method seems to be the most
reasonable.

Although common in natural compounds, polymorphism still
awaits thorough study. Polymorphous modifications may be stable
under a most wide range of environmental factors (temperature, pres-
sure, etc.). Some remain stable within a wide range of temperatures
and pressures (e.g., diamond, graphite), while others undergo poly-
morphic transformations within a narrow range of variation of external
factors (sulphur).
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A drop in temperature during the rearrangement of the crystal
structure usually results in a modification with a higher cation coordi-
nation number (i.e., 8 instead of 6 for ammonium chloride, NH,Cl, at
184° C), which is accompanied by the shrinking of the volume, with a
consequent increase in density (specific gravity), and hence with an
increase in the related refractive index. Lower pressure, on the other
hand, favours a decrease in the coordination number, and consequently,
lower transition temperature. Another important factor with certain
compounds is the chemical nature of the environment. Thus, when
alumosilicates are formed, a strongly alkaline environment tends to
decrease the Al coordination number (from 6 to 4).

V.M. Goldschmidt has demonstrated that for a given type of chem-
ical compounds (e.g., carbonates) the transition from one crystal
structure to another is associated with the phenomenon of morpho-
tropy, i.e., with a change in form. Thus, in the carbonate series (cation-
ic radii are given in parentheses):

MgCO, (0.74)—ZnCO; (0.83)— CaCO, (1.04) —
—SrCO, (1.20)— BaCO, (1.33)

we find that up to CaCO;the carbonates (with smaller cations) crystal-
lise in"the cubic system, and from CaCO, onwards, (with larger cations)
they crystallise in the orthorhombic system. The rg:r, ratio of CaCO4
is such that either calcite (cubic system) or aragonite (orthorhombic
system) are formed, depending on the environmental factors. In other
words, near the boundary of morphotropic conversion calcium carbo-
nate is dimorphous. As compared with aragonite, calcite has lower spe-
cific gravity and refractive index.

If, for example, the a-modification of a crystalline substance changes
into the f-modification due to variations in external factors (e.g., tem-
perature) and the process is reversed when the factors return to their
initial state, such polymorphous conversions are said to be enantiotrop--
ic*. Such is, for instance, the case of orthorhombic «-sulphur which
changes into monoclinic S-sulphur and vice versa. If, on the other hand,
the process is irreversible, such transformation is called monotropic.
An example is the transformation of orthorhombic aragonite (CaCOs,)
into cubic calcite (on heating). ,

Both modifications often occur in nature under the same physico-
chemical conditions and even side by side (i. e., pyrite and marcasite,
calcite and aragonite, etc.). Apparently, in such cases the transition
from the less stable to the more stable modification has been delayed
for some reason or other, and the substance is said to be in a metastable
(sometimes also called labile or unstable) state.

It should be noted that the stable modifications have lower vapour
pressure, lower solubility, and higher melting points than the unstable
one.

* “Enantios” is the Greek for opposite; “tropos” means change.
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Breakdown of crystal structure. The principal features of the crys-
tal structure of a mineral are the ordered arrangement and the strict
equilibrium of the structural units. However, once the inner bonds of
the structural units have been disturbed due to changes in the environ-
ment, a crystalloid with an ordered spatial structure turns into an
amorphous mass.

Ferrobrucite, (Mg, Fe) [OH],, a mineral containing an isomorphous
admixture of almost 36 per cent (by weight) of ferrous oxide, is a vivid
illustration of this phenomenon. The mineral, when freshly extracted
from deep horizons of a mine, is perfectly colourless, transparent, and
has a vitreous lustre. In a few days upon exposure to air, its small
crystals, while retaining their external crystal form, gradually change
in colour, successively becoming brass-yellow, brown, and opaque dark-
brown.* Chemical analysis shows that almost all the divalent iron be-
comes trivalent during this process (i.e., is oxidised), and X-ray analysis
does not reveal any signs of crystalline structure. Apparently, the
oxidation of the iron disturbs the inner bonds of the crystal lattice,
and this results in the breakdown of the ordered structure.

What happens to ferrobrucite in conditions of oxidation at room
temperature and atmospheric pressure, may happen to other minerals
at higher temperatures and pressures.

Very interesting phenomena are observed in minerals containing
rare-earth and radioactive elements (orthite, fergusonite, aeschynite,
etc.). In these very often, though not always, the crystalline substance
alters to an amorphous one, presumably under the action of «-radiation
given off in the course of radioactive decay**. The resultant vitreous
minerals do not belong to the cubic system as they are optically iso-
tropic, do not diffract X-rays, i. e., behave as amorphous bodies. In
addition, these substances are partly hydrated. Brogger suggested the
term metamict to describe these minerals.

Many other examples similarly confirm the phenomena of disinte-
gration of crystalline structures with the formation of amorphous or
colloidal masses. These, however, should not be regarded as the stable
form of the substance. Quite a few examples are known of a secondary

* Brucite that contains no iron remains stable under the same conditions.

** In such cases, radioactivity alone is not enough to achieve the amorphous
state and the following two conditions are also essential: o

(1) the initially appearing crystalloids should have a sufficiently loose ionic
structure to allow rearrangement or h{drolysis; such lattices are formed chiefly
by the combination of weak bases with weak anhydrides; .

(2) the lattice should possess one or more types of ions (e.g., rare-earth ions)
capable of readily reversing their charges or even turning into neutral atoms
(e.g., formation of atomic.fluorine in fluorite on external radioactive irradiation).

The Sovict scientist V.M. Goldschmidt interprets the decay itself as the
rearrangement of matter. Thus, the compound YNbO, turns into a finely dispersed
mixture (solid pseudosolution) of the oxides Y,0; and Nb,O,. This explains
why such simple compounds as ThO, (thorianite) or the salts of strong acids with
weak bases such as (Ce, La...) PO, (monazite) never become amorphous.
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rearrangement of the matter leading to the formation of new crystalline
bodies which are stable under the new conditions. Thus, ‘‘ilmenite crys-
tals” (Fe'TiOz) on microscopic examination are found to be a mix-
ture of two.minerals: hematite (Fe,O;) and rutile (TiO,). Apparently, at
some moment in the life of ilmenite, as a result of development of strong-
ly oxidising conditions, Fe?+ changed into Fe3+ with the simultaneous
collapse of the crystal structure followed by gradual rearrangement of
the matter and the formation of a mixture of stable minerals. Simi-
larly, cases are known of tillite (PbSnS,) being replaced by galena
(PbS) and cassiterite (Sn0O,), in close intergrowth with each other but
retaining the former lamellar-granular structure of the aggregate,
characteristic of tillite. Evidently, owing to an increase in the oxygen
content of the environment, tin with its greater affinity for oxygen,
segregated from the originally homogeneous mineral mass as an oxide,
while the lead changed into a separate sulphide compound.

Colloids*. Apart from obviously crystalline formations whose crys-
talline nature is clearly visible either to the naked eye or under the
microscope, widely distributed in the earth’s crust are colloids.

Colloids may be defined as heterogeneous dispersed** systems con-
sisting of a “dispersed phase” and a “dispersion medium”.

The dispersed phase is represented in these systems by minute par-
ticles of a substance disseminated in some mass (dispersion medium).
The particles vary roughly in size from 100 to 1 my (104 to 10 - mm),
..e., are far larger than ions and molecules, but small enough to be
beyond the resolving power of an ordinary microscope. Each such par-
ticle may contain hundreds and even thousands of ions or molecules of
1 given compound; in solid particles, the ions and molecules form crys-
tal structures, i.e., the particles are actually tiny crystal phases.

Both the dispersed phase and the dispersing medium may occur in
any of the aggregate states (solid, liquid, gaseous) and in any of the
combinations of these states. Here are some examples, in which the
sapital letters stand for the aggregate state of the dispersing medium
and the small letters stand for that of the dispersed phases:

G+S: tobacco smoke;soot

G+L: fog

L+S: yelow peat-bog water; medicinal muds

L+G: hydrogen-sulphide springs; foam

L+L: typical emulsoids (e. g., milk)

S-+L: native sulphur crystals in which liquid bitumens are dispersed
S+8S: red calcite in which iron oxide is finely dispersed

S-+G: milk-white minerals containing occluded gases

* “Colla” means glue in Greek, “‘colloid”, glue-like.
** The term dispersion, or scattering, is restricted here to the particle form of
natter; the degree of dispersion is determined by the size of the particles.
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Colloidal formations are divided into sols and gels.

In typical sols, which are also known as colloidal solutions or pseu-
dosolutions, the dispersing medium strongly predominates over the
dispersed phase (e.g., tobacco smoke, yellow-brown chalybeate water,
milk). To the eye, they look perfectly homogeneous and often transpar-
ent, indistinguishable from true (ionic or molecular) solutions. In
sols where water is the dispersing medium (“solvent”), the dispersed
phase, though it easily penetrates through conventional filters, cannot
pass through animal membranes. If the particles are larger than 5my,
they are readily discernible under the ultra-microscope with the aid of
a Tyndall cone which is produced when a special glass vessel filled with
the colloidal solution is illuminated laterally. The effect thus obtained
is similar to one usually observed in a light beam thrown by a projec-
tor in a dark room: in the cone of light we see the Brownian movement
of the dispersed-phase particles. This phenomenon is never observed
in true solutions, with the exception of those of certain organic sub-
stances composed of very large molecules. :

In gels, the number of the dispersed particles is so great that they
form gelatinous, gluey, and glassy blobs. The dispersing medium, as
it were, occupies only the remaining available space between the parti-
cles. Examples of gels are soot, mud, opal (silica gel), limonite (a gel of
iron hydroxides), etc.

Depending on the nature of the dispersing medium, there are dis-
tinguished hydrosols and hydrogels (in which water is the dispersing
medium), aerosols and aerogels (dispersing medium-—air), pyrosols and
pyrogels (dispersing medium—a melt), crystallosols and crystallogels
(dispersion medium—a crystalline matter), etc.

We will limit this discussion to hydrosols, crystallosols, and hydro-
gels as being the most widespread in the earth’s crust.

The simplest way to obtain hydrosols is by mechanical action, i.e.,
by finely grinding or otherwise reducing the substance to the size of the
dispersed phase in water. In nature, coarsely and finely dispersed sys-
tems are often formed by attrition and erosion of rocks under the action
of natural forces (running water, glaciers, tectonic movements, etc.).

However, it is chemical reactions in aqueous media—oxidation,
reduction, and primarily exchange decomposition reactions—that lead
to the condensation of the molecules that play the principal role in the
formation of natural colloidal solutions. At the very surface of the earth
life activities of organisms (biochemical processes) play as important a
part in the formation of colloids.

It is important to note that the dispersed particles of colloidal solu-
tions are electrically charged, which may be easily proved by passing
an electric current through the solution. All the particles of the colloid
have the same charge and are, therefore, kept suspended in the disper-
sion medium by mutual repulsion. The charge is believed to be due to
the adsorption by the dispersed particles of some of the ions present in
the solution. This phenomenon will be treated in more detail.
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Consider, for example, a solid dispersed particle of AgBr, which,
despite its ultramicroscopic dimensions, has a crystal structure, a dia-
grammatic section of which is presented in Fig. 7. Each of the Ag!+
cations and the Brl- anions inside the lattice is surrounded by six
oppositely charged ions: four in the plane of the drawing, one above the
given ion, and one beneath. The inner ions of the particle are thus fully
saturated with valencies. The ions on the boundaries of the crystal

lattice present a different picture. By the

same line of reasoning one may easily es-

tablish that most of the boundary ions on the

face perpendicular to the drawing are satu-

rated only by five oppositely charged ions

(three in the plane of the drawing, one above,

and one beneath the plane). Hence, each of

Ag and Br ions situated on the plane surface

of the particle have /4 of their valency un-

saturated, those at the edges—2/,, and the

ions at the corners have as much as 3/, of

their valencies unsaturated. It is this residual

o/ O Br uncompensated charge that makes possible

the adsorption from the solution of additional

Fig. 7. Section of AgBr Ag or Brions which are held at the surface of

crystal structure. the dispersed particles in the form of the so-
called diffuse layer.

In practice, an AgBr colloid is obtained by mixing AgNO; and KBr
solutions, which react as follows: AgNO;+ KBr=AgBr+ KNO,. If
equivalent quantities of the solutions are mixed, an AgBr crystalline
precipitate (not a colloid) will be formed. If silver nitrate solution is
poured into potassium bromide, a sol is formed whose dispersed AgBr
particles will assume a negative charge owing to the adsorption of
Br!- ions. If the order of pouring is reversed, the dispersed AgBr par-
ticles will adsorb Agl+ cations and will, therefore, assume a positive
charge.

An electrochemical approach will give a better understanding of
hydrosols and the structure of the dispersed phases.

Figure 8 presents diagrammatically a colloidal particle in a dispers-
ing medium (water in the given case) containing Nal+, K1+ Ca%+, Mg?*,
CI'-, [SO,]?—, and other ions, which usually occur in soil waters contain-
ing dissolved salts. As in the previous example, the particle is shown
as a crystalline phase whose corners are unsaturated with regard to
valency. Consequently, these will serve as points of attraction for ad-
sorbed ions. In our case, this will be cations: Na'+, K+, NH}+, Mg?+,
and Ca2+ which impart a positive charge to the particle and form a
diffuse layer.

The anions at the lattice corners influence not only the ions in the
solution but also the electrically neutral water molecules. It will be
shown later in this chapter, that the H,O molecule is a dipole of a pecul-
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In this way, a whole swarm of ions and oriented H,0 molecules forms
around the particle (Fig. 8). The thickness of the water film depends on
the kind of hydrated cations (which hold the H,O molecules) present.
Most strongly hydrated are cations of alkali metals. Thus, in an aque-
ous medium, a Na!+ ion is capable of keeping 60 to 70 oriented H,0O
molecules in suspension, while Ca?+ can hold no more than 14.

Sometimes, under the action of acids, the cations in the diffuse layer
such as CI'-, [SO,]?-, etc., may be replaced by anions. The latter, like
cations, may be hydrated. In this case, however, the orientation of the
water molecules will be opposite to that which is observed in the case of
cations (Fig. 8, right).

From the foregoing, the following conclusions may be drawn:

1. From the electrochemical standpoint, the charged dispersed
phase may be considered as a large ion (macro-ion) which, in sols, is
capable of moving towards one or the other electrode under the action
of electric current (electrophoresis).

2. In relation to the dispersed phase, the dispersing medium is not a
true solvent, though it may, and usually does, contain certain com-
pounds dissociated into ions.

3. The cations of the diffuse layer may be replaced by others, if
there is a change in the composition and concentration of the electro-
lytes in the dispersing medium. The mutual replacement or displace-
ment of different kinds of ions in adsorbents (adsorbing colloids) are
governed by Guldberg and Waage’s Law of Mass Action.

The phenomena of unsaturated valencies at the surface of dispersed
particles, and the resultant adsorption of cations and anions from
solution, must be also observed in the case of macro- and microcrys-
tals. However, should we consider this question from the viewpoint
of the energy relationships governing the phenomena, a tremen-
dous difference will be observed between true crystals and dispersed
phases.

In so far as colloidal adsorption phenomena are confined to the
boundary between the dispersed phase and the dispersing medium,
the total surface of the dispersed particles per unit volume is of great
importance for determining the overall surface energy of a substance.
The finer the dispersion particles of a substance, the more abrupt is the
increase in the total surface of its dispersed phase which is known as the
specific surface. This may be easily proved.

Let us assume that we have a cubic crystal of some mineral with an
edge 1 cm long. Its total surface will be 6 cm? (specific surface 6). If
the cube is divided into eight equal parts (Fig. 9), the total surface of
the eight smaller cubes will be 12 cm? and, if it is further divided into
cubes with an edge of 1 mm, the total surface will be 60 cm?. If this
division is carried to cubes with a 1 my edge, i.e., the size of a colloidal
dispersed phase, the surface will reach the enormous total of 6000 m?,
against the volume of 1 cm? (i.e., the specific surface will be 6.107). The
number of the cubes will then be 10%.
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Thus, specific surface z and grain size y are inversely proportional.

This dependence is expressed by the simple formula z= —, and is pre-
sented graphically in Fig. 10. y _
Hence it will be seen that in coarse crystalline systems the specific
surface and hence the surface energy are so small that they may be
ignored for all practical purposes. In colloidal systems, on the other
hand, it assumes a tremendous importance. It is owing to this that
many physico-chemical properties of colloids that find wide practical
applications differ sharply from those of coarse crystalline substances.
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Fig. 9. Cube divided Fig. 10. Relationship between grain size (y) and
into eight cubes. specific surface (z).

Diffusion phenomena in colloidal solutions are far less pronounced
than in true solutions, which is due to the fact that their dispersed-
phase particles are much larger than ions. This, at least partly, ac-
counts for the fact that mineral masses formed out of colloidal solutions
often are widely nonuniform both in structure and composition.

Crystallosols, i.e., typically crystalline dispersing media, containing
some substance as a dispersed phase, are often formed as a result of
the crystallisation of hydrosols. The process may be compared to the
crystallisation (freezing) of turbid water, i.e., water containing suspend-
ed dispersed particles. The ice thus formed will be similarly turbid or,
in other words, will retain the suspensions present in the water and
hence will be a crystallosol.

We may class as crystallosols, in the first place, many coloured
minerals, which generally occur as colourless, transparent crystals.
Examples are reddish carnallite, red barite (coloured by dispersed iron
oxide), and black calcite whose colour depends in some cases on finely
dispersed sulphides, and, in others, on organic matter. We may also in-
clude here milk-white quartz, calcite, etc., in which finely dispersed gases
and liquids which are often visible in thin sections under the micro-
scope appear as the dispersed phase. Crystals of quartz, calcite, and other
minerals sometimes exhibit banded or zonal crystalline structure, i.e.,
consist of alternating transparent, coloured or milk-white bands.
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There is no doubt but that crystallosols exist among opaque min-
erals as well. This is attested by admixtures of such elements detected by
chemical and spectral analyses which from the crystal chemistry stand-
point cannot be explained as resulting from isomorphous impurities.
Such are, for instance, the admixtures of copper in pyrite crystals, of
gold in pyrite, galena, arsenopyrite, etc. Microscopic examination of
their crystals in polished sections at high magnifications often reveals
minutest inclusions of chalcopyrite, native gold, etc., which implies
that they may contain even more finely dispersed particles, which
escape detection by conventional microscopes.*

Hydrogels are often formed in nature from hydrosols through
coagulation, i.e., the formation of clots in an aqueous medium. Coagula-
tion begins only when the dispersed particles, for some reason or other,
lose their charges and become electrically neutral. The particles, which
no longer repel each other, coalesce into larger bodies called polyions
which thereupon precipitate under the action of gravity.

Neutralisation of dispersed particles, and hence coagulation, may
be achieved by different methods:

(a) by adding electrolytes (ionic solutions) to a colloidal solution,
in which case, depending on the sign of the dispersed-phase charge,
neutralisation will be caused either by the anions or the cations of the
electrolyte. Such is the mechanism of the deposition of silty sediments
at the mouths of large turbid rivers which carry colloidal solutions.
The latter, upon contacting sea water containing dissolved salts play-
ing the role of electrolytes, undergo coagulation and precipitates in
the near-shore zones of marine basins;

(b) through mutual neutralisation of equivalent quantities of colloi-
dal solutions containing oppositely charged colloidal particles. In this
case a mixture of gels results (e.g., brown hematite rich in colloidal
silica);

(c) through spontaneous coagulation of colloidal solutions with time,
especially if the system loses water (the dispersing medium) through
evaporation; this process naturally increases the concentration of the
electrolytes in the colloidal solutions; an example are silty sediments
and muds in drying-up lakes;

(d) through circulation of the colloidal solutions in capillaries of
rocks; owing to the high dielectric constant of water the moistened
capillary walls are negatively charged by [OH]J'- ions, which cause
the precipitation of the positively charged particles in the form of
flakes or coatings from circulating colloidal solutions; e.g., the frequent
“ferrugination” of limestones and other rocks appearing as brown stain-
ing of the rock on the surface or along crevices by flocculent iron hy-
droxides; :

* Ordinary modern microscopes generally have a maximum resolving, power
ratlllging from 0.5 to 1.0 u. Finer particles are absolutely undetectable at any mag-
nification.
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(e) through metasomatosis (replacement) of rocks which readily react
with chemically active salt solutions to form colloidal solutions which
immediately coagulate (e.g., the formation of malachite from the vit-
riolic waters in limestones), etc.

Gels of organic origin are abundant in the region of the biosphere.
Their formation is often associated with the life activity of bacteria.
Thus, it has been found that the so-called ferrobacteria reworking silty
lacustrine sediments gradually deposit colloidal iron hydroxides (limo-
nite).

Colloids, in which the dispersed particles are prone to become cov-
ered by a film of water molecules, are known as hydrophilic, while their
opposites are called hydrophobic. Coagulation of hydrophilic colloids
commonly results in the precipitation of mucous, gluey, gelatinous gels,
while hydrophobic colloidal solutions yield powdery and flocculent
masses.

Gels, especially those deriving from hydrophilic colloids, with time
readily lose their water (the dispersing medium), i.e., are dehydrated.
Water-rich hydrogels, which are of almost liquid consistency at the
time of their formation, on exposure to air and evaporation of the dis-
persing medium successively become more elastic, and then hard and
brittle. Complete removal of water, however, is possible only by igni-
tion.

On addition of the dispersing medium, some of the gels not only
swell (like gelatin), but are reconverted to sols, the process being known
as peptisation. Such gels, which occur mostly in the biosphere, are called
reversible. On the other hand, almost all inorganic colloidal formations
are irreversible, i.e., they cannot revert to sols from gels.

Gels are also good adsorbents, the adsorption often being selective.
Clayey substances, for example, will adsorb pre-eminently cations of
potassium and radioactive elements, while manganese-dioxide gels
will adsorb those of Ba, Li, K (but not their anions), etc.

As we have already shown, colloids sharply differ in properties from
both true solutions and coarsely dispersed systems (with dispersed-
phase particles exceeding 100 mp). Indeed, the salient features of !col-
loids are neither the vectorial properties of the crystal lattices nor the
chemical affinities, but the tremendous surface energy and the electric
forces associated with it. Nevertheless, there exist gradual transitions
from colloidal solutions to true solutions, and similar transitions to
coarse dispersions.

W. Ostwald proposed the following classification of dispersed sys-
tems:

DISPERSED SYSTEMS

v

¥
Coarse dispersions Colloids True solutions

->
>

Increasing degree of dispersion
Particles>100 mu from 100 to 1 mu < 1 mu
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This classification applies both to liquid and solid systems.

Now it has already been firmly established that the colloidal state
is a common state of matter, i.e., any substance may be obtained in the
form of a colloid. The important point is that colloids may form under
most diverse temperatures, pressures, and under most diverse conditions.

On strict theoretical grounds, solid colloids cannot be classed as
minerals, since they in fact constitute mechanical mixtures of different
substances (the dispersed phase and the dispersing medium). Exter-
nally, however, they are absolutely indistinguishable from typical
minerals. Neither has it been possible to establish any distinction be-
tween them and minerals in the strict meaning of the term by any mi-
croscopic investigation techniques known so far. Therefore, in standard
textbooks on descriptive mineralogy they are conditionally treated as
minerals.

Solid colloids (gels) were formerly regarded as amorphous bodies
since they never occur in phanerocrystalline forms (with the exception
of crystallosols). X-ray analysis, however, shows that they are crypto-
crystalline, and, therefore, cannot be classed as homogeneous, amor-
phous bodies, to which they bear a very strong resemblance.

Recrystalhsatlon of gels. Hydrogels formed through coagulation
are subject to ageing, i.e., a gradual change in structure and composi-
tion. This is expressed first of all in the loss of water, or dehydration,
in the course of time.

One example are silica hydrogels — opals which widely occur in
nature. Water-rich silica hydrogels have the consistency of semi-liquid
orgelatinous masses. As they gradually lose water, they harden exhib-
iting a vitreous or semi-dull fracture. Opals have this appearance
owing to their generally low water content. Such formations are charac-
terised by most fine porosity which is invisible to the naked eye and
even under the microscope. It can be detected only when they are
stained with some organic substance. The residual water can be re-
moved only by heating.

On thorough dehydration, water-rich gels develop visible porosity.
Occasionally, wrinkling or cracks similar to the reticules appearing
often on caked mud may be observed.

X-ray investigation of typical solid and semi-solid gels by the Debye-
Scherrer method shows that many of them fail to produce interference
bands, whereas aged colloidal formations exhibit an unmistakably
crystalline structure. Sometimes this can be seen under the microscope
as in the case of many stalactitic formations of calcium carbonate.
Opals (solid silica hydrogels) recrystallise into cryptocrystalline aggre-
gates of anhydrous chalcedony or quartz, such as flints and agates.
Gels which have changed into crystalline granular aggregates are
termed metacolloids.

The crystallisation of gels may be presented as the coalescence of
randomly oriented dispersed phases into larger units with a common
crystal structure. This phenomenon which is called collective crystallisa-
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tion reflects the general tendency of substances to assume the state
with minimum specific surface and hence with minimum surface
energy.

Often, and this is especially true of reniform gel masses, fine-fibrous
aggregates are developed with radial arrangement of the individual
fibres, clearly visible on the fracture surface. The periphery of the crusts
of spheroidal and reniform aggregates of certain minerals often exhib-
its crystal faces which terminate the individual radial elements.

Gels depend for their recrystallisation on many factors, the most
important being temperature and pressure, which speed up the proc-
ess of recrystallisation as they are increased. Another factor is climate,
since the dehydration and recrystallisation of gels formed on the sur-
face proceed much faster in arid and hot zones than in humid and temper-
ate ones. Time during which gels gradually change into phanero-
crystalline aggregates under most diverse geologic conditions is also an
important factor in the process of gradual conversion of gels into
phanerocrystalline aggregates.

2. CHEMICAL CHARACTERISTICS AND FORMULAS OF
MINERALS

As stated earlier in this book, the overwhelming majority of natu-
rally occurring minerals are chemical compounds. These fall into two
categories: (a) definite compounds, both simple and binary, and
(b) compounds of variable composition.

Widely distributed arc also solid solutions or the so-called isomor-
phous mixtures. These true solid solutions should be distinguished from
solid pseudosolutions as in the case of liquid solutions.

Finally, special reference should be made to hydrous compounds, the
understanding of which has become of late much more precise.

Definite compounds. All definite chemical compounds conform to
the law of constant proportion expressed in chemical formulas. They
also conform to the law of multiple proportions which correlates the
constituents of one compound to those of another. These laws fully agree
with Mendeleyev’s periodic system, the laws of crystal chemistry and
the concept of symmetry in crystalline media.

Definite compounds possess a number of specific physical properties,
clearly manifested in physico-chemical graphs of fusibility, solubility,
electrical conductivity, hardness, specific gravity, refractive index, etc.

Stmple compounds include oxides (Cu,0, MgO, Fe,0O4, SiO,, etc.),
various oxysalts (CaCO,, CaSO,, YPO,, Mg,Si0,, etc.), sulphides (NiS,
FeS,, Sb,S,, etc.), halides (NaCl, AgBr, CaF,, etc.), and so forth.

The composition of chemical compounds may be expressed either
by empirical formulas or by constitutional or structural formulas.

Empirical formulas express the composition of minerals either as
the elements present in a given compound (BaSO,, NagAlF ¢, NaAlSi;Og,
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etc.) or as its simple component compounds (BaO-SO,, 3NaF-.AlF;,
Nay0-Al1,04:6Si0,, etc.). Although far from reflecting the nature of
chemical compounds as understood in modern chemistry, the latter
type of formulas have the advantage that they facilitate memorising
the composition of min erals.

The formulas of more complex compounds have been materially
corrected by using crystallochemical data obtained by X-ray structural
analysis of minerals. Since most inorganic crystalloids have the ionic
type of bonding between structural units, complex formulas of chem-
ical compounds should somehow reflect these units (cations and anionic
groups) found in different types of crystal structures. Anionic groups
are usually separated from cations by square brackets, e.g., Ca[CO,],
Ba[SO,], Na[AlSi,0,], Mg,[Si,0;], [OH],, etc.

Such crystallochemical formulas often help to predict certain phys-
ical properties of a compound. For instance, optical properties (e.g.,
double refraction) often depend on the form and orientation of the
anionic group. If a crystal structure includes parallel-oriented flat
anions, for example [CO3]*~ or [Si,O;]>~, double refraction will be
greater (clearly pronounced optical anisotropy). If an anionic group
has an isometric form,[SO,]? -, or a framework more or less uniformly
developed in space, [AlSiO304]'~, the double refraction of a mineral
will be lower. The form of complex anions also has a bearing upon the
habit of crystals. Thus, micas with anionic sheets which extend con-
tinuously in two directions, often form platy crystals, while pyroxenes
in which the anions occur as chains extending continuously in one
direction have crystals of prismatic habit, etc.

Binary compounds. Besides simple chemical compounds, widespread
in nature are binary compounds, especially binary salts, i.e., definite
compounds composed, as it were, of two simple salts which are present
in multiple proportions. In most instances these are binary with regard
to cations, more seldom with regard to anions or to cations and anions
simultaneously. Examples are: CaMg [COs],, K3Na [SO,],, etc.

Comparing the formulas of binary salts shows that their cations,
owing to the great difference in ionic radii, cannot replace each other
isomorphously, viz., Ca2+ (1.04 A) and Mg?+ (0.74 1{), K+ (1.33 A)
and Nal+ (0.98 A), etc. This explains why they differ somewhat from
their simple constituent salts in crystal structure and physical prop-
erties.

Compounds of variable eomposition. In addition to definite chem-
ical compounds, there are quite a few the composition of which is not
constant and varies within narrow or wide limits, the variations being
inexplicable by assuming any mechanical impurities. On the other hand,
they can readily be explained crystallochemically, by the restricted
solubility of the constituents in a given compound. Such chemical for-
mations are known as compounds of variable composition. ‘

Compounds of variable composition are abundant among minerals.
They are mostly binary salts in which the constituent simple salts,
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although similar in crystal structure, are not completely isomorphous,
since they differ considerably in ionic radii or polarisation capacity.
Therefore, these compounds are characterised by certain variations in
composition which is expressed in the fact that their chemical formu-
las do not correspond precisely to the strictly stoichiometric ratio of
the components.

In small quantities, isomorphous admixtures of foreign constituents
are found in very many compounds, both simple and complex, e.g.,
sphalerite (ZnS), which may contain as much as a few per cent of iron
in the form of an isomorphous admixture. Many other examples are
given in the descriptions of minerals.

Chemical compounds of variable composition cannot be distin-
guished from solid solutions by their properties and should be regarded
as such, but with limited miscibility of their constituents.

Solid solutions (isomorphous mixtures). The ability of crystalline
substances of different composition to form mixtures of similar crystal
structure, but continually varying in composition largely depends on
isomorphism, i.e., the ability of elements to substitute for each other
in chemical compounds of related composition.

It has long been established in physical chemistry that the
miscibility of constituents depends upon environmental factors, pri-
marily on temperature: at high temperatures the isomorphous repla-
cement of constituents is much more pronounced than at low tem-
peratures.

In mineralogy, the dependence of isomorphism on thermodynamic
conditions was first noted in 1910 by V.1. Vernadsky. He pointed out
the existence of wider isomorphous series of chemical elements in plu-
tonic magmatic formations (high p and ¢) as compared with meth-
amorphic rocks in the lithosphere (high p and medium t), and rocks
in the zone of weathering (low p and ¢).

At the present time isomorphism is much better understood owing
to modern advances in crystal chemistry. Two principal forms of iso-
morphism—isovalent and heterovalent—are recognised in crystalline
substances of analogous structure.

Isovalent vsomorphism. The substitution of ions having the same
valency in a crystal structure is highly pronounced if the ions replac-
ing each other are very similar in properties and size (the difference
between their ionic radii should not exceed 15 per cent of the smaller
radius). This is the case, for example, of divalent cations (their ionic
radii are given in parentheses): Mg?+ (0.74), Fe?*+ (0.80), Ni®*+ (0.74),
Zn2+ (0.83), Mn2+ (0.91), etc.; of trivalent cations: Fe3+ (0.64), Cr3+
(0.64), Al3+ (0.57), etc. This also applies to the anions taking part in
the crystal structure: S2- (1.82), Se?~ (1.93), etc. The following series
of the simplest compounds could be quoted as being perfectly isomor-
phous: MgCO;—FeCO;, CuS—CuSe, etc. It should be emphasised that
when isovalent substitution takes place, the number of structural units
in a crystal structure remains constant.
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Heterovalent tsomorphism is distinguished by the fact that it involves
the replacement of oneion in a crystal structure by a roughly equi-
dimensional ion of a different valency, which requires, however, the
compensation of charges in some other pair of ions which are part of
the crystal structure of the substance but differ considerably in size
from the former pair. A well-known example of such isomorphism is
that observed in the plagioclase series: NaSizAlOg—CaSi,Al,O4. Here
Nal+ (0.98) 1s replaced by Ca?*+ (1.04) which has a higher valency, and
simultaneously one ion of Si*+ (0.39) is replaced by Al3+ (0.57) which
has a lower valency. In this case the total electrostatic balance of the
compound remains undisturbed.

Apart from the compensation of charges, the decisive factorin heter-
ovalent isomorphism is the size of the structural units, cations and
anions, mutually replacing each other, which must be roughly equidi-
mensional. However, upon substitution the number of structural units
does not always remain constant. In micas, for instance, three divalent
Mg cations (in sixfold coordination) may be replaced by two trivalent
Al cations (Mgs—Al,), the third space remaining vacant.

As known, the ionic radii become larger in the vertical groups of
the periodic system as the atomic number increases, and smaller in the
horizontal direction as the group number (Valency) becomes higher.
From this A.Y. Fersman deduced the law of diagonal rows of isomor-
phous ions which holds for the left-hand side of the periodic system.
The following heterovalent rows of ionic isomorphism may be distin-
guished (ionic radii in angstrom units are given in parentheses):

Lit+(0.68) —Mg2*(0.74)—Sc3+(0.83)—Zr4+(0.82)
Na+(0.98)—Ca2*(1.04)—Y3+(0.97)

K!+(1.33) —Sr2+(1.20)

Rb'+(1.49)—Ba?+(1.38)

AI3+(0.57) —Ti*+(0.64)—Nb®+(0.66)

Indeed in natural compounds lithium minerals, for instance, often
contain isomorphous admixtures of magnesium; magnesium minerals
contain admixtures of scandium; sodium minerals contain calcium,;
calcium minerals contain yttrium, and so on.

In addition to that, in complex anions the[SiO,]*~ ion may be re-
placed by ions of [A10,]°-, [PO,]®~, and [SO,]?~ equal or almost equal
in size to the substituted ion. Numerous examples of this will be found
in the descriptions of minerals.

Two principal types of solid solutions should be distinguished from
the standpoint of their origin: (1) true solid solutions, and (2) solid
pseudosolutions.

True solid solutions, also called isomorphous mixtures, are mixtures
in any proportions of two or more substances of completely similar
crystal structure which do not form chemical compounds. Examples
are solid solutions of silver and gold, manganese and iron tungstates,
plagioclases, etec.
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The physical and chemical properties of solid solutions are additive,
i.e., subject to gradual and regular change when the concentration of
the second component is increased. For instance, changes in melting
point, specific gravity, refractive index, reflecting power and electrical
conductivity are graphically expressed either by straight lines (spe-
cific gravity) or by gentle curves (melting points, optical properties,
etc.). These curves for isomorphous series are so characteristic of the
basic properties of a given mineral species that no chemical analysis is
required to determine its composition. This method, for instance, can
be successfully applied to determine the composition of a plagioclase
by means of special graphs, once its optical properties are determined
by microscopic study of thin sections.

True solid solutions are subdivided into two types: (1) replacement
solid solutions (solutions of the first order), and (2) interstitial solid
solutions (solutions of the second order).

Solid replacement solutions are characteristic of metals and ionic
compounds. In essence they may be described as compounds of analo-
gous crystal structure in which the atoms and ions of one are substitut-
ed by those of another (i.e., take the place of other atoms or ions).
Such are, for instance, the isomorphous series: ZnCO;—FeCOs,,
MnWO,—FeWO,, etc.

Interstitial solid solutions are those in which the second constituent
fits only into interstices of the lattice, i.e., the spaces between the atoms
or ions forming the lattice of the first constituent. Such solid solution
may only occur when the atoms (ions) of both constituents vary greatly
in size. The most typical example of interstitial solid solutions is that
of carbon in iron, which is readily formed at high temperatures and
which decomposes into iron and iron carbide (Fe;C) upon slow cool-
ing.
In chemical formulas of solid solutions, isomorphous atoms or
ions are enclosed in parentheses, separated by comas, and arranged in
the order of decreasing content: (Au, Ag), (Zn, Fe)S, (Zn, Fe)COs,,
(Fe, Mn)WO,, etc. Minor isomorphous admixtures are either not shown
at all or are indicated by smaller type. If in a binary salt, either of the
constituents contains isomorphous admixtures, the formula is written
as follows: Ca(Mg, Fe) [CO4],.

It must be added that the solid solutions formed at high tempera-
tures will not always remain stable at lower temperatures, undergoing
partial or complete disintegration into simpler compounds. Thus in a
NaCl—KCl system which was studied experimentally, these compounds
form a continuous series of solid solutions at high temperatures. Upon
gradual cooling to room temperature, however, minute intergrown
NaCl and KCl bodies develop in the crystallised mass, their stoichio-
metric ratios depending on the initial composition of the solid solution.
The disintegration of solid solutions is chiefly limited to cases where
there is a considerable disparity in the size or properties of the sub-
stituted and substituting ions. It may also occur as a result of one of the
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compounds undergoing polymorphous transformation upon the lower-
ing of temperature.

Solid pseudosolutions differ from true solid solutions in that they
contain finely dispersed foreign admixtures whose presence cannot be
explained by the laws of crystal chemistry. Examples of solid pseudo-
solutions are crystallosols (p. 50) such as coloured translucent pink
quartz, red calcite, and black sphalerite, which appear to be quite
homogeneous (so finely dispersed is the colouring pigment).

In many instances, however, the mechanical impurities in minerals
are so coarse that they can be seen in polished sections under the mi-
croscope or even with the naked eye. These inclusions may have diverse
origins (1) entrapment of foreign substances (solids, liquids, and gases)
by the growing crystal; (2) disintegration of a solid solution; (3) de-
composition of a chemical compound due to changes in the environ-
ment, for instance, in an oxidising environment tiny inclusions of tin
oxide SnO, develop in tin-bearing sphalerite ZnS. Foreign inclusions
are especially common as the residue of replacement in crystals formed
metasomatically in metamorphic rocks. Naturally, the chemical analy-
sis data for such crystals will not conform precisely to chemical for-
mulas with a stoichiometric ratio of the constituents.

Hydrous compounds. First, it should be noted that by hydrous
compounds are meant only those containing electrically neutral water
molecules. Formerly minerals with hydroxyl [OHT' - anions were also
classed as hydrous compounds. However, there is difference c: [ inciple
between an H,0 molecule and a negatively charged [OH]' - ion, which
difference substantially affects the physical and chemical properties
of minerals. Like an ion, the hydroxyl is capable of replacing such ani-
ons as F'- CI'- in compounds and is firmly held in crystal structures.
The H,0 molecule which lacks this property and, being loosely held in
the lattice, is readily removed by heating. The fact that upon ignition
of hydroxyl-containing minerals the hydroxyl leaving the lattice may
turn into water vapour is no reason to identify it with the H,O mole-
cule. In writing the chemical formulas of minerals it is therefore ex-
tremely important to denote the presence of hydroxyl ions, and water.
From this standpoint a mineral such as malachite, Cu, [CO3] [OH],, 1s
not a hydrous, but a basic anhydrous copper carbonate, although in
chemical analysis hydroxyl ion appears as H,O. The same is true of
minerals which are acid salts and include hydrogen among their cations.

According to the manner in which water is held in minerals, it is
designated as: (1) crystallisation or bound water which is incorporated
in the crystal structure of minerals, and (2) free water that does not
take part in the crystal structure proper.

Bound water is present in the crystal structure in the form of H,O
molecules which occupy strictly definite positions. The number of water
molecules present in a compound is in a simple relationship to the other
constituents. Examples: Na,CO4-10H,0 (soda), CaSO,-2H,0 (gypsum),
Nig[AsO,],-8H,0 (annabergite), AL[PO,] [OH];-5H,0 (wavellite), etc.
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These are so-called crystallohydrates, or according to Werner, “com-
plex compounds” in which the water molecules as structural units are
situated in a definite coordination about certain ions forming, as it
were, complex ions.

[t has been shown by X-ray study that in the crystal structure of
the NiSO,-6H,0 compound six dipole H,0 molecules immediately
surround the Ni?* cation, apparently, being oriented in a definite way
in relation to the cation (with two H'* protons towards the periphery
of the complexion).Since the H,0 molecule, as such, is electrically neu-
tral, the hydrated cation [Ni(H,0)¢]?* retains the Ni+ charge. There-
fore, the chemical formula of the compound should be written more
correctly as [Ni (H,0)4] [SO,].

The cause of hydration of ions in crystal lattices will be discussed
later (in the introduction to oxysalts). Here we shall limit ourselves to
saying that their hydration is strictly explained by the laws of crystal
chemistry; Ni?+ cations present in the solution are too small to form
stable crystal structures with such large anions as [SO,]?—, and hence
the tendency to an increase in volume without any change in the charge.
It goes without saying that crystallohydrates can form only in a water-
rich environment and at low temperatures.

Crystallohydrates readily give up water upon heating either abrupt-
ly or step-by-step, periodically losing groups of water molecules. The
resulting rearrangement of structure does not change the ratio between
the number of the H,0O molecules and those of the basic compound.
On artificial dehydration, chalcanthite (CuSO,-5H,0) will successively
form CuSO,-3H,0, CuSO,-H,0, and CuSO,. Such physical characteris-
tics as refractive index and specific gravity also change abruptly.
Water is removed from different compounds at different temperatures:
some lose it at room temperature (water-rich copper and iron sul-
phates), others at higher temperatures, sometimes even above 100°.

Free water present in mineral masses takes no direct part in the crys-
tal structure of minerals, and is removed gradually on heating. Three
types of free water are recognised: zeolitic, colloidal, and hygroscopic.

Zeolitic water derives its name from the zeolite group of minerals,
in which the specific characteristics of its occurrence are most conspicu-
ous. The water molecules in this group do not occupy definite posi-
tionsin the crystal structure, but fit only into the free spaces (channels,
interlayer spaces, etc.). Therefore, the “solubility” of water in these
ninerals is very limited. An interesting point is that the amount of
water present may vary without disturbing the crystalline homogeneity
of matter which is accompanied by a gradual change in the physical
properties of the minerals such as transparency, refractive index, spe-
cific gravity, etc. This indicates that the water, as it were, is in the solid
solution state. It is removed on heating at temperatures between 80
and 400°. Another interesting point is that zeolites dehydrated by
gradual heating may re-absorb water, whereupon their former physical
properties are restored.
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Colloidal water, as the name implies, most commonly occurs in
hydrogels in which it is held at the surface of the dispersed phase by
very weak bonds. It is in fact adsorbed water and its presence in hydro-
gels does not depend on the structure of the adsorbent (of course, the
adsorbent itself may contain crystallochemically bound water). An
example is opal (silica hydrogel)—Si0O,-aq (abbreviation of the Latin

“aqua” meaning water).

Hygroscopic (capillary) water is retained by surface tension in thin
cracks, pores, and powdery masses. For the most part it is readily re-
moved on heating to 100-110°. No sharp distinction exists between
capillary and colloidal water.

Moreover, water may be present as a mechanical impurity, in the
form of gas-liquid inclusions entrapped by crystals during their growth.
Such inclusions frequently occur in many minerals.

3. PHYSICAL PROPERTIES OF MINERALS

Minerals as physical bodies, as has alrcady been stated, possess
widely different properties such as colour, lustre, hardness, specific
gravity, etc. These vary from mineral to mineral dependmg on chem-
ical composition and crystal structure. Each mineral has its own spe-
cial features which readily distinguish it from others.

Very many minerals may be determined quite accurately by phys-
ical characteristics alone without resorting to such laborious opera-
tions as chemical or X-ray analyses. Many minerals possess peculiarities
so subtle and specific that they cannot be easily grasped or described.
This refers specifically to shades and intensity of colour, fracture, lustre,
etc. To the trained eye, however, these characteristics serve as positive
diagnostic features. In the remote past when man had no idea of chem-
istry in general, and of chemical elements in particular, these charac-
teristics of important minerals and ores were well known and skilfully
used by “ore diviners”.

Of course not all minerals occurring in nature can be identified by
such means. Some of them for positive identification require more
detailed investigation, in particular qualitative chemical reactions and
more accurate determination of specific gravity, optical, mechanical,
and other physical properties. Fine-grained mineral masses are studied
in polished sections under the microscope. Whenever spectral analysis
reveals admixtures of such metals as cobalt, indium, cadmium, lithium
and caesium, which are commercially important even if their concen-
trationis very low, chemical analysis becomes indispensable. The study
of cryptocrystalline mineral formations requires X-ray analysis, while
special methods have to be used for investigating radioactivity, piezo-
electricity, magnetism, and similar physical phenomena in minerals.

Below we shall consider the principal physical properties of min-
erals, which are important as diagnostic features, namely: morpholog-
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ical features—habit of crystals, twinning, striation; optical* features—
transparency, colour, streak, lustre ; mechanical characteristics—cleav-
age, fracture, hardness, brittleness, malleability, elasticity ; and also
such properties as specific gravity, magnetism, radioactivity, and others.

MORPHOLOGICAL FEATURES

In nature most solid minerals occur as irregularly-shaped grains
without any crystal faces but regardless of this and their size possess-
ing an internal crystal structure. Well-formed crystals, i.e.,individuals
bounded by natural plane surfaces are much more rare. What makes
such finds important is the fact that they increase the number of fea-
tures by which a mineral may be identified. There exist even special
determinative tables for identifying minerals by their crystallograph-
ic forms.

Since courses in crystallography include a most detailed discussion
of the morphology and symmetry of crystals, we shall discuss here only
such general morphological characteristics of crystals and crystal faces
as are of practical use in identifying minerals.

Habit (Form). Considering that any physical body must have three
dimensions, the following basic types can be distinguished among
all the numerous forms of crystals and crystal grains.

1. Isometric forms, i.e., thase equally developed in all three direc-
tions of space, such as the rhombododecahedra of garnet, the octahedra
of magnetite (Fig. 11), cubes of pyrite (Fig. 12), etc.

2. Forms elongated in one direction, i.e., prismatic, columnar (Fig. 13),
rod-like, acicular (Fig. 14), fibrous, capillary. Examples: crystals
of aquamarine, tourmaline.

3. Forms elongated in two directions, the third direction remaining
short, represented by tabular, platy, foliated, and scaly crystals, such
as the platy crystals of hematite (Fe,O3), mica, etc.

There are also transitional forms. Such are, for instance, the coarse-
bladed crystals of kyanite (Al,SiO;) of a form intermediate between
the second and third types (flattened columnar crystals); the barrel-
shaped crystals of corundum (Al,0;) and scalenohedral crystals of
calcite (CaCO;), intermediate between the first and second types; the
flattened crystals of sphene (CaTiSiO;), monazite (CePO,), etc., almost
lenticular in shape, intermediate between the first and third types.

In addition to these, there exist complex types of crystal forms such
as dendrites (Fig. 15) or utterly irregular crystal growths (Fig. 16).

In the Soviet literature besides crystal form, there is also some-
times distinguished crystal habit, though it is restricted to well-devel-
oped crystals only. Habit is essentially characterised by the predomi-
nance of particular crystallographic forms in the crystals of a given

* Omitting crystallooptical properties (refraction, birefringence, pleochroism,
etc.) which are dealt with in treatises on crystallography and crystallooptics.
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Fig.[11. Octahedral magnetite crystals in  Fig. 12. Pyrite crystal overgrown
chlorite schists. with small crystals of tetrahedrite
(at the corner) and galena (upper

face).

Fig. 13. A columnar crystal of epidote Fig. 14. Ingrowths of‘acicular
and an aggregate capillary crystal of bys- tourmaline in transparent
solite (a variety of actinolite). quartz.



mineral. Thus crystals of galena (PbS) usually occur as cubes which are
sometimes slightly truncated by octahedral faces, less often as cubooc-
tahedra, and occasionally as octahedra slightly truncated by cube
faces. Their general form is isometric, but the habit of the crystalsis
different. In the first case, it is predominantly or solely the cubic faces
that are developed; in the third case, the octahedral faces predominate,
whereas in the second case the cubic and the octahedral faces are
more or less equally developed. It seems that the habit of a crystal

/I

16. F]hform native

Fig. 15. Crystalline dendrite of native Fuig. ]
copper composed of a number of elon- silver on crystals of
gated twins. calcite.

is determined to some degree by the environment in which the forma-
tion of the mineral took place.

Although far from all minerals are easily recognisable by crystal
form alone, for a number of minerals the crystal forms are so charac-
teristic that they are the most important diagnostic feature. For in-
stance, the prismatic crystals of quartz truncated by rhombohedral and
trapezohedral faces are always readily identified irrespective of their
colour. No less characteristic are the cubic or pentagon-dodecahedral
crystals of pyrite, the octahedra of spinel, magnetite, the rhombodode-
cahedra of garnet, etc.

The characteristics of crystal forms are reflected in the names of
some minerals. Examples: actinolite (Greek for radiant stone), lepido-
lite (from Greek “lepis” meaning fishscale), axinite (“axine”’—the Greek
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Table 4

Nomenclature of the Fyodorov Institute (U.S.S.R.) for the 32 Classes of Crystal

Symmetry (1935)
Class of symmetry
Cate- | gyst
gory | SYStem P{ilgg' Central | Planar | Axial P;;'i‘:lr‘ g}{;ﬁ%‘}g‘e G&‘;’[{gﬁ'
Low- Tri-
er clinic 1 2
- c
Mono-
clinic 3 4 5
P L, L,pc
Ortho-
rhom-
bic 6 7 8
L,2P | 31, | 3L,3PC
Me- Tri-
dium | gonal| 9 10 11 12 13
L, | Lc | L3P | 1,31, |L3L,3PC
Tet-
rago-
nal | 14 15 16 17 18 19 20
L, | L,pc | Li4P | L4L, |L4L,5PC| Liy(ZL,)| Liy(2= L,)
2L,2P
Hexa-
gonal | 21 22 23 24 25 26 27
Ly | Lpc| LéP | re6L,| L6L, | Li;= |Li3L3P=
7PC |=L,P =L,3L,4P
Y
High- | Cubic
er 28 29 30 31 32
4Ly | 4L, | %“Ls | 3L, 8L4L,
3L, | 3L, 8L, | 4L,6L,| 6L,9PC
3PC (3Lg3,)
6P




for axe), corundophyllite (“phyllon” —the Greek for leaf), chrysotile
(golden fibre in Greek), etc.

Table 4 gives the names and symbols for 32 classes of crystal sym-
metry according to the nomenclature of the Fyodorov Institute.*

Twins and intergrowths. A twin is an intergrowth of two crystals of
the same mineral in which the individuals are related to one another,
either by rotation about a certain axis through 180° (Fig. 17) or by
reflection across a plane of symmetry (Fig. 18) or, lastly, by inversion.
When three individuals are intergrown, a trilling results; when there
are four individuals, the result is a fourling, etc. N.V. Belov showed that
the twin plane often coincides with the plane of closest packing, e.g.,

in accordance with the spinel law of crystal intergrowth on (111) in the
cubic system.

/

m\ 1

N

"7
Fig. 17. Fluorite twin. Individuals Fig. 18. Gypsum swallow-tail
intergrow parallel to (111). twin parallel to (100).

Twins may develop due to: (1) the intergrowth of newly-forming
crystals in solution as they come in contact with one another during
growth; (2) mechanical influences (unilateral external pressure); and
(3) polymorphous rearrangement of the crystal structure.

Certain minerals have a peculiar mode of twinning, which often
facilitates their identification. Examples: the geniculated (knee-shaped)
twins of rutile (TiO,) and cassiterite (Sn0O,), “swallow-tail” twins
of gypsum (Fig. 18), trillings of chrysoberyl (BeAl,0O,), cruciform twins
of staurolite (“stauros” is the Greek for cross), etc.

Ordered intergrowths of various minerals have also been described in
literature long since. The ordered orientation of intergrowing minerals
is explained by the identity or close similarity of the closely packeld
composition planes. There are different kinds of ordered intergrowth:
(1) crystals of one mineral are overgrown by another mineral (crystals
of tetrahedrite, CusSbS,, are covered by regularly oriented crystals or
by a solid “coating” of chalcopyrite — CuFeS,); (2) regularly oriented

* Although the names of the principal crystal symmetry classes which are
given in Table 4 are adopted in the teaching of crystallography at the Leningrad
Institute of Mining and at Moscow and Leningrad Universities, old names are
preferred in this course for the designation of symmetry classes.
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ingrowths, for instance, of ilmenite (FeTiO;) in crystalline grains of
magnetite (FeFe,0,) as a product of a disintegrated solid solution (dis-
cernible in polished sections under the microscope); (3) oriented re-
placement of one mineral by another along the periphery (e.g., sphalerite,
ZnS, by chalcopyrite, CuFeS,), sometimes even with the twin struc-
ture of the substituted mineral remaining intact, etc. :

Surface of crystal faces. Crystal faces which are designated by plain
symbols are not ideal planes. When examined in reflected light (espe-
cially on magnification) they nearly always show defects such as crenu-
lation, vicinal forms, striations, etch figures or solution pits, etc.,
caused probably by the uneven growth of the crystals or their partial
solution due to changes in the concentration of the constituents in the
residual solution, temperature fluctuations, and sometimes by mechan-
ical damage.

Striation is quite common in minerals and may be an important
diagnostic feature. In some minerals, like tourmaline and epidote,
(Fig. 13) it occurs parallel to the crystal elongation; in others, it is per-
pendicular to it, as on the prismatic faces of quartz. In the cubic crys-
tals of pyrite (Fig. 12), the striae of one face are perpendicular to those
of each adjoining face.

Striation on crystal faces may be of different origin: (1) combinative
striation arises from the frequent repetition of narrow vicinal faces
(diamond, tourmaline); (2) twinning striation is the result of the poly-
synthetic contact of crystals (sphalerite, sometimes plagioclase, etc.).

Solution pits or etch figures appear.on crystal faces as a result of
the initial stage of the solution of the crystals. It was found experimen-
tally that the apexes and edges of crystals are dissolved more quickly
than the faces. As was shown by I.I. Shafranovsky, some natural crys-
tals, when subjected to partial solution, often produce tapered pits on
their faces (quartz, topaz, ete.). In diamond crystal ideal cones were found
having fourfold and threefold axes of symmetry and forming rounded
rhombododecahedra (“dodecahedroids™).

On smooth faces of crystals of different minerals, etch figures differ
in symmetry owing to the specific features of their crystal structure.
The orientation of etch figures may, therefore, often show whether the
crystals, of quartz for instance, are left-handed or right-handed, twin-
ning, etc.

TRANSPARENCY

Transparency is the ability of a substance to transmit light. Al-
though there are no absolutely opaque bodies, many minerals, particu-
larly metals (even in thin films) will transmit visible light in quantities
so small as to appear perfectly opaque. Nor is there any absolutely
transparent matter that does not absorb any of the light it transmits.
Even pure water, which is a most transparent medium, when in a thick
layer becomes blue owing to considerable absorption of the rays at the
red end of the visible spectrum.
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It will be remembered from physics that some of the incident light.
1s thrown back or reflected, while the rest enters the medium. Leaving,
for the time being, the subject of reflection (which is dealt with in the
section on lustre), we shall examine the behaviour of the light which
enters the medium.

As known, on entering the medium, the velocity of the ray of hgh’q
diminishes and it is refracted. As it penetrates to a greater depth, its
energy is gradually spent in the course of transformation into other
kinds of energy (mostly thermal); the quantity of light will decrease
accordingly, i.e., the light will be absorbed.

Fig. 19. Birefringent transparent Iceland spar, CaCOj;.

Thus the intensity of the light leaving the medium (/) will be less
than that of the light entering the medium (/,), i.e., the ratio I : Iy=a
will always be expressed by a proper fraction. The value a is the trans-
mission factor for a unit (1 cm) thickness of a given medium. This fac-
tor depends on the chemical nature of the medium and the wavelength
of the light (but not on its luminous intensity). The closer the factor is
to unity, the more transparent is the mineral, and vice versa.

All minerals occurring in large crystals fall into the following
groups, according to their transparency:

(1) transparent—rock crystal, Iceland spar (Fig. 19), topaz, etc.;
(2) translucent—emerald, sphalerite, cinnabar, etc.
(3) opaque— pyrite, magnetite, graphite, etc.

Many minerals which are opaque in large crystals and fragments
become translucent in thin fragments or sections (biotite or black mica,
rutile, etc.).

In contrast to large crystals in fine-grained aggregates, the questlon
of transparency appears in a different form. In a body composed of
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numerous small particles or grains which differ in optical orientation,

the rays of light cannot travel in straight lines. In this case, the hght
which is refracted in various directions will in the end be dlspersed and
reflected so that such media will appear opaque. Compare, for example,

a thin plate of transparent calcite (Iceland spar) and an equally thin
plate of a fine-grained aggregate of white marble (also calcite) polished
on both sides. While one can easily read the inscription on a label view-
ing it through Iceland spar, the marble does not transmit light. Such
bodies become transparent only in very thin sections.

If a fine-grained aggregate does not absorb any appreciable amount
of light, it will generally appear milk-white. This colour is especially
typical of the disaggregated state of matter, i.e., when air is present in
interstices between the tiny fragments and particles. This is a familiar
phenomenon. For instance, if one strikes transparent bluish ice with a
hammer, a milky-white colour appears where the ice has been struck,
due to the appearance of numerous tiny air-filled cracks and vacuities.

COLOUR

Since the colour of a mineral is its most conspicuous property it is
also one of the most distinguishing features of minerals.

For this reason many minerals have been named according to their
colour. Examples: lazurite, azurite (from “azure”), chlorite (from
“chloros”, the Greek for green), rhodonite (“rodon”, the Greek for
pink), ruby (“ruber”, the Latin for red), orange-coloured crocoite

“crocos”, the Greek for saffron), auripigment (“aurum”, the Latin for
gold), chrysolite, chrysoberyl (‘*‘chrysos”, the Greek for gold), erythrite
(“erythros”, the Greek for red), hematite (“hematicos”, the Greek for
sanguine), albite (“albus”, the Latin for white), melanite (“melas”,
the Greek for black), cte.

Conversely, such terms as cinnabar, malachite green derived from
minerals have become standard names for the colours of pigments
which indicates that these colours are permanent features of the given
minerals.

The colour of minerals is a very complex problem. Although our
knowledge of the causes of colouring of crystal substances has greatly
increased due to the advances of modern physics and crystallochem-
istry, there are still many points which are not clear. In"his Colours of
Minerals (1937) A.Y. Fersman made the first serious attempt to sum
up the available data on the subject, and also to relate the colour of
natural compounds to their crystallochemical features.

In the colouring of natural chemical compounds three types are
recognised in accordance with their origin: (1) idiochromatism, (2) allo-
chromatism, and (3) pseudochromatism.

Idiochromatism.* Often the colour of those natural compounds

* “Idios” means one’s own in Greek.
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which never occur as colourless crystals is due to the inherent propee-
ties of the compounds themselves. Examples: the black magnetite
(FeFe,O,), the brass-yellow pyrite (FeS,), the carmine-red cinnabar
(HgS), the green and blue oxygen salts of copper (malachite, azurite,
turquoise, etc.), the deep-blue lazurite, etc.

These typical colours of minerals are termed idiochromatic. In dif-
ferent minerals they may be due to different factors.

1. The colour of many minerals depends on a chromophore, i.e.,
a pigmenting chemical element entering into the composition of the
compound itself. Such chromophores are Ti, V, Cr, Mn, Fe, Co, Ni, i.e.,
the elements of the iron family found in the centre of Mendeleyev’s
Periodic Table divided into long periods. To a lesser degree, this applies
to W, Mo, U, Cu, and TR.

The most outstanding of the chromophores is chromium, as its
very name implies.* The most intense colours, such as red (pyrope,
ruby), bright-green (uvarovite, emerald, and fuchsite) and violet (rhodo-
chrome, kaemmererite) depend on chromium. The strong pigmenting
effect of chromium is illustrated by the fact that an isomorphous ad-
mixture of 0.1 per cent of chromium oxide to aluminium oxide imparts
a deep red colour to this colourless compound. When chromium is pres-
ent in this amount, the distance between the two closest chromophore
particles in a corundum mass will be some 20 A, i.e., many times great-
er than the ionic radii (0.57 A in Al and 0.64 A in Cr). Apparently,
the ions of chromium, greatly differing in the configuration of therr
electron shells from aluminium ions, produce considerable disturbances
in the symmetry of the electric field around themselves and, despite their
highly dispersed state, affect the entire structure of the compound.

The green and violet colours of minerals mentioned above are due
to a considerable Cr,0; content (running into a few per cent, or even a
few tens of per cent). Pure chromium oxide itself is green. Nevertheless
it is not true that green colour is always caused by a high chromium
content. [t was found, for example, that green beryls, commonly known
as emeralds, owe their beautiful bright colour to an infinitesimal iso-
morphous admixture of Cr,04 in Al,O4 (a few hundredths of a per cent).
Therefore, the colour of minerals is a much more complex problem than
it appears at first glance.

The[CrO,]?~ ion, which contains Cr8+*, in artificial compounds gen-
erally produces yellow colouring, but when it is combined with strong-
ly-polarising cations, a deep orange-red colour results. One example is
the mineral crocoite (PbCrO,).

2. A mineral may be coloured in the absence of any chromophores
or changes in chemical composition, because neither chemical nor spee-
tral analyses reveal any traces of a pigmenting agent.

Thus rock salt (NaCl) may assume a beautiful blue tint. It has been
found that some ions of that compound (Na) have turned into neutral

* “Chroma” is the Greek for tint or colour.
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atoms by picking up the missing electrons. Artificially, this colour may
be induced in transparent rock salt by impregnating it with vapours of
metallic sodium or by irradiating it with cathode rays carrying free
electrons.

Consequently, the colouring of certain transparent minerals may be
due to changes in the homogeneity of the crystal structure and the
electrostatic state of the ions which may be converted into either neu-
tral or excited (weakly charged) atoms. In fact, the colour of minerals of
such origin should be regarded as allochromatic (see below).

3. A special, though very small, group of coloured minerals, are
compounds whose colour depends neither on the presence of chromo-
phores nor on the disturbance of the electrostatic homogeneity of the
crystal structure, but on the presence of ions or ionic groups in the inter-
stices of the structure. This is particularly characteristic of those sili-
cates in which “intrusion” by extra anions like CI' -, [SO,]?-, etc., takes
place. Example: bright-blue lazurite.

Although the true nature of this phenomenon which is called stereo-
cdhromatism still remains obscure, the colour of such minerals is cer-
tainly associated with groups of attachment or intrusion, which, in
themselves, are not chromophores. These colours are extremely fast
and heat-resistant. These qualities of theirs were recognised already
thousands of years ago when lazurite was used as a pigment.

. Allochromatism.* Quite a few instances are known when one and
the same mineral exhibits different colours and shades. For example,
‘quartz, which commonly occurs in colourless, sometimes perfectly
transparent, crystals (rock crystal), may be tinted in various beautiful
colours, such as violet (amethyst), pink, yellow-brown (due to the pres-
ence of ferric oxides), golden (citrine), grey or smoky (rauchtopaz),
‘deep black (morion), and milk-white. Similarly, rock salt (halite) may
be white, grey, yellow, dark-brown, pink, and sometimes blue.

+ In the majority of cases the colour of such minerals is due to the
presence of foreign finely-dispersed mechanical impurities, which are
pigmented by chromophores. These pigmenting impurities may be
either organic or inorganic compounds. Even infinitesimal quantities
often produce a most intense coloration in colourless minerals, the
colour depending both on their quantity and the degree of dispersion.

Such colours which do not depend on the chemical nature of the

minerals themselves are referred to as allochromatic (foreign to the
minerals themselves). The minerals thus coloured are in effect crystal-
losols (p. 50).
" Coarser dispersions, i.e., inclusions of minerals visible to the naked
eye are also observed sometimes. Such are, for example, the greenish
crystals of quartz with microinclusions of actinolite, black calcite
which is virtually crammed with minute inclusions of sulphides or
‘carbonaceous matter, etc.

* “Allos” means alien in Greek.
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There are also found allochromatically stained semitransparent
and transparent colloids (gels) and metacolloids. The pigmenting im-
purities are mostly brown ferric hydroxides, red ferric oxide, black
manganese oxides, organic matter, etc. Very often the pigment in them
is disseminated unevenly, sometimes in concentric bands. Such is the
case of agates with their remarkable fine and multicoloured patterns.

Pseudochromatism.* In some transparent minerals a “play of col-
our” may be produced by the interference of incident light which is
reflected from the internal surfaces of cleavage cracks or the surfaces
of inclusions. This phenomenon is familiar to us from the iridescent
films of paraffin (kerosene), petroleum, or oil floating on water and show-
ing “rainbow colours”. Itisexplained by the interference of rays of light
reflected from the upper surface of the transparent film (at its inter-
face with air) and the lower surface (at the interface with water).

Such phenomena of false colouring are also observed in transparent
mineral solids. A fine example is labradorite, a facing stone, the polished
surfaces of which at certain angles of rotation show a beautiful blue
and green chatoyancy apparently due to the reflection of light from
fine lamellar inclusions of minerals differing in composition from the
principal mineral.

Iridescent films are often seen on the reniform surface of limonite or
brown hematite (iron hydroxides), on crystals of iron glance, as well as
on slightly pxidised surface of bornite — CuzFeS, (violet and blue cha-
toyancy), gtc. In all these cases the colouring has nothing to do with
the naturg of the mineral itself. Such films on minerals are called tar-
nishes.

Classification of colours. The extremely diversified hues of the col-
ours of minerals are beyond comparative description both because they
are too numerous and because the eye can distinguish only the rough
differences between them. If two green minerals, malachite and gar-
nierite (nickel hydrosilicate) are examined separately, they both appear
to be of the same colour to the inexperienced eye, but when examined
side by side, a substantial difference will be noticed at once. Systemat-
ical tramlng of the cye gradually develops visual chromatic memory to
the point where one distinguishes more and more different hues. This
ability comes in handy in identifying minerals.

The usual practice is to compare the colours of minerals to those of
some familiar objects or substances. That is why there are so many com-
posite names for mineral colours, e.g., milk-white, honey-yellow, brass-
yellow, carmine-red, emerald-green, apple -green (the colour of unripe
apples), chocolate- brown lead-grey, tin-white, etc. Relative as they
are, these names are generally accepted and used throughout the world
in literature on mineralogy.

At any rate, first there must be agreement on the names at least
for the main colours. As a basis we may take the following most fre-

* “Pseudo-” is a Greek prefix meaning false.
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quently used names of colours which are more or less constant for a
number of minerals.

1. Violet—amethyst 9. Tin-white—arsenopyrite

2. Blue—azurite 10. Lead-grey—molybdenite
3. Green—malachite 11. Steel-grey—tetrahedrite

4. Yellow—auripigment 12. Iron-black—magnetite

5. Orange—crocoite 13. Indigo-blue—covellite

6. Red—cinnabar (powdered) 14. Copper-red—native copper
7. Brown—porous limonites 16. Brass-yellow—chalcopyrite

8. Yellow-brown—ochreous limonites  16. Metallic-golden—gold

Colourless rock crystal, milk-white quartz, grey rock salt, and black
pyrolusite are examples of lack of colour due to uniform absorptlon of
the entire visible spectrum.

STREAK

The streak is the colour of the fine powder of a mineral. Such pow-
der is readily obtained by rubbing the mineral on a flat surface of un-
glazed porcelain known as the streak plate. The colour of the streak thus
obtained is characteristic of the given mineral.

As a diagnostic feature, streak is better than the colour of a mineral,
being more stable, and, therefore, more reliable.

In many instances the colour of a mineral and the colour of its
streak are the same. Thus, both the colour and streak of cinnabar are
red, in magnetite they are both black, in lazurite both are blue, etc.
In other cases they differ materially, examples being hematite (colour
steel-grey or black, streak red), pyrite (colour brass-yellow, streak
black), etc.

The majority of transparent and translucent coloured minerals
have a colourless (white) streak or faintly coloured streak. Therefore,
streak is most important as a diagnostic feature of opaque and trans-
lucent strongly coloured minerals.

In nature the same mineral frequently occurs in either a compact or
a powder-like form which sometimes differ sharply in colour. Exam-
ples are limonite (iron hydroxide) which occurs either as compact black
masses or as powder-like (ochreous) yellow-brown masses; hematite
(dehydrated iron oxide) occurs as black crystalline aggregates or as a
bright red powder-like substance, etc. In other instances the colour of
a mineral is the same both in compact crystalline masses and in the
dlspersed state, e.g., malachite remains green in either variety, azurite
is blue, cinnabar is red auripigment is bright yellow, etc.

It should be noted that the allochromatic colouration of many trans-
lucent minerals caused by the admixture of some particular compounds
in the form of a dispersed phase, essentially corresponds to the colour of

2



these compounds in powder-like form. Such are brown opals coloured
by iron hydroxides, and red jaspers which are intimately permeated
with finely dispersed anhydrous iron oxide, etc.

LUSTRE AND REFRACTIVE INDEX

When incident light is partly reflected by a mineral, its frequency
does not change. It is this reflected light that creates the impression of
lustre. The intensity of lustre, i.e., the quantity of light reflected is the
higher, the greater is the difference in the velocity of light before and
after it enters the crystalline medium, i.e., the higher is the mineral’s
refractive index. The lustre is almost independent of the colour of
minerals.

Knowing the refractive indices, it is easy to calculate the reflecting
power R for most minerals using Fresnel’s formula

n—1)?2
R=(51).
where R =reflective index;
n=average refractive index of a mineral in relation to air.

By substituting definite values for r in this formula a curve can be
plotted giving the relationship between the reflecting power (lustre)
and the refractive index (Fig. 20). The curve has its minimum at n=1
which is the refractive index closest to that of air. Since most minerals
have refractive indices greater than unity, we shall concern ourselves
with the values of the reflective index R to the right of this minimum.

The long established gradations in the intensity of the lustre of
minerals are almost exhaustively covered by the following scale:

1. Vitreous lustre (the lustre of glass) is characteristic of minerals
with refractive indices between 1.3 and 1.9. Examples: ice (n=1.309),
cryolite (n=1.34-1.36), fluorite (n=1.43), quartz (n=1.544); numerous
halides, carbonates, sulphates, silicates, and other oxygen salts; and
finally, spinel (r=1.73), corundum (n=1.77), and garnets (n up to
1.84).

2. Adamantine lustre (the lustre of diamond) is characteristic of
minerals with refractive indices between 1.9 and 2.6. Examples: zir-
conium (n=1.92-1.96), cassiterite (n=1.99-2.09), native sulphur with
adamantine lustre on crystal faces (n=2.04), sphalerite (n=2.3-2.4),
diamond (n=2.40-2.46), rutile (r=2.62); the latter often shows a sub-
metallic lustre in deeply coloured modifications.

3. Submetallic lustre is found in transparent and translucent min-
erals with n (for Li-light)=2.6-3.0. Examples: alabandite (n=2.70),
cuprite (n=2.85), cinnabar (n=2.91), hematite (n=3.01).

4. Metallic lustre is typical of minerals with n greater than 3. Exam-
ples (in the order of increasing reflective index): pyrolusite (crystalline),
molybdenite, antimonite, galena, chalcopyrite, pyrite, bismuth, etc.
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Left of the minimum (Fig. 20), the curve of reflecting power rises
steeply. Only some pure (native) metals such as silver (r=0.18), gold
(r=0.36), copper (n=0.64), etc., in which 7 is less than unity fall with-
in this portion of the curve.
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Fig. 20. Dependence of reflective index (R) on the refractive index (n) of minerals.
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Fuig. 21. Relative occurrence of minerals with different refractive indices.

To determine the reflecting power of opaque minerals apart from
refractive indices, account should also be taken of the absorption fac-
tor (K) of the given medium. In this case, the reflective index (R) will
be expressed by the following formula (for optically isotropic sections
of the minerals):

_ (n—1)24-n2K?
= (O ik

This means that for opaque minerals the values of reflecting indices
are, in fact, somewhat higher than those obtained from Fresnel’s for-
mula, and also explains the seeming rare exceptions to the above rule.
For example, magnetite with a refractive index of 2.42 should have an
adamantine lustre, yet, owing to its opacity, i.e., considerable absorp-
tion of light, its reflecting index will be somewhat higher passing into
the submetallic-lustre region on the graph (Fig. 20).

Should we distribute all transparent and translucent minerals accord-
ing to the mean refractive index (Fig. 21), we shall notice at once a
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wide maximum range for the values of refractive indices between 1.5
and 1.7. It has been established that minerals with a vitreous lustre
make up about 70 per cent of all the minerals with a refractive index
up to 1.9. Another group of minerals, though less numerous, is charac-
terised by metallic lustre. These metallic lustres, however, are so char-
acteristic of a number of economically important minerals that the
names of many of them were derived from this feature (this is still the
case in German). Examples: galena (lead glance), chalcocite (copper
glance), antimonite (antimony glance), cobaltite (cobalt glance), hema-
tite (iron glance), etc.

As known, the refractive index is a function of ionic refraction,
chemical composition, specific gravity and the specific features of the
crystal structure. It was observed long ago that in minerals of similar
crystal structure, the refractive index and the specific gravity increased
with increasing atomic weight of the cation. For instance, whereas in
the case of MgO (sp. gr. 3.64) n=1.73, in the case of NiO (sp. gr. 6.4)
n=2.23; or whereas for AL,O; (sp. gr. 4.0) n=1.76, for Fe,O, (sp. gr.
5.2) n=3.01, etc. It is also known that multivalent ions of Fe3+ Cr3+,
Ti**, V5+, when present in compounds as an isomorphous admixture,
materially increase their refractive indices. In isostructural compounds
such as NaCl and K(l, an increase in cationic size (Na'+ 0.98 and K+
1.33) causes looser packing and even a decrease in the value of n (1.490
for KCl, and 1.544 for NaCl) with a corresponding decrease in specific
gravity, despite the fact that the atomic weight of K (39.0) is higher
than that of Na (23.0). The reverse picture with regard to the refrac-
tive index is observed in the case of NaF and NaCl compounds where
the fluorine anion (at. weight=19.0) is replaced by the chlorine anion
(at. weight =35.5); in the case of NaFF n=1.328, whereas for Na(Cl it
is 1.544, the former compound possessing a much lower n, although the
specific gravity of NaF (2.79) is greater than that of NaCl (2.16). This
1s explained by the very low refraction of fluorine. It is also obvious
(as was stated under “Polymorphism”) that changes in cationic coor-
dination number caused by the rearrangement of crystal structure
aflect the specific gravity and hence the refractive index of crystal sub-
stances.

Another important factor (independent of the refractive index and
the absorption of light) affecting the reflection of light is the nature of
the reflecting surface.

So far we discussed the lustres of mirror-smooth surfaces of min-
erals (crystal faces and cleavage planes). But if, upon fracture, a min-
eral presents cryptotuberous or pitted surfaces, its vitreous or adaman-
tine lustre is somewhat dulled. The reflected light is partly dispersed,
loses some of its orderly nature which produces the so-called greasy
lustre. This phenomenon can be easily observed if one follows the change
in the lustre of freshly broken rock salt on exposure to damp air. In a
matter of days the brilliant surfaces will seem to be coated with a thin
film of grease. This will be especially conspicuous in comparison with
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fresh fracture surfaces. The most typical examples of greasy lustre are
the fracture surface of native sulphur or the lustre of nepheline touched
by decomposition.

Rougher surfaces possess a waxy lustre. This is especially charac-
teristic of cryptocrystalline masses and solid light-coloured gels. Com-
mon examples are flints, colloidal minerals of the halloysite group, etc.

Lastly, if finely dispersed masses are highly porous, the incident
light will be completely and randomly scattered. The micropores “trap”
the light, as it were, and the surface is then called dull or earthy. Exam-
ples are chalk, dry kaolin, various ochres, sooty pyrolusite (MnO,),
finely-porous masses of iron hydroxides, etc.

A phenomenon associated with lustre and peculiar to minerals with
a definite orientation of the structural elements in one or two dimen-
sions is called chatoyancy.

Minerals of a parallel-fibrous structure (asbestos, nemalite, selenite,
etc.) always have a typical silky chatoyancy. Transparent minerals of a
lamellar crystal structure and hence possessing sharply pronounced
perfect cleavage, have a peculiar pearly chatoyancy (muscovite, foliat-
ed gypsum, tale, etc.). That pearly chatoyancy is associated with lami-
nation may be easily shown by stacking thin sheets of cover slides or
window glass and looking through the stack. The peculiar chatoyancy
observed will definitely resemble that of pearl.

CLEAVAGE AND FRACTURE

Cleavage is the ability of crystals and crystalline grains to break or
split along those crystallographic planes which are parallel to actual or
possible crystal faces. This property of crystal media exclusively relat-
ed to internal structure has nothing to do with external crystal form of

Fig. 22. Eminent cleavage of mica.

one and the same mineral (rhombohedral, scalenohedral, and prismat-
ic crystals or even irregularly shaped crystal grains of calcite always
possess the same rhombohedral cleavage). That is why this property,
which is very characteristic of any given crystal substance is a very
important diagnostic feature for identification of minerals. Character-
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istically many minerals are called spars (feldspar, heavy spar, fluorspar,
Iceland spar, etc.)*, exactly because of their cleavage. Cleavage is also
reflected in the names of minerals like orthoclase (cleavage at right
angles), plagioclase (cleavage at oblique angles), etc.

Since it is often important to distinguish the quality of cleavage,
the following scale has been adopted.

Fig. 23. Perfect cleavage of rock salt.

Fug. 24. Conchoidal fracture of obsidian.

1. Highly perfect cleavage (micas and chlorites). Crystals readily split
into excessively thin sheets (Fig. 22) and it is very difficult to obtain
fractures other than along cleavage planes.

2. Perfect cleavage (calcite, galena, rock salt, etc.). On striking with
ahammer the mineral yields cleavage fragments which strongly resem-
ble its crystals (Fig. 23). Thus, galena breaks into small regular cubes,

* Minerals without metallic lustre but with good cleavage in several directions
since long are known as spars (from the Greek “spate” meaning plate).
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calcite into regular rhombohedra, etc. It is rather difficult to obtam
fractures other than along cleavage

3. Dustinct cleavage (feldspars, hornblende, etc.). In mineral frag-
ments both cleavage surfaces and uneven random fractures may be
seen.

4. Imperfect cleavage (apatite, cassiterite, native sulphur, etc.). It
is hardly detectable, and must be looked for in a mineral fragment. As a
rule, the cleavage surface is uneven.

5. Cleavage is indistinct (poor), i.e., practically absent in corundum,
gold, platinum, magnetite, etc., and is recognised only in rare cases.
Such bodies usually have a conchoidal fracture similar to that of slag
or obsidian (Fig. 24). Many sulphides show a conchoidal fracture. Some
native metals (copper, silver, etc.) exhibit a splintery or hackly frac-
ture.

Different minerals which possess cleavage have their planes oriented
differently according to the type of crystal structure. Thus, in coordi-
nation structures with ionic bonding, such as galena (PbS) and halite
(NaCl), the cleavage is cubic; rhombohedral in calcite (CaCOj); pris-
matic in silicates whose complex anions occur as chains extended in
one direction, such as pyroxenes and hornblende; pinacoidal in silicates
with anionic layers, such as micas and chlorites, etc.

The older concept developed by Bravais was that cleavage planes
are parallel to those planar networks of the space lattice which are far-
thest from each other. Using crystallochemical data G.V. Wulf showed
that cleavage in crystals with ionic bonding was due to the anisotropy
of the cohesion forces of structural units in different directions. Thus in
the crystal structure of sphalerite (ZnS), the planar ionic networks
farthest from each other should be parallel to the octahedral faces or,
according to Bravais, cleavage should take place along {111}. Actually,
cleavage in sphalerite is parallel to the planes of the rhombic dodecahe-
dron {110}, though in this case the distances between the planar net-
works are shorter. The point is that in the former case, each of the
separate planar networks is composed of identical ions, which are,
however, differently charged (Zn%+ orS%-) which accounts for the chem-
ical bonding of the networks, while in the latter case each network is
composed of mutually compensating zinc and sulphur ions and there-
fore, although they are closer to each other, the bonding between them
is weak. Diamond, however, which has the same crystal structure as
sphalerite but consists of carbon atoms only, shows octahedral cleavage
(Law of Bravais).

Often, the differently oriented cleavage planes of a mineral are not
equally perfect. Thus, gypsum which crystallises in the monoclinic
system has the following cleavages: highly perfect, parallel to the second
pinacoid {010}; distinct, parallel to the rhombic prism {111}; and imper-
fect, parallel to the first pmacmd {100}.Sometimes the number of cleav-
age directions is also an important diagnostic feature. For instance,
though very similar in external features (colour, hardness, lustre, etc.),
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minerals, such as sphalerite, ZnS, and wolframite, (Fe, Mn) WQO,,
differ in that the crystals or grains of sphalerite have several cleavage
planes parallel to {110}, while wolframite has only one perfect cleavage
plane {010} which is parallel to the elongation of the crystals or grains.

In addition to cleavage, some crystals show parting due, according
to N. Belov, to a submicroscopic “interlayer” of a substance of a differ-
ent composition, oriented along the planes of closest packing. Unlike
cleavage, parting planes are not strictly planar and are usually oriented
in one direction.

HARDNESS

Hardness* of a mineral is generally defined as its resistance to exter-
nal mechanical action such as scratching.

The usual mineralogical practice is to define the hardness of a min-
eral by scratching it with another, i.e., to establish its relative hardness.
Mineralogy uses for this purpose Mohs’ scale of relative hardness.
Included in the scale are ten minerals, each of which will scratch all
those higher in the scale.

The following minerals arranged in the order of relative hardness
from 1 to 10 are taken as standards for comparison:

. Tale—Mg,[Si, 0,,]J[OH],

. Gypsum—CaSO, - 2H,0

. Calcite—CaCO,

. Fluorite—CaF,

. Apatite—Ca,[PO,],F

. Orthoclase—K[AlSi;O4]

. Quartz—SiO,

. Topaz—Al,[SiO,] (F, OH),
. Corundum—Al, O,

. Diamond—C

© I DUt e W N =

=
=

The hardness of a mineral is estimated by finding out which is the
last standard mineral on the scale scratched by it. For example, if a
mineral will scratch apatite and will be scratched by orthoclase, its
hardness is between five and six.

This simple, though rough, method for determining mineral hard-
ness fully meets diagnostic requirements.

* The concept of the “hardness of a body” has not yet been strictly defined
despite all the studies on the subject. Scratching, drilling, pressing, and grinding
hardnesses are recognised. Investigation of all these methods favours the conclu-
sion that in this case we are really concerned with physical phenomena of different
nature.
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_ In most minerals the hardness on different faces or cleavage planes
is more or less constant, though in some instances it varies depending
on the direction in which it is scratched. Thus in disthene (Al,SiO;) the
hardness is 4.5 along the length of the crystal, but 6 to 7 across the
length. Hence the name disthene (“di-” means double in Greek and
“sthenos” resistant).

For purposes of research, more accurate hardness tests are made on
special apparatuses called scleroscopes using diamond-tipped or metal
indenting hammers. Without going into their mechanics, we shall dis-
cuss the results obtained in the detailed study of the effects of scratch-
ing on crystal surfaces.

In the first place, it is now clear that the hardness of crystalline
bodies is a vectorial (anisotropic) property, i.e., it is not the same in
different directions. This applies even to minerals in the cubic system.
Figure 25 shows a hardness “rosette” on the face of a rock-salt cube.

The hardness of a crystal face oriented perpendi-
cular to the cleavage plane is minimum in the di-
rection parallel to this plane and maximum in the
direction perpendicular to it.

From the point of view of crystal chemistry
the hardness of crystalline solids depends on the
type of structure and the strength of the atomic
(ionic) bonding. Although information on this par-
ticular matter is scarce, some points have been es-
Fig. 25. Hardness tablished more or less positively.

“rosette” on the face A comparative analysis of empirical data sug-
of a rock-salt cube.  gests that the hardness of ionic crystalline bodies

generally is directly proportional to the density of
the crystal structures. As the interionic distances in such compounds
increase, the hardness diminishes:

BeO MgO CaO SrO BaO

Distance AX...ouveeeeernenns 1.55 2.10 2.40 2.57 2.77A
Mohs’ hardness .....cccoeenee .9 6.5 4.5 3.5 3.3

It has also been found that in compounds crystallising in the same
system with close interionic distances hardness increases with increas-
ing valency, i.e., ionic charges.

It was shown by V.S. Sobolev that the cationic coordination of
compounds is also of great importance. Thus, oxides and silicates
which have cations with an r, : r, ratio corresponding to the lower
stability limit of the coordination number, will possess maximum hard-
ness. The hardness of silicates containing aluminium in sixfold coordi-
nation will be higher than that of alumosilicates (fourfold aluminium
coordination). Hydroxyl ions and water in the composition of com-
pounds tend to reduce hardness.

80



It should be noted that cryptocrystalline, finely-porous, and pulver-
ulent varieties of minerals may show false low hardness. Example:
hematite (Fe,O;3) in crystal form has a hardness of 6, but when it occurs
as red ochre, the hardness is less than 1, which shows that for all prac-
tical purposes there is no cohesion between the particles in finely-dis-
persed hematite.

On the whole the hardness of natural compounds ranges from 2 to
6. Harder minerals are found among anhydrous oxides and silicates,
viz., quartz—SiO, (hardness 7), cassiterite—SnO, (6-7), corundum—
Al,04 (9), the spinel group which includes spinel—MgAl,O, (8), topaz
(8), beryl (7.5-8), tourmaline (7-7.5), and garnets (about 7), etc.

BRITTLENESS, DUCTILITY AND ELASTICITY

These properties, though of secondary importance as diagnostic
features, are very characteristic of a number of minerals.

Brittleness is the ability of minerals to powder when scratched with
a knife blade. Tetrahedrite (grey ore) in this case produces a dull “dusty”
streak edged with dark powder. Chalcosine, however, which is exter-
nally similar to tetrahedrite, gives a smooth brilliant scratch indicat-
ing plastic deformation, i.e., ductility. This property is displayed even
more strongly by native ductile metals (copper, gold, electrum, silver,
ete.). Their ductility is also expressed in the fact that grains of these
metals can be hammered out into thin plates.

In a number of minerals with weak crystal structures, plasticity 1s
due to gliding, i.e., parallel displacement of the crystal layers in one or
more planes. In other minerals plasticity is associated with mechanical
twinning (calcite crystals).

Elasticity is the ability of minerals to recover their original shape
after being bent, once the forces that caused the deformation have been
removed. This property is present, for example, in micas which dis-
tinguishes them from the so-called brittle (calcium-bearing) micas which
tend to break upon bending. Chlorites, which resemble micas, can be
sharply bent, but do not recover their original shape. The asbestos
minerals split into thin elastic fibres which can be made into fabrics, a
property lacking in fibrous gypsum (selenite).

SPECIFIC GRAVITY

The specific gravity of minerals depends primarily on the weight
of the atoms or ions composing a crystalline substance. It also depends,
to a great extent, on the ionic radii the increase of which compensates
for increase in atomic weight, sometimes to the point when specific
gravity even diminishes. For example, although the atomic weight of
potassium is 1.7 times greater than that of sodium, the specific gravity
of KCl (1.98) is less than that of NaCl (2.17) because the ionic radius
of K1+ (1.33) exceeds that of Nalt (0.98), which has a pronounced
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effect on the volume of these crystalline substances. Furthermore, a
change, particularly an increase, in the coordination number in crys-
tal structures results in dlmlmshmg volume (see Polymorphism), and,
therefore, in greater specific gravity. Finally, other conditions bemg
equal, a decrease in cationic valency (or an increase in anionic valency)
is also accompanied by an increase in specific gravity.

Minerals vary widely in specific gravity, from less than 1 (natural
gases*, liquid bitumens) to 23.0 (some mineral varieties of the osmiri-
dium group).

Most of the natural organic compounds and salts of light metals
which are in the upper part of the peériodic table, range in specific grav-

from 1 to 3.5. Examples are amber, solid bitumens (1.0-1.1),
halite—NaCl (2.1-2.5), gypsum—CaS0,-2H,0 (2.3), quartz—SiO,
(2.65), diamond (3.5), etc. Only a few of these minerals, as corundum
and its varieties—Al,O,, possess a higher specific gravity (4.0). Barite,
BaSO, (4.3-4.7), is the heaviest of the sulphates as its name suggests
(“baros” means burden in Greek).

The compounds of typical heavy metals which occupy the lower
part of the periodic table vary in specific gravity from 3.0 to 9. Exam-
ples are siderite—FeCO; (3.9), sphalerite—ZnS (4.0), pyrite—FeS,
(5.0), magnetite—FeFe,0, (4.9-5.2), hematite—I‘e,0O5 (5.0-5.2), an-
glesite—PbSO, (6.4), cerussite—PbCO; (6.5), cassiterite—SnO, (7.0),
galena—PbS (7.5), cinnabar—HgS (8.0), uraninite—UO, (8-10).

Native heavy metals possess the highest specific gravity. Examples
are copper (8.9), bismuth (9.7), silver (10-11), mercury (13.6), gold
(15-19), native platinum metals (14-20), iridium and osmiridium min-
erals (17-23).

Two basic methods are used to determine the specific gravity of
minerals: (1) the method of displacement of a liquid, i.e., weighing a
specimen and measuring the volume of water which it displaces in a
vessel, and (2) the method of determining the loss in weight of a min-
eral immersed in water (the absolute weight of the mineral is divided by
the weight lost in water). The specific gravity of fine mineral grains is
determined with the aid of a picnometer or by using heavy liquids and
the Westphal balance described in special manuals.

Considerable fluctuations in the specific gravity of a mineral are
relatively rare and may be caused, apart from isomorphism, by tiny in-
clusions of other minerals or bubbles of gases and liquids.

Differences in the specific gravity of minerals is taken advantage of
in concentration of ores by various gravity methods of separation of
non-metallic minerals (quartz, calcite, barite, etc.) from metallic min-
erals (galena, sphalerite, cassiterite, etc.).

* For natural gases, the specific gravity is determined relative to air.
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MAGNETISM

Very few minerals have pronounced magnetic properties. Minerals
possessing weak paramagnetic properties are easily attracted by a
magnet (low-sulphur pyrrhotite varieties). But there are some minerals
which are magnetic in themselves; in other words, they are ferromag-
netic and will attract iron filings, pins and nails (Fig. 26). These in-
clude magnetite, plessite and certain ferroplatinum varieties. Finally,

Fig. 26. Magnetite attracting nails.

there are some minerals which are repelled by a magnet (native bis-
muth) and are said to be diamagnetic. ‘

Since minerals possessing magnetism are few, this property 1s a
very important diagnostic feature. A test for magnetism consists in
bringing the specimen close to the poles of a freely suspended mag-
netic needle.

The magnetism of a mineral may be so weak as to be undetectable
by the needle. The difference between these magnetic properties 1s
utilised for the separation of minerals into fractions by means of an
electric magnet, in laboratory assaying of the heavy fraction obtained
by washing.

RADIOACTIVITY

Of especial interest is the uranium-radium group of radioactive ele-
ments which occupy the very end of the periodic table. Radioactivity.
was discovered by H. Becquerel as far back as 1896. Further study of-
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this phenomenon resulted in the discovery of the general laws of the
structure of the atom and in the development of nuclear physics. As
known, the formation of ions, chemical compounds and chemical proc-
esses in general are almost exclusively controlled by the structure of
the outer electron shells of the atoms and by the energy evolved in the
rearrangement of the electrons, in the course of which the atomic nu-
clei remain intact. Radioactive transmutations, on the other hand,
result from processes occurring in the nuclei. It is therefore relevant to
recapitulate the structure of atomic nuclei.

It has been established that the atom consists of three principal
types of particles: protons and neutrons within the nucleus and elec-
trons which surround the latter. While the number of the protons is
equal to the atomic number, and that of the neutrons is equal to the
difference between the mass number (which is close to the atomic
weight) and the atomic number.

In the first rows of elements in the periodic table (Table1, pp.32-34),
the numbers of protons and neutrons are usually equal. As the elements
become heavier the number of neutrons gradually becomes greater
than that of protons (which is essential for achieving minimum energy
and, hence, the stability of the nucleus). In the lowest series, the num-
ber of neutrons by far exceeds that of protons. For example, the nu-
cleus of heavy U?3 uranium contains 92 protons and 146 neutrons
(238 —92), while that of the U233 isotope has three neutrons less (the
number of protons remains the same).

The atomic nuclei of these last elements of the periodic table are
not quite stable. As a result, these elements are characterised by
so-called radioactive decay, i.e., continuous emission of:

(1) «-particles, i.e., atomic nuclei of helium with atomic number 2
and mass number 4; they are emitted with tremendous velocity and
ionise the air, i.e., make it electroconductive; the emission of the parti-
cles results in the transmutation of the atoms of the given element into
those of lighter elements, the atomic number diminishing by 2 units
and the mass number by 4 units upon the emission of each particle;

(2) B-particles, equivalent to electrons; the emission of each such
particle naturally increases the nuclear charge by one unit (the mass
number remains constant); hence the atomic number of the transmu-
tation product will also gain one unit;

(3) y-rays, which constitute electromagnetic radiation similar to
X-rays.

This continuous transmutation of atoms which is accompanied by
the evolution of tremendous energies does not depend upon tempera-
ture or pressure. The end products formed as a result of successive emis-
sion of «- and S-particles are stable isotopes of lead. The decay time of
the intermediate atoms formed in the process ranges from fractions of
a second to thousands of millions of years. The time it takes for half

the atoms in an isotope to decay is termed half-life and is constant. for
sach given 1sotope. .
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Three series of successive radioactive transmutations are known:
(1) the uranium series beginning with I U2 uranium (Fig. 27), whose
intermediate products of decay include radium with a half-life of 1,600
years; (2) the actinium series beginning with U235 (another uranium

Neutron
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Fug. 27. Initial portions of three series of natural

radioactive transmutations and artificially ob-

tained transuranium elements: neptunium and
plutonium.

isotope), which includes actinium among the intermediate decay prod-
ucts; and (3) the thorium series beginning with the Th232 isotope.

The radioactivity of minerals is determined by the ionisation which
they produce in air, using such instruments as electroscopes, ionisation
chambers and various types of counters. Uranium minerals, which.emit
chemically active radiations, strongly affect a photographic plate and
enable so-valled autoradiographs to be obtained. A polished ore spec-
imen iy placed iipon a photographic plate and leff for some time in a
dark room-or in a box, The radiations induce chemical changes in the.
photogensitive emulsion. Upon development, black spots will indicate
the presence of uranium minerals. A print made on photographic paper
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will show radioactive minerals as light spots and non-radioactive_min-

@L%gﬁ_(l&mspﬂl&_.
he processes of radioactive decay which are taking place over very

long periods of time are used for absolute dating of rocks in which radio-
active minerals had once formed. This is possible, first, because the rate
at which a radioactive substance disintegrates remains constant de-
spite temperature variations or chemical reactions, and, second, be-
cause the content of helium and lead which are the end products of de-
cay is in direct proportion to the time that has passed since the radio-
active mineral was formed.

OTHER PHYSICAL PROPERTIES

Of the many other properties possessed by minerals (heat and elec-
trical conductivity, piezoelectricity, pyroelectricity, semiconductivity,
fusibility, solubility, etc.) we shall discuss those which are most useful
as diagnostic features or as a means of verifying previous identification.
We shall also mention some properties that are used by field prospec-
tors.

Since the investigation of such properties as solubility, fusibility,
coloration of flame and borax beads, etc., needs special equipment and
these properties are treated in detail in manuals on blowpipe analysis,
they will not be discussed here. We shall deal with some of those prop-
erties which are used sometimes by prospectors.

The odour which minerals sometimes give off, when struck or
broken, may be indicative of certain elements which are present in the
minerals. Thus, native arsenic, arsenopyrite (FeAsS), and other metal
arsenides, when struck, give off a characteristic garlic or “arsenic” odour
which intensifies on heating or ignition. Petroleum gases often have the
unmistakable smell of hydrogen sulphide. The same odour is often a
guide to hydrogen sulphide springs. Sometimes vein quartz, which is
associated with rare-metal minerals, emits a peculiarly unpleasant
odour on breaking which in practice often indicates the presence of
the rare mineral. Some minerals are known for their “clayey” odours,
etc. .

Certain minerals, especially when in pulverulent forms, may be
recognised by touch or feel. For example, common talc feels greasy,
and this distinguishes it from the otherwise similar pyrophyllite; the
pulverulent varieties of jarosite, KFe; [SO,], [OH],, on rubbing be-
tween the fingers feels oily and greasy, in contrast to the ochreous
masses of limonite, HFeO,-ag, which are similar in colour, but which
feel hard and gritty.

Taste is sometimes relied upon as a means for determining the na-
ture of certain minerals such as common salt, artesian drinking water,
ete.

And finally, in mining practice acoustic effects may be of some help.
Thus a mass of cerussite (PbCO;) when dropped on the floor sounds
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like falling glass. During sloping rocks and ores of different strength
produce different sounds when struck by a pick or hammer — distinc-
tions are so subtle that they can be grasped only by a very experienced
ear.In some miners this ability is developed to an amazing degree. Thus,
in practice, all the senses (eyesight, touch, smell, and hearing) are used
for identifying minerals, but it is, of course, eyesight and visual memory
which develop with experience that are most important.
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Chapter 111 METHODS FOR DETAILED STUDY OF
MINERALS

In order to learn to identify by simple methods minerals wide-
spread in the earth’s crust one has to deal with rather large crystals or
homogeneous mineral masses. For this purpose the external diagnostic
features described in Chapter II are used generally. Many minerals,
especially those that are likely to contain valuable metals, require for
positive identification additional investigations including blowpipe and
qualitative chemical analyses.

However, minerals which occur seldom or which cannot be identi-
fied by simple methods depend for positive recognition upon more com-
plicated techniques. Such detailed studies with a view to gain deeper
knowledge of the composition of natural compounds are undertaken:
(1) in petrographical study of rocks needed to compile geological maps;
(2) in developing a deposit when the elemental composition of ores
must be investigated comprehensively so that all their constituents
could be utilised; (3) in the course of specific investigations in some
locality which is interesting from the mineralogical point of view; (4)
in solving geochemical problems for which purpose mineral substances
must be more closely investigated, etc.

These detailed studies generally involve crystallochemical, X-ray,
crystallooptical, thermal and chemical analyses, together with spec-
tral, and sometimes X-ray-spectral analyses, etc. For a more detailed
account of these methods special manuals should be referred to. In the
present work we shall confine ourselves to the principles and applica-
tions only.

Crystallochemical analysis, which has been developed by Soviet
scientist Fyodorov, is used, as the term implies, in studying crystals.
Besides measuring the interfacial angles, the method consists in deter-
mining, as far as possible, the internal crystal structure from the exter-
nal forms, since the most developed and frequently occurring faces
usually correspond to the planes of the closest packing of the structur-
al units. Not only the crystal system and the symmetry class, but also
the chemical composition of a mineral can be determined by this
method. Y.S. Fyodorov is the author of The Kingdom of Crystals
(1920), a comprehensive treatise containing tables for crystallochemical
analyses.
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X-ray analysis* to identify a substance by comparing photographs
may be eflected by various techniques, the most common of which are:
the rotation method (Poliani); the X-ray goniometer method (Weissen-
berg), and the powder method (Debye).

The first two methods are applied to monocrystals. In the rotation
method, the crystal is rotated in monochromatic X-radiation. In con-
trast to this, in the Laue method, the crystal remains stationary and is
exposed to a continuous X-ray spectrum. Examples of X-ray photo-
graphs are shown in Fig. 28. The more common Weissenberg method
involves both the rotation of the crystal and the forward movement of
a cylindrical film parallel to the rotation axis of the crystal, i.e., per-
pendicular to the X-rays. The photographs obtained by the Weissen-
berg method are peculiar in that the interference pattern consists of
curves (I'ig. 29) which enables a comparatively easy (geometrical)
calculation of indices.

An important advantage of the Debye method is that it may be
applied to aggregate mineral masses, including cryptocrystalline and
finely dispersed substances and therefore is widely employed for identi-
fication of minerals. The X-ray photographs (Fig. 29) are obtained in
a special camera on a photosensitive film which, on development, shows
curves of varying intensity (arcs of circles formed by cones of X-rays
that have been reflected from the closest-packed planes of the powdered
crystal). Comparing the X-ray photographs (with regard to intensity
of lines and the calculated interplanar distances) with X-ray photo-
graphs of other known substances, externally similar to the mineral in
question, it is possible to identify it positively, having the results of
spectral analyses and at least some optical constants. Another advant-
age of this method is that as little as 5 mm? of the powder is sufficient
to obtain a powder photograph. This is especially important when not
enough of the substance is available for a complete chemical analysis.
However, very finely dispersed substances yield poorly defined powder
photographs, while amorphous bodies proper do not reflect X-rays
at all.

In this connection, mention should be made of the electron photo-
raph method for studying thin films, not exceeding a few millimicrons
in thickness, or very finely dispersed colloids. The method is based on
the property of electrons to scatter in a regular pattern on impinging
on regularly spaced atoms, similar to what is observed in the case of
X-rays. The difference is that X-rays penetrate deep into a crystal
substance, whereas a beam of electrons penetrates only to a depth of
0.01x (i.e., 0.00001 mm). Electron photographs have essentially the
same appearance as powder photographs.

Crystallooptical analysis may be defined as microscopic determina-
tion of certain optical constants peculiar to the mineral being studied.

* Not to be confused with X-ray structural analysis which is used in the study
of crystal structure.
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Transparent minerals of rocks and ores are-studied in thin polished
sections (up to 0.02 mm thick) or in the form of powders. The constants
to be determined are the refractive index n (for optically isotropic min-
erals) and the principal refractive indices n,, n, and n, (for anisotropic
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Fig. 28. Top left (a): X-ray photograph of a rotating crystal
in monochromatic X-rays; right (b): Laue-photograph of a
stationary crystal in the continuous X-ray tube spectrum. Bot-
tom: Weissenberg X-ray photographs of chromium mica (fuch-
site); (¢): resolution of zero layer line (20l), and (d) resolution of
first layer line (k11).

Fig. 29. Typical X-ray powder patterns.
a —sylvite, KCl; b —halite, NaCl; ¢ —quartz, SiOsg.

minerals). This is carried out by means of specially selected immersion
liquids or, more accurately, by means of a microrefractometer. Other
constants to be determined include double refraction n.-n,, the optic
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sign (for anisotropic minerals), the angle 2V of optic axes (for aniso-
tropic biaxial minerals), etc. A method for the identification of trans-
parent minerals in transmitted light by using the polarising microscope
has been greatly improved, especially for plagioclases which are ex-
amined on ['yodorov’s stage (Fig. 30), orrather on themodelimproved by
Zavaritsky. This method can be used for identification of most minute

Fig. 30. Fyodorov’s universal stage.

crystal grains (a few hundredths of a millimetre in diameter) which are
visible as inclusions in transparent polished sections. This is a great
advantage, all the more that tables are available for the determination
of transparent minerals by microscopic examination. The tables are
widely used by petrographers in the microscopic study of rocks. How-
ever, work with the polarising microscope and the use of special research
techniques require proficiency acquired by practice.

Opagque minerals, chiefly those of bulk metal ores as well as metal
ores occurring as minute inclusions in rocks are examined in mirror-
polished sections under the microscope in the reflected light from an
opaque-illuminator. In this case the optical constants are reflective
index R (the ability of a mineral to reflect incident light in quantities
measurable by a microphotometrocular or photoelectric cell) and the
principal reflective indices (Rg, Rm, Rp) and double reflection (Rg-Rp)
in the case of anisotropic biaxial minerals. Although methods for deter-
mining the optical constants of anisotropic, and particularly, biaxial
minerals, have not yet been sufficiently developed, the determination
of reflective indices combined with the study of other properties of
minerals (hardness, colour, reactivity, etc.) is very helpful in the
microscopic study of ores inreflected light. In this way it is often possible
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to identify inclusions of ore minerals a few thousandths of a millimetre
In diameter.

Thermal analysis which was introduced by Soviet Academician
N.S. Kurnakov consists in obtaining thermal-analysis (heating or cool-
ing) curves for the substance analysed in order to establish the endo-
thermal or exothermal effects induced in that substance by physico-
chemical changes with increasing temperature (water evaporation,
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Fuig. 31. Left—differential and temperature thermographs recorded with a
self-recording pyrometer designed by Kurnakov (U.S.8.R.): &, and S§,-light
sources; B—drum; G, and G,—galvanometers of the differential and simple thermo-
couples. The continuous solid line stands for platinum-rhodium wire, the double
line for platinum wire, and the thin line for copper wire. Right—thermographs:
I—recorded by asimple thermocouple; /I—recorded by a differential thermocouple.

oxidation, reduction, conversion to a different polymorphous modifica-
tion, etc.).

The thermal-analysis curves are usually recorded automatically by
a pyrometer actuated by a conventional thermocouple connected in
series with a differential thermocouple, both immersed in a two-com-
partment crucible (I'ig. 31, left). One compartment holds the test min-
eral, while the other is packed with a thermally inert material taken as a
standard (MgO, Al,O4, etc.). Both circuits are connected to mirror gal-
vanometers (G, and G;), each of which throws a luminous spot onto
photosensitive paper on drum B* which is slowly rotated by a clock-
work.

In the course of heating, the galvanometer of the conventional ther-
mocouple records the temperature curve (Fig. 31, right, curve I) on
which any changes in the heated substance are reflected as changes in
its slope at certain points (1), or as horizontal flats (2), which corre-
spond to endothermal effects (heat absorbed), or as sharp peaks (3)

* The records are made and developed in the dark as conventional photographs.
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which correspond to exothermal effects (heat evolved). The galvanome-
ter which is connected to the differential thermocouple will record only
the difference between the two thermo-electromotive forces, i.e., the
difference between the temperatures of the test mineral and the stand-
ard when they are heated simultaneously. The differential curve there-
fore (Fig. 31, right, curve II) will have sharp downward inflections
(endothermal effects) or sharp upward inflections (exothermal effects)
indicating changes in the test mineral. Hence the importance of obtain-
ing differential thermal-analysis (heating or cooling) curves.

In mineralogical practice, this method is usually reserved for cryp-
tocrystalline and finely-dispersed masses for which it is difficult to
carry out visual (or any other) analysis. A number of minerals (kaolin,
alumohydrates, iron hydroxides, carbonates, chlorites, etc.) have char-
acteristic heating curves which facilitate the identification of the
mineral species.

The number of minerals for which this method yields characteris-
tic data of diagnostic significance constitutes a relatively low percentage
of the total number of minerals occurring in nature and includes mainly
chemical compounds containing water, hydroxyl ions, and carbon
dioxide. The method is further limited to the analysis of the predomi-
nant mass of the substance investigated. With a few exceptions, me-
chanical impurities in quantities up to 5-10 per cent of the total mass,
which are of principal interest to the analyst, usually escape detection.

Often a more exhaustive knowledge of mineral properties may be
necessary, especially when the mineral has practical uses. Thus, it may
be important to determine its behaviour on heating. The obtaining of
heating curves alone is not sufficient, and the products of each trans-
formation of the substance require chemical analysis, the study of
optical properties and X-ray investigation.

The temperatures at which these transformations occur must be
measured very accurately. The thermographs do not always answer
this requirement, since usually there is a lag in the recording of the
transformations, the difference being as much as 60° to 100°. Hence,
in the case of minerals containing water and hydroxyl ions much more
precise and reliable data can be obtained from dehydration curves.
These curves are obtained as follows: 1-2 grams or more of the test
substance are weighed together with a platinum crucible and heated
in an electric furnace successively at definite temperatures (usually at
temperature steps of 50°); when the loss in weight, as against the previ-
ous weighing, becomes less than 0.03-0.05 per cent, the temperature is
raised a step further. The resulting dehydration curves clearly show tem-
peratures at which transformations within the substance begin.

Figure 32 shows two dehydration curves: for kaolinite — Al, [Si,0,,]
[OH]; and halloysite — Al,[Si,0,,][OH ]3-4H,0. While for kaolinite (curve
I), which contains hydroxyl ions and no water, considerable changes oc-
cur at temperatures ranging from 500° to 550°, for halloysite (curve /1)
molecules of crystallisation water are liberated at temperatures up to
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150° (the first upward inflection of the curve) and hydroxyl ions are
liberated at temperatures between 450° and 500° (the second higher
inflection). Upon losing its hydroxyl ions, the crystal lattice in these
minerals breaks down and the refractive index falls sharply, as shown
by X-ray examination.
zy Chemical analysis is relatively
20}t laborious and expensive. Therefore,
i full chemical analyses are used only
when a new variety or a new min-
eral is found which with regard to
a number of properties differ from
those already known, or when it is
necessary to determine the variety
of a mineral of a variable composi-
i tion, or finally, when the mineral is
one of the rare compounds for which
very few full chemical analyses have
been made, etc.
"7 The minimum quantity of a pure
J 1
100 200 300 400 300 600 700 800 ¢ }‘;"‘;ﬂa’é‘}igﬁl‘f& “;]fl ;’i;’s‘ge i‘:‘}‘_‘;";
Temperaturs a quantity which is not always avail-
Fig. 32. Dehydration curves for  able, especially when the mineral is
kaolinite () and halloysite (11). a rare one or isdisseminated in rocks
and ores as fine crystals or grains.

If the test mineral occurs as small crystal druses in cavities, it is
first extracted by some method, e.g., with a steel needle set into a wood-
en handle. The mass thus obtained is carefully sorted with the aid of
the same needle under the binocular lens, so as to collect the mineral in
a quantity sufficient for chemical analysis and other tests. If the min-
eral is disseminated in a rock in a considerable quantity, the whole piece
of rock is repeatedly crushed and screened each time through a sieve
of 0.5 to over 1.0 mm mesh (depending on the size of the impregnated
mineral grains). The mineral in question is similarly hand-picked under
the binocular lens.

In the case of accessory,i.e., most sparsely disseminated, minerals,
mechanical concentration methods have to be used. These methods are
based either on the differences in specific gravity (gravity concentra-
tion), magnetism (magnetic separation) or upon the reaction of the
mineral with flotation reagents (flotation), electricity (electrostatic
methods), etc.

The simplest of the numerous gravity concentration methods con-
sists in separating the mineral grains in heavy or viscous liquids (meth-
ylene iodide, bromophorm, etc.). In large quantities a mineral may be
conveniently concentrated either in laboratory-type hydraulic classi-
fiers consisting of a cylindrical glass tube in which water rises in a spi-
ral stream, or on small laboratory-type concentration tables. Prior to
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concentration in these devices, the crushed material is graded into sev-
eral sizes on specially selected screens. Heavy minerals are roughly grad-
ed by washing the crushed material in a prospector’s pan or trough.

Earthy finely dispersed masses are subjected to elutriation in glass
jars or separated into fractions of different specific gravity on a cen-
trifuge filled with a liquid or viscous medium. :

Chemical analysis of the test material should be preceded by spec-
tral analysis in order to find out what chemical elements the mineral
contains in general and which can be determined by chemical analysis.
It should be noted that these preliminary spectrograph determinations
are made quickly and yield certain quantitative ratios of the elements.

The data of a complete chemical analysis in percentages by weight
have to be recalculated in terms of atomic (molecular) quantities,
which is necessary for deducing the chemical formula of the mineral.
For this purpose, the quantities by weight obtained for each element
(or oxide) are divided by its atomic weight (“molecular weight” of an
oxide)*. The quotients indicate the ratio of the elements (or oxides)
entering into the composition of the mineral. Due to the limited accu-
racy of analyses or to some other reasons, the proportions of the consti-
tuents obtained by chemical analysis are never exact multiples. Two
examples are given below.

(1) Chemical-analysis data for bournonite (Nagolny ridge):

Weight Atomic Atomic Relative
percentages weights proportions amounts
Pb 42.75 207.2 0.204 1
Cu 12.77 63.6 0.201 1
Sb 24.76 121.8 0.206 1
S ‘ 19.40 32.0 0.606 3
Total 99.68

Thus the chemical formula of the mineral is PbCuSbS;.

(2) Chemical-analysis data for rhodonite (Kyzyl-Tash, the Southern Urals):

Weight Molecular Molecular Relative
percentages weights proportions amounts
Si0, 46.06 60.1 0.767 1
Al,0, 0.11 101.9 0.001 —
Fe,O4 nil — — —
FeO 1.83 71.8 0.025
MnO 44.76 70.9 0.630; 0.772 1
CaO 6.59 56.1 0.117

Total 99.35

* Atomic weights are taken from the periodic table. Molecular weights of
oxides are the sum totals of the atomic weights of the elements, e.g., for SiO,
it will be 28.1+2x16.0 = 60.1.
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The chemical formula of the mineral may be written as follows:
(Mn, Ca) O-SiO, or (Mn, Ca) SiOj.

, In some cases it is not possible to collect a mineral for analysis so
that it would be absolutely free of impurities. Provided the quantity
of the impurities is small and the mineral composition is known, the
calculation of the chemical composition from the data of the chemical
analyses has to be done approximately, with reference to the results of
microscopic examination. If the impurities are considerable, the recal-
culations of the mineral composition will not be always accurate.

Spectral analysis has come into such wide use by mineralogists at
the present time that in many cases it has replaced the blowpipe meth-
od, especially in the laboratory. This method of determining the chem-
ical elements in a mineral depends on the property of each element to
emit, when heated, rays of a specific wavelength which are measured
with a spectroscope. The main advantages of spectral analysis are the
accuracy and speed with which metal cations in the mineral are deter-
mined, a very important point when dealing with such rare metals as
tin, molybdenum, indium, germanium, gallium, cadmium, etc. Fur-
thermore, techniques have been devised to determine approximately the
relative amounts of a number of metals. The fact that a few milligrams
of a material are enough for spectral analysis is another major advan-
tage of this method.

X-ray-spectral (X-ray-chemical) analysis is based on the fact that
when a mineral is placed on the surface of an anticathode and exposed to
cathode radiation, it emits X-rays of definite wavelengths correspond-
ing to each of the elements present in the mineral. This procedure is
similar to spectral analysis. It is important, however, that the voltage
applied to the X-ray tube electrodes should be high enough to induce
visible rays peculiar to each particular element. X-ray spectral analysis
is best used for quantitative determination of the rare earths (Y,
Nb, Ta, Hf, Re) in minerals, since the determination of these elements
by conventional chemical methods is a very laborious proposition.

The use of luminescence. Some minerals glow or become luminescent
when heated (e.g., fluorite), pounded, occasionaly when dissolved (and
also during crystallisation of certain compounds) and, finally, when
exposed to ultraviolet, cathode and other rays of short wavelengths.
The last case mentioned is the most important for mineralogists.

Luminescence can be observed only in the dark*. Minerals possess-
ing this property fluoresce on exposure to ultraviolet or other rays
and appear to be coloured, sometimes very brightly. The true nature
of luminescence still remains obscure. One thing is clear, however,
namely that due to some kind of temporary disturbances of the elec-
trostatic equilibrium within the crystal structure, the exciting invisible

* Ultraviolet rays are emitted by a mercury-quartz lamp or a spark gap, and
cathode rays by cathode-ray tubes using either a hot or cold cathode. In the
latter case luminescence appears in a vacuum.
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light of short wavelength is transformed into visible reflected light of
greater wavelength. More minerals luminesce in cathode rays than in
ultraviolet rays.

In this way it i3 most easy to detect, in a rock, mineral impregna-
tions which the eye often misses. Thus upon exposure to ultraviolet
rays such an important mineral as scheelite (CaWO,) glows brightly
with beautiful blue (more rarely greenish) tints which distinguishes it
from other minerals; diamond will fluoresce with a light-blue or yellow-
ish-green colour, fluorite (CaF,) produces a bright blue glow, etc.
Very spectacular is the fluorescence displayed by uranium minerals,
bitumens of different composition, etc.

This method of detecting minerals is not foolproof. Some varieties
of scheelite or diamond do not respond at all to ultraviolet or cathode
rays. Other minerals are luminescent because of infinitesimal inclu-
sions of foreign matter. It is known that in artificial luminescent com-
pounds the colour of luminescence changes when admixtures of different
composition are present in the substance. The colour may be extin-
guished altogether (c.g.,the glow caused by the presence of copper is
extinguished by bismuth). Interesting, though not as yet fully under-
stood, is the fact that the same mineral from different deposits pro-
duces a glow of a different colour (e.g., calcium carbonate).

Pan test is based on the following principle. The weathering of rocks
on the earth’s surface leaves weathering products consisting of chem-
ically inert minerals such as quartz, magnetite (Fe;0,), zircon (ZrSiO,),
tourmaline, rutile (TiO,), occasionally cassiterite (Sn0O,), gold, plati-
num, etc. These minerals are transported by running water and accumu-
lated as placersin river valley deposits and along marine coasts. Wash-
ing the samples of these loose sediments by simple equipment (a pan,
a trough, a trommel, a gold washer) yields a concentrate of the heaviest
minerals, which is appropriately called keavy concentrate.

Prior to the identification and quantitative analysis of minerals in
heavy concentrates, an average sample (10 to 20 grams by weight) is
graded by grain sizes with standard sieves. Next, a magnetic fraction is
extracted from each fraction through paper with a conventional horse-
shoe magnet. The non-magnetic remainder is divided into fractions
according to magnetic permeability with an electromagnet (at different
currents), after which the minerals are further separated according to
specific gravity in heavy liquids (bromophorm, Thoulet solution, etc.)
by means of either separating or conventional chemical funnels.

After being still further separated by external features (grain forms,
transparency, lustre, colour, hardness, etc.), the fractions are subjected
to binocular examination, and then, the optical constants are deter-
mined in immersion liquids with appropriate refractive indices. If nec-
essary, qualitative microchemical tests, spectrographic, fluorographic,
and other analyses are performed. Microscopic examination of opaque
ore minerals in reflected light requires the preparation of polished sec-
tions using bakelite varnish or other bonding material.
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A quantitative determination of all the minerals composing a heavy
concentrate is very laborious (involving the weighing of both the total
and the individual samples, the calculation of the percentage by volume
and the specific gravity of each mineral, etc.). Therefore the usual prac-
tice is to calculate the most important components of the concentrate,
such as cassiterite (Sn0O,), scheelite (CaWO,), etc.

Fig.33. Left— general view of electron microscope. Right — electron photo-
graph of kaolinite precipitated from a suspension. x 2500.

The same procedure is followed for heavy concentrates which
ire obtained from crushed samples of massive rocks in order to find
yut whether they contain minerals which may be useful as guides to
ore deposits. This investigation is usually carried out during geological
surveys. The study of haloes of dispersion of valuable components in
loose deposits and bedrocks, as well as of the transportation of heavy
minerals by running water is highly important in prospecting for
mineral deposits. ,

Electron microscope. The resolving power of a microscope largely
depends on the wavelength of the incident light (the shorter the waves,
the smaller the particles that can be discerned). The resolution of a
conventional optical microscope is relatively moderate: in white light
the smallest particles that can be seen are those of 0.5 u in diameter.
Microphotography in ultraviolet light, which is shorter in wavelength,
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using immersion objectives with large apertures, results in reducing the
minimum size of the particles resolved to 0.24. And finally, using an
ultrashortwave beam of electrons (in the electron microscope) makes it
possible to discern particles as small as 0.002u. Thus with the aid of an
electron microscope it is possible to investigate specks of smoke and
dust precipitated on metal gauze, clayey matter suspended in water
(for this purpose a drop of the suspension is dried on a slide), and other
finely dispersed matter.

Unfortunately, electrons have limited penetrating ability, (parti-
cles of a material which are transparent to rays of light are usually
opaque to electrons). It is impossible, therefore, to get anything but a
general idea of the shape and size of the particles which are studied
under the electron microscope (Fig. 33).

Compact samples may be studied by the “method of replicas”,
i.e., by obtaining from them thin colloidal, quartz-polystyrol, or other
films which reproduce all the finer relief characteristics on the faces of
crystals or of the polished planes of minerals, etched or unetched.

Experimental investigation (both chemical and physico-chemical) is
mainly concerned with the artificial preparation of compounds under
laboratory conditions, which correspond in composition and form to
natural minerals. In this way it is sometimes possible to obtain com-
pounds which both in form and composition exactly reproduce those
occurring naturally and thus shed light on the conditions of the for-
mation and crystallisation of minerals in nature. Hence the interest
with which mineralogists follow the research and experimental work
done at chemical and physico-chemical centres, conducting research
into the problems of utilisation of economic minerals.



Chapter 1V FORMATION OF MINERALS IN

NATURE

1. GENERAL

Formation and growth of erystal phases. A crystalline solid may
form in different ways: (a) by the crystallisation of liguids (melts or
solutions); (b) by the deposition of crystals on walls of openings from
the gaseous products of sublimation, and (c) by the recrystallisation of
solids (e.g., colloids). The crystalline formations occurring in nature are
overwhelmingly the products of crystallisation of silicate melts and
aqueous solutions. This includes the enormous masses of igneous crys-
talline rocks, the vast majority of commercial mineral deposits, and
the crystalline precipitates of saline basins.

Theoretically the crystallisation of a cooling melt should begin at a
definite temperature corresponding to the melting point of a given sub-
stance. In the same way a solution should crystallise at the point when
the solvent is saturated with the solute. Actually, however, the crys-
tallisation of liquid phases begins at certain supercooling or supersatu-
ration*.

The degree of supercooling or supersaturation required for the crys-
tallisation to begin depends on the chemical composition and, to some
extent, on pressure. Pressure variations play a much more important
role when the crystals are formed out of condensing vapours.

The process of the growth of crystals in both a supercooled melt and
in a supersaturated solution is exactly the same. The initiation of crys-
tals may be compelled, if some fragments and specks of a solid which act
as primers, due to their crystallochemical properties, are already present
in the liquid; it may also be spontaneous, in the absence of any primers
in a supersaturated solution or supercooled melt.

In the case of spontaneous crystallisation at different points of the
melt or solution there appear so-called crystallisation centres or crystal
seeds. At the beginning of crystallisation (e.g., in a single-component
liquid), regular crystals will grow unimpeded around the crystallisa-
tion centres until they impinge on one another, thus obstructing the

* Both in nature and in the laboratory the supercooling of a liquid is quite a
common phenomenon. On the other hand, the superheating of a crystal substance
(beyond the melting point) is very difficult to obtain. This is equally true of the
su etqsaturation of a solution and the retention of a soluble solid phase in a dilute
solution.
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further development of crystallographic forms (Fig. 34 ¢ and b). Fur-
ther crystallisation takes the form of struggle for the remaining space,
and the end product is an aggregate of irregularly-shaped crystal grains
(Fig. 34 ¢ and d). Sometimes the grains show a crystalline zonality, as
evidence of their gradual growth. p
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Fig. 34. Diagrammatic representation of the crys-
tallisation of a homogeneous liquid.

There is a direct relationship between the degree of supercooling or
supersaturation and the number of crystallisation centres which spon-
taneously develop when solidification begins: the more supercooled or
supersaturated is the liquid, the greater will be the number of crystallisa-
tion centres in a given volume per unit of time (Fig. 35), and hence the
smaller will be the crystal grains on final solidification (Fig. 36).

If crystallisation begins at relatively low supersaturation of the so-
lution k; (Fig. 35), the number of developing crystal nuclei will be
comparatively small and the resulting aggregates will be relatively
coarsely crystalline (Fig. 36 a). If crystallisation begins at greater super-
saturation (or supercooling), e.g., at k, (Fig. 35), the natural result will
be finely-crystalline aggregates (Fig. 36 b). Upon crystallisation of an
extremely supersaturated solution, cryptocrystalline substances or
colloids will be formed.

According to experimental data, initiation of crystals in a liquid
depends on a variety of factors, such as the chemical character of the
material, the presence of impurities which may accelerate or delay the
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development of crystal nuclei, mechanical influences (shaking of the
solution or its friction against walls of the vessel), occasionally the
effects of light or sound.

Experiments also show that concentration currents develop around
crystals growing in an unrestricted environment: where the supersat-
urated solution contacts the crystalit imparts to the latter the excess

solute, becomes lighter and rises,

7 ) yielding place to fresh portions of
‘ the supersaturated solution. The
T more supersaturated is the solu-
¢ tion, the quickeris crystal growth.
k
k N
- aof prys[lyrl///’/r'.'s'?{’mn centers @) )

Fig. 35. The dependence between the  Fig. 36. Influence of the number
number of crystallisation centres(n.cr.c.)  of crystallisation centres on aggre-
and supercooling or supersaturation. gate structure.

T —temperature; C —concentration. a —coarsc-grained aggregate; b —fine-
grained aggregate.

As long as the conditions of growth for each crystal face remain
unchanged from the moment of initiation the shape of the crystals
does not change during growth. However, the rate of growth of each
crystal face i1s often uneven, which results in fewer faces. Dissolved
impurities also greatly affect the shape of the crystals. Thus sodium
chloride, which normally crystallises as cubes, will crystallise in octa-
hedra in solutions containing CaCl, and MgSO,.

Rapid crystal growth produces irregular shapes. This chiefly occurs
when the uniform influx of the feed solution is disturbed (e.g., in case
of an increase in the viscosity of the environment, in colloidal solutions,
etc.). In this case the best supplied are the apexes and edges of the
growing crystals, i.e., the areas of crystal structures least saturated
with valencies. This results in the curving of the crystal faces and the
formation of funnel-shaped indentations and not infrequently to the
overgrowth of crystals on one another (at their apexes). As a result,
crystalline skeletons or dendrites with an ordered arrangement of branches
are formed. Often the branches grow thicker at the ends with the
development of more regular and larger crystal individuals. This is
probably due to the decreased supersaturation in the adjoining areas
and hence to the more normal conditions for crystal growth. ‘

Crystals may grow not only in liquid media, i.e., through the diffu-
sion of supersaturated portions of the solution to the crystal, but also
in air or gaseous media, when fed by the saturated solution through
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capillary channels. The following experiment is a good illustration.
If a hygroscopic cotton thread is immersed in a saturated solution of
table salt (Fig. 37), the part of the thread exposed to air will develop a
crystalline aggregate fed by the saturated solution rising by capil-
lary action. In the air, the solution becomes strongly supersaturated
through evaporation, which results in the
crystallisation of the solute on the cotton
thread.

If the solvent evaporates slowly, well-
developed crystals may form in this way.
The student may remember seeing ice
needles growing from damp soil after a
clear frosty night. Similar needles grow in
the air from slowly drying damp powders
of salts which are readily soluble in water,
e.g., calcium chloride. This may be the
mechanism of the formation of long acic-
ular crystals of many minerals found in
cavities.

Crystals may also form in a gaseous
medium without being fed by a liquid so-
lution, when a substance transmutes di-
rectly from a vapour into a solid at certain
temperatures (below the melting point)
and pressures. One example is the for-
mation of snow flakes in the air in the form
of stellate crystals. Another example are
the various minerals deriving from volcan-
ic sublimation. o Fig. 37. Crystalline forma-

Frequently, crystals and crystal grains  tions of NaCl in the air ona
contain tiny inclusions of foreign matter thread immersed ina saturat-
(solid, liquid and gaseous). These inclusions ~ ©d S.Ol}‘l‘tt‘g"'.t'ihae 122?’&% 18
for the most part make the crystals appear welghtedwithag '
dim or opaque. They can be readily seen
upon microscopic examination in polished sections. Only when a min-
eral is uniformly opaque it is rather difficult to discern the liquid or
gaseous inclusions.

The study of the spatial distribution of these foreign substances
shows that they were apparently mechanically entrapped by the rapid-
ly growing crystals. Inside the crystals they are often oriented in
crystallographic directions. Examples of this are the inclusions of vol-
canic glass (solidified magma drops) in crystalline-banded plagioclases,
mother liquors of the salts of K, Na, Ca, etc., gas bubbles which are
usually mixed with a liquid in dim crystals of quartz, calcite, topaz,
and other minerals.

It is curious that gas-liquid inclusions, when heated to a definite
temperature, usually become a homogeneous liquid (the gas dissolving
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in the liquid) and, when cooled, the gas bubble separates again. This
is important because in this way one may determine the approximate
temperature at which the mineral crystallises and captures the minute
drops of the solution.

Some of the gas-liquid inclusions may even contain a third, solid
phase (e.g., tiny NaCl crystals). On heating these crystals are the first
to dissolve in the liquid, followed by the gas bubble.

In addition to primary gas-liquid inclusions, the crystals may have
later, secondary inclusions which are associated with “healed” cracks
in the crystals. It will be noted that in the secondary gas-liquid inclu-
sions the gas bubbles in the drops of liquid will disappear upon heating
earlier than in primary inclusions. On further heating the crystal mass
will decrepitate in either case (so great is the pressure of the expanding
liquid inclusions).

If a solution impregnating a rock enters into an exchange decom-
position reaction with it, this, as a rule, results in neocrystallisation
involving either all of the rock or some of its constituents. This process
known as replacement or metasomatism, is exemplified in the replace-
ment of calcite by gypsum upon reaction with water containing sul-
phuric acid:

CaCO, + H,0 + H,S0, =CaS0, - 2H,0 +CO,

calcite gypsum

or in the replacement of sphalerite by covellite upon reaction with cop-
per-sulphate solution:

sphalerite solution covellite solution

In the case of selective metasomatism (when only some of the min-
erals in a rock are replaced) the resulting mineral, which retains not
only the external shape but sometimes also the peculiar internal struc-
ture of the original mineral, is called a metasome. In many cases when
the constituent replaced is a crystal there develops a pseudomorph, i.e.,
a crystal form which is quite foreign to the new mineral. When or«amc
remains, such as wood, are replaced by colloids like opal or iron sul-
phides, their peculiar structure often remains intact.

Quite common in nature are well-formed crystals developed
through metasomatism in solid environments (rocks). Such formations,
or metacrystals, occurin a limited number of minerals. An example are the
well-formed cubic crystals of pyrite in schists, marbles and other rocks.
Metacrystals often contain remnants of unreplaced minerals of the
enclosing rock. Not infrequently they occur along hardly detectable
hair cracks in rocks, which definitely points to their later origin.

Recrystallisation and other transformations of minerals in solid
media occur as a result of material changes in the physico-chemical
equilibrium, in particular in conditions of so-called regional metamor-
phism.
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Solution and decomposition of minerals. It has already been stated
that many minerals undergo diverse transformations because of
changes in the environment, sometimes dissolving .completely or
decomposing into insoluble products of chemical reactions.

The beginning of solution is easily detected in individual crystals
by the following characteristic features: :

(1) whereas during the growth of a crystal it is the apexes and edges
that tend to grow faster, during solution they also dissolve faster, and
therefore the crystal becomes somewhat rounded;

(2) whereas during the growth of a crystal the slowly growing faces
of a crystal are the most stable, on solution of a crystal fragment or a
sphere made out of a crystal the first to appear will be the faces that
dissolve most rapidly;

(3) the slowly growing faces usually have brilliant and smooth sur-
faces; on solution the slowly dissolving faces often appear lustreless;

(4) at the initial moments of solution, the faces often develop very
shallow polyhedral solution pits or etch figures.

Decomposition of minerals in nature, either complete or incomplete,
1s mainly associated with oxidation and reduction processes. This is
especially true of minerals containing elements which under natural
conditions are capable of forming several ions of different valencies
(e.g., Fe?*, Fe3+ Mn?+, Mn3+, Mn‘+, S2- S8+, etc.).

When a mineral, which originally contained lower valency cations,
finds itself in oxidising conditions (e.g., the weathering zone of rocks and
ores) these calions will naturally tend to pass into ions of higher val-
ency. During this process the cations diminish in size with the subse-
quent disintegration of the crystal structure. Thus, in an oxygen- and
water-rich environment, the divalent iron cation in I'eS (pyrrhotite)
readily becomes trivalent with the formation of poorly soluble iron
hydroxides, whereas the divalent sulphur anion oxidises into a hexa-
valent cation with the formation of a complex[SO,]?~ anion, which, on
reacting with hydrogen ions, finally yields sulphuric acid, which goes
into solution. In this way, a new substance with completely different
properties is formed in place of pyrrhotite. In the same way, a carbon-
ate of divalent manganese (MnCOj;) readily forms hydroxides of tet-
ravalent manganese.

If iron and manganese hydroxides, in the course of geological proc-
esses, find themselves deep in the earth’s crust where a reducing envi-
ronment prevails, the higher valencies of the cations of elements often
change into lower valencies, which is accompanied by the dehydration of
the compounds. New minerals are formed under these new conditions:
hematite (Fe,O3) or magnetite (Fe:'Fe,-O,), braunite (Mn--Mn*-Oy),
hausmannite (Mn*-Mn,**0,), etc.

Many examples of this kind will be cited in Part Two.

Generations of minerals. The generations of a mineral, as the term
implies, are its differently aged formations in a particular mineral
association, differing also in size, appearance, and specific features of
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chemical composition. Observations of the occurrence of minerals,
especially in ore deposits, often point to the existence of several gen-
erations of the same mineral developing within a single stage of mineral
genesis. In some instances (I'ig. 38) younger generations of finer crys-
tals overgrow older and larger crystals of the same mineral. In other
instances, one observes older coarse-grained generations and younger
fine-grained crystalline formations along
thin cracks of other minerals, or, as micro-
inclusions discernible only under the micro-
scope, etc. Detailed microscopic examina-
tion of ores shows that almost every ore-
forming mineral comprises several genera-
tions, which indicates the complexity of
the processes of ore-genesis. This com-
plexity must not be ignored in studying
the paragenesis of minerals.*

Mineral aggregates. The crystallisation
and solidification of a solution or melt
gives rise to a mixture of intergrown
grains called a mineral aggregate.

& Aggregates may be monomineral con-

Fig. 38. Two generations of sisting of crystal grains of a single miner-

pyrite (FeS,) crystals. al (e.g., marble or magnetite) and poly-

mineral, consisting of several minerals of

different properties and composition (e.g., granite or copper-zinc sul-
phide ore).

Mineral aggregates occur in a wide variety of forms and structures,
some of them being so characteristic that they are designated by spe-
cial terms. The main morphological feature of a mineral aggregate is
the degree of its crystallinity. With regard to crystallinity, minerals
fall into two clearly distinct groups: (1) phanerocrystalline aggregates,
and (2) cryptocrystalline and colloidal masses.

The principal types of mineral aggregates are the following:

1. Granular aggregates composed of crystal grains sometimes occur-
ring together with well-developed crystals of some minerals. This type
is the most widespread in the earth’s crust. Examples: holocrystalline
igneous rocks, numerous sulphides and other ores.

With regard to grain size, aggregates are classed as (1) coarse-grained,
with grains over 5 mm ‘in diameter; (2) medium-grained, with grains

* Generally speaking, the term generation applies not only to individual min-
erals, but also to whole mineral complexes such as rocks and ores. Thus, veins of
diabases or quartz porphyrys not infrequently have several generations as the
intersections of rock veins show. Another example: veins of coarse-granular quartz
containing coarsely crystalline molybdenite (MoS,) may include more recent gene-
rations of molybdenum ores (occurring as veinlets or cementing material between
the fragments), i.e., fine-granular quartz and abundant cryptoscaly molybdenite.

106



1 to 5 mm in diameter, readily distinguished by the naked eye; and
(3) fine-grained, with grains less than 1 mm in diameter.

The structure of cryptocrystalline aggregates can be established
only under the microscope in thin polished sections.

The shape of the grains comprising the aggregate is reflected in the
morphological features of the aggregate as a whole. If an aggregate
consists of roughly equidimensional grains, it is simply called granular.

Fug. 39. Radially-fibrous aggregates of pyrophyllite.

If the grains are lamellar in habit, the aggregate is called foliated or
scaly, depending on the size of the grains. Aggregates with grains elon-
gated in one direction, sometimes radiating or diverging (Fig. 39) from a
common centre are called columnar, acicular, or fibrous. Also widespread
are aggregates composed of minerals of different forms, such as mica
schists with isometric garnet crystals, granular masses of quartz with
columnar tourmaline crystals, ete. (Fig. 40).

An aggregate may be compact or friable. An example of the latter
are crystalline formations at the bottom of drying salt lakes.

2. Druses are intergrowths of well-developed crystals on the walls of
cavities. An example are the common druses of quartz crystals
(Fig. 41). Druses are interesting not only crystallographically but also be-
cause they often slow the sequence of segregation of different minerals
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crystallising from the last portions
of a solution.

The very fact that druses con-
tain well-developed crystals indi-
cates that they have formed in
free space, that is, in some pri-
mary cavities, hollow cracks, frac-
tured rocks, etc. These cavities
may range in size from tiny pores
to big caves whose walls are cov-
ered with large crystals of trans-
parent quartz and other minerals.

Mineral formations, in which
the crystal individuals are in close
contact and elongated parallel to
each other, are referred to as comb
or drusy aggregates. Evidently,
the close contact between the crys-
tals forming on the walls of cav-
ities allowed them todevelop only
in a direction perpendicular to the
walls. This group also includes

Fig. 40. Sheaf-like tourmaline aggre-
gates in sericite-chlorite schist.

crystalline crusts, composed of fine, closely intergrown crystals.

It has been demonstrated that in these cases the numerous original
crystal nuclei develop in random directions. However, in the process of
growth, fewer and fewer crystal individuals will survive in the competi-

Fig. 41. Druse of quartz crystals.
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tion for available space, and it will be those growing perpendicular to
the surface of initial crystal that will have the greatest chance of sur-
vival (“geometrical selection”). If the surface is concave, the result will
be converging radiated aggregates. If the surface is convex, diverging
acicular or columnar crystalline masses will form.

Fig. 42. Geode.

3. Secretions are formed when an irregularly-shaped, but generally
spherical cavity is filled with crystalline or colloidal material. A peculiar
feature of many secretions is a concentrical deposition of mineral matter
from the walls of a cavity towards its centre. The layers thus deposited
frequently vary in colour and sometimes in composition.

Small openings or cavities are usually completely filled with min-
eral matter. Sometimes the central part is filled with radially-fibrous
aggregates of some mineral, e.g., zeolite. Large cavities often have a
hollow centre with druses or sinter formations lining its walls.

Smaller secretions (up to 10 mm in diameter) are termed amygdules,
while bigger ones are called geodes (Fig. 42).

4. Concretions are globular or irregular spherical formations and
nodules (Fig. 43) which develop in unconsolidated sedimentary rocks,
mostly in clays, sands, and in the earthy products of rock weathering.
They vary widely in size, from a few millimetres to tens of centimetres
and sometimes even metres in diameter. As they expand and coalesce,
the concretions form large bodies of complex configuration.
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Often, though not as a rule, concretions develop around foreign
bodies, usually organic remains. In polished sections the sandy concre-
tions of phosphorite and marcasite show a banded arrangement of sand
particles which corresponds to the banded structure of the rock as a
whole. This shows that the concretions were formed, at least partially,
later than the enclosing rock. In all probability they first appeared as
colloidal clots or gels which subsequently crystallised. When fractured

Fuig. 43. Phosphorite concretions (left-hand concretion shown
on fracture).

across the centre, they often display a radially-fibrous texture (Fig. 43).
Occasionally the mineral mass displays indistinct concentric banded
structure.

Thus, the origin of concretions differs materially from that of se-
cretions. In contrast to the latter, concretions grow out radially from a
centre.

The minerals found most often as concretions are phosphorite, py-
rite, marcasite, sometimes siderite, barite, etc.

5. Oslites form in almost the same way as concretions. They also are
spherical formations, but somewhat smaller in size (from tenths of a
millimetre to 5-10 mm) developing in an aqueous environment around
suspended foreign matter, such as sand particles, fragments of organic
remains, and even gas bubbles. A characteristic feature of oolitic for-
mations is their distinct, rather regular concentric banded, occasion-
ally conchoidal, structure. Formations analogous in shape, but lacking
concentric bandlng are so-called pseudo-oolites .

Recent calcareous oblites are formed from suspended matter in
running water, and when they attain a certain size, they settle to the
bottom. Sedlmentary rocks composed of cemented pea-sized otlites are
called pisolites (Fig. 44).

6. Sinter forms of minerals originate from colloids or gels. Like crys-
tal druses, they are found in cavities. When slowly migrating colloidal
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Fig. 44. Odolitic concretion of CaCO;.

Fig. 45. Limonite stalactites.

Fig. 46. Reniform hematite mass.



solutions enter a cavity, they coat its walls. Gradually losing water
(dispersion medium) which evaporates into the empty space inside the
cavities, the solutions thicken and under the action of gravity form
stalactitic (Fig. 45), reniform (Fig. 46), botryoidal, and other shapes
which finally solidify. Falling colloidal drops may deposit tapered
stalagmites on the floors of cavities.

Such formations range widely in size, from microscopic to huge,
pillar-like stalactites and stalagmites of aragonite and calcite (CaCOs)
in large caves.

Most diverse minerals may appear in the forms of sinters: iron hyd-
roxides (limonite, goethite), manganese hydroxides (psilomelane group),
opal, malachite, gypsum, aragonite, calcite, sulphides of different metals,
etc.

Examination of sinter masses (in cross sections) often reveals a
concentric zonal structure. This is due to alternation of zones of the
same minerals which are differently coloured or possess different phys-
ical properties (malachite, limonite, etc.) or much more rarely because
the zones consist of minerals of different composition (limonite, chal-
cedony, and malachite; limonite and native copper, etc.). The differ-
ences in the mineral composition of the concentric bands reflect changes
in the composition of the solutions which produced the sinter forms.

It has been stated earlier that colloidal formations or gels crystal-
lise rather easily. Since the process takes a different course with dif-
ferent minerals, the resulting crystalline aggregates will also differ in
structure. For instance, limonite sinter formations, while fully retain-
ing their external shape, turn into an aggregate of diverging fine fibres
of goethite or hydrohematite perpendicular to the surface of the indi-
vidual concentric layers. Other minerals crystallise into coarser radi-
ated fibrous aggregates, which nevertheless show traces of the original
concentric layers on fracture. In this process the smooth surface of sin-
ter formations becomes studded with crystal facets (marcasite).

7. Earthy masses, as the name implies, are soft mealy formations in
which no crystallinity is detectable even with a hand lens. Usually
they are found as crusts or accumulations which are most often the
products of chemical weathering. Depending on colour, such masses
are sometimes called sooty (black) or ochreous (yellow or brown accu-
mulations and crusts).

Examples are variously coloured nickel hydrosilicates which occur
as earthy mineral formations; sooty manganese hydroxides; ochreous
iron hydroxides, and other residual products of weathering.

8. Coatings and selvages which sometimes occur as thin films on
crystal surfaces may consist of most diverse substances. These include
films of brown iron hydroxides on rock crystals; the green or blue selv-
ages on the enclosing rocks of copper deposits, etc.

9. Efflorescences are friable coatings and crusts or sporadic moss-
like and flufly formations of readily soluble hydrosulphates or other
salts appearing periodically on the surface of ores, rocks, dry soils and
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in cracks. They usually disappear during the rainy seasons to reappear
with dry weather.

Another type of efflorescences are the very common dendritic
growths of manganese hydroxides on the surface of rocks along thin
cracks (Fig. 47).

Fig. 47. Dendritic manganese hydroxides on a
fissure surface in altered albite rock.

10. Liesegang rings and spirals. This term denotes regularly alter-
nating banded formations which result from the intermittent deposi-
tion of compounds in the course of diffusion in gels, very similar to the
concentric rings and spirals obtained by R. Liesegang (Fig. 48). Essen-
tially, his experiment consisted of the following: microscopic Ag,Cr,0,
crystals were formed around an AgNO, drop on gelatin impregnated
with K,Cr,0,. The crystals at first moved with the solution, but later as
they grew larger, were retained in the gelatin pores and deposited at
regular intervals to form concentric rings. Structures of this kind are
sometimes found in agates (Fig. 42) and jaspers. Very similar forma-
tions develop in finely porousrocks, in the course of weathering proc-
esses. Examples are the periodic rings, bands and hyperbolas stained
by brown iron hydroxides found in limestones, sandstones, and other
rocks. In thiscase the staining matter apparently is deposited from sols in
the form of a gel when the dispersed phase or the electrolyte reaches
the critical concentration point. If this process goes parallel with the
leaching of a rock, the end result will be concentric conchoidal forma-
tions in which bands of compact gel alternate with earthy bands. Ores
with alternating bands of sphalerite and ankerite (Fig. 49) or magnetite
and calcite belong to this type of formations.

Sometimes, in place of rings and spirals, dendritic formations are
found, such as iron and manganese hydroxide inclusions in opal
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(“moss” agates). They can also be readily reproduced artificially in a
gelatinous medium. ‘
Paragenesis of minerals.* This term which was understood as
“the simultaneous occurrence of minerals”, was introduced into geol-
ogy in 1849 by Breithaupt. Long before Breithaupt, however, V. M.

Fig. 48. Liesegang spirals. Fig. 49. Banded ore.

Dark bands--sphalerite, ZnS; light-
coloured bands—carbonate (ankerite).

Severgin (1798) in Russia had used the term “contiguity of minerals”,
which is another way of saying the same thing. In 1923 Vernadsky
coined the term “mineral association” for the simultaneous occur-
rence of several minerals in the same mineral body, in distinction from
the term “paragenesis” to which he attached a different meaning.

He believed that this idea had its beginnings in the observations of
early miners who looked for accessory minerals as guides to ores and
gemstones. “Though not aware of that, they were in fact studying min-
eral associations.” Thus, it has long been known that galena (PbS)
which is often associated with silver, as a rule, occurs together with
sphalerite (ZnS). Similarly, in many deposits gold is associated with
quartz, and cinnabar (HgS) with antimonite (Sb,S;). The vast amount
of empirical evidence which has already been collected in this field is a
great aid to geological prospecting and exploration.

By “paragenesis” Vernadsky meant “all the mineral associations
known for a given mineral or chemical element”, and he suggested
that this should embrace the mineral bodies in which the given mineral
is found, its mineral associations and generations (History of Minerals
in the Earth’s Crust, vol. 19, 1923, p. 153). Unfortunately, Vernadsky

* “Para” is the Greek for near, close to; “genesis” means formation, origin.
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did not cite concrete examples to illustrate his concept. Elsewhere in
his work, however, Vernadsky stressed the need for “studying the de-
pendences governing the combination of minerals or their paragenesis®
(ibid., p. 11). Viewed in this context the problem acquires special inter-
est to mineralogy.

The vast amount of mineralogical data collected in Soviet times in
the process of detailed study of various rocks and ores has greatly fur-
thered research in these directions. Soviet scientists have established
that definite paragenetic associations, that is, groups of minerals formed
together in a given mineral body develop in the process of mineral gen-
esis, depending on the physico-chemical conditions and the interaction
of solutions with the environment, at each stage of the process. Charac-
teristically, each such group reflects the particular conditions under
which the minerals had formed. The following example will illustrate
this point.

Often one and the same ore specimen may have among its constitu-
ents two or more groups of minerals which differ in the time of their forma-
tion and origin. Thus limonite (iron hydroxide) and malachite (copper
carbonate) often occur together with semi-decomposed copper and
iron sulphides (pyrite—FeS, and chalcopyrite—CuFeS,). Geological
data always show, however, that the sulphides formed earlier under
one set of conditions, while the iron hydroxides and copper carbonate
formed later under entirely different conditions (in conditions of weath-
ering). The two groups are spatially associated only because they had
a common source of the chemical elements entering into their composi-
tion (iron and copper). Hence, in this mineral association we have two
groups of minerals differing in the conditions of their formation.

This approach to mineral associations enables conclusions to be
drawn about the dependences, important both theoretically and prac-
tically, governing the alteration of paragenetic associations of minerals
with time and bearing evidence to changes in the physico-chemical con-
ditions in the course of mineral genesis. Soviet scientists developed a
geometrical method for the analysis of different mineral associations
occurring in nature which makes it possible to reveal many details and
facts which generally elude the student when other methods are used.

Knowledge of typical paragenetic associations is very important in
mineralogy. Apart from its value as an aid to the identification of miner-
als occurring together, it is an important guide to economic minerals.
Thus, if the easily identifiable minerals pyrrhotite (FeS) and chalcopy-
rite (CuFeS,) are found in a basic magnesial igneous rock, one must
look for a third, nickeliferrous mineral, pentlandite, which is not as
readily indentifiable but is very important economically.

In nature, minerals occur in most diverse paragenetic associations.
This depends not only on the initial composition of the crystallising
solutions or the enclosing rocks which react with them, but also on
such factors as temperature, pressure, depth of the formation or trans-
formation of the minerals, etc. Some minerals develop at very specific
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environmental factors, while others may form under various conditions.
Thus gypsum (CaSO,-2H,0) under some conditions occurs in associa-
tion with chlorides and sulphates in salt beds formed as a result of the
drying of salt lakes and lagoons. In other instances it is the product of
chemical weathering (in areas with scarce precipitation) in association
with iron hydroxides and the argillaceous products of disintegration.
Mining experience shows that it disappears quite rapidly with depth.
Furthermore, gypsum has been found as crystals in fissures, in decom-
posed and discoloured lava and igneous rocks in the vicinity of solfa-
taras where it might have derived from calcareous minerals through
the action of hot waters containing sulphuric acid, etc.

The diversity of paragenetic mineral associations is often further
complicated by the fact that superimposed on a group of minerals
formed in one process may be mineral associations formed through other
processes, thelater minerals not infrequently deriving partly from those
of the earlier group. Hence the importance, in such cases, of taking
separate account of each group of contemporaneous minerals, since each
process of mineral formation, and consequently each group, has its
own dependences governing its mineral associations. The very fact
that one process is superimposed on another is evidence of a change in
the physico-chemical equilibrium of the mineral phases. Owing to this,
at least some of the earlier formed minerals become unstable under the
new conditions and are therefore either altered or replaced by other
minerals.

As far as typical associations of chemical elements in separate min-
erals are concerned, this problem, in the case of crystalline bodies, is
solved entirely on the basis of the laws of crystal chemistry. The com-
bination of the different elements within a crystalline body depends
upon the chemical properties, i.e., on the structure of atoms or ions,
as well as on their sizes and properties. The replacement of some atoms
or groups of atoms by others likewise depends on their sizes. In ionic
compounds the condition is added that the sum total of positive and
negative valencies must be balanced.

Typomorphic features of minerals. It has long since been noticed
that some minerals have crystal forms typical of a given deposit or
rock. Thus calcite (CaCO,) which occurs as crystals usually in cavities
occurs in different deposits as scalenohedral, obtusely or acutely rhom-
bohedral, platy, fine rod-like, etc. Attempts were made to establish a
connection between these different crystal forms and the tempera-
ture of their formation. In the end, however, it was found that the mor-
phology and sizes of the crystals depended not so much on temperature,
as on the concentration of the constituents in solutions, the presence
of certain dissolved impurities, and the degree of supersaturation.

At the present time not only the crystal forms, but any typical
features of minerals such as colour, admixtures of chemical elements,
types of twinning, etc., are regarded as “typomorphic” features. There
is no question that the characteristics of a particular deposit are relat-
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ed to the specific features of the solutions, from which its minerals have
crystallised, as well as to temperature, pressure and other factors of
mineral formation. Some examples are given below.

It has been noted that cassiterite (SnO,) from high-temperature or
pegmatite formations (in distinction from that of hydrothermal depos-
its) often gontains as impurities such metals as columbium, tantalum,
iron, etc. Therefore, if found as rounded grains in unconsolidated depos-
its of gullies and river valleys, the specific features of its composition
give a rough indication of the type of deposit it has come from.

It has been also established that large quartz crystals from Alpine
clefts, unljke quartz from other deposits, are characterised by certain
features of crystal form, specific paragenetic association and the pres-
ence of relatively large monocrystal blocks inside crystals which are
usually twinned according to the Dauphiné law.

Native gold is characteristically richest in silver (isomorphously
admixed) when found in deposits which have formed in the upper part
of the earth’s crust, i.e., at relatively low temperatures and pressures.
Argentiferous gold (electrum) differs from ordinary native gold in
physical properties as well (lower specific gravity and lighter yellow
colour). Sulphur compounds of silver, such as argentite (Ag,S) and
proustite (Ag;AsS,), etc., are often paragenetically associated with
electrum.

The vast majority of ore deposits of a complex origin show a great
variety of typomorphic features, which necessitates very detailed re-
search to establish their true dependences as the basis for positive con-
clusions. Be that as it may, paragenetic associations remain important
criteria in the study of mineral deposits.

2. THE GEOLOGICAL PROCESSES OF MINERAL FORMATION

To establish the genesis (origin) of a given complex of mineral it is
essential not only to know the way they have formed, but also the
geological processes that occur in the earth’s crust and give rise to
rocks and ores of most diverse composition. Since these problems are
thoroughly covered by special courses of petrography and deposits
of economic minerals, the question of mineral genesis will be dealt
with here only in general terms, so far as it is necessary for the under-
standing of terms used in Part Two.

All mineral masses which are formed as a result of some geologic
process fall into two basic genetic groups, depending on the source of
energy to which they owe their formation:

(1) endogenous (born from within) formed in the course of processes
which depend on the internal thermal energy of the earth; the minerals
of this group are the products of magmatic activity (in the broad sense
of the term); rocks and economic mineral deposits result from the crys-
tallisation of the magma itself and from different segregations from the
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latter; mineral forming processes occur at different depths and at
different, though usually high, temperatures;

(2) exogenous (born from without) depending for their formation on
the energy of the sun; the source of the mineral matter are outcropping
and disintegrating rocks and ores of different origin; mineral formation
processes occur in the uppermost part of the earth’s crust at low tem-
peratures and pressures close to atmospheric, in the conditions of inter-
action between the physical and chemical agents of the atmosphere,
hydrosphere, and biosphere.

After their formation, both the endogenous and exogenous mineral
masses undergo transformations under conditions of altered environ-
ment (metamorphism). Particularly profound transformations, both
in composition and structure, occur in the course of regional metamor-
phism when the rock masses and the associated deposits are moved by
tectonic dislocations from their zone of formation to the deeper zones
of the earth’s crust.

ENDOGENOUS PROCESSES OF MINERAL FORMATION

Modern knowledge of endogenous processes is based on the concepts
of the activity of magmatic hearths or chambers situated in the lower
parts of the earth’s crust. These processes occur at great depths, and
cannot be observed directly. Only in the vicinity of active volcanoes
can we obtain certain data indicating the nature of the processes occur-
ring in the interior of the earth. Moreover, knowledge of the composition,
structural features, occurrence, and interrelation of various igneous
rocks and mineral deposits spatially associated with them enables
some idea to be formed (in agreement with the physico-chemical laws)
of the dependences governing the endogenous processes of mineral for-
mation.

According to this concept magmas are silicate melts of complex com-
position containing also some volatile constituents.

When for some reason or other large masses of magma fail to reach
the surface, they cool slowly in the upper part of the earth’s crust under
high external pressure. At the same time magma differentiation takes
place, and its products crystallise into different igneous silicate rocks.
In the course of these processes heavy metals (Sn, W, Mo, Au, Ag, Pb,
Zn, Cu, etc.) which are present in the magma in negligible quantities,
and volatile constituents (H,0, S, F, Cl, B, etc.) combine into readily
soluble compounds, and on crystallisation of the magma, concentrate
in the upper parts of the magmatic hearths. Sometimes the metals take
part in the formation of residual silicate solutions the crystallisation of
which gives rise to pegmatites containing minerals with F, B, Be, Li,
Zr, occasionally with rare-earth elements. In other instances they ema-
nate from the magmatic hearth in the form of gaseous products which
have vigorous contact effects on the enclosing rocks with which they
react chemically. Finally, as aqueous solutions (hydrotherms) they are
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carried through fissures into the roof of magmatic masses, where they
often form rich deposits of metalliferous economic minerals.

Only a few heavy metals remain in the magma, and in the course of
differentiation, concentrate in some of the rocks within the magmatic
masses.

When the magma erupts to the surface as lava, the volatile con-
stituents escape into the atmosphere.

In accordance with the above sequence of development of the mag-
matic cycle, the following stages of endogenous processes of mineral for-
mation are distinguished: (1) the magmatic stage proper; (2) the peg-
matitic stage, and (3) the pneumatolytic-hydrothermal stage.

1. Magmatic processes had occurred during all geological eras and
have given rise to tremendous masses of igneous rocks.

According to the conditions of their formation these rocks fall into
two principal groups: (a) effusive (extrusive), i.e., those that reached
the earth’s surface as lava or rapidly solidified in direct proximity to
the surface under low external pressure, and (b) intrusive, i.e., those
that solidified at great depths under high pressure in the form of large
mushroom-like, sheet-like or irregularly shaped blocks. Effusive rocks
solidify rapidly, before crystallisation is completed and therefore contain
varying quantities of volcanic glass. Often (in vesicular lavas) they also
contain numerous spherical cavities formed through the evolution of
gaseous products upon a sharp decrease in the external pressure. Intru-
sives, on the other hand, are holocrystalline (completely crystallised)
rocks.

Magmatic differentiation, as was stated earlier, gives rise to rocks
differing in chemical and mineral composition as well as in specific grav-
ity. Depending on the content of silica and other constituents, igne-
ous rocks are classed as:

(a) ultrabasic, rich in MgO and FeO, but poorest in SiO (<45%),
e.g., dunites, pyroxenites in intrusive complexes, and pycrites in
effusive complexes

(b) bastc, richer in Si0, (45-55%), rich in Al,O; and CaO, but poor-

er in MgO and F e0, e.g., gabbro and norites in intrusive complexes
and basalts and diabases in effusive complexes;

(c) intermediate acidity rocks, SiO, content (55-659%,), poorer in
Ca0, but richerin alkalis: diorites, quartz dioritesin intrusive complexes,
and porphyrites, andesites, etc., in effusive complexes;

(d) acid, rich in SiO, (> 65 %), still richer in alkalis, but poorer com-
pared with the preceding ones in CaO, FeO, and MgO: granodiorites,
granites, etc., in intrusive complexes, and hpamtes, quartz porphyrys,
etc., in effusive complexes.

Figure 50 shows graphically the difference in the content of certain
oxides in the principal igneous intrusive rocks (ultrabasic, basic, inter-
mediate, and acid).

Somewhat apart stands the family of quartzless nepheline syenites
(about 55 per cent of Si0,), which are richer in alkalis and Al,O; than
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granites, as well as of phonolites, leucitophyres, and other effusive
complexes.

In a number of intrusive blocks where the differentiation of the
magma was more complete, acid rocks are found at the top, while the
ultrabasic and basic rocks, whose specific gravity is higher, in the deeper
parts of the blocks.
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Fig. 50. Graph of chemical composition of principal
intrusive igneous rocks.

Ore deposits of magmatic origin are found only in ultrabasic and
basic igneous rocks. This includes deposits of Cr, Pt, and other metals
of the platinum group, as well as Cu, Ni, Co, Fe, Ti, etc.

Alkali-rich intrusives (nepheline-syenites) may be associated with
deposits of rare earths, such as columbium, tantalum, titanium, zir-
conium, and non- _metallic mineral deposits, e.g., phosphorus (apatlte),
aluminiferous rock (nepheline), etc.

2. Pegmatite-forming processes take place in the upper marginal
parts of deep-seated magmatic blocks (several kilometres from the sur-
face of the earth) where external pressure is high enough to keep in
solution the volatile magma constituents, which react with the earlier
crystallised rock.

Pegmatites as geological bodies* occur as veins or irregularly-shaped
deposits, occasionally as stocks distinguished by unusually coarse-

* This concept of pegmatite should not be confused with the purely structural
idea of “pegmatite” which is a regular intergrowth of quartz and feldspar in a
definite quantitative ratio (“graphic granite”, “jewstone”). Such forms occur for
the most part in granitic pegmatites.
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grained texture of the mineral aggregates. The pegmatite veins may be
several metres thick, and on the strike they generally extend for tens,
more rarely for a few hundred metres. For the most part pegmatite
bodies are enclosed in the parent igneous rocks, but sometimes occur
in the form of vein-like bodies in the invaded rocks.
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Fig. 51. Structure of the Murzinka pegmatite dike.
1 —granite; 2 —aplite zonc; 3 —graphic granite; 4 —coarse-

crystalline masses of feldspar and quartz; 5 —vug (cavity with
crystal druses).

It should be pointed out that pegmatite formations are found in
intrusive rocks of most diverse composition, from ultrabasic to acid.
Most commonly, however, pegmatites occur in acid and alkaline rocks.
Those found in basic rocks are of no commercial importance.

In composition, pegmatites differ very little from parent rocks,
being composed mainly of the same rock-forming minerals. Only minor
(quantitatively) minerals which are not found in every type of pegma-
tites substantially differ in composition, since they contain valuable
rare chemical elements often in association with minerals containing
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volatile constituents. Thus, besides the principal rock-forming minerals
(feldspar, quartz, micas) granitic pegmatites contain minerals of fluo-
rine and boron (topaz, tourmaline), beryllium (beryl), lithium (lithium
micas), occasionally rare-earth minerals, columbium, tantalum, tin,
tungsten, etc.

Many pegmatite formations show a zonal structure and rather reg-
ular distribution of minerals. For instance, in the pegmatites of the
Murzinka area in the Urals (Fig. 51) the outer pegmatite zones at the
contact with the enclosing granites are composed of light-coloured close-
grained rock (aplite). Towards the centre, they are replaced by “graph-
ic granite” zones (intergrown quartz and feldspar) followed by zones
of coarse-crystalline feldspar and quartz. In the central zone of the
pegmatite vein there are cavities (“bags”) whose walls are lined with
druses of large, well-formed crystals of rock crystal, topaz, and other
gemstones.

The pegmatites which penetrate into intrusives very rich in alkali
earths (MgO, CaO) sharply differ in mineral composition from pegma-
tites in the parent rocks. In that case, mineral paragenesis gives an
indication of the vigorous reactions that have taken place between the
solutions and the enclosing rocks. In such cases there are established
mineral associations in which not only the elements of the magma (Si,
Al, alkalis, etc.) take part but also the elements of wall rocks (MgO and
CaO) which, at the contact with the pegmatites, also undergo sharp
changes. Such pegmatites are referred to by A.Y. Fersman as “hybrid”
pegmatites, as opposed to “pure-bred” pegmatites discussed above.

The origin of pegmatites has not yet been completely deciphered.
According to A.Y. Fersman, they are the product of crystallisation of
residual melts enriched in volatiles. Recently Soviet scientist A.N.
Zavaritsky, proceeding from physico-chemical considerations, suggest-
ed the possibility of formation of coarse-crystalline masses through
crystallisation of parent rocks under the influence of gases accumulat-
ing in the residue of the crystallisation of the magma. However, in
all cases the pegmatites are formed towards the end of the magmatic
process proper and, as such, occupy an intermediate position between
plutonic magmatic rocks and hydrothermal ore deposits.

3. Pneumatolytic-hydrothermal processes are essentially postmag-
matic, i.e., they occur when the main process of magma crystallisation
in a deep _seated block is over in the main.

Pneumatolysis (pneuma is the Greek for gas) may occur when melts
saturated with volatile constituents, crystallise under the conditions
of relief of external pressure. Therefore at a certain pressure the resid-
ual melt boils up, as it were, passing into gas which interacts with the
formed earlier solid minerals. In other words, there occurs the process
of sublimation. Processes of this kind occur when magmas solidify at
great or medium depths.

In this case the volatiles chemically react with the enclosing rocks,
which gives rise to contact metamorphism. This is accompanied by chem-
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ical reactions in the wall rocks (the roof) impregnated with solutions.
The degree of metamorphism and the composition of the resulting
products depend not so much on temperature, as on the chemical activ-
ity of the solutions and the composition of the rocks with which they
react. The most profound changes are observed in limestones and other

F+ + + +
w7l + + + 4+ 4+
Vif/

Ay + + + 4
/ + o+ s
5%

/ L A
+ o+ o+ o+ W
7 ) LN IR AN
+ Qo+ o+
+ 0+ HQF + o+ 4
2 5 M T S N
L LV L B AR
+ 4+ + o+ o+ o+ 4
+ 0+ + + 4+ 4
+ +t + + + o+t

Fig. 62. Section of a contact-metasomatic deposit.
Ore bodies (magnetite ores) are shown black.

calcareous rocks contacting the magmatic masses. Chemical reactions,
involving the mechanism of replacement or metasomatosis, give rise to
so-called skarns (Fig. 52) which are mainly composed of silicates of
Ca, Fe, Al, etc. Their chemical composition indicates that skarns have
derived both from the wall rocks (limestones, dolomites, etc.) and the
magma constituents. It should be noted that the intrusives which have
already solidified by the time the process under consideration takes
place, also alter along the contact. In this process the minerals of mag-
matic rocks are replaced by new formations whose composition shows
that an influx of elements (Ca, Mg) from the carbonate strata had
taken place. Skarns are often associated with deposits (Fig. 52) of iron,
occasionally of tungsten, molybdenum, and other metals.

When the magmas erupt to the earth’s surface, enormous quantities
of volatiles are discharged into the atmosphere. However, in the fissures
of cold lavas, on the walls of volcano craters, and in other enclosing
rocks one often observes sublimation products such as native sulphur,
ammonium chloride, borates, etc. Some metasomatic reactions are also
observed, but they are less pronounced than in the previous case.*

Hydrothermal processes occurring at great depth develop in the roof,
at some distance from the direct contact with igneous rocks. The resid-
ual vaporous solutions which move through a network of fissures
developing in the roof of the magmatic hearths in the course of mag-

* These processes of mineral formation of course cannot be classed with pneu-
matolytic processes proper, since they occur at very low external pressure.
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matic intrusion (Fig. 53) gradually-condense into hot aqueous solutions
or hydrothermas.

Conditions for hydrothermal processes are most favourable at low
and medium depths (3 to 5 km) from the surface of the earth. The major-
ity of hydrothermal formations are spatially and genetically associ-

ated with acid intrusive rocks

Hg BaSOy | As (granites, grandiorites, etc.).
50?/5‘102 lmrz ( The range of circulation of
CaGls Baso/ the solution extends some-

‘ Ag 3102 / times from the upper parts

of magmatic hearth right to

\} ' 0“303 the earth’s surface. In areas

\ of recent volcanic activity

) one still finds hot mineralised

springs depositing siliceous

material with substantial

amounts of sulphides of Hg,
Sb, As, Pb, Cu, etc.

Farther away from the
magmatic hearth, the hydro-
thermal solutions enter an
environment which is grad-
ually enriched in oxygen.

LT At the same time there 1s a

decrease in external pressure

Fig. 53. General diagram of hydrothermal and temperature, the latter

formations. -diminishing from approxi-

Crosses denote igneous rocks. mately 400° to a few tens

of degrees. These factors,

naturally, influence the course of chemical reactions and the mineral

composition of the hydrothermal solutions. By the token of the pre-

vailing mineral associations, these formations are tentatively classi-

fied as high-, medium-, and low-temperature ones. This does not

mean, of course, that high-temperature formations cannot be found

among mineral associations crystallising at lower temperatures.

Even in pegmatites and contact-metamorphic formations there are

invariably found lower-temperature minerals of hydrothermal origin.

These, however, reflect the final stages of the process of mineral depo-
sition which began at high temperatures.

The formation of hydrothermal solutions continues for a very long
time, evidently as long as the magmatic hearth exists. Soviet scientist
S.S. Smirnov deduced from an analysis of the correlation of different
deposits forming a single ore complex that the movement of the miner-
alising solutions must have been intermittent due to repeated resump-
tion of fracturing processes. This is borne out by the frequent in-
dications of superimposition of later mineralisation stages on earlier
ones.

124



The shape of the mineral bodies depends on the configuration of the
cavities filled by them and, to some extent, on the composition of the
rocks through which the solutions had circulated. When fissures had
been filled, this results in interrupted veins (Fig. 54) the roots of which

Fzg 54 Senes of thm scheellte-bearmg quartz veins showing on
a scarp.

‘White at left—snow.

sometimes go down to the upper parts of the magmatic masses. Deposi-
tion of minerals in tiny pores and openings produces impregnations.
The passing of the solutions through chemically reactive rocks (e.g.,
limestones) gives rise to metasomatic deposits which often are irregularly
shaped. Should a solution suddenly encounter a large opening, the
sharp pressure relief causes intense evaporation of the solvent (water)
and hence, at least initially, considerable supersaturation of the solu-
tion and the precipitation of colloids. Indeed, metacolloidal formations
on the walls of veins are quite common, particularly when the proc-
esses were associated with shallow-seated intrusives. Also very common
are cavities lined with druses of different crystals.

The mineral composition of hydrothermal deposits is extremely
varied. The veins in the vast majority of cases are composed of quartz
containing diverse minerals, mostly metal sulphides. It should be noted
that it is hydrothermal deposits that produce most of the ores of rare
(W, Mo, Sn, Bi, Sb, As, Ng, sometimes Ni, and Co), non-ferrous (Cu, Pb,
Zn), precious (Au and Ab), and radioactive (U, Ra, Th) metals.



EXOGENOUS PROCESSES OF MINERAL FORMATION

Processes occurring on the earth’s surface which derive their energy
from the heat of the sun are more accessible to observation than endo-
genous processes.

On dry land, atmospheric agents (oxygen, carbon dioxide, water)
and bacterial act1v1ty give rise to a powerful chemical process known

Fig. 55. Section of a sulphide deposit outcropping to the
daylight surface.

1 —primary copper-sulphide ores; 2 —gossan; 3 —zone of second-
ary copper enrichment (black).

by the general name of weathering. It consists in the physical and chem-
ical disintegration of everything that had been formed by the endo-
genous processes and at the same time gives rise to products which are
stable in the new conditions on the surface of the earth.

In part, these products are transported by running surface waters
either in solution or in suspension and deposited wherever the current
becomes more sluggish, in river valleys, or in lacustrine and marine
basins. The latter become the site of specific processes of mineral for-
mation resulting in the deposition of sediments in the form of beds on
the bottom of the basins. This is known as the sedimentary process.

1. Weathering in the first place takes the form of mechanical de-
struction of rocks and ores caused by temperature fluctuations, aswell
as by the action of water freezing in cracks and pores, and by other fac-
tors. All this results in the disintegration of rock and ore minerals
which possess different expansion factors. Much more important, how-
ever, is the chemical weathering of minerals by rain and surface waters
which contain dissolved oxygen, carbon dioxide and other gases, and
therefore possess rather strong oxidising and dissolving properties.
Percolating to the ground water table (Fig. 55), these waters gradually
lose their oxygen in the course of reactions of oxidation, hydration, and
carbonation.

The leaching-out of the soluble compounds thus formed leads to
the formation of pores, caverns, and sometimes even great chambers
(karsts). The walls of such chambers are often covered with colloidal
sinter formations or crystal druses of exogenous minerals, or else may
be coated with earthy ochreous matter. Where intense leaching of
more or less readily soluble rocks takes place, the soil over them sags
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forming sinks and sometimes swallow holes. or even great caves (in
gypsum and limestone series).

Vegetation and various organic compounds which pass into solution
intensify considerably the chemical weathering of ores and rocks.

Chemically inert minerals (quartz, gold, platinum, etc.) and also
recent formations of low solubility accumulate in the residual products
at the surface in the form of clayey masses of different light and dark
shades, but most often stained brown by iron hydroxides.

Accumulating at or near the surface, the insoluble products of
chemical weathering form the so-called residual deposits composed pre-
dominantly of hydroxides and hydrosilicates. Examples are the numer-
ous deposits of clays, kaolins, and bauxites, as well as of iron, nickel,
and other ores, formed in the course of intense disintegration of rocks
of corresponding composition. These deposits have a vast areal extent.

The chemical weathering of economic mineral deposits gives rise to
residual formations called caps (iron, manganese, gypsum, and others).
In the case of iron, they are known as iron hats or gossans. Because cer-
tain constituents are leached out, the concentration of residual econom-
ic minerals in these caps is generally much higher than in the unde-
composed primary ores, i.e., those lying below the ground-water table.
It should be noted that the leached-out metals, especially copper, and
also silver and zinc which percolate in aqueous solutions down to the
lower part of the zone of oxidation, i.e., to the ground-water table,
react with primary ores or with the chemically active wall rocks (lime-
stones). Thus, a zone of secondary sulphide enrichment with a much high-
er concentration of copper in the ores (Fig. 55) develops in copper-
sulphide deposits.

Climatic factors (mean annual temperatures and precipitation) great-
ly affect chemical weathering. Low humidity and high mean annual
temperatures accelerate the oxidation and concentration of chemical
compounds. Topography is also an important factor. In mountainous
regions intense erosion carries away the products of chemical weather-
ing before they can form large accumulations. A different picture is
observed in flat country.

The deposits formed by weathering commonly have somewhat irreg-
ular pocket- or sheet-like shapes which are more or less parallel to the
daylight surface. Along large fissures, zones of crushing, and the con-
tacts of physically and chemically different rocks, i.e., where the sur-
face weathering agents penetrate to greater depth, steep ore bodies of
surface origin, pinching out with depth, may develop.

9. Sedimentary processes occur in aqueous environment: rivers,
lakes, and seas. In sea basins these processes through geologic time
gave rise to the formation of series of sedimentary rocks of enormous
thickness. Sedimentary rocks may be divided into mechanical and chem-
ical.

Mechanical sediments are formed as a result of the erosion of the
weathering products and the re-deposition by running water of the
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chemically inert minerals and rock fragments such as pebbles, gravels,
sands and sand clays in river valleys and aquatic basins. If the eroded
products of weathering contain chemically inert valuable minerals,
they are re-washed and redistributed in river valleys in accordance

Fug. 56. Sectional view of a platinum placer.

a —bedrock outcrops; b —platinum-bearing gravels; c —layered bench gravels;
d —clays covered with vegetation.
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with their specific gravity, forming placer deposits which often are of
commercial importance (Fig. 56). Such are the gold, platinum, diamond,
and some other placers.

No new minerals are formed in the process of accumulation of me-
chanical sediments. Only in the case of ancient placers does one observe
later chemical alterations in the clastic material.

Chemical sediments are mostly limited to lacustrine and marine
basins. They are formed by crystallisation of saturated salt solutions,
by deposition of coagulating colloids in the form of gels, and finally,
by accumulation of the products of activity of the organic kingdom
and of the organic remains themselves.

(1) The formation of crystalline sediments occurs in many drying
lakes in regions with an arid and hot climate where surface evaporation
prevails over influx of fresh water.

Crystallisation begins at a certain supersaturation of the aqueous
solutions. The order of the segregation of minerals with progressive
evaporation of water depends on the two main factors of the equilib-
rium of the system: the composition of the solutions or, to be more pre-
cise, the ratio of concentration of the components forming the system,
and the temperature of the solutions at which crystallisation takes
place. The equilibrium conditions of sulphates and chlorides of Ca, Mg,
K, and Na in sea water have been thoroughly investigated for different
concentrations and temperatures by N.S. Kurnakov and many others.

(2) The formation of colloidal sediments in lacustrine and marine
basins is much more complex, and some of its aspects are still obscure.
Thus, certain compounds which result from weathering are transport-
ed by running water, not only in true solutions but also in colloidal
solutions or sols which are stable in fresh water. When these solutions
are transported by surface watersinto marine basins, they are coagulat-
ed by the abundant electrolytes present in sea water in the form of
ions of the dissolved salts. This is the case with colloidal solutions of
iron, manganese, silica, and other oxides.

The gels, thus formed, together with the clayey and fine detrital
particles brought by fluvial waters as well as the remains of marine
life are deposited at the bottom of the near-shore zone, either as inter-
calations or thicker and more regular beds. With time, these sediments
undergo alteration (diagenesis) turning into compact masses.

Sedimentary manganese deposits offer a good example of the depend-
ences governing the alteration of paragenetic associations of minerals
due to the physico-chemical conditions in which the sediments are
formed at the bottom of basins. Tetravalent manganese compounds
which are the richest in oxygen are prevalent in shallow near-shore
zones. Farther away from the coast they are replaced by divalent man-
ganese carbonates accompanied by rare iron sulphides. Sedimentation
in the shallow zones apparently took place in the presence of the
oxygen, which down to a certain depth is dissolved in sea water, whereas
in the deeper zones, in conditions of oxygen deficiency, the carbonates
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and the accompanying sulphides apparently formed through the action
of carbon dioxide and some hydrogen sulphide evolved in the course of
decomposition of organic remains. Hence there emerge the so-called
facies of ores of different composition (oxides and carbonates). A simi-
lar relationship between sediments of different composition apparently
exists in deposits of iron ores, for which facies of oxides, silicates, and
carbonates have long been known.

Fig. 57. Outcrops of horizontally-stratified Tertiary sedimentary rocks with a
horizon of calcareous clays, marls rich in remains of algae and coquina, interca-
lated with gypsum and native sulphur.

As to the processes occurring in deeper parts of marine basins and

oceans, our knowledge is still very scarce.

(3) Organogenic or biogenic sediments which are formed as a result of
a very complex hiological process include limestones consisting of skel-
etons of marine animals, diatomites consisting of siliceous skeletons
of diatoms, and caustobioliths (caustos means combustible in Greek)
formed chiefly from vegetal and partly from animal organisms (fossil
coals, shales, oils, combustible gases, solid bitumens, etc.).

Organogenic sediments may develop through the accumulation of
the skeletons of dead animals (coquina) or from the tissues of higher
or lower plants (peat, sapropel). They also may result from the life
activity of the organisms themselves, e.g., the decomposition by ana-
erobic bacteria of organic remains or sulphates, giving rise to sulphur
deposits (Fig. 57). Finally, laboratory experiments with ferrobacteria
have shown that the latter may give rise to nodular formations.

On subsequent transformation, some of these sediments turn into
inorganic products (limestones, phosphorites), while others remain

organic (coals, etc.).



REGIONAL METAMORPHISM AND RELATED MINERAL FORMATION
PROCESSES

The most profound changes both in endogenous and exogenous
formations occur in the process of so-called regional metamorphism
when as a result of tectonic displacement whole areas of the upper parts
of the earth’s crust sink to great depths, finding themselves in the
conditions of high temperatures and pressures or the conditions of
powerful orogenic processes.

In this new environment, the mineral and chemical composition,
physical properties and external appearance of the rocks and ores un-
dergo substantial alteration. Exogenous water-rich compounds become
partially or completely dehydrated, (e.g., opal changes to quartz, lim-
onite to hematite or magnetite, etc.). This is accompanied by recrys-
tallisation (organogenic limestone, for instance, turns into marble with
the obliteration of its former structural characteristics). In many rocks,
including igneous ones, a complete rearrangement of the constituents
occurs with the formation of new minerals. Some minerals, for instance,
gypsum, native sulphur and rock salt never occur in metamorphic
series. Under the action of high temperature and pressure, chemical
reactions tend to produce minerals of smaller volume and higher spe-
cific gravity. Mineral paragenesis depends not only on the composition
of the rocks undergoing metamorphism but also to a large extent on
the depth at which this occurs, i.e., on the thermodynamic conditions.

The rocks themselves under high dynamic stress change to schists
(Fig. 58) which readily split into plates (clay shales, slates, mica schists,
gneisses, etc.). If metamorphism affects finely laminated sedimentary
rocks so that the stress applied roughly coincides with the direction
of lamination, the laminations will be crumpled into numerous fine
folds as is shown in Fig. 59.

There is no doubt that such constituents as H,0, CO,, and other mi-
neralisers which promote not only recrystallisation, but metasomatosis
and even re-deposition of the minerals play a large part in the rear-
rangement of mineral matter. In this case H,O and CO, originate either
from magmatic rocks or rocks undergoing metamorphism. Some,
especially sedimentary rocks, in the course of their recrystallisation
into aggregates of anhydrous minerals should release large quantities of
water and some carbon dioxide. Under high temperatures and pres-
sures, the metamorphic water should acquire all the properties charac-
teristic of hydrothermas which are genetically associated with mag-
matic intrusion, i.e., higher dissolving capacity and ability to carry and
re-depose minerals either along fissures or through metasomatosis.
This, however, does not exclude the possibility of the impregnation of
metamorphosed rocks with magmatic water vapours, especially in
regions of great intrusions of acid igneous rocks.

Among economic mineral deposits occurring in metamorphosed
rocks the following genetic types are identified: (a) metamorphosed
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deposits which existed before metamorphism began (e.g., sedimentary
deposits of iron and manganese), and (b) metamorphic deposits, i.e.,
those produced in the metamorphic process.

Fig. 59. Plicated thinly-lamellar quartz-magnetite rock.
14 natural size.

The latter type is exemplified in the formation of graphite in meta-
morphic rocks from organic remains. Sometimes cryptocrystalline
graphite is found, bearing the imprints of plants deriving from coal
seams (in metamorphic series of the eastern slope of the Urals moun-
tains). The graphite, in this case, is no longer a combustible substance
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due to a radical change in its original properties and the loss of its
volatile constituents.

This genetic type also includes the so-called Alpine clefts (the name
referring to the place of its discovery) which are very interesting min-
eralogically. The veins have long since attracted the interest of min-
eralogists because of the beautiful druses of crystals of different min-
erals found in them. They are associated with fissures in metamorphic

Fig. 60. Diagrammatic structure of Alpine clefts.

rocks, usually across the bedding plane (Fig. 60). The important fea-
ture of their composition is that the minerals crystallising in them are
exactly the same as those which form in the course of metamorphism
in the enclosing rocks. They are also found in approximately the same
quantitative ratio. Only the more soluble rare minerals containing Ti,
P, Cl and B are present in fissures in greater quantities than in the wall
rocks. Another important feature is that these fissures generally do not
contain chemical elements or minerals that might point to any genet-
ical relationship with the hydrothermal activity of acid magma in-
trusions (e.g., minerals of gold, silver, lead, zinc, antimony, tin and tung-
sten), although the possibility is not excluded that magmatic water
too takes part in these processes.

Thin cracks in metamorphic rocks are completely filled with min-
eral matter, examples being the veins of white calcite in grey limestones,
of milk-white quartz in red jaspers, etc. It should be noted that the
crystal grains in these veinlets are always larger than those in the host
rock.






Part Two

CLASSIFICATION OF MINERALS

Principles. During the past five or six decades all the leading text-
books and handbooks on mineralogy have generally adhered to the
chemical classification of minerals based on Mendeleyev’s periodic law.

For this reason, the basic division of all minerals into classes, accord-
ing to the types of chemical compounds, with slight variations, has
become fundamental in the modern classification of minerals. But the
subdivision of classes into subclasses and groups of minerals has
changed essentially, especially in the last 30-35 years, due to out-
standing advances in the study of crystalline substances.

X-ray structural analysis of crystals on the basis of Y.S. Fyodorov’s
230 regular arrangements of points in space has proved the existence
of an interrelation between chemical composition and crystal struc-
ture, and this has led to the more accurate determination of the chem-
ical formulas of many complex compounds. In this way it has been
established that such compounds as the minerals of the spinel group,
titanates, and columbates-tantalates heretofore regarded as separate
classes, are actually complex oxides. Similarly our concepts of the
chemical nature of silicates underwent profound change when com-
plex anions of most diverse form and structure were found within their
crystal structures.

These advances have led to the discovery of a functional dependence
of not only the external shape of the crystals, but also of their optical,
electrical, and mechanical (hardness, cleavage, elasticity) properties
on the specific features of their crystal structure. These properties of
minerals proved to be functionally related both to the spatial arrange-
ment of the structural units (ions, atoms, molecules) at a definite ratio
between their sizes, and on the type of bonding between them, as well
as the properties of the ions and atoms themselves determined by their
position in the periodic table and, therefore, by their structure.

Furthermore, a knowledge of the dependences governing the com-
binations of chemical elements in the course of the formation of miner-
als has deepened our understanding of mineral genesis. This knowledge
also helped to understand the sequence and order of the “selection”
and combination of particular ions in the course of the formation of
crystals segregating from a solution or melt, depending on the physico-
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chemical factors of the equilibrium of the system (temperature, pres-
sure, and the concentration of the chemical components). In this way
it is also possible to account for the regularities in the distribution of
the chemical elements and types of chemical compounds in various
successive magmatic products (igneous rocks, pegmatites, hydrother-
mal formations) or in the products of exogenous processes which result
in the formation of the crust of weathering and of chemical sediments
in aqueous basins.

All this indicates that a new page is opening in the history of miner-
alogy. It is no longer possible to understand the properties of minerals
out of context of chemical composition and without analysing their
crystal structures. And vice versa, even when we do not know yet the
crystal structure of a mineral, we may, on the basis of its physical and
chemical properties, form an idea of the particular structural type of
compound to which it belongs.

Therefore, the classtfication of minerals should be crystallochemical
and based on the knowledge of the interrelationship of all the properties of
natural chemical compounds and their chemical composition and crystal
structure.

The principles of mineral classification adopted in this textbook
may be summarised as follows.

All natural formations comprising the subject of mineralogy, as
well as artificial substances in chemistry, are divided into two big
independent groups:

(i) inorganic minerals which, apart from rarely occurring native
elements, include natural compounds (except organic compounds) of
all the chemical elements;

(ii) organic minerals comprising diverse compounds of carbon (ex-
cept carbonates and carbides which are classed with the inorganic
compounds).

Organic compounds, as known, differ materially from inorganic
compounds not only in chemical properties but also in crystal struc-
ture and the type of bonding between the structural units. While the
present state of knowledge of inorganic minerals is quite advanced, the
mineralogy of organic minerals is almost rudimentary.

Twenty years ago such natural substances as peats, coals, lignites,
resins and petroleum were regarded as independent minerals. How-
ever, recent investigations, particularly of solid inorganic substances,
by means of new techniques established beyond doubt that these sub-
stances are nothing but widely heterogeneous mixtures of a number of
organic minerals the true nature of which has only now become the
object of study.

The classification of inorganic mineralsis based on the following prin-
ciples. Since minerals are basically crystalline products of chemical
reactions, for our purposes it is best to classify them according to chem-
ical composition and crystal structure. It is these features that are
related to the most important chemical and physical properties by

186



which minerals are identified and the conditions of their formation de-
termined.

All the minerals of inorganic nature are first divided by the chem-
ical criterion into large classes which differ in the type of chemical com-
pound and in the type of chemical bonding between the structural units.

A special position is held by native elements, mostly metals, with the
characteristic metallic bonding between the atoms. Intermetallic
salt-like compounds are also classified with these.

An independent division is formed by sulphides and similar com-
pounds, which with regard to a number of their properties occupy an
intermediate position between typical metals and compounds with
ionic bonding. The so-called sulphosalts, about which little is known
structurally, tentatively are put into this division.

Next comes a characteristic type of chemical compounds with typ-
ically ionic bonding, the kalides, i.e., compounds of metals with fluo-
rine, chlorine, bromine, and iodine.

These are followed by oxides and hydroxides (simple and complex
compounds of metals with oxygen or a hydroxyl).

Finally, there is the class comprising numerous salts of oxygen acids,
1.e., compounds of metallic cations with different oxygen-containing
complex anions.

According to the type of anions, some of these divisions must be fur-
ther divided into classes and subclasses. The latter are further subdivided
into groups by the token of similarity of crystal structure and specific
chemical features which, in the main, depend on the cations entering
into their composition.

Thus, a classification of inorganic minerals may be presented as
follows (without subdivision into groups):

Division I. Native elements and intermetallic compounds.

Division I1. Carbides, nitrides, and phosphides*.

Division I11. Sulphides, sulphosalts, and similar compounds.
Class 1. Simple and binary sulphides and similar compounds.
Class 2. Sulphosalts.

Division IV. Halides.

Class 1. Fluorides.
Class 2. Chlorides, bromides, and iodides.

Division V. Oxides.
Class 1. Simple and complex oxides.
Class 2. Hydroxides. )
Division VI. Oxygen Salts.
Class 1. Iodates*.
Class 2. Nitrates.
Class 3. Carbonates.

* These compounds are not considered in the present course.
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Class 4. Sulphates and selenates.

Class 5. Chromates.

Class 6. Molybdates and tungstates.

Class 7. Phosphates, arsenates, and vanadates.

Class 8. Arsenites*.

Class 9. Borates.

Class 10. Silicates.
A. Silicates with isolated tetrahedra of the SiO, anion.
B. Silicates with isolated groups of SiO, tetrahedra.
C. Silicates with continuous chains of SiO, tetrahedra.
D. Silicates with continuous sheets of SiO, tetrahedra.
E. Silicates with continuous three-dimensional networks

of SiO, and AlO, tetrahedra.

To avoid repetition, the dependence of the main properties of min-
erals on composition and crystal structure will be given in the introduc-
tions to each respective division, class, subclass, and group, inasmuch
as it is this dependence that serves as a basis for classifying them. In
describing separate minerals, only those additional properties will be
given which depend on their particular structure and composition.

Mineral species and varieties. The basic classification unit of natural
chemical compounds is a mineral species generally possessing a definite
chemical composition and a definite crystal structure.

Thus, polymorphous modifications of one and the same crystal sub-
stance constitute separate mineral species (graphite and diamond,
a-sulphur and S-sulphur).

When two isostructural substances form a continuous series of solid
solutions (e.g., Au—Ag, MnWO,—FeWO,, NaSi;Al0;—CaSi,Al,0,),
physico-chemically we have a single phase. In mineralogical practice,
however, it is customary to designate by several names not only the
end members of the series but also the intermediate forms of an iso-
morphous series (for instance, gold—electrum—silver; huebnerite—
wolframite—ferberite;  albite—oligoclase—andesine—labradorite—
bytownite—anorthite).

What is meant by varieties are minerals which are either identical
or almost identical in crystal structure, and only slightly differ in:

(1) chemical composition, one of the chemical constituents of the
mineral being isomorphously replaced in part by another constituent;
e.g., cobalt-pyrite, (Fe, Co)S,, a variety of pyrite which may be dis-
tmgmshed from the latter only by chemical analysis;

(2) certain physical properties, though the minerals are exactly the
same in regard to composition and structure; e.g., amethyst differs from
colourless quartz by its violet colour; or a sooty variety of pyrolusite
(MnO,) which differs from its crystalline individuals (polyanite) only
in the degree of dispersion and in false low hardness;

* These compounds are not considered in the present course.
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(3) both in composition and physical properties, e.g., a strongly
ferruginous variety of sphalerite (ZnS) differs from the common light-
coloured species by being almost black, and in certain other fea-
tures.

Each mineral species of a definite chemical composition has a name
of its own. The majority of polymorphous modifications also have either
specific names or the same name prefixed by Greek letters, «, 8, 7. . ..
As to mineral varieties, formerly it had been the custom to give them
separate names, even when the difference in composition was neglig-
ible. By now many of these names have been abandoned, the only
exceptions being gemstones (emerald, ruby, sapphire, amethyst citrine,
morion, etc.). Mineral varieties differing in composition are usually
called by the names of their species with either an adjective or a prefix
indicating some of their properties (magnesiomagnetite, strontium-
aragonite).



Section 1

NATIVE ELEMENTS
AND INTERMETALLIC COMPOUNDS

General. Thirty-odd native elements mostly metals are found in
the earth’s crust. Also classed with these are a number of gases and very
few elements occurring in the liquid state (mercury and some amal-
gams).

The total weight of the native elements in the earth’s crust is very
small (less than 0.1 per cent of the total mass). Of this about 0.04 per
cent falls to the share of nitrogen and 0.01 to 0.02 per cent to the share
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Fig. 61. Elements occurring native (bold and medium type).

of oxygen. The remainder of the native elements therefore constitute
not more than 0.05 per cent. They are represented by hydrogen, argon,
helium, carbon, sulphur, gold, elements of the platinum group, copper,
and bismuth.

Some chemical elements are found in nature almost exclusively in
the native state, and are called roble elements. In the table (Fig. 61)
they are shown bold type.

In the first place these are the noble gases He, Ne, Ar, Kr, Xe, and
Rn outstanding for their chemical inertness, i.e., inability to form com-
pounds with oxygen, hydrogen, and other elements. This property of
the noble gases is explained by the fact that their atoms have stable
outer shells of two or eight electrons.
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A special position in the table is held by the group of noble metals
(Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au). These are found in the fifth and
sixth long periods of the periodic table. In these periods, the atomic
radii are almost identical in the vertical groups (the phenomenon
known as lanthanidic contraction of atomic volumes). This circumstance
plays a very important role in the chemical affinities of these ele-
ments in natural conditions, especially in the formation of isomorphous
mixtures of noble metals. The metals of the platinum group which
form solid solutions are always found together in deposits. The triads
of Fe, Co, and Ni in the composition of these minerals usually hold a
subordinated place. Isomorphism is even more pronounced in the case
of Au and Ag, but Cu rarely occurs in them in solid solution.

Of the other native metals found in the subperiods on the right-
hand side of the table, the so-called semimetals (As, Sb, and Bi) are the
most widespread. Despite some similarity in chemical properties, these
elements occur in nature in different conditions. Only arsenic and an-
timony occasionally form the intermetallic compound AsSb.

Of the native nonmetals, free hydrogen containing impurities of
other gases, is often found in rocks and economic minerals. Nitrogen
and oxygen, as known, are the principal constituents of the atmosphere.
Carbon usually occurs in two modifications which differ in crystal struc-
ture. Native sulphur is for the most part the product of partial oxida-
tion of H,S and, less often, of the reduction of SO,, as well as of certain
sulphates and sulphur-rich organic compounds.

As many as 80 mineral species and varieties are classed under this
division by the criterion of their chemical composition. This greatly ex-
ceeds the number of their constituent elements. Some of the elements
occur in two or more polymorphous modifications (diamond, graphite,
a-sulphur, g-sulphur, etc.). Other elements which.occur in the native
state, may also form solid solutions with each other, e.g., electrum
(Au, Ag) and palladic platinum (Pt, Pd).

Also common are intermetallic compounds which have stoichiomet-
ric formulas and are distinguished by specific features of crystal struc-
ture (e.g., algodonite—CuzAs, stibiopalladinite—Pd4Sb, discrasite—
Ag,Sh, etc.). Along with compounds of a definite composition there
are others the composition of which is variable, e.g. (Pt, Ie), (Pt, Cu),
etc. The number of intermetallic compounds that are obtained artifi-
cially is truly enormous.

Crystal structure and the physical properties of minerals. Native ele-
ments occurring in the solid state have different crystal structures. As
far as the type of atomic linkage is concerned, predominant are the
most closely packed structures with metallic bonding, occasionally with
features of bonding which is transitional between heteropolar bonds and
van der Waals forces. Some essential common properties of native met-
als depend upon these characteristics.

Of all natural substances, native metals are the best conductors of
heat and electricity. When polished, all of them possess a strong me-
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tallic lustre, i.e., high reflecting power. The refractive indices on which
lustre depends are of the highest order. Only in the case of gold, silver
and copper are the refractive indices less than 1.0, but high enough to
make them highly reflective (Fig. 20). The indices of absorption of
light of these metals are also exceptionally high.

The overwhelming majority of native metals are silver- or tin-white.
The striking exceptions are gold and copper. These elements may dis-
play valencies higher than one would expect from their position in the
periodic table (CuCly, AuCl;). Probably the selective reflection of light
is caused by the specific features of the structure of the nuclei of these
elements.

Of all known minerals, native metals possess the highest specific
gravity (especially in the platinum group of minerals). Those metals
whose structure has a coordination number 12 and which have no di-
rective bonds, are highly malleable, have no clearly expressed cleavage
and their hardness is low. The only exception as far as hardness is con-
cerned is iridium and minerals containing a high proportion of iridium.

The malleability and plasticity of metals chiefly depend on the
number of directions to which the most closely-packed sheets are at
right angles. In media with cubic closest packing, there are four such
directions, whereas in the hexagonal structure there is only one. There-
fore, the metals with structures of cubic packing have greater plas-
ticity than those of hexagonal structure.

Owing to the lanthanidic contraction of atomic volumes, noble met-
als are more inert chemically. This is why gold and metals of the plati-
num group are widely distributed in valley placers.

The semimetallic group (arsenic, antimony, bismuth), whose cubic
structures are, so to speak, partially distorted, differ somewhat from
typical metals in physical properties. The smallest distortions in crystal
structure are observed in bismuth, which has the strongest lustre and
the lowest brittleness and hardness in this group. All the three metals
have common morphological features and cleavage directions, which
strictly follows from the specific features of their crystal structure.

The metalloids are entirely unlike typical metals in their crystal
structures and properties depending on them. They will be charac-
terised in detail in the descriptions of individual minerals.

1. GOLD GROUP

This group includes typical native metals, such as copper, silver,
and gold, and their varieties in terms of chemical composition.

Of these elements, gold occurs in nature mostly in the native state
and rarely in the form of tellurides. Silver frequently occurs in the form
of sulphides and halides. Copper in the native state occurs much more
rarely than in compounds with sulphur, oxygen and other elements.

All these metals crystallise in the cubic system, forming crystal
structures of the same type. Gold and silver, the unit cells of which are
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almost equal in size, form solid solutions, whereas copper, whose unit
cell is smaller, forms solid solutions with gold only at high tempera-
tures and these disintegrate on cooling. For the silver-copper system,
the limits of their solubility in one another are extremely narrow.

0 200

177

00

Fig. 62. Native copper  Fig. 63. Twins of native copper crystals, on {111}:
crystal. p {100}, a {111}, b* {101}, b* {201}. '

COPPER, Cu. Chemical composition. Usually chemically pure. Some-
times contains impurities: Fe (up to 2.5%,), Ag (often as inclusions of
nativesilver), Au, rarely as a 2-3%,
solid solution (auric copper).

System, cubic; symmetry, hexa-
octahedral 3L*L36L?9PC. Space
group Fm3m(0.°). a, = 3.6077.
Crystal structure of the simplest
type is a face-centred cube with
the closest packing of atoms. Cu
atoms aredistributed at the apexes
of the cube and at the centre of
each unit cell face. i

Habit. Regularly-shaped crys- «
tals arerare (Iig. 62). Chief forms: qd s
{100}, {111}, {110}. Penetration
twins occur on (111) (Fig. 63), F&
sometimes in the form of crystal- T&&
line dendrites (Fig.64). Aggregates. Sy
Irregular platy dendrites are ob-
served often. Less frequently there
are found whole plates formed :
in the course of exogenous proc-
esses in fissures in rocks. Solid
masses weighing as much as sev-
eral tons have been discovered
in the upper parts of deposits
(the oxidation zone).

Colour, typically copper-red, often tarnished. Streak, metallic,
shiny. Lustre, typically metallic.

Fig. 64. Native cobper dehdrite.
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Hardness, 2.5-3. Malleable. Hackly fracture. Cleavage, none. Specifie
gravity, 8.5-8.9. Other properties. Excellent conductor of electricity.
Conductivity 99.95 (100 for silver).

Diagnostic features. Easily recognised by its colour, malleability,
and high specific gravity. Fusible in the blowpipe flame (melting point
1080°). Readily soluble in dilute HNO,. Soluble with difficulty in HCI,
yielding copper chloride. Aqueous solution in ammonia is characteris-
tically blue in colour.

Genesis and occurrence. Native copper is formed in reducing con-
ditions in the course of different geological processes.

Typical Aydrothermal deposits of economic importance are very
rare. An example are the large native copper deposits in the region of
Lake Superior (Michigan, U.S.A.), where copper impregnations are
associated with zeolites, calcite and other minerals.

Native copper is often observed as microinclusions in basic igneous
rocks altered by hydrothermal processes, in which it may be the prod-
uct of decomposition of copper sulphides.

Native copper most often occurs in the lower parts of oxidised zones
of copper sulphide deposits, in association with cuprite (Cu,O), mala-
chite, occasionally chalcocite (Cu,S), and other copper minerals. It is
found as plates or irregular platy dendrites in fissures in host rock in
the immediate vicinity of the deposits. Huge tabular slabs of native
copperare exhibited at the Leningrad Mining Museum and the Moscow
Geological Institute. These came from some old mines in the Degelen
Hills (Kazakhstan) where masses weighing several tons had been found.

Copper also occurs in sedimentary rocks, mostly sandstones, as bind-
ing material between the sand particles, or as irregularly-shaped con-
cretions, occasionally associated with cuprite, malachite, azurite, etc.,
without an apparent association with primary copper deposits. The
genesis of such deposits still remains obscure. Of definite interest are
the accumulations of irregularly-shaped copper concretions in the
sandstones of the Naukat deposits in Central Asia.

Remarkable twins and dendrites from the upper levels of the well-
known Turya copper mines (Northern Urals) were descrlbed in 1837
by G. Roze.

Finally, there is the so-called cement copper (Fig. 65) which is found
precipitated on iron objects (cramps, bolts, rails, etc.) in abandoned
mine workings flooded with water carrying copper sulphates in solu-
tion. The ability of metallic iron to precipitate copper from solution
is used for obtaining the latter commercially. Iron filings are placed in
special concrete reservoirs which are periodically filled with cuprifer-
ous mine waters.

When exposed to oxygen, native copper oxydises on the surface. Ex-
posure to water and air results in the formation of hydrocarbonates
(malachite, azurite).

Pseudomorphs of native copper occur after cuprite, chalcocite,
and occasionally after organic remains (usually fragments of wood).
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Uses. The numerous uses of copper as a metal are well known (elec-
trical engineering, machine building, various instruments, utensils,
etc.). The process of extracting native copper from its ores is quite
simple (by gravity concentration). Therefore, such ores are regarded as
economic at much lower tenor than in the case of sulphide and oxidised
ores (down to 0.5 per cent for large deposits).

Fig. 65. Cement copper on an iron bolt.

SILVER, Ag. Native silver is not as common in nature as copper,
and incomparably rarer than gold.

Chemical composition. Apart from chemically pure silver, there are
varieties: kiistelite containing up to 109, and more of isomorphously ad-
" mixed gold, copper silver, dyscrasite, etc.

System, cubic; symmetry, hexoctahedral 3L%4L36L29PC. Space
group Fm3m(0}). a, = 4.0772. Crystal structure. Face-centred cube.
Habit. Regularly shaped crystals are rare. Forms {100}, {111}. Twins
on (111). Aggregates. Sometimes as typical pinnate dendrites (Fig. 66),
thin irregular plates and scales. Also typical are mossy, hair-like
(Fig. 67), and wire-like forms (Fig. 16). Most common are irregularly-
shaped grains, and larger nuggets.

Colour, silver-white on freshly broken surface. Often tarnished black.
Streak, metallic. Lustre, typically metallic.

Hardness, 2.5. Highly malleable. May be beaten into very thin
- sheets. Fracture, hackly. Cleavage, none. Specific gravity, 10.1-11.1.
Other properties. The best conductor of heat and electricity.

Diagnostic features. Recognisable by colour, typically hackly frac-
ture, malleability (easily scratched with the point of a knife), and by
specific gravity. Distinguished from platinum by lower hardness and
specific gravity. Argentite, Ag,S, a common accessory of native silver,
is darker, lead-grey or black in colour.
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Fusible in the blowpipe flame. Soluble in nitric acid giving on addi-
tion of hydrochloric acid a curdy prempltate of AgCl. Blackens on
contact with H28

Fig. 66. Native silver in platy dendrites.

- Fig. 67. Tw1sted ﬁhform and caplllary natlve
silver growths on calcite.

Genesis and oceurrence. Native silver forms in nature very much
like copper. Together with other argentiferous minerals, it occurs in
hydrothermal vein deposits in association with argentite (AgZS) and cal-
cite (Kongsberg, Norway), sometimes with complex sulphides, arse-
nides and antimonides of various metals, including nickel and cobalt.

Under exogenous conditions, native silver, just as native copper,
occur in the oxidised zone of sulphide and arsenic-antimony ore depos-
its, being the product of decomposition of the latter or of reduction
from surface solutions by various organic compounds. Native silver
thus formed is often in the shape of dendrites, plates, and mossy, and
filiform aggregates. It was shown experimenta]ly that fine filiform and
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dendritic formations, which sometimes appear in fine patterns, are
precipitated from solution on lumps of coal, especially in the presence
of soluble organic compounds.

Under surface conditions, native silver is less stable than gold and
is often coated with black gouges or films. In localities with a hot arid
climate it frequently alters to stable halides (AgCl, etc.).

Uses. The chief uses of silver are in alloys with copper to make sil-
verware, coinage, and for other purposes. Pure silver is used for filigree
work, in the manufacture of crucibles for fusing alkalis, in silver plat-
ing, for obtaining chemical compounds, and many other purposes.
Eighty per cent of the world’s silver production comes as a by-product
from silver-rich lead-zinc, gold, and copper ores.

GOLD, Au. The most widely distributed member of the group of
native elements; gold has been known to man from time immemorial.

Chemieal composition. Chemically pure gold occurs very rarely.
The so-called native gold nearly always contains an isomorphous ad-
mixture of silver (usually 4 to 15 per cent by weight). Some varieties
containing more silver are classed as a separate mineral species (see
“Electrum™).

The varieties include copper gold (cuproaurite) with a Cu content
of up to 209, (by weight); porpezite, palladium gold, with a Pd content
of 5to 11% and up to 4 per cent of Ag; bismuth gold (bismuthaurite)
containing up to 49, bismuth in solid solution.

System, cubic; symmetry, hexoctahedral 3L*4L36L29PC. Space
group Fm3m(03). a, = 4.0699. Crystal structure. Face-centred cube.
Habit. Rare crystals are commonly octahedral {111} (Fig. 68), less
often rhombododecahedral {110}, and occasionally cubic {100}. Faces
generally dull, and uneven, sometimes with combination striations
parallel to (111):(310) and (111):(110) edges. Intergrowths and
twins are common on (111). Aggregates. Usually as irregularly-shaped
grains in quartz or ore masses. The grains vary greatly in size, but are
most often microscopic and sometimes hardly visible, even in polished
sections. In valley placers, rounded nuggets are often found weighing
several grams, and occasionally tens of kilograms. In the weathering
zone of primary deposits smaller dendritic gold nuggets of secondary
origin are found occasionally. In the ores of primary deposits dendritic
crystalline intergrowths and of reticulate patterns are found occasion-
ally along with small crystals (Fig. 69).

Colour, golden-yellow (pale-yellow in the case of argentiferous
varieties). Streak, metallic, yellow. Lustre, typically metallic.

Hardness, 2.5 to 3.0. Malleable and ductile. May be easily beaten
into very thin sheets. Cleavage, none. Specific gravity, 15.6 to 18.3
(19.30 in the case of pure gold).

Other properties. Good conductor of heat and electricity.

Diagnostic features. Characteristic golden-yellow colour, low hard-
ness (can be easily cut with a knife), high malleability and specific grav-
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ity, does not oxidise on exposure to air. Distinguished from similar
pyrite, chalcopyrite (CuFeS,), and millerite (NiS) by strong lustre and
characteristic tint.

Fusible in the blowpipe flame. Insoluble in acids except aqua regia.
Soluble in KCN and reagents evolving free chlorine and bromine. Hot
high-sulphur alkalis dissolve gold with the formation of sulphides.

Fig. 68. Octahedra lgold crystal. Fig. 69. Gold dendrite.

Grenesis and oceurrence. The bulk of gold occurs in typical hydro-
thermal deposits genetically associated with intrusions of acid igneous
rocks. Paragenetically, it is most often associated with quartz and sul-
phides (pyrite, arsenopyrite, tetrahedrite, chalcopyrite, less often
with galena and sphalerite) and occasionally with tellurides of gold and
silver, etc. So-called “free milling gold” is, as a rule, one of the last min-
erals formed, often being confined to cracks in the earlier minerals.
Besides free milling gold, there is also “bound” gold the presence of
which in appreciable quantities in sulphides, mainly pyrite and arseno-
pyrite (FeAsS), is determined by chemical analyses, only some of it
being visible under the microscope. Apparently, a part of it is dissemi-
nated in a finely dispersed state, similar to the dispersed phase in crys-
tallosols.

Native gold of recent formation is present in the oxidised zone of
sulphide deposits, in association with limonite, azurite, the ochres of
lead, bismuth, antimony, etc. The silver present in gold is partly removed
by surface weathering, which explains the higher purity of gold on
the periphery of the deposits and in fissures. It isan old observation that
placer gold contains less silver than gold from primary deposits.

The U.S.S.R. has numerous placer and primary deposits. The big-
gest nugget in Russian history found in 1842 weighed 35 kg.

Of the deposits in other countries, widely known are the gold fields
of Transvaal, South Africa, which accounted for nearly 40 per cent of
the world’s production of gold. Gold occurs there in metamorphosed an-
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cient conglomerates that apparently had formerly been placers. Some of
the mine workings there are more than 2 km deep.

Much gold is also produced in the U.S.A. (the Western States and
Alaska) and in Canada. The deposits are mostly confined to quartz
veins in which gold is generally associated paragenetically with
sulphides. Vast gold placer provinces are known in California and
Alaska (along the Klondike river, a tributary of the Yukon, and the
Seward Peninsula), and in Australia. It was the placers of Victoria
(Australia) that yielded the world’s biggest nuggets: “PleasantStranger”
weighing 59.67 kg (1858) and “Desirable” weighing 68.08 kg (1869).

Uses. Gold is the basic metal of currency and coinage. It is also used
in jewelry, physical and chemical instruments, dentistry, etc.

The minimum gold content of ore that makes mining a commercial
proposition ranges from 1 to 10 g per ton, i.e., from 0.0001 to 0.001 per
cent (depending on the size of the deposit and the general economic
conditions of its development).

ELECTRUM, (Au, Ag). System, cubic. This mineral species embraces
varieties of intermediate composition in the isomorphous (Au-Ag)
series. Silver content exceeds 159%,, usually about 309, sometimes 40%,
and even as much as 509,. Cu, Fe, etc., are present in minor quantities.
The physico-chemical properties are likewise intermediate. Colour,
light-yellow to silver-white. Lustre, metallic. Reflectivity very high.
Hardness, 2 to 3. Malleable and ductile. Cleavage, none. Speeific grav-
ity, 12 to 15.

Occurs almost exclusively in hydrothermal deposits, but much
more rarely than native gold and silver. Electrum is typically found in
paragenetic association with argentiferous sulphides (argentite, tet-
rahedrite, proustite, pyrargyrite, etc.). Owing to its high silver con-
tent, electrum is lighter than gold and is subject to alteration by
weathering: sometimes it is coated with films of halogen and sulphide
compounds from which a thin film of native silver is formed under
reducing conditions.

2. IRON-PLATINUM GROUP

The group comprises native metals found in the periodic table under
Group VIII (except ruthenium and osmium which will be discussed
later): Fe, Co, Ni, Rh, Pd, Ir and Pt.

By the criteria of occurrence and crystal chemistry, the group falls
into two subgroups: (a) the iron subgroup, and (b) the platinum sub-

TOu
¢ TIl)le minerals of the rative iron subgroup which occur in the earth’s
crust are by the token of their origin classified as those of cosmic ori-
gin, i.e., iron meteorites, and exceedingly rare telluric (terrestrial) for-
mations.

The minerals of the native platinum subgroup comprising a fairly
large number of mineral species and varieties are solid solutions of
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such metals as Pt, Fe, Ir, Pd and Rh, sometimes of Ni and Cu, rarely of
Au, Os and Sn (though sometimes in large amounts) and also of Pb,
Zn, Ag, Co, Mn, Mo (up to 0.0069%,) and Re (0.00008 to 0.002%,).

Polyzene and palladium platinum are the most common of this lat-
ter subgroup. What is loosely called “native platinum” in most cases is
polyxene.
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Fig. 70. Triads of platinum-group metals.

A characteristic feature of the minerals of this subgroup is that they
do not include isomorphous admixtures of Ru and Os. Although all the
six elements of this group have many common physical and chemical
features (Fig. 70), they behave somewhat differently under natural
conditions. In each triad (Pd and Pt) the elements with the maximum
atomic weight on the extreme right of the chart behave very differently
from Ru and Os on the extreme left. It is still not known whether these
two extreme pairs of elements can isomorphously replace one another,
though the minerals in which they are found may be in close paragenet-
ic relationship and not infrequently form intergrowths. The elements
Rh and Ir which occupy an intermediate position (Fig. 70) play a dual
role: on the one hand, they form chemical compounds of variable com-
position with Ru and Os, and on the other hand, they often enter into
solid solutions with Pd and Pt and less often with Fe, Ni and Cu. It
should be noted that the right-hand and the left-hand pairs of the pla-
tinum elements are capable in rare cases of forming natural compounds
with S, As, Sb, and partly with Te, whereas no such compounds have
as yet been found for Rh and Ir. It is no less significant that while the
minerals of the Pd-Pt series, as a rule, crystallise in the cubic system
(copper-type crystal structure), the minerals of the Ru-Os series clear-
ly appear as compounds of variable composition crystallising in the
hexagonal system (in osmium-type crystal structures).

It is because of that the minerals formed by the platinum elements
are divided into two parts, one classed with the iron group, and the
other (osmium-ruthenium) as an independent group.

IRON, a-Fe. Synonym: ferrite.
Chemical composition. According to chemical analyses, telluric iron
is almost pure iron with minor admixtures of: Ni up to 0.6%, some-

150



times up to 2%, seldom more; Co up to 0.3%; Cu up to 0.4%; Pt up to
0.19%,.
System, cubic; symmetry, hexoctahedral 3L*4L36L29PC. Space
group. Im3m(0}).a,=2.8607. :
Occurs extremely rarely in very small crystals. Usually as minute
irregularly-shaped grains, less often in larger accumulations. Crystal

Fig. 71. Widmanstatten figures on a polished surface
of an iron meteorite.

structure. Several polymorphous modifications of iron have been
established. Of these y-Fe, a high-temperature modification (above
906°) has the structure of a face-centred cube of the copper-type
(ap=3.63), and «-Fe, a low-temperature modification, has the struc-
ture of a centred cube of the a-Fe type (a,=2.86).

Colour, steel-grey, in polished sections metallic white. Streak, shiny,
steel-grey. Lustre, typically metallic on fresh fracture.

Hardness, 4 to 5. Malleable. Cleavage, on {100}. Specific gravity, 7
to 7.8. Other properties. Strongly magnetic.

Diagnostic features. Distinguished from native platinum by solubil-
ity in nitric acid, lower specific gravity, strong magnetism and ready
oxidation in air. Nickel-poor varieties precipitate metallic copper onto
their surface from a solution of copper sulphate. When polished and
etched, the surface of meteoric iron usually shows a coarse-latticed
structure (widmanstiitten figures, Fig. 71), never observed in telluric
iron.

Genesis and occurrence. The rare occurrences of telluric native iron
are confined to basic and ultrabasic igneous rocks. Larger masses have
been found in the basalts at Uifak on Disko Island, Greenland, and
near Kassel, Germany. In both localities it is associated with pyrrhotite
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(FeS) and cohenite (iron carbide, Fe,C). It has been repeatedly found as
microscopic grains in altered (serpentinised) ultrabasic rocks, also in
paragenesis with pyrrhotite, occasionally with magnetite, being the
product of the reduction
reactions of the latter.

There are also indica-
tions of its formation by ex-
0genous processes as impreg-
nations in siliceous schists
on theisland of Kalimantan
(Borneo), in the products of
coal fires and in peats.

All these occurrences are
of no economic importance.

90
Fig. 72. Cubic crystal Fig. 73. Half of a cut and polished nugget
of polyxene. from a primary deposit. Polyxene (white)

and chrome spinellids (grey). x 3.

POLYXENE — (Pt, Fe). The name originates from its numerous
isomorphous admixtures; “poly” is the Greek for many and “xe-
nos”, foreign. Polyxene is the most widespread platinum mineral in the
earth’s crust. :

Chemical composition. Pt 80 to 889%,, Fe 9 to 119,, sometimes dimin-
ishing to 4 or 5 per cent or increasing over 11 per cent (with corre-
sponding changes in the Pt content). Isomorphous admixtures: Ir up to
7% — iridioplatinum; Pd 0.1 to 1.0%, sometimes up to 7%, and more—
palladium platinum; Rh 0.1 to 0.5%, sometimes as high as 4 to 5%,
—rhodium platinum; Cu up to 0.8%,; Ni—from traces up to tenths of a
per cent, sometimes in sizable quantities—nickel platinum.

System, cubic; symmetry, hexoctahedral 3L44L6L29PC. Space
group Fm3m (0}). ay = 3.9158. Crystal structure. Face-centred cube
(Cu-type). Habit. Usually irregularly shaped grains; rare small crys-
tals are predominantly cubic in form (Fig. 72). The combination of
faces, besides the dominant form {100}, include {110}, {210}, {310} and
some others. Penetration twins with (100) as the twinning plane and
contact twins on (111) are the most frequent forms of twinning. Aggre-
gates. Individual grains of native platinum occurring in ores often form
small clusters, and sometimes solid masses or nuggets (Fig. 73). The
biggest nugget ever found in a primary deposit in the Urals weighed
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427.5 g. Nuggets found in placers were sometimes as big as 10 x 18 cm
and weighed from 8 to 9 kg.

Colour, silver-white to steel-black. Streak, metallic, steel-grey.
Lustre, typically metallic.

Hardness, 4 to 4.5 and as high as 6 to 7 in iridium-rich varieties.
Malleable. Hackly fracture. Cleavage, usually none. Specific gravity,
15t0 19.1t has been observed that the lower specific gravity is due either
to the presence of cavities filled with natural gases or to inclusions of
foreign minerals. Other properties. Magnetic. Good conductor of elec-
tricity.

Diagnostic features. Outwardly polyxene most closely resembles
native silver and native iron. It is distinguished from native silver by
greater hardness and higher specific gravity, by being infusible in the
blowpipe flame and insoluble in acids (except aqua regia). The latter
property also distinguishes it from native iron.

Genesis and oceurrence. The platinum minerals, in the majority of
eases, occur in typically magmatic deposits genetically related to ultra-
basic igneous rocks. They are among the last to crystallise in ore bodies
(after silicates and oxides) at the hydrothermal stage of the magmatic
process.

Palladium-poor platinum minerals (polyxene, iridioplatinum, etc.)
occur in deposits in dunites— olivine non-feldspatic rocks high in mag-
nesia and low in silica. Paragenetically, they are very closely associat-
ed with chrome-spinellids which are oxides of complex composition:
(Fe, Mg) (Cr, Al, Fe),0,. 4

Palladium platinum and nickel-palladium platinum are, for the
most part, found in basic igneous rocks (norites, gabbro-diabases),
generally in association with sulphides: pyrrhotite (FeS), chalcopyrite
(CuFeS,), and pentlandite (Fe, Ni)yS,.

Under exogenous conditions the disintegration of rocks and pri-
mary deposits gives rise to platinum placers (Fig. 56). The majority
of the minerals of the subgroup are chemically inert under these con-
ditions.

Along with gold, platinum has been known to man since ancient
time. In Europe, platinum attracted attention in 1735 when Spanish
mathematician Antonio de Ulloa, who had travelled in South America,
brought from Colombia metallic grains resembling silver in colour,
but strongly differing from the latter in other properties.

In the Urals, native platinum first attracted attention as an admix-
ture to placer gold in 1819. Later, rich platinum placers of world im-
portance were found in the Middle and Northern Urals, where they were
confined to outcrops of ultrabasic rock masses (dunites and pyroxe-
nites). Numerous small primary deposits occur in the dunite mass of
Nizhny Tagil (the Urals). Native platinum (polyxene) accumulations,
more often than not, are confined to chromite ore bodies composed of
chrome-spinellids with an admixture of silicates (olivine and serpen-
tine).
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At the present time, a major supplier of platinum metals for indus-
try and commerce is the ore deposit at Sudbury (Canada) from which
they are extracted as a by-product of nickel, copper and cobalt.

Uses. Originally, not only was platinum rejected as useless, but
was considered to be a harmful impurity of placer gold with which it
was extracted. It was either discarded with the tailings of gold washing
or used by hunters for shot. Sometimes, attempts were made to gild
and pass it for gold. Thus, the first articles made of native platinum
in the Urals, later displayed at the Leningrad Mining Museum, were
crude chains and rings, barrel hoops, etc. It was only later that the
outstanding properties of the platinum metals were discovered.

These valuable properties include refractoriness, electrical conduc-
tivity and chemical inertness, all of which make platinum an important
material in the manufacture of laboratory equipment, the production
of sulphuric acid, in electrical engineering, etc. A great deal of plati-
num is consumed in jewelry and dentistry.

“Crude” platinum is delivered to special refineries where it is separ-
ated into its pure constituent metals.

‘+3. OSMIUM-RUTHENIUM (OSMIRIDIUM) GROUP

These two elements are found on the extreme left of the triads of
the platinum group elements in the periodic classification (Fig. 70).
In nature they characteristically isomorphously replace one another
and readily form solid solutions with the elements in the middle of
these triads, i.e., with rhodium and especially with iridium, but not
with palladium or platinum. The presence of platinum as an element,
though often indicated by chemical analysis of the minerals of the group,
is probably limited to mechanical impurities, which is in some cases
confirmed by the microscopic examination of polished sections. Thus,
the principal metals of the group are osmium and iridium and, to a
lesser degree, ruthenium and rhodium.

Although found together with the minerals of the iron-platinum
group, the minerals of this group sharply differ from them in many prop-
erties such as: (1) characteristically tabular crystal habit; (2) pronounced
optical anisotropy; (3) definitely higher hardness due to which the
osmiridium platelets stand out in polished sections against the back-
ground of native platinum (Fig. 74); (4) a relatively high specific grav-
ity; and (5) an unusual chemical inertness (insoluble even in boiling
aqua regia).

The principal species are generally distinguished by their osmium-
to-iridium ratio and content.

NEVYANSKITE — (Ir, Os). Named after its place of discovery in the
Nevyansk district north of Sverdlovsk (the Urals). The most widespread
mineral variety of this group in nature.
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Chemical composition. The minerals described under the general
name of nevyanskite vary in the content of individual metals as follows
(per cent): Ir 46.8 to 77.2, Os 21.0 to 49.3, Ru 0 to 0.5, Rh 0.5 to 7.7,
Pt 0.1 t05.5, Cu0to 0.9, Fe 0 to 1.4.

Fig. 74. Two plates of osmiridium of differ-

ent hardness (difference in relief) showing

against the polished surface of a polyxene

grain (white). Dark-grey surrounding grains
are chrome-spinellids. x 75.

Fig. 75. Osmiridium crystals.

The Ir: Os ratio varies from 4: 1 to 1: 1. Sometimes there is a large
proportion of rhodium isomorphously admixed with iridium.

System hexagonal; symmetry dihexagonal-dipyramidal L86L?7PC.
Space group C6/mmc(D§y). ay=2.62; c,=4.60.

Crystal structure hexagonal, closest packing. Habit. In contrast to
the minerals of the iron-platinum group, the varieties of this group are
very well individualised crystallographically. Due to the predominant
{0001} pinacoidal development, the crystals are usually small hexago-

nal plates or tabular grains (Fig. 75) bounded at the sides by {1010}

prism and {1011} hexagonally-dipyramidal faces. Hexagons with un-
equal sides, approximately triangular in shape, have been observed.
Intergrowths of platy individuals fairly frequent.
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Colour, tin-white to light-grey. Lustre, metallic. Uptically anisotropic..

Hardness, 6 to 7. Brittle. Cleavage, {0001} perfect, but the folia are-
not easily separated. Folia friable. Specific gravity, 17.0 to 21.0. Low
specific gravity is caused by the presence of small gas-filled vesicles,
sometimes very numerous (up to 17%, by volume).

Diagnostic features. Easily recognisable by platy habit, lighter
colour (as compared with syssertskite) and higher hardness.

Infusible in the blowpipe flame. When fused with nitre, gives off
fumes of osmic anhydride (OsO,) with a pungent odour. When the
fused mass is dissolved in water, a black iridium powder is precipitat-
ed. Highly resistant to acids.

Grenesis and occurrence. Minerals of this group are for the most part
genetically associated with igneous ultrabasic rock masses (dunites and
peridotites) in which they are found in close association with the
platinum-group minerals, chrome-spinellids, occasionally with copper
sulphides. They may also occur in the rocks, i.e., are not accompanied
by other ore materials.

Occurrences have been recorded from hydrothermal auriferous.
quartz veins. Nevyanskite intergrowths with gold have also been found.

Due to its chemical inertness nevyanskite, together with gold and
native platinum minerals, passes into placers deriving from the:
weathering and erosion of primary deposits.

Osmiridium occurs in placers confined to the outcrops of ultrabasic
igneous rock masses. It is found as insignificant admixture in many
gold placers in the Urals, Siberia, and also in California and Oregon
(U.S.A.). On the island of T'asmania placers are known in which the
osmiridium minerals prevail over the platinum metals. Osmiridium is.
also extracted as a by-product at the Witwatersrand gold fields (Trans--
vaal, South Africa).

Uses. The larger crystals (at least 4 mm in diameter) of osmiridium.
are used in the natural state (without chemical treatment) in the manu-
facture of instruments for special purposes (grain no less than 0.5 mm
in size, preferably oval, not platy, are required for this purpose).
Smaller grains are used for fountain- -pen nibs, the cutting parts of
surgical instruments, etc.

SYSSERTSKITE, (Os, Ir). Named after the place of discovery—the
Syssert district (near Sverdlovsk) in the Urals.

Chemiecal eomposition. In syssertskite osmium prevails over iridium.
Ru is often present in considerable quantities, replacing osmium.

System, hexagonal; symmetry, dihexagonal dipyramidal. Syssert-
skite has been observed in hexagonal platy crystals, rounded plates and
fragments (in platiniferous placers). No special study of its crystals has
been made.

Colour, steel-grey to dark-grey. Lustre, dull metallic.

Hardness, about 6. Brittle. Cleavage, {001} distinct. Specitie grav-
ity varies from 17.8 to 22.5. Magnetic properties unstudied.
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Diagnostic features. Distinguished from nevyanskite only by darker
-eolour. Other distinguishing features can be established only by chem-
ical analysis.

Infusible in the blowpipe flame. On thorough ignition in an oxidising
flame, becomes black, giving off vapours of osmic anhydride (OsO,) of
pungent unpleasant odour. Fused with nitre, forms a green mass which
-on boiling gives a black precipitate of iridium. Highly resistant to acids.

Genesis. See “Nevyanskite”. Often occurs together with nevyan-
skite both in placers and in primary platinum deposits.

4. GROUP OF SEMIMETALS

Besides arsenic, this group includes antimony and bismuth, i.e., the
clements of the long periods of Group V of the periodic table. All of
them are found native, though rarely. They crystallise in the same
system and form crystal structures of the same type. However, they
do not occur together nor do they form solid solutions or compounds of
definite composition, with the exception of arsenic and antimony which
at high temperatures form solid solutions in all proportions, while at
low temperatures only AsSb (allemontite), a stable intermetallic com-
pound, is formed.

The structural peculiarity of the semimetals under consideration is
that each atom is bonded by covalent bonds to three out of the six
atoms surrounding it, thus forming sheets of closely packed structural
units. Between the layers, the bonding is by van der Waals forces, i.e.,
is very weak, which results in perfect cleavage along (0001), high op-
tical anisotropy and low hardness.

ARSENIC, As. Found comparatively rarely and usually in small
quantities*. :

Chemical composition. Arsenic content 84 to 98%,. Impurities: Sb
1.7 to 9.29,, less often Ag, Fe and Ni, occasionally Bi and V. It is pos-
sible that the content of Ag, Ni, Fe and Bi is due to mechanical inclu-
sions of foreign minerals (native bismuth, and nickel and iron arsenides
with which native arsenic is sometimes closely intergrown).

System, trigonal; symmetry, ditrigonal scalenohedral L33L23PC.
Space group R3m(D3,). a., = 4.142; & = 54°07’. Habit. Extremely rare
crystals, rhombohedral or pseudocubic. Aggregates. Usually occurs
in crusts with a reniform surface; stalactitic, conchoidal formations
(Fig.76) which show a crystalline granular structure on fracture.

Colour, tin-white on freshly broken surface. On exposure to air it
soon turns yellow-brown and then black. Streek, grey, tin-white.
Lustre, metallic, strong on fresh fracture, soon grows dull, and with time
blackens due to surface oxidation.

Hardness 3.5. Brittle. Cleavage {0001} perfect and (0112) less per-
fect. Fracture granular. Specific gravity 5.63 to 5.78.

* Of the several arsenic modifications, rhombohedral arsenic is the most stable.
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Diagnostic features. Native arsenic is rather easily identified by its
form, black-tarnished surface, high specific gravity, strong metallic
lustre on fresh fracture and perfect cleavage.

Volatilises in the blowpipe flame (at about 360°) without fusion,
giving off a peculiar garlic odour, and leaves a white coating on char-
coal. Liquefies only under high external pressure. In the closed tube
gives an arsenic mirror. Smells of garlic when struck with a hammer.

Fig. 76. Fragment of a large nodule of native arsenic (34 natural size).
Concentrically-banded structure well visible on weathered surface.

Genesis and oceurrence. Arsenic is found in hydrothermal deposits in
cavities as metacolloidal formations, and is evidently formed at the
very last stages of hydrothermal activity. May occur in association
with diverse arsenides, antimonides, less often sulphides of nickel,
cobalt, silver, lead, etc., as well as nonmetallic minerals.

Secondary formation of arsenic in the weathering zones of arseni-
ferous ore deposits mentioned in literature seems highly unlikely be-
cause under the circumstances it is very unstable and rapidly oxidises
with complete decomposition. The black crusts formed constitute a
mixture of arsenic and arsenolite (As,O,) which, in the end, turn into
pure arsenolite.

In the U.S.S.R., native arsenic has been found in a few deposits. As
reniform masses on crystalline calcite together with galena and sphal-
erite it has been repeatedly recorded from the Sadon hydrothermal
lead-zinc deposit. Large reniform masses of native arsenic of a con-
centric-conchoidal structure were found on the left bank of the Chikoy
river (Trans-Baikal Region). The only mineral observed in paragenesis
with arsenic was calcite occurring as fluccans on the walls of thin veins
cutting across ancient crystalline schists. Arsenic fragments (Fig. 76)
have also been found in the area of Dzhalinda Station of the Amur
railway, and elsewhere.
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Inanumber of deposits of Saxony (Freiberg, Schneeberg, Annaberg,
etc.) native arsenic was found in association with arsenious compounds
of cobalt, nickel, silver, native bismuth, etc.

These and other finds of native arsenic are of no practical value.

BISMUTH, Bi. Although native bismuth occurs much more fre-
quently than arsenic and antimony, it is a rare mineral nevertheless
and usually is not found in large accumulations.

Chemical composition. Generally bismuth is almost pure. However,
there may be insignificant impurities or rather traces of Fe, As, S,
and Sb.

System trigonal; symmetry ditrigonal-scalenohedral L33L23PC.
Space group R3m(D%,;). a,,=4.736; «=57°16". Extremely rare crys-
tals are poorly developed. More frequently occurs as impregnated
grains, sometimes as large, lamellar or granular aggregates, and also
as plumose dendrites.

Colour on fresh fracture, silver-white with a yellow tinge; with time
a peculiar reddish tarnish appears. Streak, grey. Lustre, metallic, strong.

Hardness, 2.5. Slightly malleable. Cleavage, {0001} highly perfect

and {1011} distinct. Specific gravity, 9.70 to 9.83 (when liquid 10.03).
Other properties. Melting point about 270°. Boiling point about 1450°.
Diamagnetic.

Diagnostic features. Easily recognisable by slight yellow-reddish
tarnish, strong metallic lustre, perfect cleavage, relatively low hard-
ness and relatively high specific gravity.

Readily fusible in the blowpipe flame. On prolonged blowpiping
vaporises giving white coatings on charcoal which change to orange-
yellow and become lemon-yellow on cooling. Fused with KI and S,
gives a characteristic coating on charcoal with a bright-red fringe of
Bil;. Readily soluble in nitric acid, giving a white precipitate upon dilu-
tion.

Genesis and occurrence. Bismuth is almost invariably found in for-
mations of hydrothermal origin.

In some instances it is genetically associated with high-temperature
formations, occasionally with pegmatites but more often with tin-
tungsten deposits—in association with such minerals as arsenopyrite
(FeAsS), bismuthite (Bi,S,), wolframite (FeWO,), molybdenite (MoS,),
cassiterite (SnQ,), topaz, beryl, tourmaline, etc.

In other instances, native bismuth is closely associated with the
arsenious compounds of nickel and cobalt, uranium minerals, sulphur
compounds of silver, lead and zinc, etc. Examples are the associations
in the numerous veins of the Erzgebirge mountains (at the border be-
tween Saxony and Bohemia) in the vicinity of Schneeberg, Annaberg and
Jachymov. Native bismuth occurs in larger quantities together with
bismuthite (Bi,S,) in the quartz-barite veins of the Tasna and Oruro in
Bolivia, and elsewhere.
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5. SULPHUR GROUP

This group comprises native elements of Group VI of the periodic
table: sulphur, selenium, and tellurium. Of these sulphur is a typical
metalloid, whereas selenium and especially tellurium possess certain
properties of semimetals.

Also three natural polymorphous modifications of sulphur are known,
of which only the orthorhombic x-sulphur is stable in natural condi-
tions. At atmospheric pressure and temperatures over 96.5°, it changes
to B-sulphur in the monoclinic system and on cooling resumes its
former crystallinity; y-sulphur, although monoclinic, is not stable at
atmospheric pressure and low temperatures, and at room temperature
it turns into «-sulphur. Three other polymorphous modifications of
sulphur obtained artificially never occur in nature.

SULPHUR, S. a-sul phur, the most stable form at room tempera-
ture, is generally referred to as orthorhombic sulphur of simply sul-
phur.

Chemical composition. Occasionally native sulphur is chemically
pure, but usually it is contaminated with mechanical impurities such
as clayey or organic matter, oil drops, gases, etc. Also known are rare
varieties with an isomorphous admixture of Se, usually up to 1 per
cent, less often up to 5.2 per cent in the form of selenosulphur, and also
with Te, As, and, in exceptional cases, with TL.

System, orthorhombic; symmetry, rhombic-dipyramidal 3L23PC.
Space group Fddd (D3). ag=10.48; b,=12.92 and c,=24.55. Crystal
structure. Orthorhombic sulphur, according to X-ray data, has a
molecular and very complex lattice which is uncommon in inorganic
substances. In the crystal structure each atom on two sides has spheres
which intersect with the spheres of the adjacent atoms, chains composed
of 8 atoms forming closed zigzag-shaped or “puckered” rings (Fig.77).
Hence it is evident that the sulphur molecule is S;. The distance
between the S—S atoms is 2.12 A. The unit cell is composed of 16 such
electrically neutral molecules (rings) very loosely held together by van
der Waals forces. Habit. Commonly pyramidal (Fig. 78) or truncated
pyramidal (Fig. 79), less commonly rhombotetrahedral (Fig. 80).
Characteristic forms: {001}, {011}, {111}, {113}, etc. Twins are rare
with (111), sometimes (011) and (110) as the composition plane. Ag-
gregates. Often massive or earthy. Occasionally in sinter reniform forms
and coatings (in areas of active volcanoes).

Colour. «-sulphur may have various shades of yellow: straw yellow,
honey yellow, yellowish grey, brownish, and black (due to carbonaceous
impurities). Streak, almost white, though powder is pale yellow. Lustre,
adamantine on faces, greasy on fracture. Crystals translucent.

Hardness, 1 to 2. Brittle. Cleavage {001}, {110} and {111} imper-
fect. Specific gravity, 2.05 to 2.08. Other properties. Very poor conduc-
tor of electricity and heat (good insulator). Becomes negatively elec-
trified on rubbing. May decrepitate from the warmth of the hand.
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Diagnostic features. Recognisable by colour, low hardness, brittle-
ness, greasy lustre on fracture and low melting point.
Easily melts before the blowpipe and even in the flame of a match
odour (which distinguishes it from similar auripig-
ment, As,S;). Readily soluble in carbon disulphide,
turpentine and kerosene, but does not decompose (‘
in hydrochloric and sulphuric acids. Strong nitric .‘*
Being the only mineral in this section which
possesses a molecular structure, native sulphur is
altogether unique in its properties. The presence
|
units explains such properties as poor electrical L v '
and heat conductivity, loose intermolecular bonds ’0 "
with the consequent low melting and sublimation " o
A DY,
indistinct cleavage, due to which it gives very un- ol
even fracture and shows a greasy lustre. The circu- 5
lar shape of the structural units (S; molecules) s
shape also determines the pronounced optical ani- Fig. 77. Top and
sotropy of the crystalline matter, the anisotropy of Sltde views I?f eight-
heat expansion, etc. 4lom SUpAur ring
. . X Distribution of atoms
melting point are taken advantage of in the reco- shown below.
very of native sulphur from deep-seated sulphur-
pipes, and the molten sulphur which incidently drops its im-
purities rises with the upward stream to the surface where it is collect-
ed by most simple methods.

(at 112.8°); burns with a blue flame and with the characteristic SO,
acid and aqua regia oxidise sulphur to H,SO,. 'f “
iy
of electrically neutral Sg molecules as structural I I
points, low mechanical strength, low hardness and
which is strikingly different from the spherical
. . lecule).
Such properties as low specific gravity and (molecule)
bearing strata. Superheated steam is injected into boreholes, through
7
~—
l 0//
A 4~
73

Fig. 78. Sulphur Fig. 79. Sulphur crystal of Fig. 80. Rhombotetra-
crysj;(:ia;l o}{ ;;ra- truncated-pyramidal habit. hedral sulphur crystal.
mi abit.

Genesis and occurrence. Native sulphur occurs exclusively in the
uppermost parts of the earth’s crust or right on its surface. It is formed
In various ways.
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1. During volcanic eruptions, as sublimates on the walls of craters
and in rock fissures. Sometimes molten sulphur is carried out with hot
waters of solfataric springs and solidifies upon cooling in gullies and
valleys in regions of modern active volcanoes (the Kurile Islands,
Japan). It is often associated with other sublimates as well as with sul-
phates formed by the action of SO, on enclosing rocks. It is also formed
through incomplete oxidation of hydrogen sulphide in solfataras or as
a product of the reaction of H,S with sulphur dioxide:

2. Through the decomposition of metal sulphides, chiefly pyrite, in
the lower part of the zone of oxidation of ore deposits. It is usually
strongly contaminated with various mechanical impurities.

3. Through the decomposition of gypsiferous sedimentary strata.
Often occurs in paragenesis with gypsum on the decomposed parts of
which it forms crystalline or powdery masses. The mechanism of this
process is still not very clear.

4. By sedimentation (biochemically) in normal sedimentary rocks
(Fig. 57) usually in beds containing gypsum, solid and liquid bitumens
(asphalt, petroleum), etc. Deposits of this type are widespread all over
the globe and are of great commercial importance. The bulk of native
sulphur apparently has formed syngenetically, i.e., simultaneously
with other sediments. However, not infrequently there are found epige-
netic sulphur formations in host rocks, due apparently to later mi-
gration caused by tectonic processes, transportation by oils, solutions,
ete.

The biochemical genesis of sulphur is also linked with the life activ-
ity of anaerobic bacteria which results in the evolution of hydrogen
sulphide, the incomplete oxidation of which results in precipitation of
sulphur.

In the Soviet Union, numerous sulphur deposits are found in Cen-
tral Asia.

Outside the U.S.S.R., best known are the huge deposits in Sicily and
those associated with salt domes in Texas and Louisiana (U.S.A.).

Uses. The most important use of sulphur is in the manufacture of
sulphuric acid which is vital to many industries; it is also used in agri-
culture (pest control), in the rubber industry (vulcanisation), in making
matches, fireworks, dyes, etc.

6. CARBON GROUP

This group of minerals also holds a special position among the na-
tive elements. It comprises two polymorphous modifications of car-
bon sharply differing in physical properties: diamond and graphite.

The crystal structure of diamond (Fig. 81), which on the whole is
similar to that of a face-centred cube, differs from the latter in that the
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atoms of carbon are located both on the faces of the cube and also in
the centres of half of the small cubes which alternate with small empty
cubes. This structure is more clearly shown in Fig. 816 as a combina-
tion of tetrahedra in which, in addition to the four atoms at the apexes,
there is a fifth atom in the centre (Fig. 82¢). Each apex of each tetra-
hedron is shared with four adjacent tetrahedra.

)

L7 N/
) 2SS
2, 7 [
5 Q
79| !
B e
——2-;-: = ;,
(2) (b)

Fig. 81. Crystal structure of diamond.

a —centres of atoms; b —the same structure presented as tetra-
hedra whose apexes and centres are centres of carbon atoms.

(a) (b)

Fig. 82. Different representations of tetrahedral distri-
bution of atoms.

Distances between atom centres in all three figures are equal.

The general conception is that the carbon atoms in the crystal struc-
ture of diamond are linked to each other exclusively by covalent bonds
along directions connecting the centre of a tetrahedron with its apexes.
However, N.V. Belov has suggested a more natural conception of dia-
mond structure as one of the ZnS type with two kinds of ions, C*+ and
C#- (the C** cation radius is about 0.15A and the C*- anion radius is
about 1.5A) which accounts for the closest packing of the anions in the
structure. This concept agrees well with the crystal forms of diamond
and its properties such as absence of colour, low electrical conductivity,
exceptionally high hardness*, high stability within a wide range of tem-
peratures and pressures (in particular it does not show any change when

* From the viewpoint of quantum mechanics, the unusual mechanical strength
of diamond is explained by the continuous oscillation occurring in the given struc-
ture: the ions being negative at one moment turn into positive ions at the next
moment, and vice versa.

11* 168



heated up to 2500° C in the absence of oxygen), high resistance to
acids and alkalis, etc. :
The structure of graphite differs strikingly from that of diamond.
The ions of carbon in graphite lie in sheets which are presented by plan-
ar hexagonal nets (Fig. 83). According to N.V. Belov, the crystal
structure of graphite consists of most closely packed large C*- anions
with half of the triangles in each
sheet occupied by smaller C*+ cat-
ions.* Each ionin the planarnet issur-
rounded by three neighbouring ions
at a distance of 1.42A (1.54A for
diamond), while the distance be-
tween the planar nets is more than
twice as large (3.40 A). Hence the
specific properties of graphite: its
much lower specific gravity, as com-
pared with diamond, great ability
to split into thin scales, pronounced
optical anisotropy, and hardness
anisotropy which is revealed only by
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Fig. 83, Distribution.of atom centres  Fig. 84. Distribution of atom centres

in structural sheets of graphite. in diamond (a), with planar networks
Each adjacent sheet is, as it were, displaced spaced horizontally, parallel to (111);
by half the diameter of hexagonal rings. in graphite (b).

very accurate and delicate investigation techniques (perpendicular to
the cleavage plane hardness is 5.5, but at the same time graphite is so
soft owing to the loose cohesion of the sheets so that it soils the fingers
and marks paper). The same structural peculiarities explain the non-
uniform light absorption of graphite and its consequent black colour.

* “As in the case of diamond, continuous oscillation takes place: the ions that
are cations at one moment of time become anions at the next. The resonance of
the two geometrically identical structures leads to even shorter distances between
the centres of the C atoms as compared with diamond (1.42 A instead of 1.54 A).
If the difference between the cations and anions is disregarded, the centres of
gravity of the C atoms give a network of regular hexagons.” (N.V. Belov.)
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It is assumed that, in contrast to diamond, the type of bonding in gra-
phite is somewhat metallic, i.e., “metallic” electrons also take part in
the bonding. This agrees well with such properties as submetallic
lustre, good electrical conductivity, etc. In chemical and thermal sta-
bility, however, graphite is quite close to diamond.

If we represent the structure of diamond as in Fig. 84a, i.e., along
the trigonal axis (cf. the numbers of the atoms in Fig. 81a), we shall
also ohserve hexagonal rings in the horizontal planar nets (atoms 6,
11,8,9,7, and 10) with the difference that the nets are not quite plan-
ar: three of the atoms are somewhat above the other three. That is
why diamond crystals have medium cleavage parallel to {111}, while
in graphite crystals cleavage is perfect parallel to {0001}.

DIAMOND, C. The name is derived from the Greek “adamas” mean-
ing invincible (owing to its supreme hardness and resistance to the
action of chemical and physical agents).

Varieties: (1) bort, irregular intergrowths and spherical radiate ag-
gregates; (2) carbonado, close-grained porous aggregates coloured brown-
1sh black by amorphous graphite and other impurities.

Chemical composition. Colourless diamonds are pure carbon.
Coloured and opaque varieties yield on combustion a residue, as high as
a few per cent, containing SiO,, MgO, CaO, FeO, Fe, 0,4, AL,Oj, TiO,, etc.
Graphite and other minerals are often present as inclusions.

System, cubic; symmetry, hexoctahedral 3L}4L36P. Space group
Fd3m(0}). ay,=3.559.

Habit, octahedral (Fig. 85), less common dodecahedral; seldom cub-
ic, and occasionally tetrahedral. Characteristic forms: {111}, {100},
and {110}. Curved faces are quite frequent (Fig. 86) as well as so-called
“dodecahedroids” and “octahedroids” described in detail by Soviet
scientists I.I. Shafranovsky and A.A. Kukharenko. Penetration twins
occur along (111), less often along (100). Crystals range in size from
very fine to very large specimens weighing hundreds or even thousands
of carats (a metric carat is 0.2 g). The largest stones ever found: “The
Cullinan”, 3,025 carats; “The Excelsior”,969.5 carats; “The Victoria”,
457 carats; “The Orloff”, 199.6 carats; etc.

Colour. Colourless water-transparent or light blue, yellow, brown,
and black. Lustre strong, adamantine. Refractive index n=2.40 to
2.48.

Hardness, 10. Absolute hardness is 1,000 times greater than that
of quartz and 150 times greater than that of corundum. Brittle. Cleav-
age, (111) distinct. Specific gravity, 3.47 to 3.56. Poor conductor of
electricity.

Diagnostic features. Diamond is unique among minerals in its hard-
ness. Other characteristics are its strong adamantine lustre and
frequent curved crystal faces. Fine grains in heavy concentrates are
easily recognised by their fluorescence in ultraviolet light. The fluo-
rescence colours are usually blue, sometimes green.
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Genesis and occurrence. Primary deposits are genetically associat-
ed with ultrabasic plutonic igneous rocks: peridotites, kimberlites,
etc. In these rocks, diamond probably crystallises at great depths at
high temperatures and pressures. Judging by its form and mode of
occurrence, diamond was among the first (minerals) to crystallise from
the magmas. It is not clear whether diamond crystallised from the car-
bon contained in the magma itself or from that assimilated from the

Fuig. 86. Diamond crystals with curved faces.

invaded rock. Common associates: graphite; olivine, (Mg, Fe),Si0,;
chromespinellids, (Fe, Mg) (Cr, Al, Fe),0,; ilmenite, (FeTiO,); pyrope
(red garnet); magnetite, (FeFe,0,); and hematite, (Fe,0;), etc.

The world’s largest diamond deposits are located in a number of
areas in South Africa: along the Vaal River, in South Western Transvaal,
and on the south-western coast of Africa. In these localities the dia-
mond-bearing rocks are semi-decomposed kimberlites which, together
with clastic rocks, fill gigantic vertical volcanic pipes which are sever-
al kilometres deep. The pipes which are of elliptical or irregular cross
section have probably resulted from the tremendous explosive proc-
esses which once took place at great depths. In some deposits dia-
monds are recovered from depths exceeding 1 km (Kimberley). The
extracted ore (“blue ground”) is crushed and washed at concentration
plants. The mean diamond content in the ore is 0.000052 per cent by
weight. It was in South Africa that the world’s largest diamonds were
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found (“The Cullinan”, “The Excelsior”, etc.). In addition to mines,
there are many rich alluvial placers in South-West Africa, in the basins
of the Vaal and Orange rivers. The Congo is another major producer of
diamond.

Recently relatively many diamond-bearing pipes have been dis-
covered in Northern Yakutia. These are filled, however, with somewhat
more recent kimberlites. Some of the pipes were given such names as
“The Peace Pipe”, “Summer Lightning”, etc. The output of diamonds
in Siberia is increasing year by year.

Placer diamond deposits are formed through the weathering and
erosion of diamond-bearing rocks. They are found in South Africa,
Brazil (Minas Gerais), and India where diamond mining dates to an-
cient times, and where large diamonds like “The Orloft” and “The Koh-
inoor” were found. Diamond is also found in some other localities.

Uses. Perfectly transparent diamond is the most valued gemstone.
Very small diamonds, and also bort and carbonado are used in metal-
working, stonecutting industries, in the production of abrasives, etc.

GRAPHITE, C. The name derives from the Greek ‘‘grapho’ mean-

ing I write. Varieties: graphitite—cryptocrystalline variety, schungite—
amorphous variety, probably derived from the natural coking of coals.

2001
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Fig. 87. Graphite crystals.

Chemical composition. Rarely found pure. May contain as much as
10 to 20 per cent of ash comprised of various constituents (SiO,, Al,O,,
FeO, MgO, CaO, P,0;, CuO, etc.), sometimes also water, bitumens,
and gases (up to 2%).

System, hexagonal; symmetry, dihexagonal-dipyramidal L86L%7PC.
Space group C6/mmec (Dg,). ao=2.47; c,=6.79. Habit. Well-developed
crystals extremely rare and are in the form of hexagonal plates or
tablets (Fig. 87), sometimes with trigonal striations on the (0001) face.
Characteristic forms: {0001}, sometimes {1011} and {1122}, etc.
Aggregates, oftenscaly. Less often in rod-like or fibrous masses.

Colour, iron black to steel grey. Streak, shiny black. Lustre, subme-
tallic; cryptocrystalline aggregates dull. Optically negative. Refrac-
tive index n,=1.93-2.07. Transmits grey light in thin folia.

Hardness, 1. Thin folia flexible. Greasy touch. Marks paper and
soils the fingers. Cleavage {0001} perfect. Specific gravity, 2.09 to 2.23
(depending on the degree of dispersion and the presence of very fine
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pores), 1.84 to 1.98 in the case of shungite. Qther properties. Good con-
ductor of electricity due to very close packing of atoms in the sheets.

Diagnostic features. Easily recognisable by colour, low hardness,
and greasy touch. Distinguished from molybdenite (MoS,) by darker
iron-black colour, weaker lustre, lower specific gravity (floats in bromo-
form) and higher electrical conductivity (molybdenite is a poor con-
ductor of electricity). When touched with a zinc bar through a drop of
CuSO,, a thin film of copper will be deposited on graphite.

Infusible in the blowpipe flame. When heated in oxygen burns with
greater difficulty than diamond. Volatilises without fusing in the elec-
tric arc. Insoluble in acids. In powdered form burns with a flash when
mixed with KNO; and heated.

Genesis and occurrence. In nature graphite is formed in the course of
reduction processes at high temperatures.

Sometimes occurs in magmatic rocks of diverse composition. In
many instances, the source of carbon are carboniferous enclosing rocks.

Graphite is also found occasionally in pegmatites. In the provinces
of Ontario and Quebec in Canada graphite deposits are found in lime-
stones near the contact with igneous rocks. Vein deposits of coarsely
laminated graphite occur in Ceylon.

Very widespread are deposits of graphite formed metamorphically
from coal or bitumen in the conditions of regional metamorphism or
under the action of magmatic intrusions.

In the U.S.S.R., vast deposits of graphite are found at Aliber in
the Tunkin mountains. The graphite is found in the form of stocks in
igneous rocks (syenites) and constitutes a mixture of high-grade scaly
or finely crystalline graphite with magmatic minerals (microcline,
nepheline, etc.). In places these ore bodies are fringed by coarse-grained
limestone. The magmatic rocks themselves also contain graphite.
Very interesting graphite formations of the secretion type are found
within graphite masses. These are irregular small bodies with outer
crust of tangentially oriented scales and an internal radial structure.
Graphite is believed to be genetically associated with the reduction of
the carbon oxide evolved when limestones were engulfed by magma.

Along the north-western shore of the Sea of Azov there are worked
deposits of impregnated coarse-scaly graphite occurring in the form of
superficially weathered beds in ancient metamorphic rocks (gneisses).
An interesting point is that marginal portions of intersecting pegmatite
and aplite veins contain coarse-crystalline hexagonal graphite individ-
uals, whereas in the middle of the veins ﬁnely crystalline segregations
are present

Uses. Graphite has a wide variety of apphcatlons such as in the
manufacture of graphite crucibles, in foundry facings, the manufac-
ture of pencils, electrodes, lubricants, and pigments.



Section 11 SULPHIDES, SULPHOSALTS,
AND SIMILAR COMPOUNDS

General. This section deals with sulphur, selenium, tellurium, arsen-
ic and antimony compounds of metals. Many of them are minerals of
great economic importance and are an essential part of numerous de-
posits of metallic ores.

The vast majority of these minerals are sulphur compounds (sul-
phides and sulphosalts*). All of them, with the exception of hydrogen
sulphide, occur in nature as solids.

In all, 40 chemical elements in some form or another combine with
sulphur. The most important of them are H, V, Mn, Fe, Ni, Co, Cu, Zn,
(Ga), Ge, As, Mo, Ru, (Rh), (Pd), Ag, Cd, (In), Sn, Sb (Re), (Os) (Ir),
Pt, Hg, Tl Pb and Bi. The elements given in parentheses do not com-
bine with sulphur and occur only as isomorphous admixtures.

Sulphur compounds, according to V. I. Vernadsky, account for no
more than approximately 0.15 per cent of the earth’s crust by weight,
Fe being the predominant metal constituent in these compounds. The
sulphur compounds of all other elements, excluding hydrogen sulphide,
constitute a negligible percentage of the weight of the earth’s crust
(about 0.0019%,). The elements which form the most common sulphur
compounds are Zn, Pb, Cu, Ag, Sb, Bi, Ni, Co, Mo, and Hg.

Selenium compounds (selenides) are known for the following ele-
ments: H, Cu, Ag, Hg, Pb, and Bi. Moreover, selenium is often present
in sulphur compounds as an isomorphous admixture.

Tellurium compounds (tellurides) are more common in nature than
selenides, although the elements which combine with tellurium are few-
er in number namely, Cu, Ag, Au, Hg, Pb, Bi, Ni, and Pt. All these
elements form separate minerals.

Simple arsenic compounds (arsenides) are known for only a few ele-
ments, namely, Fe, Ni, Co, and Pt. Complex compounds in the form of
sulphosalts are more widespread as sulphoarsenites, chiefly of Cu, Ag,
and Pb.

Simple compounds of antimony (antimonides) are known only for
Ni, whereas complex compounds such as sulphoantimonites of Cu, Ag,
and Pb, are rather common.

* Sulphosalts are the salts of hypothetic sulphoacids the sulphoanhydrides of
which would be As,S,, Sb,S;, Bi,S,, etc.
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Simple bismuth compounds are not known in nature, but sulpho-
bismuthites of Cu, Ag, and Pb have been found.

Selenium, tellurium, arsenic, antimony and bismuth compounds
are incomparably fewer than sulphur compounds.

Chemical features of compounds. The periodic table (Fig. 88) shows
that sulphur compounds are typical of the elements almost exclusively
located on the right-hand side of the table, especially of the metals of

1
H

He?lLi®lBe?| B°| ¢8| N7| 08 F®

Neﬂ] Na" Mé? All3 Sil4 plf) SIG CI]?
A K¥ca”s¢ 1% vl M [Fa co |Ni[Cu”|zn |ca” [ce |As |se | B
K '[Rb |sr| Y|z |Nb" |Mo | To” |Ru |Rh|Pd"|Ag” |cd " |In" |Sn|Sb |[Te | T

577
Xe|Cs |Ba IR |HE | Ta |W[Re |05 Ir [Pt "|Ad" g [T1' [PB(Bi™|Po | At™

8 0 91 2
Ree Y |RaR A | T pa | U®

31y 32| 33|  34{ 35

Fig. 88. Elements characteristically forming sulphides and similar compounds
(bold and medium type).

;he so-called subperiods. The same is true of selenium, tellurium, arsen-
¢, and similar compounds.

A place apart among the elements on the left-hand side of the table
s held by hydrogen whose sulphide, H,S, is analogue of water and play
1 tremendous role in the formation of sulphides.

The pronounced affinity of sulphur with heavy metals is shown by
he fact that it reacts with them to form compounds which are almost
nsoluble in water. In contrast to these, the corresponding compounds
f the light metals (Na, K, Mg, Ca, etc.) are found only in aqueous solu-
;ions.

Chemically, sulphides and sulphosalts under consideration are sim-
lar to simple oxides and oxygen salts and, indeed, the formulas of
hese two types of compounds have much in common (e.g., Cu,O and
au,S, HgO and HgS, Sb,0; and Sb,S;, CuzAsS, and Cug[AsO,],, etc.).

The majority of simple sulphur, selenium and tellurium compounds,
rom the chemical viewpoint, derive from H,S, H,Se, and H,Te (e.g.,
2u,S, ZnS, HgSe, PbS, PbTe, Sb,S;, etc.).

In complex sulphur compounds, these simple sulphides either form
ninary compounds or such which chemically are regarded as a separate
slass of sulphosalts.

Furthermore, there are simple compounds of the A X, type or di-
rulphides which, according to V.I. Vernadsky, are derived from H,S,.
~omparing them with oxides, Vernadsky considered them to be ana-
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logues of peroxides. Indeed, on heating, disulphides yield some of their
sulphur content in the same way that peroxides lose some of their oxy-
gen.

Arsentdes and antimonides (simple compounds of metals with arsen-
ic and antimony) materially differ in chemical nature from sulphides.
Contrary to the older conception, neither arsenic nor antimony are ca-
pable of isomorphous replacement of sulphur. Examples of arsenides
and antimonides are NiAs, NiSb, FeAs,, CoAs,, etc. Close to disulphides
and diarsenides, both chemically and physically, are sulphoarsen-
tdes (FeAsS, etc.) and sulphoantimontides (NiSbS, etc.).

Many compounds of this class form solid solutions with each other,
either as continuous series or with limited miscibility in the solid state.
Such are, for instance, the HgS— HgSe and CoAs,— NiAs,—FeAs,
series. Finally, there are numerous polymorphous modifications.

Crystal structure and physical properties. According to X-ray data,
sulphides and similar compounds should be classed with ionic com-
pounds, although in their majority in a whole number of characteristic
properties, they differ sharply from typical ionic oxygen compounds
and are closer to native elements than to oxides or oxygen salts. These
differences are due to the inherent properties of the atoms or ions en-
tering into the composition of sulphides, selenides, tellurides, arsenides,
and antimonides.

As compared with oxygen, the ions of S,Se, Te, As, and Sb have much
greater radii, are more easily polarised and form weak homopolar
bonds. On the other hand, the metallic ions which form compounds
with them and which are situated on the right-hand side of the period-
ic table (in the iron family and in the subgroups of the long periods)
have an 18-electron outer shell and are strongly polarising. Complex
ions, though present in complex sulphur compounds, such as sulpho-
salts, have bonds which are not as strong as those of silicates and other
oxygen salts.

Polarisation phenomena in the crystal structures result in pro-
nounced merging of many electrons of oppositely charged neighbouring
ions, which maybeinferred from the pronounced metallic lustrecharacter-
istic of sulphides and similar compounds, and generally typical of met-
als. This agrees well with the fact that most sulphur, arsenic and other

similar compounds are good conductors of electricity and also explains
why there are fewer metal atoms as compared with the number of
metalloid atoms (for instance, in pyrrhotite, Fe,_,S), and the frequent
absence of strict Dalton ratios in minerals.

In S, Se and Te compounds, metallic properties become more pro-
nounced as the sulphur is replaced by selenium and tellurium. In the
iron group these properties increase from Mn to Ni. The same is true in
the As, Sb, and Bi series where metallic properties increase towards the
bismuth end. In fact, bismuthite (Bi,S;) has a stronger metallic lustre
than antimonite (szss), whereas orpiment (As,S;) is translucent and
has an adamantine or submetallic lustre.
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Mode of occurrence. The overwhelming majority of accumulations
of sulphides and similar compounds occur in ore deposits of hydrother-
mal origin. This warrants the assumption that heavy metals are car-
ried out of the magmatic hearth as volatile or mobile compounds and
precipitate at lower temperatures and pressures mainly in the form of
sulphur compounds. On the basis of experiments it is considered pos-
sible that these compounds could have been transported by hydrother-
mal solutions as true solutions of the heavy metals in combination with
Cl, F, and B, from which sulphur compounds were precipitated as
poorly soluble products of exchange decomposition (A.G. Betekhtin)
atlower temperatures, due to increased dissociation of dissolved H,S into
H+ and S2- ions. The solutions may have also contained complex salts
with sulphur alkalis or sulphohydrates (NaHS, KHS, etc.) which read-
ily dissolve even gold. Their decomposition at lower temperatures may
have yielded native gold along with common metal sulphides (gold sul-
phides do not occur in nature, whereas gold tellurides do).

In sedimentary argillaceous rocks and bitumen- and coal-bearing
seams, sulphides are formed in a different way. The most common sul-
phides in these rocks are pyrite and marcasite (FeS,). These are formed
in reducing conditions, in the presence of H,S which is a decomposition
product of protein substances in organic remains, either in the com-
plete absence of oxygen or when it is deficient. It is also probable that
not infrequently bacteria take part in this process.

In the course of weathering, 1.e., in the presence of water and oxygen,
practically all these minerals readily oxidise and decompose, yielding
first mostly sulphates which are easily soluble in water, and then hy-
droxides, oxides, carbonates, and other oxygen compounds usually
found in the so-called zone of oxidation of ore deposits. The only ex-
ceptions are certain minerals, such as cinnabar (HgS), sperrylite (PtAs,)
and laurite (RuS,), which are chemically stable under these condi-
tions.

Classification of sulphides and similar compounds. On the basis of
the chemical characteristics of individual types of compounds, they fall
into two primary classes.

Class 1. Simple and binary sulphides, selenides, tellurides, arsenides,
and antimonides.

Class 2. Sulphosalts, i.e., minerals which are very similar in chem-
ical constitution to salt-like compounds.

CLASS 1.
SIMPLE SULPHIDES AND SIMILAR COMPOUNDS

With the exception of hydrogen sulphide, all sulphides and similar
compounds occur in the earth’s crust as solid crystalline substances.
Depending on the type of chemical compounds, they are further divid-
ed into different principal groups of minerals (sulphides, arsenides, and
antimonides).

172



1. CHALCOCITE GROUP

This group comprises copper and silver minerals of the type 4,S,
A,Se, and A,Te. Many of them exist in nature in two modifications: a
higher-temperature cubic modification and a lower-temperature ortho-
rhombic or monoclinic modification.

Fig. 89. Prismatic chalcocite crystal.  {Fig. 90. Hexagonal chalcocite crystal.

CHALCOCITE, Cu,S. The name is derived from the Greek “chalcos”
meaning copper. Synonym: copper glance.

Cu,S occurs in three modifications: a low-temperature orthorhom-
bic modification stable below 91° (chalcocite proper or -chalcocite);
two high-temperature modifications (over 91°) which are respectively
hexagonal and cubic («-chalcocite). The hexagonal modification, the
composition of which strictly conforms to the formula Cu,S, is un-
stable and on decomposition alters to the cubic modification, «-chalco-
cite (digenite), which has an antifluorite structure and a composition,
expressed by the formula Cu,_,S, where z = 0.03 to 0.11 (e, = 5.55).
The prerequisite for the stability of «-chalcocite is a statistic blank of
about 109, of Cu positions, with the replacement of another 109, of
univalent copper by divalent copper.

The high-temperature hexagonal modification of Cu,S has a struc-
ture of closest hexagonal packing. The copper ions are located at the
centres of all the triangles comprised of sulphur anions of each layer of
packing, a, = 3.89, ¢, = 6.68.

Natural chalcocite is often a mixture of low-temperature ortho-
rhombic (S-chalcocite) and «-chalcocite.

Chemical compesition. Cu 79.99%,, S 20.19,. Usually contains as im-
purities Ag, sometimes Fe, Co, Ni, As and Au. Some of them, at least the
latter, are mechanical impurities.

System, orthorhombic; symmetry class, rhombic-dipyramidal
3L?23PC. Space group Ab2m (23). aq = 11.9; by = 27.2; ¢, = 13.41.
Occasionally pseudocubic. The following faces are characteristic of
chalcocite which crystallises at temperatures under 91°: prismatic
{110}, {021}, {011}, and {023}; pinacoidal {001}; dipyramidal {111},
{112}, {113}, etc. The erystal strueture of orthorhombic chalcocite 1s
highly complex and has not yet been studied in detail. Habit. Crystals
are rare. Most often they occur as thick tablets parallel to {001} and
short columns parallel to the @ axis (Fig. 89). They are often hexagonal
(Fig. 90), owing to formation of trillings with {110} as the composition
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planes. Penetration twins are also sometimes observed with (032) as the
twinning plane, less often (112). Aggregates. Usually occurs as fine-
grained massive or as impregnations in pseudomorphs after bornite and
chalcopyrite, sometimes after sphalerite, galena, covellite, pyrite,
etc.

Colour, lead grey. Streak, dark grey. Lustre, metallic.

Hardness, 2 to 3. Poorly malleable. Cleavage, {110} indistinct.
Specifie gravity, 5.5 to 5.8. Good conductor of electricity.

Diagnostic features. Lead-grey colour,low hardness, low malleabil-
ity (the point of a knife leaves a shiny scratch, which distinguishes it
from otherwise similar tetrahedrite). Green colour of solution in HNO,.
T'ypical associates with copper minerals, most often with bornite.

Fusible in the blowpipe flame, colouring the flame blue. After roast-
ing on charcoal with soda gives a globule of copper. Dissolves in HNO;,
more readily than in other acids with the separation of sulphur.

Geenesis and occurrence. Natural orthorhombic chalcocite is formed
both endogenously and exogenously, but only at temperatures below
).

As an endogenous mineral, it is occasionally found in certain
wdrothermal copper-rich and sulphur-poor sulphide deposits. In this
sase, 1ts most frequent paragenetic associate is endogenous bornite.
Examples of such deposits are Jezkazgan (Kazakhstan) and Redruth in
_ornwall (Britain).

However, the bulk of chalcocite is formed exogenously in the so-
:alled zones of secondary sulphide enrichment in all copper-sulphide
leposits (Fig. 55). Similarly to other secondary copper sulphides, chal-
socite 1s formed by reactions between primary sulphides and copper
iulphate solutions which percolate from the zone of oxidation of copper
leposits. Often it develops metasomatically in place of secondary born-
te. Sometimes it directly replaces primary chalcopyrite, and occasion-
Jly galena, sphalerite, and other sulphides of primary ores.

Cases are known of chalcocite being formed from cupriferous solu-
ions in sedimentary rocks containing organic remains in the form of
yseudomorphs which retain all the structural details of the remains,
yrincipally wood.

In the zone of oxygen weathering chalcocite is unstable and upon
lecomposition alters to cuprite (Cu,O), malachite, azurite, and other
)xygen compounds. Incomplete oxidation of chalcocite often results in
he formation of native copper after the reaction:

Cu,S +20,=CuSO,+ Cu

Large deposits of chalcocite ores are comparatively rare. In consider-
ible quantities the ores are formed in the lower parts of oxidation zones
f copper-rich sulphide deposits, the upper parts of which had been
horoughly reworked by surface agents. Chalcocite, which in this case
s the principal copper mineral, forms zones of secondary sulphide en-
ichment.
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In the U.S.S.R., massive chalcocite ores had been mined at Turya
in the Northern Urals, from which well-formed crystals have also been
recorded. They were studied in detail by Academician P.V. Yeremeyev.
Huge deposits of poor disseminated chalcocite ores are found in the So-
viet Union at Kounrad, Kazakhstan (north of Lake Balkhash), at Al-
malyk (south of Tashkent), and elsewhere.

Well known deposits occur in the Butte, Montana (U.S.A.), where
chalcocite in paragenesis with bornite, enargite, pyrite and other miner-
als is found in primary ores well below the ground-water table, i.e., as
an endogenous mineral.

Uses. Chalcocite is the most copper-rich sulphide which makes chal-
cocite copper ore the most important sulphide ore of industry. A very
large part of the world’s production of copper is obtained from chalco-
cite ores. Such, in particular, are the huge deposits of disseminated ores
of the Kounrad deposit, the mining of which is economically worthwhile,
despite the relatively low copper content.

ARGENTITE, Ag,S. The name comes from the Latin “argentum”
meaning silver. Synonym: silver glance. “Silver black” is a pulverulent
variety of silver sulphide and occurs in association with compact ar-
gentite.

Ag,S occurs in two modifications: (1) high-temperature cubic which
is stable at temperatures above 179° and is known as argentite, and (2)
a low-temperature orthorhombic modification which forms at temper-
atures below 179° and is called acanthite. At temperatures below 179°
the cubic modification undergoes paramorphic alteration to the ortho-
rhombic, as shown by X-ray examination of the cubic crystals.

Although special names have been suggested for each modification
of silver sulphide, the general name of “argentite” has remained in use
in mineralogy and is applied also to low-temperature paramorphs of
the high-temperature modification.

Chemieal composition. Ag87.19,;S 12.9%. Cuis often found among
isomorphous admixtures in argentite. Usually is also contaminated
with compounds of Pb, Fe, Sb, etc.

System, cubic; symmetry, hexoctahedral Space —
group m3m(0;). lh
Low—temperature argentite (acanthlte) is mono- \@,

clinic. Space group P2,/c(Cj.); a, = 9.47; b = 6.95;

¢ = 8.28; B = 124° (has not been studied in sufficient

detail). Occurs as imperfect crystals (paramorphs): Fig. 91. Argen-
cubes, cubic octahedra (Fig. 91), occasionally rhom- tite crystal
bododecahedra. (common form).

Colour, lead grey. Lustre on fracture, metallic.

Hardness 2 to 2.5. Malleable. Cleavage {110} and {100} imperfect.
Specitic grav1ty, 7.2t07.4. Other properties. Conducts electricity only at
high temperatures. A polished surface tarnishes within a few seconds
on exposure to strong light.
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Diagnostic features. Difficult to recognise with the naked eye.
Often associated with “silver black”, sometimes with native silver.

After roasting on charcoal in the blowpipe flame gives a malleable
silver globule. Dissolves in nitric acid with the separation of sulphur;
when hydrochloric acid is added, a thick curdy white precipitate of
AgCl is formed, which is soluble in ammonia.

Genesis and occurrence. Argentite occurs in hydrothermal sulphide
silver-ore deposits, often in paragenesis with native silver and other ar-
gentiferous minerals.

However, this mineral, or acanthite to be more precise, most fre-
quently occurs in the lower parts of oxidatiorn zones of argentiferous
sulphide ore deposits, in association with cerussite (PbCO,), cerargyr-
ite (AgCl), native silver, etc. Pseudomorphs of argentite have been
found after native silver and many minerals of complex composition—
sulphides, arsenides, and antimonides of silver (proustite, pyrargyrite,
stephanite, etc.).

Argentite is rarely found in large accumulations important in their
own right. Considerable masses have been found together with native
silver, at the Kongsberg deposit (Norway), and also at Zacatecas and
Guanajuato and other deposits in Mexico where it occurs in association
with sulphosalts of silver (polybasite, pyrargyrite, proustite, etc.).

In the U.S.S.R., it occurs as selvages, less often as small masses, at
Zmeinogorsk (Altai), Nerchinsk (Eastern Trans-Baikal Region), and
Verkhoyansk (Eastern Siberia).

Uses. As an associate of other argentiferous minerals, argentite is a
source of silver, since a minimum content of 0.029%, of silver makes min-
ing worthwhile.

2. GALENA GROUP

Of the minerals of this group we shall discuss only galena, the one
which is most widespread in nature.

GALENA, PbS. From Latin “galena” meaning lead ore. Synonym:
lead glance. Variety: selenium galena. There is a physical variety called
“bleischweif” which is compact dull close-grained mass.

Chemical composition. Pb 86.69%,, S 13.49%,. The most frequent im-
purities are Ag (up to tenths of a per cent), Cu, Zn, sometimes Se (sele-
nium galena), Bi, Fe, As, Sb, Mo, rarely Mn, U, etc. In the majority of
cases these elements are present as microinclusions of foreign miner-
als.

System, cubic; symmetry, hexoctahedral 3L*4L{6L*9PC. Space
group Fm3m(05). a, = 5.924. The erystal structure, in which the sul-
phides of the galena group crystallise, is of the halite type (Fig. 92).
The sulphur anions are spaced according to the law of cubic (treble-
layer) closest. packing, while the lead cations fill all the octahedral
spaces between the anions. The unit cell is fundamentally a cubic face-
centred structure in which the ions are located at the corners of the cube
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and face centres of the cell, with the difference that two types of ions take
part in the structure (Fig. 92b). If the unit cell is divided into smaller
cubes, their corners will be alternately occupied by each of the two
types of ions. The coordination number of either type of ions is 6.
In Fig. 92, the sulphur ions occupy the corners of the greater cube and

‘( a) (6)

Fig. 92. Crystal structure of galena.

a —Aistribution of ionic centres (black circles —Pb, light-coloured circles ~5;
b —crystal structure shown as spheres, drawn to the same scale.

Fig. 93. Cubic galena crystals.

the face centres, while the lead ions occupy the interspaces. The pattern
may be reversed without changing the nature of the structure. Habit.
Mostly cubic, sometimes with octahedral faces (Fig. 93), less often octa-
hedral. The most common forms are: {100}, {111}, and less often {110}.
Twins on (111) as the composition plane. Galena crystals are found
only in druse cavities. Usually granular massive or in the form of irreg-
ular segregations.

Colour, lead grey. Streak, greyish black. Lustre, metallic.

Hardness, 2 to 3. Brittle. Cleavage, very perfect, cubic. Bismuth-
bearing varieties display parting parallel to {111}, which disappears on
heating and the usual cubic cleavage appears. Specific gravity, 7.4 to
7.6. Other properties. Poor conductor of electricity but has good recti-
fying properties.

12 — go10 177



Diagnostic features. Easily recognisable by colour, lustre, character-
istic cubic cleavage, low hardness and low specific gravity. In crypto-
crystalline masses is distinguished from similar antimonides and arse-
nides by specific gravity and behaviour before the blowpipe.

Easily fusible in the blowpipe flame. Roasted with soda, gives a
lead globule. Readily soluble in nitric acid, giving sulphur and white
PbSO, precipitate due to partial oxidation during solution.

Genesis and occurrence. Almost exclusively confined to Aydrother-
mal deposits. Often found in huge masses. Typically is associated with
sphalerite (ZnS), the amount of which is usually greater than that of
galenite. Hydrothermal lead-zinc deposits occur either as regular veins
orasirregularmetasomatic bodiesin limestones or, lastly, as disseminat-
ed ores.

Other galena associates are pyrite, chalcopyrite, grey ores, the sul-
phosalts of silver, zinc, copper, and arsenopyrite. Apart from quartz and
calcite, the nonmetalhc minerals in these ores are barite (BaSO,), fluo-
rite (Can) and various carbonates.

In the course of oxidation in the process of weathering, galena is
covered with an anglesite (PbSO,) crust which alters to cerussite
(PbSO,) at the surface. These poorly soluble compounds form a sort of
solid coating around undecomposed galena protecting it from the oxid-
ising agents. Therefore, it is not surprising that galena nodules protect-
ed by such a coating are found in the zone of clayey alluvium and even
in placers. Unlike sphalerite, galena in the zone of oxidation gives rise
not only to anglesite and cerussite, but also to other poorly soluble
oxygen compounds such as phosphates, arsenates, vanadates and mo-
lybdates. Owing to this, the oxidised zones of lead-zinc deposits are, as
a rule, enriched in lead.

. The most important of the numerous galena ore deposits of the
U.S.S.R. are the following: the Sadon vein deposit, Northern Caucasus;
the Turlan (Achisay), unusually coarsely crystalline massive galena
occurs in the limestones of the Kara-Tau range, north-east of the
town of Turkestan; the Altat polymetallic ore deposits composed of
very fine-grained pyrite, sphalerite, chalcopyrite, galena, and grey ores;
numerous deposits in Kara-Mazar mountains, and elsewhere in Central
Asta; the Nerchinsk deposits in the Trans-Baikal Region, etc.

In Missourt (U.S.A.) large deposits occur in the form of impregna-
tions and pockets in limestones and shales over a vast territory; other
deposits are worked in Leadville, Colorado, and elsewhere.

Uses. Galena is the most important ore of lead. Practically all of the
world’s production of lead is obtained from this ore.

Apart from being used for the smelting of lead, the applications of
which are well known, a small amount of galena ores are processed into
litharge (PbO) to obtain pigments (white, red, and yellow lead) and
glazes. Considerable quantities of silver (and occasionally some bismuth)
are obtained as by-product of lead smelting from argentiferous miner-
als associated with galena.
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3. SPHALERITE GROUP

Dimorphous A X-type minerals which crystallise in the cubic and
hexagonal systems (crystal structures of the sphalerite and wurtzite
type with tetrahedral ionic coordination) are included under this head-
ing. In this section we shall also describe mercury sulphide (cinnabar)
which, though close to the sphalerite group in some properties, materi-
ally differs from it in crystal structure.

SPHALERITE, ZnS. The name comes from the Greek “sphaleros”
meaning deceptive, probably because it bears no outward resemblance
to common metal sulphides. Synonym: zinc blende. Varieties: cleio-
phane which is light-coloured or colourless (almost without impurities);
marmatite which is black and ferruginous; and pribramite which is rich
in cadmium (up to 59,).

Chemical composition. Zn 67.1%, S 32.9%. The most common im-
purity is Fe (up to 209,); upon microscopic examination, this variety
shows minute inclusions of pyrrhotite (FeS) which is a product of the
disintegration of solid solution. Sometimes microinclusions of chalco-
pyrite (CuFeS,) and, occasionally, of stannite (Cu,FeSnS,) are also found,
which explains the presence of copper and tin admixtures in spha]erite.
Often other isomorphous admixtures are present in sphalerite. These
are Cd (usually up to tenths of one per cent), In (up to hundredths of
one per cent), Ca, Mn, Hg, etc.

System, cublc symmetry, hexoctahedral 3L4L36P. Space group
F43m(T§) ay = 5.40. Crystal structure is charactensed by treble-layer
(cubic) closest packing of sulphur anions. The zinc cations occupy
half the tetrahedral spaces between the anions. This type of structure
is similar to that of diamond, the difference being that the centres of
the smaller cubes are occupied by atoms (ions) which are different
from those at the corners and the face centres of thelarger cube. As
shown in Fig. 94, each S ion at the tetrahedral apexes is surrounded
by four Zn ions. In the unit cell which is shown diagrammatically,
there are four sulphur ions at centres of half the number of smaller
cubes. It should be noted that all the tetrahedra are uniformly oriented,
which results in tetrahedral rather than cubic symmetry. In contrast
to diamond, cleavage in sphalerite crystals is parallel not to the octa-
hedral planes but to the rhombododecahedral planes {110}, since
these planar nets contain Zn and S ions simultaneously and in equal
numbers.

Habit. Well-developed sphalerite crystals often occur in druse cavi-
ties. The tetrahedral habit is the most common (Fig. 95), the positive
and negative forms often differing in lustre and etch figures. Sometimes
é 10} faces prevail and the crystals acquire a dodecahedral habit.

ommonly twinned along {111}. Aggregates. Compact masses show
pronounced granular structure, easily recognisable by the very dis-

tinct cleavage of the individual grains. Botryoidal forms are less com-
mon.
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Fug. 94. Crystal structure of sphalerite.

a —distribution of ionic centres of zinc (black

circles) and sulphur (white circles); b —the

same structure shown as tetrahedra, with

ionic centres of sulphurinevery tetrahedron;
¢ —crystal structure presented as spheres.

Fig. 95. Tetrahedral sphalerite crystals.

Colour, usually brownish to brown; often black (marmatite), less
often yellow, red or greenish. Perfectly colourless varieties (cleiophane)
are also known. Streak, white or light yellow to brown. Iron-rich
varieties have a brown streak. Lustre, adamantine. Refractive index in
Na-light n = 2.37.

Hardness, 3 to 4. Rather brittle. Cleavage, {110} excellent. Specific
gravity, 3.9 to 4. Other properties. Non-conductor of electricity. Polar
pyroelectric. Certain varieties phosphoresce on rubbing or splitting.
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Diagnostic features. Characteristic isometric crystal grains with
rhombododecahedral cleavage, i.e., in the six directions correspond-
ing to the structural planar nets composed of Zn and S atoms. This dis-
tinguishes the ferruginous varieties of sphalerite from wolframite (Fe,
Mn) WO, and enargite, CusAsS,, which are similar to the former in
colour, hardness, lustre and other features, but have a prismatic habit
of grains and unidirectional cleavage.

Decrepitates in the blowpipe flame but practically does not fuse.
On charcoal in the reducing flame gives a white coating of zinc oxide.
Dissolves in concentrated nitric acid with separation of sulphur.

Genesis and occurrence. Most of sphalerite deposits, as those of
galena, with which sphalerite is practically always associated, are of
the hydrothermal type (see “Galena”). In certain sulphide deposits,
it is sometimes associated with chalcopyrite.

Under exogenous conditions sphalerite is formed extremely rarely.
It has been found in some coal seams.

On oxidation sphalerite decomposes rather rapidly with the evolu-
tion of zinc sulphite which is readily soluble in water; that is why the
oxidation zones are, as a rule, heavily depleted of zinc (cf. galena).
When the enclosing rocks of a deposit are limestones, zinc carbonate
(smithsonite) will accumulate in them.

In lead-zinc deposits, examples of which have already been cited
(under “Galena”), sphalerite usually occurs in much greater quantities
than galena.

In some deposits, there are found druses of well-developed crystals
of sphalerite together with calcite, quartz, and other minerals, for
example, in the deposits of the Nagolny ridge, the Ukraine.

Sphalerite may also occur as metacolloidal concentrically-banded
botryoidal formations in cavities in limestones, in association with
galena, pyrite, marcasite, chalcopyrite, calcite, or dolomite.

In close association with chalcopyrite (almost without galena) it
occurs in a number of pyrite deposits in the Urals, such asthe Karpu-
shino and the 111rd International deposits, and elsewhere.

Outside the U.S.S.R., the most interesting deposits, from the miner-
alogical standpoint, are Pribram (Czechoslovakia), Binnenthal (Swit-
zerland) where excellent crystals occur in cavities in dolomite, and the
Santander deposits (Spain) where remarkable transparent sphalerite
crystals have been found.

Uses. Sphalerite is the principal ore of zinc. Apart from zinc,
sphalerite ores yield, as by-products, valuable rare metals: Cd, In, and
Ga.

In the course of roasting and smelting of polymetallic ores, ZnS,
oxidised to ZnO, escapes in large amounts with the flue gases. For this
reason, the ores are usually pretreated to separate the lead and the
zinc concentrates. The latter, after preliminary roasting in special
furnaces in order to oxidise the zine, is smelted in a reducing atmo-
sphere in sealed retorts so as to sublimate the zine.
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The metallic zinc which is obtained by sublimation is not pure and
is used to galvanise iron. Crude zinc is refined electrolytically and goes
into brass, bronze, and other alloys.

Small quantities of sphalerite are used directly for making zinc
white, fluorescent screens, etc.

Cadmium, the bulk of which is obtained from sphalerite ores as a
by-product, is used in electroplating, as an anticorrosion coating for
steel and iron; in the preparation of fusible alloys which are stronger
and more resistant to high temperatures and wear than babbit alloys
which require a great admixture of costly tin; in storage batteries; in
the manufacture of automatic fire-fighting equipment.

Gallium is a metal which has many properties in common with alu-
minium. It melts at 29° and forms an alloy with aluminium which is
liquid at room temperature. The boiling point of gallium, unlike that
of mercury, is very high (1700 to 2300°) making it in some applications
a good substitute for mercury in thermometers and other precision
instruments. Gallium lamps emit light closely similar to daylight.

Indium is used as an anticorrosive coating for metals and in the
manufacture of reflectors for spotlights and automobile headlights.
Organic compounds of indium are used in medicinal preparations for
the treatment of sleeping sickness.

WURTZITE, ZnS. Variety: erythrozincite, i.e., manganiferous wurt-
zite, (Zn, Mn)S.

Chemical composition, identical with that of sphalerite. Usually
contains more cadmium.

System, hexagonal; symmetry, dihexagonal pyramidal L86P. Space
group C6me (C3,). ay=3.798; ¢,=6.23. Crystal structure is character-
ised by hexagonal (double-layer) closest pack-
ing of sulphur anions (Fig. 96)*. As in the
sphalerite structure, the zinc cations occupy
half the vacant tetrahedral spaces. This simi-
larity in crystal structure explains the simi-
5 larity in a number of physical properties
(specific gravity, hardness, colour, etc.). How-
ever, wurtzite differs essentially from sphal-
erite by optical anisotropy and crystal form.
Habit, pyramidal, short-columnar or tabular.

Colour, similar to that of sphalerite, but
varies with Fe content from white to brown
and black. Streak accordingly varies from
white to brown. Lustre, adamantine.

Hardness, 3.5 to 4. Brittle. Cleavage, {1120} perfect and {0001}
indistinct. Speecific gravity, 4.0 to 4.1.

Fig. 96. Crystal structure
of wurtzite.

* Recently rare natural modifications of wurtzite were discovered with 4-, 6-,
and 15-layer closest packings.
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Diagnostic features. Massive wurtzite is outwardly indistinguish-
able from sphalerite. Its optical anisotropy is revealed only by micro-
scopic examination. Behaviour before the blowpipe and reactions with
acids are the same as those of sphalerite.

Genesis and occurrence. Wurtzite is a comparatively rare mineral.
It occurs together with sphalerite in certain hydrothermal deposits of
low-temperature origin.

In the U.S.S.R., it occurs together with sphalerite in some of the
Urals deposits: Blyava, Yaman-Kasy; and in Kirghizia: at Ak-Tyuz,
Karavash, and elsewhere.

Most interesting mineralogically are the concentrically-banded
metacolloid varieties in Pfibram, Czechoslovakia, the well-formed
pyramidal crystals of the Butte district of Montana (U.S.A.) and at
Oruro and Potosi (Bolivia).

The mineral is of no economic value.

GREENOCKITE, CdS. Synonym : cadmium glance. Rare. Cadmium
content 779,. Sometimes contains indium.

System, hexagonal; symmetry, dihexagonal pyramidal. Space
group identical with that of wurtzite, a,=4.142; ¢,=6.724.

Recently there has been found a cubic modification of this com-
pound which has been called hauleite.

Rare crystals are small and barrel-shaped or acute pyramidal in
form. Usually occurs as powdery or earthy selvages.

Colour, yellow, orange-yellow or dark orange. Streak, orange-yellow
to brick red. Lustre, adamantine.

Hardness, 3 to 3.5. Brittle. Cleavage, {1120} perfect. Specific grav-
ity, 4.9 to 5.0.

Diagnostic features. Differs from similar orpiment, As,S;, realgar
AsS, and wulfenite PbMoO,, by behaviour before the blowpipe (on
strong ignition with soda gives a red-brownish film of CdO). When dis-
solves in acids gives off a strong odour of H,S. The reaction for cad-
mium is performed in an alcohol solution of diphenylcarbazide on filter

aper.
d pGenesis and occurrence. Is found in association with cadmium-
bearing sphalerite or wurtzite. No large accumulations of greenockite
have been observed.

Has occurred in the oxidised zones of the following deposits:
Kyzyl-Espe (Central Kazakhstan), Gaynakh-Kan, Kan-Sai and Obisor-
bukh (Central Asia). Has been also found in cavities as tiny crystals on
chalcopyrite and galena in a pyrite bed of the Sibai deposit, Southern
Urals, where it is obviously in exogenous mineral.

Other localities are Pribram, Czechoslovakia; Friedensville, Pennsyl-
vania (U.S.A.), etc.

For the uses of cadmium see “Sphalerite”.
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CINNABAR, HgS. The name presumably comes from India where
it is applied to a red resin and to “dragon blood”. A cubic modifica-
tion of HgS is known as metacinnabarite.

Chemical composition. Hg 86.2%,, S 13.89%,. Foreign elements are
usually mechanical admixtures.

Fig. 97. Cinnabar crystal. Fig. 98. Cinnabar twin r {1011},
n {2021}, x {4263}.

System, trigonal; symmetry, trigonal trapezohedral L33L2. Space
group C3,2(Dj) or C3,(D§). aq=4.16; c,=9.54. Crystal structure, hexa-
gonal. On the whole, it may be regarded as a distorted structure of
NaCl with a coordination number of 6 (both for Hg and for S). A pecu-
liar feature of the crystal structure are continuous spiral chains of
S—Hg—S with covalent bonding between the ions, the chains being
parallel to the ¢ axis (along the right- or left-hand helical axis). This
explains the pronounced ease of rotation of the plane of polarisation.
The weaker bonding between the chains accounts for the distinct pris-
matic cleavage parallel to {1010}.

Habit. Cinnabar occurs in small thick tabular (0001) or rhombohe-
dral crystals with faces {1011}, {2025}, etc., (Fig. 97) and sometimes
with trapezohedral faces. Characteristic twinning along (0001) (Fig. 98).
Aggregates. Most often observed as impregnated irregular grains,
sometimes massive, and also as powdery selvages and coatings. The
so-called “hepatic” oreis a cryptocrystalline mass with abundant earthy
and organic impurities.

Colour, red, sometimes with a lead-grey tarnish. Streak, red. Lustre,
strong, submetallic. Translucent. -

Hardness, 2 to 2.5. Brittle. Cleavage, {1010} rather perfect. Specifie
gravity, 8.09. Other properties. Unlike metacinnabarite, cinnabar does
not conduct electricity.

Diagnostic features. Easily identified by red colour, low hardness,
high specific gravity, and behaviour before the blowpipe.

Volatilises completely in the blowpipe flame on charcoal. Subli-
mation begins at 200° C. When heated in the closed tube, gives a black
sublimate of HgS, metallic mercury, and a sulphur coating. When heat-
ed in the open tube, i.e., in the presence of oxygen, tiny globules of
metallic mercury are formed on the cool walls of the tube according to
the equation: HgS+ O,=Hg+S0,. This is essentially the method em-
ployed in industry to obtain mercury.
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Cinnabar is soluble in aqua regia and is decomposed by chlorine.
It also dissolves in caustic alkali solutions of sulphides, but is insoluble
in nitric and sulphuric acids.

Genesis and occurrence. Cinnabar deposits, without exception,
belong to the low-temperature hydrothermal type. Instances are known
of cinnabar deposited from hot alkaline springs at the daylight sur-
face (Steamboat Springs in Nevada, and Sulphur Bank Springs in Cali-
fornia, U.S.A.). The ore minerals associated with cinnabar are: antimo-
nite (Sb,S;), pyrite, less often arsenopyrite (FeAsS), realgar (AsS), occa-
sionally sphalerite, chalcopyrite, etc. The usual nonmetallic associates
are quartz, calcite, often fluorite and barite, sometimes gypsum, etc.

In the oxidation zones of mercury deposits, black films of metacinna-
barite, native mercury, and occasionally mercury chlorides occur some-
times as secondary minerals. In general, cinnabar is rather stable in
oxidising conditions, in contrast to many other sulphides. This is why
it is often found in placers where due to its high specific gravity it
shows in the heavy concentrates.

The Soviet Union’s largest deposit is at Nikitovka (3 km from the
Nikitovka Station, Northern-Donets railway) where cinnabar occurs
both as an impregnation and in veinlets, in association with quartz,
antimonite, arsenopyrite, and occasionally with pyrite, mostly in sand-
stones.

A number of small deposits are situated in the Caucasus. Of these the
Khideshlep deposit is interesting mineralogically, since there cinnabar
is associated with bright-red realgar (AsS).

Larger deposits are found at Khkaidarkan and Chauvai in Central
Asia, chiefly along the northern foothills of the Altai and Turkestan
ranges. There cinnabar in the form of small grains in brecciated ores is
associated with quartz, antimonite, fluorite, calcite, barite, and other
minerals.

World famous are the deposits at Almaden (Spain), and Idria
(Italy).

Uses. Cinnabar is practically the only source of metallic mercury
since native mercury is rather rare. The principal use of mercury is for
the amalgamation of gold in extracting the latter from primary ores.
It is also used for the manufacture of chemicals, fulminate of mercury
Hg(CNO) for detonating high explosives, and in scientific instruments.

4. PYRRHOTITE GROUP

This group includes the compounds of metals of Group VIII of the
periodic table (in particular Fe, Ni, and Co) with S, As, and Sb. These
compounds have the general formula A X (or a very similar formula).

We shall consider here the minerals: pyrrhotite, niccolite, millerite,
and pentlandite.
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PYRRHOTITE, Fe,_. S (most often z=0.1 to 0.2). Usually its for-
mula is presented as FeS. The name comes from the Greek “pyrrhos”
meaning the colour of fire. Synonym: magnetic pyrite.

Chemical composition. Usually the sulphur content is higher than
the one indicated by the formula FeS: instead of 36.49, it may be as
high as 39 to 409%,. Sometimes minor impurities of Cu, Ni, Co, and
occasionally of Mn and Zn are found (the first three metals are
usually present in the form of the chalcopyrite and pentlandite in-
clusions).

System, hexagonal; symmetry, dihexagonal dipyramidal L86L27PC.
This modification is stable at temperatures below 138°. Space group
C6[mmc (Dy). ag=6.872; co=11.444 (z increases with c)*. The erystal
structure is characterised by the hexagonal structure of niccolite (see be-
low). According to X-ray data, the excess sulphur (against the formula
FeS) cannot be accounted for by additional large S?- ions fitting some-
where into the empty spaces of the pyrrhotite crystal structure since
these spaces are too small. It may be assumed that either S?- ions partly
replace Fe ions or, if the number of S?- ions in the lattice is constant,
some of the sites for Fe cations remain vacant. The problem was solved
by comparing the calculated specific gravities for either case. The
upper curve (Fig. 99) represents the calculated specific gravities on the
assumption that the S ions partly replace the Fe ions; the lower curve
represents the other case in which the assumption is that some of the
sites for the Fe ions remain vacant; the circles indicate the specific
gravities of pyrrhotite varieties actually existing in nature. It is evi-
dent from the graphs that the second assumption is correct. Therefore,
it should be assumed that in order to neutralise the total negative charge
of the S%- anions, some of the Fe ions must have a trivalent positive
charge, not a divalent charge. This has been confirmed by very accurate
chemical analyses.

Habit. Crystals are generally rare. Usually they are tabular, less
often columnar or pyramidal (Fig. 100 and 101), mostly with the follow-
ing faces: pinacoidal {0001}, prlsmatlc {1010}, dipyramidal {1011},
{2021}, et¢. Twins arerare, with {1011} as the twinning plane. Common-
ly massive or in the form of irregular disseminated grains.

Colour, dark bronze-yellow with a dark-brown tarnish. Streak, grey-
black. Lustre, metallic.

Hardness, 4. Rather brittle. Cleavage, {1010} imperfect. Apart from
this, there is a parting parallel to {0001}. Specitic gravity, 4.58 to 4.70.
Other properties. Occasionally magnetic. Sulphur-rich varieties ferro-
magnetic. Good conductor of electricity.

Diagnostic features. Identifiable by characteristic colour and, often
by magnetic properties.

* In the deposits at Ixoen (Sweden), a monoclinic modification of pyrrhotite
Iﬁ pyrrhotite) has been found: a, = 5.936; b, = 3.427; ¢, = 5.689; B = 89°38'".
t occurs together with common pyrrhotlte
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Fuses in the blowpipe flame into a black magnetic bead. Dissolves
with difficulty in nitric and hydrochloric acids, which sharply distin-
guishes it from troilite (FeS).

Genesis and occurrence. Pyrrhotite only in rare instances is a high-
temperature mineral. Its formation, which is the same as that of pyrite
(FeS,), depends not so much on

temperature as on the concen- by
tration of sulphur in solutions: =
at high S?2- concentration, the E,” With substitution of STor fe
iron precipitates as a sulphide Sl
(FeS,), while at low concen- o
tration a monosulphide (FeS) is R4z
formed. S
Pyrrhotite is almost exclu- Sz
sively confined to endogenous '
deposits of diverse genesis. ?4_5—
1. It is quite widespread in

basic igneous rocks, chiefly in 5 5 7 3 i 5 O
norites, and sometimes in gab- —=Afomic percent S

bro-diabases, where pyrrhotite Fig. 99. Curves show calculated specific

is the principal mineral in sul-  gravities; circles show actual, specific
phide accumulations occur- gravities of pyrrhotite.

ring in close association with
pentlandite and chalcopyrite (deposits of copper-nickel sulphide ores).

2. Sometimes forms large masses in contact-metasomatic deposits,
mainly at the boundary with limestones. Chalcopyrite, pyrite, magne-
tite, blackjack, arsenopyrite, sometimes cassiterite (SnO,) scheelite
(CaWO,), calcite and quartz
occur in paragenesis with pyr-
rhotite. All of them are formed
in the later stages of skarn for-

a0g1

010

Fig. 100. Tabular pyrrhotite Fig. 101. Pyrrhotite twin.
crystal.

mation. In the U.S.S.R., the best known contact-metasomatic deposits
are the Bashmakovskoye and Bogoslovskoye in the Turya group of mines
(Northern Urals).

3. In a number of typical hydrothermal deposits pyrrhotite occurs
associated with sphalerite, galena, chalcopyrite, cassiterite, arsenopy-
rite, ferruginous chlorites, carbonates, etc., being the latest to be
formed of all these minerals. Well-formed crystals are usually found
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in druse cavities as a later growth on such earlier minerals as sphalerite,
quartz, calcite, etc.

4. Rare finds of unusual pyrrhotite concretions in association with
siderite were recorded from sedimentary rocks at the Kerch iron depos-
it, and also in phosphorite nodules.

In conditions of weathering in the zone of oxidation, it is the most
easily decomposed sulphide. At first, ferrous sulphate is formed and
this changes in the presence of oxygen to ferric sulphate. The latter
hydrolyses to form insoluble ferrous hydroxides (limonite) and free
sulphuric acid which passes into solution.

Uses. Deposits of massive pyrrhotite ores which do not contain oth-
er metallic minerals are of limited economic value. As stock material
for the production of sulphuric acid they are greatly inferior to pyrite
ores. Their sulphur content usually does not exceed 30 to 329,, while
In pyrite ores it may be as high as 45 to 509%,.

NICCOLITE, NiAs. Synonym: copper nickel.

Chemical eomposition. Ni 43.99;; As 56.1%,. Impurities Fe (up to
2.7%), S (up to 5%), sometimes Sb and Co. The commonly observed
broad variations in the composition of niccolite are often due to inclu-
sions of foreign minerals which can be seen under the microscope.

System, hexagonal; symmetry, dihexagonal-dipyramidal L$6L27PC.
Space group C6/mmc(D*). ay=3.616; c,=5.020. Crystal structure,
hexagonal with closest packing of arsenic atoms and with nickel atoms
occupying all the octahedral spaces. Each arsenic atom is surrounded
by six nickel atoms forming a trigonal prism, whereas each nickel atom
is surrounded by six arsenic atoms forming an octahedron (Fig. 102). In
addition, each arsenic atom is close to two nickel atoms (vertically)
which are also its closest neighbours. This explains the partly ionic and
partly metallic bonding of atoms in this type of crystalline structures.
It also explains not only the higher reflectivity and electrical con-
ductivity, but also the certain variability of the composition of com-
pounds which form crystal structures of this type.

Habit. Crystals are extremely rare and are poorly developed, with
predominant {1010} faces. Usually massive, sometimes in botryoidal
and other forms.

Colour, pale copper-red. Streak, dark brownish black. Lustre, me-
tallic.

Hardness, 5. Brittle. Cleavage, { 1010} imperfect. Specific gravity,
7.6 to 7.8. Good conductor of electricity.

Diagnostic features. Readily identifiable by pale copper-red colour
and metallic lustre.

Fuses on charcoal before the blowpipe into a brilliant brittle glob—
ule and gives off a strong garlic odour.

If intensely heated in the closed tube, forms an arsenic mirror on
the cool walls. Solution in nitric acid is apple green which turns blue on
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addition of ammonia. With dimethylglyoxime yields a thick pink pre-
cipitate.

Genesis and occurrence. Occurs mostly in hydrothermal vein depos-
its, sometimes in large amounts, as impregnations or block masses.
Common paragenetic associates: diarsenides of nickel, such as chloan-
thite, rammelsbergite, sometimes native bismuth and silver, etc.

Fug. 102. Crystal structure of niccolite.

a —distribution of atomic centres of nickelh and arsenic; b —crystal structure shown as
spheres.

The weathering of niccolite gives rise to bright-green annabergite,
Nig[AsO,], - 8H,0.

In the U.S.S.R., most interesting finds of niccolite were made at the
Berikul primary gold deposit, Western Siberia. Together with other
nickel arsenides (rammelsbergite, gersdorffite, etc.), it was found as
continuous irregularly shaped pocket-like masses in carbonate veinlets.

Other notable occurrences are the hydrothermal vein deposits of
the Erzgebirge mountains (Saxony) of the so-called cobalt-nickel-silver
formation with native bismuth (Schneeberg type), and the Cobalt
deposit in Ontario, Canada, where it occurs in association with sul-
phides and arsenides of nickel and cobalt, as well as with native silver
and other minerals.

Uses. Niccolite ores when found in quantities are of great economic
importance.

MILLERITE, NiS. Synonym: capillary pyrite.

Chemical composition. Ni 64.7%, S 35.3%. Impurities: Fe (up to
1-29%), Co (up to 0.5%), Cu (up to 1%).

System trigonal; symmetry, ditrigonal-scalenohedral L§3L2Z3PC.
Space group R3m(DS,) or R3m(C3,)-a,=9.60; c,=3.15. Crystal strue-
ture differs from the structures of pyrrhotite and the artificial modifica-
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tion of NiS (niccolite type with coordination number 6). The structure
of this modification with coordination number 5 (intermediate between
the high-temperature NiS modification and pentlandite) is very com-
plex and will not be described here.

Habit. Crystals usually acicular with coarse lengthwise striation.
Aggregates. Often in radiating hair-like groups, hence the name of
capillary pyrites.

Colour, brass yellow, sometimes with an iridescent tarnish. Streak,
greenish black. Lustre, strong metallic.

Hardness, 3 to 4. Brittle. Capillary crystals somewhat elastic.
Cleavage, {1011} and {0112} perfect. Specific gravity, 5.2 to 5.6. Other
properties. Good conductor of electricity.

Diagnostic features. Identifiable by very characteristic frequent
needle-like forms and radially fibrous brass-yellow aggregates. When
found inirregularly shaped grainsor masses, requires for identification
chemical tests for nickel and sulphur.

Fuses in the blowpipe flame on charcoal to give a brilliant boiling
bead. In the reducing flame it finally gives a compact, slightly magnet-
ic nickel globule. Dissolves in nitric acid and aqua regia colouring the
solution green (due to the presence of nickel) with the separation of
sulphur. With dimethyl glyoxime gives the characteristic nickel reac-
tion.

Genesis and oceurrence. A relatively rare mineral, it is nearly always
a typical product of hydrothermal processes.

Sometimes occurs in deposits of copper-nickel sulphide ores as a
later hydrothermal mineral formed at the expense of pentlandite.

In typical hydrothermal vein deposits is found in association with
other nickel and cobalt minerals, mostly sulphides and arsenides. In
these cases it is observed in radial groups in paragenesis with linneite,
gersdorffite, galena, fluorite, calcite, quartz, etc.

In the U.S.S.R., mineralogically important finds of millerite have
been recorded from the area of the Beryozovskoye gold fields as radiat-
ed and sheaf-like aggregates in thin carbonate veinlets in listvenites
(hydrothermally altered ultrabasic rocks).

In other countries the best known are the deposits in the Erzgebirge
mountains (Saxony), namely Freiberg, Schneeberg, etc., where millerite
associates with other sulphides of nickel and cobalt, and also with
galena, calcite, fluorite, etc. Fine-radial aggregates of millerite have
been found in the coal mines of Kladno, Czechoslovakia.

Uses. As a nickel-rich mineral, millerite is important economically
even when found as a sparse dissemination in rocks or ores, especially if
associated with other nickel or cobalt minerals.

PENTLANDITE, (Fe, Ni),S;. Synonym: iron-nickel pyrite.

Chemical composition, variable. Fe-Ni ratio is usually 1:1. Cobalt is
always present in some quantity (0.4 to 2.5%, or more) as an isomor-
phous admixture to nickel.
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System, cubic; symmetry, hexoctahedral 3L*4L}6L?9PC. Space
group Fm3m(Q3). a,=10.02. Has never been found in well-formed
crystals. Occurs in pyrrhotite ores of magmatic deposits of the Sudbury
type as irregular grains and inclusions. Crystal structure. The sulphur
anions are arranged in cubic closest packing. The iron and nickel cat-
ions in the main occupy half the tetrahedral interstices (the number of
which equals that of the sulphur anions), and some of them (according
to the chemical formula) occupy one eighth of the octahedral interstices.

Colour, bronze-yellow, somewhat lighter than that of pyrrhotite.
Streak, greenish black. Lustre, metallic.

Hardness, 3 to 4. Brittle. Cleavage, octahedral {111}, perfect. Spe-
citic gravity, 4.5 to 5. Other properties. Not magnetic. Good conductor
of electricity.

Diagnostic features. Identifiable with difficulty without the aid of
the microscope, since it usually occurs as minutest segregations in a
pyrrhotite groundmass. Only large grains can be distinguished by their
somewhat lighter colour as compared with pyrrhotite and clearly de-
fined cleavage.

Before the blowpipe it fuses into a black magnetic globule. Dis-
solves in HNOz imparting a green colour to the solution. A dark-brown
precipitate of ferrous hydroxide is formed on addition of ammonia.
Gives the characteristic nickel reaction with dimethyl glyoxime.

Genesis and occurrence. Almost always occurs in paragenesis with
pyrrhotite and chalcopyrite, but only in those sulphide ores which are
associated genetically with basic and ultrabasic igneous rocks (gabbro-
norites, peridotites, etc.). The paragenesis of the three minerals in such
rocksis so characteristic that it is enough to establishin them the pres-
ence of the more easily identifiable pyrrhotite and chalcopyrite to be
sure that microscopic examination will reveal the presence of pentlan-
dite, which is of great economic importance. Magnetite and platinum
minerals such as sperrylite—PtAs,, palladium platinum, cooperite—
PtS and braggite—(Pt, Pd, Ni) S are also found in small quantities.

In the zone of ox1dat10n nickel sulphides alter to nickel sulphate
which is readily soluble in water and is often observed in cavities and
on the walls of mine workings as pale-green stalactites and crystalline
encrustations of the following composition: NiSO,-7H,0 (morenosite)}
or NiSO,-6H,0 (roetgersite).

The largest deposit of such ore is at Sudbury in Ontario, Canada.
The ore bodies in the form of large beds and veins lie in the lower parts
of magmatic masses composed of basic rocks (norites, gabbro, etc.), and
also in the rocks underlying the metamorphic complex. The ore con-
tains: Ni1 to 5 per cent, Cu and platinum metals 2 to 3%,.

Uses. Pentlandite ores are the chief source of nickel. About 90%
of the world’s nickel production comes from copper-nickel sulphide
ores (mostly from Sudbury). In addition to nickel, extracted from these
ores are cobalt, copper, platinum metals, and in small quantities, sele-
nium and tellurium.
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Nickel is used in the manufacture of special tools, utensils, in the
production of many important alloys (white copper, nickel steel, and
copper-zinc alloy for rheostats, coinage, etc.) in nickel-plating com-
pounds, etc.

5. CHALCOPYRITE GROUP

Under this group we shall describe the complex sulphides of Cu, Fe,
and Sn—chalcopyrite and stannite—which crystallise in the tetragonal
system. Although very similar to sphalerite in crystal structure, they
differ sharply from it in physical properties. These sulphides sometimes
occur in sphalerite as minute inclusions resulting from the disintegra-
tion of a limited solid solution, which may be explained by the close
similarity of the crystal structures, especially at high temperatures. In
turn, sphalerite may be present in stannite as a product of disinte-
gration of a solid solution.

Bornite and cubanite also belong to this group, the former being a
complex copper-iron sulphide very similar to chalcopyrite with which
it can form a wide variety of isomorphous mixtures, although these
break up upon cooling.

CHALCOPYRITE, CuFeS,. “Chalcos” is the Greek for copper,
“pyros” fire. Synonym: copper pyrite.

Chemical composition. Cu 34.57%,, Fe 30.54%, S 34.9%. The data
of chemical analyses usually closely agree with these figures. Negligible
admixtures of Ag, Au, etc., are sometimes present.

System, tetragonal; symmetry, tetragonal-scalenohedral L{2L22P.
Space group 142d(D}3). a,=5.24; ¢,=10.30. a: c=1:1.9705.

Crystal strueture is a relatively simple, nearly cubic, tetragonal lat-
tice (Fig. 103). The unit cell of chalcopyrite may be described as that
of the sphalerite type doubled vertically (cf. Fig. 94). As in sphalerite,
each sulphur ion is surrounded by four metallic ions which are located
at the corners of a tetrahedron, i.e., ions of copper and iron are spaced
in each sheet after a definite pattern. In the first and fifth cationic
sheets, i.e., on the upper and lower faces of the tetragonal prism (Fig.
103a) Feions occupy the corners of the square, while Cu ions occupy the
centre. In the third sheet (in the middle of the prism) the arrange-
ment is reversed: Cu ions occupy the corners of the square, while Fe
ions are at the centre. In the second and fourth sheets, two Cu ions
intersect with two Fe ions, the Fe cations being beneath the Cu cat-
ions of the second sheet and vice versa. All the tetrahedral groupings
have the same orientation which accounts for the crystals being hemi-
hedral. In distinction from sphalerite, chalcopyrite is opaque, has a
clearly metallic lustre, and does not possess perfect cleavage.

Habit. Crystalsare rare and occur only in druse cavities. Mostly
octahedral with combinations {112} and {112}, or tetrahedral (Fig.104);
less often scalenohedral, etc. The faces of the basic tetrahedron
are either dull or strlated while the negative faces are smooth. Often
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twinned, with twinning plane (112), less often (102). Aggregates. Usual-
ly massive or in irregular disseminated grains. Also occurs in collo-
form kidney-shaped and grape-like forms.

Colour, brass yellow often with dark-yellow or iridescent tarnish.
Streak, black with a greenish tint. Opaque. Lustre, strong metallic.

*"—00-7524_’4 olu ®Fe OS5
(@) b

Fig. 103. Crystal structure of chalcopyrite.

a —distribution of atomic centres of copper, iron, and sulphur;
b —the same structure shown as tetrahedra.

Fig. 104. Tetrahedral crystal and twin of chalcopyrite:
p {112}, z {011}, ¢ {001}.

Hardness, 3 to 4. Rather brittle. Cleavage, {101} imperfect. Specitic
gravity, 4.1 to 4.3.

Diagnostic features. Readily identifiable by colour; hardness very
different from that of pyrite which on fracture often shows an irides-
cent tarnish, somewhat similar to the colour of chalcopyrite. Irregu-

larly-shaped grains of millerite look like chalcopyrite but have a
stronger lustre and a higher nickel content.
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In the blowpipe flame decrepitates and fuses to a magnetic globule.
Roasted with soda on charcoal, gives a copper globule. In the closed
tube, it gives a sulphur sublimate. In nitric acid gradually decomposes
with separation of sulphur.

Genesis and occurrence. In nature, chalcopyrite forms under a va-
riety of conditions.

As an accessory of pyrrhotite, it often occurs in deposits of copper-
nickel sulphide ores of magmatogene origin in basic 1gneous rocks in
association with pentlandite, magnetite, sometimes cubanite, etc.

It most commonly occurs in typical hydrothermal vein and meta-
somatic (including contact-metasomatic) deposits.

Is often associated with pyrite, pyrrhotite, sphalerite, galena, grey
ores and many other minerals. The nonmetallic minerals in these depos-
its are quartz, calcite, barite, silicates of diverse composition, etc.

Chalcopyrite is very rarely the product of exogenous processes in
sedimentary rocks forming in the conditions of hydrogen-sulphide fer-
mentation in the course of decomposition of organic remains and an
influx of cupriferous solutions. Along with chalcocite and marcasite it
sometimes replaces wood fibres and other organic remains.

As a result of chemical weathering chalcopyrite yields copper and
iron sulphates. Interacting with CO,, or with carbonates in the presence
of oxygen and water, soluble copper sulphate forms malachite and azur-
ite; reacting with SiO, hydrosols, it gives chrysocolla; whereas reac-
tions with different acids formed in the zone of weathering give rise
to various salts: arsenates, phosphates, vanadates and, sometimes,
chlorides. However, in a very dry climate various copper sulphates
survive in the oxidised zone despite their ready solubility in percolat-
ing surface waters.

Pseudomorphs after chalcopyrite, i.e.,its replacement by second-
ary copper sulphides, such as bornite, chalcocite and covellite, are
common in the zones of secondary sulphide enrichment of copper depos-
its.

Chalcopyrite, as an associate, occurs in varying amounts in prac-
tically all the hydrothermal deposits of most diverse sulphide ores.
It forms a substantial part of the ores of many deposits and is therefore
of economic value. The U.S.S.R. has deposits of all genetic types in
which chalcopyrite is the principal copper mineral.

Other important localities for chalcopyrite are Bingham, Utah
(U.S.A.); Chugquicamata, Chile; the cupriferous sandstones of Katanga,
Congo, and Northern Rhodesia, south of Katanga.

Uses. Chalcopyrite ores are a major source of copper. The average
copper content usually ranges between 2 to 2.5%,.

The copper smelted from the ores is used either pure or in the form
of alloys (brass, bronze, tombac, etc.). The chief use of copper is in
electrical engineering. Other major uses are in the machine-building
and ship-building industries, m the manufacture of chemical equlp-

ment, plumbing, etc.
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STANNITE, Cu,FeSnS,. Synonym: tin pyrite.

Chemieal composition. Cu 29.5%,, Fe 13.1%,, Sn 27.5%,, S 29.99%,.
Content according to analyses: Sn 22.0 to 27.7%, Cu 22.9 to 31.5%,
Fe 4.7 to 23.3%. Impurities: Zn 0.75 to 10.19, Sb up to 3%, Cd up to
1.5%,, Pb up to 29%,, Ag up to 19,.

System, tetragonal; symmetry, tetragonal-scalenohedral L3L22P.
Space group 142d(D'2,). a,=5.46; ¢,=10.725; a:c=1:1.966. Rare
small crystals have cubic or tetrahedral habit. Externally very sim-
ilar to chalcopyrite crystals. Usually occurs as irregular grains or mas-
sive. Crystal structure, perfectly identical with that of chalcopyrite
(Fig. 103). The cations are arranged as follows: in the first and fifth
sheets, Sn ions are at the corners of the square, while Fe ions are at
the centre; in the middle sheet, the reverse 1s observed—Fe ions are at
the corners, while Sn ions are at the centre; the even sheets (second
and fourth) are composed of Cu ions. Thus, the crystal structures of

stannite and chalcopyrite are very similar in ionic arrangement to that
of sphalerite.

Colour, steel grey with a characteristic olive-green tint on fresh
fracture. When numerous microscopic chalcopyrite inclusions are pres-
ent, stannite becomes definitely yellowish. Streak, black. Opaque.
Lustre, metallic upon fresh fracture but quickly turns dull.

Hardness, 3 to 4. Brittle. Cleavage, {110} and {001} imperfect,
rarely observed. Specific gravity, 4.3 to 4.5.

Diagnostic features. Has a characteristic colour with an olive-green
tinge and is readily distinguished by the naked eye from grey ores
which are similar to stannite in a number of properties (hardness,
brittleness, etc.).

Fuses before the blowpipe on charcoal, turning white at the sur-
face, and giving a white coating of SnO, around the assay. The presence
of copper, iron, and sulphur is determined by chemical reactions. De-
composes in nitric acid with separation of sulphur and stannous oxide,
imparting a deep blue colour to the solution.

Genesis and occurrence. Stannite is a comparatively rare mineral
and occurs in hydrothermal tin ore deposits.

In tungsten-tin deposits, it is observed in association with cassiter-
ite (SnO,) chalcopyrite, arsenopyrite, wolframite, and other minerals.

Stannite is much more common in stanniferous sphalerite-galena
and sphalerite-pyrrhotite ores. In these it is closely associated parage-
netically with sphalerite, chalcopyrite, and sometimes pyrrhotite,
galena, etc. Instances are known when it is replaced by cassiterite
(Sn0O,) and vice versa.

In the oxidation zone it readily decomposes to give finally limonite
and cassiterite. In this process, however, most of the tin apparently
passes into colloidal solution which finally coagulates to form earthy,
spongy or colloform cassiterite concretions. In the U.S.S.R., stannite
occurs in numerous stanniferous ore deposits, most often in association
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with chalcopyrite in grains of up to 1 c¢cm in diameter in paragenesis
with cassiterite and sphalerite.

Outside the U.S.S.R., it has been found at Zinnwald (Erzgebirge
mountains, Czechoslovakia) and in considerable quantities in Southern
China, in Tsthan (Tasmania), and especially in Bolivia (Ahota, Potosi,
ete.).

Uses. Stannite very rarely is found in considerable quantities and,
therefore, it is of lesser importance to industry than cassiterite.

BORNITE, CuzFeS,. Synonym: variegated copper ore. In nature, it
forms limited solid solutions with chalcopyrite, which disintegrate
upon cooling. The process of disintegration has been studied experi-
mentally.

Chemical composition is variable. Theoretically, according to the
chemical formula CusFeS, the composition should be: Cu 63.39%, Fe
11.2%, S 25.5%,. However, the composition of bornite varies widely
because the mineral may contain chalcopyrite and chalcocite in the
form of solid solutions. Another frequently observed chemical impurity
is Ag.

System, cubic; symmetry, hexoctahedral 3L*4L36L*9PC. Space
group Fd3m(0;). a,=10.93. Crystals are extremely rare. Usually
massive or in the form of impregnations. Crystal strueture. Complicated
cubic. According to X-ray data, two kinds of copper ions occupy differ-
ent positions and its chemical formula is probably: 2Cu,S-CuFeS,=
= (Cu,CuFeS,),1.e., four of the copper ions are univalent, while the fifth
copper ion and the iron ion are divalent.

Colour, dark copper-red on fresh fracture; usually shows a bright
variegated (mostly blue) tarnish. Streak, greyish black. Opaque. Lustre,
submetallic. '

Hardness, 3. Rather brittle. Cleavage, practically none. Specific
gravity, 4.9 to 5.0. Other properties. Conductor of electricity.

Diagnostic features. Easily recognised by colour and variegated,
predominantly blue, tarnish, and low hardness. May be mistaken for
covellite because of bright blue tarnish (but when scratched with a
knife, shows its real colour).

Before the blowpipe bornite fuses into a magnetic bead: roasted
with soda on charcoal, gives a copper globule. Being acted upon by
HNO, it decomposes with separation of floating sulphur.

Gtenesis and occurrence. Bornite may be of both endogenous and
exogenous origin.

Bornite of endogenous origin occurs in certain hydrothermal deposits.
It sometimes contains microscopic, usually platy, chalcopyrite inclu-
sions, which are a product of solid solution disintegration. Apart.from
chalcopyrite, paragenetic associates of bornite include occasionally
endogenous chalcocite, galena, sphalerite, pyrite, etc.

Ezogenous bornite is widespread in the zones of secondary sulphide
enrichment. As the earliest secondary sulphide, it is formed metasomat-
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ically mostly after chalcopyrite as irregular veinlets, selvages or in
massive forms. Although present in numerous copper sulphide depos-
its, bornite seldom occurs in quantity. Bornite is less stable than other
secondary copper sulphides and is replaced by chalcocite and covellite
which are richer in copper. Decomposition of bornite in the oxidation
zone gives rise to oxygen compounds: malachite, azurite, less often
cuprite, etc.

In the U.S.S.R., considerable quantities of endogenous bornite in
association with chalcopyrite have been found in the Uspenskoye depos-
it.

Exogenous bornite occurs in large amounts in the zones of second-
ary sulphide enrichment in almost all copper sulphide deposits, espe-
cially under the conditions of weathering in a temperate climate.

Uses. Since bornite contains much more copper than chalcopyrite,
even its impregnation ores, if found in sufficient quantities, are def-
initely worth mining.

CUBANITE, CuFe,S;. System, orthorhombic. Chemical composition:
Cu 22 to 249%,, Fe 40 to 429%,, S 34 to 35%,. Colour, bronze yellow sim-
ilar to that of pyrrhotite. Lustre, metallic. Ilardness, 3.5. Cleavage,
none. Specific gravity, 4.03 to 4.18. Highly magnetic.

Paragenetically, cubanite is closely associated with chalcopyrite.
Is often observed in the latter as platy inclusions visible under the mi-
croscope, formed as a result of the disintegration of solid solutions. First
discovered in the gold-quartz veins of Morro-Velho, Minas Geraes,
Brazil.

6. COVELLITE GROUP

This group includes compounds which have a simple empirical
formula, but a complex crystal structure in which each element is rep-
resented by two sorts of ions (this applies equally to the cations and
the anions). Therefore, the chemical formula appears more complex.
We shall consider only one mineral of this group—covellite.

COVELLITE, CuS, or Cu,S-Cu‘'S,. Named for the Italian mineral-
ogist Covelli. Synonym: copper indigo.

Chemical composition. Cu 66.5%,, S 33.5%,. Chemical analyses reveal
impurities of Fe, and, less often, of Se, Ag, and Pb.

System, hexagonal; symmetry, dihexagonal dipyramidal L86L?7PC.
Space group C6/mmec (D§,). a,=3.80; c,=16.32.

Extremely rare crystals are small, thin and tabular. Crystal strue-
ture. Covellite has a peculiar layered hexagonal lattice (Fig. 105).
X-ray studies have shown the structure to be much more complex
than the original CuS formula suggests. The sulphur ions proved to be
of two kinds: S%- single ions and [S,]? - coupled ions, i.e., compact pairs
of ions which are similar to those found in the crystal structure of pyrite
and having the same S —S distance, namely, 2.05 A (Fig. 115). The cop-
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per ions are also of two kinds: Cu'* ions and smaller Cu?+ ions. Each
divalent copper ion is surrounded by three single S2- ions, forming an
equilateral triangle. The triads are connected to each other through the
corners to form sheets (shown black in Fig. 105) in the crystal structure
of covellite, which are oriented perpendicular to the sixfold axis. Be-
tween these sheets there are two layers of
tetrahedra with univalent ions Cul'*t at
the centre. The bases of the tetrahedra
facing one another are connected by verti-
cally oriented[S,]?~ ion pairs (in the middle,
upper, and lower layers, and which are
shown in Fig. 105 as hollow shortened
triangular prisms); the tetrahedral apexes
opposite to these are occupied by single
S?- ions which are shared by the triangu-
lar sheet and the apexes of the next tetra-
hedral layer. Thus, the structure of covel-
lite is a combination of the structural ele-
ments of hoth modifications of carbon (dia-
mond and graphite). If the ionic compo-
sition of the crystal structure is calculat-
ed, it will be seen that the formula of co-
vellite is to be more correctly represent-
ed as Cu,S'Cu"’S,. These structural fea-
tures agree well with the shape, cleavage
and unusual optical properties of the min-
eral and its ability to yield a part of its
sulphur as sublimate on heating, etc.

Aggregates. Covellite usually occurs as
Fig. 105. Crystal structure of thin bright deep blue coatings or crusts

covellite. or as deep blue-black powdery or sooty
masses.

Colour, indigo-blue. Streak, grey to black. Opaque. Translucent
and green in extremely thin plates. Lustre, metallic.

Hardness, 1.5 to 2. Brittle. Thin plates somewhat flexible. Cleavage,
{0001} perfect. Specifie gravity, 4.59 to 4.67.

Diagnostic features. Easily recognisable by deep blue colour, low
hardness, and copper sulphide associations.

Before the blowpipe covellite fuses readily and burns with a blue
flame, evolving SO,. Unlike chalcocite, it gives a sulphur sublimate in
the closed tube. Dissolves in hot HNO4 with the separation of sulphur.

Genesis and occurrence. Usually found in small quantities, covel-
lite is a most typical exogenous mineral of the zone of secondary ‘sul-
phide enrichment in copper deposits. As a rule, it is formed metasomati-
cally after primary and secondary copper sulphides, such as chalcopy-
rite, bornite, chalcocite, etc. May also be deposited along fissures as
colloform or earthy masses.
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Covellite of hydrothermal origin in paragenesis with pyrite is ex-
tremely rare and occurs in small amounts in Butte, Montana (U.S.A.),
and elsewhere.

As a sublimation product from fumaroles, it is found in the lavas of
Vesuvius, where it was first described.

It never forms deposits in its own right, but is found in negligible
quantities in virtually all copper sulphide deposits (in the zones of
secondary sulphide enrichment). Large masses occur on Kawau Island
(New Zealand).

Covellite-chalcocite ores are twice as rich in copper as equally dis-
seminated primary chalcopyrite ores.

7. ORPIMENT GROUP

In this group we shall review a sulphide of trivalent arsenic known
as orpiment (auripigment), and also realgar with which it has much in
common.

ORPIMENT, As,S;. The name (orpiment or
auripigment) comes from the Latin “aurum”,
gold, and “pigmentum”, paint. It was formerly
believed that this mineral contained gold.

- Chemical composition. As61%,,S 399,. Usual-
ly contains only mechanical impurities: Sb,S,,
FeS, (marcasite), Si0,, clayey matter, etc. Only
Se, Sb, V (up t0 0.02%) and Ge (up to 4-10- 5‘7)
may be regarded as isomorphous admixtures.

System, monoclinic; symmetry, rhombic pris-
matic L,PC. Space group P2,/n(Cy). a,=11.46; ﬁl’ﬁplégfentcry: t{%lm(;f

bo=9.59; c,=4.24; f=90°27". U {210}, m {110},
X-ray data (obtained by V.I. Mikheyev) in- z {311}, » {321},
dicate that certain specimens of orpiment con- B {12.9.4}, v {331}.

tain considerable amounts of native sulphur as

a mechanical impurity. Crystal structure is layered. The layers com-
posed of As,S, are loosely linked by van der Waals forces, which results
in excellent cleavage parallel to (010); low hardness, high optical
anisotropy, and other properties. Habit. Crystals usually prismatic
(Fig. 106), often with curved faces. Most common forms are pinacoids
{100} and {010}, and prisms {110}, {301}, {210}, etc. Aggregates are
often rod-like, or cockscombed, also in botryoidal, reniform, and
globular masses with a radial structure (Fig. 107).

Colour, lemon yellow to brownish yellow: cryptocrystalline masses,
containing admixtures of finely dispersed FeS,, are dirty yellow with a
greenish tint. Streak has the same colour but is somewhat brighter.
Translucent; cleavage flakes transparent. Lustre, adamantine to sub-
metallic, depending on direction, which fully agrees with the refrac-
tive indices: n,=3.0, n,=2.8, and n,=2.4. -
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Hardness, 1 to 2. Lamellae, flexible but not elastic. Cleavage, {010}
highly perfect, and {100} imperfect. Specific gravity, 3.4 to 3.5. Other
properties. Non-conductor of electricity. Becomes electrified when sepa-
rated along cleavage planes.

Diagnostic features. Easily recognisable by bright lemon-yellow col-
our, low hardness, excellent cleavage, and strongly adamantine or sub-
metallic lustre on fracture. In powdery masses, may be mistaken for
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Fig. 107. Radially-fibrous aggregates of Fig. 108. Realgar crys-
auripigment. Reduced 2.5 times. tal. Lukhum deposit.

m {110}, 1 {120}, b {010},
n {011}, z {101}, r {111}.

pulverulent native sulphur, and also for certain uranophosphates, or
uranovanadates, such as autunite and tyuyamunite, from which it can
be distinguished by characteristic behaviour before the blowpipe, optic-
al properties, and non-radioactivity.

Easily fuses and volatilises, leaving on charcoal a white coating of
As,03 with a sharp arsenical (garlic) odour. Dissolves in nitric acid and
aqua regia with separation of floating sulphur, and is readily soluble in
KOH, leaving no residue.

Genesis and oceurrence. Occurs in hydrothermal deposits in associa-
tion with minerals which are formed at comparatively low tempera-
tures, such as realgar, antimonite, marcasite, pyrite, and also with
quartz, calcite gypsum, etc. Is deposited from the well-known mineral
hot springs in Steamboat, Nevada (U.S.A.) together with realgar, opal,
aragonite, etc.

In very small amounts it has been found on the walls of craters, in
the cavities in porous lavas as a sublimate together with native sulphur,
chlorides, and other minerals.

Exogenous orpiment is very rarely found in negligible quantities, as
coatings and earthy accumulations in coal and brown iron ore depos-
its, being probably the product of the action of hydrogen sulphide of
organic origin on arsenious solutions:
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In the U.S.S.R., orpiment is found in substantial quantities as an
arsenic ore in association with realgar. The ores of the Lukhum deposit
are remarkable for the colouring of hand specimens, which are com-
posed of crystalline masses of bright-yellow auripigment, red realgar,
milk-white quartz and calcite. In cavities there often occur druses of
well-formed crystals from 0.5 to 5 cm long. Orpiment or auripigment
has also been found as large continuous reniform masses, which on
fracture show a radial structure (Fig. 107).

The auripigment ores of the relatively young Julfa deposit (north
of the town of Julfa, Nakhichevan Autonomous Soviet Socialist Repub-
lic) are quite different in appearance. These occur in Tertiary folded
marls and argillaceous rocks. Auripigment here was observed in the
form of cryptocrystalline (metacolloidal) masses with a waxy lustre on
fracture and greenish-yellow colour (due to admixtures of finely-dis-
persed iron disulphides). During mining operations, abundant evolu-
tion of gases, such as CO,, HsAs, and H,S, took place. In the vicinity of
the deposits, mineral springs containing Ca(HCOs),, Na,SO,, CaHAsO,,
Br, Li, etc., are still flowing. ,

Other notable auripigment deposits are at Allachar, Macedonia,
from which large crystals have been recorded, and at Mercure, Utah
(U.S.A.), and elsewhere.

Uses. When found in quantity is used for obtaining arsenic trioxide,
also in dyeing and for other purposes.

REALGAR, AsS. Chemiecal composition. As 70.1%;S 29.9%,. Chem-
ical analysis data almost wholly agrees with the theoretical. Isomorphic
admixtures of other elements have not been found.

System, monoclinic; symmetry, rhombic prismatic L2PC. Space
group P2,/n(C%). a, = 9.27; b, = 13.50; ¢, = 6.56; B = 106°33".
Crystal structure is rather complex, being composed of separate As,S,
molecules. The sulphur ions form a square, whereas the arsenic ions
form a tetrahedron. The centres of the square and the tetrahedron coin-
cide. Habit. Crystals usually prismatic (Fig. 108) and shortened or elon-
gated along the vertical axis with thinstriationsparallel toit on the faces.
The most common forms are pinacoids {001}, {010} and orthorhombic
prisms {110}, {120}, {011}. Aggregates. Also occurs in massive granular
aggregates, sometimes as coatings, crusts or earthy friable masses.

Colour, orange-red, less often dark red. Semitransparent. Streak,
light orange. Lustre, adamantine on crystal faces, resinous to greasy on
fracture. Refractive indices in Li-light: n, = 2.61, n, = 2.59, and n, =
= 2.46.

Hardness, 1.5 to 2. Cleavage, {010} and {120} quite perfect. Specific
gravity, 3.4 to 3.6. Other properties. On exposure to light it gradually
turns into a light-orange powder. On exposure to electric light the crys-
tals decrepitate and form the same light-orange powder. According to
X-ray data, this is accompanied by a breakdown of the crystal struc-
ture. Non-conductor of electricity.
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Diagnostie features. Characteristic orange-red colour, low hardness,
and striation of faces parallel to the crystal elongation axis. Another char-
acteristic feature is its paragenetic association with orpiment, which
is easily recognisable by its external features. It differs from similar
crocoite (PbCrO,) by lower hardness, different habit, and behaviour be-
fore the blowpipe (roasted on charcoal with soda, crocoite gives a lead
globule). Cinnabar is distinguished from realgar by its bright-red streak,
high specific gravity and different behaviour before the blowpipe.

Fuses readily in the blowpipe flame, and volatilises giving off the
characteristic garlic odour. Dissolves in aqua regia with separation of
sulphur. Unlike cinnabar, dissolves in hot KOH and gives a lemon-
yellow flocculent precipitate on addition of hydrochloric acid.

Gienesis and occurrence. Realgar occurs in nature under conditions
absolutely similar to those of orpiment with which it is constantly asso-
ciated (cf. orpiment). It never occurs at the earth’s surface, since on ex-
posure to daylight it decomposes and partly alters to orpiment.

Inthe U.S.S.R., extremelylarge (1 to 2 cm) realgar crystals (Fig. 108)
and beautiful druses have been recorded from Lukhum deposit
(Rachinsky ridge on the southern slope of the Caucasus in Western
Georgia) in association with orpiment, and occasionally with antimon-
ite, pyrite, marcasite, melnikovite, quartz, calcite, etc.

As an associate, realgar occurs practically in all orpiment deposits.

Uses. Realgar is a rather rare mineral. In a few cases it forms
purely arsenic deposits together with orpiment, one example being the
deposit at Lukhum. When thus found, it is a raw material for obtain-
ing As,O; (by roasting). Arsenic sulphide (AsS), both artificial and
natural, is used in dyeing, fireworks, in glass making, and in other
applications.

8. ANTIMONITE GROUP

The sulphides of trivalent antimony and bismuth—antimonite and
bismuthinite—which belong to this group fundamentally differ from
orpiment in crystal structure and physical properties (opacity, me-
tallic lustre, etc). This is obviously linked with the higher polarising
ability of the Sb3+ and Bi3+ cations.

ANTIMONITE, Sb,S;. From the Latin “antimonium”. Synonyms:
stibnite, antimony glance.

Chemical eomposition. Sb 71.4%,, S 28.69,. Impurities: As, Ag, and
Au. Compounds of the last two elements are probably present as me-
chanical inclusions. Native gold has been repeatedly observed in the
antimonite groundmass in polished sections under the microscope.

System, orthorhombic; symmetry, rhombic-dipyramidal 3L23PC.
Space group Pbnm (D3}). a, = 11.20; b, = 11.28; ¢, = 3.83. Crystal
structure consists of bands of closely bonded Sb and S ions which are
parallel to the ¢ axis and which are made up of zigzag chains—Sb—-S—
—Sb—-S—. The bonds between the bands are weaker than those
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between the ions within the bands. This, naturally, is reflected not only

on the shape of the crystals, but also in such properties as cleavage,
hardness, brittleness, etc.

Fig. 109. Druse of prismatic antimonite crystals.

Habit. Usually prismatic (Fig. 109), columnar, acicular, vertically
striated. Often, especially in the case of large crystals; curved or even
twisted individuals are found. The following
combinations are the most characteristic of the
many known faces: prism {110}, pinacoid {010}, ,’b‘ 4
and pyramids {111},{113}, {121}, etc. (Fig. 110).
Aggregates. Occurs as massive granular aggre-
gates, often radial, or, less often, with a felted
texture, also as granular impregnations in a
quartz groundmass. . o

Colour and streak, lead grey. Crystals often  ¥ig- 110. {’\?t}momte
show a dark bluish tarnish. Opaque. Lustre, me- YT

110}, b {010},
tallic, and strong on cleavage surfaces. 3{1;'; }{, p{%31 }{, 0{1}21},
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Hardness, 2 to 2.5. Brittle. Cleavage, {010} perfect, and {110} im-
perfect. Specific gravity, 4.6. Other properties. Non-conductor of elec-
tricity.

Diagnostic features. The colour and mechanical properties of ag-
gregates resemble those of many sulphoantimonites, such as boulan-
gerite, jamesonite, and especially bismuthinite. Its distinguishing fea-
tures are perfect cleavage along the length of columnar individuals, and
a cross-wise striations on the shearing surfaces. In the form of fine-
granular and cryptocrystalline masses and also when disseminated, it
is unmistakably distinguished from all similar minerals by its reaction
with KOH. A drop of this reagent placed on the mineral vigorously
decomposes it, and the mineral first turns yellow and then orange;
when the drop is removed, a red spot will persist.

Very easily fuses in the blowpipe flame on charcoal, giving off SO,
and leaving a white coating of Sb,0; which vaporises in the reducing
flame, imparting a green colouration to the latter. Dissolves in HNO,
with separation of Sb,O;.

Genesis and occurrence. Antimonite occurs for the most part in
hydrothermal deposits, being formed at the lowest temperatures, com-
posing, together with quartz, veins and sheet-like bodies. Cinnabar,
fluorite, quartz, calcite, kaolinite, barite, etc., are commonly associated
with it. It is nearly always an accessory mineral in deposits of cinnabar,
realgar, and orpiment, rarely in those of lead, zinc, and other metals.

Has been observed in negligible quantities in the sublimates of vol-
canic eruptions.

In oxidised zones it decomposes quite readily into various yellow
and sometimes dark-brown antimony oxides (valentinite, servantite,
senarmontite, kermesite, etc.).

In the U.S.S.R., the most important deposits are the Razdolnins-
koye, Krasnoyarsk region, where it occurs as composite quartz-anti-
monite veins in Pre-Cambrian schists; the Kadamjay, 35 km south-
west of the town of Ferghana—a sheet-like deposit in “flinty breccia”
where antimonite is associated not only with quartz and calcite but
also with minor amounts of pyrite, marcasite, fluorite, and barite.

On the Island of Shikoku (Japan) unusually large (up to 0.5 m long
and 5 cm thick) (Fig. 109) antimonite crystals have been found. Great
deposits are known in Yunnan and other provinces in China where an-
timonite occurs in quartz veins and stock-like bodies in limestones.
These deposits are the world’s principal sources of antimony ores.

Uses. Antimonite ores are the chief source of antimony—an element
which finds most diverse applications. It is used mainly in antifriction
alloys for bearings, such as babbits. Its lead and zinc alloys go to make
type, shot, pump and valve parts, etc. Antimony compounds are used
in the production of rubber (vulcanisation), textile industry (impreg-
nation of fabrics), glass manufacture, medicine, etc.
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BISMUTHINITE, Bi,S;. Synonyms: bismuthine, bismuth glance.

Chemical composition. Bi 81.3%,, S 18.79%,. Minor quantities of Pb,
Cu, Fe, As, Sb, Te, etc., are common admixtures; of these Pb, Sb, and
I'e may isomorphously replace bismuth.

System, orthorhombic; symmetry, rhombic dipyramidal 3L23PC.
Space group Pbnm (D). a, = 11.13; by, = 11.27; ¢, = 3.97. Crystal
structure, similar to that of antimonite.

Habit. Like antimonite, occurs in elongat-

ed columnar crystals (Fig. 111) mostly / 4

bounded by the prism faces, such as 25 S

{110}, {120}, {130}, and pinacoids, such as A

{100}, {010}, {001}. Faces most often show

thin vertical striations. Aggregates. Mas-

sive, granular, occasionally radial. b
Colour, white with a lead-grey tinge.

Often with a yellow or iridescent tarnish.

Opaque. Streak, grey. Lustre, strongly me- ;i

tallic.

Hardness, 2 to 2.5. Cleavage, {010} per- Fie. 171, Crvstals of bismu

1 8. . -
fect and {100} and {001} imperfect. Spe- thﬁlite:{uo}",b{om}, 2(301),
cific gravity, 6.4 t06.8, sometimes up to (191} "'y (201}, 6 {211}, ete.
7.1. Other properties. Non-conductor of
electricity.

Diagnostic features. Bismuthinite differs from antimonite by strong-
er lustre, higher specific gravity, and reaction with KOH (cf. antimon-
ite). Aggregates resemble numerous sulphoantimonites and sulpho-
bismuthinites of complex composition, from which it is not always easi-
ly distinguished without appropriate chemical tests.

Before the blowpipe on charcoal bismuthinite fuses readily, boils,
and spits. In the reducing flame it gives a bismuth globule, leaving a
lemon-yellow bismuth-oxide coating on the charcoal. The most char-
acteristic reaction to bismuth is the bright-red bismuth-iodide fringe
around the assay when it is fused with potassium iodide (assay button).
Dissolves readily in HNO, with separation of floating sulphur.

Genesis and oceurrence. Bismuthinite is found exclusively in Aydro-
thermal (vein and contact metasomatic) deposits, though in conditions
somewhat different from those of antimonite. As an accessory it is
found in deposits of tin, tungsten, arsenic, often associated with native
bismuth, arsenopyrite, chalcopyrite, sometimes with native gold, topaz,
beryl, pyrite, galena, and many other sulphides. It rarely forms depos-
its of its own, '

In the oxidised zone it is easily destroyed, altering to basic carbon-
ates in the form of pseudomorphs after bismuthinite.

In the U.S.S.R., the most important deposits are in Central Asia,
e.g., Brich-Mulla where bismuthinite, together with native bismuth.
occurs in a number of quartz veins in limestones, associated with pyrite
arsenopyrite, chalcopyrite, etc. In a number of deposits in the Trans:
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Baikal region bismuthinite accompanies such minerals as cassiterite,
chalcopyrite, arsenopyrite, etc., and sometimes occurs in granular
masses.

The world’s largest bismuth deposits are in Bolivia (Tasna, Chorol-
que, etc.) and in Peru (Cerro de Pasco). Genetically these deposits are
associated with young extrusives.

Uses. Bismuthinite ores are the main source of bismuth used in the
production of fusible alloys, glass with a high birefringence, chemicals,
medical preparations, etc.

We shall also describe tetradymite here, though it belongs to a
different group.

TETRADYMITE, Bi,Te,S. “Tetradymos” means fourfold in Greek
(it often forms crystal fourlings). Synonym: bismuth telluride.

Chemical composition. Bi 59.3%, Te 36.2%, S 4.5%. Se, Au, Cu, Pb
may be admixed in negligible amounts. Selenium content may be as
high as 19,. Gold, often paragenetically associated with tetradymite,
may be present as 'inclusions.

System, trigonal; symmetry, ditrigonal scalenohedral L§3L,3PC.
Space group R3m(D5,). Lamellar or tabular aggregates are common.
Tabular or thombohedral crystals usually occur as fourlings with {0118}
and {0115} as the composition plane. Crystal structure, typically lamel-
lar.

Colour, steel grey. Lustre, strongly metallic.

Hardness, 1.5 to 2.0. Thin lamellae are flexible. Cleavage, {0001}
excellent. Specifie gravity, 7.24 to 7.54. Other properties. Poor conduc-
tor of electricity. Thermoelectrical.

Diagnostic features. In many external features resembles molyb-
denite; differs from it by stronger lustre, higher specific gravity, be-
haviour before the blowpipe and reactions with acids.

Unlike molybdenite, it is readily fusible on charcoal; with S and KI
gives a bright orange coating (the presence of bismuth). Dissolves in
concentrated H,SO,, and upon heating imparts to the solution the
purple colouration characteristic of Te. Readily soluble in HNOj,.

Genesis. Being the most common mineral among tellurides, tetra-
dymite is found most often as an accessory in hydrothermal gold depos-
its. Paragenetically, it associates with various sulphides: pyrrhotite,
chalcopyrite, pyrite, tetrahedrite, bismuthinite, and also gold, etc.

In the oxidised zone of ore depos1ts it readlly decomposes, g1v1ng
rise to so-called bismuth ochres.

In the U.S.S.R., it has been found in the Frolovsky mine of the
Turya group (Northern Urals); the Shilovo-Iset gold deposit (66 km
east of Sverdlovsk); the Kumak deposit (Southern Urals) and in a num-
ber of localities of Western and Eastern Siberia.
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Elsewhere in the world it has occurred in a number of gold deposits
of the U.S.A., Mexico, British Columbia, etc.

Uses. Tetradymite forms no deposits in its own right. Being an
accessory in bismuth and gold deposits it may be a source of bismuth
and tellurium obtained as by-products.

9. MOLYBDENITE GROUP

~ This group includes sulphur compounds of tetravalent Mo and W
ions. Tungsten sulphide is an exceptionally rare mineral.
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Fig. 112. Crystal structure of molybdenite.

« —distribution of ionic centres (sheets containing molybdenite
ions are shaded); b —the same structure as shown by N.V. Belov.

MOLYBDENITE, MoS,. The name comes from the Greek “molyb-
dos”, lead. :

Chemical composition. Mo 60%,,S 409,. According to chemical anal-
yses, Mo content varies from 57.1 to 60.05%, and S coutent, from
39.7 to 42.09%,. Often chemically pure, i.e., without isomorphous impu-
rities, except rhenium. According to spectral analysis data, rhenium
content in molybdenite is higher than in any other sulphide (5-10-7 to
2-10-49,). ‘

Systgm, hexagonal; symmetry, apparently dihexagonal dipyramid-
al L%6L27PC. Space group P63/mmc(D3,). a, = 3.156; ¢, = 12.275.
Crystal structure, typically layered, with certain peculiar features.
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Sheets of Mo ions are located between two S ions (Fig. 112), parallel to
(0001). The ions in the sheets are strongly bonded, while the bonding
between the “treble” sheets is much weaker; hence the perfect cleavage
of molybdenite crystals. The coordination number of molybdenite is
6, but because of the peculiar Mo electron shell, the structural arrange-
ment has the form of a trigonal prism rather than that of an octahedron.
In this case the structure, according to N.V. Belov, may be visualised
better as trigonal layers of prisms with Mo ions
in the centres alternating with empty layers of
IP octahedra (Fig. 112b). Habit. Crystals are mostly
imperfect. The common forms are {0001},{1010},
{1011}. The (0001) faces are striated (Fig. 113).
Crystals occur mostly as hexagonal plates, more
seldom as prisms. Aggregates, usually lamellar
or scaly. Greyish-black spherulitic formations
1 and earthy varieties also occur occasionally.
Fig. 113. Three systems Colour, lead grey. Streak, grey, often with a
of striations on basal greenish tinge. Lustre, metallic.
face of a molybdenite Hardness, 1. Thin laminae flexible. Greasy
crystal. feel. Marks paper like graphite. Cleavage, {0001}
very perfect. Specifie gravity, 4.7 to 5.0. Other
properties. Poor conductor of electricity at room temperature, con-
ductivity increasing with temperature.

Diagnostic features. Lead-grey colour, typically metallic lustre,
very low hardness, basal cleavage. May easily be mistaken for coarse-
scaly varieties of graphite, from which it differs by lighter streak, strong-
er lustre, higher specific gravity, and low electric conductivity. Differs
from similar tetradymite by weaker lustre and behaviour before the
blowpipe.

Infusible in the blowpipe flame, but imparts to the latte