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The minerals This book is a comprehensive guide to all the |
common, and many of the uncommon. rocks
and minerals of the world. Every mineral of
commercial value or of chemical, geological or -
aesthetic interest is included. e

The paintings were specially prepared for this book and show,
in full colour, all the visible characteristics that
can be used in the identification of minerals.
They are complemented by diagrams of crystal
structures and chemical compositions. There are
maps to show collectors what minerals they are
likely to find where in the British Isles.
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The text Opposite each painting is a concise description
of each mineral, giving its abundance, where it
occurs, hardness, specific gravity, crystal system
and other relevant information.

The introduction describes the origin of the
major types of rock, the atomic structures of
minerals, and the different types of chemical
bonds and how they affect crystal structures,
There is also advice on how to build up a mineral
collection and on how 1o prepare and store min-
eral specimens,

Sirnple tests based on the physical and chemical properties
of minerals such as cleavage, hardness, specific
gravity, colour, lustre, opacity, solubility in
acicls, magnetism, and even taste, are described.
These provide the essential guidelines for iden-
tification of minerals in the field or in the home.
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A guide to field identification.
Over 1000 illustrations in colour




How to Use This Book :'

-

THE MINERALS are described in terms of their abundance,
their physical and chemical properties, and where they are
most likely to be found. If you wish to refer to a specific
mineral, the index will direct you to the correct text entry and
illustration, If you don't know the name of the mineral, but
know the group to which it belongs, the entry can be found
by turning to the relevant section of the text. (For a note on
the classification used in this book see pp. 68 J) Ifyou know
neither the name nor the group, the identification key (see
below) can be used, A
l'.;'“
THE ILLUSTRATIONS are in colour, and are arranged to
face the text. They show not only the minerals themselves, as
they are likely to occur naturally, but idealised crystal struc-
tures, atomic structures, and the forms into which precious or
semi-precious minerals can be cut and polished.
The maps (pp. 263-4) show selected mineral localities in
the British Isles and t" e areas of most interest to the British
collector.

IDENTIFICATION. A kny to rocks and minerals, based on
the two readily observable properties colour and hardness,
appears on p. 268. This will direct you to the pages on which
you are likely to find the mineral concerned. Further clues can
be obtained by reading the section on Pro perties of Minerals
(pp. 52-8), which will tell you what properties are' par-
ticularly valuable in the identification of minerals, and
describes some simple tests - streak tests, specific gravity,
solubility and others -~ which can be carried out in the
field or, using simple equipment, in the home,

The best aid to identification is experience. You can g
g . . J e
become more familiar with rocks and minerals by reading the! R

comprehensive introduction; by following up the references

in the bibliography (pp. 270-8); and by visiting and studys
Y

ing collections of minerals (see page 278).
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MINERALOGY AS A SCIENCE

Minerals are the natural crystalline materials that form the
Earth and make up most of its rocks. Though minerals have been
used and metals extracted from them for all of recorded history,
mineralogy as a science is relatively young, Serious study of
minerals began in the 1800's, after the development of the peitro-
graphic microscope (for studying rocks) and the reflecting goni-
ometer (for accurately measuring angles between faces of o
mineral’s crystals). During that century most of the minerals
known today were described, optically studied, and chemically
analyzed. Largely from these studies grew the schemes used
today to classify minerals. The internal crystal structure of miner-
als, however, could only be guessed from their external sym-
metry and optical properties.

Wilhelm Roentgen’s discovery of X-rays in 1895 provided min-
eralogists with the tool they needed to study crystal structures,
but it was not until 1212 that Max von Laue and his assistants
proved that when X-rays are scattered by a crystal their behavior
gives clues to the internal arrangement. Since then, the structures
of all important mineral groups have been analyzed. By correlat-
ing this structural knowledge with physical, chemical, electrical,
thermal, and mechanical properties, mineralogists have gained
an understanding of the forces that hold crystalline matter to-
gether. This understanding has in turn enabled scientists to
synthesize crystalline compounds with properties to fill special
needs. These compounds have been used in the manufacture of
high-temperature ceramics, electrical Insulatars, transistors, and
many other items.

Knowledge of the behavior of crystals at high temperatures
and pressures has been applied to research on the formation of
mountains, the eruption of volcances, and other geologic proc-
esses. The forces that cause these activities become more under-
standable when analyzed in terms of structural changes in the
mineral components of rock.

Rocks, metals, concrete, bricks, plaster, paint pigments, paper,
rubber, and ceramies all contain mineral or synthetic crystals. In
fact, almost all solids except glass and organic materials are
crystalline. This is why knowledge of the structure and behavior
of crystals is important in nearly all industrial and technical en-
deavors. Even organic materials form crystals when isolated in
a pure state, By studying these crystals, biologists and medical
researchers have learned much about life processes and heredity.

Unquestionably mineralogy is a subject of widespread impor-
tance in all of scionce. Consequently, persens trained in mineral-
agy and crystallography may be found doing work in the parent
science, geology, or may be engaged in research in metallurgi-
cal, ceramic, or polymer materials, in solid state physics or
chemistry, or in the biological sciences. Interdisciplinary cooper-
ation among scientists has led to many important discoveries,



MINERALS IN ROCKS

Minerals are the constituents of rocks, which make up the entire
inorganic, solid portion of the earth. Mineral formation and rock
formation are, in fact, one process. To know minerals, therefore, :
it is important to know rocks. A single mineral may form a rock, Granite Diorito

but usually rocks are cohesive aggregates of two or more miner- (Acid) (Intermodiate) Gabbro
als. Depending on how they were formed, rocks are divided into (Basic)
three types: igneous, metamorphic, and sedimentary.

IGNEOUS ROCKS are formed by the cooling and hardening of
magma, a complex molten material that originates within the
earth. Some important types of igneous rocks are shown in the
illustration on the facing page, The major mineral constituents
of acid, intermediate, and basic rocks shown provide the basis
for the classification given on page 9.

IGNEOUS MINERALS important in the formation of igneous rocks
are relatively few in number. This is because the magma from
which the minerals crystallize is rich only in certain elements:
silicon, oxygen, aluminum, sodium, potassium, calcium, iron, and
magnesium. These are the elements that combine and form the
silicate minerals (pp. 154-227). A limited number of the silicates
—the olivines, pyroxenes, amphiboles, micas, feldspars, and
quartz—account for over 90 percent of all igneous rocks.

As magma cools, minerals crystallize at different temperatures.
Olivine and calcium feldspar form at high temperatures and may
separate early from the melt. Other minerals solidify as the tem-
perature falls (see Bowen's Reaction Series, pp. 82-83). The last
to crystallize are potassium feldspar, muscovite mica, and quartz,
the major constituents of granite. Finally, water in the magma, IGNEOUS ACTIVITY
carrying valuable metals and sulfur in solution, moves outward : T
through fractures in the surrounding rock and deposits sulfides
in veins, The water is also important because it affects the tem-
perature at which crystallization oceurs and the types of minerals
formed during cooling.

L v .

intrusive igneous sccolif

ik and -ill_iﬁ’t. and ex!lwsin
igneous rocks (flows) in relation.
ship to counlry rock (sand 7 Volcano
limestone, shale).

INTRUSIVE IGNEOUS ROCKS, also called plutonic rocks, crystallize
from magma that cools and hardens within the earth. Surrounded
by pre-existing rock, called country rock, the magma cools slow-
ly. As a result, these rocks are coarse-grained.

Central cores of major mountain ranges consist of large masses
of plutonic rock, generally granite, intruded as a part of the
mountain-building process. When exposed by erosion, these cores,
called batheliths, may occupy millions of square miles of surface
area. Offshoots of batholiths bear different names, such as lacco-
liths and sills, depending on their size and their relationship to
the country rock. The term abyssal is commonly used to describe
coarse-grained rocks formed at depth; hypabyssal is used to de-
scribe intrusive rocks formed near the surface,

Laccalith
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EXTRUSIVE IGNEOUS ROCKS, also called volcanic rocks, are |
formed at the earth’s surface as a result of volcanic activity. Like
batholith formation (p. é), this activity is associated with moun-
tain-building forces within the earth. Temperatures only a few

miles beneath the earth’s surface are higher than the tempera-

tures at which most rocks would melt at the surface. The below-

surface rocks remain solid, however, because of the pressure

exerted by overlying rocks. If the rocks fracture—as the result of .
mountain-building forces, for example—the pressure may be re- Rhyalite
leased, and a sizable volume of rock will melt. The resulting {Acid lava)
magma will be forced through the fractures to the surface, form-
ing a volcano.

Molten rock, or lava, will flow from the volcano and spread
onto the ground. Because the lava cools and crystallizes rapidly,
it is fine-grained. Material may be blown violently from the
volcanic pipe as blocks, pellets, and dust, or as a liquid that
hardens before it falls to the surface. These pyroclastics may fall
nearby, forming part of the volecano, or may be spread great
distances by winds.

Andesite
(Intermediate lava)

Basalt
(Basic lava)

Cinder Oluildiun
(Pyroclastic debris) (Volcanic glass) )

EXTRUSIVE IGNEOUS ROCKS

CLASSIFICATION of the many and greatly different kinds of igne-
ous rocks can provide important information as to the conditions
of formation. Two obvious variables that may be used as criteria
for classification are particle size, which depends largely on
cooling history, and composition, both chemical and mineralogi-
cal. Because feldspars, quartz, olivines, pyroxenes, amphiboles, | CLASSIFICATION OF IGNEOUS ROCKS
and micas are the important minerals in the formation of igneous !
rocks, they are basic to the classification of those rocks. All other Acid Intermediate Basic
minerals are nonessential (accessory). Decraasing silica content

In the simplified classification on the opposite page, rock types -
are separated on the basis of the type of feldspar present, the
presence or absence of quartz, and, in rocks with no feldspar or
quartz, the type of iron and magnesium minerals present. Rocks
with crystals large enough to be seen by the eye are called
phaneritic; those with crystals too small to be seen are called
aphanitic. In general, phaneritic implies an intrusive origin;
aphanitic, an extrusive origin. Porphyritic refers to crystals em-
bedded in a fine-grained rock. More detailed classifications using
these terms are given in geology and petrology texts,

(Cemented ash)

Granite Diorite Gabbro

Intrusive

Decreasing particle size
{Faster cooling rate)

-
Extrusive

Rhyolite Andesite Basalt
GRANITES show evidence of being the result of either igneous

or metamorphic processes. Some granites obviously have crys-
tallized from a melt; blocks of partially assimilated country rock
may be found in granite, clearly indicating that the country rock
fell into a liquid magma that hardened around it. Other granites,
however, bear evidence of having been formed by metamor-
phism (p. 10); variations in composition of pre-existing sedimen-
tary rocks are reflected in banding preserved in the granite. The
conversion of sedimentary rock to granite by metamorphism is
called granitization.

Ash, Cinders, Blocks, Bombs
Composition varies widely

voleanic
debris
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METAMORPHIC ROCKS

Rocks formed under one set of temperature, pressure, and chem-
ical conditions and then exposed to a different set of these con-
ditions may undergo structural and chemical changes, without
melting, that produce rocks with different textures and new min-
erals. This process is known as metamorphism (change in form).
Metameorphic racks are formed deep beneath the earth’s surface
by the great stresses and high pressures and temperatures asso-
ciated with mountain building. They are also formed by the
intrusion of magma into rock, particularly at the place of contact
where the temperatures are high. The study of metamorphic
rocks provides valuable information about temperatures and
pressures at great depths. Laboratory studies of the stabilities of
minerals at temperatures and pressure similar to those within
the earth are essential,

METAMORPHIC MINERALS form only at the high temperatures
and pressures associated with metamorphism. Among these are
kyanite, staurolite, sillimanite, andalusite, and some garnets.
Other minerals—the olivines, pyroxenes, amphiboles, micas, feld-
spars, and quartz—may be found in metamorphic rocks, but are
not necessarily the result of metamorphism. These minerals,
formed during crystallization of igneous rocks, are stable at high
temperatures and pressures and may remain unchanged during
metamorphism of the rock. All minerals, however, are stable only
within certain limits of pressure and temperature, Thus the pres-
ence of some minerals in rocks indicates the approximate tem-
peratures and pressures at which the rocks were formed.

RECRYSTALLIZATION is the change in particle size of miner-
als during metamorphism, Small gray calcite erystals in lime-
stone, for example, change to large white crystals in marble.
Both temperature and pressure contribute to recrystallization.
High temperatures allow the atoms and ions in solid crystals to
migrate, thus reorganizing the crystals, High pressures cause
solution of crystals at their contacts and deposition in the pore
spaces between them.

FOLIATION is a layering in metamorphic rock, It occurs when a
strong compressive force is applied from one direction to a re-
crystalling rock. This causes the platy or long crystals of such
minerals as mica and tourmaline to grow with their long axes
perpendicular to the direction of the force. The result is a banded,
or foliated, rock, the bands showing the colors of the minerals
that form them. Rocks subjected to uniform pressure from all
sides or lacking minerals with distinctive growth habits will not
be foliated. Slate is a very fine-grained foliate. Phyllite is a
coarse foliate, schist coarser, and gneiss very coarse. Marble is
commoenly a nonfoliate.
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Gneiss Schist Slate '
Coarse banding Fine banding Very fine banding

Heal and

Pressure

Limestone (Fossiliferous) Marbla

FOLIATION OF ROCKS

e

Foliation
(Slaty cleavage) Applied

pressure

ORIGIN OF METAMORPHIC ROCKS

f;;: Increasing temperature and pressure >
Shale Slate Phyllite Schist Gnelss
Sandstone Quartzite
Limestone Marble
Basalt Schist Amphibolite
Granite Granite Gnaiss
Coal Peat Lignite Bituminous Anthracite
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SOLID-STATE REACTION is one of the important mechanisms of
metamorphism. It is a chemical reaction between two minerals
without either of them melting. In the process atoms are ex-
changed between the minerals, and new minerals are formed.
Consider the minerals quartz and calcite. Each is stable alone at
high temperatures. Together in a siliceaus limestone, they do not
change at low temperatures, but at high temperatures they react
with one another and form the metamorphic mineral wollas-
tonite. The chemical equation of the reaction is: SiO; (quartz,
solid) | CaCO, (calcite, solid) » CaS5i0, (wollastonite, solid) -
CO, (carbon dioxide, gas). Many complex high-temperature re-
actions take place among minerals, and eoch mineral assem-
blage produced is a clue to the tempercture and pressure at the
time of metamorphism.

METASOMATISM is a drastic change in the bulk chemical compo-
sition of a rock thot often occurs during metamorphism. It is due
to the introduction of chemicals from other rocks. Water can
transport these chemicals rapidly over great distances, Because
of the role played by water, metamorphic rocks generally contain
many elements that were absent from the original rock and lack
some that were originally present. The introduction of new chem-
icals is not necessary for recrystallization and solid-state reaction
to take place, but it does speed up metamorphic processes.

CONTACT METAMORPHISM describes the chemical changes that
take place when magma is injected into cold rock (country rock).
These changes in the rock are greatest wherever the magma
comes in contact with it, for temperatures are highest at this
boundary and decrease with distance fram it. Around the igneous
rock formed by the cooling of the magma is a metamorphosed
zone called a contact metamorphic aureole (hale). Aureoles are
important in the study of metamorphism because a single rock
type may show all degrees of metamorphism from the contact
area to the unmetamorphosed country rock some distance away.
Formation of important ore minerals may oceur by metasomatism
at or near the contact; limestone is particularly susceptible to this
type of mineralization.

REGIONAL METAMORPHISM, in contrast to contact metamor-
phism, involves changes in great masses of rock over wide areas.
The high temperatures and pressures in the depths of the earth
are the cause, If the resulting metamorphosed rocks are uplifted
and exposed by erosion, they- may cover many thousands of
square miles. Their mineralogy and texture provide important
information about mountain building and earth processes. The
metamorphism, however, destroys features that would have re-
vealed the rock’s previous history. Recrystallization destroys fos-
sils and sedimentary textures; solid-stale reaction and metaso-
matism change the original compositions.

12

A
A 4 A
A

On heating, A and B A new erystal, the Diffusion continues
diffuse through the compound AB, forms until the original
solids across crystal between the crystals, crystals are fully
boundarles, reacted,

THE SOLID-S5OLID REACTION A 4+ B —> AB

Augen Gneiss Quartz veinlet in Mica

Schist formed by introduction
Potassium Teldspar erystals of silica
formed by introduction of
potassivm CONTACT METAMORPHIC ZONE

Intrusive
Granite

Contact metasomatic
ore deposits

CONTACT METAMORPHISM NEAR SMALL INTRUSIVE

Intensely folded sedimentary layers
metamorphed 16 Schists and Gnelsses

REGIONAL METAMORPHISM ACROSS MANY MILES
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SEDIMENTARY ROCKS

All rocks disintegrate slowly as a result of mechanical and
chemical weathering. Rock particles—in the form of clay, silt,
sand, and gravel—and dissolved materials are transported by the
agenis of erosion (water, ice, and wind) to new locations, gener-
ally at lower elevations, and deposited in layers. The deposited
particles eventually become cemented together, forming clastic
sedimentary rocks, The dissolved materials may precipitate as
crystals that accumulate in layers in oceans and lakes and are
cemented to form chemical sedimentary rocks.

Sedimentary rocks provide abundant information about the
most recent half-billion years of the earth’s history. They contain
in fossil form the preserved remains of evidences of ancient ani-
mals and plants. The manner in which particles of sediment are
worn and deposited, the relationships of the different layers, the
color and composition, the presence of ripple marks or raindrop
impressions—these are among the features that enable geologists
to reconstruct ancient landscapes and climates as well as the
general sequence of geologic events.

MECHANICAL WEATHERING is the breakdown of rock into parti-
cles without changing the identities of the minerals in the rock.
lce is the most important agent of mechanical weathering. Water
percolates into cracks and pore spaces, freezes, and expands.
The force exerted is sufficient to widen cracks and break off
pieces, in time disintegrating the rock. Heating and cooling of the
rock, with resulting expansion and contraction, also helps. Me-
chanical weathering contributes further to the breakdown of rock
by increasing the surface area exposed to chemical agents. The
breakdown of rocks and erosion of the fragmients has been
greatly accelerated over the past several centuries by the ac-
tivities of man through farming and construction.

CHEMICAL WEATHERING is the wearing down of rock by chemi-
cal reaction. In this process the rock’s minerals are changed into
finely divided products that can easily be carried away. Air and
water are involved in the many complex chemical reactions,
which include oxidation, hydrolysis, hydration, and solution, Ig-
neous minerals are unstable under normal atmospheric condi-
tions, those formed at higher temperatures being more readily
attacked than those formed at lower temperatures, |gneous
minerals are commonly attacked alse by water, particularly acid
or alkaline solutions. All the common rock-forming igneous min-
erals (except quartz, which is very resistant) are changed in this
way to clay minerals and chemicals in solution, Silica is leached
from silicate minerals and removed as a colloidal material that
can be deposited later as opal or chert. Clay, quartz, colloidal
silica, and chemicals in selution—the common products of weath-
ered rocks—are the building materials of the sedimentary rocks.
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SIZES OF SEDIMENTARY ROCK PARTICLES

Name of Diameter of particles
particles 25.4mm = 1 inch Sedimentaty Rock
Boulders. Groater than 256 mm
Cobbles 64.256 mm
pebbles 4-64 mm
Granules 2-4 mm

Very conrse sand [ 1.2 mm

Coarse sa Va1 mm

Madium sand YasYa mm Sondy

Fine sand YoY% mm

V.qﬁmufﬂd 1/16-1/8 mm

Coarse silt | 1/64.1/16 mm }

Fine silt | 172561764 men § ©M
Clay ) . Less than 1/256 mm  Smooth

Shore line

Conglomerafes _
. Sundstones—>
_hf -_5: - L : . . i .sha’."

SORTING BY WAVE ACTION NEAR SHORELINE

Wave and current action is mosi vigorous near shore,
finer particles are carcied to desper water

CONSTITUENTS OF SEDIMENTARY ROCKS

Major Constituents Accessory Minerals
Magnetite
B ity Tourmaline
| uar
K-foldspar Gernet
ﬁll::'mfneruls P|ugi;¢?¢lll‘l Amphibole
Hematit
" Calelto Rock fragments LI::::h:
Others
Quarlz (chert)
- | Calcite Gypsum, Anhydrat
Dolemite Halite
e e atigl Hematite
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TRANSPORTATION AND DEPOSITION of weathered particles is
provided by water, wind, and ice. These agents reduce the size
of the particles and deposit them in new localities, Sediments
dropped by streams form alluvial fans, flood plains, deltas, and
deposits in lakes and oceans (p. 15). Winds may move large
amounts of sand and smaller particles, Glaciers transport and
deposit great quantities of rock materials. Composition of the
sediments provides clues to the nature of the original, or source,
rack. Differences between successive layers indicate changes that
have occurred with time.

PRECIPITATED SEDIMENTS are made up of sodium, potassium,
caleium, magnesium, chloride, fluoride, sulfate, carbonate, and
phosphate fons. Because these chemicals are very soluble in
water, they can be removed from existing rock in selution. Once
dissolved in water, they may be precipitated by inorganic proc-
esses in oceans or lakes, or may be extracted by living organisms.
Calcite (CaCO,), for example, will precipitate from solution in
warm waters and settle to the bottom, where it consolidates into
limestone rock. Corals, mollusks, and algae also remove CaCO,
from solution. Halite and other very soluble salts normally pre-
cipitate only from bodies of water that have no outlet after
evaporation produces a saturated solution. Limestone is by far
the most abundant precipitate, but salt, gypsum, and phosphate
deposits are commeon,

CLASSIFICATION of sedimentary rocks begins with the broad
divisions of clastic and chemical rocks (p. 14), though there is no
clear distinction between the two processes of deposition. Chemi-
cal rocks are classified on the basis of composition as salt, gyp-
sum, limestone, chert, phosphate rock, nitrate beds, borate beds,
etc. Specialized characteristics may be noted by such modifying
terms as fossiliferous (containing fossils) and nedular (lumpy).

Classification of clastic rocks is more complex because of many
variables. Particle sizes (average and range of sizes), composition
of the particles, the cement, the matrix (smaller perticles in the
spaces among larger grains)—all must be considered. The Went-
worth scale is a broad classification based on average particle
size. Shale or mudstone, siltstone, sandstone, and conglomerate
are names given to rocks with particle sizes ranging from very
fine to very coarse. Shales, which consist mainly of clay materials
with very fine grains of quartz and feldspar, are generally clas-
sified further only on the basis of composition and bedding.
Coarser clastics are classified according to composition and par-
ticle sizes. Orthoquartzite is a very pure quartz sandstone; arkose,
a sandstone with quartz and abundant feldspar; graywacke, a
sandstone with quartz, clay, feldspar, and metamorphic rock
fragments. The classification on the facing page provides only
general terminology, without the specialized names or the de-
scriptive adjectives that are commonly used.
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Conglomerate

Rock Salt

Sandstone

CLASTIC ROCKS

Shale

Bituminous Coal

CHEMICAL ROCKS

CLASSIFICATION OF SEDIMENTARY ROCKS

CLASTIC CHEMICAL
Rock name | Particles Rock nome Composition
X
o |[Conglomerate Granules Salt Halite (NaCl)
o
§_ Gyptim CaSO; * 2H;0
2 | Sandstone Sand !
£ Limestone CalOy
o
@
Qg Siltstone and silt Dolomite CaMg(CO);
Mudstane !
Chert 510,
Shale and :
Cla Borates, Nitrates, Y
Claystone- v Plciohates Many minerals J
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e Proton

@ Neutron

e Electron

HELIUM ATOM consists of a nucleus
of 2 protons and 2 neutrons with 2
electrons revolving around it

ATOMIC STRUCTURE OF MIINERALS

Like all matter, minerals are composed of the minute particles
called atoms. The kinds of atoms in minerals and the patterns
in which these atoms are arranged determine the composition
and charocteristics of -minerals. It is obviously impertant there-
fore to understand at least generally the atomic structure of
minerals.

ATOMS are the building blocks of matter. Too small fo be seen
even under the most powerful electron microscopes, they are
made up of three kinds of even smaller particles—the proton,
neutron, and electron. Protons and neutrons are located at the
center of the atom, forming its nucleus. Protons carry a positive
electrical charge of fixed magnitude (41); neutrons carry no
charge. Electrons revolve around the nucleus and carry a fixed
negative charge (—1) equal in magnitude to the charge of the
proton, A single, isolated atom is electrically neutral: its number
of electrons (negative charges) is equal to its number of protons
(positive charges).

ELEMENTS are fundamental substances such as iron, carbon, and
oxygen. There are over 100 different elements, each having
atoms of a particular kind. The identity of an element is deter-
mined by the number of protons in the nucleus of its atom, this
number being known as the atomic number. Carbon, for ex-
ample, has é protons in its atom. The number of neutrons is not
fixed; the carbon atom may have from 5 to 10 neutrons, but
whatever the number the atom remains chemically the same. An
element’s atomic weight is the sum of the number of protons and
neutrons in its atom. Atoms of the same element with different
atomic weights are called isotopes. A carbon atom with 6 neu-
trons, the most abundant isotope of carbon, is indicated by ,C
(6 being the atomic number, 12 the atomic weight). Carbon with
8 neutrons is ,C'. Some isotopes are not stable; carbon 14 (;CY),
for example, is radioactive, disintegrating at a fixed rate into an
isotope of nitrogen NM),
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ELECTRONIC CONFIGURATION describes the distribution of elec-
trons in an alom and explains why the atoms of some elements
react with others, and why some do not react at all. The electrons
occupy space near the nucleus in well-defined energy levels (rep-
resented by concentric shells). Electrons in the level nearest the
nucleus have the lowest energy, and those farthest from the
nucleus have the highest level. Each level can hold a limited
number of electrons. The innermost level may contain 2 electron’s,
the second shell 8, the third shell 18, and each succeeding shell
may contain as many as 32.

The number of levels occupied by electrons depends on the
number of electrons in the atoms of a particular element. As the
number of electrons increases, levels are filled from the inner-
most one outward. No outer level, however, contains more than
§ electrons; when it contains that number, it remains unfilled
until the next level is started, making it the outer one. Elements
are very stable if the outer energy levels of their atoms have 8
electrons (a stable octet). Elements react easily if the outer shells
of their atoms are not filled or do not have 8 electrons. The
atoms of these elements tend to react with other atoms and lose,
gain, or share the number of electrons necessary to fill the outer
shell or obtain the stable octet,

ELECTRONIC CONFIGURATION OF THIRTEEN ELEMENTS

00® @ ©

(H) (He) Lithium (L) Beryllium (Be) Boron (B)
®)r {©® 1
Carben (C) Oxygen (O) Meon (Ne)
Sodium (Na)
Aluminum (Al Phosphorus (P) Chlorine (Cl) Argon (Ar)
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PERIODIC TABLE arranges the elements in @ way that shows re-
lationships among them. Long before the electronic structures of
atoms became knewn, the Russian chemist Dmitri Mendeleey and
others observed that some elements exhibit remarkably similar
chemical behavior. Lithium (Li), sodium (Na), potassium (K), rubi-
dium (Rb), and cesium (Cs), for example, are very metallic, and
their atoms tend 1o lose their electrical neutrality, becoming ions
with one positive charge each. These elements, the alkali metals,
were therefore grouped together, Fluorine (F), chlorine (Cl), bro-
. mine (Br), and iodine (I} are very nonmetallic, and their atoms
form ions with one negative charge each. These elements, the
halogens, were also grouped together. From such observations
the periodic classification of the elements was devised. Gaps in
the original periodic table have been filled with elements dis-
covered since that time. Indeed, the development of the periodic
table aided materially in the search for unknown elements.

Elements in vertical columns of the periodic table have similar
characteristics. Elements listed horizontally have characteristics
that grade from left to right. The chemical similarity among ele-
ments in vertical columns (groups) and the gradation among
elements in horizontal columns (periods) are due to the electronic
configurations of the outer levels of their atoms (p. 19). A detailed
summary of the chemical characteristics of the groups and pe-
riods cannot be given here, but the following generalizations
can be noted:

¢ Elements on the left side (the metals) can attain a stable octet
(8 electrons in the outer level) by giving up electrons and becom-
ing positive ions. Those on the right side (nonmetals) can attain a
stable octet by gaining electrons and becoming negative ions.
Those in the center (semimetals) can attain a stable octet by
either giving up or gaining elactrons,

e If a metal atom and a nonmetal atom are brought together,
the metal atom gives up one or more electrons which the non-
metal atom accepts. The resulting oppositely charged ions are
;;l}d together by o strong electrostatic force (the ionic bond, p.

e If metal atoms are brought together, neither holds the outer
electron (or electrons) strongly, so a metallic crystal is formed,
wi;h free electrons moving among the atoms (the metallic bond,
p. 26).

® If nonmetal atoms are brought together, both atoms attract
extra electrons strongly; they “share” their outer electrons, form-
ing free neutral molecules (the covalent bond, p. 24).

o |f semimetals are brought together, thejr atoms form crystals
that have properties between metals and nonmetals (intermedi-
ate bonds, p. 28).

® Transition metals (elements 21.30, 39-48, 57-80, and 89-103)
are chemically similar to other metals in the same period. Their
outer levels have about the same electronic configuration, but
their inner levels differ.
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PERIODIC TABLE OF THE ELEMENTS
Chemical similarity is pronounced in the groups
(vertical columns), Chemical properties vary
1 systematically in the periods (herizontal rows),

Transition Elements
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Elements 57-71 are the lanthanides, commonly called the
rare earths; elements from B9 on are the actinides, All
the lanthanides are chemically similar, os are the actinides,

ELECTRONIC STRUCTURES shown by
means of concentric shells with the
electrons in “orbits’ around the
nucleus are informative about the
energy levels of the electrons but
may convey o misleading impres.
sion of the structure of an atom.
One of the difficulties in defining
the structure of an atom is that any
experimental method used to de-
termine the position or momentum
of an electron will change one or
both, The fact that the momentum
and position of an electron cannot
be determined simultaneously s
stated by the Heisenberg uncer-
tainty principle and has forced
physicists to uze statistical methods
to define the structure of the atom.

ELECTRONIC ORBITALS define the
locations of the electrons in sta-
tistical terms. An electron in the
s:subshell of any electronic shell is
most likely in a spherical volume of
space about the nucleus at any
given time. The spherical s-orbital
defines the space in which it is prob-
able that the electron is located.
Only two electrons, with opposite
spins, may be in the s-orbital of a
given electron shell. An electron in
the next higher subshell is most
likely in the volume of space defined
by @ “dumbbell” shaped p-orbital.
Electrons in the d-subshell oceupy
the “double dumbbell” orbital vol-
ume; those in the f-subshell eceupy
even more complex orbitals.

ELECTRONIC ORBITALS
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THE IONIC BOND is the force that helds together an atom of a
distinetly metallic element to an atom of a distinctly nonmetallic
element. Atoms of the more metallic elements have an ocuter level
with 1, 2, or 3 electrons and the next shell with B. The outer
electrans, in general, are not held tightly and can be removed
by the energy availakle in ordinary chemical reactions. The
sodium (Na) atom, for example, has 11 electrons—2 in the inner
shell, 8 in the second shell, and 1 in the outer shell. The atom
achieves stability by losing the outer electron; the second shell
with its 8 elecirons then becomes the outer shell, Since 1 negative
charge is thereby removed, the atom has 1 excess positive charge
in the nucleus and is called a positive ion, or cation. It is assigned
the symbol Na*l,

Atoms of distinctly nonmetallic elements, in contrast, have 5,
6, or 7 electrons in the outer shell. These atoms oblain the stable
octet of outer electrons by attracting electrons from other atoms,
The fluorine (F) atom has 9 electrons—2 in the inner shell and 7
in the outer shell; when it borrows 1 electron, it becomes nega-
tively charged. The atom is then called a negative ion, or an
anion, and is assigned the symbol F'.

If an atom of sodium (a metal) and an atom of fluorine (a non-
metal) are brought together, the fluorine atom removes the loose-
ly held electron from the outer shell of the sodium atom. The two
atoms thus become oppositely charged. The singly charged cation
Na*! and anion F' are atiracted to each other (unlike charges
attract one another). The attractive force is the ionic bond.

Mot all ions are singly charged. The magnesium (Mg) atom
must lose 2 elecirons and the oxygen (O) atom must gain 2 elec-
trons to achieve a stable octet; the cation Mg'? and the anion O
are thus doubly charged. The resulting bond between the 2 ions
is therefore about twice as strong as between 2 singly charged
ions. In a similar fashion, the aluminum atom forms the Al'? jon
and the nitrogen atom forms the N jon.

In ionic bonds, the attractive forces are exerted in all directions
so that every cation becomes completely surrounded by anions
and vice versa. The result is that three-dimensional periodic ar-
rays—cetystals—are formed. lons are packed closely in crystal
structures and the bonds are non-directional. Only two require-
mants must be fulfilled: (1) cations are surrounded by as many
anions as is geometrically possible, and (2) the total number of
positive charges in the crystal equals the total number of nega-
tive charges.

lons with different charges can form crystals. For example,
2 Fe™? ions combine with 3 O ions, forming Fe,0, (hematite), an
electrically neutral crystal, Some elements can exist as two or
more ions; ferrous iron, Fe'?, and ferric iron, Fe'?, are both com-
mon in minerals, Chemically the 2 jons behave as different
elements. In magnetite, Fe;0,, the formula is written as Fe'’Fe,d
O % The Fe** ion is surrounded by 6 O ? ions, and the Fe™ ion is
surrounded by 4 O % jons.
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THE COVALENT BOND is the force that holds together two non-
metallic atoms, When brought together, these tend not to become
jonized because both have a strong affinity for electrons. A chlo-
rine atom (Cl), for example, has 17 electrons—2 in the inner shell,
8 in the second shell, and 7 in the outer shell. It will attain a
stable octet of electrons in the outer shell if a metallic atom is
available to donate an electron. Because the energy required to
remove 7 electrons is very large, the atom cannot attain a stable
octel easily by giving up electrons. Two chlorine atoms brought to-
gether can attain stable octets, however, if each shares one of its
electrons with the other. The resulting Cl; molecule, having reach-
ed stability, has little tendency to form a crystal at ordinary tem-
peratures. The sharing of a pair of electrons is the covalent bond.
The bonding energy is gained by reduction of the energies of the
two atoms. This bond forms the strongest of all chemical ties.

Atoms that form covalent bonds with other atoms will partici-
pate in the formation of erystals of five types, depending on the
number of covalent bonds the atems can form.

1. Moleculer crystals consist of distinct covalently bonded
molecules held together by van der Waals forces (very weak
forces due to small residual charges on the surface of molecules),
Solidified gases, such as carbon dioxide (dry ice) and chlorine,
and many organic compounds form crystals of this type.

2. lonic crystals are formed by complex ions that are held to-
gether by covalent bonds and carry charges. The ammonium ion,
(NH4y'!, and the carbonate ion, (CO;"%, within which the bonds
are covalent, are bonded to ClI"' and Ca*? ions by ionic forces in
NH,Cl (sal ammoniac) and CaCO; (calcite).

3. Crystals with cheain structures, as in the semimetals selenium
and tellurium, have atoms linked together with covalent bonds in
infinite chains. The chains are held together by van der Waals
and metallic bonding forces.

4. Crystals with sheet structures have atoms linked together
with covalent bonds in infinite layers. The layers are held to-
gether by van der Waals forces. Graphite is the most striking
example of this type structure.

5. Crystals with framework structures form if an atom can
share electrons with four adjacent atoms, as in diamond. Bond-
ing is infinite in all three dimensions, and the crystal can be con-
sidered a molecule of infinite size,

Since covalent bonds are very strong, their distribution deter-
mines the characteristics of a crystal. It explains the splitting of
graphite inte flaky layers, the hardness of diamond, the low
melting point of dry ice, and the formation of complex ions in
solution—(HCO,)" and (NH,)", for example.
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THE METALLIC BOND is the force that binds together atoms of the
metallic elements, These include the first, second, and third
groups of the periodic table and the transition elements (p. 20),
All have one feature in comman: 1, 2, or 3 electrons in the outer
energy level of their atoms. If two of these atoms with loosely
held outer electrons are brought together, covalent bonds (p. 24)
or ionic bonds (p. 22) normally do not form. Rather, a crystal
forms in which the atoms are packed together tightly. The outer
electrons are attached to no atom in particular, but are free to
move through the structure. The bonding energy may be thought
of as an attraction between the positive nuclei of the atoms and
the negative charges of the free-moving electrons. The metallic
bond imparts certain very distinct characteristics to the crystal.

The atoms in metal crystals are packed together to occupy the
maximum amount of space, resulting in three common metal
structures: the face-centered cubic and the close-packed hex-
agonal, representing the densest packing possible; and the body-
centered cubic, only slightly less dense, More complex structures
are the result of some covalent or ionic character of the bond.
Because the free electrons can move through the structure, an
electric potential applied across the crystal results in high elec-
trical conductivity. Heat applied to one side of the crystal will
cause agitation of the electrons, which impart energy lo other
electrons and conduct heat through the crystal very rapidly.
Shearing forces applied to metal crystals can cause gliding
along atomic planes without britile fracture; the metals are thus
ductile and malleable. Metallic luster and opacity are cavsed by
interaction of light with the free electrons.

Metallic bonds can be important in nonmetallic crystals, not-
ably the sulfides. Sulfides can be described best by considering
their structure as covalently bonded. Many sulfides, however,
contain metal atoms that are not well:shielded from one another,
and some metallic bonding has developed between them. A
striking result of this is the strong metallic luster of some sulfides
as in galena (PbS), which looks much like lead metal (Pb). Because
the covalent bond generally controls the mechanical properties
of sulfides, they are brittle.

There are few crystals in the crust of the earth that consist of
metals held together by metallic bonds. Because metals easily
lose their outer electrons and because there are abundant non-
metals available to accept them—oxygen (O) and sulfur (S), for
example—most metals are chemically combined in compounds.
Thus metal oxides and sulfides are the common minerals. The
native metallic elements (pp. 70-75) are those which do not
form very stable oxides or sulfides, such as gold (Au), silver
(Ag), and platinum (Pt), or are formed in oxygen-deficient en-
vironments, such as copper (Cu) and iron (Fe). The core of the
earth, however, most probably consists of nearly pure metal,
iron (Fe) and nickel (Ni), the inner portion of which is liquid.
Many meteorites have a composition similar to the earth’s core.
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INTERMEDIATE BONDS lie between the three extremes represented
by metallic, covalent, and ionic bonds: (1) very metallic elements
(with low electron offinity) combine to form metallic bonds; (2)
very nonmetallic elements (with high electron affinity) combine
to form covalent bonds; and (3) very metallic and very nonme-
tallic elements combine to form ionic bonds. If all elements were
either very metallic or very nonmetallic, all crystals would be
characterized by one of these three bond types. But elements
range between the very metallic elements of Group | of the peri-
odic table and the very nonmetallic elements of Group VII.

Elements near the middle of the periodic table are neither
metals nor nonmetals. In silicon (Si), for example, the energy re-
quired to remove or to add the 4 electrons needed for a stable
octet is quite large. Pure silicon therefore forms a covalent crystal
essentially identical with that of diamond. But silicon has a dis-
tinet metallic luster and is opaque, indicating that the shared
electrons are less strongly bonded than in diamond. In other
words, the bond is covalent, but with some metallic character,
When silicon is in chemical combination with oxygen (O), a co-
valent bond is possible, with the 4 outer electrons of silicon
pairing with electrons of oxygen. An ionic bond, with Si** bonded
to O%jons, is another possibility. Silicon is neither strongly metal-
lic nor nonmetallic, so the bond is neither purely covalent nor
purely ionic. The §i-O bond appears to involve both ionization
and electron sharing; it is stronger than the pure ionic bond, but
not as strong as a pure covalent bond. Moreover, Si and O can
form complex ions of finite or infinite size (pp. 154-7).

In general, elements that appear near each other on the left
side of the periodic table (the metals) form metallic crystals (crys-
tals with metallic bonds), Elements near each other on the right
side of the table (the nonmetals) form molecules with covalent
bonds. Elements near each other in the central portion form co-
valent crystals with some metallic characteristics, or metal crys-
tals with some covalent characteristics.

Elements on opposite sides form ionic crystals. The farther
apart they are the more ionic character the bond will have. The
sodium-oxygen (Na-O) bond, for example, is quite ionic. The
magnesium-oxygen (Mg-0) bond is ionic, but shows more cova-
lent character. The aluminum-oxygen (Al-O) bond is even less
ionic, and the silicon-oxygen (Si-O) bond appears fo be about
half ionic and half covalent.

Crystals having chemical bonding intermediate between co-
valent and metallic are particularly important in solid state elec-
tronics, Silicon, for example,”is a semi-conductor; it conducts
electricity only above a certain voltage, when doped with small
impurities, and then in only one direction. This rectifying charac-
leristic makes silicon useful in transistors. Understanding this
concept of intermediate bonds is particularly important because
the physical and chemical behavior of crystals is directly related
to the bond type.
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CHARACTERISTICS OF BONDS AND CRYSTALS

Compounds

Li, Na, K, Rb, Cs,
Ca, Sr, Ba

Be, Mg, Al, Ga, In,
Tl, Ge, Sn, Pb, Sb,
Bi, Po

B, C, 5i, P, As, Se,
Te, |, At

N, ©, s, F, CI, Br

KCl, NaF, etc.

AlyOg3, 5104, 500,

As3S3, SbaSa, eles

Bond Characleristics

nearly 100%
metallic

melallic with some
covalent character-
istics
covalent with some
metallic character-
istics

covalent

fonic

ionic-covalent

covalent-metallic

Crystal
Characleristics

metallic, ductile,
very conductive

metallic, somewhat
brittle, conductive

semimetallic, brillle,
poerly cenductive

molecules, low melting
point, very poorly
conduclive

ionic, poorly conduc-
tive, dissolves to jons
in H,O

Intermediale
characteristics

Intermediale
characteristics

METALLIC CHARACTERISTIC OF THE ELEMENTS

1 Elements are increasingly metallic from top
to bottom and from right to left in the

periodic table.

Most Metallic

Transition Elements

Least Metallic -!8_
4 5 6 7 |He
A EAED

Elements 57-71 are the ianthanides, commonly called the
rare earths; elements from 89 on are the actinides, All
the lanthanides are chemically similar, as are the actinides.
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THE HYDROGEN BOND is a special bond formed only between
the hydrogen atom and other atoms. It is a weak polar bond, In
minerals the hydregen bond is virtually limited to compounds
containing the water molecule H;O (hydrated compounds) or the
hydroxyl ion (OH)"7 (hydrous compounds). The effects of water
and hydroxyl on the mineral structure are pronounced. Their ab-
sence or presence in minerdls is due fo varying conditions of
formation and provides valuable clues to geologic environments.

THE HYDROGEN ATOM consists of a single proton in the nucleus
and a single electron. The oxygen atom has 8 protons in the
nucleus and 8 electrons—2 in the inner shell and 6 in the outer
shell. Thus 2 additional electrons are needed for o stable ouvter
octet. A mixture of hydrogen and exygen at high temperature
will react explosively and produce water, H,O, in which an elec-
tron pair is formed between 1 oxygen and 2 hydrogen atoms.
This provides both hydrogens with a stable pair of elecirons.
Complex measurements indicate, however, that this covalent
bond is modified by some repulsion between the hydrogen atoms.
This means that to some extent the hydrogens must be positively
charged, or ionized.

An important feature of the water molecule is that, because of
the small size of the hydrogen atom, the hydrogen atoms are
“buried’ in the axygen’s cloud of electrons. The water molecule
is essentially spherical, therefore, and nearly the same size as
the oxygen atom,

THE HYDROXYL ION consists of a hydrogen atom and an oxygen
atom with a shared electron. To complete its stable octet, the
oxygen accepls another eleciron from a metallic atom, with
which it forms an ionic bond. As in the water molecule, the hydro-
gen atom is “"buried” in the oxygen ion, and the hydroxyl ion is
nearly the same size as the oxygen ion (1,40 AL

Although both the hydroxyl ion bonded to a metal ion and the
water molecule are neutral, they are polar. The site of hydrogen
carries a small positive charge (because of its proten), and the
other side of the water molecule or hydroxyl ion carries a small
negative charge. Both, therefore, behave as small magnets. The
positive pole can exert an altractive force on the electrons of
other atoms, This is the hydrogen bond. It is the force that holds
water molecules together as ice and that contributes to bonding
in any hydrated or hydrous mineral. In minerals, the hydrogen
bond between hydroxyl iens and adjacent oxygen ions is par-
ticularly important.

Hydrogen bonding between complex organic molecules is re-
sponsible for many chemical processes that take place in living
organisms, controlling metabolic activity, reproduction and he-
reditary traits, ete. Biochemical processes are enormously more
complex, however, than the chemical processes involved in min-
eral erystallization.
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SOLID SOLUTIONS

Minerals are commonly thought of in terms of a simple chemical
formula that is fixed and unchangeable. Forsterite, for example,
is Mg,SiOy; anhydrite, CaSOy. These formulas, however, rarely
express the exact chemical compositions; they are only approxi-
mations. Compositions of most minerals are not fixed, but vary
between definite limits. This variation is referred to as solid
solution or diadochy.

In a crystal, an element occupies a particular position because
of its characteristics, notably the size of its ion or the type of
chemical bonding. Many elements have atoms with electronic
configurations similar to those of other elements, however, and
are chemically similar; either element may be stable in the same
structural position. In silicates, for example, the position eccupied
by the silicon ion may also be cccupied by the aluminum ion,
which is nearly the same size and has the same electronic con-
figuration. But it is important to remember that the proportion of
silicon and aluminum in these positions is not fixed, but depends
on how much of cach element was present during the mineral’s
crystallization.

Similarly, magnesium (Mg) and iron (Fe) may be present in a
number of minerals in identical positions, and the Mg:Fe ratio
may have any value. Regardless of the Mg:Fe ratio, however, the
crystal structures of minerals with variable amounts of Mg and
Fe are essentially identical. The elements Mg and Fe are said to
be "“substituting” for one another in the structure. Minerals with
identical structures, but with differing chemical compesitions are
said to be isomorphous.

COMPLETE SOLID SOLUTION occurs when two elements can sub-
stitute for one another completely in a mineral. Olivines are ox-
cellent examples of this type of solid solution. Forsterite, Mg,510,,
and fayalite, Fe;Si0y, have identical structures because the ions
Mg*? and Fe'? are very nearly the same size and are chemically
similar. If both iron and magnesium are present in the environ-
ment of crystallization, a single mineral with a composition inter-
mediate between forsterite and fayalite will form. This mineral
is considered to be a "solution’ of fayalite in forsterite. Because
minerals with all possible intermediate compositions can be
formed, the formula is written (Mg,Fe),5i0y, and the general
name, regardless of Mg:Fe ratio, is olivine.

The olivines are referred to as members of a complete solid-
solution series between the My end member, forsterite, and the Fe
end member, fayalite. Mg-rich olivines are light green, and Fe-
rich olivines are dark green or black. Olivines with intermediate
compositions are intermediate in color, Their other physical char-
acteristics also vary between those of the end members. In such
minerals, either pure end member is seldom found, though they
may be synthesized in the laboratory.
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LIMITED SOLID SOLUTION occurs in a mineral when two elements
that substitute for one another do not form all possible propor-
tions. Solid selution in the olivines is complete because iron and
magnesium ions are nearly the same size. But in many other min-
erals, only limited amounts of one ion can substitute for another
because the two ions are of different size. Anhydrite, CaSQy, and
barite, BaSO,, are chemically similar, but have different strue-
tures because the Ba'? jon is considerably larger than the Ca'?
ion. Chemical analyses, nevertheless, show that anhydrite can
contain up to 8 percent BaSQ,, and barite can contain up to &
percent CaSO,. Substitution of more ions cannot take place with-
out disrupting the structure at either end of the series; the amount
of solid solution is thus limited to narrow ranges of composition
at each end. Similarly, potassium feldspar (KAISi;Op) and sodium
feldspar (NaAlSi;Oy) do not form complete solid solutions except
at high temperatures. To sum up, the extent of solid solution is
governed by the relative sizes and chemical similarity of the
substituting elements and by the temperature.

COUPLED SUBSTITUTION invelyes simultaneous substitutions that
balance one another. It results in @ more complex type of solid
solution, either complete or limited, that eccurs in some minerals.
The feldspars are an example. Calcium feldspar (anarthite,
CaAl,S5i,04) and sodium feldspar (albite, NaAlSi;Op) have the
same basic structure. The calcium ions (Ca*? in calcium feldspar
are in the same positions as the sodium ions (Na™) in sodium
feldspar; the aluminum ions (Al and silicen ions (Si4) occupy
identical positions in both minerals, but oceur in different propor-
tions, Because the Ca'? jon and the Na*' ion are nearly the same
size and can substitute for each other, a complete solid-solution
series is possible between the two minerals, But because Ca'? and
Na'' have different charges, the substitution of one for the other
would unbalance the neutrality of the over-all structure and could
therefore not occur. It becomes possible, however, because Al
and Si** can also substitute for one another. When both sub.
stitutions occur simultaneously, neutrality is maintained. The
“"exchange' can be written Ca*? 4 Al'? : Na*! + Si*4, 5 charges
replacing 5 charges. Feldspars with all possible Ca:Na ratios can
be found, with the Al:Si ratio varying accordingly. Members of
this complete solid-solution series, all similar in appearance, are
called plagioclase feldspars.

IMPORTANCE OF SOLID SOLUTION is great because most min-
erals exhibit it at least to a limited extent, Variations in compo-
sition provide valuable clues to temperatures and chemical
environments during formation. Solid solution explains why some
elements are nearly always found in trace amounts in minerals
and are thereby “camouflaged.” Analyses of trace elements in
rocks can lead to the discovery of concentrations of valuable
elements in other nearby rocks.
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SOLID SOLUTION IMPORTANT IN MINERALS

OLIVINES—Substitution of Mg™, Fe'’, and Mn'* (pp 164.165)
Forsterite—Fayalite: Mg:5i0: — Fe:Si0: Complete
Forsterite—Tephroite: Mg:Si0: — Mn:SiO: Complets

CORDIERITES—Substitution of Fe™ for Mg*? (pp 172-173)
Cordierite—Iron Cordierite: Mg:ALISIANO : = Fe: ALISEANO
Complete

MELILITES—Coupled substitution of Si** -+ Mg for 241"
(pp 168-169)
Gehlenite—Akermanite: Ca: ASIAIIO; — Ca:Mgsi.0: Complete

PYROXENES—Substitution of Mg™ and Fe** (pp 174-181)
Diopside-Hedenbergite: CaMg(Si0:); — CaFe(Si0:): Camplete
Ca: (Mg, Fe) varies ever limited range
Intermediate compasitions are called pigeonite
Augite is intermediate but has Al™" in compesition

AMPHIBOLES—5Substitution of Mg™* and Fe'! Complete (pp. 182.185)
Tremolite-Ferroactinalite: Ca:Mgs(5:0n) (OH): — Ca:Fe:(S5i:011)
(OH); Complete
Intermediate compositions are called ferretremalite,
Tremolite-actinolite, or simply actinolite

MICAS—Coupled substitulion of 3Fe ™ for 241" + Vacancy
(pp 194-197)
Muscovite-Anniter KAl (S1:A) O, o (OH): — KFe, (81:A1) O /o (OH):
Biotite is K(Mg, Fe); (Si1Al) O ; (OH); with Mg:Fe lass than 2:1
Phlzo?pile is KiMgFe): (Si:Al) O - (OH): with Mg:Fe greater than

PLAGIOCLASE FELDSPARS—Coupled substitution of Ca™® + Al*! for
Na™ =+ 5i** (pp 218, 219)
Albite-Anorthite: NaAlSHO; — CaAl:SiO; Complete intermediate
compesitions dre called plagioclase

ALKALI FELDSPARS—Substitution of K*' and Na*' (pp 214-217)
Microcline (Sanidine)—Albite: KAISI; O: — NaAlSi;O;
Complete above about 670°C
At ordinary temperatures about 20% substitution of Na'' in
microcline and about 5% substitution of K™ in Albite
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CRYSTALS

Crystals have always been of great interest because of their in-
trinsic beauty. To mineralogists they also provide clues to the
arrangement of atoms within a mineral and offer an important
means of mineral identification. Only a few minerals, such as
opal and silica glass, lack a crystal structure.

A CRYSTAL is a solid material with a regular internal arrange-
ment of atoms. Because of this orderly internal arrangement, a
crystal may form the smooth external surfaces called faces. Faces
represent planes in the crystal on which there are closely spaced
atoms and on which growth can occur rapidly. The orientation of
these faces Is an excellent indicator of the internal symmetry
possessed by the structure and of the nature of the chemical
bonding (p. 20).

Though we usually think of crystals as having faces, these
smooth surfaces are not always present. The majority of mineral
specimens, in foct, consist of aggregates of crystals that have not
developed faces because of mutual interference during forma-
tion (anhedral crystals). Crystals exhibit well-developed faces

feuhedral crystals) only when they grow unhampered, as on the

walls of an open cavity, on a surface, in the early stages of crys.
tallization of an igneous malt, ar in other unusual circumstances.

THE LAWS OF SYMMETRY prove that all crystals can be placed in
1 of 7 categories called systems, These 7 systems can be further
subdivided into 32 symmetry classes and 230 groups based on
internal arrangement. Treatment of these subdivisions consti-
tutes the study of crystallography, an intriguing subject that is
beyond the scope of this book. On the following pages the 7
crystal systems, with illustrations of representative crystal types,
are treated briefly.

THE FACES observed on a crystal can be described in terms of
regular polyhedra—for example, cubes and octahedra. All faces
of a polyhedron are of equal size and like shape and are referred
to collectively as a crystallographic form. Some crystals exhibit
only one form; others exhibit two or more forms, some having
large faces and others small.

In a real crystal, the different faces of a form are not neces-
sarily the same size or shape. Growth of the crystal in one direc-
tion more rapidly than in other directions results in malformed
polyhedra, often producing forms that are difficult to recognize.
But the angles between the faces of a form are the same, re-
gardless of the distortion. Real crystal faces, moreover, may not
be perfectly smooth and flat, but may have undulations or other
irregularities, caused by irregular growth or by interference from
external forces during crystal growth, Illustrations of real crystals
(pp. 70-257), compared with ideal crystals (pp. 38-43), demon-
strate many of these distortions and irregularities.
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CRYSTAL SYSTEMS

The seven systems in which crystals can be placed are defined by
three or four imaginary axes of equal or unequal length that
intersect at the center of any perfect, undistorted crystal form.
The lengths of the axes and the angles between them define the
crystal’s shape. Because crystals can grow to different sizes, the
relative lengths of the axes, as indicated by a specimen, are
commonly noted. Absolute lengths are determined by X-ray anal-
ysis and are expressed in terms of a “unit cell,” the smallest unit
exhibiting all the symmetry of the whole crystal. Axes of unit
cells are a few hundred-millionths of a centimeter long (2.54 cm
= 1 in.). Unit cells of many minerals, with atoms shown, are
illustrated on pages 70-257 of this book.

T
:uj"_] CUBIC SYSTEM includes crystals with three mu-
I tually perpendicular axes of equal length. The
5| Ve axes are conventionally drawn perpendicular
1 19| 10 the three pairs of faces of a cube or through

the three pairs of corners of an octahedron.
Common forms of cubic crystals include the
tetrahedron (4 faces), the cube (6 faces), the octahedron (B
faces), the dodecahedron and pyritochedron (both 12 faces), the
cubic trapezohedron (24 faces), and the hexoctahedron (48 faces).
A cubic crystal may have any one of these forms or any com-
bination of these forms, Some of the possible combinations are
shown on the opposite page. To make recognition of the forms
more readily apparent to the reader, different colors have been
vsed for the different crystallographic forms. It is important to
note the different appearances cauvsed by different degrees of
development of two forms.

Crystals containing several forms may appear to be quite com-
plex. Important in recognizing which forms are present are the
angles between the individual faces of a form, since they are
always the same regardless of the number of forms present or
the degree of malformation. Many minerals commonly develop
some forms and not others, which makes the recognition of forms
important in mineral identification. The characteristic forms and
the kinds of malformations are referred to as the mineral’s
habit, (Discussion of habits on p, 46.)

Many chemical compounds, including minerals, form cubic
crystals. Simple compounds (those with one, two, or three ele-
ments) tend to crystallize in either the cubic system or the hex-
agonal system (p. 40), Included in this category are some of the
elements, simple sulfides, oxides, and halides. More complex
compounds—the silicates, for example—tend to form crystals with
axes of unequal lengths, which places them in the other crystal
systems, Garnets and some feldspathoids, among others, are
notable exceptions; in spite of their relative complexity, they
form cubic crystals.
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3 of which are of equal length and lie in a plane
with angles of 120" between them. The fourth axis,
the unique or hexagonal axis (c), is perpendicular to
the plane of the other 3 and may be of any length.

A common form is the hexagonal prism, consisting Hexagonal Dihexagonal

HEXAGONAL SYSTEM includes crystals with 4 axes,
of 6 faces parallel with the unique axis. The ends of Prism ¢énd Base Prism and Base
= the crystal may be two parallel faces (pinacoid or { !
base), two pyramids (dipyramid), or a combination | g ! S
of a flat face and a pyramid. There are many possible pyramid '
and dipyramid forms, differing only in the angle that the faces )
of each make with respect to the unique axis. Dihexagonal prisms \ 7

and dipyramids are common; these actually are double forms
with 12 faces rather than 6. Hexagonal crystals are common
among minerals consisting of simple compounds, moderately
common among more complex minerals. As with the cubic forms
(p. 39), the different hexagonal forms are shown in different
colors on the facing page. Some hexagonal crystals show only
three-fold symmetry (trigonal) but are not rhombohedral (below).

Trigenal
Scalenohedron

Hexa Q"-‘f"ﬂl Dihexagonal Trigonal
Pyramid Pyrgmid Trapezohedron

RHOMBOHEDRAL AND TRIGONAL CRYSTALS

RHOMBOHEDRAL SYSTEM, sometimes included as a
subdivision of the hexagonal system, includes crys-
tals with 3 axes of equal length, as in the cubic sys-

\-‘. G \ a; tem, but with an angle (a), other than 907, between
\\}\ \ 7 them, The most common forms are the rhombohe- Hekaigonal
o \ i -7 dron, the trapezohedron, and the scalenohedron. Prisc s Hexagonal
T Hexagonal prisms may be found in combination Pyramid Tropezohedron Quartz Beryl
with these forms, illustrating the close connection HEXAGONAL PRISMS modi
¥ odified
between the two systems. In the crystals of the rhom- HEXAGONAL CRYSTALS by Rhombohedra, Trup"gh;jm,

bohedral system, however, a view along the unique axis (c)
shows only 3 equal faces (3-fold symmetry) rather than 6 or 12
faces (é-fold symmetry) as in crystals of the hexagonal system.
Calcite and quartz are among the minerals that crystallize in the
rhombohedral system. The different forms are shown in different
colors on the facing page. Though hexagonal forms, such as the
prism and the dipyramid, may be present, as on quartz (facing
page), the overall symmetry is rhombohedral.

Pyramids ond Base

Y

Prism and Pyramid

Tetragonal and Ditetragona!
Prism and Base

<>

Tetragonal
Pyramid

Tetra onul E i

. Scalenohedron Prism and
Aphiensic Twe Pyramids

gL TETRAGONAL SYSTEM includes crystals with 3 mutu-

= ally perpendicular axes, 2 of which are of equal

| length. The forms include prisms, pyramids, and di-

‘ pyramids, which are distinguished from similar

forms of the hexagonal system by having 4 faces

af | rather than 6. Other forms are the tetragonal trape-

| zohedron, the sphenoid, and the tetragonal scaleno-

hedron. Ditetragonal forms, with 8 faces, are also

e iy = - J common. Tetragonal crystals are well represented

among the common rock-forming minerals; the

scapolites, rutile, and zircon are some more common examples.
The different forms are shown in different colors.

Telragonal
Trapezohedron

TETRAGOMNAL CRYSTALS
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ORTHORHOMBIC SYSTEM includes crystals with 3 mu-
tually perpendicular axes of different lengths, The
most common forms are the pinacoid (2 parallel
faces), the dipyramid, the prism, and the dome, illus-
trated on the facing poge. There are no axes about
which the crystal can be rotated to show 3-fold, 4-
fold, or 6-fold symmetry, Two-fold axes are present,
however, and the orthorhombic crystals therefore
are commonly blocky in appearance.

If one dimension of the unit cell is notably longer than the
other two, the crystal as a whole may be needlelike; if one unit-
cell dimension is notably shorter than the other two, the crystal
may be platy, The crystal shape is determined also by the rate of
growth in different directions, hence is not necessarily related to

Prism and Basal
Pinacoid

e e

Prism, Domes and

the relative unit-cell dimensions. Compounds that are chemically Domes ond Pinocoids Two Pinacoids
complex or have complex bonding commonly crystallize in the
ortharhombic system, N
MONOCLINIC SYSTEM includes crystals with 3 axes of 4! = @
= /| different lengths, 2 of which are perpendicular. The
—_— third is not perpendicular to the plane of the other 2, ‘g
_'_:H_A,' ol but makes an angle 8 with one so the crystals char- Prism (yellow), D?"‘” (orange),
? ¥ acteristically look like orthorhombie crystals that N and Pinacoid (blue) N
“u o 1/ have been deformed in one direction. The forms are Two Pyramids Orthorhombic.
' the same as the orthorhombic forms, but the shape Sphenoid and Prism

of the unit cell is different. Common forms are prisms ORTHORHOMBIC CRYSTALS

oriented in the direction of one of the axes and pina-
coids parallel with the planes of any two axes. As in the orthor-
hombic system, compounds that are chemically complex or have |
complex bonding are commonly monoclinic, including many of
the micas, pyroxenes, and sulfides. Gypsum, some of the borates,
and many less common minerals are alse monoclinic.

Domes and
TRICLINIC SYSTEM includes crystals with 3 axes of :im::;d
different lengths, none of which is perpendicular to Prism, Pyramid,
the others. The angles between the axes are called Pinacoids and Pinacoids Prism and
«, B, and v. This low symmetry restricts the possible MONOCLINIC CRYSTALS Pinacoid

crystal forms to (1) the pinacoid, consisting of two
parallel planes, and (2) the pedion, consisting of one
plane with no parallel planes. The pinacoid and the
pedion may have any orientation with respect to the
chosen axes. The low symmetry makes the structures \
of triclinic crystals difficult to determine and difficult
to describe in terms of crystal forms. As in the monoclinic system,
complex compounds commonly erystallize in the triclinic system.
Among the few triclinic minerals are the most common rock-
forming mineral groups—the feldspars and some of the micas,
the clays, and kyanite. Many minerals can exist in either
monoclinic or triclinic forms depending on the composition or
temperature formation.

Pinacoids and Pedions

TRICLINIC CRYSTALS
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TWINNED CRYSTALS

A twinned crystal is a single crystal that appears to consist of
two or more crystals grown together along a plane. This compo-
sition plane between “twins” is not to be confused with the
boundary between two separate crystals, where mismatching is
severe and the crystals are easily separated, Twinning occurs
most commonly when the growth of a crystal undergoes slight
shifts in direction. These changes in direction of growth are the
result of spacings among the atoms on certain atomic planes
within the crystal. Twinning Is common and easily observed
among crystals with well-developed faces and, less obviously,
within individual grains in rocks.

CONTACT TWINS are twinned crystals that exhibit growth in two
directions from a common plane. The composition plane, gener-
ally obvious, is always a direction of a possible crystal face. In
addition to the simple contact twins just described are cyclic con-
tact twins. These show repeated twinning at regular intervals,
the crystal growth occurring along a "circular’ path, as in chry-
soberyl, Though there are many possible twin planes for any
given crystal, twinning normally occurs along a few planes on
which favorable interatomic spacings are found. Twinning is said
to occur in accordance with a number of “twin laws,” which are
described in terms of the crystallographic orientation of the com-
position planes.

PENETRATION TWINS appear to have one twin penetrating the
other. They form for the same reasons as any other twin, but are
more conveniently described in terms of twinning about an axis
instead of a plane. The total number of probable twin axes for a
given compound is narmally small. Fluorite commonly is found
as interpenetrating cubes; pyrite forms “iron crosses’ of twinned
pyritohedra. Staurolite and arsenopyrite are very commonly
found as twinned crosses, consisting of penetrating prisms that
are popular collectors’ items. Orthoclase is commonly twinned
in several ways, one of which is called the Carlsbad twin, shown
on the opposite page. Quartz prisms also form penetration
twins. In many cases one of the twin members is much smaller
than the other.

POLYSYNTHETIC TWINS are contact twins that are repeated on
the same composition plane at close intervals across the entire
crystal. A number of minerals, notably the plagioclase feldspars,
exhibit this type of twinning, The thickness of individual twin
members is roughly the same in a given crystal, but may vary
from one crystal to another. Polysynthetic twinning on a very
small scale (even microscopic) commonly results in a striated
appearance, as in most labradorite feldspars. Scattering of light
by closely spaced polysynthetic twin planes causes a strange
glow called chatoyance,
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CRYSTAL HABIT

The shape and size of a crystal or aggregate of crystals are called
the “habit.” In a sense, the faces of a perfectly formed crystal
constitute its habit, but characteristic malformations of crystals,
particle-size distributions in aggregates, and many other distinc-
tive features are included in the term. Many factors, some not
completely understood, influence crystal habit. Internal structure,
hence the rate of crystal growth in different directions, is most
important. Also important are certain factors present during crys-
tal formation: space available, temperature, chemical environ-
ment, and kind of solution. The names that are given to the
differing habits of crystals are usuvally readily understandable
descriptive terms. In learning to identify minerals, it is impor-
tant to become familiar with the variations in all of the proper-
ties observed in a given mineral. Among the most important of

these is habit, which may be diagnostic.

PRISMATIC HABIT refers to a crystal
that is appreciably longer in one
direction than in the other two.
Some of the most distinctive crystals
—1hose of stibnite, asbestes, satin-
spur (o fibrous gypsum), pyroxenes,
and amphiboles—are prismatic, The
prismatic habit is described more
specifically by such names, general-
ly self-explanatory, as: columnar,
bladed, acicular (needlelike), and
fibrous. Minerals that hove prismatic
crystals are commonly found in ag-
gregates of several minerals,

GRANULAR HABIT most commenly
describes oggregates composed of
mineral grains cemented together,
regardless of the habit of the crys-
tals., Descriptive names include
coarse granular, fine granular, and
powdery granular,

LAMELLAR HABIT refers to a crystal
that is appreciably shorter in one di-
rection than in the other two. There
are various types. Tabular crystals
are thick. Micaceous crystals are
very thin, and the lamellae can be
pealed off along cleavage planes.
Foliated crystals have thin lomelloe
that may be folded and distorted,
as in tale. Plumose crystals are
featherlike. Lumellar aggregates are
groups of lamellar crystals cemented
together,
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HABITS OF AGGREGATES of miner-
als may be quite different from the
habits of the constitvent minerals,
Aggregate habits are described by o
number of readily understood terms,
such a3 globuldr, massive, and mes-
sive earthy. Special names are given
lo those with special structures.

Aggregates composed of groups
of minerals, generally prismatic and
radiating from o common center to
form @ spherical surface, may be
given one of several nomes, de-
pending on the size of the groups.
If the groups are small (less than Ve
in. each), the structure is called
oolitic; if they are larger (Va-V2 in.),
it is pisolitic; if they are even larger,
it is botryaidal, or mammalary, If
the groups are large and kidney-
shaped, the structure is said to be
reniform. Stellate aggregates are
radioting groups resembling stars,
Dendritic aggregates consist of in-
dividual crystals of any habit that
grow in o branching manner. Ge-
odes are groups of crystals, banded
or radiating, that grow Inside a cav-
ity in a rock. Subsequently, these
groups may he disselved out ey
rounded masses that, when split, re-
veal the interior crystals, Drusy
crystals are aggregates of small,
well-formed crystals that grow on
the surface of a rock or along frac-
tures in rocks.
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Slip planes
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IMPERFECTIONS IN CRYSTALS

T . ¥ + Single crystals can b ;
To understand crystals, it is necessary to consider ideal speci- of ?ﬁslocolions {slip eplf,‘:;e;;l argisteatchec Dectiiss o iariction

mens, with all faces of a form present and with each face per-
fectly shaped and planar. It is customary also to consider the
internal structure as perfect, with no irregularities in the arrange-
ment of the constituent atoms. In reality, however, there is no
such thing as a perfect crystal, Crystal faces may be misshapen,
etched, curved, and irregular in a number of ways. These devi-
ations are of great value in mineral identification and provide
clues to the mode of formation. Irregularities in the atomic ar-
rangement are responsible, too, for many of the observed
mechanical and electrical properties of crystals.

BABBRBRBRWE

SURFACE IRREGULARITIES are imperfections that can be observed
on the surface of a crystal, either with the unaided eye or with a
microscope. They may be formed during crystal growth or at
any time subsequently. Striated surfaces, as observed on quartz
crystals and many other mineral crystals, result from changes in

crystal growth

growth direction during crystallization. Close examination re- L G g i ____"_A_ : SR S o R
veals many very small parallel faces on any groove or ridge, SRR L. DN R —f = b
Curved crystal faces, as on calcite and dolomite, are of similar 7 kTR SE S i N e T

origin. Many crystal faces are pitted or etched, commonly a result £ AT o T, I Y TR
of chemical activity on a smooth face, but in some cases formed AN = s iz SR VR R TS e e R
during crystal growth. The faces of some crystals have depres- VY o A S ey p T X JES SR - e
sions, which themselves have faces; others have small elevations (A el / / g \ Ni= % e e s
{vicinal prominences), also with faces. They are the result of un- i A / {\.— } . ) ‘} Schottky Defect

equal growth rate on the crystal face. / \ . o ¥ l(-- Arcatlon-and:a
STRUCTURAL DEFECTS are internal deviations from the idealized \ \.\ LA N / neswhy onlon are abwnt.
perfect crystal. Every crystal of visible proportions conlains many --‘ N DU R FIN L. e e e
millions of such defects. These “mistakes” of nature are impor- IO (5 & __/ —— e el
tant in determining the behavior of crystals; indeed, they seem L T YR S _‘: S
to be instrumental in promoting crystal growth. Point defects Elodtionmic ) . )

involve only one structural position, their effects extending no A di,;::::ii‘::w P __: A
more than a few atoms beyond the defect. Structural vacancies a erystal surface B i T :; ::

(often inaccurately called lattice vacancies) are sites where an
atom is lacking. These defects affect a crystal’s optical, electrical,
and mechanical properties. Impurity atoms, located af structural
positions or in interstitial positions (between the “normal’ atoms),
also affect the properties. Line defects involve many atoms, essen-
tially in one direction, and are the result of missing rows or
planes of atoms. An important defect is the helical, or screw,
dislocation. This is formed by continued crystal growth about an
edge dislocation. The theoretical strength of a crystal may be
many times the measured values in real crystals. The inevitable
presence of structural defects provides locations of stress concen-
tration that causes the crystal to yield by fracture or by deforma-

tion. The malleability of metals is an important property because A large impurity atom
dislocations enable the crystal to slip, without fracturing. ) distorts the atomic

An edge dislocation drrdy

Irry LT

Frenkel Defect

An fon is not in its
normal site but in
an interstitial site.
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CRYSTALINCLUSIONS

During or after crystallization, a mineral may be exposed to high
temperatures and solutions of other materials for very long
periods of time. As a result, some material may be trapped in the
crystal or some portions may be dissolved and replaced by a
different mineral or even by a nonmineral. Such inclusions com-
monly occur in minerals. In many cases when one mineral is
included in another, it is difficult to determine which mineral
formed first. But if this can be determined, the sequence of crys-
tallization and the history of formation of the entire rock can be
worked out. Also, certain kinds of inclusions may be character-
istic for particular minerals and therefore of value in identifica-
tion. A few of the many types and varieties of inclusions are
discussed below.

RANDOM INCLUSIONS are those inclusions whose shape and
orientation are not related regularly to the crystallographic direc-
tions, or symmetry, of the crystal. These may simply be bubbles,
filled or partially filled with gas or liquid. A study of the fillings
can provide valuable information about the chemistry of the
environment in which the crystal was formed.

Random inclusions may also be crystalline in structure. Quartz
crystals, for example, frequently contain needles of rutile, hema-
tite, asbestos, tourmaline, or other minerals, Aventurine feldspar
contains very small particles of hematite, which are responsible
for the distinctive reddish color. Sand crystals, which are large
calcite crystals found in sandstone, contain high percentages of
evenly distributed sand grains (quartz), Nearly any crystal may
have inclusions. Some inclusions, such as quartz in staurolite
(poikilitic staurolite), are characteristic and aid in identification.
Sometimes random inclusions are aggregated within the crystal.

ORIENTED INCLUSIONS occupy spaces along definite crystallo-
graphic planes of the host mineral, producing a symmetrical
pattern. These intergrowths can form as a result of simultaneous
crystallization of the host and @ mineral inclusion (eutectic inter-
growths). Sometimes, intergrowths are due to the migration of
atoms along certain crystallographic planes when some elements
separate out of the host mineral at high temperatures. This is
the phenomenon of exsolution.

Graphic granite is a good example of a eutectic intergrowth
in which microcline contains quartz intergrown along some
crystallographic directions, Perthite is a very good example of
an intergrowth resulting from exsolution, Al high temperatures,
albite (NaAlSi;O,) is completely soluble in microcline (KAISi;Oy).
As cooling occurs, however, albite separates out along the
crystallographic planes of microcline, producing a banded ap-
pearance. Chiastolite, with inclusions of carbon along certain
directions, is a crystal with noncrystalline inclusions.
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Inclusions in Sphalerite:
Rounded areas are gas bubbles.
Remainder of inclusions filled
with salt water (x14)

Inclusion of Liguid
Mercury in Calcite (x10)

guh;c Salt Crystal and Several Crystals and
: 0; on Dioxide Bubble Gas Bubble (pear-shaped)
in Emerald (x195) in Magnesite (x120)
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PROPERTIES OF MINERALS

The properties described briefly on the next several pages are
important in the identification of minerals and are relatively easy
to determine, at least approximately. Many other properties are
not discussed because they are uncommon or require elaborate
labaratery equipment for their determination.

CLEAVAGE is the tendency of some minerals to break along defi-
nite planes when struck with a sharp blow, as with a hammer.
The flat cleavage surfaces provide a means of identification and
a clue to structure. Cleavage planes parallel possible crystal
faces. Breaks occur along these planes rather than through them
because in general they consist of closely spaced atoms bound
together by forces stronger than those binding atoms in other
directions.

Cleavage is described as perfect, good, fair, or poor, depend-
ing on the regularity of the break and the luster of the surface.
It is also described by the number of cleavage directions and the
angle between them, or by the resulting form. Mica, for example,
breaks in one direction; a “book’ of mica exhibits two parallel
cleavage surfaces, but they constitute a single direction. Galena
has three directions of cleavage at right angles (cubic cleavage)
and thus has six cleavage planés (three pairs in three directions),
Other common types of cleavage are shown at right.

Some minerals—halite and calcite, for example—have such
well-developed cleavage directions that a break in any other
direction is virtually impossible. Other minerals, such as the py-
roxenes and amphiboles, have well-developed cleavage in some
directions, buf break unevenly in other directions.

FRACTURE is the irregular breakage of a mineral. Quartz and
beryl, for instance, break unevenly in all directions. There are
no observable cleavage planes. Fracture is common in minerals
with complex structures in which there are no directions of un-
usvally weak bonding.

Descriptive terms applied to fractures are nearly all self-ex-
planatory. Parting, as exhibited by corundum and garnet, is a
poorly developed cleavage in which the parting surfaces are not
planes but are irregular. Conchoidal (shell-like) fracturing is
common in amorphous materials, such as opal and volcanic glass.
Some minerals that crystallize with unusual habits fracture in a
manner characteristic of those habits. Satin-spar gypsum and
asbestos serpentine, for example, are fibrous in habit and exhibit
a fibrous fracture. Uneven, hackly (jagged), splintery, blocky,
and prismatic are other terms used to describe fracture. As with
all properties, it is desirable to become familiar with names ap-
plied to different kinds of fracture and to study examples using
real mineral specimens. Fracture characteristics may appear dif-
ferent in different specimens of the same mineral.
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Fibrous fracture Irregular fracture
Goethite Quartz
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HARDNESS is one of the most characteristic and useful properties
of a mineral. It can be defined in many ways, each a measure of
the mineral’s resistance to a mechanical force. Some of these
forces (and the scales that measure them) are: scratching (Mohs),
indentation (Knoop), abrasion (Pfaff), and grinding (Rosiwal).

Testing resistance to scratching is a popular method of deter-
mining hardness because it requires no special equipment. The
Mohs' scale {opposite page) consists of 10 minerals of different
hardness. Each is given a number from the softest (talc, 1) to
the hardest (diamond, 10). A mineral that can be scralched by
quartz (7) but not by microcline (6) has a hardness between 6 and
7. The same mineral will, of course, scratch microcline but will
not scratch quartz,

Common objects can also be used as test instruments—the fin-
gernail (214}, a copper coin (3V2), a knife blade or common glass
(514), and a metal file (62). A sharp edge of the 1est object is
moved firmly across a relatively flat surface of the mineral to be
tested. Then a moistened fingertip is applied to the surface
to remove loose powder and reveal if the surface has been
scratched rather than marked.

At best, the scratch test provides a rough estimate of hardness,
A weathered or altered mineral may be softened on the surface,
and some minerals are harder in one direction than in others.

SPECIFIC GRAVITY is a measure of a mineral’s density, or weight
per unit volume. Water is assigned a specific gravity of 1 (1 gram
per cubic centimeter), and the specific gravities of other materials
are compared to it. A mineral fragment that weighs 2.1 times
as much as an equal volume of water has a specific gravity of
2.1, assuming there are no pore spaces,

The jolly balance and the beam balance are used for a fairly
accurate determination of a mineral’s specific gravity. In both, a
fragment is weighed first in air and next in water. The difference
between the two weights is the weight of an equal volume of
water. Dividing this into the weight in air gives the specific
gravity, as shown on the facing page.

After practice, o moderately good estimate of specific gravity
can be made merely by lifting a mineral fragment. A piece of
lead is obviously heavier than a piece of glass of equal size; like-
wise, the relative weights of other minerals with closer specific
gravities can be distinguished. Numerical values, however, can-
not be determined in this fashion.

Practice with minerals of known specific gravity is invaluable.
Often a rough estimate is sufficient to distinguish between two
minerals that are very similar in appearance. Care is needed if
the specimen is porous or contains other minerals than the one
being investigated; the apparent specific gravity may be mis-
leading. The specific gravity of a mineral varies with composi-
tion, as in solid solutions, but in general, the difference can be
detected only by careful measurement.
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COLOR may be of help in identifying a mineral. Some minerals
are invariably the same color (ideachromatic), but most of them
occur in a variety of colors (allochromatic). The different colors
may be the result of small inclusions of other minerals, of chemi-
cal impurities in the structure, or of defects in the structure. Even
most allochromatic minerals, however, are likely to be one par-
ticular color or one of several colors, and the colors may be useful
in interpreting the history of the mineral’s formation. The major-
ity of sulfides and sulfosalts are ideochromatic, as are some car-
bonates. The other classes are generally allochromatic.

Color should always be noted on a freshly broken surface, be-
cause staining and corrosion may alter the appearance of an
older surface. The kind of staining or corrosion, however, may
also be an aid to identification. Sulfides and sulfosalts may be
difficult to identify, but the corrosion product, generally a com-
pound of the metals of the sulfide or sulfosalt, is often diagnostic.

LUSTER, like color, is determined by the way light is reflected
from a mineral. A particular luster, however, is more likely to be
characteristic of a given mineral than is a particular color. Luster
is the sheen or gloss of a mineral’s surface. The general appear-
ance of the surface, the reflectivity, the scattering of light by
microscopic flaws or inclusions, the depth to which light pene-
trates—these and many other features are responsible for luster,
Terms used to describe luster are nearly all commen and self-
explanatory: earthy (dull), metallic, vitreous (glassy), pearly, res-
inous, greasy, silky, and adamantine (brilliant, like a diamond).

OPACITY is closely associated with luster. An opaque mineral
does not transmit light to any extent, A translucent mineral does
transmit light. A transparent mineral not only transmits light, but
permits objects to be seen clearly through it. It is worth remem-
bering that all minerals with a metallic luster are opaque.

Opacity may be difficult to determine. A transparent mineral
may be translucent if it contains many tiny fractures, numerous
inclusions, or has been altered on the surface by weathering.
Some minerals may be translucent or transparent only on thin
edges or may vary with composition.

STREAK is an important, simple test that can be used to identify
some minerals. Minerals with a hardness less than that of an
unglazed porcelain plate (5%2) will leave a streak of finely pow-
dered mineral when rubbed across the plate. The powder’s color
is commonly characieristic of the mineral.

Colored minerals generally leave a streak of the same color
as the mineral {(congruent). Some do not, however. Black hema-
tite, for example, leaves a reddish-brown streak. Weathered
minerals may leave a streak that is not characteristic of the min-
eral but of the alteration product formed on its surface. Other
minerals leave either no streak or a white streak that is useless.
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TASTE may be useful in identifying water-soluble minerals, such
as the halides and borates, which have characteristic tastes.
Halite, or common salt (NaCl), is familiar to everyone. Sylvite
(KCl} is bitterer than halite, but is so alike in taste that it is nearly
impossible to distinguish. Fortunately, the water soluble minerals
are not toxic, but it is best to avoid tasting minerals except as a
final test. Perspiration from the fingers will disselve enough of
the specimen so that the solubility may be detected rather easily
without tasting.

SOLUBILITY IN ACIDS is a property that may distinguish one min-
eral from another. Some minerals, notably the carbonates, are
very soluble in acids. Calcite (CaCO,) dissolves rapidly and with
vigorous effervescence; dolomite (CaMg(CO;)y) dissolves more
slowly and without effervescence, A small bottle of acid with a
dropper can be carried in the field to identify these common
carbonates.

Other minerals, such as nepheline, do not dissolve readily in
acids, but are altered by them; a characteristic gel forms on their
surface. Still other minerals are insoluble,

A mineral’s solubility depends on the kind of acid, its strength,
and its temperature. Many sulfates are soluble only in concen-
trated sulfuric acid (H,50,). Other minerals are insoluble in cold
hydrochloric acid (HCI), but seluble in hot, Most silicates are solu-
ble only in hydrofluoric acid (HF), an acid so dangerous that it is
best to use other tests, Consult an advanced mineralogy text be-
fore conducting extensive chemical tests.

MAGNETISM is exhibited by only three common minerals in
enough strength to show up in simple tests. Magnetite (Fe;Oy) is
strongly magnetic imay be allracted by a magnet). The magnetite
called lodestone is permanently magnetized and so will attract
pieces of unmagnetized iron. Pyrrhotite (Fe;xS) and ilmenite
(FeTi0y) are less strong magnetic. A magnet is useful in identify-
ing these minerals.

PYROELECTRICITY is the polarization of many crystals when they
are heated; that is, negative charge accumulates at one end of
the crystal, positive charge at the other end. Tourmaline is one
of the more spectacular of these pyroelectric erystals, When heat-
ed, it will attract small bits of paper to its ends. Many pyroelectric
crystals are only weakly polarized, and this characteristic is then
of little use for identification.

PIEZOELECTRICITY is the polarization of some crystals, notably
quartz and tourmaline, when subjected to pressure. These crys-
tals also will exert outward pressure if an electric current is
applied to them and will vibrate if the current is alternating. The
property is of interest because of its importance for electronic
and ultrasonic devices, but is of little use for identification.
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DETERMINATION OF CRYSTAL STRUCTURES

The structure or arrangement of atoms in a crystal is directly
related to the properties of minerals and to their behavior.
Prior to 1900, scientists had speculated about the structures of
minerals, concluding that all crystals are built of small identical
units, called unit cells, arranged in a three-dimensional periodic
array. With the discovery of X-rays, a means of determining the
arrangements of atoms in unit cells became available,

X-RAYS are electromagnetic waves, like light, with much shorter
wavelengths, in the vicinity of an angstrom, 1/100 millionth
of a centimeter, Because successive planes of atoms are spaced
at distances of one to several angstroms apart, they diffract
X-rays in the same way that a ruled grating diffracts light.
Using the equation n) = 2d sin ¢, where n is an integer, 1, 2,
3,n ..., \is the wavelength of the incident X-rays, @ is the
angle of incidence, and d is the distance between identical
planes, interplanar spacings can be determined by measuring
the intensities of X-rays scattered at different angles by the
crystal. The crystal scatters X-rays in such a way that the spots
or lines are produced on a film or a chart. The size and shape
of the unit cell can be determined mathematically from the
positions of the spots, and the locations of atoms in the unijt
cell can be determined from the intensities of the spots or lines
only after rather complex and detailed mathematical analysis.
It is this coherently scattered X-radiation which is important
in crystal structure determination.

The X-ray crystallographer also uses information from other
analytical methods. A chemical analysis of a crystal Is essential.
Valuable clues to the structure can also be obtained with a
petrographic miscroscope, from density measurements, from
measurement of interfacial angles, from study of pits etched
on the crystal by acids, from measurement of pyroelectric and
piezoelectric properties, and even from hardness measurements
and observation of surface luster and texture.

THE EFFICIENCY with which X-rays are scattered by an atom is
directly related to the atomic number, Light elements, such as
hydrogen, lithium, efc., are difficult to place within the unit cell,
particularly if heavier elements are also present. When the
crystal is that of a compound, the problem of determining ifs
structure is even more complex since different atoms do not
scatter X-rays equally.

Neutron diffraction, using relatively slow neutrons from re-
actors, can be used to help determine locations of the lighter
elements because the efficiency of the lighter elements in
scattering neutrons Is in many cases quite high. Electron
diffraction, carried out by placing the crystal in the path of the
eam of an electron miscroscope, is also very useful, particu-
larly in determining the structure of very small crystals or of
their surface films,
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LUNAR MINERALS AND ROCKS

The successful manned landings on the moon, beginning with
Apollo 11 in 1969, initiated a new era of mineralogic and petro-
logic research. Rock samples brought from the moon have been
studied, and will continue to be, in almost incredible detail. Be-
cause the moon lacks an atmosphere, evidence of the initial for-
mation of rocks has not been destroyed by weathering as it has
been on the earth. Lunar rocks therefore provide valuable clues
to the origin of the moon and the related early stages of forma-
tion of the earth.

LUNAR ROCK MATERIALS have been classifled on the basis of
overall appearance into four types: (A) dark gray, very fine-
grained rocks, similar in composition to terrestrial basalts; (B)
coarser-grained rocks, with crystals larger than 1 mm. (.04 in.),
also similar to basalts; (C) breccias, consisting of fragments of
coarse minerals cemented in a matrix of very fine material, simi-
lar in appeardance to terrestrial breccias, though not formed by
stream deposition; and (D) fines, material similar o soil, scooped
from the surface.

LUNAR MINERALOGY is much |ess complex than that of the earth.
The most notable difference is the absence of the hydrous miner-
als, micas and amphiboles, and other minerals that form by
precipitation from aqueous solution. The major lunar minerals
are calcic plagioclase, CaAl;Si;0¢, and pyroxene, (Ca,Mg,FelSiO;.
These, with ilmenite, FeTiOs, make up the bulk of the lunar ba-
salts. Common are olivine, (Mg,Fel;SiOy; cristobalite and tridy-
mite, the two high-temperature forms of 5i0;; and pyroxferroite,
CaFey(S5i0y);, @ new mineral similar to the pyroxenes. Found as
accessory minerals (less than 1 per cent) are metallic iron and
nickel; troilite, FeS; chromite, FeCr;0,; ulvospinel, Fe;TiOy; two
phosphates—apatite, Cas(PO;(F,Cl), and whitlockite, CasMgH-
[PQy);; and a new oxide called armacolite, (Fe,Mg)Ti,Os. Particu-
larly interesting is a small amount of rock material containing
quartz, §i0;, and potash feldspar KAISi;Oy, found in one breccia
and several samples of fines. These minerals, major components
of granite, indicate differentiation of the lunar body, probably in
the early stages, in a manner similar to the process by which the
crust of the earth developed. Radicactive studies indicate that the
lunar rocks crystallized 3.1 to 4.0 billion years ago, correspond-
ing with the ages of the oldest rocks on the earth.

LUNAR GLASS is common. It occurs as a constituent of the basalts,
formed by rapid cooling of molten lava at or near the surface,
and as small spherical beads mixed with the surface fines, obvi-
ously the result of melting and splashing of surface material
by the intense force of impacting meteors. Composition varies
widely.
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CHEMICAL COMPOSITION of lunar rocks is, on average, similar
to that of terrestrial basalts. Some elements, however, are not-
ably more abundant in the lunar rocks. Among these are titanivm
and chromium, which are about 10 times as abundant in lunar
basalts as in terrestrial basalts. Manganese, zirconium, hafnium,
beryllium, and some of the rare earth elements are also more
plentiful in lunar rocks. Silicon, aluminum, sodium, and potas-
sium, notably abundant in terrestrial granites, are much less
abundant in lunar rocks,

WATER ON THE MOON has been detected in two instances. A
crystal of goethite, a hydrdted iron oxide, was found by Cam-
bridge University investigators in a breccia from a ridge of the
Fra Mauro formation. It has been speculated that the mineral was
formed by reaction between iron and water escaping from a
volcanic vent, or possibly that some water was present during
crystallization of a lunar magma and that the mineral formed
directly. Water also has been detected during a moonquake at
the same locality by an ion detector left on the surface.

LUNAR HISTORY, though still largely speculative, has been eluci-
dated greatly by observation and photography of the lunar
surface and by examination of mineral specimens. It appears
quite certain that the moon originated about 4.5 billion years
ago, at the same time as the earth, and that the moon, like the
earth, was volcanically active. During the first 1.5 billion years
or so, the moon was heated, possibly by radioactive disintegra-
tion processes, and some differentiation of the body occurred,
with lighter materials tending to accumulate in the surface layer.
Some evidence suggests that the lunar basins, or maria, are chem-
ically similar to the deep ocean basins of the earth, containing
basic, or basaltic, rocks, and that the lunar highlands are some-
what more similar to the continents of the earth, containing some
acid, or granitic, rocks. Because the moon is much smaller than
the earth, it cooled more rapidly and thus may net have a liquid
core, as does the earth, and is not as active internally. Also, the
moon, because of its smaller mass, was nol able to retain a gase-
ous atmosphere, and so weathering, erosion, and transfer of
surface mass was not possible. About 3 billion years ago, there-
fore, moonquake and voleanic activity diminished greatly, with
perhaps only a vestige remaining today. Since that time the
major modifying influence on the moon has been the impact of
countless meteors and solar particles,

THE FUTURE promises many important and exciting discoveries
from the moon and eventually from other planets of the solar
system, through unmanned probes and direct observation and
sampling. It is generally true that limited dota raise more ques-
tions than they answer., Rather than providing an explanation
for planetary evolution, therefore, new knowledge from space
will result in development of more theories.
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MINERAL DESCRIPTIONS

All common and many uncommon mineral species are described
and illustrated on pages 70-257. The following explanation of
what is and is not included, how it is presented, and why, will
enable the reader to use this material to best advantage.

MINERALS INCLUDED in this section were chosen from the 3,000
or more recognized minerals becavse (1) they are abundant, (2)
they have commercial value, or (3) they illustrate an important
chemical, structural, or geological fact, Consider the five minerals
on page 90. Galena (PbS) is a common and valuable ore of lead.
The others are rare. Altaite (PbTe) and clausthalite (PbSe) are in-
cluded to illustrate that tellurium (Te) and selenium (Se) are so
similar, chemically, to sulfur (5] that the two minerals have the
same structure as galena, are found in similar geologic environ-
ments, and have similar properties. Alabandite (MnS) and old-
hamite (Cal) are included because they illustrate that manganese
(Mn) and calcium (Ca), in chemical combination with sulfur, form
sulfides with the same structure as galena and with similar prop-
erties.

The commeoner minerals are described in larger type, with rela-
tively detailed information, and are illustrated. Their properties
are summarized in smaller type. Rarer species are described in
smaller type, with only a few pertinent facts provided, and may
or may not be illustrated.

MINERAL ILLUSTRATIONS were planned to provide a good repre-
sentation of the minerals described. Museum-quality single crys-
tals, when available, have been illustrated to show what real
crystals look like, with their irregularities, distortions, and miss-
ing faces. For comparison and contrast, idealized crystals are also
illustrated to show how the mineral would lock without imper-
fections. The artist's efforts to reproduce the correct color and
luster on the faces of the idealized crystals should provide a more
realistic piciure than line drawings would. A variety of real
specimens, including aggregates and mixtures of minerals, has
been included to show the diversity of color, shape, habit, and
general appearance to be found in minerals.

INFORMATION GIVEN about minerals includes name, chemical
formula, important structural features, geologic occurrence and
mineral associations, important commercial uses, properties, and
any chemical principle the mineral may illustrate. Readers whose
interest is sufficiently aroused may wish to pursue the subject
further in more detailed and scholarly references (pp. 262-277).
Use of this book in conjunction with these references and with
real specimens is highly recommended. There is virtually no
limit to the information available and the descriptions provided
here are to be considered just a beginning.
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MINERAL PROPERTIES given in the descriptions are those that are
of most help in identifying specimens. An explanation of how the
properties are handled is given below. Properties are discussed
in detail on earlier pages, as indicated.

e Crystal system (p. 38) is given for each mineral, but detailed
discussion of the mineral’s crystallographic forms is not usually
possible within the available space.

e Crystal habit (p. 46) describes the overall appearance of the
mineral as found in nature, using such terms as tabular, pris-
matic, and octahedral for single crystals, and terms such as
granular, massive, and radlating clusters for aggregates of
crystals,

e Cleavage (p. 52), like the crystallography on which it is based,
is difficult to summarize in any detail without a specialized vo-
cabulary, so the presence of cleavage is noted only in terms of
the number of directions in which it occurs. Only the well.devel-
oped cleavage planes are counted.

e Fracture (p. 52) is included only if it is informative or charac-
teristic of the mineral. It is described in such terms as hackly,
irregular, conchoidal, etc.

® Hardness (p. 54) is given as a number or range of numbers on
the Mohs' scale and applies to clean (unweathered) single crys-
tals, The hardness of these is relatively insensitive 1o chemical
variation, at least within the rather broad ranges between the
Mohs’ numbers. Because hardness is @ measure of the resistance
to scratching, measured hardness may be misleading because of
weathering, the tendency of crystal fragments to break off an
oggregate, etc,

® Specific gravity (p. 54) is given either as @ mean or as a range
because few minerals have fixed compositions and many contain
inclusions of other materials. When a range Is given, keep in
mind that aggregates of crystals may have bulk specific gravities
outside the range. In any case, the distinction between light,
medium, and heavy minerals may be made without difficulty and
is of value in identification.

e Color (p. 56) is described in terms of the most commeon colors
observed, Other colors are possible. No effort has been made to
describe subtle shades or tints exhibited unless they are typical.

o Luster (p. 56) is listed if sufficiently distinctive. It may not be
listed for each mineral of a single chemical class when all have
a similar luster, as in the vitreous luster of silicates. In such cases,
the exception to the rule may be noted. Be cautious about using
luster as a diagnostic feature because weathering may alter
luster and because fine-grained aggregates may have a different
luster than a clean crystal surface.

e Other properties such as opacity, streak, and solubility in acids
are noted when important for identification.
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ALTERATIONS of a mineral’s properties may occur as the result
of weathering or tarnishing on exposure to the atmosphere. The
complexity of such alteration is so great that only the very rapid
or very characteristic alterations are noted,

CHEMICAL TESTS AND BLOWPIPE ANALYSES are time-honored
aids to mineral identification, but require detailed explanation
to be useful. Space available in this book is not sufficient to give
all sueh information, so only a few easy diagnostic tests—e.g. the
effervescence of caleite in acid—are given.

GEOGRAPHIC OCCURRENCE of the common rock-forming miner-
als and many others is so widespread that there is little use in
listing localities. In such cases, a general statement regarding
geologic occurrence—e.g. in regional metamorphic rocks—is
given. Less common species may occur in hundreds of localities,
but are abundant or are good collectors’ items in relatively few
localities. In such cases, these localities are given,

IDENTIFICATION TABLES of many types have been devised to
provide a systematic method for identifying minerals by consider-
ing each of several properties in sequence and thus narrowing
the possible choices. The first division may be, for example,
based on the luster—metallic or nonmetallic, Once the minerals
with the epposite characteristic are elimindted, one can then look
at the next division, e.g. cleavage. By successive determination
of properties, one can eventually arrive at the correct identity.

The primary difficulty with such tables is that somewhere in
the process it is probable that a property cannot be properly eval-
vated. So, though such schemes have some value, they do not
permit identification without exception. A set of tables sufficient
to identify more than a few common minerals is, moreover, un-
wieldy and difficult to use. For these reasons, such tables have
not been included in this book. Many standard mineralogy texts
have them, and the reader is urged to look at them.

FURTHER STUDY in other sources is highly recommended. The
mineral descriptions and geologic facts given in this book are
considered 1o be the bare minimum needed for the reader to
grasp the scope and complexity of mineralogy. Yolumes have
been written on highly specialized subjects dealing with miner-
als. Short of studying all these subjects in detail, o reader can
still gain a great deal of insight into the relationships between
chemistry and structure and between structure and properties, as
well as the geologic processes by which minerals are formed
and changed. A natural outgrowth of mineral collecting is an
interest in mineral properties as related 1o structure, then in the
chemical principles that determine the structure and to other
aspects of chemistry and science as a whole, Thus one can gain
valuable insight into the relationships belween the universe and
himself,
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GETTING FAMILIAR WITH MINERALS

Learning to recognize minerals is somewhat like getting ac-
quainted with people. We recognize the faces, body conforma-
tions, expressions, mannerisms, and numerous other features of
people and associate these with specific names, all largely un-
consciously. We are not aware that a classification process, based
on physical characteristics, is taking place. Though minerals are
much less complex chemically than people, they occur in many
variations. Because most of their properties are so variable, the
only practical way of learning to recognize minerals is to study
a large variety of each species until the variations are recogniz-
able in the same way as people are.

To study minerals in this way, it is obviously necessary to have
access to mineral collections in which the identifications have
already been made. Fortunately extensive collections are numer-
ous, Many cities have natural history museums with good collec-
tions; many colleges and universities, particularly those with
geology or mineralogy departments, have excellent collections;
the thousands of amateur mineralogy and “rockhound” clubs
have members who have spent years collecting minerals, In gen-
eral, the curatorial staff of museums, the staffs of geology and
mineralogy departments, and amateur collectors are willing to
assist the beginner in the identification of specimens and fo pro-
vide other information. The libraries of the geclogy departments
or science depariments of most colleges and universities have
compilations of museums, geology and mineralogy departments,
geological surveys, and mineralogy clubs, It is only necessary to
write or to visit them to obtain information.

NAMES were given to the commoner minerals and some ore min-
erals many centuries ago. The name guarlz, of Germanic origin,
is an example; its meaning has been lost. The name feldspar is
derived from a German word meaning, roughly, "field rock,” in
reference to its abundance. As the study of mineralogy devel-
oped, the naming of minerals became more formalized. In gen-
eral, minerals are given names ending in the suffix “-ite,” from
the Greek lithos (rock). The stem of the name may be derived
from a word or words referring to some characteristic of the
mineral, e.g. orthoclase (straight fracture) and azurite (blue).
Many minerals are named for places where they are found, e.g.
mentmorillenite (Montmorillon, France) and Terlinguaite (Terlin-
gua, Texas), or for notable persons, e.g. goethite, bunsenite, and
smithsonite, Some mineral names indicate their chemical com-
positions, e.g. chramite, beryl, and borax,

The International Mineralogical Association, in cooperation
with member societies in many countries, is responsible for the
validity of mineral species and their names. Professional min-
e_mlogical journals periodically report decisions of the Associa-
tion regarding new mineral names and new data.

IDENTIFICATION

Learning to identify species of trees is relatively simple with the
aid of a field guide because the geneticinheritance of the physical
characteristics of living organisms is a precise process. A red
maple leaf, for example, looks more or less like all other red
meple leaves and like no other leaves. Thus the pictures and de-
seriptions in a book about trees can be compared with an actual
tree for on-the-spot identification. Though characteristics of trees
change somewhat during growth and vary a little among indi-
vidual trees of the same species, identification is fairly easy. The
same is true for birds, mammals, and other living organisms.

Though minerals are vastly simpler, chemically, than living
things, the variations in appearance among different specimens
of the same mineral are almost overwhelming. It is not really
possible, therefore, to use this or any other book about minerals
by itself as a field guide. A better suggestion is to use this book
as a study guide. Compare the descriptions and illustrations with
known specimens in museums and in other collections. Equally
important, use this book with other books on mineralogy and
geology. Only after much study and examination of known min-
aerals is it possible to go into the field and make positive identifi-
cation of minerals, In conjunction with the field identification of
minerals, it is essential to observe relationships among minerals
in rocks and between the rocks themselves. Interest in minerals
will soon develop into an interest in the origins of rocks and
geologic processes affecting them,

This book is designed for the use of serious amateur mineralo-
gists and beginning students of all ages. It is intended to fill the
gap between existing popular books, with illusirations and de-
scriptions of limited numbers of minerals, and college-level text-
books, with voluminous data but virtually no illustrations. The
jump from one to the other, without professional instruction, is
nearly impossible. After a quick reading of the introductory sec-
tion {pp. 4-69), it is instructive to scan the mineral descriptions
(pp. 70-257) to gain an appreciation of the variety of minerals
described. Working with known mineral specimens, one can read
the description and study the illustrations of a particular mineral,
comparing these with a specimen of that mineral and noting the
variability among different specimens. Soon it will be possible
to recognize the mineral as found in the field.

Learning to recognize minerals is only a beginning, however.
The real satisfaction in mineralogy is in gaining knowledge of
the ways in which minerals are formed in the earth, of the chem-
istry of the minerals, and of the ways in which atoms are packed
together to form crystals, This book can get you started. From
here one can go to mineralogy texibooks, to geology books, to
mineral collections, and into the field to collect. Only after enor-
mous effort can one really appreciate the beauty of the mineral
kingdom and the satisfaction of understanding it.



CLASSIFICATION OF MINERALS

One of the goals of mineralogy, as in any science, is the classifi-
cation of the objects to be studied. Only by grouping minerals
into definite categories is it possible to study, describe, and dis-
cuss them in a systematic and intelligent manner.

A good classification scheme must group minerals so that those
in each category share a large number of characteristics, Because
minerals are complex, naturally occurring objects, they do not
tall neatly into categories. There is, therefore, no perfect classi-
fication. Every classification scheme, however, is useful for some
specific purpose,

Minerals may be grouped, for example, according to erystallo-
graphic characteristics. All cubic minerals make up one crystal
system, all tetragonal minerals make up a second system, and so
on (pp. 38-43). Each system, in turn, is divided into categories
called space groups. There are 230 of these groups. This elab-
orate classification is necessary for the crystallographer, but is of
little value to the average mineral collector or to a mineralogist
who does not use X-rcy techniques in his work.

Another classification is based on the internal structures of
minerals and the kinds of chemical bonds between their atoms
{p. 20). All crystals in which the bonding is largely ionic are
placed in a single category. This is then further divided into all
those with the sodium chloride structure in one subcategory,
those with the spinel structure in another, ete. A structural ¢lassi-
fication of this kind is important to the crystal chemist, but is of
limited value to others. Structures and chemical compositions are
closely related, however, so the structural classification may be
used in conjunction with the chemical classification described
in the following paragraphs.

The commonest method of classifying minerals is by chemical
composition. A few minerals, the simplest ones, contain only one
element or a solid solution (p. 32) of two or more elements, These
are classified simply as the native elements and are divided
further into native metals, native nonmetals, and native semi-
metals. The majority of minerals, of course, are compounds, and
these are made up essentially of two parts: (1) a metal or semi-
metal, and (2) a nonmetal or a metal-nonmetal combination
called a radical. Compounds are classified according to the chief
metal present or according to the chief nonmetal or radical
present,

Classification of minerals according to the chief metal present
is of obvious value. Minerals that contain a given metal are
grouped into a single category. For example, the minerals sphal-
erite (Zn$), willemite (Zn;S510,), smithsonite (ZnCO,), and zincite
(ZnO) are considered a group because the chief melal of each is
zine (Zn), All, in fact, are voluable as ores of zine, But despite
being grouped together, they are considerably different in ap-
pearance, behave differently when treated chemically, and are
found in very different geclogic environments.
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Classification of minerals according to the nonmetals or the
radicals present is the most widely accepted system and the one
used in this book. For example, barite (BaSO,), celestite (Sr50,),
and anglesite (Pb50,) are classified os sulfates because all con-
tain the sulfate radical (50,). They all are very similar in appear-
ance, behave similarly when treated chemically, and occur under
similar geologic conditions, even though they contain different
metals—Ba (barium), Sr (strontium), and Pb lead). Sr and Pb
commonly substitute for Ba in barite, leading to o mixed crystal,
The three minerals are isostructural—that is, have a similar crys-
tal structure, They are therefore placed in the barite group,
division of the sulfates.

The sulfates are one of a number of classes of minerals. Some
classes are not described in this book because no minerals of
these classes are common enough to be included here. A more
elaborate classification, complete with a numbering system, may
be found in Dana’s System of Mineralogy.

CLASSIFICATION USED IN THIS BOOK

Mineral Category Pages
Native Metals ..., v iaes e AR 70- 75
Native Nenmetals .............ccovvv.. 76-79
MNative Semimetals ..................... 80- 81
Sulfides, Including Selenides and Tellurides, . 82-111
Sulfosalis .ovn v e B e . e sosisci” VIZ=THE
Halides 2adoviade s e cvie s ST 118-127
Oxides and Hydroxides ................. 128-15]
BOrates i i iipai i e AR A e e 152-153
BUTEAISE i s ol e et e e o e 154-227

Independent Tetrahedral Silicates . .. .. 158-167

Double Tetrahedral Silicates ......... 168-169

Ring SHIcates .« ..o wmmn aimeie o e 48 1 B

Single-chain Silicates .......... 182-183

Sheat Rilledtes  h i aios it 186-203

Framework Silicates . ............... 204-227
CHIBONAISE oo e s iras sinte il e 2 28-235
Nitraoles: v shssis sasaniimsin Sheraie 230237
Sulfates .......... e e e e 23824
Phosphates, Arsenates, and Vanadates . .. .. 244.251
[l Va1 11 | A e e e s 252-253
Tungstates and Molybdates .. ............ 254-257
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NATIVE ELEMENTS - METALS

Of the more than 100 chemical elements that make vp matter,
only about 20 are found in pure, or uncombined, form in the
earth’s crust. These native metals, nonmetals, and semimetals
are shown in the periodic table at right. The other elements in the
earth’s crust have combined with one another, forming the stable
compounds that account for the vast majority of minerals.

Only the least reactive of metals—those of the gold and plati-
num groups—occur in significant amounts as native elements. A
few others occur in lesser amounts. Metals are easily recognized
by their metallic luster and their malleability.

GOLD GROUP includes three elements of striking chemical simi-
larity: gold, silver, and copper. They have identical crystal struc-
tures, with an atom located at each corner of a cube and on each
of its six faces, every atom being surrounded by 12 identical
atoms. This is called cubic close-packed.

GOLD, Au, has long been prized for its beauty, resistance to
chemical attack, and workability. Because it occurs as a native
metal, has a relatively low melting point (1063° C.), and is malle-
able, early man easily separated it from rock and cast or ham-
mered it into intricate shapes, Gold serves as a monetary reserve
and Is used In jewelry, scientific apparatus, dentistry, and photo-
araphic processes,

Gold occurs vsually as disseminated grains in quartz veins
(lodes) with pyrite and other sulfides or as rounded grains or
sometimes nuggets in placer deposits. These are accumulations
of stream-carried sediments containing gold eroded from veins.
Gold may be panned from such deposits by washing away the
lighter sediments from a pan, Even in valuable deposits, gold
particles may be too small to be seen. Ores containing less than
an ounce of gold per ton may be mined profitably, particularly
by large dredges that work on the surface. Pyrite (fool’s gold) is
sometimes mistaken for gold, but unlike gold, is brittle, tarnishes,
and has a brown (rather than yellow) streak. Gold, in fact, is the
only malleable yellow mineral.

i Gold crystallizes in the cubic system, forming ocla-
; hedral and dedecahedral crystals, often distorted in-
o to dendritic or leafy growths. Cubic crystals are rare.

A \ A soft metal, (hardness, 2.5-3), gold can be made
<\-——7 harder by alloying it with copper, silver, and other
N '\ : metals, Most gold contains some silver. Pure gold is

AN dense, with a specific gravity of 19.3, decreasing to

W\ 15.6 as silver content increases. Ores other than gold
itself include gold selenides and tellurides. Major
gold depoesits are in U.S.5.R., South Africa, Australia,
New Zealand, Ontarie, California, Alaska, Celarade,
Nevada, South Dakota, Montana, Arizona and Utah,
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SILVER, Ag, like gold, is a prized metal. It is used in jewelry,
tableware, coins, scientific apparatus, dentistry, and, as silver
bromide, for photographic processes. Though similar in chemistry
and identical in structure to gold, it is much more reactive, This
is shown by its tendency 1o tarnish black when in contact with
sulfur. Native silver is much less common than native gold, but
because silver occurs in argentite (Ag;S) and other sulfides it is
more abundant. Silver is found in the veins of granitic rocks,
either ignecus or metamaorphic. It is recognized by its silver color,
malleability, and high specific gravity (10.5, or greater if sample
confains gold).

Silver crystallizes in cubic system and has no cleav.
age. It occurs as scattered grains, mdsses, wire, and
crystals distorted into dendritic growths. Unlike gold,
it is soluble in acids, Its hardness is 2,5-3, Mexico is
the major producer, mining silver from granite rocks
of southern Rocky Mts, Deposits also are mined in
West Germany, Ausiralia, Czechoslovakio, Norway,
Ontarie, Montana, ldaho, Colorado, and Arizena,

COPPER, Cu, has the same crystal structure as gold and silver,
and forms a complete solid solution series (p. 32) with gold. It is
much more reactive, being easily attacked by acids and sulfur,
It occurs as a native metal in only a few places, notably the
Keweenaw Peninsula of Michigan. Here copper is found as cavity
fillings in old lava flows, as intergranular cement in sandstones,
and in veins, Most of the world’s copper is obtained from large
copper sulfide deposits. It is one of the most important metals
because of its high electrical conductivity and low cost. Pure
copper is used for electronic equipment, wiring, and plumbing.
Many alloys are important.

— Copper crystallizes in the cubic system, ils properties

> \ being like those of silver and gold. It is copper-red,
i P but corrodes to green carbonate In air. Specific
f ‘.7/ gravity of 8.96. varies with impurity content, Silver,
1 lead, bismuth, tin, iron, ond antimony are common

\ o in solid solution, It is found in England, U.S.5.R., Aus-
Vi tralic, Bolivia, Chile, Peru, Mexico, Michigan, Mew
Mexica, Massachusetts, Connecticut, and New Jersey.

RELATED METALS

SILVER CRYSTAL
(Idealized)

o

D
¥

Arborescent Copper

MERCURY, Hg, is liquid at ordinary
temperatures and found os silvery
liguid droplets associated with cin-
nabar (HgS, p. 84), natably in laly,
Yugoslovia, West Germany, Spain,
Texas, and California, I is uncom-
mon, so is nol a major ore. Mercury
is also knewn as quicksilver.
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LEAD, Pb, is a very rare native
metal, so reactive it uvsually forms
compounds, It is bluish-gray, heavy,
and soft (can be scratched with o
fingernail), Crystals have beun
found in Sweden (large ones in
Vermland), U.5.5.R., Mexico, MNew
Jersey, and Idaho.

Wire Silver

Dendritic Silver

Jewelry
Silver Ore.

o

Silver and Copper

Silverware

Copper Crystal

ALLOYS OF
COPPER

A
Brass
with Zinc

Bronze .
with Tin
Droplets Coinage
Native Lead e Canrvar 109 copper
90% silver



PLATINUM GROUP includes elements 44, 45, and 46 (ruthenium,
rhodium, and palladium) and elements 76, 77, and 78 (osmium,
iridium, and platinum). These are among the rarest and most
useful of all metals. They are very nonreactive, are good conduc-
tors, are dense, and have high meliing points. Because of these
properties, they are used in making components of electrical
equipment, crucibles, foil, and wire for high-temperature re-
search, jewelry, and many other products. Only platinum and
palladium are found in nearly pure form. The others are found
as natural alloys.

PLATINUM, Pt, occurs as a nalive metal in association with dark
iron-magnesium silicate rocks (olivine, pyroxene, magnetite, chro-
mite), generally as fine grains disseminated through the rock.
Less commonly it is found in quartz veins and contact meta-
morphic rocks (p. 12), Placer-type deposits are the most important
source, notably on the eastern flanks of the Urals. Platinum has
the same crystal structure as gold. It is particularly effective as a
contact catalyst in the manufacture of certain chemicals. Because
of its resistance to chemical corrosion, it is used to make bars and
cylinders that serve as standard lengths and weights.

Platinum crystallizes in the cubic system, with no
cleavage, occurring as small flakes, grains, and nug-
gets. Crystals are cubes and octahedra, but are un-
common. Platinum is white to gray, metallic, and
ductile. It always contains small amounts of iridium,
rhodium, and palladium, and sometimes iron, copper,
gold, and nickel. Major producers are U.S.5.R., South
Africa, and Canada. It is also found in Madagascar,
Finland, West Germany, Ireland, Australia, Columbia,
Brazil, Peru, North Caroling, and California.

NATURAL ALLOYS of platinum.
group metals have names that give
their compositions: platiniridium,
osmiridium, iridosmine, etc. Thus
iridosmine contains iridium and os-
mium, the first in more quantily,
Properties generally fall between
those of the members, but hardness
is greater than that of either.

PALLADIUM, Pd, is very rare as a
mineral, though it is always present
in platinum ore, It occurs with plati-
num in Colombia, Brazil, U.S.5.R.,
and South Africa. Its properties are
similar to platinum’s, but unlike
platinum, it is soluble in nitric acid.
Hardness is 4.5.5, specific gravity
12,16, Varies with Pt content,

OTHER NATIVE METALS

TIN, Sn, is extremely rare as a na-
tive metal. Rounded grains have
been reported from Oban, Australio,
and tin has been present in voleanic
goses from the ltalian islands of
Stromboli and Yulcano. Chief source
of tin is the mineral cossiterite (p.
144), Used extensively in alloys,
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IRON, Fe, is rarely found as a na-
tive metal because it oxidizes read.
ily to hematite (p. 136), limonite
(p. 150), or goethite (p. 148). It
occurs in basalts in Greenland and
in organic-rich sediments in Mis.
souri. It is found alloyed with nickel,
especially in meteorites,

=1 PERIODIC TABLE OF THE ELEMENTS
showing the triad elements

vl |

|

.

The triad elements are Vil subgroup elements,
closing the three fransition series, and are,
like the noble gases, more stable than other
metals in the same periods.

Platinum
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/ i \ =
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Osmiridium Standard  Crucible
of USES OF PLATINUM

Iridosmine
Meteoric Iron

Nickel-iron Alloy Meidaiie tran
(Josephinite), .

Terrestrial Mineral M.nieuru: Irer_l
{contains much nickel)



NATIVE ELEMENTS - NONMETALS

Unlike metals, native nonmetals are brittle and are poor conduc-
tors. They farm twao groups: carbon group and sulfur group.

CARBON GROUP includes diamond and graphite, two forms of
solid carbon. The striking differences in their properties are the
result of differences in their structures,

DIAMOND, C, forms at high temperatures and pressures in deep
volcanic pipes. Originally composed of olivine and phlogopite,
the pipes are altered chemically by ground water fo a soft blue
material, kimberlite, from which the diamonds are easily re-
moved. Erosion carries away many diamonds, which are later
recovered from stream deposits, The largest diamond, the Culli-
nan or Star of Africa, weighed 3025 carats (21 ounces) before
cutting. Large stones are rare, however, and most, because of
flaws or undesirable color, are used for industrial grinding and
cutting. Even though diamond is the hardest known mineral, it is
brittle and will cleave readily when struck, and will burn in air
at 1,000° C.

Diamond crystallizes in the cubic system, occurring as
oclahedral crystals, some with curved faces and stria-
tions. It has brilliant or greasy luster, is transparent
to translucent, and may contain inclusions of graph-
ite, magnetite, and many other minerals, It may be
colorless, yellow, brown, black, blue, green, or red,
depending on impurities. Hardness is 10, specific
gravity 3.5. Commercial deposits are mined in South
Africa and Brazil; others in Australia, India, and

Arkansas,

GRAPHITE, C, is formed by metamorphism of sedimentary rocks
containing organic material or carbonates. Most graphite occurs
as small inclusions in metamorphic rock, some large deposits
having been mined and depleted, In graphite, layers of strongly
bonded carbon atoms are held together by weak van der Waals
forces and so are easily moved across one another. Thus it is
readily crushed and is a good lubricant. Unlike diamond, graph-
ite does not require high pressures for formation; it can be
formed from any organic material heated in an oxygen-poor
atmosphere.

Graphite crystallizes in the hexagonal system with
perfact cleavage in one direction, It occurs as dissem-
inated flakes, scaly masses, or foliated aggregates, It
is black or gray, with metallic, greasy, or dull luster.
It commonly contains clay particles. Hardness is 1.2,
specific gravity 2.23. Graphite is found in many areas
of metamorphic rocks.
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Octahedra
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DIAMOND CUTS

Marquise

_ Octahedral Diamond
on Kimberlite (blue rock)

i
GRAPHITE STRUCTURE SRS,

COMMERCIAL USES OF GRAPHITE

Because of rarity of natural graphite, most commercial
carbon is made from petroleum residues or charcoal.

Refractory Charcoal

Bricks Filters Pencils and Charcoal

Battery Electrodes



SULFUR GROUP consists of three native nonmetals: sulfur, tellu-
rium, and selenium. These nonmetals form crystals made up of
ring or chain molecules, the atoms of which form two covalent
bonds each (p. 24).

SULFUR, S, exists in three forms. It is almost always found in the
form of common sulfur. The other two forms occur very rarely as
minerals. The sulfur molecule consists of eight atoms in a puck-
ered ring, the pucker resulting from the atoms being stepped
alternately up and down along the ring. The molecules are held
together by weak van der Waals forces. Sulfur is commonly
precipitated from gases emitted from volcanoces and fumaroles,
and is also associated with gypsum (hydrous calcium sulfate),
from which it is derived with the aid of organic processes. Sulfur
deposits are of relatively recent origin, older deposits having
been converted to sulfuric acid. Sulfur melts at 113° C. and burns
in oxygen at 270° C., properties that distinguish it from any min-
erals that may be confused with it. Sulfur is insoluble in water,
but is mined by being melted with superheated steam and
pumped from underground depeosits. It is used in the manufacture
of sulfuric acid, rubber, and paper.

Common sulfur crystallizes in the orthorhombic sys.
tem (the two rare forms in the monoclinic system). It
occurs as blocky crystals, granular masses, or in
stalactitic or encrusting form, It is brittle, has resinous
or dull luster, and is translucent to transparent, in
shades of yellow, brown, or gray. Seme tellurium
and selenium are only present in it. Hardness is
1.5-2.5, specific gravity 2.07. Sulfur is commeon in vol-
canic areas, notably in Italy, Sicily, Mexico, and vari-
ous Pacific islands. Other deposits, associated with
salt, occur chiefly in Texas, Lovisiana, and the U.5.5.R.

TELLURIUM, Te, is used in manufac-
turing semiconductors for electronic
devicas, Most commereial tellurium,
however, is refined from tellurides.
Tellurivm forms a complete solid so-
lution series (p. 32) with selenium
and has the same chain molecules as
one form of selenium, It erystallizes
in the hexagonal system, has a
hardness of 2.2.5, is brittle, has a
metallic luster, and is opaque and
tin-colored. It occurs chiefly in Tur.
key, Hungary, Australia, and Colo-
rado, CAUTION: poisonous. When
heated in air, it oxidizes readily to
produce toxic fumes, having a gar-
lic edor, that contain TeO; Do not
breathe the dust.
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SELENIUM, Se, has been found only
as a sublimate from fires in mining
areas, |t occurs either with the
chainlike structure of tellurium or
the ringlike structure of sulfur, It is
used in various electronic devices
and in some infrared-transmitting
glasses. It crystallizes in the hexag-
onal system, is a metallic gray; and
has a red streak. Specific gravity is
484, It has been found in West
Germany, Arizono, and Mew Mex-
ico. CAUTION: selenium is highly
poisonous. When heated in air, it
oxidizes readily to produce toxic
fumes that contain SeO. Do not
breathe dust. Keep in a sealed con-
tainer.

Sulfur

Molecule

Sulfur Crystals

TELLURIUM CRYSTALS
STRUCTURE OF TELLURIUM (Idealized)
AND SELENIUM

Tellurium

Tellurium Ore Selenium

A



NATIVE ELEMENTS - SEMIMETALS

Semimelals fall between metals and nonmetals in the periodic
table and exhibit properties of both. Antimony, arsenic, and bis-
muth are the only native elements generally recognized as semi-
metals; some authorities also include selenium and tellurium.

ANTIMONY, Sb, occurs in hydrothermal veins with various sulfide
ores, but is quite rare. Stibnite, an antimony sulfide (p. 86), is the
chief source of the elament. Small amounts of antimony are al-
loyed with lead or other soft metals to strengthen them for use
as type metal, battery plates, and cable coverings.

e Antimony crystallizes in the rhombohedral system and
/1 \ has perfect cloavage in one direction. It occurs as
& ~ granular masses or radiating crystal groups. It is
f %l brittle, opaque, metallic, and tin-white in color. It has
oo a hardness of 3 and specific gravity of 6.88. It is
1 J found in West Germany, France, Sardinia, Sweden,
/ Australia, Chile, Mexico, Canada, and California.
CAUTION: antimony and its compounds are poisonous

and should be handled with care.

ARSENIC, As, is found in hydrothermal veins with other semi-
metals and with silver, cobalt, and nickel ores. It is less metallic
than antimony and bismuth, It is uncommon. Most commercial
arsenic is a byproduct of the extraction of metals from arsenides.
Arsenic compounds are widely used as insecticides.

e Arsenic crystallizes in the rhombohedral system, with
\(\ perfect cleavage in one direction. It occurs as granu-
L] lar masses or needlelike crystals. It is a metallic white,
Pl | but tarnishes to dull gray, It volatilizes readily in a
W 5~ J flame, with poisonous fumes having a garlic edor,
L' i/ Hardness is 3.5, specific gravity 570. Deposits accur in
g ) West Germany, France, Chile, Australia, Jupan, Can-
=S ada, Arizona, and Lovisiana. CAUTION: poisonous.

BISMUTH, B, is more metallic, more silvery-white, and much less
reactive than arsenic and antimony, and is not poisonous. Native
bismuth is scarce. Bismuth obtained from sulfides is used as a
low-melting plug for automatic fire-sprinkler systems.

Bismuth crystallizes in rhombohed-
ral system, with perfect cleavage in
one direction, It eccurs as granular
masses and is brittle. Hordness is
2-2.5, specific gravity 9.75. It is

ALLEMONTITE, (As,5b), is not a
compound, but a rare natural alloy
with variable composition. Charac-
teristics are intermediate between
those of arsenic and antimony. It is
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found in hydrothermal veins with
sulfides in West Germany, France,
Norway, Sweden, England, South
Africa, Bolivia, Connecticut, South
Caroling, Colorado, and elsewhere.

found in veins with arsenic, anti-
mony, and sulfides, and in lithium-
rich pegmatites, It occurs in France,
West Germany, Italy, Sweden, On.
tario, and Nevada.

Antimony
untarnished

tarnished Antimony with Cervantite

Massive Bismuth

mu!h with
Pink Calcite Synthetic Bismuth
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SULFIDES

The sulfides, compounds of sulfur and other elements, are very
complex minerals in terms of chemistry and origin. They are
moreover, among the most valuable minerals because they con-
tain many of the metals necessary to civilization. An immense
effort has been made to understand the origins of the sulfides
and related minerals, but as yet our understanding is not com-
plete, as is the case with many geologic processes.

Sulfides are deposited from aqueous solutions in fracture zones
of the crust, located in and near the large igneous bodies called
batholiths, in the central cores of major folded mountain ranges.
During crystallization of a batholith, its minerals form in a defi-
nite sequence, indicated by Bowen’s Reaction Series (facing
page). lron, magnesium, and calcium silicates (olivines and cal-
cium feldspars) crystallize first. As the batholith cools, other ferro-
magnesian minerals and calcium-sodium feldspars crystallize,
followed by potassium feldspar, muscovite mica, and quartz.
These last three are the major minerals of granite, which makes
up the bulk of the batholith we see, after it has been exposed by
erosion, millions of years later,

When the granite has crystallized, the remaining material, a
small percentage of the total mass, consists of water with sulfur
dioxide, sulfur, lead, copper, silver, tin, arsenic, antimony, bis-
muth, and other transition metals in solution. Thase are left aver
because they are unstable at high temperatures and pressures
and are soluble in water at lower temperatures and pressures.
As the batholith cools and shrinks, fracturing occurs near the
marain. Hot-water (hydrothermal) solutions move through the
fractures to lower-pressure zones nearer the surface. As they
move outward into cooler zones, the elements precipitate, the
metals and semimetals combining with sulfur and forming veins.

The less-soluble elements crystallize at higher temperatures in
or near the batholith (hypothermal). More-soluble elements crys-
talize farther away (mesothermal) and very soluble elements
crystallize at greater distances, up to tens of miles, from the
batholith (epithermal). Most veins are thus zoned, with high-
temperature zones near the batholith and low-temperature zones
farther away.

Because the temperature al any given location falls with time,
hydrothermal veins are quite complex, with several generations
of mineral deposition visible in any specimen. Sulfides with large
amounts of gangue will be deposited; at a later time, at a lower
temperature, new minerals will be deposited in small fractures
and between the grains. They may completely or partially re-
place the old minerals. If the old crystal is completely replaced,
the new crystal may assume its shape, then being called o pseu-
domorph. If the old crystal is only partly replaced, its remains
may be skeletal, completely surrounded by the new crystal. De-
tailed study is necessary to understand the crystallization se-
quence.
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= COMMON ELEMENTS FOUND IN SULFIDES
AND SULFOSALTS
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REALGAR, AsS (arsenic sulfide), differs from other red-orange
minerals in having a red-orange streak. A very unstable mineral,
it gradually changes to a yellow powder (orpiment) when ex-
posed to light. It occurs in ore veins with orpiment, stibnite, silver,
and gold; in volcanic lava, as at Mt. Vesuvius; and in hot-spring
deposits, as at Yellowstone National Park.

Realgar crystallizes in monoclinic system as granular
or crusly masses, rarely as siriated stubby prisms,
somelimes twinned. I is resinous in luster, translucent
to transparent, and sectile. Mitric acid decomposes it
Cleavage is good in one direction, fracture conchoidal.
Hardness is 1.5-2, specific gravity 3.59. Occurs in
Washington, Rumania, E. and W. Germany, Czecho-
slovakia, Yugoslavia, Switzerland, ete.

t

¥
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ORPIMENT, As;S, (arsenic trisulfide), is commonly formed by alter-
ation of realgar and other arsenic minerals and is normally found
with them in low-temperature hydrothermal veins and in volcanic
areas. Its yellow color contrasts with red of realgar. Only other
yellow mineral found in similar environment is sulfur, which
lacks orpiment’s perfect cleavage in one direction and flexible
cleavage flakes,

@ Orpiment erystallizes in monoclinic system as a sharl,
| small prisms, rarely distinet, and as granular or foli-
|\‘ ated masses. It is sectile, resinous in luster, translucent
'E\'w\{‘-'h \ to transparent, and soluble in alkalies. Streak is yel-

AT low; hardness 1.5-2; specific gravity 3.48. Oceurs In
b h Utah, Nevada, Wyoming, California, Rumania, Ger-
many, Yugoslavia, Switzerland, France, ltaly, U.5.5.R.,
L WP Peru, China, and Japan.

CINNABAR, Hg$S (mercuric sulfide), is the major ore of mercury.
It is found with realgar, orpiment, and stibnite in low-tempera-
ture hydrothermal veins and in volcanic deposits. Largest deposit,
at Almaden, Spain, occurs as veins in shales and quartzites. It is
recognized by its red color, red sireak, and heaviness.

Cinnabar crystallizes in rhombohedral system as thick
tabular and columnar or prismatic crystals, often
twinned, and as granular masses. It is sectile, trans-
parent in thin flakes, brilliant to dull. When it is
heated in open tube, mercury droplets form on tube’s
walls. Hardness is 2-2.5, specific gravity 8.05. Occurs
in California, Oregen, Utah, Arkansas, Mexico, Peru,
U.8.5.R., China, Yugoslavia, ltaly, West Germany, ete.

GREENOCKITE, CdS (codmium sul-  inluster; has complex cleavage, con-
fide), crystallizes in hexagonal sys-  choidal fracture. Hardness is 3-3.5,
tem vsually as coatings on zinc  specific gravity 4.77. Found in New
minerals, sometimes as small crys-  Jersey, Missourl, Arkansas, Califor-
tals with o pyramid at one end. It is  nia, Scotland, France, Sardinie,
brittle, yellow to orange, resinous  Greece, etc.
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REALGAR CRYSTALS
(Idealized)

Coarsely Crystalline Orpiment and
Orpiment with Orpiment with Realgar Realgar
Realgar Vains in Calcite

Cinnabar Crystals
in Calcite Gangue

Cinnabar Crystals

Cinnabar in Geolomnar babil)

Calcite Veins

Greenockite on Greenockite @5 @Ccd
Marcasite and Quartz GREENOCKITE
STRUCTURE



STIBNITE GROUP includes two sulfides that have similar structures
and hence crystals because the elements that form them—anti-
mony and bismuth—are chemically similar. The related mineral
guanajuatite is likewise similar because selenium is chemically
much like sulfur, Yet these three minerals are found in different
deposits and are not equally common.

STIBNITE, Sb;S; (antimony trisulfide), is the most important ore of
antimony. It is found in low-temperature veins and hot-spring
deposits with realgar, orpiment, and cinnabar. Small deposits
are common, large ones rare. Stibnite’s crystals, often bent or
twisted prisms with an iridescent tarnish, are spectacular and
make standard displays in museum collections.

Stibnite erystallizes in orthorhombic system as jum-
bled aggregates or radiating groups of prismatic crys-
tals or as granular masses. It is an opaque, metallic
gray, tarnishing to black, sometimes iridescent. Streak
is gray. Cleavage is perfect in one direction, fracture
subconchoidal. Hardness is 2, specific gravity 4.63.
Stibnite is soluble in hydrochloric acid, is tarnished
yellow by potassium hydrexide solution. Occurs in
Arkansas, Idaho, Nevada, California, Alaska, Canada,
Mexico, Peru, Japan, China, E, and W. Germany, Ru-
mania, Czecheslovakia, Italy, France, England, Al-
geria, and Kalimantan (Borneo).

BISMUTHINITE, Bi,S; (bismuth trisulfide), is much like stibnite, but
is relatively rare and forms in high-temperature veins and in peg-
matites. Unlike stibnite, it does not commonly occur in spectacular
crystal groups, probably because it does not form in low-tem-
perature, low-pressure environments where crystals have room
to grow freely. It normally occurs with bismuth, arsenopyrite,
wolframite, and cassiterite.

: ; .
P Bismuthinite crystallizes in orthorhombic system usu-

[ \ ally as foliated or fibrous masses, seldom as stubby
" prisms or dles. It is opaque, metallic, gray to
white; tarnishes yellow; has gray streak. Cleavage is

perfect in one direction. Hardness is 2, specific gravity

At 6.81, Much selenium replaces S in some samples. Oc-
vV N curs in Utah, Colorade, Montana, Pennsyivania, Can-
N _‘:)/ necticut, Canada, Mexico, Balivia, Australia, England,
i Sweden, France, ltaly, Rumania, and East Germany,

RELATED MINERAL

GUANAJUATITE, Bi;Sesy (bismuth
selenide), has the same structure os
bismuthinite, but with selenium (Se)
in the sulfur (S) positions. It is
found with bismuthinite in veins
near Guunajuato, Mex.; also occurs
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in Salmon, Idaho; Harz Mis, of West
Germany; and Sweden, Character-
istics are much like bismuthinite’s.
Hardness is 2.5-3.5, specific gravity
6.25-6.98. Is soluble in hot aqua
regla, CAUTION: peisenous.

Stibnite

STIBNITE CRYSTAL
(Idealized)

ISMUTHINITE
CRYSTALS
(Idealized)

Bismuthinite

Stibnite

Guanajuatite



MOLYBDENITE GROUP consists of two sulfides that have a layered
structure much like that of graphite, but are heavier than graph-
ite and not as black. The layers are held together by weak van
der Waals forces. Within the layers, each molybdenum or tung-
sten atom is surrounded by six sulfur atoms, at the corners of
right trigonal prism, and each sulfur atom is surrounded by three
molybdenum or tungsten atoms. The two minerals are similar in
appearance and behavior, but tungstenite is a little harder and
much héavier.

MOLYBDENITE, MoS; (malybdenum sulfide), is the major ore of
molybdenum. It is found in high-temperature veins, pegmatites,
and contact metamorphic rocks. Largest source is a deposit at
Climax, Colo.

Molybdenite crystallizes in hexagonal system as short
tubular prisms, scattered scales, and foliated masses.
Layers are flexible. It is opaque, metallic, and gray,
with greasy feel and greenish te black streak. It de-
— composes in nitric acid and is soluble in aqua regia.

o

N ~=%  Cleavage is perfect one-directional, fracture irregular
-‘\g’;’;’i across sheets, Hardness is 1-1.5, specific gravity 4.7, It
o, is found in Maine, New Hampshire, Connecticut, New

Jersey, Pennsylvania, Colorado, Mew Mexico, Utah,
Arizona, California, Washington, Alaska, Canada,
Norway, Sweden, U.S.5.R., West Germany, England,
Scotland, Portugal, Morocco, §. Africa, Australia,
China, Japan, Peru, and Mexico.

TUNGSTENITE, WS, (tungsten sulfide), is found only at the Emma
Mine, near Salt Lake City, Utah, where it is associated with high-
temperature sulfides in limestone.

Tungstenite crystallizes in hexagonal system as aggre-

— gates of very fine scaly and flexible flakes. It is an
S opaque metallic-to-dull gray, with gray streak, and
""" has perfect cloavage in one direction. Hardness is 2.5,

specific gravity 8.1,

RELATED MINERALS

DYSCRASITE, Ag;Sh (silver antimeo-
nide), is a relatively uncommeon min-
eral, It is found as a wvein min-
eral in silver deposits with ether
silver minerals and sulfides. It crys.
tallizes in orthorhombic system as
foliated or granular mosses, some-
times pyramidal crystals, It is sec-
tile, cpaque, silver white; tarnishes
gray or yellow; has silver streak,
complex cleavage, vneven fracture,
Hardness is 3.5-4, specific gravity
9.75. Occurs in Nevada, Ontarlo,
Australia, West Germany.
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DOMEYKITE, CusAs (copper arsen-
ide), is commonly intergrown with
algodonite (CugAs.) It erystallizes in
cubic system as reniform and batry.
oidal masses. It is sectile, opaque,
metallic to dull, and white to gray,
tarnishing to yellow or brown. It
has white-to-gray streak, ne cleay-
age, uneven fracture, It is soluble
in nitric acid, Hardness is 3-3.5, spe-
cific gravity 7.2.7.9. Occurs in cop-
per districts of Michigan and
Ontario; alse in Mexico, Chile, Swe-
den, England, and West Germany,

STRUCTURE OF MOLYBDENITE
AND TUNGSTENITE

RARP AT
Molybdenite with Quartz
in Chlorite

% g
Melybdenite with
Quartz Gangue

DYSCRASITE
CRYSTAL
(Idealized)

Domeykite

Dyurusil.a in Quarlz



have a halite-type structure (p. 120), with each metallic atom
surrounded by six nonmetallic atoms, and vice versa. Galena,
altaite, and clausthalite are typical sulfides and illustrate the

N h g y

similarity of the three nonmetals they contain—sulfur (S), tellu- Cubic Crysta "
rium (Te), and selenium (Se). Albandite and oldhamite are rare with Octahedral Faces |
because manganese (Mn) normally forms an oxide instead of a (Idealized)

Galena Structure

with Atoms to Scale \ y ‘?

Elongate Cube
with Octahedral Faces
(Idealized)

sulfide, and calcium (Ca) is more stable in silicate and carbon-
ate structures.

GALENA GROUP includes sulfides, tellurides, and selenides that l

GALENA, PbS (lead sulfide), is one of the most abundant and

widely distributed sulfides. The chief ore of lead, it commonly

| \
contains valuable amounts of silver. It is found in hydrothermal '

veins crystallized over a wide temperature range, in contact
metamorphic deposits, in large deposits in limestone far from
known igneous rocks, in granites, and in lava flows. |

Twinned Octaheodra
of Galena
(Idealized)

Octahedral Crystal
with Cube Faces

Galena crystollizes in cubic system vsvally as cubes, (Idealized)

sometimes as octahedra, often as combinations of
both; twin crystals are commen, It alse occurs fre-
quently as granulor masses, I is lead-gray, opaque, .

metallic in luster, brittle. Streak is gray; cleavage per-

fect cubie; fracture seldom seen; hardness 2-3; specific

gravity 7.57. MNearly always found with spholerite, |
commonly with fluorite. May contain zine, cadmium,
copper, arsenic, antimony, other impurities. Occurs in
Missouri, lllinois, lowa, Kansas, Oklahoma, Colorado,
Idahe, Utah, Montana, Wisconsin, West Germany, |
France, Rumania, Czechoslovakia, Auvstria, Belgium, ]
Italy, Spain, Scotland, England, Australia, Mexico.

Galena Cube with Pyrite
and Sphalerite,

Galena Cube with
Marcasite,

Perfect Cubic Cleavage
of Galena

ALTAITE, PhTe (lead telluride), is an
analeg of galena, with Te atems in
S positions. It is found in veins with
other tellurides, gold, and sulfides,
It is tin-white, has hardness of 3
and specific gravity of B.27; other
properties like galena’s. May con-
tain silver, gold, copper, iron. Oc-
curs in Coloerado, California, Neorth
Caroling, New Mexico, U.5.5R,, Can-
ada, Chile. See p. 259.

ALABANDITE, MnS (manganese sul-
fide), another analog of galena, oc-
curs in low-temperature veins with
sulfides and Mn minerals, It is black,
with green streak. Hardness is 3.5-4,
specific gravity 4.05. Found in Ari-
zona, Colorade, Meveda, Mentana,
Turkey, Rumanio, West Germany,
France, Peru, Jopan, Mexico. Mot
highly soluble in water. lllustrated
on p. 270,
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CLAUSTHALITE, PbSe (lead selenide),
is an analog of galena and thus has
similar properties. It occurs in veins
and moy conlain small amounts of
mercury, silver, copper, cobalt, and
iron. It is lead white and has o hard-
ness of 2.5-3 and a specific gravity
of 8.08. Clausthalite occurs in West
and East Germany, Spain, Sweden,
Argentina, and China, Specimen is
illustrated on p. 269.

OLDHAMITE, Ca$S (calcium sulfide),
also has galena structure. It has
been found only in meteorites, nota-
bly with pyroxenes, at Busti, India,
and Bishopville, S.C. It is pale
brown, transparent, and soluble in
hydrochloric acid and hot water.
Cleavage is cubic, hardness 4, spe-
cific gravity 2.59. Not found as o
mineral on earth because of iis
solubility.

Galena in Barite Galena and Dolomite

21



ARGENTITE GROUP consists of sulfides, selenides, and tellurides
of silver (Ag), copper (Cu), and gold (Au). Its members are closely
related to the chalcocite group (p. 94) and are major ores of silver
and copper. In structure, the argentite minerals are all cubic or
become cubic at moderate temperatures. Metallic in appearance,
they have similar properties, but differ chiefly in cleavage, brit-
tleness, and color, In addition, their specific gravities vary with
their composition. They accur in veins with other silver and cop-
per minerals.

ARGENTITE, Ag,S (silver sulfide), is chemically identical to acan-
thite (p. 94), but crystallizes at higher temperatures (above
179° C.) and assumes a cubic structure. Its blackish lead-gray
color, high specific gravity (7.04), and ability to be easily cut with
a knife help distinguish it [t occurs in low-temperature veins with
other silver minerals and notably in microscopic inclusions in

galena. It can be synthesized by treating silver with sulfur.

Argentite usually occurs as granular masses or as

coatings on other minerals. Crystals are cubic, octa-
hedral, or rarely dodecahedral; they may be dis-
torted in arborescent groups. Sireak is gray, cleavage
poor, fracture subconchoidal, hardness 2-2.5. Argen-
lite is metallic in luster and opuque. It may contain
copper; if rich in copper, it is called jalpaite. It oc-
curs in Mevada, Colorado, Montana, Mexico, Chile,

Peru, Bolivia, England, MNorway, West Germany,

Czechoslovakia.

AGUILARITE, Ag,SSe (silver sulfide.
selenide), is similar to argentite, but
Se occupies obout holf the § posi-
tions. Found only at Guanaojuate,
Mexico, and Virginia City, Nev, It is
black, metallic in luster, and shows
no cleavage. Hardness is 2.5, specific
gravity 7.59, When heated in open
tube, it yields metallic silver. CAU-
TION: peisonous,

HESSITE, Ag:Te (silver telluride), is
the telluride analog of argentite. It
is a metallic gray and vsually occurs
in massive form, It moy contain
gold. It is found ossociated with
other silver minerols, other tellu-
rides, and gold in small amounts in
California, Colorade, Mexico, Chile,
Australia, Turkey, U.5.5.R., and Ru-
mania. Streak is gray; cleovoge
poor; brittle; hardness 2-3; specific
gravity 7.88.
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NAUMANNITE, Ag;5e (silver sele.
nide), is the selenide onoley of ar.
genlite. It hos been found with
causthalite and other selenides in
veins in ldaho, Nevada, Argentina,
West Germany. It occurs as cubes,
thin plaies, and granular maosses. It
is block, opoque, metallic, mallea-
ble. Cleavage is perfect cubic, hard-
ness 2.5, specific gravity 7,87,

PETZITE, Ag:AuTe; (silver gold tel
luride), is analagous to hessite, with
gold in place of 25 percent of the
silver, It occurs with hessite and
other tellurides in vein deposits in
California, Celorada, Ontario, Ru-
mania, and Australia, It is gray te
black, with metallic lustar, and forms
fine granular to compacl masses,
Cleavage is cubic, fracture subcon-
choidal. Hardness is 2.5-3, specifie
gravity 8.7.9.02,

Octahedron with
Cube Faces

ARGENTITE CRYSTALS
(ldealized)

Argentite

&R,

Argentite

Aguilarite

Hessite

Argentite Crystals

Argentite in Calcite

Neumannite
Crystal
(Idealized)

Petzite
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CHALCOCITE GROUP includes minerals that are closely related 1o
the argentite group (p. 92). Chalcocite, stromeyerite, and acan.
thite are orthorhombic sulfides that are important ore minerals,
Digenite and berzelianite are cubic in structure and are often
placed in the argentite group. Two minor minerals of the chalco-
cite group, crockesite and eucairite, are not described here. The
extent of solid solution (p. 32) among group members is not
certain.

CHALCOCITE, Cu;S (copper sulfide), is a major ore of copper. It is
found most abundently in the enriched zone of sulfur deposits,
It is formed here when percolating water dissolves copper min-
erals near the surface and redeposits them below the water table,
thereby enriching the vein in that zone (p. 103). Chalcocite oe-
curs with bornite and covellite in the enriched zone and with
cuprite, malachite, and azurite in the weathered zone abave, If
is recognized by its dark gray color, its sectility (it is not cut as
easily with a knife as argentite, however), and its association

with other copper sulfides,

Chalcocite crystallizes in Orthorhombic system (hex-
agonal above 105° C.), usually as granular masses,

~— rarely as prismatic crystals (sometimes twinned), It
is brittle, metallic, opaque, and soluble in acids;
alters to malachite, azurite, covellite. Cleavage is
prismatic; hardness 2.5-3; specific gravity 577. Oc
curs in Alaske, Arizona, Connecticut, Montana, Utah,

Nevada, New Mexico, Tennessee, Mexico, Peru, Chile,
U.S.5.R., England, Rumania, and Australia.

ACANTHITE, Ag;S (silver sulfide), is
the orthorhembic form of Ag:S, ar-
gentite (p. 92) being the cubic form,
They occur in identical places and
have similar properties, most argen-
tite actually changing to acanthite
on cooling. Acanthite crystallizes as
slender prisms; is sectile, black, me-
tallic, and opaque; has poor cleav-
age, uneven fracture. Hardness
22,5, specific gravity 7.18. See p. 3.

STROMEYERITE, AgCuS (silver cop-
per sulfide, occurs in veins with
other silver and copper sulfides in
Colorado, Montana, Arizena, Cana-
da, Mexico, Australia, Poland, U.5.-
5.R., Chile, Peru, It erystallizes In
ortherhombic system as prisms,
massas; Iy gray-blue, metallic, brittle,
soluble in nitrie acid; has no cleay-
age. Hardness 2.5.3, specific gravity
6.2-6.3, lllustrated on p. 4.
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DIGENITE, Cu;..§ (copper sulfide),
has a deficiency of metallic (Cu)
atoms, a fairly common phenome-
non in minerals, It crystallizes in
cubic system usvally in massive
form, sometimes as octahedral crys-
tals. It is opaque, blue-black; has
octahedral cleavage. Hardness 2.5-3,
specific gravity 5.55-5.71, Qccurs in
Arizona, Montana, Alaska, Mexico,
Sweden, South-West Africa.

BERZELIANITE, Cu;Se (copper sele-
nide), is selenide dnalog of chalco-
tite. It is relatively rare, occurring
with other selenides in veins and in
iron ores. It crystallizes in cublc sys-
tem as scattered grains and as
crusts, It is silver-white, but tar-
nishes; metallic; opaque, Hardness
is 2, specific gravity 7.23, Occurs in
West Germany, Sweden, and Argen:
tina. lllustrated on p, 4.

A;X SULFIDES
ORTHORHOMBIC
Chalcocite Cu:S
Stromeyerile AgCu$
Sternbergite AgFeS
Acanthite Ag:S

CHALCOCITE CRYSTALS
(Idealized)

Chaleocite with
Malachite

Chalcocite with Pyrite
and Malachite

Chalcocite with
Milky Quartz

Massive
Chalcocite

Chalcocite

Berzelianite and Calcite

Digenite with
Pyrite Flecks

Intergrown Berzelianite
and Calcite with Malachite

95



SPHALERITE GROUP minerals are similar in structure, and thus in
crystal form, cleavage, and behavior. Because they are also
chemically similar, they occur in like geologic environments, no-
tably in sulfide veins. Their structure is like that of diamond, with
half the carbon positions occupied by sulfur, selenium, or tellu-
rium, and the other positions by zinc, mercury, copper, iron, tin,
or some mixture of these metals.

SPHALERITE, ZnS (zinc sulfide), is an abundant sulfide and an im-
portant ore of zinc. It occurs in hydrothermal veins in all types of
rocks with other sulfides, notably galena. Also, it is commonly a
product of contact metamorphism of sedimentary rocks by igne-
ous intrusions (p. 12). Nearly all sphalerite contains much iren in
solid solution, which affects its appearance. Its perfect cleavage
and resinous luster are diagnostic,

Sphalerite crystallizes in cubic system as tetrahedral
and deodecahedral crystals and as granular and fi-
brous masses. Twin crystals are common, It is white
if pure, more often yellow, brown, black, red, or
green; resinous; opaque to transparent; red erystals
called semi-ruby; brittle; soluble in hydrochloric acid,
with avelution of hydrogen sulfide (rotten eggs odor),
Streck is pale yellow to brown; hardness 3.5-4, specific
gravity 4.08, varying with iron content. Mineral nearly
always oceurs with galena. Large deposits are found
in limestone of Mississippi-Valley, around Joplin, Me.,
and Galena, lll. Also occurs in Celorade, Montana,
Wisconsin, ldaho, Ohio, Mexico, Sweden, Britain,
Spain, France, Rumania, Switzerland, Czechoslovakia,
West Germany, ete.

METACINNABAR, HgS (mercuric sul-
fide), is an unusval mineral—actu-
ally o second form of HgS, more
commonly found as the mineral cin-
nabar (p. B4). It is identical with the
black precipitate of Hg$ that can be
formed in the laboratory. When
heated to 500° C., metacinnabar
will change to the stable form, cin-
nabar. It is found with cinnabar,
other sulfides, and mercury in low.
temperature veins, It contains some
zine and selenium, It erystallizes in
cubic system as tetrahedral crystals
or more commonly as masses, An
opaque metallic black, metacinna-
bar has black streak, hardness of 3,
and specific gravity of 7.65, It is
found in Callfornia, Utah, British
Columbia, Italy, Rumania, Czecho-
slovakia, Spain,
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TIEMANNITE, HgSe (mercuric sele-
nide), is o rare mineral that has the
sphalerite structure because of the
chemical similarity between Hg and
Zn and between Se and S. It occurs
in Harz Mts., West Germany, and in
a limestone vein near Marysvale,
Utah, It crystallizes in cubic system
usually as metallic gray masses.
Hardness is 2.5, specific gravity
8.26. Contains some codmium and

sulfur. CAUTION: poisonous,

COLORADOITE, HgTe (mercuric tel-
luride), is found with other tellurides
at Kalgoorlie, Australia, and in Boul-
der Co., Colo. Properlies are like
those of tiemannite except that it is
grayer, has specific gravity of B.09,
and is soluble in nitric acid, CAU-
TION: poisonous compound.
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CHALCOPYRITE, CuFeS; (copper iron sulfide), is the most wide-
spread copper mineral and is an important ore of copper. It is
commonly found in high- and medium-temperature veins and in
contact metamorphic deposits associated with pyrite, cassiterite,
or pentlandite and pyrrhotite. It is similar to pyrite (p. 104), but
has @ more coppery color and a green-black streak.

Chalcopyrite occurs as tetrahedral or sphensidal crys-
tals, often twins, and as granular or compact masses.

Tl 4 / It is brittle, brass-yellow (tarnishes darker), metallic
\ ' in luster, and opaque. It is soluble in nitric acid (yel-
f/ low § separates). Alters naturally to sulfates, mala- é/ '
N N chite, azurite, and limonite. Clevage is poer, fracture S S T
\‘\ N uneven, Hardness is 3.5-4, specific gravity 4.28, Oc- CRYSTALS OF C,HM'COPYR”E
== curs in New York, Tennessee, Pennsylvania, Missouri, STRUCTURE OF CHALCOPYRITE (ldealized)
New Mexico, Alaska, ltaly, West Germany, France, AND STANNITE

Spain, Sweden, Nerway, Chile, Mexico, Peru, Japan,
and elsewhere,

STANNITE, CusFeSnS, (copper iron tin sulfide), has the chalcopy-
rite structure with half the Fe replaced by Sn. But its gray-black
color and blue tarnish distinguish it. It is found in tin-bearing
veins with cassiterite, sphalerite, chalcopyrite, and other high-

temperature sulfides.

Stannite erystallizes in tetragonal system usually as
granular masses or scattered grains, rarely as stri-
) ated crystals. It is britile, metallic in luster, opaque;
. commonly has inclusions of chalcopyrite; may be in-
! tergrown with sphalerite; is soluble in nitric acid
with separation of Yellow S and black S$nO;. Cleav-
| age is poor; fracture uneven, strecak black; hardness
NG/ 4; specific gravily 4.43. Occurs in South Daketa,
- Alaska Czechoslovakia, England, Avstralia, Bolivia,

RELATED MINERAL

BORNITE, CusFeS, (copper iron sulfide), is a common copper ore
found in high-temperature veins, intrusive igneous rocks, pegma-
tites, and contact metamorphic rocks, often associated with chal-
copyrite and chalcocite. Not in the sphalerite group, it is included
here because of its chemical similarity ta chalcopyrite. Its copper-
red or brown color and purple iridescent tarnish are characteristic

and account for its nickname of “peacock ore.”

Bornite crystallizes in cubic system rarely as cubic
erystals, usvally as masses. It Is brittle, metallic,
opaque; soluble in nitric acid (S separates); alters to
chalcocite, malachite, azurite, Streak is gray-black;
clecvage poor; hardness 3; specific gravity 5.07. Oc-
curs in Connecticut, Virginia, Merth Caralina, Cole-
rado, California, Alaska, Austria, West Germany,

S Italy, England, Malagasy Rep., Australia, etc.

nilh

Bornite with Quartz Gangue Bornite (massive) Bornite with Chalcopyrite



NICCOLITE GROUP includes niccolite, pyrrhotite, and breithaup-
tite. All have a hexagonal structure in which each metal atom is
surrounded by six nonmetal atoms, each of which in turn is sur-
rounded by six metal atoms at the corners of a trigonal prism.
The closely related minerals covellite, millerite, pentlandite, and
klockmannite are included here for convenience.

NICCOLITE, NiAs (nickel arsenide), a minor ore of nickel, is found
in basic igneous rocks with other arsenides and with sulfides, or
in veins with other high-temperature minerals. Its pale copper-
red color is distinctive, but in moist air this may be quickly cov-
ered by gray-to-black tarnish..

Niccolite crystallizes in hexagonal system as arbe-
rescent or columnar masses, rarely as tabular or
pyramidal erystals (sometimes twinned), It is motallic
in luster and opaque; has brown-black streak; is inti-
mately intergrown with breithauptite; is soluble in
agua regia; contains some iron cobalt, sulfur. Hard-
ness is 5-5.5, specific gravity 7.83. Occurs in Colo-
rado, New Jersey, Japan, Austria, West Germany,
France, Canada, ete.

PYRRHOTITE, Fe,xS (iron sulfide), is found with pentlandite in
basic igneous rocks, veins, and metamaorphic rocks. It has a struc-
ture similar to niccolite’s, but with Fe in some Ni positions and the
other positions vacant. The vacancies (x) vary from 0 to 0.2 and
cause the mineral to be magnetic, unless their value is near 0, in
which case the mineral is nonmagnetic and is called ftroilite.
Bronze color and maanetic properties identify pyrrhotite,

Pyrrhotite crystallizes in hexagenal system as tabular
plates and pyramids, often twinned, and as granular
masses, Brittle, metallic, and opaque, it has no cleay-
age and decompoeses in hydrochloric acid. Contains
some nickel, cobalt, manganese, and copper, Streak
is gray-black; hardness 3.5-4.5; specific gravity 4.58-
4.79. Occurs in Maine, Connecticut, New Jersey, New
York, Pennsylvania, Tennesses, California, Ontario,
British Columbia, Rumania, Austria, ltaly, West Ger-
many, Switzerland, France, Norway, Sweden, Brozil,
Mexico.

.\\ ]
A |
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PENTLANDITE, (FeNi);S; (iron-nickel sulfide), looks much like pyr-
rhotite, with which it nearly always occurs. It is commonly inter-
grown with pyrrhotite, indicating separation (exsolution) from
pyrrhotite during cooling. Pentlandite is cubic, however, and is
nonmagnetic. It occurs in basic igneous rocks with pyrrhotite,
chalcopyrite, cubanite, and other sulfides. The Fe:Ni ration is al-
ways 1:1. It can be distinguished from pyrrhotite by its slightly
lighter bronze-yellow color, lighter streak, and lack of magnetic
character.
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rounded by six metal atoms at the corners of a trigonal prism.
The closely related minerals covellite, millerite, pentlandite, and
klockmannite are included here for convenience.
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red color is distinctive, but in moist air this may be quickly cov-
ered by gray-to-black tarnish..

Niccolite crystallizes in hexagonal system as arbe-
rescent or columnar masses, rarely as tabular or
pyramidal erystals (sometimes twinned), It is motallic
in luster and opaque; has brown-black streak; is inti-
mately intergrown with breithauptite; is soluble in
agua regia; contains some iron cobalt, sulfur. Hard-
ness is 5-5.5, specific gravity 7.83. Occurs in Colo-
rado, New Jersey, Japan, Austria, West Germany,
France, Canada, ete.

PYRRHOTITE, Fe,xS (iron sulfide), is found with pentlandite in
basic igneous rocks, veins, and metamaorphic rocks. It has a struc-
ture similar to niccolite’s, but with Fe in some Ni positions and the
other positions vacant. The vacancies (x) vary from 0 to 0.2 and
cause the mineral to be magnetic, unless their value is near 0, in
which case the mineral is nonmagnetic and is called ftroilite.
Bronze color and maanetic properties identify pyrrhotite,

Pyrrhotite crystallizes in hexagenal system as tabular
plates and pyramids, often twinned, and as granular
masses, Brittle, metallic, and opaque, it has no cleay-
age and decompoeses in hydrochloric acid. Contains
some nickel, cobalt, manganese, and copper, Streak
is gray-black; hardness 3.5-4.5; specific gravity 4.58-
4.79. Occurs in Maine, Connecticut, New Jersey, New
York, Pennsylvania, Tennesses, California, Ontario,
British Columbia, Rumania, Austria, ltaly, West Ger-
many, Switzerland, France, Norway, Sweden, Brozil,
Mexico.
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PENTLANDITE, (FeNi);S; (iron-nickel sulfide), looks much like pyr-
rhotite, with which it nearly always occurs. It is commonly inter-
grown with pyrrhotite, indicating separation (exsolution) from
pyrrhotite during cooling. Pentlandite is cubic, however, and is
nonmagnetic. It occurs in basic igneous rocks with pyrrhotite,
chalcopyrite, cubanite, and other sulfides. The Fe:Ni ration is al-
ways 1:1. It can be distinguished from pyrrhotite by its slightly
lighter bronze-yellow color, lighter streak, and lack of magnetic
character.
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COVELLITE, CuS (copper sulfide), is not abundant, but is important
in zones of copper-bearing veins that have been enriched by pre-
cipitation from downward-moving water. It is associaled and
commonly intergrown with chalcopyrite, chalcocite, enargite, and
bornite. It is also derived from them. Its indigo or darker blue
color, enhanced by wetting, and its yellow and red iridescence
are characteristic.

Covollite erystallizes in hexagonnl system as thin
| = plates ar as massive ar spheroidal aggregates, [t s
[ [ opaque and resinous to dull in luster, Streak is gray;

cleavage perfect in one direction; hardness 1.5-2;
| | specific gravity 4.60. Contains a litile iron, Occurs in

Mentana, Colorado, Utah, Wyoming, Alaska, Philip-
pines, Yugoslavia, Austrio, ltaly, Sardinia, Eost and
West Germany, New Zealand, and Argentina,

MILLERITE, NiS (nickel sulfide), is a low-temperature mineral found
in veins and cavities of carbonate rocks, in serpentines, in vol-
canic deposits, and in meteorites. It often forms as an alteration
product of ether nickel minerals. It is recognized by its brassy
color and needlelike crystals.

Millerite crystallizes in hexagonal system as slender
to fibrous erystals in radiating or globular groups or
tufted coatings. It is brittle; brass yellow, often with
gray tarnish; metallic in luster; opoque. Contains
some cobalt, iron, copper. Thin crystals are elastic.
Cleavage is pyramidal; hardness 3-3.5; specific grav-
ity 5.36. Occurs in Pennsylvania, lowao, Missouri, Wis-
consin, Quebec, Wales, etc.

BREITHAUPTITE, MiSb (nickel anti-
monide), has the same structure as
niccolite (p. 100), with 5b in all As
positions, This illustrates the chemi-
cal similarity of Sb and As. Extent
of solid solution between breithaup-
tite and niccolite Is uncertain, but
the occurrence of the two minerals
together (in calelte veins with silver
minerals) may indicate that selid
solution is slight, Breithauplite erys-
tallizes in hexagonal system as pris-
matic or thin tabular erystals or as
dendritic growths, disseminated
grains, or masses. It is brittle, cop-
per-red with violet tinge, metallic
in luster, and opaque. Has no cleav.
age. Streak is red-brown; brittle;
hardness 5.5; specific gravily 8.63,
Occurs in Ontarie, Sardinia, and
West Germany.
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KLOCKMANNITE, CuSe (copper sel-
enide), it a rare and not-well.studied
mineral that is believed to be sim-
ilar in structure to covellite. It is
impure, and ils exact composition is
uncertain. It has been found enly at
Sierra de Umango, Argentina; at
Skrikerum, Sweden; and in Harz
Mts., Wesl Germany, |t occurs with
umangite, CusSey; eucairite, CuAgSe;
clausthalite, PbSe; and chalcomenite,
CuSe03*2H;0 (an oxidation prod-
uct of klockmannite). It is believed
to crystallize in hexagonal system
and occurs as granular aggregates.
It is gray, tornishing blue-black;
opaque; metallic in luster, Streak is
gray-black; cleavage perfec! in one
direction; hardness 3; specific grav-
ity about 5. CAUTION: peisonous.
Do not heat.
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PYRITE GROUP consists of very different minerals, but all have a
cubic structure. In pyrite, for example, an iron (Fe) atom occupies
each corner of a cube and the middle of each face, and a pair of
sulfur (S} atoms is midway along each edge. Because the Fe-S
bonds in pyrite and similar bonds in other pyrite-group minerals
are covalent (p. 24), these minerals are brittle and can be ground
to a dull brown powder. They are among the hardest sulfides.

PYRITE, FeS; (iron sulfide), is the most abundant and widespread
sulfide. It occurs in all types of rocks and veins. Many fossils, par-
ticularly in shales, consist of pyrite, formed when hydrogen sul-
fide from decaying organic matter acted on iron. Often called
“fool's gold” because it has been mistaken for gold, pyrite is
harder and more brittle. It is harder and yellower than chalco-
pyrite and yellower than marcasite (besides differing in crystal
form). It is used chiefly to produce sulfuric acid. Pyrite, translated
freely, means “fire mineral,’ an allusion to the fact that it gives
off sparks when struck. In humid air, it alters readily, forming
sulfuric acid and iron sulfate.

Pyrite occurs as cubes, pyritohedra, and ectahedra,
often twinned, and as granular, radiating, globular,
and stalactitic masses, It is pale brass-yellow, tar-
nishes to brown, and has brown-bluck streak. It is
opague, metallic in luster, and brittle. Cleavage is
indistinct; hardness 6-6.5; specific gravity 5.01. Pow-
der is soluble in concentrated nitric acid. Nickel-
containing variety is called bravoite. Important de-
posits oceur in Arizona, Utah, Califernia, lllincis,
Virginia, Tennessee, New York, New Hampshire, Con-
necticut, Pennsylvania, New Jersey, and Ontarlo.

HAUERITE, MnS; (manganese sul-  SPERRYLITE, PtAs; (platinum arsen-
fide), is found with gypsum, sulfur,  ide), is a rare mineral and the only

and calcite in low-temperature en-
vironments, It is rare. Occurs in salt
dome caps in Texas, volcanic rocks
in Czechoslovakia, metamorphic
rocks in New Zealand, and sedi-
ments in Sicily. Red-brown to black,
it forms octahedral or cubo-octa-
hedral erystals, globular clusters.
Hardness is 4, specific gravity 3.44,

PENROSEITE, (Ni,Cu,Pb)Se; (nickel-
copper-lead selenide), has been
found only in Bolivia, assoclated
with pyrite, chalcopyrite, nauman-
nite. Occurs in reniform masses and
is gray, opaque, metallic in luster,
brittle. Streak is black; cleavoge
complex; hardness 2.5-3; specific
gravity 7.56. Dissolves in nitric acid
with effervescence.
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known natural compound of plati-
num. It is tin-white with black
streak, metallic in luster, opaque,
and brittle. It forms cubic or cubo-
oclahedral crystals, often rounded.
Cleavage is poor; fracture conchoid-
al; hardness  6-7; specific gravity
10.59. Occurs in North Caroling, Wy-
oming, Ontario, 5. Africa, U.5.5.R.

LAURITE, RuS; (ruthenium sulfide),
has been found in platinum placer
sands in Borneo and with sperrylite
and native platinum in South Africa.
It occurs as small erystals or round-
ed grains and is black, opague, me-
tallic in luster, and brittle, Streak is
gray; cleovage perfect octahedral;
hardness 7.5; specific gravity 6.23.
Contains some osmium.

PYRITE CRYSTALS
(Idealized)

Hauerite Crystals

Banded Pyrite ghs crystal
Sperrylite
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MARCASITE AND RELATED MINERALS described on this page form
three groups: (1) marcasite; (2) loellingite, safflorite, and ram-
melsbergite, which are structurally similar to marcasite; and (3)
arsenopyrite, which is structurally different.

MARCASITE, FeS; (iron sulfide), has the same formula as pyrite
(p. 104), but a different crystal structure. A common mineral, it
forms in near-surface deposits where acidity is high, temperature
low; in other environments, pyrite forms instead. It is commonest
in sediments, particularly clays and lignites. Its peculiar cocks-
comb habit, when present, distinguishes it from pyrite. It com-
monly occurs with lead and zinc ores, notably in Joplin, Mo., and
Galenag, lll. It deteriorates readily in moist air.

Marcasite erystallizes in orthorhamble system as tab-

A ular or prismatic crystals, often with curved faces; as

( 4 cockscomb aggregates and spearpeint twins; and as
: stalactitic, globular, concentric, and radiating forms.

It is pale bronze-yellow (lighter than pyrite), tin-

white on fresh fracture; metallic in luster; opaque;

brittle. Streak is black; fracture uneven; hardness

6.6.5; specific gravity 4.88. Found in Kansas, Okla-

homa, Wisconsin, Kentucky, Mexico, England, Greece,

A4 East and West Germany, Czechaslovakia, efe.

LOELLINGITE, FeAs; (iron arsenide),
is found in medium-temperature
veins, often with iron and copper
sulfides. May contain cobalt, nickel,
antimony, sulfur, It erystallizes in
orthorhombic system os prismatic
crystals, somelimes twinned, or as
massive forms, It is silvery gray;
metallic in luster, brittle. Cleavage
is prismatic; hardness 5-5.5; specific
gravity 7.40-7.58. Occurs in Maine,
New Hampshire, New York, New
Jersey, Colorado, Ontario, Austria,
Poland, Spain, Norway, Chile,

SAFFLORITE, (Co,Fe)As; (cobalt-iron
arsenide), is cobalt analog of loel-
lingite, normally with 5-16 per cent
iron. It crystallizes in orthorhombic
system as tabular and prismatic
crystals, commonly twinned, and as
fibrous masses, It is tin-white (tar-
nishes gray), metallic in luster,
opaque, brittle. Streak is block;
cleavage platy; fracture uneven;
hardness 4.5.5; specific gravity 7.70.
Found in both Germanys, Sweden,
Mexico, Ontario, See p. 273.
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RAMMELSBERGITE, NiAs; (nickel ar-
senide), is found with loellingite,
skutterudite minerals, sulfides, and
other arsenides in medium-tempera
ture veins. It crystallizes probably
in orthorhombic system as granular
or fibrous masses, rarely erystals, It
is tin-white, slightly red; metallic in
luster; opaque, Streak s black;
hardness  5.5-6; specific grovity
about 7.1, Found in East Germany,
Austria, France, ltaly, Switzerland,
Chile, Canada. It alters readily to
annabergite.

ARSENOPYRITE, FeAsS (iron arson-
ide-sulfide), is major ore of arsenic,
Occurs in high-temperature veins
with silver, copper, and gold ores;
in pegmatites; and in contact meta-
morphic rocks. Crystallizes in mone-
clinic system as prismatic crystals,
columnar and granulor masses. It
is white-gray, matallic in luster,
opaque, brittle. Streak is black;
cleavage domal; fracture uneven;
hardness 5.5-6; specific gravity 6.18.
VWidespread occurrence.

TWINNED CRYSTAL
OF MARCASITE
(Idealized)

e g0,

MARCASITE CRYSTAL
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LOELLINGITE CRYSTALS
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107



COBALTITE GROUP includes three minerals with the approximate
structure of pyrite (p. 104). Each has an arsenic (As) or antimony
(Sb) atom and a sulfur (5) atom bonded in a pair and located in
the position of the S pair in pyrite. They are major. ores of cobalt
(Co). Gersdorffite and ullmannite are sources of nickel (Ni) as
well. The Ni, Fe (iron), and Co contents are not fixed, and in ull-
mannite much Sb and Bi (bismuth) substitute for As. Color and
crystal form help distinguish these three minerals from others,
but because their appearance is similar and their properties are
variable (with composition), they are difficult to distinguish from
one another.

COBALTITE, (Co,Fe) AsS (cobalt sulfarsenide), contains up to 10
per cent iron (Fe in formula) and small amounts of nickel, It oc-
curs in metamorphic rocks as disseminated crystals and in ig-
neous rocks as vein deposits with other cobalt and nickel sulfides
and arsenides. Complete solid solution (p. 32) probably exists
between cobaltite and gersdorffite, but not many intermediate

minerals hayve been found.

Cobaltite crystallizes in cubic system as cubes, pyrito-
hedra, and granular masses. It is silver-white to gray-
black with red tinge (color varies with Fe content),
metallic in luster, opaque, brittle, Streak is black;
cleavage perfect cublie; fracture uneven; hardness 5.5;
specific gravity 6.30. Is decomposed by nitric acid
with separation of §. Occurs in U.5.5.R., Poland, En-
gland, East Germany, India, Australia, etc.

GERSDORFFITE, (NiFe,Co)AsS (nick-
el sulfarsenide), is the Ni end mem-
ber of the cobaltite-gersdorfiite
solid-solution series, with an ideal
formula of NiAsS, Many specimens,
however, contain up to 16 per cent
Fe (iron) and up to 14 per cent Co
(cobalt). A variety with up to 13 per
cent Sb (antimeny) in place of As is
called corynite, Gersdorffite is com.
paratively rare, occurring with other
nickel minerals and sulfides in veins,
It crystallizes in cubic system as
oclahedra, pyritohedra, and gran-
ular or lamellar masses. It s
silver-white to gray, metallic in lus-
ter, opaque; decomposes in warm
nitric acid with separation of S.
Streak is black; cleavage perfect
cubic; fracture ureven; hardness 5.5;
specific gravity 5.9 (average), Oc-
curs in Connecticut, Pennsylvania,
Ontario, Rhodesio, Sweden, Ger-
many, etc.
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ULLMANNITE, (Ni,Co) (Sb,As)S, is
connected with the cobaltite-gers-
dorffite series by means of corynite
Mi(As,5b)}5, which may be on inter-
mediate member of a gersdorffite-
ullmannite solid-solution series. It 1s
essentially isostructural with cobal-
tite and gersdorffite and is found
with the latter and other nickel min-
erals in hydrothermal vein deposits.
Ullmannite crystallizes in cubic sys.
tem os cubes, octohedra, pyritohe.
dra, and massive forms, Crystals
may be twinned, Cube faces are
striated, It is gray to white, metallic
in luster, and opaque. Streak is
black. Hardness is 5-5.5, specific
gravity 6.65 (varies with composi-
tion). Cleavage is perfect cubic, frac-
ture uneven, brittle, Decomposes in
nitrle acid, Found in West Germany,
Austria, Australia, France, England.
Willyamite and Kallilite are varie-
ties of ullmannite.

Cobaltite, High
Grade Ore

Gersdoffite

Gersdorffite Ullmannite
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SKUTTERUDITE GROUP, named for the town of Skutterud, Nor-
way, is a complete sold-solution series (p. 32) between smaltite
and chloanthite. Any intermediate member is called skutterudite.
These minerals have a deficiency of arsenic, indicated by x in the
formula; x is 0.5-1 in smaltite and chloanthite, 0-0.5 in interme-
diate skutterudites. A major source of cobalt and nickel, the min-
erals are found in medium-temperature veins with other cobalt
and nickel minerals, Crystal structure is similar 1o pyrite’s.

Skutterudite minerals erystallize in cubic system as
cubie, octahedral, or pyritohedral erystals, commonly
misshapen and sometimes twinned, and as netlike
forms and granular masses. They are tin-white to
gray (tarnish gray), commeonly iridescent, metallic in
T~ luster, opaque, and brittle. They are soluble in nitric
] A acid, Co-rich members producing red solutions. Ni-
‘ rich members green solutions. Streak is black; cleav-

e ) I age indistine! cubic or octahedral; fracture conchoidal

A or uneven; hardness 5.5-6; specific grovity 6.1-6.9
TN (depending on composition). Occur in Connecticut,
~ Massachusetts, New Jersey, Colorado, New Mexico,

Missouri, Ontario, Norway, both Germanys, Austria,
Hungary, Switzerland, Spain, France, British Isles
South Africa, Australia, Chile.

SMALTITE, (Co,Ni)As.., (cobalt-nick-
el arsenide), is the cobalt-rich skul-
terudite, 1t is commonly altered to

CHLOANTHITE, (Mi,Co)As,., (nickel-
cobalt arsenide), is the nickel-rich
skutterudite. It is altered 1o anna-

erythrite, {Co,Ni)s(AsO4)1*8H30, bergite, (Ni,Co);(AsOy);*8H;0, the
which is red or pink. green analog of erythrite.

KRENNERITE GROUP includes calaverite, sylvanite, and kren-
nerite. They are found in low-temperature veins (less commonly
in high-temperature veins) with other tellurides, gold, and sul-
fides. Krennerite has the same composition as calaverite, but
crystallizes in the orthorhombic system and is structurally more
complex. It is not described here. Sylvanite is probably isostruc-
tural with calaverite, but half the metal positions (or less) are

occupied by silver, Both crystallize in monoclinic system.

CALAVERITE, AujTeq (gold tellu-
ride), oceurs as bladed, striated
prisms, commonly twinned, and
granular masses. It is bross to silver
colored (tarnishes yellow), metallic
in luster, opaque, and brittle, Streak
is yellow-gray or greenish gray;
hardness 2.5-3; specific gravity .31,
Mineral has no cleavage, It dissolves
in hot concentrated nitric acid, re-
leasing metallic Au in red solution.
Found in California, Colerade, On-
tario, Australia, Philippines. Com-
monly contains silver.
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SYLVANITE, AgAuTe, (silver gold
telluride), occurs as stubby prisms,
some twinned, and as skelelal, col-
umnar, or granular forms, [t is steel.
gray to silver with yellow tinge
(streak same), metallic in luster,
opaque, brittle. Cleavage is perfect
in one direction; fraclure uneven;
hardness 1.5-2; specific gravity 8.11.
Dissolves in nitric acid with separa-
tion of metallic Av, Found nolably
at Cripple Creek, Colo.; also in Cal-
ifornia, |dahe, Oregon, Ontario, Ru-
mania, Australia,
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SULFOSALTS

Sulfosalts are special types of sulfides (p. 82) in which sulfur is
combined with one or more metals and one or more semimetals.
The semimetals—most commonly arsenic (As) and antimony (Sb)—
occupy positions in the crystal that are considered metallic posi-
tions. Covellite (CuS), for example, is an ordinary sulfide with Cu
(copper) in the metallic positions and S (sulfur) in the nonmetallic.
Enargite (Cu;AsS,), a sulfosalt, is chemically similar, but the semi-
metal As occupies a fourth of the metallic positions. This in no
way implies that the two minerals are isostructural or that one is
derived from the other.

In contrast, pyrite (FeS;) is a sulfide, but arsenopyrite (FeAsS)
is not a sulfosalt. It is a sulfide because the semimetal As occu-
pies nonmetallic rather than metallic positions.

Sulfosalts are geologically similar to sulfides, occurring as vein
minerals precipitated from hydrothermal solutions during the last
stages of magmatic crystallization. In general they are chemically
and crystallographically complex.

RUBY SILVER GROUP includes two deep-red silver minerals. Pyrar-
gyrite is the more common one. There is little evidence of solid
solution (p. 32) between the twe, They are found together in
low-temperature veins with other silver minerals, calcite, and
quartz.

PYRARGYRITE, Ag;ShS; (silver antimony sulfide), is @ major ore of
silver. It is commonly formed by alteration of argentite or native
silver and also alters to these minerals.

Pyrargyrite crystallizes in hexagonal system as pris-
matic crystals or compact masses, It is deep red,
brilliant in luster, translucent, brittle, Streak is purple-
red; cleavage pyramidal; fracture conchoidal or un-
even. Hardness is 2.5, specific gravity 5.82. Decom-
poses in nitric acid with separation of sulfur (yellow)
and antimeny trioxide, $b6;0;5 (white). Found in Colo-

rade, Nevada, Idaho, Ontario, Mexico, Chile, Bolivia,-

East Germany, Czechoslovakia, Spain.

PROUSTITE, Ag;AsS, (silver arsenic sulfide), is the arsenic analog
of pyrargyrite, with As in place of Sb. It may be formed by alter-
ation of argentite or native silver and may be altered to either.

Proustite Is like pyrargyrite except for minor differ-
) ances, It has red streak, may contain some antimony,
| and decomposes in nitric acid with separation of sul-
fur (yellow), Hardness is 2-2.5, specific gravity 5.62.
It occurs In Colorado, Nevada, ldaho, Califarnia, On-
tarlo, Mexico, Chile, East Germany, Czechoslovakia,
France, and Sardinia.
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Pyrargyrite
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TETRAHEDRITE GROUP is a complete solid-solution series of min-
erals (p. 32) ranging from tetrahedrite, the antimony (Sb) end
member, to tennantite, the arsenic (As) end member. Copper is
the chief metal in each, but other metals (chiefly iron and zinc)
substitute for it extensively. Minerals of this group are among
the commonest sulfosalts. Their metallic gray appearance, britile-
ness, and tetrahedral crystals (when present) help identify them,
but they are not easily distinguished without chemical tests,

TETRAHEDRITE, (Cu,Fe)y;SbhSy; (copper-iron antimony sulfide), is
one of the commonest sulfosalts. It is found in nearly every major
mining area, typically in low- to medium-temperature veins. An
important ore of copper, it may contain enough silver to be a
valuable source of that metal, too.

Tetrahedrite crystallizes in cubie systems as fetra-
hedral crystals, often twinned, and granular masses.
It is gray-black, metallic, opaque, brittle. It has no
cleavage, uneven fracture, Streak is black to brown to
red; hardness 3-3.5; specific gravity 4.6-5.1. Found in
Idaho, Utah, Montana, Colorade, New Mexico, Ne-
vada, Arizona, California, British Columbia, Bolivia,
Peru, Chile, East Germany, Sweden, France, Rumania,

Switzerland, Italy, Algeria, England, Austria,

TENNANTITE, (Cu,Fe)iAsi5)y (cop-
per-iron arsenic sulfide), is found in
low- to medium-temperature veins,
Lless common than tetrahedrite, it is
similar, but is darker, harder (4),
and denser (specific gravity 4.6). Oe-

curs in Colorado, Idaho, Utah, Men-
tana, North Caroling, Virginia, Que-
bec, Ontario, British Columbia,
England, MNorway, Mexico, Peru,
Switzerland, Sweden, East Germany,
Poland.

OTHER SULFOSALTS

JAMESONITE, PbiFeSh:Sy (lead iron
antimony sulfide), is a “feather
ore’—i.e, has a feathery or needle-
like habit. Relatively uncommeon, it
forms in low- to medium-tempera-
ture veins with other sulfosalts, It is
gray-black, is moneoclinic in struc.
ture, and cleaves in one direction,
Hardness is 2.5, specific gravity 5.67.
Oceurs in many mining areas,

BOULANGERITE, PbsSh;Sy; (lead an-
timony sulfide), a minor ore of lead,
is also a feather ore found in veins
with sulfosalts and sulfides, It crys-
tallizes in monoclinic system; is blue
to gray; oxidizes yellow; dissolves
in hydrachloric acid, releasing hy-
drogen sulfide (rotten eggs odor).
Occurs in many areas in small
amounts.
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ZINKENITE, PbastSy (lead anti-
meny sulfide), is another relatively
uncommon feather ore. It crystal-
lizes in hexagonal system, is gray,
and has indistinet cleavage. Hard-
ness is 3-3.5, specific gravity 5.22, It
is found in low- to medium-temper-
alure veins in reglons rich in other
sulfosalts. May contain as much as
6% arsenic.

STEPHANITE, AgsShS; (silver anti-
mony sulfide), is relatively rare. It
crystallizes in orthorhombic system
as tabular to shorl prismatic crystals
or massive forms, Color and streak
are black; luster metallic; harcdness
2.2.5; specific gravity 6.47, It is
found in many low-temperature sil-
ver veins. Was important silver min-
eral in Nevada’s Comstock Lode.

Tetrahedron Twe Tetrahedra Tristetrahedron

TETRAHEDRITE CRYSTAL FORMS
(Idealized)

TYPICAL CRYSTAL TWINNED TETRAHEDRA
OF TETRAHEDRITE (Idealized)
(Idealized)

Tetrahedrite with Siderite

Jamesonite
with Quartz

Zinkenite

Fibrous Boulangerite

Massive Boulangerite Stephanite Crystals
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ENARGITE GROUP consists of enargite, an arsenic-rich copper
sulfide, and famatinite, an antimony-rich copper sulfide. Enargite
may contain up to & per cent antimony in place of arsenic, and
famatinite up to 10 per cent arsenic in place of antimony. The
two minerals commonly are intimately intergrown in medium-
temperature veins,

ENARGITE, CuyAsS, (copper arsenic sulfide), is an important cop-
per ore in some areas—at Butte, Mont,, for example. Its black
color and good prismatic cleavage are keys to its identification.

Enargite crystallizes in orthorhembic system as tab-
_ ular or prismatic crystals and granular masses, It is
h’d:;. \| brittle, opaque, and metallic in luster (dull if tar-
- [0 T: nished). Streak is black; hardness 3; specific gravity
4.40, Found in Utah, Nevada, Missouri, Arkansas,
Lovisiana, Alaska, Mexico, Argentina, Chile, Philip-
pines, Taiwan, Austria, Sardinia, Hungary, Yugeslavia,

S.-W. Africa, etc.

FAMATINITE, Cu;SbS, (copper anti- granular to dense masses, ls gray
mony sulfide), is rarer than enar-  tinged with red. Hardness 3.5, spe.
gite. Structure is similar 1o sphaler-  cific gravity 4.50. Found in Califor-
ite's (p. 96). Crystallizes probably  nia, Peru, Belivia, Hungary, Philip-
in cubic system as minute crystals,  pines, 5.-W, Africa, etc,

BOURNONITE GROUP consists of two lead copper sulfides, one
{(bournonite) rich in antimony, the other (seligmannite) rich in
arsenic. There is incomplete solid solution (p. 32) between them in
that bournonite may contain over 3 per cent arsenic in place of
antimony. They are found (generally not together) in medium-
temperature veins with other sulfosalts and sulfides; also, selig-
mannite is common in low-temperature environments,

BOURNONITE, PbCuSbS, (lead copper antimony sulfide), is one of
the most abundant sulfosalts and @ major ore of lead and copper.
It is commonly associated with galena and sphalerite as well
as other copper minerals, The Pb:Cu ratio is about 1:1,

Bournonite erystallizes in orthorhombic systoem as
prismatic or tabular crystals and granular masses. It
is gray to black (streck same), metallic in luster,
opaque, brittle. Cleavage is imperfect; hardness 2.5-
3; specific gravity 5.93. Decomposes in nitric acid
with white residve. Occurs in many parts of Nerth
and South America and Europe.

SELIGMANNITE, PbCuAsSy (lead prismatic crystals, commonly twin.
copper arsenic sulfide), is relatively  ned. It is black and brittle, Cleav-
rare and not well studied. It is found age is poor; streak brown te pur-
with other sulfides in cavities in plish black; hardness 3; specific
dolomite. It crystallizes in orthe- gravity 5.54. Found in Utah, Mon-
rhombic system as tabular or short  tana, Australia, Switzerland.
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HALIDES

The halides are salts, the best known being common salt (halite).
Each consists of a halogen—fluerine, chlorine, bromine, or iedine
—and a metal. The bond between the atoms is highly ionic (p. 22)
if the metal is very metallic, or more covalent (p. 24) if the metal
is not so metallic.

In general the halides are soluble in water. Even those not
soluble at atmospheric temperature and pressure are more sol-
uble than most compounds at higher temperatures and pressures.
The halides are therefore found in geologic environments formed
at low temperature—in near-surface deposits of hydrothermal
origin, near hot springs and geysers, and most notably in evap-
orite deposits.

Since the earth formed, large amounts of dissolved halides
have entered the ocean, making it quite salty. Nevertheless
ocean water 18 not saturated because halides are so highly sol-
uble. When an arm of the sea is cut off from the open water,
however, evaporation of water concentrates the salt, which is
then deposited in layers on the bottom. This has happened re-
peatedly in the past, building up thick, extensive deposits of
halite and other halides, which are now being mined. Freshwater
lakes with no natural outlets, such as Great Salt Lake, become
salty in time because, as water evaporates, dissolved salts re-
main behind, becoming ever more concontrated,

Four uncommon halides are described below. All except calo-
mel have the sphalerite structure (p. 96).

o) | ! e
T | BAE

CALOMEL, HgCl (mercury chloride),
crystallizes in  tetragonal system,
usually forming tabular prisms and
drusy er earthy masses. 11 is trans.
parent; colorless, gray, yellow, or
brown; adamantine in luster; sec-
tile; and insoluble in water, Hard-
ness is 1.5, specific gravity 7.23, It
occurs in West Germany, Yugoslav-
ia, Spain, France, Mexico, Texas, Ar-
kansas, California, Formed by alter-
ation of ather mercury minerals.

MARSHITE, Cul (copper indide), is
one of the few natural iodides. It
crystallizes in cubic system, forming
tetrahedral crystals; is transparent,
colorless or pale yellow (weathers
to dark red, has white streak), ada-
mantine in luster, insoluble in water,
brittle. Hardness 2.5, specific graovity
5.60. Farms complete solid solution
with miersite; found in Chile, Aus.
tralio. Can be formed by action of
hydrogen iodide on Cu.
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NANTOKITE, CuCl (copper chlaride),
crystallizes in cubic system wsually
as granular masses. It is transpar-
ent; colorless, green, or gray (streak
is white); adamantine in luster; hrit.
tle, It decomposes in waler, gives
off chlorine odor when crushed, dis-
solves in hydrochleric acid, nitric
acid, and ammonium hydroxide,
Hardness is 2.5, specific gravity 4.22,
It has been found at Nantoko, Chile,
and in Australia,

MIERSITE, Agl (silver iodide), crys.
tallizes in cubic system, forming tet-
rahedral crystals, It is yellow (with
yellow streak), transparent, ada-
mantine in luster, brittle. (A hexag-
onal form is called iodyrite). Hard-
ness is 2.5, specific gravity 567
Miersite and marshite form o solid
solution series and are reduced 1o
silver and copper by sulfuric acid
ond zinc. Miersite is found ot Bro.
ken Hill, Australia.

PERIODIC TABLE OF THE ELEMENTS
showing the Halogens and Metals
found in natural Halides

[ The halogens, fluorine, chlorine, bromine, iodine and astatine,
are the Group VIl elements, requiring only one electron to ac-
quire the stable octet. They all ienize readily to —1 ions and
bond readily with metal ions. Only those which form halides
insoluble in water are found as minerals.

(TH ¢l 1 {y

1.95

Calomel with Mercury

Calomel

CALOMEL CRYSTAL

(Idealized)

Nantokite

MARSHITE CRYSTAL
(Idealized)

Marshite

Marshite
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HALITE GROUP includes halides with the structure of halite. In
halite, NaCl, the Na' ion is so large that it must be surrounded
by six Cl- ions to shield it from other positive ions. Each CI" is
likewise surrounded by six Na*, as required by both having one
charge. The resulting structure is cubic, with identical atoms at
the corners of a cube and at the centers of all six faces. In all
three axial directions there are rows of alternating Na* and CI°
ions. The halides of Na* and K* (potassium) are very ionic in char-
acter (p. 22) and are soluble in water. The halides of Ag® (silver)
are considerably more covalent (p. 24) and are insoluble.

HALITE, NaCl (sedium chleride), is the most abundant halide and
one of the most thoroughly investigated crystals, It occurs in large
deposits, in extensive beds, and in salt domes that have risen
from deep beneath the surface. As common table salt, it is one of
the most familiar minerals. Its property of enhancing the natural
flavor of food makes it a prized substance, and its distinctive
taste is an absolute test for its identification. Halite is the major
source of chlorine for the manufacture of sedium hypochlorite,
vsed as a bleach and as a disinfectant.

Halite crystallizes in cubic system, has perfect cubic
cleavage, and occurs as masses of interlocking crys-
tals—commonly cubes (often with hopper faces),
rarely octahedra. It is normally gray, with included
clays, sometimes white, yellow, red, blue, or purple;
its streak is white, It is transparent, vitreous in luster,
and brittle. Hardness is 2, specific gravity 2.17. It is
found in U.5.5.R. (famed Siberian salt mines), Aus-
tria, West Germany, Poland, England, Switzerland,
France, Sicily, Spain, South Wast Africa, India, Al-
geria, Ethiopia, China, Peru, Colombia, Ontario, New
York, Ohia, Michigan, Texas and Lovisiona (salt
domes), Mew Mexico, Utah, California, Kansas, Me-
vada, and Arizona.

SYLVITE, KCI| (potassium chloride), is a salt that occurs in the same
manner as halite and is often found with it, but is much less com-
mon. This is probably because much of the potassium ions of the
earth’s crust are retained by the clay minerals rather than being
dissolved in water. Though sylvite is very similar in appearance
to halite, it is less dense and more bitter in its taste. It is also less
brittle, deforming readily under directed pressure,

Sylvite crystallizes in the cubic system, has perfect
cubic cleavage, and forms cubic and octahedral crys-
tals, both rare. It vsually occurs as granular masses.
Vitreous in luster, it is a transparent white, gray,
blue, red, or yellow, and has a white streak. Hard-
ness Is 2, specific gravity 1.99. It is found in salt
basins and in fumaroles in East Germany, Poland,
Sicily, ltaly, Chile, Peru, New Mexico, Texas.
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VILLIAUMITE, NaF (sodium fluoride), oceurs in insignificant
amounts, but is interesting because it fills small cavities in sodi-
um-rich rocks in Guinea and on the Kola Peninsula of the U.5.5.R.
It has the halite structure (p. 120), but its solubility is relatively
low. Synthetic villiaumite is colorless, but the mineral is deep red
because of defects in its structure. Heating causes the color to
disappear,

Villiaumite crystallizes in cubic system, forming cubic
crystals (often hoppers) and, more commonly, gran-
ular masses, It has perfect cubic cleavage and white
streak. It is brittle, glassy, and soluble in hydroflueric
acid. Hardness is 2-2.5, specific gravity is 2.81.

CERARGYRITE, AgCl (silver chloride), often called horn silver, is
the chloride end member of a complete solid-solution series (p.
32) with bromyrite, AgBr. Most specimens conlain Br; those with
more Cl than Br are cerargyrite. lodine may also be present. A
secondary mineral, cerargyrite results from weathering of silver
vein minerals, particularly i arid regions where no streams
carry away Cl or Br. It is recognized by its hornlike look and its
ability to be cut with a knife.

Cerargyrite crystallizes in cubic system, forming cubic
crystals (rare) and waxy masses, crusts, and columns.
It has no cleavage, White if pure, it is usvally gray,
changing to purple or brown on exposure to light;
bromine browns, and ledine deepens color, Hardness
is 2.5, specific gravily 5.55, increasing with bromine
content. Insoluble in water, it dissolves in ammonium
hydroxide. Chief sources: Australia, Chile, Peru, Bo-
livia, Mexico, Colorado, California, MNevada, and
Idahe.

BROMYRITE, AgBr (silver bromide), SAL AMMONIAC, NH,Cl (ammonium

is less common than cerargyrite,
AgCl, with which it forms a com-
plete solid-solution series. Bromyrite
includes all specimens with more Br
than Cl. As is typical with such se-
ries, the two end members never
occur together, but are found in the
same type environment (see cerar-
gyrite). Bromyrite crystallizes in cu-
bic system, forming cubic crystals
and, more commonly, granular mas-
ses. It has no cleavage and is plas-
tie, Color and streak are brown,
luster resinous, hardness 2.5, spe-
cific gravity 6.5 (for pure AgBr, less
with CL) Found in West Germany,
France, U.5.5.R., Australia, Chile,
Mexico, and Arizona,
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chleride), does not have the halite
structure (p. 120) at erdinary tem-
peratures—rather eight Cl~ ions sur-
round the (NH))* ien—but is in-
cluded here because its structure
changes to the halite type of 194.3°
C. It forms as a sublimate near
voleanie fumaroles and in guano
deposits. It crystallizes in cubic sys-
tem, has imperfect octahedral cleav-
age, and occurs as crystals, den-
dritic shapes, and fibrous and
earthy masses, It is gray, white, yel-
low, or brown, with glassy luster
and salty, burning taste, and is brit-
tle. Hardness is 2, specific gravity
1.54, Found in France, West Ger-
many, England, Italy, Peru, Chile.

Hopper Crystal 4 f o _d
(Idealized) | A Villioumite
Crystal Aggregate with
VILLIAUMITE CRYSTALS Color Variation

Cerargyrite
(with Bremine)

Bromyrite

Sal Ammeniac

Bromyrite

Nea®' Surrounded NH,*! Surrc\f?ded
by 6 CI'' by 6 CI

NH,"' Surrounded
by 8 CI”'

o ® @

Na*! NH"! clrt

SAL AMMONIAC STRUCTURE

Na'! is stable when surrounded by é Cl°' because it is
shielded from other Na'' jons. (NH:)™' is too large to
be shielded by & Cl™' jons. It must be surrounded by
8 Cl”! jons. The structure of Sal Ammoniac is the
same as that of CsCL 123



ZINCITE GROUP includes zincite, ZnO, and bromellite, BeO. Not
abundant as minerals, these have a crystal structure assumed by
many synthetic compounds, The metal ion, Zn'? or Be'?, is small
enough to be adequately shielded by four oxygen ions, O
around it. Each O% in turn, is surrounded by four Zn*? or Be'l
The resulting hexagonal crystal shows a hemimorphic habit: its
two ends have different faces, indicating a lack of a center of
symmelry, Despite the identical structures of bromellite and zinc-
ite, bromellite is much harder because its smaller Be ion forms a
more strongly covalent bond (p. 24) with oxygen.

ZINCITE, ZnO (zinc oxide), is a relatively rare mineral found with
willemite and franklinite in calcite gangue in the zinc deposits
at Franklin and Sterling, N. J. It is typically erange-yellow,
though pure ZnO, prepared chemically, is white.

Zincite erystallizes in hexagonal system, It forms py-
ramidal erystals, commonly twinned base to base,
and foliated or granular masses. It is brilliant in
luster, has orange-yellow streak, is brittle, contains
some iron and manganese, and is soluble in acids.
Cleavage is prismatic, hardness 4, specific gravity
5.69. Zincite occurs in Poland, Italy, Spain, Australia
(Tasmania), and Mew Jersay,

BROMELLITE, BeO (beryllium oxide), ban, Sweden, in a calcite vein of
is unimportant as a mineral, the iron-rich rock. It occurs as minute
only significant beryllium ore being crystals in hexagonal system and is
beryl. But synthetic bromellite has transparent, white, and brittle. It
proved important as a refractory dissolves in acids with difficulty.
material for specialized purposes. Cleavage is prismatic, hardness 9,
Bromallite has been found at Lang-  specific gravity 3,04,

CUPRITE, Cuy0O (cuprous oxide), has a crystal structure different
from zincite-group oxides. Each copper atom is surrounded by
only two oxygen atoms. Ruby copper, as cuprite is often called,
is a common mineral found as an oxidation product of copper
sulfides in the upper zones of veins. It is usually associated with
iron oxides, clays, malachite, azurite, and chalcocite. This and
its color, crystal form, luster, and streak distinguish it from other
minerals, It oxidizes to CuO in air,

Cuprite crystallizes in cubic system as cubes, octa-
hedra, dodecahedra, and combinations of them; also
as needles and fibrous and earthy masses. Brittle, it
is red to black, with brilliant to earthy luster and red-
brown streak. It gives white precipitate of cuprous
chloride when dissolved in hydrochleric acid. Found
in U.S.5.R., France, England, Australia, Conge, Chile,
Bolivia, Mexico, Arizona, New Mexico, Nevada, Cali-
fornia, Idahe, Colerade, Pennsylvania, Tennessee,

Zincite with
BROMELLlTE 4
CRYSTAL Franklinite
(Idealized)

Zincite with
Franklinite

CUPRITE
CRYSTALS
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Fibrous Cuprite
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CORUNDUM GROUP, commonly called the hematite group, in-
cludes the simple oxides Al,O, (corundum) and Fe;O; (hematite)
and three mixed oxides of the general formula ABO,. All have
a rhombohedral (hexagenal) structure (p. 40), with each metallic
ion surrounded by six oxygen ions. The metals may be trivalent,
such as Al*?, or may be mixed bivalent and tetravalent, such as
the Fe*2 and Ti*! in ilmenite. Much solid solution (p. 32) is possible
among group members, as evidenced by ilmenite and pyro-
phanite. Members of the group are typically formed at high tem-
peratures as disseminated grains in most igneous rocks or, in
rarer cases, as large masses apparently segregated from the
crystallizing magma at high temperatures. They are also common
products of high-temperature metamorphism of silica-deficient
rocks. llmenite, geikielite, and pyrophanite are far less common
than corundum and hematite, but are interesting because they
are closely related to the latter two in structure,

CORUNDUM, Al,O, (aluminum oxide), is @ common mineral im-
portant as an abrasive and as gemstones. It is found in meta-
morphosed bauxites and other aluminous rocks, in syenites and
similar silica-poor igneous rocks, and in sediments as placers
derived from such rocks. Corundum is associated with other
oxides, with high-temperature accessory minerals such as zircon,
and with aluminous silicates such as kyanite. Other forms of
Al,O; have been synthesized, but corundum is the most stable
form and the only mineral form. Large gem-quality crysials of
colored corundum are easily made by fusion of powdered Al;0;.

Corundum erystallizes in thombohedral system, form-
ing pyramids, prisms (often rounded inte barrel

-z shapes), and granular masses. It is translucent to

— transparent and is colorless, brown, red, blue, white,

| black, green, or gray. Its great hardness (9) distin.
| guishes it, along with brilliont to glassy luster and
high specific gravity (about 4). Common corundum

occurs chiefly in Brazil, Malagasy Republic, South

Africa, Ontrale, Georgio, California; gems in Ceylon,

Burma, Thailand; emery (a black variety) in Greece,
Turkey, New York, Massachusetts,

CORUNDUM GEMSTONES are frans-
parent crystals, free of flaws and
deeply colored. Their great hard-
ness, second only to diamond,
makes them very durable. The rela-
tive rarity of good stones with the
proper colors has increased thelr
value, Pure corundum is colorless,
but small amounts of metallic ele-
ments, present os impurities, import
various colors. The red variety, ruby,
and the blue variety, sopphire, are
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among the most valuable. The yel-
low variety, called ariental “topaz,”
is not related to true topaz (sodium
aluminum fluoride), nor is the purple
oriental "amethyst’” related to true
amethyst (purple quartz). A striking
starlike (asteriated) effect is pro-
duced in some stones by dispersion
of light about the six-fold axis of
the crystal, Such star rubies and star
sapphires are among the most val-
ved of gemstones,
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HEMATITE, Fe,O, (ferric oxide), is the major ore of iron, Large
deposits were mainly laid down as sediments, then altered by
ground water and sometimes metamorphism. Three distinet types
are recognized, each having the blood red to brownish red sireak
that is the chief distinguishing characteristic of hematite. Specu-
lar hematite occurs as brilliant black, thick or thin tabular crys-
tals, commonly foliated. It is polished as a gemstone even though
it is easily scratched or chipped. Red hematite, which may be
very dark, is commonly found in columnar or radiating masses
and fibrous clusters. Some kidney-shaped masses are called
"kidney ore.” Earthy, or ocherous, hematite is red or yellowish
with a dull, earthy appearance, occasionally oolitic (in small
round grains cemented together). It is commonly mixed with clays
and sand.

Hematite crystallizes in rhombohedral system, some-

— times forming twin crystals, It is brittle and opaque,

RN contains some titanium, alters readily to limonite (p.

Rl M ~’> 150), and is soluble in concentrated hydrochloric acid.

: ’ Its hardness is 5-6, specific gravity 5.26. Vast deposits

an e occur in Lake Superior area and in Appalachian Mts.,

R\ New York to Alabama, Other notable sources: U.5.5.R,,
Switzerland, Italy, England, and Brazil.

i

ILMENITE, FeTiO; (iron titanate), is the major ore of titanium. Half
the metal positions In lts corundum-type structure (p. 134) are
occupied by Ti'* and the other half by Fe'2 (not Fe'?, as in hema-
tite). It occurs as veins or disseminated grains in basic igneous
rocks (gabbros). Many sulfide veins and pegmatites also contain
ilmenite. Placer deposits, notably black beach sands in Florida
and India, are important sources.

Ilmenite erystallizes in rhombohedral system, forming
rhombohedral, often platelike crystals (sometimes in
twins) and compact masses, grains and sands. It is
. s opaque, black (with black streak), metallic in luster,

< -\ brittle, and magnetic. 1t enters into extensive solid

N7 ] lution with pyrophanite and is soluble in hot hydro-
\ ,l\ | chloric acid. Hardness is 5-6, specific gravity 4.79,
Sl ST varying with compesition. Found in India, Ausiralia,

U.5.5.R., Nerway, Sweden, Switzerland, France, Italy,
England, Canada, Massachusetts, Rhode Island, Con-
necticut, New York, Pennsylvania, Kentucky, Florida,
Idaho, Wyoming, and California.

GEIKIELITE, MgTiO; (magnesium ti- PYROPHANITE, MnTiO; (manganese

tanate), is found in the gem gravels
of Ceylon, but in few other locali-
ties. It occurs as opaque brownish
black grains (in rthombohedral sys-
tem) with brewnish black streak and
submetallic luster. It may contain
much iron. Hardness is 5-6, specific
gravity 3.97.
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titanate), is a rare mineral found as
cavity fillings in veins, It erystallizes
in rhombohedral system, is deep
red, and has submetallic luster.
Streak is brownish red or yullow
with green tint; hardness 5-6; spe-
cific gravity 4.58. May contain much
iren,

Specular Huli!e
as a Gemstone

Earthy Hematite

Z

Red Streak

HEMATITE
CRYSTALS
(Idealized)

limenite Sand

Massive limenite N.Y.

limenite and Magnetite

ILMENITE-PYROPHANITE
CRYSTALS 137
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SPINEL GROUP is perhaps the most complex group of oxides. A
large number of natural species is recognized, and there is exten-
sive solid solution (p. 32) among them. Many compounds with the
spinel structure have been synthesized, including not only the
mineral compounds but many others. Spinels are "mixed oxides.”
They contain two or more metals and have the general formula
AB;O,, A and B designating the metals. Some metals are stable
when surrounded by four oxygen ions (tetrahedral coordination)
and others are stable when surrounded by six (octahedral coor-
dination). Still others can occur in both tetrahedral and octahedral
positions. The oxygen ions are in a cubic close-packed arrange-
ment, with the metals located as shown on facing page.

SPINEL, MgAl,0; (magnesium aluminum oxide), like all spinels,
is @ mineral formed at high temperature in igneous rocks (par-
ticularly silica-poor rocks) and in metamorphic rocks. It is not
found in silica-rich rocks such as granites because cordierite,
Mg;AlSisO, is formed instead. Though pure MgAlO, is colorless,
natural specimens may be red, yellow, blue, green, or many in-
termediate shades, depending on the presence of other metals.
Clear, flawless stones are widely used as gems, and synthetic
stones of gem quality are relatively inexpensive. Natural spinel
may contain much iron, zine, or chromium, and small amounts of
other metals. Its hardness (7.5-8), glassy to dull luster, and octa-
hedral crystals (when present) help identify it.

Spinel erystallizes in cubic system as octahedral crys-
tals (commonly twinned), grains, and masses. It is
transparent if pure, is brittle, and has white streak.
It can be dissolved with difficulty in sulfuric acid.
Specific gravity is 3.55, varying with composition.
Found chiefly in U.S.5.R., Italy, Ceylon, Burma, India,
Malagasy Republic, Canada, New York, New Jersey,
Massachusetts, North Carolina, Alaubama,

GAHNITE, ZnAl;04 (zine aluminum
oxide), is relatively rare, but is in-
teresting because it can form in
silica-rich rocks such as granite peg-
matites. (There is no stable zine alu-
minesilicate that can form instead.)
It occurs also in high-temperature
metamorphic rocks, notably in the
zinc deposits of Franklin, N. J. It

HERCYNITE, FeAl;O4 (iron aluminum
oxide), is quite rare, It is found as
small grains in metamorphic rocks,
assaciated with corundum, mogne-
tite, garnets, and various meta-
morphic minerals formed at high
temperature. It is common in emery
and has been found in diamond and
cassiterite placers. It occurs as grains
and in the cubic system, is

forms masses and striated octahed
ral crystals in cubic system, is dark
blue-green, with gray streak, and
has glassy to dull luster, Hardness
is 7.5-8, specific gravity 4.62. Occurs
in W. Germany, Sweden, New Jer-
sey, Morth Carolina, Massachusetts,
and elsewhere.
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black, and has glassy to dull luster
and dark green sireak, Hardness is
7.5.8, specific gravity 4.39. It occurs
chiefly in W. Germany, Switzerland,
India, Malagasy Republic, Australia
(Tasmania), Brazil, New York, and
Yirginia.

@ A
o Twinned Octahedra Octahedron
@ Mg (Idealized)
SPINEL CRYSTALS
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MAGNETITE, FeFe, O, (ferrous and ferric iron oxide), contains both
Fe'? (ferrous) and Fe'? (ferric) iron ions. Since the ferrous iron
readily oxidizes to the ferric state under atmospheric conditions,
specimens commonly are coated with hematite (p. 136) or, more
often, limeonite (p. 150), Magnetite is a valuable iron ore, large
deposits of which were probably searegated from igneous mag-
mas at high temperatures, Small grains occur in almost all igne-
ous and metamorphic rocks. Magnetite is the most magnetic
mineral, Some deposits, called lodestone, are permanently mag-
netized. lts magnetism, black color, hardness (5.5-6.5), and black
streak are diagnostic.

Magnetite crystallizes in cubic system as octahedral
and dedecahedral erystals, often twinned, and gran-
ular masses, It is brittle, opague, and metallic to dull
in luster; dissolves slowly in hydrochloric acid; has
specific gravity of 5,20, Large deposits are found at
Kiruna, Sweden, and in Adirendack region of Mew
York. Also occurs in Lake Superior area of U.S. and
Canada and in Norway, W. Germany, ltaly, Switzer-
land, South Africa, India, Mexico, Oregon, New Jer-
sey, Pennsylvania, Morth Carelina, Virginia, Mew
Mexico, Utah, Colorado.

CHROMITE, FeCr,0; (ferrous chromic oxide), is the only ore of
chromium. It is the chromivm analog of magnetite, and the two
are similar in appearance. Chromite, however, is only weakly
magnetic and has brown (rather than black) streak. Found with
peridotite, a rock rich in olivine, it is probably one of the earliest
minerals to crystallize from an igneous melt.

Chromite crystallizes in cubic system as octahedral
crystals and granular masses. It is brittle, black,
metallic, and opaque, with hardness of 5.5, specific
gravity of 5,09, It is insoluble in acids, Only U.5.5.R.,
South Africa, Turkey, Philippines, Cuba, and Rhodesia
have important deposits, Also- found in New Cale-
donia, India, France, Yugoslavia, Bulgaria, Canada,
Australia, California, Oregon, Maryland, Pennsyl-
vania, Texas, Wyeming, North Carolina.

HAUSMANNITE, MnMn;O; (manga- OTHER SPINELS are less common.
nese sesquioxide), occurs with mag-  Galaxite, MnAl; Oy, magnesiochro-

netite and manganese minerals in
veins and metamerphic racks. [t
crystallizes in tetragonal system as
pyramids and poorly developed
prisms, often twinned, and granular
masses, It is brittle, brownish black,
submetallic in luster; has brown
streak; is soluble in hot hydrochla-
ric acid. Occurs in Bulgoria, Switz.
erland, England, Italy, Scotland,
Sweden, India, and other areas.
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mite, MgCr;Oy, franklinite, ZnFe;04,
jacobsite, MnFe;O4 and trevorite,
Nife;04 occur in small amounts
and illustrate the wide variety of
compositions possible, Extensive sol-
id solution (p. 32) among these com-
pounds further adds to the com-
plexity of the spinal group. A large
number of other compounds with the
spinel structure have been synthe-
sized from the component oxides.

MAGNETITE CRYSTALS
(Idealized)

Massive Magnetite

with Red Hematite Lodestone

Magnetite Sand

Chromite

Chremite (Black) with .

HAUSMANNITE - Stichtite (Lilac) in
CRYSTALS Hausmannite Serpentine (Green)
(Idealized)
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RUTILE GROUP includes oxides with the formula MO, in which
the metal (M) ion, with four positive charges, is adequately
shielded by six oxygen ions, The result is the rutile structure, The
ions of titanium, manganese, tin, and lead form oxides in this
structure. But because of chemical differences in the ions, their
oxides exhibit little solid solution and little similarity in origin.
Rutile, anatase, and brookite are three forms (polymorphs) of
titanium dioxide that have the same composition but different
arrangements of the rutile structure. They are minor ores of tita-
nium, the compound TiO; being more important as the white
pigment in paints and porcelain enamels.

RUTILE, TiO; (titanium dioxide), is @ common, widespread min-
eral, but occurs in small amounts. It is an accessory mineral in
granites, forming early in the crystallization sequence; in meta-
morphic rocks of all types; and especially in veins, where It is
intimately associated with quartz. Quartz crystals laced with
needles of rutile (rutilated) are commeon in veins of igneous rocks.
Rutile is very resistant to weathering and so is a common constit-
uent of sediments. Hardness and high index of refraction make it
an ideal gemstone. Synthetic rutile crystals are clear. Rutile is the
only form of TiO stable at all temperaiures, but anatase is com-
monly the first form to crystallize from a porcelain enamel. It then
changes to rutile if held long enough at o high temperature,

Rutile crystallizes in tetragonal system, forming
prisms that may be needlelike, may have pyramid
ends, and may be joined as elbow twins. Granular
masses are also commeon. Rutile is red to brown or
black, with streak of brown, yellow, gray, or green-
ish black, depending on composition (contains much
iron, some tantalum and nickel), 1t s brilliant in lus-
ter, transparent to opaque, and brittle. Cleavage is
prismatic, hardness 6-6.5, specific gravity 4.26. Oc.
curs in Morway, Sweden, Australia, U.S.5.R., ltaly,
France, Malaysia, Malagasy Republic, Brazil, Arkan-
sas, Virginia, Nerth Carolina, South Dakota, Cali-
fornia, and other areas.

ANATASE, TiO; (titanium dioxide),
occurs typically in veins in meta-
morphic rocks; alse in igneous and
sedimentary rocks, It commonly is
found with rutile, It crystallizes in
tetragonal system as pyramidal or
tabular erystals, rarely twins. It ex
ists in many colors, is brilliant in
luster, is transparent to opaque, and
has colorless or pale streak, It
changes to rutile af high tempera-
tures and is found in oboul the
same places. Hardness 5.5.6, spe-
cific gravity 4.04,
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BROOKITE, TiO; (titanium dioxide),
is found with anatase and rutile in
similar environments and localities.
Like anatase it converts to rutile at
high temperatures, but has not yet
been conclusively proved to be a
true TiO; polymorph, It crystallizes
in orthorhombic system as tabular
or prismalic crystals, rarely twins, It
has many calors, is brilliant in luster,
has colorless or pale streak, and is
transparent only in small pieces.
Cleavage is indistinct, hardness
5.5-6, specific gravity 4.12.

N
RUTILE STRUCTURE -" @

(unit cell) o =

RUTILE CRYSTALS
(Idealized)

Rutile Crystal

Rutile Needles

var. Nigrine

Rutile in
Pegmatite

Rutile Crystals

ANATASE CRYSTAL
(ldealized)

Brookite Crystal

Brookite

Anatase
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PYROLUSITE, MnO; (manganese dioxide), is a secondary material
formed when water leaches manganese from igneous rock and
redeposits it as concentrations of manganese dioxide. As a result
it occurs more often as coatings on other minerals than as large
crystals. Nodules of pyrolusite are found in many areas of the
ocean floor and may prove valuable in the future. Manganese
is very important in the manufacture of steel and in many other
industrial processes.

N Pyrolusite crystallizes in tetragonal system, rarely as
e N prismatic erystals, commonly as powdery, granular,
" crystalline, or fibrous masses, or dendritic erusts, It
is bluish gray to black, with black streak; metallic to
earthy in luster; opaque; and brittle. It dissolves in
hydrachloric acid, with acrid chlorine gas given off,
| Cleavage is prismatic, hardness 6-6.5 (less if massive
or powdery), specific gravity 5.24. Oceurs in W, Ger.
‘ I many, U.S.5.R., India, Brazil, Cuba, Virginia, Tennes-
see, Georgia, Arkansas, Minnesota, and many other

= \i_ | places.

CASSITERITE, SnQ; (tin dioxide), is found in small amounts in
many areas, normally associated with silica-rich rocks, It is a
minor constituent of granite, particularly pegmatite, and com-
monly occurs in veins associated with quartz near granite hodies,
It is also found as an oxidation product in tin-bearing sulfide
veins, Because it is very heavy, it is mined primarily from placer
deposits, notably on the Malay Peninsula. It is the major ore of
tin, which is valuable as a coating for steel and as a constituent
of soft alloys such as solder,

Cassiterite crystallizes in tetragonal system as short
prismatic or pyramidal crystals, often twinned in el
bow shapes, and as masses, grains, crusts, and radi-
ating fibers, It is opaque to transparent black, yel-
A A low, red, or white, with white, gray, or brown streak
iy and brilliant luster. Contains much iron, some tanta-
lum, niobium. Major producers are Malaysia, Indo-
nesia, Bolivia, Congo, and MNigeria; occurs also in
East Germany, England, Mexico, Virginia, South Da-
4 kota, New Mexico, California, South Carolina, Maine,
Mew Hampshire, Texas, ete.

PLATTNERITE, PbO; (lead dioxide),
is a relatively rare mineral found as
an oxidation product of lead-bear-
ing vein deposits. In contrast with
the ether oxides, it is brownish black
to jet black, Crystallizing in the tet-
ragonal system, it commonly occurs
as nodules or powdery masses asso-
ciated with limonite; also as pris-
matic crystals, sometimes twinned,
and fibrous masses. It is brittle, has
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brilliant metallic luster that dulls on
exposure, is opaque, and has brown
streak. It contains some zing, copper,
iron; dissolves in sulfuric acid with
precipitation of lead sulfate (white),
and in hydrochloric acid with evalu-
tion of chlorine gas (greenish yel.
low). Hardness is 5,5, specific grav-
ity 9.63. Oceurs in Scotland, South-
West Africa, Mexico, ldahe, and
South Dakota,

PYROLUSITE CRYSTALS
(Idealized)

CASSITERITE
CRYSTALS
(Idealized)

PLATTNERITE
CRYSTAL
(Pseudomorph
after
Pyromorphite)

(Idealized)

Cassiterite (Black) in
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Plattnerite

Pyrolusite
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URANINITE GROUP includes uraninite and thorianite, oxides of
uranium and thorium. They have a cubic structure of the fluorite
type (p. 124), with each uranium or thorium ion surrounded by
eight oxygen ions. Since complete solid solution is possible be-
tween uraninite and thorianite, they can form a whole range of
minerals intermediate in composition. Uraninite is valuable as
a source of uranium for atomic fission. Although uranium is found
in most igneous rocks, it occurs there in such minute and widely
dispersed amounts that it is of little economic value.

URANINITE, UO; (uranium dioxide), is the major ore of uranium.
It occurs as crystals in granite and syenite pegmatites, associated
with rare earth minerals, and as masses in hydrothermal sulfide
veins, The isotopes of uranium are radioactive, decaying at a
known rate to lead and helium, which are always found in urani-
nite. The lead-uranium or helium-uranium ratio, which increases
with time, Is used to determine the mineral’s age.

Uraninite crystallizes in cubic system os octahedro,
cubes, or combinations, and as often botryocidal
masses (called pitchblends). It is brittle; black to
brownish or purplish black, often altered to hydrates
of various colors; submetallic, greasy, or dull in lus.
tar; and epaque; with black, brewnish, aray, or olive
streak. It is generally oxidized, with octual composi-
tion between UO; and U:0s It is soluble in sulfurie,
nitric, and hydroflueric acids, Hardness is 5.6, specific
gravity 8-10.88 (variable). Occurs notably in West
Germany, England, South Africa, Cengo, Canada,
New Hampshire, Connecticut, North Carelina,

URANINITE CRYSTALS
(Idealized)

THORIANITE, ThO; (thorium diox-
ide), is the therium anclog of ura-
ninite. It is the major ore of tharium,
Largest deposits are placers, found
in Ceylon, Malagasy Republic, and
U.S.5.R. It also occurs in serpentine
at margins of a pegmatite at Easton,
Pa, Most specimens contain much
vranivm, also cesium end lantha-
num, Thorianite crystallizes in cubic
system as cubic crystals, commonly
rounded, It is opaque black, gray,
or brownish, with gray or greenish
streak, is submetallic or horny in
luster, and is brittle. It alters easily
to gummite (p. 150) and is seluble
in sulfuric and nitric acids. Hardness
is 6.5, specific gravity 9.87 (vari-
able). Tharianite, unlike uraninite,
does not oxidize to ThyOp Theorium
is the luminous material in gas man-
tles, used in camping lanterns,
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CHRYSOBERYL, BeAl;0; (beryllium
aluminum oxide), is not related to
the uraninite group, but is a miner.
alogical curiosity. Though its formu-
la suggests the spinel (MgAl;O4)
structure, it ossumes the structure of

olivine (Mg:5i0.). It occurs beryl.

lium-rich pegmatites and in mica
schists and marbles. Gem varieties
include cat's-eye, which exhibits
chatoyancy, and alexandrite, which
is emeraled green but is red by
transmitted light and in ertificial
light. Chryobery| crystallizes in or-
thorhombic system, forming crystals
that often are twinned. It is trans-
parent green, yellow, or brown;
streak colorless. Hardness 1s 8.5,
specific gravity 3,69, Occurs chiefly
in U,5.5.R,, Malagasy Republic, Cey-
lon, Brazil, Maine, Connecticut, New
York, and Colorado.

URANINITE STRUCTURE
Identical with Fluorite (p. 125)

Massive Uraninite

Ko 1h
Uraninite
with Gummite

Uraninite with Gummite
and Uranophane

Faceted
Chrysoberyl

3 : Chrysoberyl
Chrysoberyl
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DIASPORE GROUP includes those oxyhydroxides of trivalent met-
als, A, Fe'd, and Mn*), that have each metal ion surrounded by
six negative ions—three oxygen, O %, and three hydroxide, (OH)".
Diaspore-group minerals are only three of many hydroxides, Wl
some noncrystalline, that are important sources of these metals. "

They are associated with other hydrous minerals. 7 \ ; [ *
5 o Diaspore

DIASPORE, AIO(OH) (aluminum oxyhydroxide), is found as a sec-
ondary product formed by alteration of corundum and other
aluminous minerals by hydrothermal solutions in igneous and
metamorphic rocks or by chemical weathering. It is o major con-
stituent of bauxites. When heated, it loses water and converts to
corundum (p. 134).

DIASPORE CRYSTALS
(Idealized)

Diaspore crystallizes in orthorhombic system as crys-
tals of various forms, as folialed masses, and as
disseminated grains. 1t is transparent white, gray,
yellowish, or greenish, with white streak; greasy
in luster, but pearly along platy cleavages; and
brittle. It crackles when heated. Hardness is 6.5-7,
specific gravity 3.37. Notable sources: Hungary,
France, U.S5.5.R., Switzerland, Massachusetts, Penn-
sylvania, Colorado, California, Arkansas, Missouri,

Gibbsite

Earthy Goethite

N

~

!
\‘/LI/
GOETHITE, FeO(OH) (iron oxyhy-
droxide), is derived by weathering
fram iron-bearing minerals. It crys-
tallizes in erthorhombic system as
tablets, scales, needles, radial and
concentric aggregates, and earthy
ar botryoidal masses. It is opaque

brown, blackish, or yellowish, with  The nature of bauxite and its purity Radiating

distinctive yollow streak; brilliant  yary widely. Commercial deposits, Goethite Sty ol

melollic 1o dull in luster; and brittle. necessarily massive may be vari. : Y .
Manganite Goethite

Hardness 5-5.5, specific aravity 3.3-
3.5. England, Cuba, Michigan, Min-
nesota, Colorado, Alabama, Geor-
gia, Virginia, Tennessee.

MANGANITE, MnO(OH) Imanganese
oxyhydroxide), is @ minor ore of
manganese, found in low-tempera-
ture veins and In deposits formed by
weathering and groundwater alter-
ations of other minerals. It crystal-
lizes in monoclinic system os striated
prisms, sometimes in bundles, often
in elbow and penetration forms. It
is brittle and gray or black, with
reddish brown or black streak and

and MNorth Carolina.

BAUXITE, the principal ore of alu-
minum, is a mixture of diaspore,
gibbsite, boehmite, (a cubic meodi-
fication of diaspore), and other ma-
terials. Nonerystalline colloidal pre-
cipitates, clay, limonite, and partly
weathered silicates may be present.

colored, but are generally gray or
white with reddish-brown iron
staining. Bauxite is commonly the
result of prolonged weathering of
aluminous rocks, notably syenites,
in tropical and subtropical climates.
Under these conditions the silica
component of the rock dissolves and
leaves the aluminum hydroxides as
a residue. Under acid conditions of
the temperate regions, aluminum is
leached by weathering ond the
silica is left. Arkansas is the major
U.S. producer, with smaller deposits
in Georgia, Alabama, and Missis-
sippi. France, Indonesia, U.5.5.R,

BAUXITES, CONTAINING DIASPORE AND GIBBSITE

submetallic luster. Hardness is 4, d 1 Bauxite
gary, Guyana, and Yenezuelo ;
‘spm’.ch gravity 4.38. Occurs chiefly 14 are‘ major sources, It is quite Bauxite Rutivii
in West Germany, England, Nova  commonly used as a source of
Scotia, and Michigan. AlO; for ceramics.
149
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BRUCITE GROUP includes the hydroxides of the divalent metals
magnesium, Mg'?, and manganese, Mn'%, Structure is layer type
with six hydroxyl ions, (OH)", surrounding each metal ion.
Charges on metal ions are satisfied within the layers, which are

held together by hydrogen bonds (p. 30).

BRUCITE, Mg(OH), (magnesium hydroxide), is an alteration prod-
uct of periclase, MgO, in magnesium-rich marbles and is a vein
mineral formed at low temperature in serpentine or dolomite
metamorphic rocks. Layers are flexible and easily separated.

Brucite crystallizes in hexagonal system as plates,
often foliated, and fibrous masses. lts color vories

from green (iron-rich varieties) to yellow, reddish,
or brown (manganese-rich), It is transparent; pearly
or waxy in luster; white soluble in acids, Up to 20%

Mn, some Fo and Zn, Hardness is 2.5, specific gravity
2,40, Occurs in Austria, Italy, Scotland, Sweden,
U.5.5.R., Canada, New York, Nevada, and California,

PYROCHROITE, Mn(OH); (mangan-
ese hydroxide), is closely analogous
to brucite, the major difference be-
ing the ease with which Mn'? axi-
dizes 10 Mn'Y, Pyrochroite therefore
weathers readily. 1t is found with
calcite and dolomite as well as other
manganese minerals in low-femper-
ature hydrothermal veins. It crys-

tallizes as flexible tabular crystals
and masses and veinlets, It is color-
less, pale green, or blue, altering to
brewn or black; has pearly luster;
and s opagque, Much magnesium
may substitute for Mn, Hardness is
2.5, specific gravity 3.25, Occurs in
Sweden, Switzerland, Yugeslavia,
Mew Jersey, and California.

RELATED MINERALS

LIMONITE, like bauxite, is not o min-
eral but o mixture of materials.
Noncrystalline iron hydroxide may
properly be called limenite. Limonite
occurs as massive, crusty, stalactitic
cavity fillins and as varnishlike
coating on rocks. An important iron
ore where obundani, it invariably
aceurs with hematite and goethite, It
is farmed by alteration of iron ox-
ides, sulfides, and silicates. It is a-
morphous, is glassy to dull in luster,
has yellowish brown streak. Hard-
ness 1-5.5, specific gravity 2.7-4.3,

PSILOMELANE, BaMnMn; O (OH)y, is
a complex bul common manganese
mineral, It is a weathering product
of carbanates and silicates, found in
swamp clays, Mn-rich veins, lime-
stones, and metamorphic rocks, It
erystallizes only as massive, fine-
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GUMMITE is a mixture of materials,
largely amorphous, containing ura-
nium, lead, and thorium in large
amounts, It represents the weather-
ing products of uranium oxide. It oc-
curs os masses or crusts and as
pseudomorphs after original miner.
als. It is yellow-orange, orange,
brown, or black; greasy, woxy,
alassy, or dull in luster, Hardness is
2.5.5, specific gravity 3.9-6.4, Occurs
in Norway, Congo, South Africa,
Conada, Morth Carolina, Pennsyl-
vania, Connecticut, Maine,

grained crusts, stalactites, and cavily
fillings. It is opaque black, with
brown to black streak; nearly metal-
lic ta earthy, brittle. Hardness 5.6,
spacific gravity 4.42. Chief sources:
France, Belgium, Scotland, Sweden,
India, Virginia, Arizona.

.-

(OH)" ions : ;
@ Mg'?ions BRUCITE CRYSTALS
(Idealized)
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BORATES

Borates are a complex class of about 45 minerals. All contain
boron and oxygen in chemical combination with metals. About
four-fifths of them also contain water, and some contain hydroxyl
ions, (OH), or halogen ions such as chlorine. Others are compound
borate-phosphates, borate-sulfates, or borate-arsenates. The bas-
ic building block of most borates is a boron ion surrounded by
three oxygens ions in the same plane, (BO,). This boron triangle,
like the silica tetrahedron (p. 156), can form infinite rings and
chains. In some borates, such as borax, the boron is surrounded
by three oxygen ions and one hydroxyl ion. Other possible com-
binations are shown on the facing page. Only five of the more
common borates are described here. Boron fibers are important in
some newly developed materials,

BORAX, Ma;B,05(0OH)+8H,0 (hydrous sodium borate), is the best
known and most widespread borate. It occurs in large deposits
in the dry beds of salt lakes in arid regions with other borates,
halite, and gypsum. At atmospheric temperatures, clear crystals

lose water and turn white (effloresce).

COLEMANITE, Ca;B40y*5H;0 (hy-
drous calcium borate), is found with
borax netably in Califernia playa
lakes, It crystallizes in monoclinic
system as short prisms and granular
masses, It is white or colorless, bril-
liant in luster, tasteless, and seluble
in hot hydrochloric acid (white flakes
appear on cooling). It is insoluble
in water. Hardness is 4.5, specific
gravity 2.42,

BORACITE, MgyB;015Cl (magnesium
borate), is found notably in salt
domes in Louisiana and in potash
deposits in East Germany, France,
and England. It occurs as combina-
tions of crystal forms and as fibrous
or gronular masses. It is white or
various colors, glassy, and slowly
soluble in hydrochloric acid. Hard-
ness is 7-7.5, specific gravity 2.97.
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Borax crystallizes in monoelinic system, with twae-
directional cleavage, as prismatic erystals, crusts, and
porous masses, 1 is colorless, white, or tinted, with
white streak; glassy or resinous in luster; translucent
to opaque; and brittle. It dissolves in water, produe-
ing a sweet alkaline taste. Hardness is 2-2.5, specific
gravity 1.70. It ocecurs in India, Tibet, U.S.5.R., lraq,
Califernia, Nevada, and New Mexico.

ULEXITE, NaCaBsOy+8H,0 (hydrous
sodium calcium borate), commonly
crystallizes in triclinic system as ag-
gregates of radiating needlelike
crystals that form rounded, white,
silky masses called “cotton balls,”” It
is associated with borax, netably in
Chile, Argentina, Nevada, and Cal-
ifornia, Tasteless, it d poses in
hot water. Hardness is 2.5 or less,
specific gravity 2.

SUSSEXITE, (Mn, Mg)BO,(OH) (man-
ganese magnesium borate), oceurs
as fibrous veinlets or masses asso-
ciated with manganese and zinc
minerals. Crystal system is probably
ortharhombic, Mineral is britile, s
white or buff, and dissolves slowly
in acids. Occurs in Hungary, U.S.5.R,,
Korea, Sweden, Mew Jarsey, Michi.
gan, California, and Nevada.
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CLASSIFICATION of silicates is based on the number of shared
oxygen ions per silica tetrahedron, A tetrahedron may share from
zero to all four of its oxygen ions with adjacent tetrahedra. This
method of classification is convenient because the characleristics
and behavior of silicates are largely dependent on the nature of
the tetrahedral arrangements. In turn, the characteristics and
behavior of silicates provide many clues to their internal struc-
ture. Silicates are divided into seven groups:

Independent tetrahedral silicates (p. 158) consist of silica tetra-
hedro that share no oxygen ions. The remaining charge on eoch
oxygen ion is salisfied by metal ions between the tetrahedra,
These ions hold the structure together. The tetrahedra, or (5i0,)*
groups, are similar to complex negative ions.

Double tetrahedral silicates (p. 168) form when each tetra-
hedron shares one O? with another tetrahedron, resulting in
(51,0;) ® groups. These act as complex negative lons and are held
together in crystals by positive ions that occupy positions between
them and balance their charges.

Ring silicates (p. 170) consist of silica tetrahedra joined in
rings, with each tetrahedron sharing two O! with adjacent tetra-
hedra. The rings are complex groups of (SiO3);¢ or (Si0;) 12
Charges on these may be balanced by other metal ions that held
the rings togather in a crystal structure,

Single-chain silicates (p. 174), like ring silicates, are formed by
each tetrahedron sharing two O In effect, a giant negative ion
is created with an indefinite number of tetrahedra, each carrying
two negative charges. The chains are aligned and held together
by metal ions other than silicon.

Double-chain silicates (p. 182) are formed when half the tetra-
hedra share two O? and the other half share three O The re-
sulting giant negative ion has an indefinite number of (5i,0y)*
units. Chains are aligned and held together by metal ions.

Sheet silicates (p. 186) are formed when each tetrahedron
shares three O ? with other tetrahedra, The resulting giant nega-
tive ion extends indefinitely in two dimensions, The sheets consist
of (5;05)°2 units held together in stacks by metal ions. The perfect
cleavage of mica is o direct result of this structure.

Framework silicates (p. 204) have tetrahedra that share all

four O? with adjacent tetrahedra. The result is a framework ex-

tending indefinitely in three dimensions, If Si*! ions occupy all
tetrahedral positions, no other metal ions are necessary to satu-
rate the O°? jons, and quartz, Si0;, forms, But if aluminum ions,
Al*%, occupy some tetrahedral positions, other ions—notably po-
tassium, K'; sodium, Na''; and calcium, Ca'’—can enter the
framework between tetrahedra, as in the feldspars, K (AlSiy) Oy,
Na (AlSi;) Oy, and Ca (Al;Siy) Oy,
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CLASSIFICATION OF COMMON
INDEPENDENT TETRAHEDRAL SILICATES

ZIRCON GROUP EPIDOTE GROUP
Zircon IrSi0y4 Epidote CaglFe,All; O{OH)Si;07)(5i104)
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SUBSATURATE GROUP includes independent tetrahedral silicates
that have in their structure oxygen ions in addition to those form-
ing the tetrahedra. The formulae, then, are written in such a way
as to distinguish between the two kinds of oxygen. Technically
any silicate containing the hydroxyl ion, (OH)™, is a subsaturate,
but these are normally not so classified.

KYANITE, AL,OSIOy (aluminum sili-
cate), is found exclusively in regional
metamorphic rocks rich in aluminum
oxide, where it oceurs with micas (in
mica schists), staurclite, garnet, or
corundum, It is very common in the
Piedmont regions of North Carolina,
in the Alps, and in the Urals, It gen-
arally forms at temperatures higher
than stauralite but lower than silli-
manite. Kyanite crystollizes in tri-
clinic system as long, bladed crystals
or as masses, wsually distinctively
blue in color. It may also be white,
gray, green, brown, or black. It is
brittle, with cleavage in two direc-
tions not at right angles, Glassy in
luster, it is translucent to transparent
and has no streak. Hordnoss is 5:7,
sometimes varying from crystal face
to face; specific gravity 3.53-3.65.
Because of its high melting point, it
is used as a raw material for re-
fractaries,

STAUROLITE, (Fe Mg)s(Al,Fe)yOg-
(5104)4(0,0H}; (iron-magnesivm alu-
minum silicate), is commonly found
with garnet, mica, and quartz in
areas of regional metamorphism, It
is abundant in mica schists along the
Appalachian chain from New Eng-
land to Georgia and in many other
geologically similar areas, Compo-
sition varies, with wide differences
in Fe:Mg and Al:iFe ratios in differ-
ent specimens; much Mn is found in
staurolites in Sweden. Staurclite
crystallizes in orthorhombic system
as prismatic and flattened crystals,
cruciform twins being typical. It is
brittle, with cleavage in one direc-
tien. Generally opaque because of
impurities, 1t 1s brown, black, or yel
low, with resinous or glassy luster,
and may have pale gray sireck.
Hardness is 7.7.5, specific gravity
3.74-3.83.
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SILLIMANITE, AlLOSIO; (aluminum
silicate), has the same composition
as kyanite, but a different structure
and characteristies, It occurs in sili-
cate deficient metamorphic rocks as
needlelike crystals in ortherhombic
system and as fibrous groups. It is
a glassy brown, white, or green,
Cleavage occurs in only one direc-
tion; hardness 6.7, specific gravity
3.23.3.27.

ANDALUSITE, Al;OS510; (aluminum
silicate), is chemically identical to
kyanite and sillimanite, but prob-
ably forms at lower temperature. [t
is found in metamorphic regions,
partly altered to kyanite. It crystal-
lizes in ortherhombic system as
coarse prisms and masses—glassy
white, red, gray, brown, er green.
Cleavage is in two nearly perpen-
dicular directions. Hardness is 7.5,
specific gravity 3.13-3.16,

TOPAZ, Aly(SIONOHF); (aluminum
fluosilicate), is not related to fthe
other minerals here, but does have
a similar structure. It occurs in gran-
ites, particularly pegmatites, com-
monly associated with beryl, tour-
maline, fluorite, and other pegmatite
minerals and with tin and tungsten
ores. Transparent topaz is often
used as a gemstone. It is very dura-
ble and has a high index of refrae-
tion. Topaz crystallizes in orthor-
hombic system as columnar prisms,
commonly with striated faces, and
as granular masses. It is britile,
with perfect cleavage in one direc-
tion. It is' transparent, glassy in
luster, and colorless, pale streak).
Hardness is 8, specific gravity 3.49-
3.57. Occurs in U.S.5.R., East Ger-
many, MNigeria, Japan, Maine, Con-
necticut, Mew Hampshire, Texas,
Virginia, Utah, California, ete.

Massive Andalusite
with Pyrophyllite

Staurolite Crystals

Photomicrograph of Sillimanite in Calcite,
Inwood Marble

Andalusite,
var, Chiastolite,
with Mica Coating

Citrine :
Topaz Topaz
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DIOPSIDE, CaMg5i,0; (calcium magnesium silicate), is commonly
formed by metamorphism of siliceous dolomite, CaMg(CO,);, at
relatively high temperatures. The pure compound is white, but
small amounts of iron are uvsually present, producing a greenish
or yellowish color, Diepside is not common as an igneous mineral
(augite is the common igneous pyroxene). Diopside commonly
occurs as distinctive, small, rounded crystals in coarse marbles,
where it is associated with phlogopite, serpentine, and other
magnesium silicates, Other names applied to varieties include
alalite, malacolite, vielan, canaanite, and lavrovite,

Diopside crystallizes in monoclinic system in form of
granular, prismatic crystals, scattered grains, masses,
and columns. Twin and multiple crystals are com-
mon. It is white, yellowish, green, or blue; glassy;
translucent to transparent; brittle, Has no streak. It
cleaves in two directions at 87° (angle distinguishes
it from amphiboles), It is insoluble in acids; weathers
easily. Very common in areas of contact metamor-
phism in Appalachians, Rockies, Alps, Urals, Sweden,
Canada, etc.

ENSTATITE, MgSiO; (magnesium silicate), is the simplest pyroxene
in composition. It occurs only in magnesium-rich rocks that have
little calcium or iron. These include silica-poor, deep-seated ig-
neous rocks, lavas, and metamorphic rocks of igneous origin.
(Ilgneous rocks of intermediate silica content contain amphiboles
or biotite rather than pyroxenes.) Enstatite is difficult to interpret
geologically because the silica chains of its structure are linked
together in three basically different ways, depending on condi-
tions of formation, and because calcium and iron in its structure
cause variations in its properties.

a9 Enstatite crystallizes in orthorhombic or moneclinic
yak system as interlocking grains or prismatic erystals.
H Repeated parallel twinning is common. Mineral is
[ colorless, gray, yellow, green, or brown; dull, glassy,

| 4 pearly, or bronze:like in luster; translucent; brittle;
| 3 and inseluble in acids. It cleaves in 2 directions at
) 88" angle, fractures unevenly. May be difficult to tell

J from augite. Hardness is 5.6, specific gravity 3.2
vV (higher as iron content increases). Enstatite is wide-

spread in igneous rocks and commen in meteorites.

[ 7} ‘

HEDENBERGITE, CaFeSi;O; (calcium  oclinic system as prismatic crystals,

iron silicate), is uncommon because
most rocks with high iren content
alse have high magnesium content,
It 1s found in some gabbros and
other basic igneous rocks, with lead
and zinc ores in contact metamor-
phosed limestones, and as @ meta-
morphic product in iron-rich sedi-
mentary rocks, It crystallizes in mon-
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granular masses, and lamellar ag-
gregates, Twinning is commen, Calar
is brownish green, dark green, ar
black, Hedenbergite cleaves in 2 di
rections at 87° angle. It commonly
contains Mg and other elements, and
is insoluble in acids. It is common In
Sweden, Morway, Siberia, New
York, and other scattered localities.
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rystalline with Biotite
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AUGITE, (Ca,Mg,Fe,Ti Al);(5i,Al),04 lcalcium-magnesium-iron-tita-
nium-aluminum silicate), is the commonest igneous pyroxene; its
complex chemistry reflects the complexity of igneous melts. It is
formed at high temperatures early in the crystallization process.
Augite is common in silica-poor (basic) igneous rocks, notably
gabbros and basaltic lavas. |t occurs as scattered crystals, evenly
distributed throughout the rock; some basic intrusive rocks are
nearly all augite. It is uncammon in metamorphic rocks of sedi-
mentary origin. Augite is difficult to distinguish from other dark
pyroxenes because all have similar structures. A chemical analy-
sis is needed to characterize most pyroxenes,

Avgile crystallizes in monoclinic system as prismatic
e crystals (often twinned) and granular masses. It is

\ a glassy brown, green, or black; translucent to

A opaque; brittle; and inseluble in acids. Cleavage is

in 2 directions at 87", fracture uneven. Hardness is

| 5.5-6, specific gravity 3.23-3.52. Augite occurs in lavas
SN of Vesuvius, Stromboli, Hawaii, and Czechoslovakia;

X at Ducktown, Tenn., and Franklin, M. J.; and in New

elsewhere,

HYPERSTHENE, (Mg, Fe)5i0; (magne.
slum-iron silicate), occurs in dark
granular igneous rocks and in some
meteorites, An intermediate mem-
ber of the enstatite-ferrosilite series,
its Mg:Fe ratio varies widely, It
crystallizes in arlho;humblc system
as prisms or tabular masses, It is
dark brownish green or black, with
pearly luster; brittle, and easily
weathered. Cleavage is more promi-
nent in one direction than the other,
fracture uneven. Hardness Is 5.6,
specific gravity 3.40.3,50,

JOHANNSENITE, Ca(Mn,Fe)5i;04
(ealeium manganese-iran silicate), is
relatively rare, It eccurs in lime-
stones that were affecled by Mn-rich
solutions during metamerphism, and
in veins. Mn and Fe conten! varies.
Mineral crystallizes in  monoclinic
system as fibrous masses or prisma-
tic crystal aggregates. It is brown,
grayish, or green, commonly with
black surface stains, Cleavage is in
2 directions ot B7°, Hardness is 6,
specific gravity 3.44.3.55. Minaral is
common in mangaonese deposits in
Italy, Mexico, and Australia.
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York, Connecticut, Massachusetts, Utah, Canada, and

AEGERITE, MaFeShOy (sodium iran
silicate), is commen in syenitos,
Composition varies, with caleium.
magnesium varieties colled aegerite.
augite. Some other varieties are
called acmite. A rare mineral, it oc-
curs most notably in Magnet Cove,
Ark.; Bear Pow Mts,, Mont.; Nerway,
and Greenland. It crystallizes in
monoclinic system as slender pris-
matic crystals and fibrous mosses,
It is a glassy, translucent brown, or
green. Hardness is 6-6.5, specific
gravity 3.40-3.55.

RHODONITE, MnSiO; (manganese
silicate), has a distinetive pink or red
color (similar fo that of rhodochros-
ite, MnCO;) because of its high man.
ganese content, It always contains
appreciable calcium, It crystallizes
in the ftriclinic system as tabular
crystals, masses, and scattered
grains. Brown or black oxidation
products are common an its surface.
Cleavage is in 2 directions at 92.5°,
Hardness is 5.5-6.5, specific gravity
3.57-3.76. Rhodonite is found in
manganese deposits, as al Franklin,
M. J., and in metamorphic rocks.

Augite Crystals

AUGITE CRYSTALS
(Idealized)

Pyroxene

Pyroxene with
Wollastonite

Aegerite

Johannsenite
with Rhodoanite

Rhodonite
with Quartz

Rhedonite

with Quartz Rhodonite, var, Fowlerite
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JADEITE, NaAl(SiO,); (sodium aluminum silicate), is one of two
minerals (nephrite is the other) that when cut become the orna-
mental stone and precious gem, jade. It oécurs typically as a
dense, massive rock suitable for carving large art objects. Jadeite
is noted for its toughness and density, a consequence of its forma-
tion at high pressure. Found in metamorphic environments with
other high-pressure pyroxenes and with albite, it is intermediate
in composition between albite, NaAlSi;O;, and silica, SIO;.

b Jadeite crystallizes in monoclinic system as granular
Il or foliated masses. It is colorless, shades of green,
| or black; color is due to iron content. Luster is some-
| what glassy. Cleavage is prismatic, fracture splintery.
Hardness is 6.5-7, specific gravity 3.3-3.5. Commenly
‘ found among artifacts of early man. Occurs chiefly
ﬁ in metamerphic areas of China, Burma, Sulawesi,
| Guatemala, Mexico, Japan, and California,

WOLLASTONITE, CaSiO, (calcium silicate), forms exclusively at
high temperatures by the reaction of CaCO; and SiO; in contact
or regional metamorphic areas. If much iron or magnesium is
present, however, the commoner pyroxenes, augite, diopside,
and hedenbergite, will form; thus the formation of wollastonite
is generally restricted to the reaction of large bodies of CaCO,
{limestone or marble) with quartz or silica-rich solutions.

Wollastenite crystallizes in monoclinic system as tabu-
lar or short prismatic crystals or as granular masses.
It is white to gray, yellow, red, or brown; glassy or
pearly in luster; translucent; and brittle. Cleavage is
platy or fibrous, fracture uneven, Hardness is 4.4.5,
specific gravity 2.8-2.9. Found in New York, Michigan,
California, Quebec (Grenville), Rumania, Mexico, and
Italy (Vesuvius),

SPODUMENE, LiAI(SiOs); (lithium
aluminum silicate), is the chief source
of lithium, It crystallizes exclusively
in Li-rich pegmatites, occurring with
quartz, microcline, albite, beryl, and
the lithium minerals lepidolite and
rubellite tourmaline. It is typically
dull gray or pearly white, but emer-
ald green variety, hiddenite and
lilae variety, kunzite, are highly

prized as gemstones, It is brittle and

transparent to translucent; occurs as
prismatic erystals (monoclinic sys-
tem) or as masses. Some crystals
weigh many tons, Occurs in Appala-
chion Mts. from Maine to MNorth
Careling; alse in South Dekeota, Cal-
ifernia, Sweden, Iceland, Brozil, and
Malagasy Rep.
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CHRYSOCOLLA, CuSiOy'nH;0 (hy-
drous copper silicate), is included
here becouse of its reported com.
position, Structure is not known, but
is pr?bubly amorphous. Chrysolla is
an alteration product of copper min-
erals, It is commonly mixed with
hydrated copper silicates, bisbeeite
and shattuckite, in the upper levels
of vein deposits, as in Cornwall,
England; Katanga Prov., Congo;
Chile; and Arizona. It is epal-like,
with banded and botryoidal forms
common, but is too soft (2.2.24) to
be useful as a gemstone. It occurs
as opaque-to-translucent crusts or
seam fillings In shades of blue and
green, black, or brown, with inclu-
sions. Streak is white.

Jadeite

Black Jade

Wollastonite
with Diopside
and Garnet

Massive Wollastonite Wollastonite
Cleavage Fragments

Spodumene,
var, Hiddenite

var. Kunzite Spodumn

Spodumene

/i

* i Chrysocolla
Spodumene Crystal
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COMPOSITIONS OF THE AMPHIBOLES cre both complex and
variable because of extensive solid solution. A general formula,
Avi(5i, ADOLIOH, F, O), is applicable. The more common am-
phiboles, with the A elements are listed here.

ORTHORHOMEIC AMPHIBOLES
Anthophyllite A = Mg, Fe
Gedrite-Ferrogedrite A = Mg, Fe, Al
Holmquistite A = Li, Mg, Fe, Al

MONOCLINIC AMPHIBOLES
Tremolite-Actinolite A = Ca, Mg, Fe

*Harnblende A = Ca, Na, K, Mg, Fe, Al
Kaersutite A = Ca, Na, K, Mg, Fe, Ti
Barkevikite A = Ca, Na, K, Mg, Fe, Mn
Glaucophane A = Na, Mg, Al
Riebeckite A = Na, Fe
Magnesioriebeckite A = Na, Fe, Mg
Katophorite A = Na, Ca, Fe, Al
Magnesiokatophorite A = Na, Ca, Mg, Fe, Al
Eckermannite A = Na, Ca, Mg, Fe, Al, Li
Arfvedsonite A = Na, Ca, Fe, Mg, Al

* Other compositional varieties of hornblende are edenite,
ferroedenite, tschermakite, ferrotschermakite, and ferro-
hastingsite

Granular (enlarged) Brown Tramolite
Fibrous

Tremolite

Bladed

Actinolite Astinelite Actinolite

Massive Bladed

HORNELENDE
CRYSTALS

Hornblende (Idealized)

Hornblende Crystals

Hornblende

Gedrite

Glaucophane

Pargesite Crystal

Pargasite



COMPOSITIONS OF THE SHEET SILICATES
TWO LAYER SILICATES

Serpentine Mg;5i:0: (OH).

Septechlorites (Mg, Al, Fe), (Si, Fe)s (OH)«
Includes Amesite, Greenalite, Chamosite, and Cronstediile.

Kaelinite Al;S5i;0s (OH).
Includes Macrite, Dickite, and Halloysite

THREE LAYER SILICATES

Tulc Group—Mo ions between layers

Tale Mg:5i:0,: (OH),
Pyrophyllite Al:5i.0; (OH),

Mica Group—K~ ions between layers
Muscovite K Al: (SH,Al)Os (OH):

Sericite Fine grained or “shredded’ Muscavite

Mite Clay mineral similar to Muscovite

Annile K Fey (SHALO (OH)

Biotite KfMg. Fe)i (5i1ﬁ|}01n {OH)J Mg:FG
less than 2:1

Phlogopite K{Mg, Fe); (Si,Al)On (OH): Mg:Fe
more than 2:1

Glaucanite Clay mineral with complex formula
similar to Biotite

Zinnwaldite K(Li, Fe, Al);(Si, Al};Os (OH);

Lepidalite K(Li, AD(S1, Al}O1 OH):

Brittle Micas—Ca'" and Na  between layuers
Paragonite NaAl:(Si,Al)O s (OH):
Margarite CaAl:(5i:Al;)O s (OH):
Prehnite Ca: Al(SHAl)O e (OH):
Clintonite CalMg, Al)(Si, Al)Q:: (OH):
Xanthophyllite Similar to Clintonite

Montmorillonites—A group of clay minerals with a fermula

approximating (Ca, Na) (Al, Ma, Fe). (5i, Al):O; (OH): * nH,O

Chlorites (Mg, Al, Fe)u(Si, AlJ4Ow (OH)s
Includas Penninite, Chlinochlore, and others
Vermiculite (Mg, Ca)(Mg, Fe, Al)s (Al, 5i):0: (OH)4

Sepiolite and Attapulgite—Lathlike structures
similar to shee! structures

CLAY MINERAL CLASSIFICATION AND USE

Structural Type Mineral
2-layer Kaolinite
Macrite
Dickite
Halloysite
3-layer Ilite (Mica)
Non-
expondable
Glauconile
Chlerite
3-layer Montmorillonite
Expandable

Vermiculile

Fibrous Sepiolile

Atlapulgite

Uses
As raw material for fire-
brick, china, whiteware,
porcelain, liles; as poper
filler.

Same use as raw material
for architectural brick, sew-
er pipe; bloating varieties
for ornamental clay; for
molding sands,

Mot sufficiently abundant or
concentrated to be vseful,
Not sufficiently abundant or
concentrated 1o be useful.

As fillers for many mate-
rials, as filters, as fuller's
earth, as a suspending
agent.

Becouse il exponds when
fired, used as mulching
agent, thermal insulation,
and packing malerial,

Carved as found (Meer-
schaum) inte pipes and or-
namenls.

As suspending agenl for
ceramic slips.



KAOLINITE GROUP, also called the kandite group, includes kao-
linite and three varieties with the same composition but a differ-
ent structure. The structural unit is a two-layer sheet consisting of
a silica tetrahedral layer (with associated hydroxyl ions) and an
aluminum octahedral layer. The aluminum ions are coordinated
with the oxygen and hydroxy| ions of the tetrahedral layer on
one side and with hydroxyl ions on the otker. Because two-thirds
of the octahedral positions are filled, the kaolinite minerals are
referred to as dioctahedral. Bonding between adjacent sheets is
very weak; hydrogen bonds are present between the hydroxyl
ions on one sheet and the oxygen ions of the adjacent sheet.
Kaolinite minerals lose water at elevated temperatures and be-
come refractory.

KAOLINITE, Al,Si;05(0H); (hydrous aluminum silicate), is an im-
portant raw material used in pharmaceuticals and in firebrick,
china and whitewares and a whitening agent. It occurs most
commonly as a product of chemical weathering of feldspars;
sedimentary processes transport, sort, and deposit it in large,
pure beds from which it may be removed and used for many
purposes without refinement. Kaolinite also occurs as a hydro-
thermal alteration preduct of silicates in and around sulfide veins
and hot springs and geysers, It occurs generally in a very fine-
grained form as clay, but some large single crystals have been
found in hydrothermal deposits.

Kaolinite crystallizes in triclinic system as tabular
crystals, wormlike aggregotes, claylike masses, and
particles scattered through sedimentary rocks. It is
commonly plastic when wet, has a greasy feel, and
is white if pure, colored if not. Sheets are transpar-
enl, aggregates opaque. Cleavage is perfect in one
direction, hardness 2-2.5, and specific gravity 2.6, 1t

~ occurs in extensive layers under cool seams or as
residual weathering product in France, England, West
Germany, China, Pennsylvania, Virginia, South Caro-
lina, Georgia, and lllinois.

DICKITE also has composition of
kaolinite, with layers stacked fto
provide menoclinic symmetry (dif-
ferent from nacrite). It is hydrother.
mal in origin; why it is formed
instead of nacrite or kaolinite is not
fully understood, Mot distinguish-
able from Kaolinite without X-rays.

NACRITE is essentially the same as
kaclinite, but layers are stacked
differently, causing symmeiry 1o be
monoeclinic. It seems fo be exclus-
ively hydrothermal in origin, is
found with quartz and hydrother-
mal sulfides.

188

HALLOYSITE has the kaolinite com-
position, generally with excess wa-
ter, probably between layers. Elec-
tron microscopic studies show that
some halloysite oceurs as tubular
crystals (as does serpentine), sug-
gesting that it is a highly weathered
kaolinite with layers rolled up.
Properties are like kaolinite's, ex-
cept for water content. Most speci-
mens show little plasticity when
wet. Formation of halloysite is not
well understoed., It is found in small
quantities in many clay deposits,
particularly in Mexico, and in a
sizable body at Bedferd, Ind,
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SERPENTINE GROUP is so named because the minerals have a
mottled green pattern like that of a snake. They are chemically
simple, with a composition of almost exactly Mg;5i,0,(OH), (hy-
drous magnesium silicate), but are structurally very complex. All
are very fine-grained. Because they have many different habits,
the serpentines have been given many names, but only three are
generally recognized: antigorite, lizardite, and chrysotile. These
are not given separate treatment here because of the difficulty of
distinguishing one from the other without X-ray and microscopic
techniques.

The structural relationship among the serpentines has not been
fully determined. All have a kaolinite-type structure, but with
magnesium ions in the octahedral positions rather than alumi-
num ions. Since all octahedral positions are filled, the group is
called trioctahedral.

Antigorite appears to have undulations in its structural layers,
perhaps with some segments upside-down in relation to others,
It normally occurs as masses of very small erystals, but a fibrous
variety, called picrolite, has been found. lizardite occurs as a
fine-grained platy material, commonly mixed with chrysotile,
Chrysotile is fibrous. It occurs in veins, with the fibers (up to 6 in.
long) aligned across the veins, Evidence suggests that the fibers
are tubular, formed from rolled-up layers.

The reasons why the serpentines differ in form are not known,
Minor impurities, variations in pressure and temperature of for-
mation, differences in water content, or the kinds of minerals
present during formation—any or all may be involved. Serpen-
tines are formed below 500 degrees C., in the presence of water
vapor, from metamorphic alteration of ultrabasic rocks contain-
ing olivines, amphiboles, and pyroxenes. Possibly they may also
be formed directly from an intruded magma of serpentine com-
position.

The fibrous varieties of serpentine, like those of the amphi-
boles, are valuable for manufacture of fire-resistant asbestos
cloth. Chrysotile fibers are ideal for weaving, but are less resist-
ant to acids than are amphibole fibers. At high temperatures ser-
pentines lose water and recrystallize to a mixture of olivine and
enstatite. This mixture is useful in making firebrick.

Recent medical studies have shown that very fine asbestos
fibers can be carcinogenic, causing lung cancer in some persons
who inhale the fibers over long periods of time,

Serpentines crystallize in monoclinic
or ortharhombic system as platy or
fibrous masses. They are green,
white, yellow, gray, or greenish
blue; have silky, pearly, or dull lus.
ter; are opaque fo transl t; have
white, commenly shiny, streak. They
are decomposed by hydrochloric
and sulfuric acids. Platy varieties
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have perfect cleavage in one direc-
tion; fibrous varieties split easily
parallel to fibers, Hardness is 2.5.3,
specific gravity 2,5.2.6, Widespread
in New England, Texas, Maryland,
Arizona, New Jersey, Pennsylvania,

Quehec, E. & W. Germany, Austria,

Italy, Norway, England, South Af-
rica, and Australia,

Fibrous Serpentine
(Asbestos)

Olivine with
Serpentine Banks

Fibrous (Asbestos)

Massive

Serpentine

White Fibrous Serpentine Serpentine
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TALC, Mg;5i40(OH); (hydrous magnesium silicate), has a three-
layer sheet structure (p. 186). Two silica tetrahedral layers en-
close an octahedral layer In which all octahedral positions are
filled with Mg ions (trioctahedral). Because the bonds between
sheets are weaker than in kaolinite, talc is a better lubricant and
feels greasier. It is formed by hydrothermal alteration of basic
rocks and by low-grade metamorphism of silica-rich dolomite.
Intergrowths of talc and tremolite have been observed, illustrat-
ing the alteration of Iremolite to tale. The caleium impurity ob-
served in commercial tales is normally from tremolite. Talc is used
as the base for taleum powder, as a ceramic raw material, and
as an insulating material, Steatite and soapstone are massive
impure tales which are cut and used as acid-resistant sink and
counter tops in chemical laboratories.

Tale crystallizes in monoclinic system as tabular erys-
tals (rare) and as foliated, radiating, and compact
masses. It is white, greenish, bluish, or brownish,
with white streak; is translucent to transparent; has
pearly luster in lorge sheets; and feels greasy. Sheets
are flexible, but not elastic as in micas. Cleavage is
perfect in one direction, fracture irregular. Hardness
is 1, specic gravity 2.58-2.83, Talc contains some iron,
calcium, and aluminum. Found in many metamarphic
areas—Mew England te Quebec, MNorth Caroling,
England, Austria, W. Garmany, France, India, and
China.

PYROPHYLLITE, Al;Si;0:,(OH); (hydrous aluminum silicate), is es-
sentially identical to talc in structure except that only two-thirds
of the octahedral positions are filled. It is therefore almost iden-
tical to talc in physical properties. A metamorphic mineral de-
rived from alteration of granite rocks, it is commonly found
associated with silica and with alumina minerals such as kyanite,
At high temperatures it loses water and recrystallizes as mullite
and silica. It has been used as an electrical insulator and as a
ceramic raw material, but is less abundant than kaolinite or tale,
both similarly used. It is interesting primarily because of its struc-
tural relationship with the micas (p. 196), When K'' ions are pres-
ent in the environment of formation, they can be accommodated
between the layers, forming micas rather than pyrophyllite, Con-
sequently, pyrophyllite is found in rocks deficient in K*' or as an
alteration product of rocks from which K*' has been removed.

Pyrophyllite crystallizes in mono-
clinic system as foliated, radiating
aggregates and gronular masses, It
is white, greenish, yellow, or gray,
with white, shiny streak; pearly or
dull (massive varieties) in luster;
opagque to Iransparent. Has perfect
cleavage in one direction, uneven
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fracture, Contains some titanium,
iron, mognesium, calcium, sedium,
and potassivm, Hardness is 1.2,
specific gravity 2.65-2.90. Found in
metamorphic areas in Carolinas,
Georgia, California, Pennsylvania,
U.5.5.R., Switzerland, Belgium, Swe-
den, ond Brazil,

PACKING MODEL o
OF TALC'S
ATOMIC STRUCTURE @ OH

o Si
@ Mg

Pure, Massive Pyrophyllite

Pyrophyllite Radiating
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MICA GROUP minerals are derived from the ideal structure of
talc or pyrophyllite in environments containing the ions of alumi-
num, Al'3, and potassium, K*!, soedium, Na*!, or calcium, Ca*%. The
Al*? replace some silica ions, 5i*4, in the tetrahedral positions of
a sheet. Each replacement gives the electrically neutral sheet a
net negative charge, but such charges are balanced by the addi-
tion between sheets of K*', Na*!, or Ca*2 Because aluminum, po-
tassium, sodium, and calcium are common elements, the micas
are much more abundant than either talc or pyrophyllite.

MUSCOVITE, KAI(Si;AO,(OH); (hydrous potassium aluminum
silicate), is the commonest mica. Only the feldspars and quartz
are more abundant in the crust. Its structure is derived from that
of pyrophyllite by replacement of one-fourth of the tetrahedral
Si** by Al*3, with K'! added between the sheets to maintain elec-
trical neutrality. Bonding between the sheets is much weaker
than across them, as shown by the perfect cleavage in one direc-
tion, but is much stronger than in pyrophyllite, which accounts
for the absence of the greasy feel and lubricating properties of
muscovite. It is formed as o primary igneous mineral in granites
and other silica-rich rocks and in a wide range of metamorphic
rocks, It is also a major constituent of shales.

Muscovite erystallizes in monoclinic system as tabular
crystals, often pseudohexagonal; is dispersed in
igneous rocks as books, in schists and gneisses as

bands, and in sedimentary rocks as clay, It has per-
/ T fect one-directional cleavage, splitting into sheets
: — that tear with hackly edges, but are elastic and

) [ = strong. It is colorless, gray, pale green, brown, yel-
low, pink, or violet, with white streak; glassy or
pearly in luster; opaque to translucent, transparent
in thin sheets. Hordness is 2.5-3, specific gravity
2.7-3.0, Found most everywhere,

BIOTITE, K(Fe,Mg)(Si;AlNOy,(OH); (potassium magnesium-iron alu-
minum silicate), is derived from the talc structure by substitution
of Al for Si** and inclusion of K*' between sheets. Much iron, as
Fe'?, is present in octahedral positions. Composition is more var-
ied than in muscovite. Biotite occurs in igneous rocks from gran-
ites to gabbros and many lavas, and in a wide variety of meta-
morphic rocks. A number of biotite minerals containing other
elements have received mineral names. Among these are haugh-
tonite and siderophyllite, with abundant iron; manganophyllite,
with manganese; wodanite and titanobiotite, with titanium; and
calciobiotite, with abundant calcium.

Biatite erystallizes in monoclinic sys- It is black, dark green, or brown,
tem as tabular prismatic erystals,  with white streak; glassy in luster;
scattered grains and scales, and  epaque to transparent, It is blecch.
scaly masses, It cleaves in one di-  ed by sulfuric acid. It oceurs

rection, splitting inte elastic sheets,  throughout world.
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MUSCOVITE CRYSTAL
(Idealized)

Fuchsite, a
Chromium-bearing
Muscovite

Muscovite with
Quartz and
Microcline

Biotit
BIOTITE CRYSTAL e Semt
(Idealized)

Muscovite Schist

Crystals
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PHLOGOPITE, K(Mag,Fe)y(Si;Al)O4(OH), (hydrous potassium magne-
sivm-iron aluminum silicate), is essentially a biotite (p. 194) with
Mg more than twice Fe, It occurs notably in metamorphosed silice-
ous dolomites and some ultra-basic rocks. It is common at contacts
between igheous infrusives and delemite country rocks and as an
accessory mineral in dolomite marbles. It commonly shows aster-

ism (starlike figure) when viewed in transmitted light.

PARAGONITE, MNaAly(Si:Al}O(OH),
(hydrous sodium aluminum silicate),
differs from muscovite (p, 194) in
having Na'! instead of K batween
sheets. Found in metamorphic areas,
mostly in banded rocks; in some
quartz veins; and in some sedi-
ments. It occurs os massive secaly
aggregates {(monaoclinic); has parfect
one-directional cleavage; is pale
yellow, gray, or green, with pearly
luster, Hardness is 2.5, specific grav.
ity 2.85, Oceurs notably in the Alps
of Europe,

MARGARITE, CaAl;(Si;Al;)04(OH);
(hydrous calcium aluminum silicate),
is commonest “brittle mica" It is
harder than muscovite, its sheets
more brittle. |t oceurs with corun-
dum as lominar aggregates and
scaly masses (monoclinic system) in
metamorphic areas of Appalachi-
ans, European Alps, Urals, Greece,
Turkey. It is gray, white, pink, or
yellow; has perfect one-directional
cleavage. Hardness 3.5-4.5, specific
gravity 3-3.1.

PREHNITE, CayAl(AlSii)O(OH); (hy-
drous calcium aluminum silicate), is
found in cavities and veins of basic
voleanic rocks (associated with zeo-
lites), in impure metamorphic lime-
stones, and in some veins of ignecus
rocks. It crystallizes insorthorhombic
system as  barrel-shaped  crystals,
smoll  radiating  clusters, globular
masses, |t is brittle (a brittle mica)
and has good cleavage in one direc-
tion, Color—shades of green, white,
gray—commanly fades on expasure
to air, Hardness 6-6.5, specific grav-
ity 2.920-2.95, Faund in Appalachi-
ans (Mass,, Conn, N.1), Michigan,
European Alps, Scotland, South
Africa, and elsewhere,
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Phlogopite crystallizes in monoclinic
system as prismatic erystals and as
flakes and sheets, disseminated or
in oriented bands, Calor is yellow,
brown, green, white; luster com.
monly pearly with goldlike reflec-
tion. Sheets are elastic and strong,
but tear; are transparent if thin,
Cleavage is perfect in one direction;
hardness 2-2.5; specific gravity 2.76-
2.90. Found chiefly in Mew England,
Quebee, Italy and  Switzerland
(Alps), Malagasy Rep., Ceylan, Fin-
land, and Sweden.

LEPIDOLITE, K(Li,Al}s—s(Sig_74Als1)-
Oun(OH,F)s (hydrous potassium lith-
jum-aluminum silicate), hos musco-
vite structure (p. 196) with Li'! re-
placing some Al"Y. A popular col-
lector's item because of pink or pur-
ple colors, it is commaonest source of
lithium. Added to glasses and enam-
els, it lowers thermal expansion,
thus improves heat resistance. It s
found exclusively in pegmatites as
large flakes or disseminated grains,
natably in Maine, Connecticut, North
Caroling, California, U.5.5.R,, Czech-
oslovakia, E. Germany, Italy, Mala-
gasy Rep. It is commonly dssociated
with two other lithium minerals,
tourmaline and spodumene and with
K-feldspar and quartz.

GLAUCONITE has a complex mica-
type formula, a potassium iron sili-
cate, Composition varies greatly,
but name is given to greenish min-
eral that forms generally in marine
environment, It is @ major constitu-
ent of marine “greensands.” Found
in many localities, notably Bonne-
terre, Mo.; Otago, New Zealand;
and  Ukraine; also found in
modern sediments along the con-
tinental shelves,

Paragonite Schist, with
Kyenite and Staurolite

. . A 1
Lepidolite

Margarite

Prehnite

-
- K} L4

Prehnite Glauconite
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MONTMORHLONITE, (Cﬂ,Nc}olas_o.)(A!,Mg,Fe); (SI,A”d Om(OH);'*
nH,O (hydrous calcium-sodium aluminum-magnesium-iron sili-
catel, is a general name for a group of clay minerals with widely
varying compositions. They have a structure essentially like that
of the micas, but differ in important respects. Water can pene-
trate their structure and cause the clay to expand. On heating or
prolonged exposure to dry air, the water may leave the structure,
allowing it to collapse. These clays are sensitive, therefore, to
changes in moisture content and present severe engineering
problems when present in soils. Montmorillonites form by weath-
ering or hydrothermal alteration of basic igneous rocks, notably
volcanic ash. They are common constituents ‘of soil materials in
many areas, Of the many uses for montmorillenite, one of the
more ingenjous is in carbon-less paper. Because some organic
chemicals cause montmorillonite to turn blue, the lower sheet is
sprayed with a thin layer of montmorillonite; the bottom of the
upper sheet is sprayed with the liquid, encapsulated in micro-
scopic gelatin bubbles. When written or typed upon, the bubbles
break, releasing the liquid and turning the monmorillonite blue,
producing a clean copy on the lower sheet.

Mentmorillonites erystallize in the
monoclinic system, occurring as very
small particles packed in massive
layars or mixed with other minerals
in soil. They are soft and plastic
when wet, brittle when dry. Color is
white, yellowish, greenish, or gray.
Cleavage is perfect in one direction.
Hardness is 1-2, specific gravity 2.3,
They are sometimes called smectites,

Varieties include beidellite (Al-rich),
nontronite (Fe-rich), sapenite (Mg-
rich), hectorite (Li-bearing), and
sauconite (Zn-bearing), Llarge de-
posits occur in Wyoming (as banto-
nite layers) and in France, E. Ger-
many, British lsles, and many other
areas, The abserbing properlies of
these minerals make them wuseful in
industry.

CHLORITE, (Mg, Fe, Al)(Si,Al}4O(OH)s (hydrous magnesium-iron-

aluminum silicate), is similar to the micas in that it consists of
three-layer talc-like units, But instead of K'T ions between layers,
it has a brucite-like layer with some Al or Fe'?. Chlorites of vary-
ing composition are major constituents of low-grade metamor-
phic rocks called greenschists. They alse occur as weathering or
hydrothermal alteration products of basic silicates such as pyrox-

enes, amphiboles, and biotites.

Chlorite crystallizes in monaclinic
system as tabular masses and dis-
seminated scales. It is most com-
monly green, but may be brown,
yellow, white, pink, or red; or may
weather, with oxidation of iron, to
rusty color. It has perfect cleavage
in one direction and pearly luster
on cleavage surfaces, Transparent in
thin sheets, it is not as elastic as
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micas and is easily attacked by
strong acids, Hardness is 2.3, spe-
cific gravity 2.6-3.3, It is found in
many dreas of regional metamor-
phism as a lote-stage alteration of
many igneous rocks, and is also
found in  numerous sediments,
There are many varieties of the
mineral, notably penninite, chlino-
chlore, and prochlorite.
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Montmorillonite
Montmorillonite in Bentonite

Chlarite with
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SEPIOLITE, MgSi;Q5(0OH)10H,0 (hydrous magnesium silicate),
is not strictly a sheet silicate, but is similar in structure to tale. It
has lath-like structural units, with channels extending through the
crystal in one direction. In the mineral as it occurs in rocks, the
channels are filled with water molecules. The water can be driven
out by heating, making the crystal very reactive and highly ab-
sorbent. Meerschaum, used for pipe-making, is a lightweight
aggregate of sepiolite with other minerals.

Sepiolite is a white powdery ma- brines, particularly magnesium-rich
terial believed to crystallize in  playa deposits. Hardness 2-2.5, spe.
monoclinic system (electron micro-  cific gravity about 2. Used as fuller’s
scope shows fibrous crystals). It oe-  earth, Found in New Mexico, Penn-
curs in granites and syenites and In  sylvania, Utah, Nevada, Turkey,
magnesium-rich rocks; also as sedi- Greece, Morocco, U.5.5.R., Shetland
mentary mineral associated with  lsland, Arabia, Spain.

ATTAPULGITE, Mg:5i504(0OH)»8H,0 (hydrous magnesium silicate),
is structurally similar te sepiolite, but with narrower laths. Chem-
ical and environmental relationships between the two are not
completely understood. Both appear to be formed by alteration
of montmorillonite in magnesium-rich waters, attapulgite being
the less thoroughly altered stage. It generally contains more alu-
minum in solid solution, which may be the determining factor in
its structure.

Attapulgite crystallizes in monoclinic  for use in ceramic industry, It is
system as white elaylike material  widespread as  sedimentary min-

[fibrous under electron microscope).
Other data are sparse. large de-
posits at Attapulgus, Ga., are mined

eral associated with sepiclite, Mot
enough is known to identify and
separate the two in all cases.

MOLECULAR SIEVES are interesting materials whose properties
depend on the existence of large channels through the structure,
as in sepiolite (see facing page). It has long been known that
small atoms, such as hydrogen and helium, have the ability to
permeate and pass through solid materials, Only recently, how-
ever, has it been shown that crystals such as sepiolite, attapul-
gite, and some of the zeolites (pp. 226-227) can act as filters,
allowing small molecules to pass through the channels of the
structure rather rapidly while blocking larger molecules. These
materials have found uses in purification of liquids.

FULLER’'S EARTHS have been used for centuries to remove oils and
dirt from wool; the fuller mixed small quantities of certain clays
with water for washing purposes, Now it is realized that the
cleaning occurs because some clays, such as montmorillonites
(pp. 200-201), being extremely fine grained, can ahsorb some
molecules onto the crystal surface. A similar absorption is re-
sponsible for the ability of some montmorillonites to remove ob-
jectionable molecules from wines and beer.
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DIAGRAMMATIC REPRESENTATION OF SEVERAL UNIT
CELLS OF SEPIOLITE SHOWING CHANNELS THROUGH STRUCTURE

S2ial
Meerschaum
Pipe
Sepiolite : .
(Meerschaum) Anérslous

203



FRAMEWORK SILICATES

SILICA GROUP, 5i0,. Quarlz, tridymile, cristobalite, and
o wide variety of types of quartz,

FELDSPAR GROUP
Potassium feldspars, K{AlSiz]Os
Microcline
Sanidine
Orthoclase
Adularia

Plagioclase feldspars
Albite, Na[AlSis)Og, in solid solution with
Anorthite, CalAl; 51504,

Mixed feldspars
Perthite, K{AISia)Oq and Ma(AlSi;)Og
Anorthoclase, (Na, K)AISi3Og.

Miscellaneous feldspars
Celsian, BofAl;5i2)05
Strontium feldspar, Sr{Al;Sia) Og (synthetic)
Lead feldspar, Pb{Al35i2)Os (synthetic)

FELDSPATHOIDS*
Nepheline, Nu;;K{AI.;Siq}O]b
Kalsilite, K{AI81)O4
Eucryptite, Li{AISI)O4
Petalite, Li{AISI4)O ¢
Cancrinite, (Ma,Caly.alAlsSis)024(C 02,504 ,Cl)y 5.2 * 1-5H,0
Yishnevite, (Na .Cu,K‘Jg.r(Algsi91014{504,C03,c|h, 1.5"* 1 -5H30
Sodalite, NaglAl5ig)024Cla
Noselite, Nog(AlgSis)024504 (also called nosean)
Hauynite, (Na,Cala.alAlsSie)024(504,5)1 2 {also called havyne)
Leucite, K (AlSi2)O4
Analcite, Na [AlSi2)Og * H2O
*A number of different silica-poor framework silicates are here
grouped under the general name feldspathoid. This is not done in
most classifications.

SCAPOLITE GROUP
Marialite, Nag [AlaSie)O24Cl
Meionite, Cay (AleSig)024C03
General Formula, (Na, Ca, Kls(Al, Si);2024(Cl, F, OH, CO4, SO4)

ZEOLITE GROUP
General Farmula, (Nas, Kz, Ca, Ba) [Al, §102, ¢ x HaO
Al least 22 different zeolite minerals have been described
and have valid mineral names,

Right-handed Lef?-h;nded
Two F f t
QUARTZ STRUCTURE " (?:i::ﬁ:eda)uur ?

Quartz in Cavity

MILKY QUARTZ



CRYPTOCRYSTALLINE QUARTZ is simply quartz whose crystals are
so minute that they can be seen only through a microscope. It is
formed from silica that has been removed from silicate minerals
by chemical weathering. This silica is carried by water as ultra-
fine particles in colloidal suspension. It eventually settles out as
a noncrystalline silica gel (amorphous silica, p. 210), containing
appreciable quantities of water. The amorphous silica loses wa-
ter gradually and forms very small crystals, even at low temper-
atures, During settling, chemical conditions are changing slowly.
As they change, the color, rate of deposition, and texture of the
precipitate commonly change also. The result is banding, as ex-
hibited by the agates. Often there are several types of crypto-
crystalline material in a single specimen.

Cryptocrystalline quartz occurs in many varieties. These have
been given names based on their color, opacity, banding, and
other observable physical features. They are found most com-
monly in sedimentary rocks—as fillings between sand grains, as
cavity fillings in larger holes, and as bands and nodules associ-
ated with limestone and shale.

Vividly colored and banded varieties of cryptocrystalline
quartz are popular as gemstones. All varieties may be generally
classified as either chalcedony or chert, depending on luster and

fransparency.

CHALCEDONY has a waxy luster,
extremely small erystals, and a spe-
cific gravity only slightly less than
large quartz crystals, Nearly trans.
parent to translucent, it will fracture
in @ conchoidal manner, with sharp
edges. |t may be massive, botryoi-
dal, fibrous, or encrusted, and it
may be associated with well-formed
crystals  of quarlz, especially in
geodes, The most common chalced-
ony is gray, but it may be white,
brown, black, or blue. Some vari-
eties are difficult to distinguish from
opal. The enly difference between
chalcadony and chert is luster. Chert
is dull (due to impurities); chalced-
ony is nearly pure 5i0;. Among the
varieties are:

CHERT is duller cnd more nearly
opague than chalcedany, s luster
may be dull to almost glassy, and
its fracture is irregular fo conchoid-
al, Ordinary. tan chert is the most
abundant cryptacrystalline quartz,
Chert may be white, tan, brown,
black, or gray. The name jasper is
generally used for the more brightly
colored varieties of chert. Jasper is
usually red or brown, but may also
be green, blue, or yellow, or it may
be banded. Flint is a black variely
of chert. Aventurine is chert with
sparkling scales of included mica.
Because of the conchoidal fracture,
chert is easily chipped so that sharp
edges are formed, hence its use for
cutting stones and arrowheads.

GEM VARIETIES OF CHALCEDONY

Agate—banded or with branch-
ing inclusions (moss agate), Petrified
wood is commonly wood replaced
by agate.

Onyx—an agate with straight,
even  handing, White and  black
bands wre common,
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Sardonyx—with bands of red
(earnelian), white, brown, or black,
Tigereye — fibrous aggregates,
commonly with wayy fibers, In a
bundle. Banding across fibers,
Carnelian—clear, red-to-brown,
Chrysoprase—green chalcedony,

VARIETIES OF CHALCEDONY

Tigereye Chalcedony

Moss Agate

Petrified Wood
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AMORPHOUS SILICA is noncrystalline SiOy, occurring as opal, a
colloidal precipitate with abundant residual water; and as glass,
formed by cooling of molten silica so rapidly that crystallization

could not occur,

OPAL, a gel precipitated frem an
aqueous suspension, contains ap-
preciable water, It is less dense than
quartz, With fime (millions of years)
opal loses water and crystallizes,
Opal's luster is commonly glassy or
pearly, but may be resinous or dull,
Pure opal is white, but impurities
give it any color. Among the many
varieties of opal are:

Common opal—white or in pale
colars.

Precious opal—like common apal,
but with o play of rainbow colors
cavsed by banding and internal
cracks,

Fire opal—red or yellow, with a
striking play of colors.

SILICA GLASS, formed sy melting
of silica, is scarce because of silica’s
high melting point {about 1710° C).
Also called lochateliarite, it has been
found as inclusions in veleanic rocks
and as tubes (fulgurites) formed
when lightning strikes quartz sand-
stone. At Meteor Crater, Arizona,
heat generated by the meteorite's
impact formed silica glass,

Woaod opal—petrified wood with
apal as the petrifying material,

Tripolite — silicecus remains  of
diatoms. A fine white powder used
as polishing material.

Moss opal—with branching inclu-
sions.

Hyalite—thin crusts on rock.

GEM VARIETIES OF SILICA include crystalline quartz (p. 207),
cryptocrystalline quartz (p. 210}, and opals. The hardness, chem-
ical resistance, transparency, and general attractiveness of quartz
make it well suited for use as a gem. Its low index of refraction
and relative abundance, however, detract from its monetary
value. Gem varieties of quartz have been given many names,
some misleading. Smoky topaz, for example, is not a topaz (p.
168) and is more correctly called smoky quartz. The varieties fit
generally into three categories: (1) quariz crystals, either clear
or colored by atomic impurities or structural disorders; (2) quartz
crystals with inclusions of other minerals; and (3) quartz pseudo-
morphs formed by quartz replacing and assuming the shape of

Tripelite

Hyalite

(Encrusted Opal)

SILICA GEMSTONES

Cctagon Cut

Rutilated Quartz

other minerals.

QUARTZ CRYSTALS most commonly
used as gems include:

Rock erystal—calorless, transpar-
ent crystals; any size or shape,

Amethyst—purple or violet
shades, Loses coler when heated.

Rose quartz—pink and generally
massive.

Smaoky quartz—yellow to dark
brown or black; alse called cairn-
gorm if yellow or brown, morion if
black,

Milky quartz—white, cloudy,
translucent,

Citrine—yellow quartz; also called
"topaz.'
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SAGENITIC QUARTZ crystals con-
tain inclusions, generally needle-
like, such as hydrous iran oxides,
teurmaline, rutile, chlorite, asbestos,
and slibnite, Gemslones with inclu-
sions are rutilated quartz, with thin
needles of rutile; cal’'s eye, with as-
bestos fibers; and aventurine, with
mica or hematite,

QUARTZ PSEUDOMORPHS of many
different minerals occur, The best
known gem variety is figereye, in
which quartz has replaced asbestos,
but retains the fibrous structure, as
shown on the opposite page.

Amethyst

Citrine

Cabochen Cut

Rutilated

Mottled Jasper

Cristobalite
in Obsidian

Rose Quartz

Tigereye

Aventurine

Chalcedony
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CRISTOBALITE, SiO; (silicon dioxide), the form of silica that is
stable at high temperatures. It crystallizes in the cubic system and
has a rather open structure quite different from that of quartz.
At ordinary temperatures, however, the structure closes a bit,
eausing the erystal to become tetragonal. Pure quartz will convert
to cristobalite at about 1025° C when heated without water-
vapor pressure, The conversion is irreversible so that cristobalite
remains on cooling.

If other materials, notably Na,0 and Al,O;, are present during
crystallization, however, cristobalite may not be formed. Appar-
ently the other oxides go into solid solution with 5i0; and may
cause quartz or tridymite to form over wide ranges of temper-
ature, complicating the stability relationships.

Cristobalite was first discovered with tridymite in an andesite
lava at Cerro San Cristobal, Pachuca, Mexico.

TRIDYMITE, SiO, (silicon dioxide), has a structure similar to that of
cristobalite, different only in the arrangement of successive layers
of silica tetrahedra. All natural tridymites contain oxides other
than 5§i0,; it has been suggested, therefore, that the structure is
stabilized by those oxides and that it cannot exist as pure SiO,.
Tridymite is orthorhombic at ordinary temperatures, but the struc-
ture opens up at higher temperatures so that it is near the ideal
hexagonal network shown. It has been found in silica-rich val-
canic rocks in many places with other high-temperature minerals.

THE IMPORTANCE OF SILICA IN ROCKS cannot be overstated. Not
only is quartz very abundant, making up about one fifth of the
crust of the earth, in igneous, metamorphic, and sedimentary
rocks, but silica, Si0;, is @ major component of all the common
rock-forming minerals (the silicates) except calcite (as CaCO; in
limestones). The feldspars, micas, amphiboles, pyroxenes, oliv-
ines, and clay minerals all contain between 40% and 70% SiO,
in combination with the other common oxides. What minerals
crystallize is determined by the amount of available SiO; relative
to the amounts of the other oxides. The kinds of silicate minerals,
in turn, determine what the weathering rates and products will
be and, therefore, the kinds of soil and other sedimentary ma-
terial will be formed. The silica contents of lavas determine
whether volcanic activity will be viclent or relatively quiet. Basic
lovas, like basalt, are low in silica and crystallize to olivines,
pyroxenes, ete. In the melt, the 5i0; tetrahedra do not share many
corners and are free to move. The lava has a low viscosity and
thus gas pressures cannot build up. In acid lavas, like rhyolites,
which crystallize to quartz, feldspars, etc., the tetrahedra are
linked, the lava is viscous, and gas pressures build to explosive
levels, The total silica contents of igneous and metamorphic rocks
over a large area provide geologists with information for de-
termining the history of formation of the rocks and understand-
ing the process of planetary evolution,
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N AN R jat
/ V_;_? S SC: Cristebalite in Obsidian

IDEALIZED CRISTOBALITE
STRUCTURE AT HIGH TEMPERATURE

IDEALIZED TRIDYMITE
STRUCTURE AT HIGH TEMPERATURE

Quartz-rich
Sandstone

Quartz with Micreline
and Mica in Granite
Gneiss (Metamorpric) Quartz Veinlets

in lgneous Rock

Quartzites Mottled Chert from
(Metamorphic) Sedimentary Layer
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THE FELDSPAR GROUP

If only the silicon ion were stable in the oxygen tetrahedron, the
silica minerals would be the only framework silicates. The alu-
minum ion, which is also abundant, is stable in tetrahedral sites,
however. If one fourth to one half the tetrahedral sites are filled
by Al*? ions rather than Si*t ions, electrical neutrality is preserved
by other positive ions in the rather large openings among the
tetrahedra. Because K'', Na'l, and Ca*? are abundant and can fit
into the interstitial positions, the feldspars—KAISi,0,, NaAlSi,O,,
CaAl51;0y and solid solutions of these—are the most abundant
mineral group, making up about one half the crust of the earth.

MICROCLINE, KAISi;Oy, is the most common potassium feldspar,
abundant in granites and other silica-rich igneous rocks, in
many metamorphic rocks, and in sediments. Microcline differs
from the other potassium feldspars in that the distribution of
silica and aluminum ions in tetrahedral sites is regular (ordered)
rather than random, as in sanidine, or partially ordered, as in
orthoclase and adularia. Most microcline crystals do not have
good faces because they have crystallized in the presence of
quartz and other minerals. A single crystal is normally an inter-
growth of microcline with smaller amounts of albite, NaAlSi;0,.
The intergrowth, with a distinctive streaked appearance, Is called
perthite. Microcline Is formed at high temperatures during crystal-
lization of @ magma or by metamorphism deep within the earth
and the ordering occurs during the very slow cooling process,

Microcline is triclinic, with cleavage in three directions
near 90°. The fracture Is uneven; erystal faces are
rare but very large blocky crystals, intergrown with

common, It is brittle, white, gray, pink, buff, or green,
is vitreous to dull in luster, and may be opaque to
translucent, The hardness is 6 and the specific gravity
is 2.54 to 2,57, depending on Na content. It is found
in all silica.rich igneous and metamorphic rocks, as
in granite batholiths in cores of mountain ranges.

SANIDINE, KAISi;Oy, is the disordered potassium feldspar. If the
ordered feldspar, microcline, is heated to about 900° C, Al*? and
Si** ions diffuse randomly among the tetrahedral positions, form-
ing sanidine. When a rock crystallizes at high temperatures and
is rapidly cooled, the disordered form, sanidine, is the observed
feldspar. This is commonly the case in lavas, which crystallize
rapidly at the surface. Sanidine is monoclinic and is considered
to be the high-temperature form. It is notably more glassy in ap-
pearance than microcline but crystal habit and all other physical
properties are very similar to the other potassium feldspars.
Complete characterization is possible only with the aid of X-ray
and optical examination. Sanidine is found in silica-rich lavas.
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quartz, micas, and other silica-rich minerals, are

Amazonstone

SILICON-OXYGEN Microcline Crystals Microcline
FRAMEWORK IN
FELDSPARS

Sanidine, Large Crystals Microcline in Syenite
in Trachyte Lava



ORTHOCLASE AND ADULARIA, KAISi;Os, are two forms of polas-
sium feldspar in which there appears to be partial ordering
among the tetrahedral ions but not complete ordering as in micro-
cline. Orthoclase and adularia are the results of rather special
crystallization conditions, particularly when water is present at
low temperatures (25°-400° C), The name orthoclase is generally
reserved for monoclinic erystals with well-formed faces, common-
ly twinned, in which some portions of the crystals (domains) are
ordered and some are not. The domains are not visible to the
unaided eye but must be studied by X-ray methods, The name
adularia is used for monoclinic crystals having e distinctive
rhombic cross-section, with ordered domains large enough to be
seen with microscope.

Ortheclase is a fairly common mineral found in shal-
low intrusive igneous rocks, particularly in pegma-
tites, as a low lemperature precipitate in sedimentary
rocks, and as a late stage pracipitate in hydrothermal
veins, Adularia is restricted generally to vein deposits
whare it occurs with vein quartz and the sulfides. The
physical properties of both are practically identical
with those of microcline. In the absence of the distine-
tive crystal forms common for ertheclase and adularia,
it is best to refer to the mineral simply as a potassium
feldspar, or Ksspar, until optical or X:ray examination
has been made,

PERTHITE, KAISi;Oy and Na AlSi;Oq, is an intergrowth of two min-
erals, microcline and anorthite. At the temperatures at which
most feldspars are crystallized, the two minerals are completely
soluble, but on cooling the solubility limits are decreased and the
two minerals unmix (exsolve) by diffusion through the solid. The
Na*! ions will aggregate in bands oriented along certain crystal-
lographic directions with K'' jons migrating from those bands.
The result is a single crystal with alternating bands of microcline
and albite. If the microcline bands occupy the majority of the
crystal volume, it is called a perthite. If albite occupies the greater
portion, it is called an antiperthite. Most microclines are perthitic.

ANORTHOCLASE, (K, Na) AlSI;0y, is a solid solution of potassium
and sodium feldspar, formed by cooling rapidly so that exsolu-
tion could not take place to form a perthite. The solid solution
persists indefinitely ot normal temperatures. It occurs only in
lavas and may be indistinguishable from sanidine without chemi-
cal analysis or X-ray study. It is found at Obsidian Cliff in Yellow-
stone National Park and other similar geologic settings.

CELSIAN, Ba Al;5i;0y, is a feldspar with the Ba*2 ion in interstitial
positions, Because barium is rare, the mineral is rare, though
Ba'y, as well as 5r*? and Pb'?, are commonly found in small
amounts in the common feldspars. Potassium feldspars with Ba'?
in measurable amounts has been called hyalophane.
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ORTHOCLASE CRYSTALS
(Idaalized)

ADULARIA CRYSTAL
(1dealized)

Celsion with Sanbornite
and Gillespite

Perthite (Segregated
Sodium Feldspar in Streaks)

Anorthoclase Anorthoclase
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THE PLAGIOCLASE SERIES, (Na,Ca) (Al,51),04, is a complete solid
solution series, Because the Na'' and Ca*? ions are nearly the
same size, a plagioclase can have a composition of any value
between albite, NaAlSi;Oy, and anorthite, Ca Al;51,0;. Because of
the difference in ionic charges, however, the Al/Si ratio varies
with the Ca/Na ratio to maintain electrical neutrality. Mutual
substitution of Ca*? and Al for Na*' and Si*4, because of the
slightly different sizes and different charge distributions, causes
slight variations in all properties, most notably specific gravity
and cleavage angles, The structure of the plagioclase feldspars is
essentially the same as for potassium feldspars.

The series is commonly divided arbitrarily into compositional
ranges, as shown on page 219, with a different name applied to
each range. The physical properties of all are similar to those of
the potassium feldspars; one notable feature of plagioclase feld-
spars, however, is the common occurrence of polysynthetic twin-
ning. At closely spaced intervals the orientation of the growing
crystal changed so that the whole crystal is like a series of layers,
chemically bonded together across boundaries, called composi-
tion planes. These planes are visible as striations on the surface
of the crystal and in many cases cause interference bands to ap-
pear in reflected light, causing a blue glow, called chatoyancy.
Certain labradorite specimens are particularly prized because of
the chatoyancy.

CRYSTALLIZATION of the plagioclase feldspars from a silicate
melt is moderately complex and important to the origin of the
igneous rock types. Pure anorthite, CaAl;Si;0s melts at about
1550° C and pure albite, NaAlSi;Op melts at about 1100° C. A
melt cantaining both Na and Ca, however, crystallizes with pre-
cipitation of the plagioclase feldspars in a manner typical of com-
plete solid solution series. The initial erystals formed will be much
richer in Ca than the liquid itself, As the temperature is lowered,
the crystal reacts with the remaining liquid—Na'! ions diffuse into
the crystal—so that the composition of the crystal becomes more
Na-rich. If no separation occurs during crystallization, the final
crystals will have the same composition as the original melt, If
separation occurs, however, e.g. by settling of Ca-rich feldspars
before they have time 10 react with the liquid, a series of different
feldspars, from Ca-rich through Na-rich, will be formed. If cooling
is very rapid, as in a lava, insufficient time for reaction will cause
formation of zoned feldspar crystals, with Ca-rich material in the
center and bands of increasingly Na-rich material outward from
the center. Separations of plagioclase feldspars of different com-
positions at different times during the cooling of magma is one
mechanism that makes possible the formation of many igneous
rock types from a common, homogeneous magma. As shown by
Bowen's reaction series (pp. 82-83) similar reactions occur in the
ferromagnesian minerals, with olivine forming, then changing to
pyroxene, then to amphibole, then to biotite, as cooling occurs.
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THE PLAGIOCLASE SERIES e e~
Albite 100-90% NaAlSi, O, =~\ |
Oligoclase 9010 fo 70-30 g
Andesine 70-30 to 50-50 N
Labradorite 50-50 to 30-70 (==
Bytownite 30-70 to 10-50
Anorthite 90-100% CaAl;Si;04 |

Y
ALBITE CRYSTALS

Albite

Oligeclase

AR AN

Andesine in Monzonite

(ldealized)

Albite

Albite, Twinning |
Lamellae
{Peristerite)

Oligoclase
(Sunstone)
from Pegmatite

Oligoclase
Showing Lamellae

Zoned Plagioclase
in Trachyte



PLAGIOCLASE FELDSPARS are found in all igneous rocks except
the most silica-deficient, the ultrabasic rocks. They are common as
metamorphic minerals, formed by solid reactions in shales at
high temperatures and pressures. They weather more rapidly
than the potassium feldspars and so are less common in sedi-
mentary rocks but are found in graywackes—sandstones formed
from poorly weathered igneous and metamorphic source rocks.

The plagioclase feldspars are difficult to distinguish from the
potassium feldspars without detailed optical or X-ray investiga-
tion, The most distinetive feature is the striated cleavage surface
resulting from twinning, These striations may be absent, how-
ever, The only clue as to plagioclase composition that may be
obtained without analysis is the association with other minerals.

The properties listed below are for the two end members, al-
bite and anorthite. The intermediate compositions have inter-
mediate properties.

ALBITE, Na AlSi,O,, is triclinie, with two directions of cleavage at
obout 86° and one poor cleavage in third direction. The fracture
is uneven. Small crystals similar 1o microcline; tabular crystals,
commonly elongate, are found. It is normally intergrown with
quartz and micas and crystals are therefore irregular in shape.
Polysynthetic twinning is common. Pure KAISi;Oq is colorless but
minerals may be gray; luster is vitreous, with opalescence ob-
served (moonstone). It is transparent to translucent. The specific
gravity is 2.63, increasing with greater Ca content, Albite fuses
to a colorless glass; colors flame yellow (Na). Albite weathers to
kaolinite clay under basic conditions. It occurs worldwide in ig-
neous and metamorphic rocks of high silica content. It is a con-
stituent of perthite, with microcline. More Ca-rich plagioclases—
oligoclase and andesine—may be more highly colored than albite
because of impurities. Pure NaAlSi;O; is almost nonexistent; sev-
eral percent Ca is nearly always present.

ANORTHITE, CaAl;5i;04, is triclinie, with two directions of cleav-
age at about 86° and poor cleavage in the third direction. The
fracture is uneven. Crystals are commonly prismatic or tabular;
crystals are normally intergrown with amphiboles and pyrox-
enes, so crystal faces are rare. Polysynthetic twinning is common,
The hardness is 6; the specific gravity of pure CaAl;5i,0, is 2.76,
decreases with increasing Na content. The pure compound is
colorless but minerals may be white, gray, or bluish. The luster
is vitreous, occasionally pearly; crystals are transparent to trans-
lucent. Anorthite fuses with greater difficulty than olbite. It is
rapidly decomposed by hydrochloric acid with formation of silica
gel. Anorthite weathers rapidly to bauxite and clays. It occurs in
basic igneous rocks—gabbros and basaltic lavas—in metamorphic
rocks, and much less commonly in sediments. Crystals have been
found at Mt, Vesuvius, in Japan, lceland, Rumania, in the Ural
Mountains, and at Franklin, New Jersey,
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Labradaorite Phenocrysts Labradorite
in Diabase

Anorthite POLYSYNTHETIC TWINNING

IN ALBITE
(ldealized)
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FELDSPATHOID GROUP is often considered to include anly nephe-
line and leucite, but is here used as a general name for the
framework silicates containing less silica than the feldspars, The
feldspathoids are formed in environments of low silica content
and are thus not found where quartz is abundant. They are asso-
ciated with silica-poor rocks, particularly those rich in soda and
potash, such as syenites and trachytes,

NEPHELINE, Na;KAl,Si,0y (sodium potassium aluminum silicate),
has a structure essentially like that of tridymite (p. 212), but with
AlYin half the tetrahedral positions and the alkali ions Na'! and
K*! in the open space of the framework. The formula approxi-
mates the composition of the most common specimens, but some
have less K or none at all, and others have considerably less
than half the Si*t replaced by Al If Na*! is absent, the mineral
has a formula simplified to KAISIO, and is called kalsilite. Nephe-
line is a widespread mineral; it is found in silica-poor rocks,
associated with the alkali feldspars, and in lavas, particularly
basalts. It is commonly associated with other feldspathoid min-
erals. The greasy luster is diagnostic. Nepheline syenite is an
important rock material for use in the manufacture of ceramic
whiteware bodies and glazes.

Nepheline crystallizes in hexagonal system as pris-
matie erystals, disseminated grains, and masses. It is

e brittle; colorless, white, or gray; greasy or glassy in
T ™ luster. It has poor cleavage and subconchoidal frac-
ture; normally contains some calcium; is gelatinized

LE 9 by acids; is altered by water to other feldspathoids

or to zeolites. Hardness is 5.5-6, specific gravity 2.56-
2.67. Occurs netably in Maine, Arkansas, Ontario,
Greanland, U.5.5.R., Rumania, Norway, Italy (in lavas
of Mt. Yesuvius), and Japan,

EUCRYPTITE, LiAISiO; (lithium alu-
mihum silicate), is interesting be-
cause, like nepheline, it has a silica
structure with Al*Y in half the tetra-
hedral positions and with a *! ien
in interstitial positions, Becavse Li*!
is smaller than Na'' or K'!, how-
aver, eucryplite assumes the quartz
structure (p, 208) rather than the
tridymite structure (p. 214). An un-
common mineral, it is apparently
formed by alteration of spodumene,
LiAlSi;04 as at Branchville, Conn,
It is commonly formed in lithium.
bearing ceramic products with low
thermal expansion. Colorless or
white, it erystallizes in hexagonal
system, with specific gravity of 2,67,
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CANCRINITE, (Na,Ca)y_gAl;SisOg-
(C0O;,50,,Cl)y 5-3*1-5H;0  (hydrous
sodium-calcium aluminum silicate),
is an igneous mineral formed dur-
ing later stages of crystallization,
probably by hydrothermal altera-
tion of nepheline. Proportions of
carbanate, sulfate, chlaride, and
water vary, It erystallizes in hexag-
onal system, normally in massive
form, It is colorless, white, yellow,
reddish, blue, or gray; glassy or
greasy in luster, Cleavage s pris-
matic; hardness 5.6, specific gravity
2.51-2.42, Effervesces in hydrochlo-
ric acid, Found with nepheline and
sodalite in Maine, Ontario, U.5.5.R.,
and MNorway,

IDEALIZED NEPHELINE STRUCTURE
Showing Relation to Tridymite

Nepheline
with Biotite

Massive

With Sodalite
Nepheline

E tit
vemmTie Cancrinite (yellow) with Potassium

Feldspar and Biotite
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SODALITE, NaglAl5i,04)Cl; (sodivm aluminum silicate with chlo-
rinel, is relatively rare, forming only in silica-poor igneous rocks
with high soda conten! in the presence of chlorine-bearing wa-
ters, or in some contact metamorphic limestones. Other silica-poor
minerals, notably leucite and nepheline, are associated with it
As with other framework silicates, the composition varies widely,
and a chemical onalysis is necessary to identify the mineral cor-
rectly. Pure sodalite is colorless, but impurities may color it white,
blue, green, pink, or yellow.

Sodalite crystallizes in cubic system as dodecahedral

crystals, masses, and concentric cavity fillings. It has

’( no well-developed cleavage, Hardness is 5.5-6, and
)%

/ specific gravity is less than that of the feldspars—
2.27-2.33, depending on compesition. Many specimens
show fluorescence in ullravialet light, Found as crys-
tals in lavas of MY Yesuvius and in small amounts
in nepheline syenites in many areas.

e ¥

NOSELITE, Nag(Ali$i,0:)S0; (sodi-
um aluminum silicate with sulfate),
has properties very similar to those
of sodalite. Less common, it occurs
in silica-poor lavas and volcanic de-
bris along the lewer Rhine, in the
Cape Verde lslands, and in Corn-
wall, England. Only in northern
China has it been found in intrusive

HAUYNITE, (Na,Ca)ig(AlSi;050)-
(504,5)1-7 (sodium-calcivm aluminum
silicate with sulfate-sulfur), is best
known as deep-blue, semiprecious
gemstona, lazurite (lapis lazuli),
Synthetic crystals are generally
called ultramarine, Occurs in silica-
poor, soda-rich igneous rocks and
metamorphosed limestones, Proper-

igneous rocks, ties similar to sodalite’s.

LEUCITE, KAISi,O; (potassium aluminum silicate), has a low silica
content and is found only in potassium-rich igneous rocks, either

lavas or shallow intrusives. Relatively rare, it occurs notably in,

Magnet Cove, Ark.; Leucite Hills, Wyo.; Yellowstone Nat. Park;
Vancouver Island, B.C.; ltaly; and Central Europe.

Leucite crystallizes in tetragonal system as nearly
trapezohedral crystals and disseminated grains. It is
white or gray, opaque to translucent, vitreous in lus-

= 2,47-2.50,

N
ANALCITE, NaAlSi;04H;0 (sodium
aluminum hydrous silicate), is simi-
lar to leucite, but contains water
and accurs more commonly with ze-
olite minerals. It forms in igneous
rocks either by crystallization from
a melt or by precipitation fram wa-
ter inte vesicles (bubbles) in lave, It
also occurs in sedimentary rocks,
sardstones, phosphate beds, coal
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i
Y D per, Commonly confains magnetite or glass inclusions,
L \' v Cleavage is poor; hardness 5-5.6; specific gravity
o

deposits, clay deposits formed from
volcanic ash, and hot springs and
geysers, |t erystallizes in cublc sys-
tem as trapezohedra, cubes, and
massive granular deposits. It is gen-
erally colorless or white, translucent
fo transparent, vitreous in luster,
Has poor cleavage, subconchoidal
fracture, Hardness is 5-5.5, specific
gravity 2.24.2.29,

Analcite Crystals in

Sodalite

Leucite Cavity
Fillings in Lava

Analcite Crystals in Lava

Vesicular Lava
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SCAPOLITE is a group of minerals whose compositions form a
series between meionite, Na;Al;5i;04Cl, and marialite, Ca,AlSis-
0x4CO0;, neither of which has been found in nature. Scapolite is
common in metamorphosed limestones, appearing as distinctive
gray grains with glassy luster in white calcite marble, and is less
common in other metamorphic rocks. It generally forms at high
temperatures and pressures, Also called wernerite, it is common
in areas of regional metamorphism, as in New York and New
Jersey, throughout Scandinavia, and in many localities in Ontario
and Quebec. A yellow variety that is found in Madagascar has
been used as a gemstone.

Scapolite crystallizes in tetragonal system, generally
as granular inclusions or massive aggregates in mar-
bles, rarely as blocky, pyramidal crystals. Prismatic
cleavage is visible, and luster is characteristically
vitreous or pearly. Hardness is 5.6, specific gravity
2.50-2,78 (dependi on ition), The nomes
mizzonite, dipyre, and passonite have been applied
to scapolites.

ZEOLITE GROUP includes 22 well-defined species, of which three
common minerals are described here. They are hydrated alumi-
num silicates and can be dehydrated and rehydrated without
destroying their structure. If these minerals are surrounded by
water, the sodium in them can be replaced by calcium, or the
calcium in them by sodium, if calcium or sodium is present in
sufficient concentration in the water.

STILBITE, (Ca,Na;K;)AlS5i;0,*7H;0 (hydrous calcium-sodium-po-

tassium aluminum silicate), occurs as cavity fillings in basaltic
lava and as crack fillings in many other rocks. It commonly occurs
as distinctive radiating clusters and sheaflike aggregates.

Stilbite crystallizes in monoclinic system and has per-
fact cleavage in one direction. It is generally white,
less commonly yellow, red, or brown. Hardness is
3.5.4, specific gravity 2,1-2.2, Found notably at Pater-
wél; N.J., and in Nova Scotla, leeland, Scotland, and
Indla.

CHABAZITE, CoAl;5i,0y5'6H,0 (hy-
drous calcium aluminum silicate), is
found as fillings in crevices and ves-
icles in basaltic and other lavas.
Properties are similor to those of
other zeolites, but it crystallizes in
rhombohedral system as white erys-
tals, commonly penetration twins.
Composition may vary over wide
range, as with most zeolites.
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HEULANDITE, (Ca,Naj)Al;$i;0:5°-
&6H,0 (hydrous calcium-sodium alu-
minum silicate), is similar to stilbite,
but occurs as globular and granular
crystals in lava cavities. It is also
found as a product of devitrification
and hydration of volcanic glass, It
occurs in extensive bedded deposits
in New Zealand and in small quan-
tities in other areas.
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SILICA FRAMEWORK OF SCAPOLITES

Nu, Cu, Cl. CO;, 504
occupy positions in holes.

% SCAPOLITE CRYSTAL

(Idealized)
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Guen Scupollle

Typical Zeolite Cavity
Filling in Lava

Chabazite Crystals

Heulandite Crystals
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CARBONATES

Carbon dioxide in the air dissolves in water with formation of
carbonic acid, consisting of hydrogen ions, H*), and bicarbonate
ions, (HCO,)™, in solution, If conditions of temperature, pressure,
and concentration are right, metal ions will combine with the
bicarbenate ions to form carbonates, inorganic salts of carbonic
acid. Carbonate structures consist of triangular (CO4)°? ions held
together by metal ions. Of the 70 or so carbonate minerals, calcite
and dolomite are the only very abundant species.

CALCITE GROUP has a structure similar to that of halite (p. 120),
with the (CO;) 2 ions in the CI-! positions, the Ca*? ions in the Na*!
positions, and the cubic structure compressed along one axis.
Each Ca*? jon is surrounded by six oxygen atoms of the CO,
groups. The relationship between structure and cleavage is shown
on the facing page. Like NaCl, calcite has perfect cleavage in
three directions but not at right angles. There is extensive solid
solution (p. 32) among the members of the calcite group.

CALCITE, CaCO; (calcium carbonate), is one of the commanest
minerals, being the main constituent of limestone, It is formed
from carbonic acid (derived from solution of atmospheric CO,)
and Ca'? jons (dissolved from continental rocks). These are ex-
tracted from water by many organisms, notably certain algae
and invertebrates, and made into calcium carbonate skeletons,
The skeletons, plus calcium carbonate directly precipitated from
the water, form reefs and associated limestone beds, Most calcite
occurs as small crystals cemented inio massive limestones. Heat
and pressure can cause recrystallization and grain growth, as in
the metamorphic rock, marble. Large crystals also grow from
solution in cavities, as in hydrothermal veins and caverns. The
cleavage surfaces do not coincide with common crystal faces.

Calcite crystallizes in rhombohedral system. Dogtooth
= spar crystals are common, but other shapes occur, It
| ,ﬁ is soft (hardness 3), and specific gravity is 271, In

limestone, calcite is white or gray, fine-grained, and
massive, but crystals may be colorless or tinted yel.
low, blue, green, or pink. Even in minute amounts,
calcite can be detected by applying hydrechloric acid,
which causes effervescence.

SIDERITE, FeCO; (iron carbonate), Englend and many other areas, It is

has the caleite structure, with Fe'?
rather than Ca'? in metal positions.
It is found in bedded sedimentary
iron ores and as a vein deposit with
other metal ores, It is a major iren-
ore mineral in clay ironstones of
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harder (3.5-4,5) and heavier (speci-
fic gravity 3.48-3.96) than calcite,
It generally eccurs in shades of
brown, but may be green, gray, or
black. It oxidizes and hydrolyzes
easily to form limonite.
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CALCITE CRYSTALS

CALCITE STRUCTURE Showing (Idealized)
Relationship to Rhombohedral Cleavage

Caleite Enclasing
Malechite

Calcito
Concrations

Fossil Barnacles
in Limestone

Calcite Chulk from
White Cliffs of Dover

Massive Siderite Siderite

Siderite
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DOLOMITE, CaMg(COs); (calcium magnesium carbonate), is struc-
turally similar to caleite, but with Mg*? and Ca'? in alternating
metal positions. For this reason, it is sometimes put in a separate
group. Dolomite may precipitate directly from solutions or may
be formed by action of Mg-rich solutions on calcite. Dolomite
rocks are present as sedimentary layers in many areas and as
products of regional metamorphism of carbonate rocks else-
where. In appearance it is virtually indistinguishable from cal-
cite, but is less soluble in hydrochloric acid, effervescing only
slightly. Crystals are formed in hydrothermal veins, associated
with other Mg minerals. Dolomite is used as an ornamental stone
and as a raw material for manufacture of cement and of mag-
nesium oxide for refractories, Because of the size difference be-
tween the Ca'? and Mg*? ions, complete solid solution with calcite
does not occur.

Dolomite crystallizes in rhombeohadral system, form-
“ ing crystals like those of calcite, but alse with curved
o B faces and complex growths. Cleavage is perfect in 3
X Ll M directions. Luster is vitreous or pearly, and color may
S be white, yellow, brown, red, green, gray, or black.
"‘\’\\/’/"/ Massive dolomite is white to gray. Properties very
similar to calcite’s, Common in coarse marhle deposits

in areas of regional metamorphism.

MAGNESITE, MgCO; (magnesium
carbonate), 18 formed by action of
Mg-rich solutions on rocks, by alter-
ation of calcite or dolomite, or by
carbonation of silicate rocks, Prop-
erties are similar to those of calcite,
but magnesite is harder (3.75-4,25)
and heavier (specific gravity about
3.48) and effervesces in hot (but not
cold) hydrachlaric acid. Majar depns.
its are found in montainous areas of
western .S, and Europe and on the
Island of Euboea, Greece. It is a
source of MgO far industry.

ANKERITE, Ca(Mg,Fe,Mn){CO4)y (cal-
cium magnesium-iron-manganese
carbonate), has been called a cal-
cium iren carbonate, but cansidera-
ble magnesiuvm and manganese are
always present in the natural mate-
rial, Properties and occurrence are
essentially the same as those of
dolomite; in fact, ankerite repre-
sents nothing more than o chemical
variety of dolomite. Found with
other iron-bearing minerals in Aus-
tria and other areas in the Alps, in
Mexico at Guanajuate, and in New
York, Nova Scotia, and elsewhere,
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RHODOCHROSITE, MnCO, (mangan-
ese carbonate), is o favorite of min.
eral collectors because of its rose-
red color, though it is too soft to be
valuable as a gemstone. Properties
and occurrence are very similar to
those of siderite (p. 228), and exten-
sive solid selution occurs with that
mineral, Color may be yellow,
brown, gray, ar dark red, depend-
ing on composition, Rhodaochrosite
is relatively rare; pure specimens
are found as gangue material in
veins with other Mn minerals.

SMITHSONITE, ZnCO; (zinc carbon-
ate), is farmed by action of carbon-
ated water on zine sulfide or by al-
teration of carbonate rocks by zine
solutions, It is commonly associated
with hemimorphite (calamine) and
with lead-zinc deposits, Porous vari-
ety is called dry-bone ore. It oceurs
as crusts, stalactites, or botryoidal
mdsses in veins or beds, It is much
harder (5.5) than calcite and much
heavier (specific gravity 4.30-4,45),
Generally white, it may be gray,
green, brown, or blue. luster is
glassy or pearly,
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Dolomiie Crystals
with Pyrite
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ARAGONITE GROUP of minerals differs in structure from the cal-
cite group (p. 228) in that the metal ions are shielded by 9 rather
than 6 oxygen ions. The additional shielding is required by the
larger ions of barium, strontium, and lead, which is why the
carbonates of these ions are found only with the aragonite struc-
ture. But calcium carbonate, with its smaller calcium ion, may
crystallize either as calcite (under ordinary conditions) or as
aragonite, Arrangement of Ca'? and (CO,;) 2 iens is nearly hex-
agonal, hence the crystals are commonly pseudohexagaonal.

ARAGONITE, CaCO; (calcium carbonate), can be formed only un-
der certain poorly understood conditions, as in cavern deposits.
At ordinary temperatures and pressures it is unstable, changing
to calcite in hours to years. Many organisms that construct cal-
cium carbonate shells can form aragonite; in fact, some have
shells that are orogeonile in one part and calcite in another, When
an organism discards such a shell, the aragonite normally
changes 1o calcite, but its characteristic needlelike structure is
retained in the crystal shape. Aragonite can be converted to cal-
cite at ordinary temperatures by grinding it to a fine powder..

Aragonite crystallizes in orthorhombic system, but
forms eyclic twins with o hexagenal section, It has 2

WITHERITE, BaCO; (barium carbon-
ata), is associated with barite, the
other important but more common
barium mineral, in low-lemperature
hydrothermal veins in which galena
is the major ore. Witherite can be
oltered to barite by action of sul-
fate-bearing water, and barite can
be altered to witherite by carbon-
ated water, Witherite crystallizes in
orthorhombie system as mossive ag-
gregates, columnar aggregotes, and
nearly hexagonal twinned crystals.
It is white, rarely gray or yellow;
glassy in luster; and translucent to
transparent, Cleavage is in 2 direc-
tions, Hardness is 3.5, specific gray:
ity 4.3, Witherite is found in Ken-
tueky, Mantana, Illinois, California,
Arizona, Ontarie, Austria, France,
West  Germany, Crechoslovakia,
U.5.5.R,, Englund, and Japan,
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directions of cleavage and glassy luster. It occurs in
groups of radiating erystals ar in massive deposits,
It is common as deposits in caverns, hot springs, and
cavities of lava flows, and as precipitates associated
with gypsum beds. Color is normally white, but some
varieties are gray, green, yellow, or viclet. Hardness
is 3.5-4, specic gravity 2.94-2.95.

STRONTIANITE, S/CO; (strontium
carbonate), is the strontium anclog
of witherite, It is ossociated with
celesite {strontium sulfate) in veins
or without celestite in veins in lime-
stones. It is similar 1o witherite in
properties, but is most commonly
pale green (less commonly white,
gray, yellow, or brown) and hos
specific gravity of 3.72,

CERUSSITE, PbCO; (lead carbonate),
called white lead ore, is nearly iden-
tical to witherite in properties, but
has the highest specific gravity—é.5
—of any carbonate, It occurs as an
alteration product of anglesite (lead
sulfate) and as o precipitate from
lead solutions. It alters to hydro-
cerussite, Pby(CO4)3(0H)y, basic lead
carbonate, and is confused with it
Cerussite effervesces in acid.

Psevdohexagonal,
Polysynthetic

ARAGONITE TWINNING
{Idealized)

Vein of Prismatic
Aragonite in
Vesicular Lava

Pseudohexagonal
Crystal of Aragonite

Zine-bearing
Aragonite

Massive
Aragonite

Cerussite Crystals

Stalactitic Cerussite
on Galena

Witherite Crystals
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MISCELLANEOUS CARBONATES

AZURITE, Cuy(CO;),(0OH); (basic copper carbonatel, is so named
because of its blue color, which also makes it a popular collector’s
item, The color is distinctive, though the shade of blue varies
among specimens. Azurite occurs only in the oxidized portions of
copper-ore veins. |1 is formed by action of carbon dioxide and
water on copper sulfides or by action of copper solutions on cal-
cite. It was once an important source of copper, but the near-
surface oxidized zones where it occurs have been largely mined,
and the deeper copper sulfide ores are now used.

f}.‘/ Azurite crystallizes in monoclinic system, occurring as
- SN tabular or equidimensional transparent crystals with
)/ / very pure blue color and brilliant luster. Good crystals
o are relatively rare; azurite is more common as an
V' earthy material closely associated with malachite, It

has complex cleavage, specific gravity of 3.77-3.89,
P and hardness of 3.5-4, It is too soft and cleavable to

be a good gemstone.

MALACHITE, Cu,CO;(OH), (basic copper carbonate), is more abun-
dant than azurite, with which it is found. Like azurite, it forms as
an alteration product of copper sulfides or calcite. Malachite has
a distinctive green coler. (The green weathering preduct that
forms on copper roofs of large buildings is a type of malachite.)
Malachite is found in copper mining areas; in some localities, as
in the Urals of the U.5.5.R., masses of malachite weighing hun-
dreds of tons have been mined.

r,"r | Malachite crystallizes in monoclinic systam as massive
"
|

[ deposits or crusts; as botryoidal, fibrous, or stalactitic
| masses; or as slender needlelike crystal aggregates.
Also, earthy aggregates of azurite and malachite are
very common. Except for the green color, malachite’s
properties are very similar to those of azurite.

NATRON, Na;CO;#10H;0 (hydrous TRONA, MNazH(CO)y*2H,O (hydrous

sodium carbonate), is a waler solu-
ble mineral found only as o deposit
left by evaporation of water in shal-
low, undrained lakes in arid re-
gions, as in California, Mevada,
and the Middle East, It is always
found with other soda compounds,
notably trona, At 34.5% C. it loses
much of its hydrated water and dis-
solves in it. Natron crystallizes in
monoclinic system and is found as
granular crusts or coatings. It is very
soft (hardness 1-1.5) and light (spe-
cific gravity 1.478).
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sodium acid carbonate), is anather
moneclinic water-soluble carbonate.
It is formed by evaporation of wa-
ter from the "soda lakes"” of Cali-
fornia, MNevada, Egypt, and Vene-
zuela, It is called an “acid” carbon-
ate because of the H™' ion.

HYDROZINCITE, Znng(CO3)5(OH)g (ha-
sic zine carbonate), is a secondary
mineral formed by action of carban-
ated water on zine ores, It is mono-
clinic in structure and is found as
massive, earthy crusts,

Azurite

AZURITE
CRYSTALS
(Idealized)

Azurite Crystals

K

Azurite und
Malachite

Malachite with
Quartz Crystals

Hydrozincite
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NITRATES

The nitrate ion, NO,™", is structurally the same as the carbonate
ion, CO,™, with one less charge. The complex triangular ion thus
joins with the monovalent alkaline earth ions to form crystals
with the calcite structure, as in soda-niter, and the aragonite
structure, as in niter. Because all the nitrates are very soluble in
water, they are not widespread geologically, but are important
in the manufacture of two widely used but antithetical products:
fertilizer and explosives. There are 10 species of naturally oc-
curring nitrates, only two of which are found in significant
amounts and are included here. Others are ammonia niter, NHy-
Nos; nitrobarite, BalNOsly; nitrocalcite Ca(NO,)+4H,0; nitromag-
nesite, MgiNO;3),*6H;0; gerhardtite and buttgenbachite, complex
copper nitrates; and darapskite, a hydrated sodium-nitrate-
sulfate, These are not important mineralogically.

NITER, KNO; (potassium nitrate), is found in small amounts as a
surface coating in arid areas and with soda-niter and other
soluble salts as nitrate deposits in Chile and other desert regions.
It is commonly associated with organic matter; bacterial action
on plant and animal remains generates nitrate, and potassium is
extracted from mica-type clays, Niter is found also in limestone
caverns, associated with bat guano, notably in Kentucky, Ten-
nessee, and the Mississippi Valley. These deposits were an im-
portant source of nitrates used for explosives by the Confederacy
when the Union blockade cut off supplies from Chile. Niter is also
known as saltpeter.

Niter is orthorhombic in structure, ties, It is very soluble in water and
forming needlelike crystals, crusty  has a cool salty taste. Hardness is 2,

coatings, ond massive or earthy ag-
gregates, It is gray or white, but
may be mixed with colored impuri-

specific gravity 2.1, At 129° C. the
structure changes to the rhombohe-
dral caleite type,

SODA NITER, NaNO; (sodium nitrate), is found with niter, gyp-
sum, halite, iodates, and other minerals in a 450-mile belt along
the coast of northern Chile, an area of negligible rainfall. This
belt is a few inches to a few feet thick and is covered by a little
rock and sand. Nearly all nitrates came from Chile until World
War |, when processes were developed for the manufocture of
nitrates from atmospheric nitrogen,

Soda niter is rhombohedral in structure, commonly
occurring as massive aggregates or erusts on surfaces.
It is colorless ar white in aggregates and is com-

3 monly mixed with many other minerals. It has o
hardness of 1.5:2 and a specific grovity of 2.25 if
pure. It is very soluble in water and has a coal taste.
Small amounts are found in Mevada, California, Bo-
livia, Peru, Morthern Africa, India, and U.5.5.R.

236

Soda Niter

v
By, A
Tyl "

Soda Niter

USES OF NITRATES

FERTILIZERS are essential for pro-
duction of the snormous guantities
of food needed to support the in-
creasing human pepulation, Most of
the elements necessary for nutrition
are available to plants in readily
usable form in air, water, and soil,
Nitrogen, potassium, and phospho-
rus, however, may be rapidly de-
pleted from the soll and must be
replaced. These are the constituents
of commercial fertilizers, Though
nitrogen constitutes 80 percent of
the atmosphere, only a few kinds of
plants can extract it and convert it
into usable organic form. Water.
soluble nitrate minerals, notably
niter and soda-niter (also called
saltpeter and Chile saltpeter), were
important commedities until  re-
cently, Now, by the Haber process,
nitregen can ba sxtractad from the
atmosphere for industrial uses as
well as for agricultural applications.

EXPLOSIVES have been made from
nitrates since the development of
gunpowder from niter, carbon, and
sulfur in medieval times. Mitrogen
can be combined chamically with
other substances to form o wide
variety of compounds that are un-
stable, Heat, electrical current, or
even o sudden [olt causes them to
dissociate, or burn, changing rapldly
into gas with a volume many times
that of the solid or liquid. Nitro-
glycarin, CiHs(NO3);, made by trant-
ing glycerin with a mixture of nitric
and sulfuric acld, led to the develop-
ment of dynamite, TNT, and similar
explosives that changed the face of
the Earth through excavation and
war, The essential ingredient, nitric
acid, was manufactured exclusively
from nitrate minerals and nitrates
fram animal wastes prior to deval-
opment of methods for extraction of
nitrogen from the atmosphere.
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SULFATES

Sulfates are compounds of oxygen and sulfur with one or more
metals. The oxygen (O) and sulfur (S) form the sulfate ion, SO.?,
in which an § atom Is surrounded by 4 O atoms located at the
corners of a tetrahedron. The 2 excess negative charges are dis-
tributed evenly over the O atoms. The sulfates are complex min-
erals, because the number of ways in which cations can be ac-
commodated among the PO, ? ions in a crystal structure is large,
Over 150 have been named. Many are strongly hydrated species,
and many are rare. A few important ones are described. Some
of lesser importance are included to illustrate the diversity of
the sulfates and some similarities.

GYPSUM, CaSO,2H,0 (hydrous calcium sulfate), is the commonest
sulfate, Huge beds of il occur in sedimentary rock with lime-
stones, shales, sandstones, and clays, Rock salt and sulfur de-
posits may be associated with it. It occurs as common gypsum
and as three varieties having distinctive habits: alabaster, mas-
sive; selenite, transparent and foliated; and satinspar, fibrous
with silky or pearly |luster. Gypsum is by far the most important
sulfate because of its use for manufacture of plaster of Paris. In
this process the gypsum is heated and loses 75 percent of its
water. The resulting hemihydrate (plaster of Paris) readily takes
up water and converls back to gypsum. In doing so, its particles
recrystallize and become cemented firmly together.

Gypsum crystallizes in monaclinic system, occurring

Ay as prismatic or bladed crystals and as fibrous vein-
\ fillings, radiating aggregates, clusters on cave walls,
A\ A and massive, rock-forming beds. It is generally white
1 ) or gray, but may be colorless in large crystals, pink
"\\,‘.(’\\ in alabaster, or brown and yellow in massive layers.
S Hardness is 2, specific gravity 2,30, Found in commer-

NS \\] cial guantities in New York, Michigan, lowa, Kansas,

MNew Mexico, Colorade, Utah, Canada, and various
European countries.

ANHYDRITE, CauSO4 (calcivm sul-  EPSOMITE, MgSO7H,0 (hydrous

fate), 1s less abundant than gypsum
because it readily tokes up water
and converts to gypsum. |1 is depos-
ited by sea water and is therefore
found in sedimentary rocks associ-
ated with salt beds, Smaller quanti-
ties occur in some veins, in caliches
(nitrate-bearing beds), and in fu-
marole deposits, It crystallizes in or-
thorhombic system, forming usually
massive deposits, Crystals are rare.
It is colorless If pure, colored if im-
pure, Hardness is 3.5, specific grav-
ity 3. Pearly luster is common.
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magnesium sulfate), is more familiar
as epsom salts, It is one of many
highly hydrated, water-soluble sul-
fates. It is found in mineral waters
and deposits therefrom, in salt lake
areas, and as an efflorescence on
the walls of caves and mines. It
erystallizes in orthorhembie system,
oceurring as crystals, granular crusts
or fibrous aggregates, and as stal-
aclites and botryoidal masses. It
commenly contains appreciable
guantities of nickel, manganese,
zine, and cobalt.
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SULFATES

Sulfates are compounds of oxygen and sulfur with one or more
metals. The oxygen (O) and sulfur (S) form the sulfate ion, SO,
in which an § atom is surrounded by 4 O atoms located at the
corners of a tetrahedron. The 2 excess negative charges are dis-
tributed evenly over the O atoms. The sulfates are complex min-
erals, because the number of ways in which cations can be ac-
commodated among the PO, ? ions in a crystal structure is large.
Over 150 have been named. Many are strongly hydrated species,
and many are rare. A few important ones are described, Some
of lesser importance are included to illustrate the diversity of
the sulfates and some similarities.

GYPSUM, CaS0,2H;0 (hydrous calcium sulfate), is the commonest
sulfate. Huge beds of it occur in sedimentary rock with lime-
stones, shales, sandstones, and clays. Rock salt and sulfur de-
posits may be associated with it. It occurs as common gypsum
and as three varieties having distinctive habits: alabaster, mas-
sive; selenite, transparent and foliated; and satinspar, fibrous
with silky or pearly luster. Gypsum is by far the most important
sulfate because of its use for manufacture of plaster of Paris. In
this process the gypsum is heated and loses 75 percent of its
water. The resulting hemihydrate (plaster of Paris) readily takes
up water and converts back to gypsum. In doing so, its particles
recrystallize and become cemented firmly together.

Gypsum crystallizes in monoclinic system, occurring
as prismatic or bladed crystals and as fibrous vein-
fillings, radiating aggregates, clusters on cave walls,
and massive, rock-forming beds. It is generally white
or gray, but may be colorless in large crystals, pink
in alabaster, or brown and yellow in massive layers.
Hardness is 2, specific gravity 2.30. Found in cammer-
cial quantities in New York, Michigan, lowa, Kansas,
New Mexico, Colorade, Utah, Canada, and various
European countries.

ANHYDRITE, CaSO4 (calcium sul-  EPSOMITE, MgSO47H,0 (hydrous

fate), is less abundant than gypsum
because it readily takes vp water
and converts to gypsum, It is depos-
ited by sea water and is tharefore
found in sedimentary rocks associ-
ated with salt beds, Smaller quanti-
ties oceur in some veins, in caliches
(nitrate-bearing beds), and in fu-
marole deposits, It crystallizes in or-
tharhombic system, forming usually
massive deposits. Cryslals are rare.
It is colarless if pure, colored if im-
pure, Hardness is 3.5, specific gray-
ity 3. Pearly luster is common.

238

magnesium sulfate), is more familiar
as epsom salts, It is one of many
highly hydrated, water-soluble sul-
fates. It is found in minerol waters
and deposits therefrom, in salt lake
areas, and as an efflorescence on
the walls of caves and mines. It
erystallizes in ortherhombic system,
occurring as crystals, granular crusts
or fibrous aggregates, and as stal-
actites and botryoidal masses. It
commonly contains oppreciable
gquantities of nickel, moanganese,
zing, and cobalt.
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BARITE GROUP includes barite, celestite, and anglesite. These
provide an excellent example of how the sizes of ions affect
crystal structure, as shown on opposite page. Large Ba*?, 5¢'%, and
Pb*? ions are packed among the sulfate ions so that each is sur-
rounded by ten oxygen atoms. The barium, strontium, and lead
ions are similar in size and, chemically combined with the sulfate
ion, form crystals of identical structure, Complete solid solution
(p. 32) among the three minerals is therefore structurally possible
and has been observed.

BARITE, BaSO, (barium sulfate), occurs as @ common gangue ma-
terial, particularly in lead-zinc veins in limestone, as in the
Joplin, Mo., area. It is also widespread as veins, cavity fillings,
and intergranular precipitates in limestones and other sedimen-
tary rocks, It has been found in hot-springs deposits and with
some hemalite ores. The mineral commonly has significant solid
solution with celestite, and properties vary accordingly; solid
solution with anglesite is less common. Barite is used as a filler
in paints and paper; finely ground, it is mixed with drilling mud

to control the mud's specific gravity during oil-well drilling.

Barite crystallizes in orthorhombic system. Tabular
crystals are common, prismatic less so. Barite also
occurs ds massive aggregates of erystals, glabular

3 concretions, and fibrous varieties. Barite roses, radi-

¢ ating elusters of erystals, commonly stained with iron
(Y oxides, are collectors favorites. It is generally color-
less or white, may be yellow or brown, or may be

pigmented by inclusions. Hardness is 3-3.5, specific

gravity 4.50.

CELESTITE, 5rSO; (strontium sulfate),
is 50 nomed becauvse of the distine-
tive pale blue color of many well-
crystallized specimens. I} occurs
chiefly in sedimentory rocks, with
gypsum, anhydrite, and rock salt.
Less commonly it is found as gangue
material in veins and volcanic rocks.
It erystallizes in orthorhombic sys-
tem as well-developed tabular or
elongate crystals with three-dimen-
sional cleavage. It also occurs os
fibrous wveinlets, radiating oggre-
gates, massive, earthy fine-grained
deposits. It is normally white to pale
blue, but may he tinted red, brawn,
or green. Luster is glassy. Earthy va-
rieties may be mixed with clay.
Hardness is 3.3.5; specific gravity
is 3.97, varying with barium and
caleium content. Celestite  occurs
throughout the werld in relatively
small quantities.
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ANGLESITE, PhSOy (lead sulfate), is
the lead analog of barite and celes-
tite, having the same structure. Its
geologic occurrence, however, is
quite different. It is almost exclu.
sively an alteration product of ga-
lena, PbS, and is found in hydro.
thermal veins. Cerussite, the lead
carbonate, generally forms simul-
tanecusly and is mixed with the
anglesite. Anglesite crystallizes in
ortharhombic system, occurring as
well-formed tabular or prismatic
crystals. It also is massive, granular,
nodular, or stalactitic, Specimens of
golena, altered on the surface to
anglesite, are commen. It is color-
less, white, or gray; less commonly
yellow, green, or blue, It may be
transparent to opaque, depending
on particle size and inclusions of
cerussite, Hardness is 2.5.3, specific
gravity 6,36,
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BROCHANTITE, Cu,SO)(OH), (hasic copper sulfate), is a secon-
dary mineral formed by oxidation of copper sulfide ores, most
commonly in arid regions. Though sulfides are normally stable
at temperatures and pressures near the earth’s surface, the pres-
ence of water, oxygen, and acids creates a chemical environment
in which they can no longer exist, The oxidation of sulfide ores is
thus closely analogous to chemical weathering of igneous or
metamorphic rocks. The green color is diagnostic and is typical
of the Cu' jon in the crystal structure,

Brochantite erystallizes in monoclinic system, forming
short prismatic crystals, aggregates of needlelike
crystals, granular masses, and crusts. It has perfect
one-directional cleavage and fractures unevenly. It
is various shodes of green, glassy in luster, trans-
lucent te transparent, and seluble in acids, Hardness
is 3.5.4 (too soft to be used as a gemstone), specific
gravity 4.09. Found in many copper mining areas of
U.5. (Ariz,, Colo., Utah, N. Mex., Idahe, Calif.), Eu-
rope, Australia, Africa, and South America.

ANTLERITE, Cuy(SO4)(OH)y (basic
copper sulfate), is found with bro-
chantite and is farmed in the same
way, but has mere sulfate relative
to copper. Antlerite forms at higher
sulfate concentrations, brochantite
at lower ones. Antlerite crystallizes
in orthorhombic system as tabular
crystals or as fibrous aggregates,
veinlets, or granular masses, Proper-
ties are very similar to brochantite’s,
Identification is made by study of
the crystal forms, Antlerite is found
in many copper-mining oreas,

GLAUBERITE, Nc,Ca(SO.); (sodium
calcium sulfate), is an interesting
double salt, It is stable in dry air,
but in water it separates into Na;
50y (Glauber salt) and CaS0,2H,0
(gypsum). Thus it is found only in
very arid regiens, as in nitrate de-
posits of Chile, dry lakes of Califor-
nia, and ancient salt deposits of
U.S., Europe, U.S.S.R., and India.
Glauberite crystallizes in monoclinic
system, forming tabular or prismatic
crystals embedded in salt deposits
or in cavities in bosic lavas, It is
normally gray or yellow, but is col-
orless and transparent in unaltered
crystals. Hardness 1s 2.5-3, specific
gravity 2.81.
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ALUM GROUP is a large and diverse
group of chemicals having the gen-
eral formula MTM'(50,), 12H,0,
in which M'" is a large ion such as
K, NH)', Rb'), or Cs*!, and M'?
is @ small ion such as A} or Fa'l.
Naturally occurring alums are com-
binations of these jons with the sul-
fate ion. In addition, o number of
alums have been synthesized with
the selenate ion, (Se0,)7?, in place
of the sulfate fon. The alums are iso-
structural, and extensive solid sol-
ution among them is possible, Three
alums have been described as min-
erals: potassium alum, KAI(SO,);:-
12H;0, the commercial alum used
in the familiar styptic pencil; am-
monia  alum, NHAI(50.):*12H.0;
and the so-called soda alum, NaAl-
(504)2*12H,0, which is structurally
different from the other species. The
alums form cubic erystals, occurring
as efflorescences in clay-bearing
rocks or in coal deposits, as deposits
from sulfurous vapors in volcanic
and hot-spring regions, and in soma
caves, All of the alums are water
soluble, have an astringent taste,
and lose water readily when heated,
Commercial alums ore manufac.
tured from alunite, KAl3(SO,):(OH);.
They are white if pure.
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PHOSPHATES, ARSENATES, AND VANADATES

The basic building blocks of these minerals—the phosphate ion,
(PO, the arsenate ion, (AsO,)?, and the vanadate ion, (VO,)7?
—are tetrahedral, like the sulfate ion (p. 238). The three negative
charges on each ion, distributed evenly over the four oxygen
atoms, are neutralized by metal ions, forming relatively dense
crystals. There are over 240 recognized mineral species, most of
them rare. Only a few common minerals are described here. The
phosphates are abundant minerals and are important as fertiliz-
ers. The arsenates and vanadates are considerably less common,
but are important sources of rare elements, notably uranium,

TURQUOISE, CuAl,(PO,),(OH)g*4H;0 (hydrous basic copper alumi-
num phosphate), is a popular gemstone because of its blue color
and delicate veining. It is formed by alteration of aluminum-
bearing surface rocks, with copper derived from weathering of
copper sulfides, and phosphates probably dissolved from apatite.
It is almost always fine-grained; an iron-rich variety, chalcosid-
erite, occurs as crusts of fine crystals. Turquoise is associated with
limonite, kaolinite, and chalcedony in narrow seams and patches
in lavas and some pegmatites, Some natural turquoise specimens
with poor color are tinted artificially. Attempts to synthesize tur-
quoise have not been successful, Mixtures of copper and alumi-
num phosphates, similar in color, are sold as turquoise,

Turquoise crystallizes in triclinic system, usually oc-
curring as dense masses, crusts, and veinlets, These
are pale blue, blue-green, green. Rare, minute crys-
tals are transparent bright blue. Other minerals are
common as veinlets in best turquoise. Hardness is
5.6, specific gravity 2,6.2.8. Good specimens occur
in Arizona, California, Colorado, New Mexico, Vir-
ginia, lran, Siberia, France and West Germany.

LAZULITE, (Mg, Fe)Al,(PO,),(OH); (basic magnesium-iron aluminum
phosphate), is not to be confused with lazurite, or lapis lazuli.
In contrast to turquoise, lazulite is formed at high temperature
In metamorphic rocks, in quartz veins in such rocks, and in gran-
ite pegmatites. Some transparent crystals make attractive gem-
stones. The hardness, 5.5-6, and resistance to cleavage are also
good gem qualities. The property that makes lazulite a popular
gemstone, however, Is the variety of unusual blue colors and the
glassy luster,

Lazulite crystallizes in monoclinic  tent. lron-rich varieties are called
system, forming tabular and pyra-  scorzalite, Good specimens come

midal crystals and granuvlar masses,
It is azure blue, light blue, dark
blue, or blue-green, Streak is white,
Luster is glassy. Specific gravity is
3.08.3.38, depending on iren con-
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fram Georgia, North Caroling, Ver-
maont, California, New Mexico, Switz-
erland, Austria, Sweden, Madagas-
car, Brazil, The color varies with
variations in the Mg/Fe ratio,
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APATITE, Cas(PO,)(OH,F,Cl) (calcium phosphate with hydroxyl,
fluorine, and chlorine), is the commonest phosphate; it occurs as
an accessory mineral in igneous rocks (most notably granite peg-
matites) and in metamorphic and sedimentary rocks. If rich in OH,
it is called hydroxyapatite; in F, fluorapatite; or in Cl, chlorapa-
tite. It is the major constituent of teeth and bones in mammals.
Since fluorapatite strongly resists acid attack, fluoride incorpo-
rated into teeth during growth helps prevent tooth decay. Be-
cause they readily substitute for calcium, radioactive strontium
and toxic lead from the environment are absorbed by human
bone. Phosphate deposits, derived largely from fossil bone and
shells, occur in southeastern U.S. and elsewhere; they are the

major source of phosphate fertilizers.
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MONAZITE, (Cela,Th)PO, (cerium-
lanthanum-thorium phasphate), may
contain uranium as well as Ce, La,
and Th, and thus constitutes the
major source of these increasingly
important raw materials, 1t is found
as an accessory mineral in small
amounts in granitic igneous rocks;
because of its high specific gravity,
5.0.53, it is commonly segregated
by stream action and concentrated
in river and beach sands as placer
deposits, Commorcial deposits exist
in Brozil, India, Malaysia, New Zea-
land, and southeastern U.S. Mona-
zites containing uranium and thor-
ium are used to determine ages of
igneous rocks by isotope analysis.
Monazite crystollizes in monoclinic
system. It occurs as small, equidi-
mensional or elongated crystals
with well-developed faces, distrib-
uted sparsely through granites, and
as large crystals in some pegma-
tites, Monazite sands are fine-
grained, with rounded erystals. Crys-
tals generally translucent. Color red
or brown, luster resinous, cleavage
one-directional, fracture conchoidal
or unoven, and hardness 5-5.5. Also
commonly contains ytirium, neody-
mium, and other lanthanides.
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e Apatite crystallizes in hexagonal system. It occurs as
transparent, glassy, prismatic or labular crystals or
as dull, fibrous or granular aggregates. White if
pure, it is more often green, brown, yellow, or blue.
Streak is white, Cleavage is poor, fracture concheidal,
Hardness is 5, specific gravity 3.1-3.4. Small amounts
are found worldwide,

ERYTHRITE, (Co,Ni)j(AsQy)q*8H,0
(hydraus cobalt-nickel arsenate), is
similar  to  vivianite in  structure,
method of formation, ond oceurs
rence; it illustrates chemical similar.
ity of phosphates and arsenates.
Contains more Co than Ni; annaber-
gite is same mineral but with more
Ni than Co. Color is reddish.

VIVIANITE, Fes(PO;)4*8H,0 (hydrous
iron phosphate), is a secondary
phosphate formed by alleration of
ore deposits near the surface or of
primary phosphates in pegmatites,
Occurs as small prismatic erystals
{monoclinic system) or as globulor
masses and crusts. May be colorless,
blue, or green.

VARISCITE, (ALFe)PO,2H:O (hy-
drous aluminum-iron phosphate) is
formed by direct deposition from
phosphate-bearing water that has
reacted with Al-rich rocks in near-
surface environments, Occurs as
fine-grained masses in nodules, cav-
ity fillings, and crusts. Orthorhom-
bic, glassy, white to greenish. Stron-
gite is iran-rich variety, Complete
solid solution oceurs.
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CARNOTITE, K,(UO,,(VO)»nH,O (potassium uranium vanadate),
is the chief ore of uranium, important in atomic-energy applica-
tions. Chemistry is very similar to that of phosphates and arse-
nates. Carnotite is the result of alteration of vanadium- and ura-
nium-bearing minerals by water near the surface. It occurs as a
distinctive yellow or greenish yellow crust or cavity filling and is
found incorporated into petrified wood. Major deposits exist in
Colorade Plateau region of U.S. (Colorado, Utah, New Mexico,
and Arizona), most commonly as intergranular material in sand-
stones and in petrified wood; also at Radium Hill, South Australia;
in Katanga Province, the Congo; and in Canada. Uraninite, UO,,
recovered from pitchblende, in which it occurs with radium, is

also a major source of uranivm.

Carnotite crystallizes probably in
orthorhembie system (struclure has
not been well-defined). It is very
finely crystalline and always occurs
as soft aggregates. Water content
varies with humidity. Crystals ap-

TYUYAMUNITE, Cal(UOy)y(VOy)ye-
nHQ (calelum uranium vanaodate),
appears 1o be structurally different
from carnotite, but fs similar in s
chemistry and its distinctive platy
ceavage and shades of yellow col-
or. Like carnotite, it is formed by ac-
tion of water on uranium- and va-
nadium-bearing minerals, but con-
tains calclum instead of potassium.
Whether carnotite or tyuyamunite
forms under such conditions depends
on the calcium or polassium content
of the rocks in which deposition oc-
curs. If both are present, both min-
erals form, as in the Colorado Pla-
teau region; if potassium is not
present, enly tyuyamunite forms, as
at Tyuya Muyun, a hill in Turkestan,
U.5.5.R., from which the name is de-
rived, where it occurs in cavities and
caverns in limestone (CaCOy). Tyu.
yamunite crystallizes in orthorhom-
bic system as scaly or radiating ag-
gregates. Properties vary according
to water content, which varies with
humidity., Hardness is about 2, with
specific gravity between 3.3 and 4.4,
Surfaces created by cleavage show
pearly luster, Crystals may be trans-
lucent to opaque. Tyuyomunite is
also found as o replacement min-
eral in petrified woed.
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pear to have one-directional platy
cleavage. Luster is generally dull or
earthy, but larger crystals appear
pearly. Specific gravity is near 5.
Occurs with tyuyamunite and sever-
al other vanadate minerals.

AMBLYGONITE, (Li, Na)Al(PO,)(F,OH)
(lithium-sedium aluminum fAuophos.
phate), forms directly by precipita-
tion in late stages of granite forma-
tion in pegmatites, associated with
other lithivm minerals and apatite,
Also oceurs in high-temperature tin
veins with cassiterite and topaz, It
is rich in Li; natromontebrasite is
Na-rich variety; compaositions in-be.
tween are called montebrasite, Am-
blygonite crystallizes in triclinic sys-
tem, is brittle, and has 3 well-devel-
oped ceavage directions, Normally
white, it may be pale green, pink, or
blue. Hardness is 5.5-6, specific
gravity 3-3.1. Luster is glassy or
pearly.

TRIPHYLITE, LiFePO, (lithium iron
phosphate), like amblygonite, is
precipitated directly in granite
pegmatites in many areas. If it con-
tains manganese instead of some
iron, it is called lithiophilite, It crys-
tallizes in orthorhombic system, oc-
curring as massive aggregates or
less commonly as prismatic crystals,
It is bluish or greenish gray, yellow,
brown, or salmon; surfaces are com-
manly altered to black, Hardness ia
4.5, specific gravity 3.3-3.6, varying
with Mn content.
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PYROMORPHITE, Pb;PO, AsO,)Cl (lead chlorophosphate-arse-
natel, like many phosphates, occurs in weathered zones of lead-
bearing veins associated with other phosphates, carbonates, and
sulfates. It is formed by oxidalion of the ore minerals, gangue,
and wall rock by water. As with many alteration products, it is a
psevdomorph—that is, its crystals assume the shape of the miner-
als, galena and cerussite, it replaces. In pyromorphite, phosphate
is dominant over arsenate; in the related mimetite, arsenate is
dominant, Both minerals are found in many lead-producing areas

of world,

ity 7.0-7.3,

VANADINITE, Pbs(VO,):Cl (lead
chlorovanadate), like pyremorphite,
is @ secondary mineral formed by
alteration of lead ore by water, The
chemical and  probably structural
similarity illustrates the close rela-
tionship of phosphates, arsenales,
and vanadates, Natlural specimuens
of vanadinite, in focl, commonly
contoin appreciable phosphaote and
arsenate substituting for vanadate
as well as caltium subsfituting for
lead. Mo primary vanadium miner-
als are present; instead, the vanadi-
um (V) is distributed in very small
concentrations in solid solution in
the primary minerols. The oction of
neor-surface waters serves to con-
centrate the vanadium by deposition
of the vanadates (VO,). This concen.
tration is responsible for the accur-
rence of commercially valuable va-
nadium deposits, Yanadinite crystal-
lizes in hexagonal system, occurring
as prismatic erystals (often skeletal)
and as needlelike or globular ag-
gregates. It may be red, orange,
yellow or brown, with somewhat
resinous or adamantine luster. It
has conchoidal or uneven fracture,
no cleavage, Hardness is 2.75.3,
specific gravity 6.5-7.1. Occurs no-
tably in western U.S., Mexico, Ar-
gentina, U.S.S.R., Austria, Scotland,
Conge, and northern Africa,
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Pyromorphite crystallizes in hexagonal system, accur-
ring as prismatic or tabular crystals (generally trans.
lucent), globular aggregates, or small groins. It may
be green, yellow, brown, orange, red, whiie, or color-
less, depending on composition; luster is resinous,
streak white, It has no well-developed cleavage, and
fracture is lrregulor. Hardness is 3,54, specific grav-

TORBERNITE, Cu(UO3)5(PO4)ynH;0
(hydrous copper vranium phos-
phate), is @ secondary mineral
formed by alteration of uraninite,
It oecurs intergrown with autunite
notably in Katanga Prov. of Congo;
Alps; Cornwall region in England;
Flinders Range in South Australia,
and U.5, in uranium areas of South-
west and a few pegmatite locations
in Appalachians. It crystallizes in
tetragonal system, occurring as tab-
ular crystals and as parallel or mi-
caceous aggregates. It is glassy in
luster and generally vivid green.
Hardness is 2-2.5, specific gravity
3.22, Cleavage is perfect in one di-
rection. Water content varies.

AUTUNITE, Ca(UO;);(PO4)1+nH;0
(hydrous  calcium  uranivm phos-
phate), is like torbernite in structure,
chemistry, and method of formation,
The two occur together, bul show
little solid solution, Autunite is com-
moner in pegmalites, as in Smoky
Mts,, N.C. It occurs as thin, tabular
crystals and scaly aoggregates or
crusts, It is yellow or greenish yel-
low, glassy in luster, and transpar-
ent in thin sheets. It is strongly fluo-
rescent under ultraviolet light.
Cleavage is perfect in one direction.
Hardness is 2-2.5, specific gravity
3,1-3.2,
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CHROMATES

As is true of transition metals in general, chromium, Cr, com-
bines chemically with oxygen, O, in several oxidation stales.
Crocoite and tarapacaite are typical of commoner chromates,
with Cr in the -6 oxidation state. Lopezite is less common, with
Cr in the 5 state. The chromate ion, (CrO,)?%, is a tetrahedron,
like the sulfate ion (SO,)"%. The net negative charges on the chro-
mate ions are balanced by metal ions packed among the tetra-
hedra and holding the structure together. The size of these ions
and the way they can be packed with the tetrahedra determine
the structure. Chromaltes are a source of chromium used in elec-
troplating steel, as in automobile bumpers and trim, and for
alloying with iron to form stainless steels. Chromite, FeCr,Oy (p.
140), is the major source.

CROCOITE, PbCrO, (lead chromate), is a popular collectors’ item
because of its striking orange, red, or yellow color and the occur-
rence of good prismatic crystals with smooth, brilliant faces. It is
a secondary mineral, formed by alteration of lead ore and associ-
ated with lead carbonate and tungstates, vanadates, and molyb-
dates. Notable occurrences are in Brazil, the Philippines, Tas-
mania, and Rhodesia. In the U.S., crocoite is found with tung-
states in the mines of Inyo and Riverside counties, Calif., and in
Maricopa and Pinal counties, Ariz. Relationships between com-
position and structure are complex. The high specific gravity and
insolubility in water distinguish crocoite from other orange
chromates,

Crocoite crystallizes in monaclinic system, occurring
as well-developed prismatic crystals or in massive or
{ A granular form, It has one good cleavage plane. Hard-
'| ness is 2,5.3, specific gravity onbout 4. Lustar is vit-

| reous to adamantine, Streak is orange. Good crystals
\ | may be transparent. It is very stable in air and in-
} soluble in water,

TARAPACAITE, K.CrO, (potassium LOPEZITE, K,CryO; (potassium di-

chramate), is water-soluble and is
found with lopezite in Chilean ni-
trate deposits in Atacama, Tarapa-
ca, and Antofagasta provinces. Oc-
currence of lopezite and larapocaite
together is interesting in view of
their different chromium oxidation
states and depends on the chemistry
of the water from which precipita-
tion oceurred, Tarapacaite crystal
lizes in orthorhombic system, occur.
ring as transparent, yellow, tabular
crystals. It is soft and brittle, with
specific gravity of 2.74.
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chremate), is found as small aggre-
gates in Chilean nitrate deposits,
with tarapacaite. It is interesting be-
cause of the reduced state of the
chromium. The compound has been
well-studied in the form of artificial
crystals, but its occurrence as a min.
eral is limited by its solubility in wa-
ter, Synthetic material is triclinic,
with well-formed crystals exhibiting
3 good cleavage directions. Hard-
ness is 2.5, specific gravity 2.7, Color
is orange red; :ryslnls are trans-
parent if well developed.
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TUNGSTATES AND MOLYBDATES ‘

The chemistry of the tungstate ion, (WO, % and the molybdate
ion (MoO,)?, is so similar that tungstates and molyhdates are al-
ways associated, with extensive solid solution, as in the wulfenite
group (p. 256). The anions are distorted tetrahedra, with the

tungsten atom, W, or the molybdenum atom, Mo, bonded to four j
oxygen atoms by covalent bands. Tungstatas are particularly im-
portant to industry; tungsten metal, alloyed with iron, produces
a very strong, corrosion-resistant steel. Tungsten metal is used
almost exclusively for making filaments for light bulbs, vacuum
tubes, and x-ray tubes. Because tungsten oxidizes readily and
burns at high temperature in air, such bulbs and tubes must be T

evacuated, With development of nuclear reactors for generating
electricity, tungsten, molybdenum, and tantalum, all refractory
metals, have become important. They are to some extent suitable
as cladding for fuel rods containing mixtures of uranium and
plutonium oxides because they are non-reactive, have high melt-
ing points, and are good conductors of heat.

Huebnerite

WOLFRAMITE GROUP is a solid-solution series between hueb- L
nerite, MnWO,, and ferberite, FeWO,, with Mn and Fe in the -2
oxidation state, Nearly pure end members are rare, and the
name wolframite is applied to Intermediate compositions. Min-
erals of the wolframite group are the major ores of tungsten,

i WOLFRAMITE, FERBERITE
WOLFRAMITE, (Fe,Mn) WO, (iron-manganese tungstate), is a se- |

ries of high-temperature primary minerals found in sulfide veins i
and in pegmatites. It occurs in many localities, the largest deposits

being in the Nanling mountain range of southern China. Other .
commercial deposits are found in western U.S,; Cornwall, Eng-

land; Malay Peninsula; New South Wales and Queensland, Aus-

tralia; Portugal; Burma; and Bolivia. The wolframite series offers

a good example of the variation of properties with composition. i
The specific gravity, for example, of natural huebnerite is 7.12,

but increases uniformly with increasing iron content to 7.51 for In Schist with Massive Black 2 ’
i S I ical A ekt ¥ g3sive Blac Massive with
natural ferberite. Structural, optical, and physical properties all Quartz Ota Quart
vary uniformly with composition in the same way. AL
Wolframite erystallizes in monoclinic (nearly orthor i WOLFRAMITE, HUEBNERITE
e ™ hombie) system, occurring as well-developed pris-
PN o matic or tabular crystals with one cleavage plane,

groups of bladed crystals, massive granular groups,
| or intergrowths of needlelike crystals. It is brittle,
| with uneven fracture and hardness of 4.4.5. Luster is
submetallic or adamantine. Huebnerite is transparent,
Wz iron-rich samples opaque. Color varies with Mn:Fe
—= ratio; it may be brown, yellow, gray, or black, com-
maonly with color banding. Streak is olso variable.
Ferberite is weakly magnetic. Wolframite minerals

are very stable in air,

In Quartz With Quartz
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SCHEELITE GROUP is an incomplete solid-solution series between
scheelite, CaWO,, and powellite, CaMoQ,. The minerals toward
the scheelite end of the series, CalWO,Mo0Oy,), are commoner
and are generally called scheelite. The group’s structure (facing
pagel features (WO, ? or (MoO,)? fons in the form of flattened
tetrahedra, with Ca'?ions located between them,

SCHEELITE, CalWO,MoQ,} (calcium tungstate-molybdate), is a
high-temperature primary mineral series, like wolframite. It is
found in contact metamorphic deposits, in hydrothermal veins
with quartz near granite bodies, and in pegmatites. Scheelite is
very widespread and, where abundant, is an important ore of
tungsten. Some of the more important deposits are found in
northeastern Brazil; near Mill City, Nev.; and in Inyo, San Ber-
nardino, and Kern counties, Calif. Substitution of (MoO,)? for
(WO,)"? has been measured in minerals up to a Mo:W ratio of
1:1.38. Some Mg'? substitutes for Ca 2 Substitution of (WO, for
(MoO* in powellite has been measured up to an Mo:W ratio of
approximately 9:1.

Scheelite and powellite crystallize in tetragonal sys-
tem, occurring as pyramidal crystals, with one good
cleavage plane, and as massive, granular, or colum-
nar aggregates. Hardness is 3.5-5, specific gravity
4.2-6.1, depending on composition. Color may be
white, yellow, brown, blue, gray, or green. Luster is
vitreous, and single crystals are transparent. Both
specios fluoresce under ultravielet light,

WULFENITE GROUP, in contrast with scheelite and wolframite
groups, consists of secondary minerals, formed by alteration of
lead ores with some Mo or W. The wulfenite minerals have the
same structure as those of the scheelite group.

WULFENITE, PhiMoOyWO,), is a solid- solution series between
wulfenite, PbiMoO,), and stolzite, PhIWQ,), though complete solid
solution has not been shown by natural specimens. It is found in
many localities associated with lead ores, from which it was
formed by action of near-surface water. Many specimens have
Ca? substituted for Pb*2in large amounts, Unlike other lead com-
pounds, the coler is highly variable, with shades of yellow, gray,
green, brown, orange, and red. The variation in color results
from the variation in composition, not only in terms of the Ma/W
ratio but also in terms of substitution of other iors for Pb'2,

Wulfenite crystallizes in tetragonal system, occurring

) as pyramidal or tabular crystals or as massive or
/ granular aggregates, Hardmess is 2.5-3, specific grav-
~ ity 6.5-8,4 (depending on compesition). Single crystals

are transparent, with resinous luster,

=% / )‘
e \l
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SCHEELITE CRYSTALS v

(Idealized) g V

. Sthéelitn and Quartz
Powellite in Chlorite Schist

Stoltzite

Woulfenite Crystal
with Crystal Aggregate
on Surface

Wulfenite

Wulfenite

Stolzite
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COLLECTING MINERALS

A mineral eollection serves several useful purposes for the ama-
teur mineral enthusiast or the professional geologist. Actual
specimens enable a person to become familiar with the appear-
ance and physical characteristics of minerals. Several specimens
of each mineral are desirable because the color, crystal form,
and other characteristics of a mineral may vary to some extent
from one specimen to another. In building a collection, one soon
becomes adept at mineral identification. The collection then be-
comes a valuable reference set for comparison with new minerals
as they are obtained. The more the collector studies the minerals
themselves, the more he will appreciate the beauty and com-
plexity of the mineral kingdom. But perhaps the greatest satis-
faction in mineral collecting lies in the discovery of specimens.

Obtaining a large collection is a difficult task, requiring much
travel, time, and money, Usually a person cannot collect speci-
mens of all the imporfant minerals by himself becavse mineral
species are not evenly distributed over the earth’s surface. But
anyone who is fortunate enough to take frequent trips to new
areas can find a surprising variety of minerals.

Probably a large number of different minerals can be found
near where you live, The bedrock in an area is usually quite uni-
form and the minerals in it are therefore limited in type. But
minerals may have been introduced from other areas. Valleys of
the larger streams are often good places for mineral searches
because the stream deposits commonly contain minerals carried
from far upstiream where the bedrock may be different.

Minerals may also have been brought in by glaciers. These ice
sheets, which covered extensive areas of the North American
continent a few thousand years ago, scoured the complex igneous
and metamorphic areas to the north and transported tremendous
amounts of minerals to the south. The northern portion of the
United States and most of Europe are strewn with glacial debris,
known as drift. A search of gravel deposits, particularly in stream
beds, will yield a large variety of common rock-forming minerals
and even some of the less common ones.

If there is a monument maker near your home, a visit may
prove profitable. Much scrap material removed from granite and
marble slabs is perfectly suitable for mineral colléctors, and the
variety of stones used in the manufacture of monuments is large
enough to be useful.

\poﬂing Labeling
. S !

e Y

Cleaning

GEOLOGIC AND TOPOGRAPHIC MAPS are a big help to the min-
eral collector. From them he can determine the terrain and rock
types of a given area and the collecting possibilities there. Mines,
quarries, and similar features of interest are commonly shown.

PURCHASING SPECIMENS from firms that specializz in supplying
minerals, rocks, fossils, and other materials to schools, collectors,
and professional people is one way of filling gaps in a personal
collection. Several of these firms employ collectors who gather
specimens from all over the world. These collectors can supply
nearly any mineral that @ person might want, The firms advertise
in mineral periodicals, These same periodicals, with a large circu-
lation among amateur mineralogists (more popularly known as
"rockhounds”), also accept classified advertisements from people
who want to buy, sell, or trade minerals.

TOOLS AND EQUIPMENT are important to the mineral collector,
A short-handled sledge is useful to separate minerals from en-
closing rock and to reduce specimens to a size and shape that can
be conveniently carried and stered. A smaller hammer, prefer-
ably o standard geology hammer with either a pick or chisel
head, is a versatile tool for all but the heaviest work, A pair of
machinist's gogales should be used to protect the eyes from flying
rock chips. Several chisels, wide for splitting rock and narrow for
digging into deep pockets, are essential. For separating small
fragments of valuable specimens, a dissecting needle and a pair
of forceps come in handy,

A small vial of glass or prefarably plastic with a screw cap or
cork is a convenient place to carry small crystals that might be
lost in a large container. For identification, a small hand lens of
about 10 power is useful; if it has an attached chain or string it
can be worn around the neck. A large canvas knapsack is ideal
for carrying specimens when a large number are to be collected.

These tools and a wide assortment of holsters and tool bags
plus other equipment are available from firms specializing in
mineral-collecting supplies. A collector can also improvise to a
considerable extent and devise his own tools and equipment.

Other items that a collector may wish to take with him into the
field are: a carpenter's bar for prying rocks apart, newspapers
for wrapping specimens, a notebook and pencil, heavy gloves,
and possibly a compass. For digging in loose dirt or gravel,
gardener’s trowel and hand cultivator may be vseful.

Chisels

=t 1 |

y % Gogglos
N
Geology
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CATALOGING MINERALS is not difficult, but requires a carefully
worked out system. The specimens can be numbered in the order
in which they are collected. This is the most practical method
because it means that acquisition of new specimens does not
necessitate a reorganization of the collection. The record-keeping
problem can be solved with a carefully kept notebook or filing-
card system. The minerals listed in numerical order should in-
clude name, chemical formula, crystallographic data, locality
from which the mineral came and other information.

The minerals con be cross-indexed in any manner the collector
finds convenient. They can be listed by chemical group, by local-
ity, by rock type and so forth. If the collector wants to find a sul-
fate, for example, he will look under sulfates to get the numbers
of the specimens he has. A quick reference to the master list, in
numerical order, will provide him with data on any specimen,

It is probably safe to say that the majority of mineral collec-
tions are found in cardboard boxes and various drawers, not in
any definite order and subject to damage by abrasion and chip-
ping. This is unforfunate, for a good mineral collection is a valu-
able possession, Inexpensive storage boxes are available in vari-
ous sizes. As the collection becomes larger and more valuable, it
is desirable to acquire special cabinets. Though cabinets are rela-
tively expensive, the convenience with which the minerals can be
reached and the protection provided can be well worth the invest-
ment,

A SERIOUS INTEREST IN MINERALS is the natural outgrowth of
collecting. Like stamp or coin collecting, mineral collecting can
become tiresome after a time unless new ideas are encountered
and new horizons opened. Just as stamp and coin collecting can
lead to an interest in geography and history, so mineral collect-
ing can lead the interested and inquisitive person into the
broader fields of geclogy and chemistry. This progression should
be the proper outcome; collecting for its own sake adds nothing
to a person’s understarding of the world about him.

This book provides basic information about common minerals
and their characteristics. The first 69 pages give only a glimpse
at the fascinating fields of mineralogy, geology, and chemistry.

Altaite
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PREPARING MINERAL SPECIMENS is almost as important as find-
ing them in the first place. The size and shape of the mineral
collected is normally dictated by the mineral itself. Single crystals
or aggregates of crystals occur in a wide range of sizes. Try not
to break crystals or separate groups of crystals, Preserving the
way in which a mineral occurs in the field will result in the most
informative and often the most beautiful specimen.

Many minerals are found as minor components of a massive
rock from which they cannot be separated easily. Granular igne-
ous rocks are normally dense, and the feldspar in them is inti-
mately interlocked with quartz and other minerals, In this case it
is far better to break off a rock specimen that contains all the
essential components than to attempt to separate the component
minerals. The entire rock specimen is more meaningful than the
separated grains.

Most rocks are relatively fine-grained, and a cubic piece ap-
proximately 2 inches on a side is large enough to show the
mineralogy and texture, Coarser rocks, such as peamatites, may
have individual crystals larger than a 2-inch cube. These rock
samples must therefore be larger to show the complete miner-
alogy. Single crystals of the individual minerals may be separ-
ated from coarse rocks, of course, but samples of the rock itself
should also be collected.

IDENTIFICATION should be done, if possible, as the specimen is
collected. The locality of the find, the rock type from which the
specimen came, and other pertinent geological information
should be recorded in a field notebook of the type used by sur-
veyors. The specimen should be numbered, and the number
entered in the notebook. A piece of adhesive tape wrapped com-
pletely around the specimen serves as a handy label. An even
more convenient method of keeping track of specimens is to put
each in a sample bag with an attached tag on which field data
and the sample number can be written.

PACKING minerals to avoid breakage is extremely important.
Wrap each specimen in several layers of newspaper. For very
delicate specimens, it may be advisible to use fissue paper or
even cotton for protection.

CLEANING is the first step 1o take, when the mineral is brought
home; and, if necessary, to place permanent identification mark-
ings on it. The most satisfactory way of doing this is to paint a
small spot (about V4-inch across) on the specimen, using a good
quality white gloss enamel and a small artist’s brush. Care should
be taken to place the spot of paint where it will not ehscure any
important feature of the mineral. After the paint is dry, identifi-
cation numbers can be written on the spot in India ink with o
small pen, The numbers should then be entered in a field note-
book and cross-indexed in the cataloging system.
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MINERAL HUNTING IN BRITAIN

In the early part of the book the three main types of rock - igneous, sedimentary and
metamorphic - wera outlined. The igneous rocks have cooled and crystallized from
the molten state and well-formed crystals sometimes grow in the hot silicate liquid.
The sedimentary rocks are formed by the weathering of pre-existing rocks so that
the less stable minerals are decomposed and the more stable ones have their edges
warn off, The particles are transported and deposited in layers but some sedimen-
tary rocks are formed by precipitation from aqueous solution, The metamorphic
minerals grow in the solid rocks under rising temperature and pressure and may
develop large crystals of parfect shape,

On the whole however the best specimens are those which have grown into
cavities or pockets so that the crystals can develop good faces (see the cover of this
book, and pp. 87, 125).

In general sedimentary rocks contain few good mineral specimens unless they
have been subject to granite intrusion and to permeation by migrating fluids which
deposit minerals within them, Further, the older rocks are more likely to be more
productive to the mineral collector than are the younger, simply because thera has
been more time for geological mineral-producing events to affect them. This is
borne out by a study of the two maps, A & B, and a comparison of them with a
geological map of the British lsles. There are few mineral localities in the younger,
sedimentary eastern half of the country but many in the Lake District, Devon and
Cornwall, Scotland and Donegal where the rocks are older.

Rocks in the southeast do have minerals — gypsum in the clays, quarz and ealcite
in veins but they are few in number and the good specimens on the sast coast
beaches are derived from elsawhere. In contrast Devon and Cormwall have a great
variety of minerals associated with the intrusion of granites into variable country-
rocks. The more stable minerals from the veins may be washed out and deposited as
river gravels or as beach sands. Similarly in the Mendips, Derbyshire and Northern
England where the associated granites are not seen but have been inferred to be
present, and in one case proved 1o occur below the surface,

Each collector has his own happy hunting ground but there are some localities
which are world-famous and many which are worth visiting, It would not be
possible in a book of this size to give precise directions to particular sites so it is
proposed to outline some of the possible sources of information which can provide
the collector with the necessary data for searching out his minerals,

Itisimportant to have a geological basis for mineral collecting, and a geological
map by deplcting the distribution of rocks will indicate the sort of minerals to be
expected in a given area. The Institute of Geological Sciences in London publish a
wide variety of maps from a scale of 1 in, to 25 miles to 6 ing. to 1 mile (1:1,680,000
to 1:10,000 approx.). A catalogue of these and other publications referred to later
may be obtained from any Government Bookshop, from Her Majesty's Stationery
Office or from The Bookshop, Geological Museum, Exhibition Road, South
Kensington, London SW7.

The two maps A £ B give an idea of the general distribution ol good minerals in
the British Isles, A more datalled map with precise grid references is Gemstone
Sites of the British Is/es obtainable from Lapidary Publications, 29 Ludgate Hill,
London EC4AM 7BQ.
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Map A, Some selected mineral localities in the British Isles
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Special Areas

Map B shows a number of selected
areas in the British Isles where import-
ant mineral finds can be made. In the
account which follows the gealogy of
each region will be brielly described
(A), the principal minerals listed (B),
main localities indicated (C) and
refarances given (D)

1. Devan and Cornwall
A. Slates, limestones and lavas are intruded by granites which have given rise to
hydrothermal vains of ore- and gangue-minerals, Placer deposits in streams and
an beaches are important. Old mine dumps. B, Agate, amethyst, apatite, autu-
nite, axinite, azurite, barite, beryl, cairngorm, calcite, carnelian, cassiterite, chal-
cedony, chrysocolla, citrine, feldspar, fluorite, galena, garnet, hematite, jasper,
malachite, opal, prase, pyrite, rhodonite, sphalerite, topaz, torbernite, tourmaline,
wolfram, €. St. Just, Marazion to Porthleven, Camborne-Redruth, St. Agnes-
Perranporth, Tavistock, Meldon {Okehampton) - and beaches at Marazion,
Porthleven, Budleigh Salterton, Lizard, D, The Metalliferous Mining Region
of South-West England (2 volumes) 1969, H.M.5.0.,; Special Reports of
Mineral Resources Vols, XXI & XXVII, HM.5.0.; Geology of the country around
Okehampton, HM.5.0.

2. Somerset

A. Veins in the Carboniferous Limestone, volcanics of Silurian Age, Dolomitic
Caonglomerate and Keuper Marl of the Triassic.  Minerals mainly in quarries in the
limestone and sometimes in old, much-worked-over tips. B, Galena, smith-
sonite, hematite, pyrolusite, psilomelane, barite and a variety of rare manganese
minerals; laumontite, chrysocolla, prehnite and apidete in the voleanics; potato
stones with Bristol ‘'diamonds’. C. Priddy, Shipham, Green Ore, Dulcoate, Stoke
5t Michael. D. Geology of the country around Wells & Cheddar 1965, H.M.S.0.
3. Forest of Dean

A. Veins and impregnations (mostly worked-out) in the Carboniferous Lime-
stone, Occasional old tips, B. Hematite, calcite, dolomite, quartz,  C, Clearwell,
Bream and The Scowles. D, Geology of the Forest of Dean Coal and lron-Ore
Field 1942, H.M.S.0,; Special Reports of Mineral Resources Vol, X.

4. South Wales Coalfield

A. Limestones, sandstones, shales and coals with clays and marls around the
southern fringe. B. Most important mineral is millerite which occurs in clay
ironstone nodules; also wavellite; gypsum. C. Good localities on many coal tips;
Gower, Penarth, D, Series of Memoirs on the South Wales Coalfield.

b & 6. Mid-Wales - Shropshire - North Wales

A. Shales, sandstones, greywackes, limestones; minerals sporadically distributed
inveins. B, Galena, sphalerite, barite, cerussite, smithsonite, chalcopyrite, lluor-
spar, quartz, calcite. C. Old tips in Flintshire, Halkyn Mountain, Dylife (Llanid-
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|oes); old mines scattered over much of area, D. Special Reports of Mineral
Resources Vols, XX, XX, XX, XXX,

7. North Midlands

A. Derbyshire - veins in Carboniferous Limestone; Nottinghamshire gypsum in
Trias marls. Precambrian sediments with intrusions in Charnwood. B. Agates,
fluorite, calcite. galena, sphalerite. gypsum (alabaster and satin spar), barite,
apidote, gold (v. rare), pyrite, pyrolusite, amethyst, molybdenite, C. Castleton,
Matlock, Charnwood, Nuneaton. D. Geology of the country around Chester-
field, Matlock and Mansfield 1967, H.M.S.0; Special Reports of Mineral
Resources Volume XXVIE The Geology of the East Midlands (Chapter 7)
P. C. Sylvester Bradley and T. D. Ford (Eds.) 1968. The Peak District Mineral Index.
T.D. Ford & W. A. 5. Sarjeant, Peak District Mines Historical Society Vol 2. 1964.

8. Beaches of the East Coast

A. Pebbles moved from the north by long-shore drift and also by ice during the
lce Age; also locally derived, B, Agates, jasper, chalcedony, carnalian, amber,
Jet. G, Robin Hood's Bay, Skegness, Hunstantan, Sheringham, Orford Ness,

9. North Pennines

A. Minerals ccecur mainly in veins in the Carboniferous Limestone. B. Galena,
sphalerite, fluorite, barite, cerussite, hemimorphite, smithsonite, calcite, siderite,
witherite, strontianite, azurite. C. Appleby (Scordale), Alston, Weardale, Swale-
dale, Hexham. D. Geology of the North Pennine Orefield (2 volumes) 1948,
H.M.5.0,; Special Reports of Mineral Resources — Volumes XXV, XXVI; The
Geology and Mineral Resources of Yorkshire - D, H, Rayner & J. E. Hemingway
(Eds.) 1974,

10. Caldbeck Fells

A. Granite and gabbro intrude slates and volcanic rocks. Minerals occurin veinsin
highly altered country rock. B. Wolfram, scheelite, sphalerite, arsenopyrite,
chalcopyrite, molybdenite, galena, ankerite, quartz, psilomelane, pyrolusite, mala-
chite, cerussite, campylite (variety of pyromorphite). €. Drygill, Roughtongill,
Grainsgill (near Carrock Fell).  D. Geology of the country around Cockermouth
and Caldbeck 1968, H.M.5.0.; Special Reports of Mineral Resources XXII.

11. Lake District

A. Strongly folded valcanic rocks, shales, greywackes with Carboniferous Lime-
stone around the margins of the area. Granite intrusions. Minerals in veins and in
pockets in limestone. B. Hematite (reniform and specular), barite, calcite,
quartz, aragonite, pyrite, molybdenite, bismuthinite, graphite, galena, sphaletite,
cerussite, garnet, agates, carnelian, jasper.  C. Egremont, Millom, Shap, Seath-
waite, Cat Gyll. D. Special Reports of Mineral Resources Volumes VI, XXI1,
AXX. Mines and Mining in the English Lake District — J. Postlethwaite 1913,

12. Southern Uplands

A. Mainly shales and sandstones with some volcanics. Granite intrusions.
B. Tourmaline, gold (very rarel) azurite, malachite, fluorite, hemimarphite,
hematite, amethyst, cairngorm, jasper. C. Leadhills. D. Special Reports of
Mineral Resources Volume XVII. The Mineralogy of Scotland (2 volumes)
M. F. Heddle 1923-4. (This reference also applies to 13, 14 and 15.)
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13 814, Midland Valley of Scotland including Arran

A. Lavas. shales, sandstones and coals with granite intrusions in
Arran,  B. Agates, chalcedony, jasper, gamet, caimgorm, beryl, topaz, calcite,
quartz, zeolites (including analcite, stilbite, heulandite, thomsonite, natrolite),
prehnite, copper, malachite. C, Barrhead (Renfrew), Kilpatrick Hills, Arran.
D. Excursion Guide to the Geology of the Glasgow District, B. J. Bluck (Ed.) 1973,
The Geology of the Glasgow District, H.M.S.0.

15, Scottish Highlands & Western Isles

A, Dominantly metamorphic rocks-phyllites, schists, marbles, gneisses - with
granitic intrusions; younger lavas and sandstones lie on top of the older
sequence. B. Garnet, kyanite, staurolite, beryl, tourmaline, cairngorm, chal-
cedony, agate, zeolite, fluorite, idocrase, citrine, opal. C. Mull, Skye, Loch
Morar, Ben Loyal. D. M. F. Heddle - see above. Sheet Memoirs (e.q. 53, 86, 92,
93, 96, 102 & 103) Geological Survey of Scotland.

16 A& B Antrim and Down

AL A large area of basalt, overlies Chalk and marls which in turn overlie meta-
morphic rocks. Older sedimentary rocks intruded by granites. B. Aguamaring,
beryl, topaz, smoky quartz, chalcedony, opal, zeolites (including natrolite, stilbite,
thomsonite, analcite), gold (very rare) gypsum, anhydrite, hematite, galena, cal-
cite, barite. C. Mourne Mountains, Kinbare Head. D. Regional Geology of
Morthern lreland 1972, H.M.5.0.; Geology of the country around Ballycastla 1966,
H.M.8.0.

17. Donegal

A, Dominantly metamorphic with schists, marbles, quartzites; many granite
intrusions.  B. Beryl, garnet, kyanite, epidote, idocrase, quartz, uraninite, tor-
bernite, amethyst. C. Lough Derg, Garton Lough, Barnes Lough, Dunglore.
D. Histarical Geology of lreland. J. K. Charlesworth, Oliver & Boyd 1963, Memoir
and Map of Localities of Minerals of Economic Importance and Metalliferous
Mines in lreland, Stationery Office, Dublin 1922,

18. Connemara

A, A varied metamorphic terrain with schists, quartzites, marbles, amphibolites
intruded by ultrabasic rocks and granites. B. Connemara marble, garnet, stau-
rolite, psilomelane, pyrolusite, pyrite. chalcopyrite, pyrrhotite, galena,
malachite. C. Recess, Cornamona, Omey. D. Memoir of the Geolagical Sur-
vey of lreland Sheets 934 & parts of 83, 84, 103. 1878, See 17 above.

19. Tynagh & Silvermines area

A. Country rocks are dominantly Carboniferous Limestane & Devonian sandstone
with the ore filling cavities. B. Azurite, malachite, chalcopyrite, pyrite, sphalerite,
galena, barite, bornite, chalcocite. €. Tynagh Mine (Galway), Silvermines (Lim-
arick).

20, Wicklow

A. Slates, phyllites, schists, tffs and acid lavas. Granite intrusions giving hy-
drothermal vains. B. Galana, pyrolusite, pyrite, chalcopyrite, sphalerite, bornite,
magnetite, hematite, barite, gold (rare). C. Glendalough, Avoca D, See 17
above.
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Regional Guides

Simple guides to areas but with few accurate locations are:

(1) Mineral Sites of the British Isles in Vol. 3, Part 4 1971 of GEMS - The British
Lapidary Magazine.

(2) Finding Britain's Gems - C. Rogers (Ed.) Lapidary Publications.

(3) Gemstanes of the British Isles - V. A, Firsoff - Oliver & Boyd.

Many districts have their own local quides, not necessarily devated entirely to
minerals, available from lapidary shops and booksellers and as examples we can
cite:

(1) A Collectors Guide to Minerals, Rocks and Gemstones in Cornwall and Devon
—C. Rogers. D. Bradford Barton Ltd.

(2) Lakeland Geology - E, H. Shackleton. Dalesman Books 1973,

(3) Excursion Guide to the Geology of the Glasgow District - B, J, Bluck (Ed.)

(4) Mines and Mining in the English Lake District - J, Pastlethwaite,

Accounts of a more specialised nature can be found in the scientific journals
such as the Proceedings of the Geologists Association or the Mineralogical
Magazine. These may be obtained by local libraries on inter-library loan or Xerox
copies may sometimes be bought.

By far the most comprehensive set of works on the geology and mineralogy of
the British Isles iz that published by the Institute of Geological Sciences for Great
Britain and Northern lreland and by the Geological Survey of lreland for Fire. These
vary in complexity and in detail but in addition to giving deseriptions af the
geology, mineral lists, localities etc. they all have extensive bibliographies which
can help the collector track down a mineral or a site. Many are out of print but may
be consulted in the Survey libraries.

(1) British Regional Geology —a series of eighteen handbooks covering the whole
of Great Britain and giving a broad, but by no means simple, coverage of the
geology of each district,

Mamoirs - detalled descriptions of the geology of areas covered by 1:63,300
or 1:50,000 scale geological maps. Almost the whole country (s coverad,
Special Reports of Mineral Resources — Volume | — XXX and including
accounts of Fluorspar, lron Ores, Gypsum and Anhydrite etc.

Mineral Resources Conaultative Committee - Mineral Dossiers including
Fluorspar, Barium, Tungsten, Celestite, Tin.

Various Memoirs on Coalfields e.g. Scotland and South Wales, or The
Narthamptonshire Sands lron Ores, the Forest of Dean ete.

=

(3

(4

5
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Identification Table

It was stated earlier that it is not possible to use this or any other book by itself
as o field guide, and the reader was recommendad to make a thorough study of
minerals by examining illustrations, descriptions and collections in museums,
colleges elc. Only then is it possible to go out into the field and make positive
identifications.

A really comprehensive set of determinative tables embodying all the physical
properties of minerals is beyond the scope of this book. It was felt, however, that
some help should be given to the beginner 1o locate a mineral without having to

thumb through all the pages.

This simple scheme below is based on two readily observable properties — colour
(p.56) and hardness (p. 54) on Mohs' scale. If, for example, the mineral has a violet
colour and a hardness of 7-8 then the two pages to search are 170 and 206.

Colour .
A Black Grey Brown Blue Violet Groan Red Orange Yollow White Colourless
Hardness
142 10 89,110, 192 78, 118 102 19 9 84 78, 84, 110 102 1
182
2-3 14,126, 160 72,80, 88 72,122, 128 114,120, 150 120,194, 196 150, 140, 180 84,112,120 70,110,118 120,122,126 | 118,126,160
194 90,92, 94 150, 184 180 194, 186, 200 122, 128, 168 120,122, 150 152,188,184 | 152, 194
114,116, 120 188 200, 202
122, 186 q
]
34 96, 116, 132 40,100, 114 86, 100 2 # 46,126 96, 98, 132 84 84, 96,98, 102 | 126, 228 226, 228, 200
226, 228 228, 230 126, 228 230, 232 2
230 131 131
4-5 98, 148 74, 98, 100 180 124 124 124, 180 124, 180 132 124, 132, 180 162 124, 162
114, 148, 180
56 136, 140, 142 106, 108, 110 100, 142, 148 168, 176, 184 7 130, 168, 168 136, 142, 168 130, 168, 176 130,168,222 | 130,168, 176
144, 146, 148 164, 186, 184 176. 178, 184 2220 176, 182, 184 178, 222 21, 14 1, 04 22,2
178, 184 202, 14, 226 130 130 16, 230
-7 142,144, 145 108, 160, 162 142, 160, 162 166, 220 148, 160, 162 142, 144, 160 104, 105, 144 144,148,180 | 166,180, 214
160, 162 186, 178, 136 184, 218 184, 188, 178 162, 184 143,162 195.214.216 | 218,220
220 180, 188, 214 214,218 08, 220
18
1-8 138, 188, 170 158, 172, 208 158, 166, 170 138, 168,170 170, 106 138, 158, 166 138, 165,170 138, 158, 166 152,172 138, 152, 158,172
208 08 1m 170,172, 208 208 172, 208 06
Hhit) 208
-9 148 145 168 146, 1668 166
9-10 134 134 134 134 134 134
10 16 T 8 16 16 1]

268

269



LEARNING MORE ABOUT MINERALS

This book was written for the amateur mineralogist and collector to aid in filling the
gap between simple popular works and the textbooks and reference works. Only
passing reference is made here to the multitude of other books written for the
popular market. Rather the intent is to inform the reader of some of the available
reference works and textboaoks that will aid the serious amateur to proceed beyond
the collecting stage 10 a knowledge of the science of mineralogy, and its re-
lationships with ahemistry, physics, and geology, Many of the works mentioned
hete are highly technical, indeed even incomprehensible, until the vocabulary has
been learned, For this reason, an effort has bean made to arrange the references,
within categories, from the least technical to the most detailed.

POPULAR MAGAZINES devoted to rocks and minerals are numerous. They
provide the reader with articles dealing with the charactenstics of minerals, oceur-
rances and associated geology, gem cutting and polishing, and many other in-
teresting topics. They also carry abundant advertising for mineral specimens for
sale or trade, notices of coming meetings of national and local mineralogical
societies and clubs, and announcements of mineral shows and exhibits. These
magazines are immensely useful 1o the collector and mineral enthusiast who
wishes to know of and become affiliated with others having similar interasts. The
following threa magazines are mantioned as representative of those available and
no endorsement is implied.

GEMS-THE BRITISH LAPIDARY MAGAZINE
Published Bi-Monthly
Lapidary Publications,
29 Ludgate Hill,
London EC4

THE AUSTRALIAN LAPIDARY MAGAZINE
Published Monthly
Jay Kay Publications,
11 Robinson Street,
Croydon,
New South Wales,
Australia

GEM CRAFT
Published Maonthly
Model and Allied Publications Ltd.,
P.O. Box 35,
Bridge Stree,
Hemael Hempstead,
Herts. HP1 1EE
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MINERALOGY TEXTBOOKS are numerous and varied in terms of useful-
ness. A visit 1o a college or university library to examine current texts is advisabla
before purchase. The books listed here, with general comments, are included
because they contain rather thorough compilations of minerals, along with their
properties and occurrences, as well as understandable introductions to the sub-
jects of determinative mineralogy and crystallography.

MANUAL OF MINERALOGY
James Dwight Dana (1813-1895)
Eighteenth Edition, Revised by Cornelius 5. Hurlbut, Jr.
John Wiley, 1971

A standard introductory college text, based on the work of one of the great early
mineralogists, a professor at Yale University, Good intraductory section provides
the essentials of classical mineralogy with some discussion of modern techniques,
Containg a rathor thorough listing of cammon minerals, with properties and accur-
rences,

A TEXTBOOK OF MINERALOGY
Edward Salisbury Dana (1849-1935)
Fouwr'th Edition, Revised and Enlarged by W. E, Ford
John Wiley, 1932

The only therough compilation of recognized mineral species, based on the work
of another great early mineralogist, the son of J. D. Dana and also professor at Yale.
The first edition appeared in 1898, Unfortunately, the book is badly out-of-date
in terms of chemical and structural treatment, though the basic mineralagy is
reasonably accurate, Geographic locations are difficult 1o interpret because of
changes in political boundaries and names since 1932, Though out-of-date, it is
still in print and is an indispansable reference.

THE SYSTEM OF MINERALOGY
James Dwight Dana and Edward Salisbury Dana
Seventh Edition
John Wiley

Volume |. Elements, Sulfides, Sulfosalts, Oxides. Entirely rewrntten and
greatly enlarged by Charles Palache, Harry Berman, and Clifford Frondel,
834 pp., 1044

Volume |l. Halides, Nitrates, Borates, Carbonates, Sulfates, Phosphates,
Arsenates, Tungstates, Molybdates, etc. Entirely rewritten and greatly en-
larged by Charles Palache, Harry Berman, and Clifford Frondel, 1124 pp.,
1861

Volume I, Silica Minerals. Entirely rewritten and greatly enlargad by Clifford
Frondel, 334 pp., 1962

Intended as the definitive treatise on mineralogy, the multivolume rewriting of the
System, written originally by James Dwight Dana in 1837 and revised sub-
sequently by both Danas, father and son, was begun by three distinguished faculty
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members at Yale University. Volumes | and |11, including all the non-silicates,
remain the definitive works; Volume Il1, dealing only with the forms of Si0, has
since been published, but the silicates, which comprise the great majority of rock-
forming minerals, have not yet been treated. Mare thorough than aither the
MANUAL or the TEXTBOOK, these volumes are nevertheless somewhat out-of-
date, though invaluable,

ROCK-FORMING MINERALS
W. A. Dear, R, A. Howie, and J, Zussman

Longmans
Volume 1, Ortho- and Ring Silicates,
333 pp., 1962
Volume 2. Chain Silicates,
270 pp., 1963
Volume 3, Sheat Silicates,
270 pp., 1962
Volume 4, Framework Silicates,
435 pp., 1963
Volume 5. Mon-Silicates,
371 pp., 1962

This outstanding series of volumes by three noted British mineralogists is the
definitive work on the properties and geologic importance of the silicates, which
occupy four of the five volumes. They are devoted to the major minerals only and,
though they cannot be considered as thorough as the DANA volumes, the depth of
information - geologic, structural, chemical, and physical - is remarkable. These
volumes were written for the professional geclogist and mineralogist and, in
general, would not be useful to the amateur or beginning student. A good deal of
useful information can be gleaned, however, by one familiar with basic geology
and vocabulary of mineralogy.

CRYSTALLOGRAPHY BOOKS can be singularly frustrating to the ba-
ginner. One reason for this is the highly specialized terminology that has been
developed by crystallographers to describe the external and internal symmetry
of crystalline materials. Another reason is, in part, historical. The crystal systems,
classes (point groups), and space groups were determined theoretically by mathe-
maticians and physicists in the late 19th century, prior to the acquisition of direct
information regarding the arrangements of atoms (structure) in real crystals, In
general, therefore, crystallography is taught as a rather abstract geometric and
mathematical subject, without much reference to crystal structures. The pro-
fessional crystallographer does, of course, relate the crystallography to the struc-
ture, but there are few reference materiale from which one can learn such
relationships. Only a few crystallography books are mentioned here; study of
simpler treatments, as in DANA'S MANUAL is advisable before attempting to
use those listed,
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AN INTRODUCTION TO CRYSTAL CHEMISTRY
R. C. Evans
Cambridge University Press, 2nd Ed,, 19606 (Paperback)

Wall written, understandable discussion of crystal structures and chemical bond-
ing, Requires some knowledge of basic chemistry.

CRYSTALS AND THE POLARIZING MICROSCOPE
N, H, Hartshorne and A. Stuart
Edward Arnold, 2nd Ed, 1971

This advanced text-book gives a thorough grounding in erystal optics and the
polarizing microscope and the application of polarized light techniques to mineral-
ological and chemical problams.

AN INTRODUCTION TO CRYSTAL OPTICS
P. Gay
Lengmans, 1967

This book provides an introduction to the optical properties of transparent crystal-
lina matarials and the methods that can be used for their determination,

INTRODUCTION TO CRYSTAL GEOMETRY
Martin J. Buerger
MeGraw-Hill, 1871

A condensed version of the noted crystallographer's ELEMENTARY
CRYSTALLOGRAPHY. A good place for the persistent enthusiast to begin
studying erystallography.

AN INTRODUCTION TO CRYSTALLOGRAPHY
F. C. Phillips
Oliver and Boyd, 3rd Ed., 1963

Technical but readable treatment, with many excellent drawings of crystallo-
graphic forms. Treatment of space groups is strictly abstract, with no reference to
crystal structures. Good for learning external symmetry (systems and classes),

AN OUTLINE OF CRYSTAL MORPHOLOGY
A. C. Bishop
Hutchinson, 1967

The emphasis here is on the external form of crystals and there is detailed treatment
of the thirty two crystal classes but little on internal structures. A good, practical
book,

INTERNATIONAL TABLES FOR X-RAY CRYSTALLOGRAPHY
M, F. M. Henry and Kathleen Lonsdale, Editors
Printed for the International Union of Crystallography by The Kynoch
Press, 1965

Volume |, Symmetry Groups
Volume [l. Mathematical Tables
Volume Il Physical and Chemical Tables

Published for the professional crystallographer and crystal structure analyst, the
INTERNATIONAL TABLES are the authoritative references on crystallographic
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matters. Strictly not for beginners; useful only after a fundamental knowledge of
crystallography has been acquired. Thoy are mentioned here only because anyona
interested in minerals and crystals should be aware of their exisience,

SYMMETRY IN CHEMISTRY
H. H. Jaffe and M. Orchin
John Wiley, 1965 (Paperback)

SYMMETRY IN MOLECULES
J. M. Holles
Chapman and Hall, 1972 (Paperback)

Both are intended for chemists, particularly spectroscopists, who are interested in
the symmetry of molecules rather than crystals. Both have excellent descriptions of
symmetry operations, necessary for understanding crystallography.

CRYSTALSTRUCTURES, the ways in which atoms are arranged to form the
three-dimensional periodic arrays called crystals, are illustrated for many of the
minerals described in this book. It is not possible, however, to treat structures
thoroughly in a book of this kind. though it is hoped that the reader can gain some
appreciation of the relationships among chemistry, structure, and properties, The
structuras of thousands of crystals have been determinad; It is probably not an
exaggeration to say that a chemistry lesson can be learned from each. Several
references concerning structures are mentioned here:

MODELS IN STRUCTURQL INORGANIC CHEMISTRY
A F. Wells
Oxford University Press, 1970 (Paperback)

TEACHING CHEMISTRY WITH MODELS
R. T. Sanderson
Van Nostrand Reinhold, 1962

These books by two of the “old masters' are very useful to anyone with an Interest
in the structures of molecules and crystals, Detailed explanations of structures and
instructions on how to build accurate models are included. One can learn a lot of
chemistry from these little books.

CRYSTAL STRUCTURES OF MINERALS
L. Bragg, G. F. Claringbull, and W, H, Taylor

Volume IV of THE CRYSTALLINE STATE
Cornell University Press, 1965

The only comprahansive one-volume compilation of crystal structure information.
Can be appreciated and used by anyone with basic knowledge of minerals. Not
heavily laden with crystallographic notation,
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CRYSTAL STRUCTURES

R. W. G. Wyckoff
Intersciance Publ., John Wiley, 2nd Ed.

Volume 1, Elements, Compounds RX, Compounds R},
467 pp., 1963

Volume 2. Inorganic Compounds RX,, R,MX,, R,MX.
588 pp.. 1964

Volume 3. Inorganic Compounds R, (MX,),. R,(MnNp),.
Hydrates and Ammoniates,
981 pp., 1966

Volume 4, Miscellaneous Inorganic Compounds,
Silicates, and Basic Structural Information.
566 pp.. 1968

Volume 5. The Structures of Aliphatic Compounds.
785 pp.. 1966

An attempt by the author, an eminent crystallographer, to compile all available
information on erystal structures In one reference set. Though the notatlon (s
crystallographically rigorous, the drawings and commentary are very informative to
anyone who wishes to know the structure of a mineral or other crystalline materials.

CRYSTAL CHEMISTRY, the study of why crystals have a given structure
and how that structure is related to properties, is o natural outcome of o serious
interest in minerals. It is o rather advenced subject, but one that can be studied by
an amateur who knows minerals well

AN INTRODUCTION TO CRYSTAL CHEMISTRY
R. C. Evans
Cambridge University Press, 2nd Ed.. 1966 (Paperback)

Well written, understandable discussion of crystal structures and chemical bond-
ing. Requires some knowledge of basic chemistry.

CRYSTALLOGRAPHY AND CRYSTAL CHEMISTRY

F.D. Bloss

Holt, Rinehart & Winston, 1971
The crystallography section is comparable to Phillips’ CRYSTALLOGRAPHY. The
remainder is braader in scope than Evans’ CRYSTAL CHEMISTRY, with excellent
chapters on X-ray, optical, and other mathods of studying minerals. Useful for the
very advanced amateur,

STRUCTURAL INORGANIC CHEMISTRY
A F. Wells
Clarendon Press, 2nd Ed., 1950

More technical and detailed than Evans’ CRYSTAL CHEMISTRY. For the ad-
vanced reader,

275



THE NATURE OF THE CHEMICAL BOND
Linus Fauling
Cormall University Press, 3rd Ed., 1960

The classic by the Nobel Prize-winning chemist who is in large part responsible for
development of the modern theories of chemical bonding. It is heavy reading for
the beginner but very informative for one with a good knowledge of general
chemistry,

INTRODUCTION TO SOLIDS
L. V. Azaroff
McGraw-Hill, 1960

More emphasis on properties of solids than on structures, It contains little infor-
mation about minerals and requires a good foundation in physics and chemistry
but may be useful for the advanced reader who is curious about properties.

CLAY MINERALOGY is a rather specialized area of study within the overall
subjects of geology and mineralogy, but the unusual properties of clay minerals
and the fantastic breadth of application they have found in industry make the
subject worth mentioning,

CLAY MINERALOGY
Ralph E, Grim
MeGraw-Hill, 2nd Ed., 1968

APPLIED CLAY MINERALOGY
Ralph E. Grim
McGraw-Hill, 2nd Ed., 1962

These two books by Ralph E. Grim, Research Professor of Geology, Emaritus, at the
University of Hinois, with whom this author had the great privilege of studying for
the Ph.D. degree, are detailod summaries of the chemiatry, structures, geclogy,
properties, and uses of clay minerals. Though written for the professional, their
lucidity makes them quite interesting and informative for the serious amateur.

OCCURRENCE AND ORIGIN OF MINERALS. Only a brief in-
troduction has been given in this book to the various environments in which
minerals occur and to the processes which lead to their formation. The following
books will holp the reader to progress from the study of minealogy to that of
petrology - the study of rocks.

THE PETROLOGY OF THE IGNEOUS ROCKS
F. Hatch, A. K. Wells and M. K. Wells.
Allen & Unwin, 13th Ed, 1972

A standard text book, Wall-written and illustrated, with good accounts of British
lgneous rocks,
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SEDIMENTARY ROCKS
F. J. Pettijochn
Harper & Row, 3rd Ed. 1975

This established text-book provides a detailed account of the mineralogy, struc-
tures, moda of origin and environments of deposition of the whole range of
sedimentary rocks,

METAMORPHISM
A. Harker
Methuen, 3rd Ed, 1950

A classic work by one of the pioneers in the study of metamorphism, with the
emphasis placed on descriptions of rocks and the products of metamorphism.

PETROGENESIS OF METAMORPHIC ROCKS
H. G. F. Winkler
Springer, 3rd Ed. 1974

This book by one of the leading European authorities lays stress on the experimen-
tal approach to metamorphic rocks which enables the gaolcgast to delarmme
pressures and temperatures at which the r rphic pre perated within
the crust.

ORE DEPOSITS
C F Park and R. A, Macdiarmid
Freeman, 2nd Ed. 1970

ORE PETROLOGY
R. L. Stanton
MecGraw Hill, 1972

Both these books give modern authoritative accounts of the gensis of ore deposits.

MINERALOGICAL JOURNALS, Though published for the professional
scientist, can be immensely useful to the amateur and the student. Some of the
more important journals, though by no means all, are listed here.

MINERALOGICAL MAGAZINE
Journal of the Mineralogical Society
Established 1876
Office: The Minsralogical Society

41 Queen's Gate
London SW 7
England

The Mineralogical Society is subdivided into a clay minerals group, an applied
mineralogy group, and a geochemistry aroup, all of which publish technical articles
in Mineralogical Magazine. one of the oldest and most esteemed of journals.
The Society is well organized, providing a full range of services 1o the membership.

ACTA CRYSTALLOGRAPHICA A, Crystal Physics, Diffraction, Theoretical
and General Crystallography.
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ACTA CRYSTALLOGRAPHICA B. Structural Crystallography and Crystal
Chamistry

JOURMNAL OF APPLIED CRYSTALLOGRAFPHY
These three journals are published for the International Union of Crystallography
Available from:

Munksguard International Booksellers and Publishers, Ltd.

Norre Sogade 35, DK-1370

Copenhagen K, Denmark

and

Palycrystal Book Service

P.O. Box 11567

Pittsburgh, Pennsylvania 15238

These three journals, established since 1948, like the International Tables for
X-Ray Crystallography, are official publications of the International Union of
Crystallography, which serves as the archivists and arbiters for the scientific
community. Though highly technical, subject matter should be interesting and
informative to the serious amateur and student of mineralogy.

ZEITSCHRIFT FUR KRISTALLOGRAPHIE
Akademische Verlagsgesellschaft
Frankfurt am Main
Germany

This highly respected journal, published in German, English, and French, is de-
voted to structural and crystallographic matters.

COLLECTIONS OF ROCKS AND MINERALS. It was suggested earlier
that the amateur collectar should, if at all possible, study the mineral and rock
collections in museums and universities and those of lapidary societies and private
individuals.

In Britain, most cities and many towns have good collections but some are
outstanding and well worth a special visit. The most comprehensive, and ranking
with the best in the world, is that in the British Museum (Natural History) in South
Kensington, London. Close by, and again of high quality, is the collection in the
Geological Museum of the Institute of Geological Sciences, Other fine collections
can be seen in the Royal Scottish Museum, Edinburgh, the Hunterian Museum,
Glasgow, the National Museurmn of Wales, Cardiff, the Belfast Museum and the
Liverpool City Museum.

Some smaller museums, especially those in mining areas, may be strong in local
minerals and particularly worthy of mention is the County Museum, Truro, with a
fine collection of Cornish minerals.

University and college collections, especially those in the older institutions, have
the advantage that they are often set out for teaching purposes, They are, however,
not usually open to the public, but they can be visited if previous arrangement is
made with the curator or the head of the department of geology.
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THE CHEMICAL ELEMENTS

Throughout this book the chemical elements are generally
denoted by the internationally accepted chemical symbol, con-
sisting of one or two letters, e.g.,, C for carbon and Mg for
magnesium. For the reader’s understanding and convenience,
the following table lists the elements by name, in alphabetical
order, with the correct symbol, the atomic number (the number
of protons In the nucleus and the number of electrons in the
neutral atom), and the atomic weight (the weight in grams of
one mole (6.02 x 10% atoms, or 6 followed by 23 zeroes). The
atomic weights are averages of the weights of the isotopes
that make up the elements as they occur in nature. Atomic
weights in parentheses are those of the most common isotopes
of elements which occur only as unstable isotopes. Prior to
1966, atomic weights were based on the assumption that
natural oxygen had an atomic weight of 16.000. In 1966 the
weights were redetermined, using the carbon 12 isotope as the
standard reference element and so there are some differences
in weights reported in different references.

TABLE OF THE EARTH'S CHEMICAL ELEMENTS

Name Symbol  Atomic No, Atemic Wr. Other Names
Actinium Ac 89 (227)
Aluminum Al 13 26,9815
Americium Am 95 (243)
Antimony Sh 51 121,75 Stibium
Argon Ar 18 39.948
Arsenic As 33 74.9216
Astatine At 85 (210)
Barium Ba 56 137.34
Berkelium Bk 97 (247)
Beryllium Be 4 9.0122
Bismuth Bi 83 208.980
Boron B 5 10,811
Bromine Br 35 79.90
Cadmium cd 48 112,40
Calcium Cod 20 40.08
Californium cf 98 (251)
Carbon c & 12.01115
Cerium Ce 58 140.12
Cesium Cs 55 132.905
Chlerine cl 17 35,453
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Name Symbol Atomic No. Atomic Wt. Other Names
Chromium Cr 24 51.996
Cobalt Co 27 56.9332
Copper Cu 29 63.546 Cuprum
Curium Cm 96 (247)
Dysprosium Dy 66 162.50
Einsteinium Es 9 (254)
Erbium Er 68 167.26
Europium Eu 63 151.96
Fermium Fm 100 (257)
Fluorine F 9 18.9984
Francium Fr 87 (223)
Gadolinium Gd 64 157.25
Gallium Ga i 69.72
Germanivm Geo 32 72,59
Gold Au 79 196.967 Aurum
Hafnium Hf 72 178.49
Hellum He 2 4,0026
Holmium Hoe 67 164,930
Hydrogen H 1 1.00797
Indium In 49 114,82
lodine | 53 126.9044
Iridium Ir 77 192.2
Iron Fe 26 55.847 Ferrum
Krypton Kr 36 83.80
Lanthanum La a7 138.91
Lawrencium Lr 103 (257)
Lead Pb 82 20719 Plumbum
Lithium Li 3 6.939
Lutetivm Lu VAl 174.97
Magnesium Mg 12 24312
Manganese  Mn 25 54,9380
Mendelevium Md 101 (256)
Mercury Hg 80 200.59 Hydrargyrum
Molybdenum Mo 42 0594
Meodymium  Nd 60 144.24
Neon Ne 10 20.183
Neptunium Np 93 (237)
Mickel Mi 28 38,71
Niobium Nb 41 92,906 Columbium,
Ch
Nitragen N 7 14.0067
Nobelium No 102 (254)
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Name Symbol

Osmium
Oxygen
Palladium
Phosphorus
Platinum
Plutonivm
Polonium
Potassium
Prasecdymium
Promethium
Protactinium
Radium
Raden
Rhenium
Rhodium
Rubidium
Ruthenium
Samarium
Scandium
Selenium
Silicon
Silver
Sodium
Strontium
Sulfur
Tantalum
Technetium
Tellurium
Terbium
Thallium
Thorium
Thulium
Tin
Titanium
Tungsten
Uranium
Vanadium
Xenon
Ytterbium
Yitrium
Zine
Zirconium

Os
o
Pd
P
Pt
Pu
Po
K
Pr
Pm
Pa
Ra
Rn
Re
Rh
Rb
Ru
Sm
Sc
Se
Si
Ag
Na
Sr
S
Ta
Te
Te
Tb
Tl
Th
Tm
Sn
Ti
w
u
v
Xe
Yb
Y.
Zn
Ir

Atomic No. Atomic Wt, Other Names

76
8
46
15
78
94
84
19
59
61
91
88
B6
75
45
a7
44
62
21
34
14
47
11
38
16
73
43
52
65
81
90
8
50
22
74
92
23
54
70
39
30
40

190.2
15,9994
106.4
30,9738
195,09
(244)
(209)
39,102
140,907
(145)
(231)
(226)
(222)
186.2
102,905
85.47
101.07
150.35
44.956
78,96
28,086
107.868
22,9898
87.62
32,064
180,948
(27)
127.60
158,924
204.37
232.038
168,934
118.69
47.90
183.85
238,08
50,942
131.30
173.04
88,905
65.37
91,22

Kalium

Argentum
Matrium

Stannum

Wolfram
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Acanthite, 3,92, 94
Acicular, 46
Acmite, 178
Actinolite, 182, 183,
193
Adularia, 216, 217
Aegirite, 174,178,179
Aegirite-augite, 1718
Agate, 208, 209
Aguilarite, 92, 93
Akermanite, 168, 169
Alabandite, 63, 90,
264
Alabaster, 238
Albite, 34, 180, 216,
218, 219, 220, 221,
222
Alexandrite, 146
Algodonite, B8
Allernontite, 80, 260
Allachromatic, 56
Almandite, 162, 163
Altaite, 63, 90, 266
Alum, 242
Aluminosilicate, 204
Aluminum, 6,19, 22,
28, 34, 62,128,140,
148, 160, 168,170,
172,182,184, 186,
188. 202, 206, 214,
222,224, 244
Amblygonite, 248, 249
Ammonia, 24, 25
Amphibole, 6,7, 8,15,
46, 52, 53, B3, 176,
190, 200, 212
group, 182-185
Analcite, 224, 225
Anatase, 142, 143
Andalusite, 10, 50, 51,
166, 167
Andesine, 219
Andesite, 9
Andradite, 162, 163

Anglesite, 69, 232, 240,

241

Anhydrite, 32, 34, 238,
2389, 240

Ankerite, 230, 231

Annabergite, 101,110,
246

Anorthite, 34, 216, 218,

219,221
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Anorthoclase, 216,217
Anthophyliite, 184, 185
Antigorite. 190
Antimony. 72, 80, 81,
82,106,108, 112,
114,116
Antiperthite. 216
Antlerite, 242, 243
Apatite, 55, 60, 246,
247
Aphanitic rock, 8
Aquamarine, 172,173
Aragonite, 232, 233
group, 232-233
Argentite, 72, 92, 93,
112
Arkose, 16
Armacolite, 60
Arsenates, 244-251
Arsenic, 80, 81, 82
106, 108,112, 114,
116,117
Arsenopyrite, 44, 86,
106,107,112
Asbestos, 46, 50, 190,
191
Asumilite, 170
Atacamite, 126,127,
Atoms, 18
Attapulgite, 202, 203
Augite, 175,176,178,
179,180, 201
Aureole, 12
Autunite, 250, 251
Aventurine, 208, 209
Axinite, 170
Azurite, 57, 94, 98,
132,234, 235

Barite, 34, 55, 69, 91
232
group, 240-241
Bariumn, 69, 216, 240
Basalt. 9, 222
Batholith, 6,7, 82
Bauxite, 148, 149
Baidellite, 200
Benitoite, 170
Beryl, 52,132, 166,
170,172,173, 180
Beryllium, 19, 62, 132,
146,172
Berzelianite, 4, 94, 95

Biotite, 163,176,177,
194, 195, 200, 223,
247

Bisbeeite, 180

Bismuth, 72, 80, 81, 82,
86

Bismuthinite, 81, 86, 87

Bladed, 46

Boehmite, 148

Boracite, 162, 153

Borate, 42, 58, 152,
153

beds, 16,17

Borax, 162,153

Baric acid, 31

Barnite, 98, 99, 102

Boron, 19, 1562

Botryoidal, 46

Boulengerite, 114,115

Bournonite, 116,117

group, 116-117

Bowen's reaction series,
82,83

Brass, 73

Bravoite, 104

Brecela, 60, 61

Braithauptite, 100,
102,103

Bronzite, 177

Brochantite, 242, 243

Bromelflite, 132, 133

Bromine, 20,118,123

Bromyrite, 122,123

Bronze, 13

Brookite, 142, 143

Brucite, 130, 150, 151

group, 150151

Bunsenite, 130,131

Bytownite. 219, 221

Calamine, 230
Calaverite, 110,111
Calcite, 4,10,12,15,
25, 40, 50, 61, 52,
53, 65, 57, 68, 81,
85, 95, 102, 103,
104,112,132, 139,
165, 198, 212, 228,
228, 230, 232, 234
group, 228-231
Caleium, 6, 63, 90, 124,
160, 164,174,178,
184,186,192, 194,

Caleium cont'd
204, 226, 230, 246,
248
carbonate, 228,
232
Calicle, 238
Calomel, 118,119
Cancrinite, 222. 223
Carbon, 19
group, 16-77
Carbon dioxide, 24, 25,
51,228
Carbonate, 56, 73, 102,
160, 222, 228-236,
250
Carbonic acid, 228
Carnalfite, 126,127
Carnotite, 244, 245,
248, 249
Cassiterite, 74, 86, 98,
126, 138,144 145
Cat's-eye, 146
Celestite, 69, 240, 241
Celsian, 218,217
Cerargyrite, 122,123
Corussite, 232, 233, 260
Cervantite, BO, 81
Cesium, 20,124,172
Chabazite, 226, 227
Chalcedony, 208, 209
agate, 208, 209
blue tigereye. 209
carnelian, 208
chysoprase, 208
moss agate, 209
anyx, 208
petrified wood,
208, 209
sardonyx, 208
tigereye, 208, 209
Chalcocite, 92, 94, 95,
98,102,132
group, 94-95
Chalcomenite, 102
Chalcopyrite, 57, 98
99,102,103
Chalcotrichite, 133
Chalk, 229
Chert, 16,17,97, 103,
208, 209, 213
Chiastolite, 50, 51, 167
Chitnochlors, 200
Chivanthite, 110,111
Chivrapatite, 246
Chioride, 222
Chiorine; 19, 20, 24,

Chlorine cont’d
25,118,121,162
Chlorite, 89, 200, 201
Chromates, 252-253
Chromite, 60, 74, 140,
141
Chromiurn, 62, 138,
140, 195, 252
Chrysoberyl, 44, 146,
147
Chrysocolla, 180, 181
Chrysotile, 190
Cinder, 9
Cinnabar, 1,72, 73,
84,85, 86
Clausthalite, 63, 90,
102, 269
Clay, 14,15, 42,106,
132,212, 224, 238
commercial uses,
199
structure and
chemistry, 198
Cleavage, 52, 64
Clingzoisite, 160, 161
Coal 17,224
Cabalt, 80, 90, 100,
102,106,108, 110
Cobaltite, 108, 108
group. 108-109
Colemanite, 162, 163
Color, 56, 64, 268
Coloradoite, 96
Columnar, 46
Conchoidal, 52, 53
Conglomerate, 16, 16,
17
Copper, 26, 70,72, 73,
74, 82, 90, 92, 94,
96, 98, 100,102,
106,112,114, 116,
128,132,133, 144,
234, 244
carbonate, 234
sulfate, 242
Cordierite, 170,172,
173
Corundurm, 52, 55, 128,
134,135,138, 148,
166
graup, 134-137
Corynite, 108
“Cofton balls,” 162
Cavalent bond, 24, 25
Cavellite, 102,103,112
Cristobalite, 60, 204,

Cristobalite cont'd
212,213
Crocoite, 262, 263
Crookesite, 94
Cryolite, 126, 127
Crystallography. 36
Crystals, 36-51
habit, 46, 64
Imperfections, 48,
49
inclusions, 50, 51
systerns, 38-43, 64
twinned, 44, 45
Cullinan diamond, 76
Cuprite, 94,128,132,
133

Dendritic, 46
Diabase, 221
Diamond, 24, 26, 65,
57,76,77,138,
164
Diaspore, 148, 149
group, 148-1439
Dickite, 188, 189
Digenite, 4, 94, 95
Diopside, 174,178,
176,177, 180,181
Diorite, 7, 9
Dolomite, 15, 68, 91,
97,130, 164, 176,
182, 196, 206, 230,
231
Domeykite, 88, B9
Dravite, 170
Didrenoysite, 117
Dunite, 164
Dyscrasite, 88, B9

Eglestonite, 126,127
Elbaite, 170
Elements, 18
Emerald, 51,172
Emery. 138
Enargite, 102,112,
116,117
group, 116-117
Enstatite, 174,176,177
Epidote, 159, 160, 161,
168
group, 160-161
Epsom salt, 238
Epsomite, 238, 239
Erythrite, 110, 246, 247
Eucairits, 94,102
Eucryptite, 222, 223
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Famatinite, 116,117
Fayalite, 32, 164, 168
Feldspar, 6, 8,16, 34,
42,50, 60, 82, 99
135,161,170,171.,
172,194, 198, 204,
212,214,216, 217,
218, 222,223
aventurine, 50
calcium, 7, 34, 82,
83
plagioclase, 218
potassium, 6, 7,
13,185, 61,82,
83, 214, 218,
218,223
sodium, 7, 34, 51,
82, 83, 216,
217
Feldspathoid, 38,
group, 222-228
Ferberite, 254, 255
Ferrosilite, 174
Fibrous, 48
Flint, 208, 209
clay, 189
Fluorapatite, 246
Fluorine, 20, 22, 23,
118,182
Fluorite, 44, B3, b5,
124, 125, 166
group, 124-127
Foliated. 46
“Fool’s gold,” 104
Forsterite, 32, 164, 165
Fossiliferous, 16,17
Fracture, 62, 64
Franklinite, 132, 133,
138, 140, 166

Gabbro, 7,9
Gahnite, 138,139
Galaxite, 140
Galena, 26, 27, 55,
57, 63, 90, 91, 96,
116, 126, 233, 241,
260
group, 90-91
Garnet, 10, 16, 38, 62,
138,162, 163, 166,
181
group, 159, 162-
163
Gedrite, 184, 185
Gehlenite, 168, 169
Gaikiolite, 136
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Geode, 46
Gersdorffite, 108, 109
Gibbsite, 148, 149
Giltespite, 217
Glass, lunar, 60, 61
voleanic, 9, 52
Glauberfte, 242, 243
Glauber salt, 242

Glaucophane, 184,185

Gneiss, 11,13
Goethite, 53, 62, 148,
149, 160
Gold, 70, 71, 74, B4,
90, 92,106,110
group, 70-73
Granite, 6,7, 8,9,13,
37.60,72,82, 124,
138,144,166, 170,
172,194,202, 213,
214, 244, 248, 256
graphic, 50, 51
intrusive, 13
Graphite, 24, 25, 76,
77,88
Graywacke, 16
Greenockite, 84, 85
“Greensands,” 196
Greenschists, 200
Grossularite, 162, 163
Guanajuatite, 86, 87
Guano, hat, 236
Gummite, 146, 147,
150, 151
Gypsum, 15,16, 17, 42,
55,104, 152, 232,
236, 238, 239, 240,
242

Hatnium, 62
Halides, 38, 58, 18-
127
Halite, 15, 37, 52, 53,
55, 68, 120, 121,
1562, 236
group, 120-123
Halloysite, 188, 189
Halogen, 20
Hardness, b4, 64, 268
Hardystonite, 168, 169
Hauerite, 104, 105
Hausmannite, 140, 141
Hauynite, 224, 225
Hectorite, 200

Hedenbergite, 174,175,

176,177,180
Heliodor, 172,173

Helium, 18,18
Hematite, 15, 50, 56,
Hematite cont'd
57,74,103, 136,
137,140,141, 150

froup, 134
Hemimorphite, 230
Hercynite, 138
Hessite, 92, 93
Heulandite, 226, 227
Hiddenite, 180
Hornblende, 184, 185
Horn silver, 122
Huebnerite, 254, 255
Humbaoldtilite, 169
Hyalophane, 216
Hydrocerussits, 232
Hydrogen, 19

bond, 30
Hydroxides, 128-151
Hydroxyapatite, 246
Hydroxyl, 203

fon, 30, 31
Hydrozincite, 234, 236
Hypersthene, 178,179

fee, 128,129
ldeochromatic, 56, 57
lgneous rocks, 6-9
classification, 8, 9
extrusive, 8,9
intrusive, 6, 7
minerals in, 6
limenite, 58, 80, 128,
136,137
lodates, 236
fodine, 20, 26,118,122
lonic bonds, 22, 23
Iriclium, 74
fridosmine, 74,75
Iron, 6, 26, 27, 32,
34,60,62,72, 74,
75, 90, 96, 102,
104, 106, 108, 136,
138,140, 142, 144,
168,170,176,178,
180,182, 184,192,
194, 230
oxide, 132

Jacobsite, 140

Jade, 141,180, 181
Jadeite, 174, 180, 181
Jalpaite, 92
Jamesonite, 114, 115
Jasper, 208, 209

Johannsenite, 174,178
179

Kalinite, 243
Kalsilite, 222
Kandite group, 188
Kaolinite, 186, 188,
189,198
group, 188-189
“Kidney ore,” 136
Kimberlite, 76, 77
Klockmannite, 102
Knebelite, 164
Knoop hardness, 54
Krennerite, 110
group, 110111
Kunzite, 180
Kyanite, 10, 42, 134,
166, 167,197

Labradorite. 218, 219, 221
Laceolith, 6,7
Lapis lazuli, 224
Laurite, 104
Lava, 8,9
Lazulite, 244, 245
Lazurite, 224
Lead, 26, 27, 63, 69,
72,73, 8O, 82, 106,
116, 142, 240
carbonate, 252
~zine, 231, 240
Lechatelierite, 210
Lepidolite, 171. 172,
180, 196,197
Leucite, 224, 225
Lignite, 106
Limestone, 10,11,12,
13,15,16,17, 124,
180, 206, 212, 228,
229, 236, 238, 248
Limonite, 15, 74, 98,
140, 144,160,151
Lithium, 19, 20, 80,
170,172,180, 206, 222
Lithiophilite, 248
Lizardite, 190
Lodwstone, 58, 140, 141
Loellingite, 106, 107
Lopezite, 252
Lunar glass, 60, 61
history, 62
minerals, 60
rocks, 60, 61, 62
water, 62
Luster, 56, 64

Magnesiochromite, 140
Magnesite, 51,130,
230, 231
Magnesium, 6, 22, 28,
32,134,128,130,
140, 160, 164, 168,
170,174,176,178,
180, 182, 184, 186,
192, 202, 203, 230
Magnetite, 15, 57, 68,
74,76,137,138,
140, 141,195, 201
Malachite, 57, 94, 95,
98, 132,133, 229,
234, 236
Malleability. 27
Manganese, 62, 63, 90,
100, 130, 140, 142,
144, 145, 148, 150,
162, 160, 168, 170,
184, 218, 230
Manganite, 148, 149
Manganosite, 130,131
Marble, 10,11, 145,
146, 150, 167,172,
176, 180, 231
Marcasite, 85, 91, 1086,
107
Margarite, 196, 197
Marialite, 226
Marshite, 118,119
Meerschaum, 202
Meionite, 226
Melilite group. 168-169
Mercury, 51,72, 73,
84, 90, 96, 126,127
Metacinnabar, 96
Metals, alkali, 20
native, 70-75, 83
Metamorphic rocks,
10-13
contact. 12,13
foliation. 10, 11
metasomatism, 12,13
minerals, 10
arigin, 10
racrystallization, 10
regional, 12,13
solid-state
reaction, 12,
13
Mica, 6, 8,10, 15, 42,
53, 99, 100, 166,
167,171,186, 194,
196, 200, 212, 213,
214,220

Mica cont'd
biotite, 7, 83
“brittle,” 196
group, 194-197
muscovite, B, 7,
62,83
schist, 146
Microcline, 50, 54,
55, 126, 180, 195,
213,214, 215, 216
Miersite, 118
Miflerite, 102,103
Mimetite, 250
Mineral, aggregates,
40
atormie structure,
18-31
cataloging, 260
classification, 68,
69
cleavage, 52, 53
collecting, 258-267
color, 56, 57, 268-
269
covalent bonds,
24,25
electronic configu-
ration, 19
fracture, 52, 53
hardness, 54, 55
hydragen bond,
30,3
identification, 65,
268-269
intermediate bond,
28
fonic bond, 22, 23
lunar, 60, 61, 62
luster, 56, 57
magnetism, 58
maps, 259
metallic bond,
26, 27
opacity, 56
piezoelectricity, 58
preparing spoci-
mens, 261
properties of,
52-69
pyroelectricity, 68
specific gravity,
54, 55

streak, 56, 57

taste, 58

tools and
squipment, 259
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Mineralogy, science of,
b5

Mohs hardness scale,
54, 268-269
Molybdates, 254-257
Maolybdenite, 88, 89,
126
group, BB-B9
Manazite, 246, 247
Montebrasite, 248
Muontice/lity, 164, 165,
168
Maontmorilfonite, 186,
200, 201, 202
Monzonite, 219
Moonstone, 220
Mudstone. 16
Mudllite, 192
Muscovite, 170,172,
194,195

Nacrite, 188, 189
Nantokite, 118,119
Natromontebrasite,
248
Natron, 234, 236
Naumannite, 92, 93
Neon, 19
Nepheline, 58, 222,
223,224
Nephrite, 182
Niccolite, 100, 101
group, 100103
WNickel. 26, 60, 74, 75,
80, 100, 102, 106,
108,110,130, 142
Nigrine, 143
Nitar, 234, 235
Nitrates, 236, 237
beds, 16,17
Nitrogen, 22
Nodular, 16,17
Nanmetals, native,
76~79, B3
Nontronite, 200
Noselite, 224, 225

Obsidian; 9, 53, 211,
213
Oldhamite, 63, 90
Oligoclase, 219
Olivine, 6, 7, 8, 32, 34,
60, 74, 76, 82, 159,
165,182,190, 191,
212
group, 164-166
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Dolitic, 46
Opal, earnmen, 52, 57,
210
fire, 210
hyatite, 211
moss, 210, 211
precious, 210, 211
tripolite, 210, 211
wood, 210, 211
Orlantal “amethyst,”
134
“topaz,” 134
Orpiment, 84, 85, 86
Orthoclase, 216, 217
Orthoquartzite, 16
Orthosilicate, 158
Osmiridium, 74, 75
Qsmium, 74
Osumilite, 170
Oxides, 38, 128-151
Oxygen, 6,19, 22, 26,
28, 30,128, 132,
142, 154, 166, 168,
186, 203, 206, 238,
252

Palladium, 74,75
Paragonite, 196,197
Pargasite. 184, 185
Peacock ore, 98
Penninite, 200
Penroseite, 104
Pentlandite, 98, 100.101
Periclase, 128, 130, 131

group, 130131
Peridotite, 140, 164
Periodic table, 20, 21
Peristerite, 219
Parthite, 51, 216, 217,

220
Petriffed wood, 209, 244
Petzite, 92, 93
Plaff harness. 54
Fhaneritic rocks, 8
Phlogopite, 196, 197
Phosphate.224, 244,
245, 246, 250, 251

rock, 16,17
Phosphorous, 19
Phyllite, 10
Picrolite, 191
Piedmantite, 160, 161
Pisolitic, 46
Pitchblende, 146
Plagioclase, 16

caleig, GO

Plagioclase cont'd
serias, 218-221
Plaster of Paris, 238
Platiniridium, 74
Platinum, 74, 715, 104
group, 74
Plattnerite, 144, 145
Plumaose, 46
Plutonic racks, 6
Parphyritic, 8
Patassium, 6, 20, 62,
120,186, 192,194,
204,224, 236
Fowellite, 256, 257
Prehnite, 196,187
Prochlorite, 200
Proustite, 112,113
Pseudomorphs, 82
Psilomelane, 150, 151
Pyrargyrite, 112,113
Pyrite, 44, 57, 71, 91,
95, 98,103, 104,
105,108,112, 117,
151, 231
group, 104-105
Pyrochroite, 160, 151
Pyrolusite, 144, 145
Pyromorphite, 250, 251
Pyrope, 162, 163
Pyrophanite, 136, 137
Pyrophyllite, 167, 186,
192,193,194
Pyroxene. B, 7, 8, 42,
46, 52,53, 60, 74,
82, 90,176,178,
180, 182, 190, 200,
212
group, 174181
Pyroxferroite, B0
Pyrrhaotite, 58, 98, 100
101, 104

Quartz, 6,7,8,12,13,
14,16, 186, 37, 40,
50, 51, 52, B3, b6,
57, 60, 61, 71, 85,
B9, 95, 99,112, 115,
117,126,139, 142,
144,158, 166,171,
172,179,180, 182,
183, 194. 195, 198,
204, 206, 207, 208,
209, 210, 211, 212,
213, 214, 216, 220,
231, 234, 244, 245,
256, 258, 267

Rammelsbergite, 108,
107

Realgar, B4, B5, B6
Reniform, 46
Rhodium, 74
Rhodochrosite, 178,
230,231
Rhodolite, 163
Rhadonite, 174,178,
179
Rhyolite, 9, 214
Rocks, clastic, 14,17
lgneous, 6-9
lunar, 80, 61, 62
metamorphic,
10-13
minerals in, 6
precipitated, 17
sedimentary, 14-17
Roentgen, 5
Roepperite, 164
Rosiwal harness, 54
Rubellite, 180
Rubidium, 20
Ruby. 134
Ruby-silver group
112,113
Ruthenium, 14
Hutife, BU, 142, 143
group, 142-145

Safflorite, 106, 273

Sal ammoniaec, 24,122,
123

Salt. 16,17, 51, 88,
118,120,121

rock. 17, 37. 238,240

Sanbarnite, 217
Sand, 50, 51, 229
Sandstone, 16,16, 17,
213, 224, 238
Sanfdine, 214, 215
Saponita, 200
Sapphire, 134
Satinspar, 46, 652, 238,
239
Sauconite, 200
Scapolite, 226, 227
Scheelite, 256, 257
group, 256-257
Schist. 10,11, 172
mica, 13
Schorf, 170,171
Sedimentary rock,
14-17
chemival, 14,16

Sedimentary rock cont'd

classification, 16,
17
clastic, 14,16,17
constituents, 15
deposition, 16
mechanical, 14
precipitated, 16,
17
size of particles,
156
transportation, 16
Selenide, 70, 90, 92
Selenite, 238
Selenium, 25, 63, 78,
79, 86, 90, 96
Seligmannite, 116,117
Semimetals, 80-81, 83
Sepialite, 202, 203
Serpentine, 52,567,102,
141,176, 186, 190,
191
group, 180-191
Shale, 13, 15,16,17,
104,194, 238
Shattuckits, 180
Siderite, 116, 126, 228,
230
Silica, 83,128, 144,
180, 182,192, 204,
212,214,222
gems, 210,211
glass, 210
group, 206-213
Silicate, 6, 14, 32, 38,
58, B3, 150, 154,
166, 166, 157, 176,
184, 198
minerals, 164-227
Silican, 6, 28, 34, 62,
128, 154, 203, 206
Sifl, 6,7
Sillimanite, 164, 166,
167
Siltstone, 16
Siiver, 70, 71,72, 73,
80, 82, 84, 88, 90,
892,194,102, 1086,
110, 112,114,122
Skutterudite, 110, 111
group, 110-111
Slate, 10, 11
Smaltite, 110, 111
Smithsonite, 68, 230,
2N
Soapstons, 192

Soda niter, 236, 237
Sodalite, 224, 225
Sodium, 6,19, 20, 22
23, 28, 34, 62, 120,
121, 168,170,172,
184, 186, 192, 194,
204, 224, 226
Solutions, epithermal,
82
hydrathermal, 82
hypothermal, 82
mesothermal, 82
solid, 32-36
Specific gravity, 54,
64

Sperrylite, 104, 105
Spessartite, 162, 163
Sphalerite, 51, 57, 68,
91, 96, 97, 98, 116,
127
group, 96-93
Spinel, 128,138,139
group, 138-141
Spodumene, 172,174,
180,181, 222
Stannite, 98, 99
Star of Africa, 76
Star of India, 136
Staurolite, 10, 44, 50,
166, 167,197
Steatite, 192
Stellate, 46
Stephanite, 113, 114,
115
Stibnite, 46, 80, 84
group, B6-87
Stichtite, 141
Stilbite, 226, 227
Stolzite, 256, 267
Stromeyerite, 4, 94
Strontianite, 232, 233
Strontium, 69, 232, 240
Styptic pencif, 242
Subsaturate group,
169, 166-167
Sulfate, 58, 69, 98,
222, 238-243
Sulfide, 26, 38, 42, 56,
72, 80,82-117, 216
Sulfosalt, 56, B3,
112117
Sulfur, 26, 63,78, 79,
82, 83, 84, 88, 90,
96,103, 104, 106,
108,112, 238
Sussexite, 152, 163
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S #nite, 134,178, 202,
218

Sylvar'te, 110,111

Sylvite, i8, 120,121

Tabular, 46

Talc, 46, b4, 5b, 7,
186,192,193, 194

Tantalum, 142,144

Tarapacaite, 252

Telluride, 90,110 %

gold, 70
Tellurium, 63, 78, 79,
90, 96
Tennantite, 114,115
Tephroite, 164, 165
Terlinguaite, 126, 127
Tetrahedrite, 114, 115
group, 114-116
Thorfanite, 146, 147
Thorite, 168, 169
Thorium, 146, 168, 246
Thulite, 161
Tiemannite, 96, 97, 267
Tin, 72,74, 82, 96,
142,144
Titanium, 62, 136, 142,
184,192
Topaz, 55, 126, 166,
167,172
smoky, 210
Torbernite, 250, 251
Tourmaline, 10, 15, 60,
51, 58, 166,170,
171,172,180
Trachyte, 214, 215, 219
Tremolite, 182,183
Trevorite, 140
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Tridymite, 60. 204, 212,
213

Triphylite, 248, 249

Troflite, B0, 100

Trona, 234, 236

Tschermigite. 243

Tuff, 9

Tungstate, 252, 254-257

Tungsten, 264

Tungstenite, 88, 89

Turquoise, 244, 246

- Tyuyamunite, 248, 249

Ulexite, 152,153
Ullmannite, 108, 109
Ultramarine, 224
Ulvospinel, 60
Umangite, 102
Uraninite, 146, 147
group, 146-147
Uranium, 130, 146,
246, 248
Uranophane, 147
Uvarovite, 162, 163

Vanadate, 262
group, 244-261
Vanadinite, 250, 251
Vanadium, 248, 260
van der Waals bonds,
193
forces, 186
Variscite, 246, 247
Villiaumite, 2, 122,
123
Vivianite, 246, 247
Volcanic rocks, 8
van Lave, Max, 5

Water, 25, 30, 31, 82,222
on moon, 62
Wantworth scale, 16
Wernerite, 226
Whitlockite, 60
Witlemite, 68, 132, 139
Witherite, 232, 233
Wolframite, 86, 126,
254, 255
group, 254-255
Wollastonite, 12, 168,
174,1756,179,180,
181
Wulfenite, 256, 267
group, 256-257

X-ray. 5

Yitrium, 124
Yttrocalcite, 126
Yttrocerite, 124,125
Yttrofiuorite, 124, 125

Zeolite, 204, 223
group, 226-227
Zine, 26, 68, 96, 106,
130,132,138, 140,
144,152, 164, 168,
206, 230
carbonate, 234
Zincite, 68, 132, 133,
139
group, 132-133
Zinkenite, 114,115
Zircon, 134, 158, 169
group, 158-159
Zirconium, 62, 158
Zoisite, 135, 160, 161

Other paperback guides from Collins

The Birds of Britain and Europe
with North Africa and the Middle East

by Hermann Heinzel, Richard Fitter and John Parslow

Over 1000 birds |Iluslmlq§m colour. 825 coloured distri-
bution maps and an authoritative text. This is the only com-
prehensive guide to the birds of its area - from the Urals to the
Atlantic Islands, and from North Africa to the Arctic circle.
The English-language edition includes British distribution
maps of every British breeding species and *eqular visitors.
There is a list of rare visitors and indexes o' nglish and
scientific names.

The Wild Flowers of Britain and Northern
Europe

by Marjorie Blamey, Richard Fitter and Alastair Fitter

Over 1200 plants illustrated in colour. This is the first guide to
all trees, shrubs and flowering plants growing wild in the
British Isles and in Europe from the Alps to the Arctic. Only
grasses, sedges and ishes are omitted. There is a concise
introduction to wild flowers and, at the end of the book, notes
on ecology, |ntrodfm§d amtiba; Jlsts of habitats, glossary and
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