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PREFACE

THE object of this book is to bring together for the beginner, in
concise form and under one cover, the facts and basic principles of
the several branches of mineralogy, unadulterated by an excess .of
data. It is, therefore, not a book of reference, but it takes the stu-
dent along the various branches of the subject to a point from which,
if he wishes to continue, he will be in a position to appreciate and to
use the advanced literature and books on the subject.

The system of Dana has been followed to a great extent, as that is
the book of reference which is largely used by the American stu-
dent, though other sources have been freely consulted in the com-
pilation of this volume. In Part I, Crystallography, the thirty-two
types have been described for completeness, even though there are
no minerals erystallizing in some of them. The names used are
those of Miers, as they embody the symmetry of the type and thus
require very little memory on the part of the student. Dana’s
names are given in each case under the term ¢ class.”

The old method of deriving the hemihedrons, etc., from the holo-
hedrons has been retained and may meet with criticism, but it is a
simple method of determining what forms are possible to combine
on crystals of lower symmetry. I have always found it a very mate-
rial aid to the student, leaving no false impressions.

Only graphical methods of solving the problems, after the meas-
urement of a crystal, are given, and the mathematical solutions are
left to the more advanced courses. ’

In Part II, a knowledge of general chemistry is presupposed
Here some two hundred and twenty-five mineral species are included
~ in the general descriptions, embracing the ecommon rock-forming and
ore minerals. Their erystallization, optical properties, decomposi-
tion products, genesis, occurrence, uses, and synthesm are included
in the short description of most of the species.

The determinative tables and chemical tests used in the blowpipe
table for the identification of the elements are included in Part III.
This table includes all minerals with the exception of some very
rare species found only in one locality, and in many cases includes
even these. It therefore serves the purpose of placing before the

v



vi PREFACE

student a nearly complete list of the mineral species with their
chemical formula, hardness, color, crystallization, and specific grav-
ity. The table has been arranged after years of experience in
teaching blowpipe analysis, and only those tests are employed and
described which are quite easily manipulated, and wherever possible
the dry or blowpipe tests are given the preference. In its scheme it
is modeled after Brush and Cornwall’s determinative table.

The table for the determination of the common minerals by use
of their physical properties includes about one hundred and fifty
species, and in counection with the short descriptions of these species
given in Part IT, makes their identification a simple matter.

Table I includes about fifty species of the rock-forming min-
erals arranged for their identification in rock sections under the
microscope.

The illustrations, with the exception of two, have been drawn by
the author, and the photographs reproduced are of specimens in the
collection of Princeton University.

For advice and assistance in this work my sincere thanks are due
to many of my colleagues, but particularly to my esteemed friend
and professor, Henry B. Cornwall.

ALEXANDER HAMILTON PHILLIPS.

PrinceroN, NEW JERSEY,
September, 1912.
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MINERALOGY

CHAPTER 1 1
CRYSTALLOGRAPHY

TaE solid, liquid, and gaseous states of matter depend upon
temperature and pressure. It is possible to cause a solid to pass
to the liquid state by raising the temperature. At 0° C. water
passes from the solid ice to the liquid water; 0° C. is the fusing
point, or the temperature at which the solid passes over to the
liquid water. If the temperature is increased until 100° C. is
reached, water passes to the gaseous state—stecam. The tem-
perature at which the vapor passes off freely and where there is no
further rise in the temperature of the body of the liquid is known
as the boiling point. The fusing point and the boiling point are
fixed temperatures for pure chemical compounds. Upon decreas-
ing the temperature and increasing the pressure sufficiently all
substances become solid. If the solids formed by a slow transi-
tion from liquids or gases are examined, it will be found that the
larger number are bounded, in part at least, by smooth plane
faces. When arsenious oxide is heated it volatilizes; the vapors
upon contact with a cold surface condense, forming a white coat-
ing; on examination with a lens, this white coat is found to be
composed of small particles bounded by eight triangular faces,
Fig. 1. Each individual is a crystal of arsenious oxide. All
polyhedra formed by substances when passing to the solid state
are crystals.

It has been the conception of scientists, since the time of Dalton,
that the fundamental unit of matter was the atom; that the num-
ber of kinds of atoms is limited, and that each kind possesses dis-
tinet properties separating it from all others, thus forming a
simple substance, an element. While the number of different
kinds of atoms is small, all objects and compounds of nature are
possible by the combination of this small number of elements.

The number of atoms joining to form the unit or molecule of a

compound can, by the law of Avogadro, be determined for all
B 1



2 ' i MINERALOGY

volatile and dissolved substances. The number of hydrogen atoms
combining with one atom of oxygen to form one molecule of water,
is two; yielding the chemical expression H,O for water. The
chemical molecule is the smallest particle of a compound which

ey

. F1g. 1.— Octahedral Crystals of Arsenious Oxide, As:QOs.

can exist and still retain the physical properties of the compound.
In the attempt to divide the chemical molecule -of water, the
atoms being indivisible, the one atom of oxygen must be sepa-
rated from the two atoms of hydrogen, resulting in two substances,
oxygen and hydrogen, neither of which possesses the properties of
water. » : '

There is no method of demonstrating whether the solid or crys-
talline molecule and the chemical molecule are identical. Since a
number of atoms combine to form a chemical unit, it is also probable
that a number of chemical units combine to form a erystalline unit
or molecule. The study of the structure of crystals indicates that
there is such a combination, but as to the exact relation of the
one to the other, all that can be said is that the crystalline unit
may be expressed by a multiple of the chemical molecule; in case
of ice, n(H:0). The light of recent research would indicate that
n is a small number, and the crystal unit is not the complex group-

ing of a large number of chemical molecules it was formerly thought
to be.



CRYSTALLOGRAPHY 3

The forces surrounding the molecule in a solid may radiate
equally in every direction as if from a center, such a group of
molecules would form an amorphous solid; or again, the lines of
force may vary with the direction, when the solid would be crys-
talline. The physical properties, as elasticity, hardness, trans-
mission of light, conductivity of heat, will be the same for all
directions in amorphous solids. Glass, which is an amorphous
substance, will expand equally in all directions upon heating.
If a sphere of glass is heated and measured at various temperatures
it will at each measuring be a true sphere; while all its diameters
have increased in length with the rise in temperature, they all
have increased by exactly the same amount. Amorphous solids
possess no regular -
outward form
bounded by plane
faces, but are ir-
regular, globular,
orrounded masses,
Fig.2. The physi-
cal properties of
crystalline solids
are the same along
parallel directions,
butnot necessarily
so along directions
that are not par-
allel. The direc-
tional variation of the physical properties is a primary character
of crystals, and all compounds to be crystalline must possess it ;
as will be shown later, this is caused by the regular arrangement of
the molecules, assumed as the substance passes from the liquid or
gaseous state to the solid. :

Crystals are generally bounded by plane faces, but the smallest
fragment of a crystal will possess this directional quality of its
properties, and by it may be identified as crystalline. The
tendency to form crystals, or the crystalline force, varies with the
substance, being very strong in quartz or calcite, which are almost
never found but in the crystalline condition; while in others, as
chrysocolla and turquoise,! upon which crystal faces have never been

Fic. 2. — Hyalite from Waltsch, Bohemia: An
Amorphous Mineral.

1 Turquoise has lately been found in crystals.



4 MINERALOGY

observed, but in which the physical properties are directional,

the crystalline force may be considered as being very feeble. The

erystalline force will vary not only with the substance, but will

differ with the direction in the same substance. When the mole-

cules pass to the solid state, from a condition in which they are free

to move, and become fixed under the influences of the crystalline

force, it is reasonable to suppose that in the direction in which the

crystalline force has the strongest attraction the molecules will be

packed closer together. In the direction in which the force is

feeble they will be farther apart. The

f s b forees influencing and surrounding each

X molecule are exactly the same as the

—F— —%— forces influencing and surrounding

every other molecule; there is no sin-

gular molecule. The distance from

l Salhn el i any, molecule to its nearest neighbor in

the same direction will be exactly

e equal in all. In Fig. 3, a, b, ¢, d are

d c ! : e :

b in complete crystalline position, while

e must be revolved ¢o°, and f must be

both revolved and translated to reach a crystalline position in
regard to a, b, ¢, and d.

The whole will form a regular molecular network, or point-
system, in which each molecule holds an exact position, just as
each individual man in a marching regiment must be in his
exact position, holding a fixed relation to those surrounding
him; and further, if our attention is directed to the complete
formation, it will be seen that as a consequence of the orderly
position of each man, the whole is bounded by straight lines. If it
were possible to place one regiment on top of another, the straight
lines would then become planes, and the solid thus formed would
be bounded by plane faces; in a similar way crystals are bounded
by plane faces. :

The smooth plane faces bounding a crystal are its most striking
external character. It must always be remembered that they are
only reflections of the internal orderly arrangement of the mole-
cules. If the crystalline molecules are identical with, or a small
multiple of, the chemical molecule, then the crystalline units may
be considered infinitely small, as regards any power we may pos-
sess to distinguish them when packed together, forming crystal
faces. All artificially polished surfaces fall far short of the smooth-




- If the cubical unit is
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ness and perfection of the natural polish of crystal faces and cleav-
age surfaces.

If a erystalline molecule is placed at each corner of a cube, the
distance between each molecule will be measured by the length of
the edge, Fig.4a. The cube may be considered an elementary form
or unit of a homogeneous
point-system which may
be built up, as in Fig. 5.

lengthened in one direc-
tion, it will now possess
edges of two different
values, Fig. 4b. This
unit when packed to-
gether so as to fill space
will produce a regular
point-system of another
type, Fig. 6. The sec-
ond unit may now be
broadened, when it will
possess edges of three
different values, Fig. 4 ¢,
and when packed to-
gether will fill space, pro-
ducing a point system of
still another type. There
are fourteen such ele-
mentary units, which
when packed together
will fulfill the erystalline
requirements of com-
pletely filling space, and
place each molecule of
the system in such a position that its surroundings shall be
exactly the same as the conditions surrounding every other
molecule.

The shape of the fourteen elementary units must in no way be
considered to represent the shape of the molecule, as the space
between molecules is far greater than the diameter of the molecule,
and there is no method by means of which the shape of a molecule
can be determined. These dimensions of space may be considered

1

Fia. 6.




6 - MINERALOGY

as representing the sphere of action, or the sphere of vibration, o
oscillation, of each molecule.

While the number. of elementary point-systems is limited to 14
the number of complex point-systems must be much extended ir
order to reach a satisfactory explanation of the symmetry of those
crystalline types in each system lower than the normal. These
lower types of symmetry may be produced by a combination of
the elementary point-systems: 1. As if one were pushed withir
the other, there will be, in such a case, two sets of molecules, one
occupying a position in respect to the other, as if translated along
a definite direction. 2. By the rotation of one in regard to the
other. 3. By both rotation and translation. The number of
point-systems made possible by these methods will reach 230
It still remains true, however, that in regard to their symmetry
they will all be included in the 32 possible types of crystals.

Definition of a crystal. — A crystal is a homogeneous chemica
compound bounded by plane faces, and its physical propertie
are alike along parallel directions.

Crystal growth. —If growth is considered to be an increase o
size only, then crystals may be said to grow. This erystalline
growth must not be confounded with organic growth, which is 3
development. The tissues in an organism increase in complexity
the unit in organic growth is the cell, which increases by division
One cell producing two, these in turn increase in size by an assimi-
lation of material within the cell wall. Organic growth takes
place from within, while crystalline growth goes forward by the
attachment of crystalline molecules from without the point-
system, extending the individual erystal laterally in every direc-
tion by the thickness of each molecular sheet added. One crystal
therefore cannot be an embryo of another, as when a sufficient
number of molecules have collected to form a unit of the point:
system, and are fixed in the required position, they will possess
all the crystalline characters. Microscopic crystals, howeve:
small, are just as perfect in regard to their chemical and physica.
properties as a crystal a foot in diameter, the difference being a
mere matter of mass or bulk.

Crystallization. — It has been shown that in the crystalline state
of matter each molecule has a definite and fixed position relative
to those surrounding it. In the liquid, gaseous, and dissolved
states, every molecule is free to move, and in any direction, leav-
ing out of aceount the so-called liquid crystals; and until their
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discovery, crystals were always considered to be necessarily
solids. E ~

If it is wished to crystallize any substance, and thus obtain
crystals of any compound for study, it will be necessary to bring
the substance into one of those conditions of matter in which the
molecules are free to move, and then to reverse the process under
such conditions that the transition to the solid state will take place
very slowly. Each molecule will be fixed upon the network with
all equivalent lines of force parallel, providing always that the
substance is capable of forming crystals. Several cases may arise :
1. The substance may be a gas; all gases, with the exception of
helium, have been solidified by decreasing the temperature and
increasing the pressure. Carbon dioxide, a gas at ordinary tem-
peratures, becomes a liquid at 78.2° C.. Liquid carbon dioxide is
sold in the market in iron tubes. At ordinary temperatures these
tubes are subjected to a pressure of 60 atmospheres. If a small
jet of the carbon dioxide be allowed to escape in a beaker, by the
sudden expansion and vaporization a large amount of heat is ab-
sorbed and the temperature of the remainder caught in the beaker
falls below the freezing point, and snowlike crystals of solid carbon
dioxide are formed. 2. The substance to be crystallized may be a
liquid; leaving out of consideration supercooling, if the tempera-
ture of a liquid is decreased, at a definite temperature, the freez-
ing point, crystalline nuclei will appear. From these as centers
crystallization will take place until all the liquid has become
solid. These centers of erystallization may be seen on the surface
of any pool of water just as ice begins to form. 3. The substance
to be crystallized is a solid; substances in this class will fall
under three divisions: A. Solids which when heated volatilize
without fusion. If the metal arsenic is heated, it volatilizes
without fusion; on resolidification, out of contact with oxygen of
the air, the metal will be crystalline. Solids formed in this way
are known as sublimates. B. When heated, the substance fuses
without chemical change. Such metals as silver, copper, lead,
in fact most of the elements, may be crystallized in this way.
The crystals of the igneous rocks, as the feldspars, olivine,
augite, etc., have been formed from a fusion; only here there
has been a segregation, or a separation of the various kinds
of molecules at the same time. C. The substance is either
infusible, or is decomposed when heated. When a solid is
dissolved in a liquid, its molecules pass off from the surface and
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move as free as those of a gas. Just as water evaporates in the
air, the solid may be said to evaporate in the liquid ; this continues
until the liquid is no longer able to hold more of the solid, and
equilibrium between the liquid, solid, and the dissolved substance
is established, when the solution is said to be saturated. This
condition will remain as long as the temperature, pressure, and
solubility remain constant. Crystals of copper sulphate may be
obtained from a saturated solution by cooling the solution. Salts
with few exceptions are more soluble the higher the temperature.
Again, crystals may be obtained from a saturated solution by de-
creasing the amount of the solvent; let the solution slowly evapo-
rate, both processes will be combined, as the slow evaporation will
cool the solution; counteracting this decrease of temperature is
the heat of erystallization, for where crystals are forming there heat
is being liberated. Perfect crystals may be secured by suspending
a small crystal on a thread in the slowly evaporating saturated
solution, at the same time guarding against any sudden change in
temperature. It is also well to mechanically revolve the growing
erystal to insure its being surrounded by solution of the same con-
centration, when the deposition will be uniform.

Crystals may also be formed from solution by a decrease of the
solubility, produced, as in precipitation, by the addition of some
reagent in which the dissolved salt is less soluble, or as in the salting
out process by the addition of a common ion. All sulphates are
insoluble in aleohol ; if alcohol is poured carefully over the surface
of the copper sulphate solution so as to lie as a layer covering the
surface, it will mix slowly with the solution and the solubility of
the sulphate will be decreased gradually, producing perfect little
crystals of copper sulphate. :

A large number of chemical compounds, especially the more
insoluble salts, may be prepared in crystalline form by chemical
precipitation. If to a neutral solution of caleium chloride a solu-
tion of sodium carbonate is added, a white, flocculent, amorphous
precipitate of calcium carbonate is produced which on standing
becomes crystalline. In the first rapid separation the more un-
stable amorphous solid is formed, which becomes crystalline, not by
the rearrangement of the molecules in the solid, but by a slow trans-
fer of molecules from the unstable amorphous solid to the erystal-
line nuclei by resolution, the erystalline form being the more stable.

The methods mentioned are the more important; there are
modifications and combinations of these which are applicable to con-
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crete cases. The metals which are easily reduced electrolytically
are deposited on the anode in crystalline form; these are, however,
always distorted and irregular through structural anomalies. With
a very weak current good crystals of copper, silver, or lead may be
obtained, Fig. 7. Crystallization is a
method employed in the separation and
purification of chemical compounds, and
especially is this so in the commercial
" field, where efficiency and cheapness are
factors of such great importance. Gran-
ulated sugar, one of the few chemical
compounds produced in enormous quan-
tities in almost absolute purity, is sepa- .
rated by CI:ySta'Hization' X F1e. 7. —Crystals of Silver
The purity of a crystalline compound obtained by Electrolysis.
will depend upon the rate of separation,
the viscosity of the mother liquid, and its solubility. If perfect
crystals are sought, great care must be exercised in the control of
the growth of the crystals, the deposition of molecules must go
on very slowly. If there is a sudden decrease in temperature of
the solution, a heavy shower of molecules upon the forming crys-
tals results; they will increase more rapidly along the edges at
the expense of the center of the faces, producing skeleton crystals.
The hollow faces may ultimately build out, leaving interior cavi-
ties filled with mother liquid. All foreign matter incorporated in
the body of a crystal, whether of liquid, gas, or solid, is known as
an inclusion. The purity of a crystalline salt is inversely propor-
tional to the rapidity of formation and to the size of the crystals.
When a pure salt is required, it is best to let the crystals form
slowly and remove them from the mother liquid while still small.
Constancy of angles. — The size of a crystal and the general
shape will depend to a large extent upon the conditions prevailing
at the time of its formation; the question may be asked, if the size
and shape of a crystal is variable, is there anything that is constant
upon which the science of crystallography may be based? Nico-
laus Steno, a Danish geologist, in 1669, while cutting sections of
quartz crystals, noticed that, however variable the outline of the
sections may be, due to irregularities of growth and to the difference
in size of faces, whenever the sections from the various crystals
were cut in a parallel direction the corresponding angles were
always equal. The ordinary quartz crystal is terminated by six
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triangular faces of equal size, Fig. 8, or by three large faces and three
smaller faces, as b, or the point may be stretched out to a straight
line, as in c¢. If a section be cut directly through the apex of a

F1c. 8. — Distorted Crystals of Quartz, Herkimer County, New York.

quartz crystal at right angles to the opposite faces, the outline of
the section in every case will be different, but the corresponding
angles, Fig. 9, a, or b, are always equal. This law may be stated

a as follows : the dihedral

a a
; solid angle between sima-
b b lar faces of crystals of
b the same substance 1s
constant, provided al-
ways that the substance
is chemically pure and
thatthe angle is measured
at the same temperature.
Crystal angles are as
characteristic of chemi-

cally pure compounds
» as their chemical or
& b physical properties ; not
—_— s only-may they be iden-
el 58 T4t LT T tified by the angles, but
i : they are an index to the
purity of compounds.
The constancy of the
interfacial angle is a di-
rect result of the regular molecular network or point-system. In
Fig.10a the round dots represent one sheet of molecules of the point-

Fi1c. 9. — Parallel Sections of Quartz Crystals.

Fic. 10.
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system ; should the erystal stop growing after five sheets were laid
down it can be seen that the cross section is a square, and the solid
formed, a cube. If for any reason growth is irregular and molecules
are laid on faster at one end, Fig. 10 b, the cross section is now no
longer a square, but a parallelogram ; the solid is no longer a cube,
but is elongated in one direction. All angles are right angles and
cannot vary as long as the molecules are laid on in this order. We
cannot imagine the angles varying from a right angle, any more
than it would be possible for a cube to possess angles not right angles.
In measuring and comparing angles between similar faces, those
faces are considered similar which cut the point-system in the same
direction or inclination. The six faces of the cube are, in regard
to the point-system, interchangeable. The configuration of the
molecules in the plane of each face is the same, therefore the physi-
cal properties of each face will be the same and the angles between
them will be the same. Thisis also true for the elongated cube, for
the addition of molecules on one side will distort the form, but
cannot possibly change the arrangement of those molecules al-
ready laid down, upon which the value of the interfacial angles
depends. In all similar faces the molécules are-the same distance
apart in any given direction: they will lie parallel or equally in-
clined to the same lines of force; they will show the same luster,
polish, and hardness; they
are equally soluble and yield
the same corrosion figures;
they will expand with an
increase of  temperature
equally along parallel di-
rections. The distribution
of the magnetic force and
electric charge will be alike ;
in fact, all physical proper-
ties of whatever description
will be exactly the same,
and must be considered in
the identification of similar
faces. >
The goniometer.— The  Fic. 11.—The Penfield Card Goniometer.
exactness of the interfacial
angle is so great that the accuracy of the angles of chemieally pure
crystals far surpasses the capabilities of any instrument we may
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construct, however delicate, to measure them. The more time
and patience used in both the construction of the instrument and
in measuring the angle, just so much nearer is the result to the
theoretical angle of the crystal. The instrument used for measur-
ing angles of erystals was invented by Carangeot in 1783. It is to
Rome de I'Isle that the science owes the development of the crys-
tal model; he modeled some 500 forms. It was to facilitate this
work that Carangeot, his assistant, devised the contact goni-
ometer. This form of instrument is still in use for the rough
measurement of large crystals and for crystals with dull faces.

o - Figure 11 represents the Penfield
\ model, a very inexpensive, but
f convenient form, useful also as

2 a protractor in laying out angles
\ and measurements in crystal

drawings.

All contact goniometers are
constructed upon the same prin-
ciples, the simplicity of which is
such that it needs no explanation
other than the figure given. The
angle is read directly from the
scale. In 1809 Wollaston con-
structed the reflecting goniom-
eter, realizing the need of a more
accurate instrument in his work
on isomorphism. The principle
of this form is illustrated in
Fig. 12, where the ray of light la
is reflected from the face d to the
eye at e, when a reading of a
scale attached to the instrument
is taken. The crystal is now re-
volved around the edge a, formed
by the intersection of the two
faces, the angle between which it

F1a. 12.

ray of light is again reflected to
the eye at e, the crystal will have
assumed the dotted position; another reading is taken and the
difference between the two readings will give the angle, rar’, the
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supplement of the interfacial angle r'ac; for details of measure-
ment see page 149.

Symmetry. — All nature in its building follows rules of sym-
metry; worms possess many segments, one of which is a repeti-
tion of the conditions found in that adjacent. The leaves of
plants are placed on the stem following definite rules of repetition ;
and in vertebrates the right side is a mirror image of the left,
following a bilateral plan. These rules in organic nature are only
partially adhered to and are not followed with that mathematical
exactness which the constancy of the interfacial angles in crystals
demands. Symmetry may be defined as the repetition of condi-
tion following definite rules. The rules of symmetry in crystals
apply not only to the repetition of faces, which determine the
outward form, but to the internal molecular arrangement and all
the physical properties as well.

In crystals the three rules of symmetry are: (1) symmetry in
regard to a plane; (2) symmetry in regard to an axis; (3), sym-
metry in regard to a center.

A solid is said to possess a plane of symmetry when that plane
divides the solid in two halves, in such a manner that all the con-
ditions on one side are falthfully
repeated on the other sidé ‘of the
plane, as in. a mu‘ro,r.lmage or if
from any pomt ¢, Fig. 13, on one
'side of the plane ab, a perpen-
dicular be drawn to the plane and
extended in a straight line an
equal distance on the opposite
side of the plane, if the plane is
a plane of symmetry, there will
be a point ¢ at its extremity, the
conditions surrounding which will
be exactly the same as the con-
ditions surrounding the original
point, and the solid is said to be
symmetrical in respect to a plane. Fia. 13.— Plane of Symmetry.

A plane mirror is the best ex-

ample of a plane of symmetry, as on looking in the mirror every
object in front is apparently repeated in the mirror. Symmetry
in regard to a plane is the symmetry of reflection.

If the similar parts of a solid are repeated more than once in
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360° by a revolution of the solid around an axis, then it is said to
be symmetrical in respect to an axis, or to possess an axis of sym-

metry. In Fig. 14, if from any point a, in
the solid, a line be drawn perpendicular to
the axis at o, when revolved about the
axis o as a center the point a will describe
a circle; if on this circle it meet a point
a’, the conditions surrounding which are
exactly the same as those surrounding the
point a, then o is an axis of symmetry.
The crystal will, in this instance, after a
rotation of 180° become congruent, or
will appear as if it had not been revolved.
Symmetry in respect to an axis is the

Fia. 14.— A Digonal Axis Symmetry of revolution.

of Symmetry : Gypsum.

revolu‘;ion of 180°.

An axis of symmetry is a digonal axis,
if the crystal becomes congruent after a
Such an axis is represented by the conven-

tional sign as at o, Fig. 14. A didigonal d

axis is a digonal axis at the intersection of
two planes of symmetry.

If the crystal becomes congruent after
a revolution of 120° the axis is a trigonal

Fi1c. 16.— Tetragonal Axis
of Symmetry : Scheelite.

axis, represented
as at o, Fig. 15.
A ditrigonal axis
is a trigonal axis
at the intersec- ‘
tion of three planes of symmetry.

If it becomes congruent every 90°, the
axis is a tetragonal .
axis and is repre-
sented as at o,
Fig. 16. A dite-

Fic. 15.— Trigonal Axis of
Symmetry : Tourmaline.

tragonal axis is a tetragonal axis at the in-
tersection of four planes of symmetry.

If it becomes congruent every 60° it is a
hexagonal axis and is represented as at o,
Fig. 17. A dihexagonal axis is a hexagonal
axis at the intersection of six planes of sym-
metry. The above four axes are all the

Fic. 17.—Hexagonal
Axis of Symmetry : Apa-
tite.

possible axes of direct rotation to occur in crystals.
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Alternating axis. — In Fig. 18, if any point a is revolved around
an axis oo’, 90° to a position a’, then reflected over the plane bb’,
to a posmon a’’, becoming congru-
ent, and so on four times in one
complete revolution, then oo’ is a
tetragonal alternating axis. If the
crystal becomes congruent by ro-
tation and reflection six times in
360°, then the axis is a hexagonal
alternating axis; in all such cases
the plane of reflection is not a plane
of symmetry in the crystal. Di-

gonal or trigonal alternating axes
are not possible. Fi16. 18.— Axis of Alternating Sym-
metry : Chalcopyrite.

Center of symmetry.— In Fig. 19,
if from any point a, a line be drawn to o, the center, and ex-
tended an equal distance in the same direction beyond the center,
when o is a center of symmetry it
will meet a point a’, similarly lo-
cated. The face abc will be re-
peated at a’b’c/, and all crystals
having a center of symmetry will be
bounded by pairs of parallel faces.

Crystallographical axes. — In or-
der that crystal faces may be located
in space, their relations mathe-
matically calculated, their angles
measured, at the same time furnish-
ing a concise, accurate, and con-
venient form of expressing all their
Fie. 19. — Axinite, showing a Cen-  relations, crystal faces are referred

g Bty to imaginary lines drawn through
the crystal and known as the crystallographical axes. These axes
are, as in analytical geometry, generally three (in one system four)
intersec'ting at a common point within the crystal, the origin.
The length and inclination of the axes will vary with the system
to be represented. The direction through the crystal is always so
chosen as to give the simplest relation possible, which is deter-
mined by the symmetry that is present. Where there are axes
of symmetry present, the axes of highest symmetry are chosen as
crystallographical axes. Where axes of symmetry are absent the
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crystaliographical axes are chosen sp as to pass through the crystal
parallel to the edges formed by the intersection of three faces,

simply related and occurring the

more often on the individual crys-

tals. By this method the axes are
2 so placed as to be parallel to rows of
-b 9 +b  molecules in the point-system. This
will be understood by a considera-
tion of Fig. 6, page 5.

In referring to the axes, the verti-
cal axis is always denoted by the
letter ¢, Fig. 20. The axis running
from right to left in the plane of the paper is denoted by the let-
ter b; the axis running back and front through the paper is the a
axis. If in any case the axes are equal and interchangeable, the

equal axes are designated by 2
the same letter, asa. If planes 4‘\
2 g

+8

-c
Fic. 20. — Crystallographical Axes.

are passed through the origin, —7

so that each plane shall con-

or principal sections, intersect-
ing at a common point o,
- which will divide space dis- yd
tributed around o into eight Fig. 21.— Axial Planes and Angles.
octants, in any one of which

it will be possible for a crystal face to occur. Kach octant is
distinguished by measuring in a + or — direction on the axes
from the origin o, as indicated in Fig. 20. The upper, front right
octant will be + a, + b, 4+ ¢; the lower, back, left octant will
be —a, — b, —c; the minus sign is the only one written. When
the angle between the axes are not right angles, they are distin-
guished as in Fig. 21, aob = a, aoc = B, boc = y.

" Crystal systems.— When referred to their crystallographical
axes, crystals fall into six systems, here defined in terms of their
axes.

L. Isometric. — Includes all those crystals which may be re-
ferred to three equal and interchangeable axes at right angles.
All three axes are designated by the letter a.

II. Tetragonal. — Includes all those crystals which may be
referred to three axes, all at right angles, two of which, the lateral

tain two axes, Fig. 21, there »_L . | o
will be three such axial planes, ZﬁZD
D SR
+]
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axes, are interchangeable and equal. The axes are designated,
a:a:c.

ITI. Hexagonal. — Includes all those crystals which may be
referred to four axes, three of which are equal and interchangeable,
being in the same plane at an angle of 60° with each other; all are
at 90° to the fourth, or ¢ axis. The axes are designated, a;: a,: a;: c.

IV. Orthorhombic. — Includes all those crystals which may be
referred to three unequal axes, all at right angles. The axes are
designated, 4:b: ¢.

V. Monoclinic. — Includes all those crystals which may be
referred to three axes, all unequal; two of these, the lateral axes,
are at right angles to each other. One of these is at right angles
to the third, or ¢, axis; the other is inclined. The axes are desig-
nated, a:b:¢. :

VI. Triclinic. — Includes all those crystals which may be re-
ferred to three axes, all unequal and all inclined. They are desig-
nated, 4:b:¢.

Some are accustomed to add to these six systemsaseventh system,
the rhombohedral or trigonal system, referred to axes parallel to
the edges of the rhombohedron. The forms included in this sys-
tem are very closely re- 5 '
lated to the hexagonal &
system, and can be in-
cluded in that system
equally as well.

Parameters. — The
distance from the origin
at which any plane, or
face, cuts a crystallo-
graphical axis, Fig. 22,
as ob’, is the intercept of 2
that plane a’b’c’ on the
axis b. This intercept L
expressed in- terms of :
the unit on that axis,
and written as a co- y
efficient of the symbol Fig. 22. — Axial Intercepts.
standing for or repre-

senting the axis, is the parameter of the plane on the axis. If ob is
’

the unit on the axis b, then %, in this case 8, 8b, is the parameter

(o]
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of the plane a’b’c’ on the axis b. In the same manner parameters

are derived for the axes a and ¢. In general the parameters of any

plane xyz would be T
—a: b: —c;

oa ob oc’

in this case 12a:3b:6c are the parameters. They definitely fix
the inclination to the axes. The actual length of the intercepts
varies with the size of the crystal and is unimportant. It is the
relative length, one to the other, or their ratio, which determines
the inclination of the faces, and fixes the interfacial angles. The
plane abc, intersecting all three axes at unit lengths from the
origin, is designated by a: b: ¢, and is cerystallographically identical
with the plane a’b’c’ (8 a: 8 b: 8 ¢); multiplying all the coefficients
by 8 simply moves the plane out from the origin parallel to its
former position. It still stands with the same inclination to the
axes and will intersect all three planes with the same angle as before ;
the crystal is only increased in size. It is the custom to simplify
the parameters by moving any plane back or forward on the axes
until the intercept on one axis is unity. If the parameters 12a:
3 b:6c of the plane xyz are divided by 3, they become 4a:b:2c;
the coefficient of b is reduced to unity. This is the same as moving
it to the position x'y’z’, cutting the axis b at unity, parallel to the
original position. It represents the same crystal in either posi-
tion. When a plane is parallel to an axis, it intercepts that axis at
infinity, and is expressed oo a; when a set of parameters contain
two infinities, the plane is moved until the remaining intercept is
unity and the parameters are written soa:oob:c. This system of
denoting crystal faces was one of the earliest methods devised, and
is known as the parameter system of Weiss; it has the advantage of
simplicity and directness in expressing the relation of intercepts
which enables one to see at once the relation of the plane to the
axes. Inthe drawingof crystals it is practically necessary to reduce
all other symbols to their equivalents in Weiss’s system, in order to
lay out the axial intercepts; for this reason it is well to become.
thoroughly accustomed to the notation of Weiss in the very begin-
ning.

Indices of Miller. — There are a number of other notations which
are in use, the most important of which is Miller’s system of in+
dices, now generally used in all works on crystallography. The
most general form, or the indices of any plane, are written hkl;
the three axes always maintain their usual order. The indices
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may be derived from the parameters of Weiss, by dividing the
parameters by their least common multiple and reducing the
fraction to the lowest terms; now each coefficient will stand as
a fraction in which the numerator is one. Let it be required to
convert 2a:3b:4ctoindices. Dividing by 12, we have % a: 2 b:
17 ¢, reducing to the lowest terms, fa:%b: ¢, the three denomi-
nators are then written 643 (read six, four, three) asthe indices.
The same operation may be expressed thus: the reciprocals of
the parameters are written in the order of the axes, cleared of
fractions, reduced to their simplest form, and then written as the
indices. Taking the same parameters as before, 2a:3b: 4c, the
reciprocals are %, 3, 1; cleared of fractions by multiplying by 12
and reducing to simplest form, the indices 643 are obtained as be-
fore. The reverse of thisis necessary in order to obtain the param-
eters from the indices; it is almost unnecessary to point out that
the indices are always whole numbers and cannot be fractions.
When o0 appears in the parameters its reciprocal 0 takes its place
in the indices. The minus direction on the axes is indicated by
writing the sign above the figure, as 123.

Examples of equivalent planes ;

PARAMETERS OF WEISS INDICES oF MILLER
a:b:e 111
2a: wob:ec 102
—a: 2b:—3c 632
wa:—b:ooe 010
2a: b:3c 231
ta: b:3c 634
—a: a:roa 110

Rationality of the indices. — All crystals are formed by a regular
deposition of sheets of molecules. The relation of these sheets to
the point-system of which they form a.part will determine the faces
and angles of the crystal, as well as the intercepts on the crystallo-
graphical axes. Each intercept is determined by a definite number
of whole molecules, for it is impossible to divide a molecule and have
it possess the same properties ; when divided it becomes a substance
of a different character, belonging possibly to a different crystal
system. Every face possible on a crystal is determined by a whole
number of molecules which detérmine the relative size of the inter-
cepts. The ratio of the intercepts of any or all planes possible
on a crystal to any other plane on the crystal must be a rational
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number. Both the parameters and the indices can be expressed
in whole numbers, 0, or o0. It has been the experience in the past
that, with few exceptions, these numbers are small, rarely larger
than 9. In Fig. 23, the sheet of molecules lying in the axial plane
cob is represented. Possible planes intersecting this sheet at right
angles are represented by aa, dd, ee, etc., each of which intersects

Fic. 23.

the axis b at greater distances; let all these possible faces be
moved up towards o until they intersect the axis c at unit distance,
or the diameter of one molecule; they will now be represented by
the dottedlines a’a’, d’d’, e’e’, ete. The ratio of the intercepts of the
planea’a’onthe axescand bisas1:1; of d’d’,1:2; of e’e’,1:3; of
ff,1:7; of g'g’, 1: 0. Thus the parameters are all whole num-
bers and the ratios are rational quantities. Theoretically it would
be possible for a face to occur with an intercept greater than any
indicated, but actually they are very rarely observed.

The distance between neighboring molecules lying in the plane
of any face will increase with the intercept, except when the plane
becomes parallel to an axis. The molecules in the plane aa are
much nearer each other than the molecules in the plane ee; mole-
cules have the tendency to crowd together as closely as possible. It
follows therefore that those faces witl appear the more often on crys-
tals in which the molecules are the nearest. In Fig. 23, the cube
face hh and rhombic dodecahedron aa will occur the more often, as



CRYSTALLOGRAPHY 21

the molecules are the nearest in the planes. They will also possess
small intercepts and a simpler relation of their parameters.
Crystal forms. — When space is divided by
the three axial planes into eight octants it is
evident that one set of parameters may rep-
resent more than one face; in fact there will be
eight planes, or one in each octant. The solid
bounded by these eight faces is known as a
crystal form; the symmetry of the type may
not, however, require all the eight faces to be
present. A crystal form may be defined as the
solid bounded by the combination of all those
Jaces possible to be represented by one set of Fr. 24.
parameters vrrespective of sign; and required by
the symmetry of the type. The combination of planes may inclose
space or may not. In Fig. 24, eight faces are shown, all of
which are represented by theset of param-
eters, a: b: ¢, and the symmetry of the
type requires all eight faces to be pres-
ent; Fig. 25 represents four of the same
faces, but producing an entirely differ-
ent form, as the symmetry of the type
requires only four of the eight faces to
be present. When one faee only is in-
tended to be represented by a set of
parameters, or indices, they are written
without pa-
renthesis 111;
when the entire
form is represented, they are written (111).
The number of faces possible on any
crystal form may vary from 48, in the
type which possesses the highest sym-
metry, to one face in the type which con-
tains no symmetry. As at least four
faces are required to inclose space, there -
are two classes of crystal forms, those
that inclose space and are termed closed
forms, Fig. 26, and those which do not in-
close space, and are termed open forms, Fig. 27; theoretically the
open forms extend to infinity on the open sides, unless terminated

Fia. 25.

Fig. 26.— Unit Pyramid of
Barite; a Closed Form.
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by a combination with other forms. Combinations of open forms
may inclose space. The number of faces occurring on any crys-
tal form is very limited, but
the number of faces possible
on a crystal whichis a com-
bination of crystal forms is
not limited and in some
cases may be very large.
The forms which may oeccur
in combination on crystals
are limited to those possible
to be derived from the same
point-system, and they will
Fig.27.—AnOpen Fic. 28.— Combination therefore have the same
iz ‘;foiu?l"sed and Open  ovmmetry. From the sym-
- metry of the type, forms
in combination always bear the same relation to each other;
Fig. 28 is a combination of the closed form of Fig. 26 and the
open form of Fig. 27; here equivalent
edges are cut by the prism, or the four
edges of the pyramid are replaced by the
prism faces. When the replacement is
symmetrical, as in this case, the angles
between the prism and the pyramid faces
above and below are equal; the pyramid
edges are said to be truncated by the faces :

. Fig. 29.—The Cube with
of the prism. In the same way, corners of "~ (1. ‘Gomers replaced by
forms may be truncated by other forms  the Tetragonal Trisocta-
and replaced not only by one face, but by ~ bedron.

a group of faces, Fig. 29. When the edge of one form is sym-
metrlcally replaced by two faces, it is said to be beveled, Fig. 30.
P Zones. — The edge of a form may be
replaced by a series of faces, the mutual
intersections of which are all parallel to the
edge replaced. Such a series of faces is
termed a zone. The intersections of all
faces possible in any one zone will be rep-
resented by possible edges on the ecrystal,
SE PO e all parallel to each other and parallel to an
cled by the Tetrahexa- 1Maginary line drawn through the point of
hedron. intersection of the erystal axes, termed the
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zonal axis, Fig. 31. In the study of erystal faces it will be found
that they all belong to a comparatively few zones. - The intersec-
tion of any two faces on
a crystal will determine
the direction of a pos-
sible zonal axis. Faces
belonging to the same

zone must be so related 1
that two of their inter- - &
cepts will bear a con- & 1 X —-—-= = : s

intersections with the m m
axial plane in which
these two intercepts are

measured will be paral-
lel lines. In Fig, 32 Fig.31.—Crystal of Topaz in which the Faces
¢,i,u, 0, e, and m are in the Same Zone, the Axis
of which is aa’.

|
[%
i : ‘|
stant relation, and their I u
i
i
i

four faces belonging to
the same zone are rep-
resented and extended to the axes a and b; the ratio of these in-
tercepts is easily understood from the similar triangles, and the
intersections  of
all the faces with
the axial plane
aob are parallel
lines. A zonemay
be interrupted at
any-point by the
interposition  of
other faces not
belonging to that
zone. Zonal re- -
lations help very
materially in the
measurement  of
crystals, for once a face has been located as a member of a zone,
its parameters when determined must fulfill the zonal relations.
Fundamental forms. — Among the faces found on the crystals
of any substance, a face which cuts all three axes, and is simply
related to all other faces occurring on the crystals, is selected ; its
intercept on each axis is taken as the unit of measurement on that
axis; its parameters would be a:b:c; the form is termed the

c

a
F1c. 32.
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unit, or fundamental form, to which all other faces are referred.
The intercepts of the unit form on all interchangeable axes are

equal, their ratio §= 1; the intercepts on axes that are not inter-
3 a
changeable are always an indeterminate quantity, 5 = 0.81520*;

§= 1.31359 7%, when b is taken as unity and express the ratio of

the units on the axes. The axial ratios of barite are written 4:b: ¢ =
0.81520:1:1.31359. For chemically pure substances the axial
ratios are constant and are characteristic of the substance, just as
much as any of its chemical properties. The axial ratios and the
value of the interaxial angles in the monoclinic and triclinic systems,
which are also constant for pure substances, are termed the
crystalline characters or elements. The crystalline characters in
the isometric system are determined by all the axes being inter-
changeable; they are the same for all substances that ecrystal-
lize in the system; ;= 1. In the tetragonal system, §=%=
0.1644154*, axial ratio of rutile. In the hexagonal system

c < .
; =y 9.734603 *, apatite. In the orthorhombic system there are

y AR ) c v
two axial ratios, ¢ and ;, 4:5:¢ = 0.81520*:1:1.31359+, axial

ratios of barite. In the mono-

clinic system the two axial ratios

and the value of the angle g

are the erystalline characters;

a:b:¢=0.658510*:1:0.55538 *,

B = 63° 56" 46", orthoclase. In

the triclinic system there are three

angles in addition to the axial

ratios:

d:b:¢ = 0.49211*:1:0.47970* ;
a = 82° 54’ 13",

Fic. 33.— Holohedral Form a:c:3 s A

aaEt 331). HES y = 131° 32’ 19”, axinite.

Holohedral, holosymmetric, or
normal, are terms denoting a type of crystals in each system, in
which the symmetry requires all the faces possible to be repre-
sented by one set of parameters to be present to complete the
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form. The set of parameters a:a:3a represents three faces in
each octant, as here the axes are interchangeable and when one axis
is cut all must be cut by a plane
at 3; these three planes are rep-
resented by (a:a:3a),(a:3a:a),
(Ba:a:a), or 24 faces in the
eight octants; Fig. 33 repre-
sents this form.

Hemihedral form is the term
used to denote those types in
which the symmetry requires
only one half of the faces pos-
sible to be represented by one
set of parameters, to be present
to complete the form. There
are several classes of hemihe-
drons, according to their symmetry. If the most general form of
a system as (a:2a:3a), represented by Fig. 34, with 48 faces, is
taken, there may be numerous ways of selecting one half of these
48 faces; the symmetry of the types allows but three to form
hemihedrons. ‘

I. By taking all the faces in alternate octants and extending them
until they inclose space, as the shaded faces of Fig. 35, which when

F16. 34. — The Hexoctahedron,
a:2a:2a.

&

Fia. 35. i Fig. 36.

extended will produce the form represented in Fig. 36. Since some
holohedrons have a center of symmetry and are formed of pairs of
parallel faces; this class of hemihedrons in which one face of each
pair of faces of the holohedron is extended, will not be formed of
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pairs of parallel faces, and for that reason they are known as the
diagonal-faced hemihedrons, represented in the Miller system of
indices by «(hkl).

II. By selecting one half of the pairs of faces, taking those which
intersect in the axial planes, as represented in Fig. 37; these when

B
‘\a&

Fic. 37. X Fig. 38.

extended will produce the hemihedral class, Fig. 38, known as the
parallel-faced hemihedrons, designated in the Miller system by
«(hkl). ;

III. By selecting every other face around the extremity of an axis,
and those alternating with it around the adjacent axis, as repre-
,sented by the shaded faces in Fig. 39; these when extended will

Fic. 39. Fic. 40.

produce the gyroidal, or plagiohedral, class of hemihedrons, repre-
sented in Fig. 40. These are denoted in Miller’s system by =(hkl).
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In all cases there are two forms of hemihedrons possible to be
derived from each holohedron, for the white faces in each case could
be extended to obliterate the shaded faces; one of these is the 4,
the other the — hemihedron, in classes I and II. In class IIT they
are right and left forms.

Tetartohedral forms. — In some types of crystals with still
lower symmetry, only one quarter of the face of the general form
may be required by the symmetry to complete the form; such
forms are termed tetartohedrons. The faces extended to form te-
tartohedrons must in each case modify the extremities of inter-
changeable axes in the same manner. If in Fig. 41 the shaded faces
are extended, the tetartohedral form of Fig. 42 will be produced,
having 12 faces. This is the right positive form, designated
3 R___a”':‘ 3% or mk (hkl). If the three unshaded faces in the
upper right octant and the corresponding faces in other octants are
extended, the + left form will be produced. These two forms are

4

Fre.41. (a:2a:3a) > Fie. 42. +R(

mirror images of each other ; there is no way in which they can be
revolved into congruent positions. It is like a left glove on a right
hand; such forms are enantiomorphic. Two other forms are
possible: the minus right produced by extending the faces — R,
Fig. 41, and the minus left produced by extending — L. -There
are always four tetartohedral forms possible, the + rights and the
+ lefts; the rights are congruent with each other and the lefts are
also congruent, but the rights are enantiomorphic with the lefts.
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Models. — In the study of crystals and the relation of crystal
forms, models cut from wood are indispensable. The student should
cut the simpler forms and their
combinations from cork, as rela-
tions once established in this way
are never forgotten. Crystal
models are cut showing similar
faces of the same size, or equally
developed, thus representing the
ideal symmetry of crystals, Fig.
43. In nature crystals seldom if
ever present the ideal symmetry,
as some faces are always enlarged
at. the expense of others; in this
way some faces may be entirely
obliterated, when the appearance
of a crystal may be so changed by the unequal development, or
distortion, as to be difficult of recognition. Distortions take the
form of elongation along a set of parallel edges, as in Fig. 44, a

Fic. 43.

Fic. 44. — A Distorted Rhombic Dodecahedron of Garnet.

distorted rhombic dodecahedron of garnet with the edges parallel
to ab elongated ; again, in the distortion of crystals, points are re-
placed by edges, as in Fig. 45 a and 45 b, a regular crystal of quartz
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and a distorted crystal in which parallel edges ¢ and d replace the
points ¢ and d, and the edge ab is elongated.

Habit. — Different combinations of the various forms in which a
substance may crystallize will produce crystals of widely varying

F1g. 45 a. — Symmetrical Quartz Crystal.

shapes, and especially when combined with distortions. These com-

binations, peculiar to localities or conditions of erystallization, are

known as the habit. Forms will be found on crystals from one
c

Fig. 45 b. — A Distorted Quartz.

locality which may not necessarily be found on those from another.
Even though the forms are identical, their relative development will
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yield a crystal of an entirely
different appearance. Figure
46 is a crystal of barite from
Felsobanya with a tabular
Fig. 46.-—Tal;;11az Habit of Barite from habit; Fig. 47 is a crystal of
elsbbanya. .

barite from Cumberland, Eng-
land, with a prismatic habit, being elongated parallel to the b
axis; the two crystals present combinations of the same forms;
their different appearance is due to inequality of development.

Fic. 47.— Elongated Habit of Barite ; a Combination of
the Same Forms as in Fig. 46.



CHAPTER 1II
CRYSTALLOGRAPHY

Drawing of crystals. — The object to be attained in the drawing
of crystals may be either to represent their relation and habit in -
perspective, or to represent the relation of forms on individual crys-
tals. The methods in use for this purpose are those of general
projection, though modified in some cases to fit the conditions.
The edges of crystals are formed in every case by the intersection
of two faces; in the drawing they are represented by straight lines ;
to find the position, inclination, and foreshortening of any edge
is nothing more than a problem in the intersection of planes. The
position of each face is given by the crystallographical symbols.
Interfacial angles are used in the drawing, only in so far as they
are necessary to determine the axial ratio and intercepts. The
methods of perspective projection are modified, not only to simplify
the construction, but to adapt it to the representation of crystal
edges, so that edges parallel on the crystal will be parallel in the
drawing, and of a length proportional to their actual length on the
crystal. This modification is simply placing the eye at infinity ; all
rays will then be parallel. All parallel and zonal directions will be
preserved ; it will be necessary to determine the direction of only
one edge of a zone in the drawing, all other edges in the same zone
will be parallel. It is customary to represent the ideal symmetry
of a crystal in the drawing, unless it is wished to illustrate some
peculiar development or habit. There are two general methods of
projection, the orthographic and clinographic methods, both of
which place the eye at infinity.

Orthographic projection is a plan or map of the crystal faces and
edges, drawn on a plane perpendicular to the ¢ axis. It represents
in crystallography exactly what the foundation and roof plans of a
house do to a builder. When the plane of projection is perpendicu-
lar to the ¢ axis the eye will lie in the direction of the ¢ axis, at an

infinite distance, vertically above the plane; the ¢ axis will appear
; 31
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as a point in the center of the drawing at the intersection of the
lateral axes. All edges parallel to ¢ will also appear as points.
Planes parallel to the ¢ axis will appear as straight lines. The
angles between these planes will be represented of true size.

Edges parallel to the plane of projection will also be represented
in the drawing by lines equal to the lengths of the edges; edges
inclined to the plane will be proportional to their inclination.
Supposing it is wished to represent the crystallization of barite,
axial ratio, 4:b:¢ = 9.815%: 1: 1.313*, and the following forms:

a=(100) =4:0b: ¢, b=(010) = 0i:b: 0¢,
c=(001) = 04:0b:¢, d=(102) =24:0b:¢,
m= (110) = 4: b : ¢, p=(111) =a:b:¢,

When the indices alone are given it is necessary to transform them
to Weiss parameters, as these represent the proportional inter-
cepts on each axis. As the two
lateral axes appear in the draw-
ing in their true length, lay
out from c, Fig. 48, the vertical
axis, a distance cb and cb’ each
equal to b, the selected unit of
length ; at right angles to cb’,
as barite is an orthorhombic
mineral, lay off ca and ca’,
each = cb X .815; through b,b’
draw lines parallel to aa’, which

Fia. 48. — Orthographic of Barite. will represent the form (ox0);
through a, a’ draw lines par-

allel to bb’ representing the form (roo) ; m (z10) would be rep-
resented by joining the extremities of the axes a and b, but the
cross section can be varied to suit the crystal at hand, by moving
the line connecting a, b out to a parallel position m, when m, m’,
m”, m"”’ drawn symmetrically will represent the four faces of the
unit prism, m (110) ; these four line will also represent the inter-
section of the unit pyramid, p (x11), with m (110). The apex of
the pyramid is at ¢ and the ridges will fall on the axes a andb. The
base ¢ (0o1) is in the same zone as m (110) and p (111), therefore
the intersection of ¢ and p will be parallel to the lines m, m’, rep-
resented by four lines drawn around ¢ parallel to m, m’, m”/, m’”.
The size of the base can be varied by the distance from ¢ at which
the four lines are drawn. Of the forms to be represented there
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remains the dome, d (102) ; a construction section of the crystal,
containing the & and ¢ axes, must be drawn, Fig. 48 a; from b
draw bé at right angles to the base. Make b¢ = b (the unit on b)
X 1.313, and ba = b X .815, connect ¢ and a which will represent
the ridge of the unit pyramid p (111).
The base ¢ cuts this pyramid at a
point p, found by laying off bo equal
to cc/, Fig. 48, projecting up to the e
ridge of the pyramid at p, then pc “ehp
will be the base at the same height at . i\
which it is represented in Fig. 48. |

The form (102) will cut the & axis at | | |
a’, ba’ = b X .815 X 2, and the ¢ axis b Ca
at ¢, be = b X 1.313; ¢a’ connecting
these two points will give the slope
and angle of the macrodome (102),
this may be moved in parallel to ¢a’, to cut the pyramid at any
required point as at cd; project cd to ¢d’ and lay off on the &
axis in Fig. 48 from ¢, ¢x, and cy, also ¢x’ and cy’ = bd’ and bc/,
then yy’ will be the projections of the points at which the dome
enters the edge of the pyramid; through xx’ draw lines parallel to
the b axis, which will be the intersection of the dome with the
base; then the triangle xzy, and similarly above x'z’y’, will repre-
sent the dome faces.

Uniformity of lettering. — It is the custom to adopt a uniform
system of lettering crystal forms, at least those forms which deter-
mine the crystalline characters, that they may be recognized at
once and the position of the axes fixed. The pinacoid (100) =
a; (010) = b; (100) = ¢; m represents the unit prism (110);
p, the unit pyramid (111).

In the hexagonal and tetragonal systems the prism of the first
order is m, that of the second order a, and the unit rhombohedron is
r. In the isometric system a, o, and d represent the cube, octahe-
dron, and rhombic dodecahedron respectively. In addition to the
above, individual faces are indicated by accents; all faces in the
right front octant are not accented, faces in the right back octant
are indicated with one accent, etc.; thus p, p’, p”, p”’/ would
indicate the four upper faces of the unit pyramid. -

Clinographic projection.— The clinographic method of illustra-
tion, in addition to expressing the relation of various forms, also
gives the impression of solidity and perspective, which is not the

D

_.__ - O

Fic. 48 a.
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object of the orthographic method. The disadvantage of the
method is that no angles and only those edges which are parallel
to the ¢ axis are given their true size in the drawing; one method
therefore supplements
the other and erystals
should be illustrated
by both methods.

In the clinographie
method the crystal is
projected upon a ver-
tical plane containing
the ¢ axis. The ¢ axis
is the only one given
its true length in pro-
jection. In Fig. 49
an octahedron is rep-
resented in ortho-
graphic projection ; in
order to pass to the
clinographic two steps
are necessary : 1st, the
crystal is revolved
around the ¢ axis some
selected angle, usually
18° 26/, after this revo-
lution the octahedron
will assume the posi-
tion of the dotted
lines. The axis oa will be moved to oa’; when projected upon the
plane of projection of which xy is the trace it will appear foreshort-
ened as oa”’; in the same manner oa; will appear upon the plane
of projection as oa,’; the amount of foreshortening will depend
upon the angle of revolution. 2d, after the revolution about the
¢ axis, in order that the plane of the lateral axes shall not be repre-
sented in the drawing, by a line, as xy, the eye, hitherto at infinity
in a horizontal direction, is now elevated until the lines of vision
form an angle, selected generally as 9° 28/, Fig. 50, with the horizontal
plane. It is as if the eye, being at the same height above the floor
as the table top, the relative positions of objects on the table
would not be appreciated, as the lines of vision are parallel to the
table top; if the eye is elevated, the top will come immediately into

Fia. 49.
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view and the relative positions of objects on the table is at once
seen. A clinographical projection of an octahedron is represented
in Fig. 49, in which the projection of the plane of the lateral axes
— aa’a is the result of ;
an elevation of the eye
9° 28’.  Referring to
Fig. 50, cc’ is the trace
of the plane of projec-
tion; it will be seen
that every point on _...F TRt R
the horizontal plane in a
front of the plane cc’ - (AR o
will appear below o, and
every point behind cc’
will appear above o;
the distance above or
below o at which any
point will appear de- FI(;.c50.
pends upon the angle
of elevation of the eye and the distance from-o of the point in
question. Take any point a, Fig. 50, the line of vision aa’ is 9° 28’
from the horizontal, and a will appear on the plane of projection at
a’. In the triangle aoa’, where oa = 1, oa’ = the tangent of oaa’ =
tangent 9° 28’ = 1 oa; the point a; will appear at a’, ¥+ of a0
a above o; the point e will
appear at e/, } oe below o,
etc. When the angle of
elevation is 9° 28’, 1 the
distance of any point from
the plane of projection,
measured below o if the
point is in front and
measured above o if the
point is behind the plane
of projection, will deter-
mine the projection of
the point in question.
Fic. 51.—The Axial Cross of the Isometric Construction of the
System. axial crosses.— Unless to
-illustrate some peculiar conditions the angles 18° 26" and 9° 28’
have proven the most satisfactory and are in general use.




36 MINERALOGY

Isometric.— Draw xy, If'ig. 51, the trace of the horizontal plane
with the plane of projection, and — a’a’ at right angles, making
c o — a’, a0 = the true

length of the axis oa.
Draw oa’ at 18° 26 to

—a xy, making oa’ = oa;
£ =2 o 4 ¥y draw a’a’’ at right angles
g 26 > toxy; as a’ is in front

. of xy lay off a distance

a.Ila'lll =%_ a,a”, dra‘v oaIII

and extend it to — a’”’ o,

making — a’”’o0 = a’’’0;
then — a’”’a’”’ will be the
projection of the axis. The axis at right angles to this is gotten
by drawing oa, at right angles and equal to oa’; draw a’ja; per-
pendicular to xy and make a,"’a;’
=1 a/a;; draw a,”’0, extend to
— a/, making — a;"’0 = oa,”’,
when — a;,”’a;,”” will be the projec-
tion and relative length of the
second lateral axis. The three
lengths a0, a,’’0, — a’o all rep-
resent the same unit of length as
measured in turn on each of the
axes; by connecting the extremi-
ties of the three axes the clinographical projection of the unit
form or octahedron will be obtained, Fig. 49.
Tetragonal.— The tet-
& ragonal system will not
differ from the construc-
tion in the isometric, ex-
cept that the ¢ axis is
not equal to the lateral
axes. Draw xy, Fig. 52,
and find the projections
of the two lateral axes
exactly as described in the
isometric cross; at o draw
oc = — co = oa X (the
axial ratio of the mineral
Fie. 53. — Axial Cross of Apatite; ¢=0.734+. to be represented), in

-C
F16. 52.— Axial Cross of Zircon ; ¢ = 0.64+.

F1G. 52 a.— The Unit Pyramid of
Zircon ; ¢ = 0.640.
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zircon .640. The unit pyramid of zircon will be projected by

connecting the three axial units, Fig. 52a.

Hexagonal.— Here the problem of the axial cross differs, as the

lateral axes are three and not at right angles.

and project ¢ and a, as before.
Draw ay’0a;’ = 60°, making a;’o
= a,’0, then draw — a;a; par-
allel to — ce, placing — a;, 1 the
distance from xy as a’;, when

— agaz will be the projection of .

the ‘axis required. The third
lateral axis is found by laying
off the angle az’oa;”” = 60° and
following the same construction
as before; by connecting the ex-

Draw xy, Fig. 53,

F16. 54.— The Unit Pyramid of
Apatite.

tremities of all the axes the unit pyramid will result, Fig. 54.
Orthorhombic. — Here the three axes are at right angles, but
all of a different length. Taking barite as an example, where

d:b:¢=.817:1:1.313, to project the axial ‘cross.

C|.
= =8
s i o 5
T !
a 26 b
b
/
2]

Tn

Fi16. 55. — Axial Cross of Barite.

Draw xy,
Fig. 55; lay out ob’ at
18° 26’ from y and some
selected unit in length
as 50 mm. ; find the pro-
jection of b as before.
The ¢ axis is found as in
the tetragonal system,
oc/ = 50 mm. X 1.313*=
65.65 mm. The a axis
is found by laying off oa’
at 90° to ob’, and =
50 mm. X.81=40.5 mm.,
when the projection — aa
Is obtained as before;
connecting the extremi-
ties and Fig. 56 will rep-
resent the unit pyramid
of barite.

Monoclinic.— Here the problem differs in that the clinoaxis a

Let it be required to draw the

axial cross of amphibole, a:b:¢ = .557:1:.29%, B = 73° 58,
Project b and ¢ as in the orthorhombic system; to find the pro-

is not at 90° to the vertical axis ¢.
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jection of a it is necessary to understand the position of the angle
B; the position of B8 is always back, Fig. 57, of the plane of pro-

Fi1G. 56. — The Unit Pyramid of Barite.

appear below xy a distance oa
(+ aa”) due to the angle 9° 28'.
the angle aoa’ = 16° 2’ and
oa’ = the unit on the a axis,
then the extremity of the, a
axis will appear below xy a dis-
tance aa’ due to the angle S,
then by the revolution of
18°26’ and the elevation of

jection, here represented by —cc;
its value is always taken less than
90°. Therefore the angle be-
tween the ¢ and a axes in front
will be greater than 90° in this
case 106° 2/, and the extremity
of the a axis in front will be be-
low the horizontal plane a dis-
tance oa’”’, depending upon the
value of the angle B and the
length of the & axis. This dis-
tance is found by drawing — do¢
= B and extending in the direc-
tion of a, making oa=o0bX9.55";
draw aa’””’ at 9° 28’ with the hori-
zontal, then the projection of the
end of the clinoaxis in front will
7’ due to the angle B8 + a’’a’”’

Therefore lay out in Fig. 58

the eye 9°28’, the projection of the extremity will fall under a’”,

a distance aa’”’ = aa’ +1a”a’"’;

connect a with o and extend to — a

an equal distance,
when — aa will be the
projection of the clino-
axis; connecting the

F16. 58.— Axial Cross of Amphibole.

extremities of the
projected axes, when
Fig. 59 will represent
the unit pyramid of
amphibole.

Triclinic.— Let it be
required to draw the



CRYSTALLOGRAPHY 39

B =108° 44’; y = 81° 39"; and the angle 100,010 = 94° 26/,
The construction of the ¢ and & axes is the same as in the mono-
clinic system, here the plane containing the b and ¢ axes is not at

90° from that containing the a
and ¢ axes, but as in this case is ¢
94° 26’. Having constructed the ‘/
projections of a4 and ¢, lay off the \
angle a’’ob’ = 100,010 = 04° 26,, Fia. 59. — The Unit Pyramid of Am-
hibole.
make bob’ =« — 90 = 13° 18'; i
make ob the true length of b, draw bb’ at 90° to ob’. The
extremity of the b axis will lie below the horizontal plane a dis-
tance bb’, due to the angle being 13° 18’ larger than a right angle;
draw b’d”” at 90° to xy; the projection of b will lie on the line

axial cross of rhodonite, &:b:¢ =3.072%:1:.6212+; «=193° 18/;

c
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F1a. 60. — Axial Cross of Rhodonite, Fia. 61.

b’b”, extended, if necessary, a distance b’’b =bb’+1 b’b”,
b—b will then be the projection of the axis b. Figure 61
represents the combination of (100); (010), (001), (110) of
rhodonite.

Example I of clinographic projection. After the axial cross is
- projected, the clinographic projection of any crystal is a problem
in the intersections of planes; the inclination of the faces is given
by the parameters. Let it be required to project clinographically
the same forms used to illustrate the orthographic method on page
32. Construct the axial cross and connect the extremities of the
axes, Fig. 62, which will represent the unit pyramid (111) ; the base,
¢ = (001), will truncate the pyramid above and below o, and will
be parallel to the plane containing the axes 4 and b. Let it cut
the ¢ axis above at ¢, below at ¢;. This distance will depend upon
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the development of the crystal to be illustrated, as all faces may
be moved back and forth on any axis, if their inclination be not
changed. The intersection of ¢ with the edge of the pyramid is

’
\ ey
. [}
i Fiy aoNn ’
LY ¥ ‘. ’ %
\ ' 4
oy ! ’
L
S L ) =
\ Ty ’
N ey 4
AR ’
A Xyt by
MAEES 1
w,” —¢
Fia. 62.

found by drawing c¢’cc’’ parallel to the axis 4 ; where this line inter-
sects the edge of the pyramid at ¢’ will be a point common to both
the edge of the pyramid and the base; likewise ¢”/, the intersec-
tion of ¢ and p, will be parallel to pp’ as the two edges belong to the
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1" 1" "
Cc

same zone ; draw c¢’c¢’”’ parallel to pp’, ¢ parallel to p’p”, and so
on around the four sides of the base above and below. The unit,
prism, m (110), is a member of the
same zone, and its intersection with
the pyramid will be parallel to the
intersections of the base and pyra-
mid. If the prism cuts the b axis
at m, then m’'m’ drawn through m
parallel to oc will represent its edge
in projection, and m’, m" will be
points on the intersection of the
prism and pyramid; draw m’m’”’
parallel to p"’p, and so on around the pyramid above and below,
dotting edges which will appear behind. To project the remaining
form d (102) = 2 &: wwb : ¢, lay off on the & axis, 2a, connect 2 a
with ¢ and — ¢; these lines will be the intersection of the dome
with the axial plane cod. Move 2 ac in parallel to itself, until it
cuts the edge of the pyramid at d’”” and the base at e, the inter-
4
E3:h

M

F1c. 64.— One Octant of 3a:3a:a.

section of d and ¢ will be parallel to the b axis, as both faces are
parallel to b; draw ee’’ parallel to p’p””’ and connect e”’d’”’, e’”’d""’,
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when e’d”’e””’ will represent one of the dome faces; the remain-
ing three are projected in a similar way. Figure 63 represents this
combination without the construction lines.

Example II. — Let it be required to draw (113)=3a:3a:aof the
isometric system. Draw the axial cross and extend them in each
case to 3 a, Fig. 64 ; in the isometric system all the axes are inter-
changeable, and where one axis is cut by planes at 1 and 3 the other
axes must be cut by two planes also; there will be three planes in
each octant; connect 3 a, a”/, 3 a’, the three lines will be the inter-
section of the face 3 a: a: 3a with the three axial planes separating
the octants; likewise connect
3a’,a,and3 a’’; 3a”’,3a,a’.
The intersections of these
three planes are 3 ac, 3a”ad,
3a’b; those portions of the
intersections which represent
crystal edges are drawn in
full lines. The portion of
the ecrystal represented is
that contained in one octant
or one eighth of the whole
form. All edges in the three
remaining octants in front
of the plane of projection are
obtained by the same method
of projection. Those in the four octants behind the plane of pro-
jection, where the form is symmetrical-in respect to a center, may
be conveniently drawn as in Fig. 65. If from any point ¢ a line
be drawn to the center o and extended beyond the center an
equal distance as — co, — ¢ will be the point behind the plane of
projection corresponding to ¢ in front, likewise all other points
may be located by drawing lines through the center o and the
faces represented by connecting these points.

Spherical or stereographical projection.— In the spherical pro-
jection the crystal to be represented is placed at the center of a
sphere so that the intersection of the crystallographical axes coin-
cides with the center. The plane of projection passes through the
center of the sphere at right angles to the ¢ axis, and intersects
the sphere in a great circle, the equator; the ¢ axis when extended
will intersect the sphere of projection at the north and south poles.
The eye is situated at the south pole to view the faces located in

-8

Fic. 65.
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the northern hemisphere and at north pole to view those in the
southern hemisphere. Crystal faces are not represented by the pro-
jection of their edges, but by the location on the plane of projec-
tion of the point of contact with the sphere of a radius perpen-
dicular (the normal) to the face, as

viewed from the south pole. In ¢ f
Fig. 66 the plane of projection per- }
g 2 — ¢ d
pendicular to the paper is repre- a
sented by bb’, which also represents
the b axis; the c¢ axis ¢’e; the a ol ¢lv |y

axis perpendicular to the paper will
be represented by a point at o.
Four faces c, f, d, b, belonging to
the zone of which the axis a is the
zonal axis, their normals when ex- o

tended will intersect the sphere at Fra. 66.

their respective poles ¢/, £/, d’, b/;

these poles when viewed by the eye at e will appear on the plane
of projection, bb’, as if they were actually located at o, £, d”, v’,
their projections. The distance from o at which the pole of any
face will appear in the projection, as f, is proportional to the tan-
gent of one half the angle foc; for of”” = oe tan oef” ; oef’ =1 cof’;
tan 26°(foc = 26°) = .23, or the distance of " from o is 23/100 of the
radius. It may be seen by the construction of Fig. 66, that all the
normals of any one zone will lie in one plane; their poles will all
lie on the great circle in which this plane intersects the sphere of
projection ; therefore the arc between any two poles is a measure
of the angle between their normals. It is the supplement of the
- angle between the crystal faces which the normals represent.
The arc f'd’ measures the angle d’of’, and as the angle ofa = oda
= 9o°, then d’of’ + daf = 180°. As the angle between the normals
is the angle actually measured by the reflecting goniometer, it is
the angle reported and used in the descriptions of crystals.

All poles in the northern hemisphere when viewed from the south
pole will fall upon the plane of projection within the equator or
primitive circle. When the plane of projection is a plane of sym-
metry, the projection of the northern hemisphere will also be a pro-
jection of the southern hemisphere as viewed from the north pole.
Similar poles above and below will coincide on the plane of pro-
jection. All zones or great circles perpendicular to the plane of
projection are projected in diameters of the primitive circle; all
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zones or great circles inclined to the plane of projection are pro-
jected in arcs of circles cutting the primitive circle at the ends
of a diameter. Before illustrating by an example the method of
drawing the spherical projection of a crystal, it is necessary to have
well in mind several problems constantly in use during the con-
struction.

If from the pole of a zone circle, lines be drawn through the poles
of any two faces lying upon the zonal circle, and extended until they
intersect the primitive circle, the arc of the primitive circle inter-
sected will measure the angle between the normals of the faces.

Problem I. Given the projection
of any great or zone circle, to find
the projection of its pole. Let dsc,
Fig. 67, be the zone circle; draw the
diameter dec, and the diameter so
perpendicular to de, so will be the
projection of a great circle, with
its pole at ¢ and at 90° to dsc;
therefore the pole of dsc must lie on
so 9o’ from s; draw cs and extend
to intersect the primitive circle at s,
- lay off sa = 90° connect ac, and
where it crosses os at p will be a point on a great circle at right
angles to the given zone dsc and 90° from it; it is therefore the
pole of dsc.

Problem IL.— Given the projection of the pole of any zonal
circle, to draw the projection of the circle, is simply the reverse of
problem I, Fig. 67.

Problem III.— Through
any two given poles to draw B
the projection of the great 2 ¢
or zonal circle to which they
belong. 5 B

In Fig. 68 let P, S be the ;
two given poles; then draw b
the diameter po, and oa at ’
90° to it, then a is the pole
of the great circle of which TR
Po is the projection and the
given pole P will lie upon it; draw aP, extend it to P’, lay off
P’b = 180°; draw ab to meet Po extended at B; B will be the

FiaG. 68.
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projection of a point on the sphere at the opposite end of a diame-
ter from P; therefore draw a circle through BSP, and ¢Sd will be
the projection of the zonal circle re-
quired. .

Problem IV. — Given the projec-
tion of any two poles, to find the
angle between them. In Fig. 69
let a, b be the given poles; by
Problem III draw the zonal circle
dabc, and find its pole P by Problem
I; draw Pa and Pb, extending them
to meet the primitive at a’b’, then
the arc a’b’ will measure the angle Fi6. 69.
between the normals ab.

Problem V.— Given the zone circle and the projection of one
pole in the zone, to find the projection of a face in the same zone
at a given angle from it.

This is the reverse of III. In Fig. 69, let dac be the zone circle,
a the given pole, to find the pole b, 80° from it. Find the pole p
of dac by I; draw Paa’ and make a’b’ = 80° and draw b'P;
where it crosses the zonal circle dac
as at b will be the projection of the
pole 80° from a as required.

Problem VI.—To locate the pro-
jection of any pole, the axial ratio
and the indices of the face being
given.

The axial ratio of barite is 4 :b:¢
= .815:1: 1.313; locate the pole of
y = (122) = 2a:b:c.

In Fig. 70 draw the primitive and
the two diameters aa’, bb’ at go°.
Lay off ob” =D, the intercept on
the axis a is oa’’ =2 (b X .815) ; draw b”’a’ and oc at 90° to a’’b”,
then oc will be the projection of a zonal circle at go°® to the primi-
tive with its pole at P, on which the pole of 122 will lie. Lay
off oc’ = b X 1.313, or the unit on the vertical axis, and od = oc,
connect d and ¢’; the angle ¢’do = the angle between the normal
of y, (122) and the normal to the base oo1; draw Poc”, and make
c”’oy’ = ¢’do, draw y'P; where it crosses oc as at y will be the
projection of the pole of 122 as required.

Fic. 70.
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Example. — Let it be required to project a barite crystal with
the following forms: (100) (010) (001) (110) (102) (011) (111)
(112) : 110,110 = 78° 22’ : 00L102 = 38° 51’ : 001,011 = 52°
43': 001,112 = 45°.

Draw, Fig. 71, the primitive circle within or upon which all
poles will fall. ~ As the c axis is projected at the center of the primi-
tive, and is normal to the base,

" e oo1, ¢ at the center will be the pole

o e/ e of oor. Draw two diameters aa’,
u; MV bb’ at go°; these will represent the

W | A 4 and b axes. The poles of all the

faces belonging to the zone of which
¢ is the axis will fall on the primi-
tive circle, as their normals will lie
in the plane of the paper, the last
term of their indices will be o.
100 will be projected at the ex-
tremities of the axis &, oxo at the
extremities of b; the remaining member of this zone (110) will lie
symmetrically on either side of the axis b. Draw the two diame-
ters at 78° 22, and the poles of (110) will lie at their extremities.

The form (ox1) is a member of the zone of which the axis 4 is
the zonal axis; its poles will lie on the diameter of the primitive,
perpendicular to 4, 52° 23’ from the pole ¢. From a’ lay off a’'e =
52° 23/, draw ea and where it crosses bc is the pole orx; orr will
be an equal distance on the other side of c. The poles of (102) will
lie on the diameter aa’ and are located by the same method as (or1).
The two pyramids (111), (112) are members of the zones 110 — ooz
and 110 — oor, their poles will lie on these two diameters. The form
(1r1) is also a member of the zone orr — 100 and orr — 100,
its poles will be situated at the intersection of the two zonal circles.
Draw the zonal circle oo, o11, Too; where this intersects the zone
110, 001, 110 as at 111 will be the pole of the unit pyramid. Poles
of (112) are located by the angle oor.112 = 45°; when the angle
between the base and any face is given, the zone being known, its
poles are quickly found by the tangent rule, or by construction,
problem V.

The advantages of the stereographical projection are, that it
shows -at once the symmetry of the crystal, connects all faces be-
longing to the same zone, and by simple construction the angle
between any two faces may be measured.

FiG. 71.



CHAPTER III
ISOMETRIC SYSTEM

Tae 32 TyrEs or CRYSTALS

CrysTaL forms, from a consideration of their symmetry alone,
are grouped into 32 types; when referred to their axes, they fall
into six systems. The types which are included in any one system
are independent, and one type cannot combine with another to
form crystals even though they belong to the same system; each
type possesses a symmetry entirely its own, a characteristic derived
from the molecular arrangement and molecule itself. At the same
time all thoseincluded in one system are related by the possession of
axes or planes of symmetry to a large extent common to the group.
For this reason the old classification of holohedrons, hemihedrons,
ete., is also given, and their derivation one from the other, as the
best method for the beginner to obtain a clear understanding of the
relation of types and the influence of planes and axes of symmetry
in the development of crystal forms.

Under the isometric system are grouped all those crystal forms
which are referred to three equal interchangeable axes, intersecting
at go°. It includes five types, all of which are characterized by at
least four trigonal and three digonal axes of symmetry. Since the
crystallographical axes are all equal, they are designated by the
symbol a, and a becomes the unit of measurement on these axes.
The most general set of parameters is therefore na : a : ma, in which
the two variables n and m may have any.value between unity,
when the plane interseets that axis at unit length or a, and infinity,
when the plane is parallel to that axis, or intersects it at infinity.
From this standpoint all forms in the system may be considered
as special cases of the most general form.

Crass, IsoMeTRIC HOLOHEDRAL, HOLOSYMMETRIC, OR NORMAL

Type 32, DitEssERAL CENTRAL

This type possesses the highest symmetry possible in any crys-
tal form, and, as in all holohedral classes, the forms are bounded by
47

»
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pairs of parallel faces. Diagram Fig. 72 represents the symmetry ;
13 axes, 9 planes, and a center. The value and position of the axes
and planes may be understood best by the consideration of their
relation to the edges of the cube or
hexahedron.

There are three ditetragonal axes
ending in the center of the cube
faces, these are the crystallographi-
cal axes; four ditrigonal axes end-
ing in the corners; six didigonal
axes ending in the middle of the
edges; three planes of symmetry
bisect the edges of the cube, and
contain the crystallographical axes;
they intersect in the center of sym-
metry and divide space arou d it into eight equal portions (oc-
tants). The remaining six planes contain the edges, each plane
passing through the center and opposite edges. The nine planes
of symmetry divide space around the center into 48 equal tri-
angular solid angles. :

F1G. 72.

Forms

I. Hexoctahedron; na:a:ma; (hkl), Fig. 73.

Here the values of the coefficients, m and n, are independent of
each other and not at their limiting values, 1 oro. When n = 2
and m = 3, yielding the parameters
3a:a:2a, they will locate a face in
each one of the 48 triangular segments
into which the planes of symmetry di-
vide space,-or 48 scalene triangles.
This is the largest number of faces
possible on any crystal form. Eight
faces are symmetrically grouped around
the extremities of the ditetragonal
axes (crystallographical axes); six
around the ditrigonal axes (center of  F16.73.—The Hexahedron,
the octants); four around the di- gk
digonal axes. All faces are similar scalene triangles, each of
which intersects one axis at unity, the second 'at a greater dis-
tance, the third at a still greater distance. Faces, edges, and

L
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angles of the form will vary with the value of m and n, there is
therefore a series of hexoctahedra, of which 3a:a:2a is one.

The spherical projection of the
hexoctahedron is represented in Fig.
73a. The planes of symmetry are
represented by the great circles in
which they cut the sphere of projec-
tion. The poles of the faces in the
northern hemisphere are represented
by small circles, those in the south-
ern hemisphere by crosses. The
cross within the circle indicates that
the two hemispheres are mirror
images of each other, and the type
is equatorial. The points at which the axes of symmetry emerge
are indicated by the conventional signs.

II. Tetrahexahedron; na:a:oa; (hko), Fig. 74:
This form is a special case of (hkl), where 1 = o; or each face
cuts one axis at ©, one at unity, and one at an intermediate

distance. If the poles of (hkl) are moved, so as to lie in the
diametral planes, Fig. 73 ¢, two normals will coincide, as a with a’

F1c. 73 a.— Hexoctahedron.

Fic. 74.—The Tetrahexahe- Fig. 75.— Tetrahexahedron
dron (320), of Fluorite. (320).

or b with b/, producing a form bounded by 24 isosceles triangles.
Four faces are grouped around the ditetragonal axes, Fig. 75, and
six around the ditrigonal, and the didigonal axes bisect the basal
edges between adjacent faces. The solid angles will vary with the
value of n, yielding a series of tetrahexahedra, members of which
may oceur in combination. The form may also be considered as

derived from the cube by replacing each face with four triangles.
E
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III. Tetragonal Trisoctahedron; na:a:na; (hhl), Fig. 76.

If in place of moving the pole of the most general form (hkl)
to the diametral plane, it be now moved into the planes of symmetry
which bisect the octants, and between the ditetragonal and ditrig-
onal axes; as the poles approach the plane the angle between the

F16. 76.—The Tetragonal Trisocta- Fig. 77.—The Tetragonal Tris-
hedron, (hhl). octahedron.

normals constantly diminish until the plane is reached, when it
becomes 0, Fig. 73 a, and the angle between the faces they represent
is 180°. Thus two faces, b and c, a and e, of the most general form
will coalesce, producing a form bounded by 24 four-sided faces,
Fig. 76, having three faces entirely within each octant. Four
faces are grouped around the ditetragonal, three around the ditrig-
onal, and four around the didigonal axes. In this form, also, the
solid angles between faces will vary with the value of n, yielding a
series. The tetragonal trisoctahedron may be produced by re-
placing each face of the octahedron with three tetragonal faces.

IV. Trigonal Trisoctahedron; a: a: na; (hh1), Fig. 78.

Let the poles of the most general form now be moved till they lie
in the plane of symmetry between the ditrigonal and didigonal
axes, Fig. 73a. Again two faces, a and b, a’ and b/, of the most
general form will fall in one plane, producing still a third form
bounded by 24 faces, Fig. 78; each face is an isosceles triangle with
its base lying in the diametral plane. Eight of its faces, Fig. 79, are
grouped around the ditetragonal, three around the ditrigonal, and
the didigonal axes bisect the base of the triangular face. As in
the preceding forms the solid angles vary with the value of n,
producing a series of trigonal trisoctahedra,
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V. Hexahedron; a:®a: ® a; (oor1), Fig. 80.

In the previous cases the poles of the most general form have been
moved into one of the sides of the triangle, in which it lies; there
are still three possibilities, the three corners of the triangle. Let

Fig. 78.-—The Trigonal Trisocta- F1G. 79. — Trigonal Trisocta-
hedron, (hhr). hedron, (hh1).

it now be moved, Fig. 73 a, to coincide with the ditetragonal axis,
when all eight faces of the most general form grouped around this,
as b, b’, ¢, ete., will fall in one plane, producing a form with six
faces, the hexahedron, or cube, Fig. 80. Each face will cut one
axis and is parallel to the other two. The ditetragonal axes will

; !
: !
; |
S B
Fe o
: !
: !
BT AL M
s T v e P
Fic. 80.— The Hexahedron, (100). Fia. 81.— The Rhombic Dodeca-

hedron, (110).

end in the center of the faces, the ditrigonal in the corners, and the
didigonal will bisect the edges. The angles-between the faces are
fixed at 90°, there is but one hexahedron and not a series. It is
therefore termed a fixed form.
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VI. Rhombic Dodecahedron; a:a:a; (1 10), Fig. 81.

If the pole is now moved to the didigonal axes, Fig. 7 3a, four facgs
a, a’, b, b’, will fall in one plane, producing a form with 12 rhombie
faces, Fig. 81. The faces are grouped four around the dltetragpnal
axes, three around the ditrigonal, and the didigonal axes bisect
‘ the edges. There is but one rhom-
bie dodecahedron with the angles
fixed at 120°. It is also a fixed
form.

VII. Octahedron; a:a:a; (111),
Fig. 82.

The seventh and last possible
form in this type is where the pole
is moved to the ditrigonal axes,
when the six faces a, b, c, e, etc.,
of the general form grouped around

Fic. 82.— The Octahedron, (111).  this axis will fall in one plane, pro-

ducing a form bounded by eight

equilateral triangular faces, Fig. 82. Four faces are grouped

around the ditetragonal axes, the ditrigonal axes terminate in the

center of the face, and the didigonal axes bisect the edges. All

dihedral angles of the regular octahedron are fixed at 70° 31’ 42”;
it is therefore a fixed form.

Relation of the Seven Forms

When any one of the 48 triangular segments into which the planes
of symmetry divide space is considered, Fig. 83, it has been shown
that the pole na:a:ma, the hexoc- . a:a:a
tahedron, may be located anywhere
within the area, and when it ap-
proaches the sides or angles, either
one or both of the variables m and n
approach their limiting values 1 and
. If the pole approaches one of
the sides, only one of the variables
approached its limit, or the two oaaws Da: 808 0gzaza
variables are of the same value. The Fia. 83.
hexoctahedron, tetrahexahedron, tetragonal trisoctahedron, and
the trigonal trisoctahedron, are known as the variable forms, since
their parameters contain a variable. The position of the pole of
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any one form on the triangle will depend upon the value of the
variable. As the pole of any of the variable forms approaches
the angle of the triangle, both variables approach their limits; and
upon reaching their limits the pole assumes the position of one of
the axes of symmetry, and as there is only one point in the angle
of the triangle, therefore there is only one possible form of the
hexahedron, rhombic dodecahedron, or octahedron, and they are
known as the fixed, or limiting forms. All substances crystalliz-
ing in these forms must have the same angle.

In each type there are always seven possible forms. The most
general form is represented by the area of the triangle; and as the
number of points which the pole of the face may occupy is unlimited,
there are therefore innumerable individuals forming a series. The
three sides of the triangle each represents a series of variable forms,
as here also there is a large number of points on each side between
the angles, each of which may be occupied by the pole in turn.
The three angles of the triangle represent the three fixed forms,
as there is only one point in each of the three angles. The
seven forms possible in each type are represented by the seven
elements of the triangle, of which the three angles represent the
three fixed forms, and the three sides and area represent the
variable forms.

Combination of Forms

Crystals may present one form only, when the number of faces
is very limited ; more often they are combinations of two, three, or
even all seven of the possible forms in the type, and in addition
forms of the same series; in such cases the number of faces possible

Fig. 84. Fig. 85.

on a crystal is very large and their relation complex. Such com-
plex crystals are rare in nature, for by far the larger number are
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combinations of a few simple forms. The general appearance or
habit is fixed by the simple form predominating in the combination.
Figure 84 is a combination of a hexahedron and octahedron, the
former predominating ; Fig. 85 is the same combination with the
latter predominating.

Examples crystallizing in the Type
Copper, forms (100) (110) (111) (410) (211) (531). Fig. 86.

AN

Fia. 86. — Combination of a (001) Fra. 87.— Magnetite, a (001)
and d (110) on copper. and d (110).

Lead, forms (100) (110) (111) (410) (550).

Silver, forms (110) (111) (310) (751).

Galena, PbS, forms (100) (110) (111)
(221). Fig. 84.

Magnetite, Fe;O,4, forms (100) (110)
(111) (210) (221) (432). Fig. 87.
Fluorite, CaFs, forms (100) (111) (421)

(110) (211).
Analcite, NaAl;(Si0;);, H,O, forms
(100) (211) (575).
R 0 e i Gar.net, forms (110) (111) (310) (221).
nation of n (221) and d(110). Fig. 88.

CLass, TETRAHEDRAL (D1AGONAL-FACED) HEMIHEDRONS
Type 31, DiTESSERAL PoLAR

All forms of this type possess four ditrigonal polar axes, terminat-
ing in the center of the octants. The conditions surrounding one
extremity of the axis are different from those at the other extrem-

v
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ity, hence the term polar. The
crystallographic axes are didigonal
axes. The six planes of sym-
metry bisect the octants and pass
through opposite edges of the cube,
Fig. 89.

Symmetry, 4 ditrigonal polar
axes, 3 didigonal axes, and 6
planes. There being no center of
symmetry, the forms are not

bounded b arallel faces. Fig. 89.— Diagram of Axes and
e, Planes of Symmetry in Type 31.

Forms

na:a:ma

I. Hextetrahedron; ; K (hkl) k (hkl).

In grouping the faces around the isometric axes so as to conform
to the symmetry of any type, it is necessary to cut all extremities
of the crystallographical axes with the same number of faces
and at the same inclination, since the axes are interchangeable.
If planes are grouped on the axes, fulfilling the symmetry of this
type, the most general form will be bounded by 24 similar scalene
triangles, Fig. 90; six faces are grouped around the ditrigonal,

Fi1g. 90. — The Hextetrahedron,
k (hkI). k (hkl).

four around the didigonal axes. The spherical projection, Fig.
91, shows that the poles (circles) in the northern hemisphere do not
reflect those in the southern hemisphere (crosses); therefore the
plane of projection is not a plane of symmetry. If this projection
is compared with Fig. 73 a, it will be seen that the poles of the hextet-
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rahedron correspond to one half the poles of hexoctahedron. Itis
as if all the faces in alternate octants above and below were extended
(Fig. 35, the shaded octants) until they inclosed space; the form
produced would be the - hextetrahedron. When the unshaded
faces are extended the — hextetrahedron is produced, congruent
with the former by a revolution of 90°. In all hemihedrons there
are + and —, or right and left forms, which may occur on crystals
in combination, or independently. =+ forms are always congruent
by a revolution. :

Other forms of this type may be produced, as in the holohedral
class, by moving the pole of the most general form to the sides and
angles of the triangle in which it lies, yielding in all seven possible
forms, some of which will be new forms; others will be of the same
shape as the holohedral forms.

II. In Fig. 91, if all the poles be moved till they lie on the side of
the triangles between the two Hi@igqnal axes, they will oceupy the
same position as, Fig. 75, the poles of the tetrahexahedron. The
holohedral and hemihedral forms are of the same shape, but the
symmetry of the two, caused by the character or arrangement of
the molecules, will differ. Where an apparent holohedral form is
found in combination with hemihedral forms, it must be considered
as a hemihedron and will possess the lower type of symmetry.

The tetrahexahedron is reproduced by extending the faces which
exist in alternate octants, as each face of the holohedral form
extends in two octants, half in each ; the half lying in the octants
extended will reproduce the half in the adjacent octants. There
are no + or — forms in those cases where the hemihedron assumes
the holohedral shape.

na:a.na

III. Trigonal tristetrahedron; + ; k (hhl) K hhl).

If the poles be placed on the side
of the triangle between the ditrigonal
and didigonal axes, two will coincide,
yielding a new form, the trigonal
tristetrahedron, bounded by 12 simi-
lar isosceles triangles, Fig. 92. Three

....... faces are grouped around one ex-

tremity of the ditrigonal axis and
2\ 6 around the other. The didigonal
Fia. 92— The Plus Trigonal Tris. 2X€s bisect the base of the triangu-
tetrahedron. lar faces. This form may also be
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considered as produced by the extension of alternate octants of the
tetragonal trisoctahedron. There are congruent 4+ and — forms.

IV. Tetragonal tristetrahedron; 3 e ':' i ; ¥ (hh1) & (hfu>.

Let the poles now be moved on the side of the triangle between
the ditrigonal axes, when the tetragonal tristetrahedron bounded
by 12 tetragonal faces will be pro-
duced, Fig. 93. Three faces are grouped
around the extremities of the ditrig-
onal, four around the didigonal axes.
This form may also be derived by ex-
tending alternate octants of the trigonal
trisoctahedron.

The four tetrahedral forms thus far
considerfed are variable forms, as their Fia. 93.— Toteagonal Tris.
angles will depend upon the value of the tetrahedron, « (221).
intercepts.

V. If the pole be placed on the didigonal axes, the hexahedron
will be reproduced, as in type 32.

VI. If the pole be placed in the plane of symmetry midway
between the ditrigonal axes, the rhombic dodecahedron will be re-
produced ; both hexahedra and rhombic dodecahedra may combine
with tetrahedral forms.

a:a:a

VII. Tetrahedron; =+ ; K (111) K (171).

Fic. 94. — The Plus Tetrahedron, F1a. 94a.— The Neg_ative Tetra-
Kk (111). hedron, k (111).

If the poles be placed on the ditrigonal axes, six faces will fall
in the same plane, producing a form bounded by four equal equi-
lateral triangles, the regular tetrahedron, Fig. 94. It may also be
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considered as produced by the extension of alternate faces of the
octahedron.
. Combinations

Of the seven forms which may combine in the tetrahedral class,
the tetrahexahedron, hexahedron, and rhombic dodecahedron are
apparently holohedrons in shape. They can be distinguished from
the latter when not in combination with tetrahedral forms only by
special markings, striations, etch figures, or other physical proper-
ties, which indicate a symmetry of the lower type.

Crystal faces often contain striations, parallel to the edge of
common combinations found represented on the crystals. They

Fic. 95. F1c. 96.— The Plusand Minus
Tetrahedrons of Sphalerite.

are attributed to alternations of growth, in which the face is reduced
to the minimum, and appear as a striation parallel to the common
edge. Fig. 95 represents a combination of the hexahedron and
tetrahedron in sphalerite. The striations on the hexahedral faces

F1c. 97. — Combination of F16. 98. — Combination of

k (111), x (211), (110) on (100), k(111), x(211) on
Tetrahedrite. Boracite.

are traces of tetrahedral faces. It is to be noted that the striations
on the cube faces are symmetrical to planes containing opposite
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edges of the cube, which mark it as a hemihedral cube belonging
to the tetrahedral type of symmetry, even if the tetrahedron did
not truncate the corners.
Examples of minerals erystallizing in the type.
Diamond, C, (111) (100) (321) (210) (320).
Sphalerite, ZnS, (100) (111) (110) (311) (331) (210). Fig. 96.
Tetrahedrite, 4CusS, SbyS;, (100) (110) (111) (221). Fig. 97.
Boracite, (100) (110) (111) (410) (531) (221). Fig. 98.

Crass, PYRITOHEDRAL (PARALLEL-FACED) HEMIHEDRONS

Type 30, TeESSERAL CENTRAL

All forms of this type possess
four trigonal axes ending in the é@‘
center of the octants; three di- :

digonal axes corresponding to the
crystallographical axes; three AT P
planes, the diametral planes and a 4\14\7
center of symmetry. All forms of
the type are therefore bounded by
pairs of parallel faces. - L]

Symmetry.—4 trigonal axes, Q@§7J
3 didigonal axes, 3 planes and a Fia. 99.
center, Fig. 99.

Forms

I. Diploid; ifl%ma . (hkl) 7 (hid.)

If planes be grouped on the axes to conform to the symmetry
of the type, it will be found that if half of the faces of the hexocta-

Fic. 100. —The Minus Dip- -
loid, = (hkl). Fic. 100 a.
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hedron are selected, so that pairs taken intersecting in the diame-
tral planes (Fig. 37, the shaded faces) are then extended, they
will produce a new form, the diploid, Fig. 100, with 24 four-sided
faces, three of which are grouped around the trigonal and four
around the didigonal axes. Figure 100 @ shows the symmetry and
poles of the — form.

na:a:oa
II. Pyritohedron ; pentagonal dodecahedron + ST

7 (hlo) w (hlo).

When the pole is moved to the side of the triangle between the
didigonal axes, and in the plane of symmetry, a new form will be
produced, the pyritohedron, Fig. 101, bounded by 12 pentagonal
faces.

Three faces are grouped around the trigonal axes, and the di-
digonal axes bisect the long edge between adjacent faces. The

Fi1a. 101. — The Pyritohedron, FiG. 102.— Pyrite : Combi-
w (hlo). nation of (100) and  (hlo).

pyritohedron may be considered as derived from the tetrahexahe-
dron by extending alternate faces.

III. Other forms.

Other possible positions of the poles are identical in number
and positions with the forms of type 32: Therefore the tetragonal
trisoctahedron, trigonal trisoctahedron, hexahedron, rhombie
dodecahedron, and octahedron may be found in combination with
the diploid and pyritohedron. They also reproduce the same
forms when the method of selection to form hemihedrons of this
class is applied to them.

Combinations

Geometrical holohedral forths of this type must possess the pyri-
tohedral symmetry. Pyrite, FeS,, erystallizes in all seven forms of



ISOMETRIC SYSTEM 61

the type, but commonly in (111) (010) 7 (h10) with striations on the
cube face, parallel to its edges, due to alternations of growth be-
tween the cube and pyritohedron, Fig. 102. These striations are
parallel to the planes of symmetry which bisect the cube edges,
and not, as in sphalerite, type 31, parallel to the planes which con-
tain the edges and cross the face diagonally.

Other representatives of the type are smaltite, CoAs;; cobaltite,
CoAsS.

Crass, PLAGIOHEDRAL (GYROIDAL) HEMIHEDRONS
Typre 29, TessERAL HOLOAXIAL

As the name implies, this type possesses all the axes, 3 tetragonal,
4 trigonal, 6 digonal, of the system, but no planes or center of
symmetry.
Forms

r/lna:a:ma.

I. Peatagonal icositetrahedron (didodecahedron) :

7 (hkl) T (khl). '

If every other face of the hexoctahedron around the ditetragonal
axis is extended, as indicated by the shaded faces of Fig. 39, the
solid formed will have the symmetry of this type. It is bounded
by 24 pentagonal faces, 4 of which are grouped around the tetrag-
onal axes, 3 around the trigonal, and the digonal axes of symme-
try bisect the edge between two faces. When the right upper face
of the positive octant is extended, then the right pentagonal dido-
decahedron is produced, Fig. 103. If the left upper face is ex-

Fi. 103.— The Right Pen- Fia. 104.—The Left Pen-
tagonal Didodecahedron. tagonal Didodecahedron.

tended, the left pentagonal didodecahedron, Fig. 104, is produced.
Figure 105 is a spherical projection of the right form. They differ
from + and — hemihedra, as there is no way of revolving one into



62 MINERALOGY

a congruent position with the other; they are not superimpos-
able; one is a mirror image of the other.

Such pairs of forms are enantiomorphous.

Other forms of the type do not
differ geometrically from those of
type 32, the forms which may be
found in combination with the pen-
tagonal didodecahedron, the only new
form of the type will be the tetra-
hexahedron (hlo).

Tetragonal trisoctahedron (hhl).

Trigonal trisoctahedron, (hhr).
S, Hexahedron, (010).

Fic. 105. — The Right Pentagonal ~ Rhombic dodecahedron, (110).
Icositetrahedron. Octahedron, (111).

As six forms of the type are in shape holohedrons, minerals which
crystallize in the type are distinguished by a study of the symmetry
of the etch figures; this is especially
necessary as the oceurrence of the most
general form is always rare. Sylvite,
KCl, occurs in combinations of the cube
and octahedron, Fig. 106. Etch figures
appear on the cube faces as shallow pits
with square outline. The position of
the square pits depends upon the sym-
metry of the point-system, as the type Fic. 106.— Diagram of Etch
contains no planes of symmetry; they Figures on Sylvite.
are so oriented on the cube that none of the possible planes which
are traced on the cube face will cut them symmetrically.

Examples.

Cuprite, Cu,0; (111) (100) (110) (211) rarely in 7 (hkl), from
Cornwall, Eng.,

Ammonium Chloride NH,CI; (111) (110) (100) T (875).

TETARTOHEDRAL CrLASS
Type 28, TESSERAL PoLAR
Symmetry : crystals of this type must conform to 4 trigonal
axes ending in the center of the octants; these four trigonal axes
maintain their position in all five types of the isometric system
and to three digonal axes corresponding to the crystallographic
axes. They have no planes or center of symmetry.
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Forms
Tetartohedral pentagonal dodecahedron; + R, + L =D ma;
2

km (hkl), kw (hkl), kw (khl), k™ (khl).

The symmetry of the type requires but one quarter of the faces
of the holosymmetric form. Figure 107 represents the poles of
the + right tetartohedral pentagonal dodecahedron. The form
is bounded by 12 irregular pentagonal faces, three of which are
grouped around the trigonal axes:; the digonal axes bisect an edge.

F1a. 107. —The Plus Right Tet- Fic. 108.

rahedral Pentagonal Dodeca-
hedron.

Figure 108 represents the 8 faces of the hexoctahedron grouped
around the ditetragonal axis, which axis in the tetartohedral class
is a digonal axis. Four tetartohedral pentagonal dodecahedra
are possible. If the two faces + R are extended, the + right,

Fig. 109.— The Plus Right Fig. 110.— The Plus Left Te-
Tetartohedral Pentagonal tartohedral Pentagonal Do-
Dodecahedron, kw (hkl). decahedron, mk (khl).

Fig. 109, pentagonal dodecahedron results; if + L are extended,
the + left, Fig. 110; — R is the negative right, — L the negative
left forms. +rights are congruent, for if the face 4+ R is revolved
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90° it is superimposed on — R, likewise % lefts are congruent, but
the rights are enantiomorphic with the lefts, for in no way can the
face — R be revolved around the digonal axis to bring it into a
congruent position with the face + L or — L. There are always
four tetartohedral forms. They may be derived by superimposing
one hemihedral type of selection on another and extending the faces
remaining, Fig. 41, page 27.

Other Forms

The six other possible forms of the type are derived by a consid-
eration of the position of the poles in the triangle, Fig. 107:

Pole on the side between the digonal axes = -+ pyritohedron.

Pole on the side between the digonal and trigbnal axes = +
tetragonal tristetrahedron.

Pole on the side between trigonal axes = + trigonal tristetrahe-
dron.

Pole on the digonal axes = hexahedron.

Pole on the trigonal axes = % tetrahedron.

Pole on the angle between the digonal axes = rhombic dodeca-
hedron.

Combinations

Apparent holohedral and hemihedral forms of more than one
type may be found combined on the same crystal; when this is
observed, all forms must be considered as being of tetartohedral
symmetry.

Examples: Minerals crystallizing in the type are rare.

Ullmannite from one locality crystallizes in pyritohedra and in
tetrahedra from another, which would indicate that it is tetarto-
hedral. There are a number of artificial salts, as barium nitrate,
sodium chlorate, strontium nitrate, and sodium bromate, which
crystallize in this type.



CHAPTER IV

TETRAGONAL SYSTEM

THE tetragonal system embraces all those crystals referable to
three axes at right angles, two of which, the lateral axes, are equal
and interchangeable, designated by the letter a. The third or
vertical axis, designated by c, is not interchangeable with the lateral
axes. The most general parameter of the system is na:a:mec,
in which the value of n may vary from unity to infinity ; m may
vary from zero to infinity. With the c axis held vertical and one
of the lateral axes in the plane of the paper, the other at 90° to it,
the extremities are designated + or — as in the isometric sys-
tem, the upper right octant being positive. Seven of the 32
types are included in the tetragonal system.

Crass, TETRAGONAL HoroHEDRAL (HOLOSYMMETRIC)

Type 27, DITETRAGONAL EQUATORIAL

Symmetfy. — Crystals of this type possess one axis of ditetrag-
onal symmetry, the ¢ axis; four didigonal axes, two of which are

Fic. 111.— The Planes of Fic. 112. — The Ditetragonal
Symmetry in Type 27. e Pyramid.
the lateral axes; the other two, the intermediate axes, bisect the
angle between the a axes. All four didigonal axes lie in one plane,

the equatorial plane, at 90° to the vertical axis. There are five
F 65 :
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planes of symmetry, Fig. 111, one of which is the equatorial plane;
the other four intersect in the ¢ axis and each contains one of the
axes of symmetry lying in the equatorial plane. The five planes
divide space into 16 equal (Fig. 112) triangular portions, eight
above and eight below the equator. The largest number of faces
possible upon any form of the tetragonal system will be 16.

Forms

1. Ditetragonal pyramid; na:a: mc; (hkl).

When the values of n and m are between their limits, the pole
of the face will fall within the area of the triangle, Fig. 112; there
will be one face in each triangular space, yield-
ing a form, the ditetragonal pyramid, Fig. 113,
bounded by 16 scalene triangles (pyramid here
includes the faces above and below the equator
and are doubly pointed). It has eight faces
grouped around the north and eight around the
south pole or ¢ axis; four faces grouped around.
the extremities of the didigonal axes. There is
a series of ditetragonal pyramids, the shape of
the face or the value of the interfacial angles of
any one of which will depend upon the values
of n and m.

4 II. Tetragonal pyramid of the first order;
Fi1c. 113.— The Ditet- 4 . a:mc; (hhl)

fRepn 23 rbid: When the value of n is unity, its minimum
limit, or if the pole in the spherical projection, Fig. 112, is moved
until it coincides with the intermediate axes, then two adjacent
poles of the most gen-
eral form, as a and ¢,
will combine, yielding a
. form bounded by eight
isosceles triangles, Fig.
114, the tetragonal pyr-
amid of the first order.
Its eight polar edges
are equal. The crystal-
lographical axes termi-
nate in a solid tetrahe-
dral .angle; this char- Fie. 114.—Pyramid of the First Order (111), of
acterizes a pyramid of Cassiterite.
the first order; in pyramids of the second order the a axes bisect
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an edge. There is a series of pyramids of the first order, their
acuteness and general appearance depending upon the value of m,
III. Tetragonal pyramid of the second order; a: oa: mc; (hol).
When the value of n is o, its maximum limit, or if the pole is
moved to coincide with the crystallographical axes, then in the
resulting form of eight :
faces the axes will ter-
minate in the center of
the equatorial edge,
yielding a pyramid of
the second order, Fig.
115. In shape this pyr-
amid in no way differs

from the pyramid of the y
first order, with which F16. 115.—Pyramid of the Second Order, (101), of
Cassiterite.

it becomes congruent by '
a revolution of 45° around the c axis. There is a series of pyramids
of the second order, depending upon the value of m.

IV. Ditetragonal prism; na:a: c; (hko).

When the value of n is between its limits and m is infinity, or if
the pole in the spherical projection is moved to the primitive circle
between the extremities of the didigonal axes, the resulting form
is the ditetragonal prism, Fig. 116. It is bounded
by eight similar faces.

o

‘i il i| Each facewill cut one A e ;
| i| il of the lateral axes at i g5
[add=3 .

[

| i| i| unity, the other at a l :
~~~~~ St sl {1 distance greater than | :
= |' | unity, and will be: par- |
i | (| allel to the c axis; it A
i i| i| will therefore be an ' /
| i | i| open form extending _'“'—““/'7]4’-{—-~.“
N V1) to infinity unless ter- g
F1e.116.— The Di- minated by combining | :
tetragonal Prism, with another form. I
S All prisms are open ae:
forms. There is a series of ditetragonal |
-prisms, the value of the interfacial angles | | T,
depending upon the value of n. \—_,_,_-—-—*

V. Tetragonal prism of the first 5 157 _ priom of the First
order; a:a:oc; (110). : Order, (110).
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When the value of n is unity and that of m is infinity, or let the
pole be moved on_the equatorial ‘plane to coincide with the inter-
mediate axes, then the resulting form is the tetragonal prism

F16. 118. — The Tetragonal
Prism of the Second Order.

of the first order, Fig. 117. It will be
bounded by four faces, cutting the ¢ axis at
infinity, the a axes at unity. The lateral
axes terminate in the middle of the edges.

VI. Tetragonal prism of the second
order; wa:a:oc; (or0).

When the value of both n and m is at
infinity, their maximum limit, or if the pole
be moved in the equatorial plane to coin-
cide with the crystallographic axes, then a
rectangular prism results, the tetragonal
prism of the second order, which in shape
differs in no way from the prism of the
first order except the a axes terminate in

the center of the faces. It becomes congruent with the first order
prism by a revolution of 45° around the c¢ axis, Fig. 118.

VII. Basal pinacoid; wa: wa:c; (oor1).

The only possible position of the pole remaining is when it coin-

cides with the c axis, when all
eight faces above the equato-
rial plane will form one face
and all the faces below will fall
in one plane, yielding a form
of two faces, the tetragonal
base or basal pinacoid which
extends to infinity on all sides,
Fig. 118,c. All pinacoids cut
but one axis and are parallel to
the other two ; in combination
with prisms they inclose space.
The fixed forms of the tetrago-
nal system are the base and the
prisms of the first and second
orders; these correspond to the

Fi1e. 119. — Combination of (111) (101)
(110) (100) of Cassiterite.

fixed forms of the isometric system, as do also the position of their
poles in the triangle, viz., the corners or angles; as here there is
evidently only one pos1t10n for the pole, there is only one form

possible.
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Combinations. —The pyramids and prisms
of the first ‘and second orders truncate each
other’s edges symmetrically; Fig. 119 repre-
sents these four forms of cassiterite. Several
members of a series of a variable form may
occur in combination with the fixed forms,
Fig. 120, Zircon.

Examples of minerals crystallizing in the di-
tetragonal equatorial:

Cassiterite, SnO.; (110) (100) (310) (111)
(101).

Zircon, ZrSiO,; (110) (100) (111) (331)
(311). '

Rutile, TiO.; (110) (100) (310) (111) (101). FItGi;mm(g- —(—1 101<;mg§?)

Vesuvianite, Cas(Al, OH) AL;(SiO,)s; (100) 311), (110) and (010)
(110) (310) (210) (001). in Zircon.

Crass, SPHENOIDAL (DIAGONAL-FACED) HEMIHEDRONS
TyrPE 26, DITETRAGONAL ALTERNATING

Symmetry. — Crystals of this type possess a ditetragonal alter-
nating axis, the ¢ axis; two digonal axes, the a axes; and two
planes of symmetry intersecting in
the ¢ axis and each containing one
of the intermediate lateral axes; Fig.
121 represents A
the symmetry of
the type.

This class of
hemihedrons in
the tetragonal
system corre-

sponds to the

¥ : tetrahedral class ¢
Fia. 121, — Type 26: Ditetragonal . { P

altsrntte. in the isometric

system and may

be considered as derived from the holohedral Fic.122.—The Minus
forms by extending all the faces in alternate o At
octants, Fig. 122; the shaded faces when extended will produce

a — form as drawn.
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I. Tetragonal scalenohedron; =+ ot :' o ; K (hkl) k (hkl).

This form is bounded by eight similar scalene triangles, Fig.
123, four of which are grouped around each extremity of the c
axis, with the edges lying in the planes of sym-
metry.. The lateral axes terminate in the middle
of an edge. There are + and — forms which
become congruent by a
revolution of 90° around
the c axis. ' ;

II. Sphenoid; +a:a: mc;
K (hhl) k (hhl).

When the pole is in the
plane of symmetry repre-
sented by the full- lines,
e by s Fig. 121, two fa.ces of tl}e

Sphenoid k (121).  Scalenohedron will fall in

one plane, as e and e’ and

b, b’, and the form will be bounded by four g 124 — The Plus
isosceles triangles, Fig. 124, producing the tet- Tetragonal Sphenoid of
ragonal sphenoid of the first order in which the the First Order,k(111).
lateral axes bisect the four equal edges. The

¢ axis bisects the remaining two edges. This

form may also be considered as derived from

the tetragonal pyramid of the first order by

extending alternate

faces above and below

until they inclose

space. .

III. Other forms of

the type. — All other
positions of the pole
. will in turn produce -

Fia.125.—Combination the holohedral shapes
of (122) and (772) of of type 27, here as in
Chaloonsaiie. the-isometric system ;

here, also, they must be considered as of

* lower symmetry, which will be recognized

by their combination with the two new

forms of the type, or by their striations and F'¢: 126- — Chalcopyrite :

Combination of (111
etch ﬁgures. (110). 3
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The possible forms to be found in combination in this type are:

The positive and negative tetragonal scalenohedrons, k (hkl),
« (hkl).

The positive and negative sphenoids of the first order, k (hhl),
« (hhl).

The pyramid of the second order, (ohl). ,-

The ditetragonal prism, (hko).

The prism of the first order, (hho).

The prism of the second order, (oho).

The basal pinacoid, (oo1).

Examples of minerals crystallizing in the type.

Chalcopyrite, FeCuS,; (111) (111) (122) (772). Figs. 125 and
126.

Crass, HoLounepraL HEMIMORPHIC

TypPE 25, DITETRAGONAL POLAR

Hemimorphic forms may be considered as derived from an equa-
torial form by the suppression of all the
faces around one extremity of the c
axis and the development of those
around the opposite extremity, as an
independent form, or if the equatorial ;
form is cut along the equatorial plane, :
it will yield an upper hemiform and ‘:
lower hemiform.

Symmetry. — All the elements of
symmetry in the equatorial plane are )
lost, namely the four axes, the equa- Fey
torial plane, and the center. The type o 127'—3£ep(2)15;,_Dltetmg-
is symmetrical in regard to a ditetrag-
onal axis, the ¢ axis and four planes of symmetry intersecting in
the ¢ axis, Fig. 127.

Forms

Each pyramid of the ditetragonal equatorial type yields an upper
and lower hemipyramid, each of which is independent. The basal
pinacoid is also divided into upper and lower forms.

The possible forms to combination in this type are therefore :

The upper and lower ditetragonal pyramid; u/1 w,-

(hkl) (hki),
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a:a:mc,

The upper and lower pyramid of the first order; u/1 RO
(hhl) (hhl).

wa:a:mc,

The upper and lower pyramid of the second order; u/1 .—a—é——— ;

(ohl) (ohl).

Fig. 128.— The Upper Di- Fic. 129.— The Upper Hemi-
tetragonal Hemipyramid. pyramid of the First Order.

The ditetragonal prism; na:a:ooc; (hko).
The prism of the first order; a:a:mc; (110).

The prism of the second order; wa:a:oc;
(010).

The upper and lower basal pinacoid;
w122 RR2 5 (001) (00D).

Examples. — There are as yet no minerals
known to crystallize in this type, but several
organic and artificial salts belong here. Fig.
F{Gd- 132-§Sg"g Féuﬁ' 130 represents a crystal of silver fluoride,

ide, b ; Comi- g - 3
binationof 111y, (Lp)  AgF H:0; with (111) (111) (113) in com-
(113). bination.

Crass, PyrRaMipAL (PARALLEL-FACED) HEMIHEDRONS
Type 24, TETRAGONAL EQUATORIAL 3

Symmetry. — Crystals of this type have an axis of tetragonal
symmetry, the ¢ axis; one plane, the equator, and a center, Fig.
131. -

The forms may be considered as derived from the ditetragonal
equatorial type by extending alternate pairs of faces which inter-
sect in the equator, as is shown in Fig. 132, where the shaded faces
when extended produce the — third order pyramid, Fig. 133.
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Forms

I. Tetragonal pyramid of the third order; + i Lo e az: o ; T (hkl)
w (hkl).

The faces represented by the poles in Fig. 131 form a pyramid °
similar in shape to the tetragonal pyramids of the first and second
orders, differing
only in that the
lateral axes
terminate in the
equatorial edge
between the tet-
rahedral angle
and the middle.
A diagram of the

; equatorial plane

Fi16.131.— Type 2f1:Tetragonal is représented in
Equatorial. Fig. 134; aa is

the pyramid of the first, ee is the pyramid
of the second order, both being fixed forms ;
ab is the ditetragonal pyramid, a variable form lying between the
fixed forms as its limiting forms ; the dotted line represents the ex-
tension of one half of the faces, as ab to d, where it intersects at

Fig. 132.

Fic. 133.— Pyramid of the Third Fra. 134.
Order of Scheelite, = (313).

90° with the extension of the alternate face ad; note that the axes
in this pyramid terminate not in the angle, nor in the middle of the
edge, but at a point on the edge somewhere between them. This
diagram will represent the relation of the prisms equally well.
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na:a:oc
II. Tetragonal prism of the third order; + R (hko)
7 (hko).
If the pole be placed on the primitive circle in an asymmetric
position in the octant, or if every other face of the ditetragonal

i WA

v
‘
e e . o
h
‘.
.

\/ Fi1G. 135 a.— Combination of the

Fi1G. 135.— Prism of the Third Order First Order Prism with the Third
of Stolzite, = (340). Order Pyramid.

prism is extended, a new form will result, the tetragonal prism of
the third order, Fig. 135, similar in shape to the 1st and 2d order
prisms, except the lateral axes end in the face between the center
of the face and the middle of the edges.

All other positions of the pole will yield
holohedral shapes. .

The possible forms in combination will
therefore be the —

Positive and negative pyramids of the 3d
order,  (hkl)  (hkl).

Tetragonal pyramid of the 1st order, (hhl).

Tetragonal pyramid of the 2d order, (hol).

The positive and negative prism of the 3d
order m (hko), (hko).

18 & ol Tetragonal prism of the 1st order, (hho).

e l:f (11033' (11%0 ’ﬂ’;"g'{;‘)‘ Tetragonal prism of the 2d order, (oho).

of Scheelite. Basal pinacoid, (001).
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Examples. — In combinations the two new forms, the 3rd order
pyramid and prism will give the crystals an asymmetric appearance

as in Fig. 135a.

Examples. — Scheelite; CaWO,: (101) (111) (313). Fig. 136.

CLass, TETRAGONAL TRAPEZOHEDRAL (PLAGIOHEDRAL) HEMI-

HEDRONS

Type 23, TETRAGONAL HOLOAXIAL

Symmetry. — As the name implies, this type has all the axes of

x or Tl et
\ O

Fia. 137.— Type 23 : Tetragonal

symmetry of the tetra-

gonal system, but no

N\ planes or center. The
" ¢ axis is a tetragonal
% axis and the lateral
and intermediate axes
o are digonal axes of
" symmetry. As in all
- < holoaxial types, there
/ are right and left
enantiomorphic forms.

Holoaxial.

I. Tetragonal trapezohedron;

Fiac. 139. — The
Right Tetragonal
Trapezohedron.

Forms
na: a: mc
| e saet

T (hkl) T (khl).

If alternate faces of the di-
tetragonal pyramid around the
north pole, represented by circles
in Fig. 137 and shaded in Fig.
138, and faces alternating with
these around the south pole, rep-
resented by -+ in Fig. 137, are
extended, theright trapezohedron,
Fig. 139, will result; if the un-
shaded faces of Fig. 138 are ex-
tended, the left trapezohedron
will result, Fig. 139 a.

The form is bounded by eight
trapezoidal faces, four of which
are grouped around each extrem-

Fia. 138.

Fic. 139 a. — The
Left Tetragonal
Trapezohedron,
7(212).
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ity of the ¢ axis. The equator is represented by eight zigzag edges.
The lateral axes bisect opposite edges.

II. Other forms.— All other positions of the poles will yield
holohedral shapes. The trapezohedron is the only new form of the
type, and it has never been found on a crystal. All substances
erystallizing in this type have been placed here as a result of a study
of their etch figures.

Forms possible to combine in the type are:

The right and left tetragonal trapezohedron, T (hkl) 7 (khl).

The tetragonal pyramid of the first order, (hhl).

The tetragonal pyramid of the second order, (oht).

The ditetragonal prism, (hko).

The tetragonal prism of the first order, (hho).

The tetragonal prism of the second order, (oho).

The tetragonal base, (001).

Examples. — There are no minerals of this type. The artificial
nickel sulphate, NiSOy, 6 H,0, is placed here, also the sulphate of
strychnine.

Crass, TETRAGONAL SPHENOIDAL (TETARTOHEDRAL)
TyPE 22, TETRAGONAL ALTERNATING

The ¢ axis in this type is a tetragonal alternating axis; there is
no plane or center of symmetry. The forms of the type may be
considered as derived from the holohe-
dral forms by an extension of one quarter
of the faces selected as illustrated in Fig.
140, which also shows the alternating
character of the ¢ axis.

I. Sphenoid of the third order; r/l +
SRR e (i), e (ihl), K (),
wk (khl).

The faces represented by the poles of
Fig. 141 produce the + R sphenoid of
F1a. 140.— The Plus Left Te- the third order, Fig. 142. The + L form

tragonal Sphenoid of the jsshown in Fig. 140, in its relation to the

Third Order. . .

ditetragonal pyramid, where the four
faces selected include the left-hand face of the + octant. There
are four sphenoids of the third order possible, bearing the same
relation to each other as in the tesseral polar type. The lateral
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axes terminate asymmetrically in the face, on a line connecting
the middle points of the four equal edges.
I. Sphenoid of the second order; + %’rﬁ ; K (hol), Tk (ohl).
When the poles of Fig. 141 are moved into the diametral planes,
the + right and — left sphenoids will fall in one form, the +
sphenoid of the second order, Fig. 142, in which the lateral axes

B

Fig. 141.— Type 22: Tetragonal Fic. 142. — The Te- Fia. 142 a.— The Plué

alternating. tragonal Sphenoid of Right . Tetragonal
the Second Order. Sphenoid of the Third
Order.

terminate in the central point of the line joining the middle of the
four equal edges. Sphenoids of the second order may be considered
as derived from the tetragonal pyramid of the second order by
extending alternating faces above and below.

II. Other forms. — No new forms are produced by the other
possible positions of the poles. Forms possible to combine in the
type are:

+ right and + left sphenoids of the third order, mk (hkl),
7K (khl), 7k (hkl), 7wk (khl). .

+ sphenoid of the second order, K (ohl), K (hol).

+ sphenoid of the first order, k (hhl), k (hhl).

+ prism of the third order, T (hko), 7 (kho).

Prism of the second order, (oho).

Prism of the first order, (hho).

Basal pinacoid, (001). ‘

Example. — There is yet.no representative of this type, either
among minerals or artificial compounds.
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Crass, HEMiHEDRAL HEMIMORPHIC

Tyre 21, TETRAGONAL PoLar

Symmetry. — There is one axis of tetragonal symmetry ; all the
symmetry of the equatorial plane is lost. This type is related to
the tetragonal equatorial in the same
way as the ditetragonal polar is to the
ditetragonal equatorial, Fig. 143.

Forms

9 1 Tetragonal hemipyramid of the third
. ; order, u/1 w ;  (hkl).

i o The tetragonal pyramid of the third
D S order yields the only new forms of the
Fig. 143.—71"y1;;.'é-1.: Tetragonal t,yp e, the positive, Fig. 14‘,4’ and pega—
Polap, tive upper and lower hemipyramids of
the third order.
Forms possible to combine in the type are:
+ upper and lower hemipyramids, of the third order, w (hkl)
r (khl), w (hki), 7 (khl).
Upper and lower hemipyramids of
the second order, (ohl), (ohl).
Upper and lower hemipyramids of
the first order,
(hhl), (hhi).
+ prisms of

the third order, Fic. 144.—The Upper Hemipyra-
> (hko) = (kho) mid of the Third Order, =(hkl).
> g

E Prism of the second order, (oho).

Prism of the first order, (hho).
Basal pinacoid, (001), (001).
\ Examples. +— Wulfenite, PbMoO,, (111) (111)
(001) (430), Fig. 145.
Fi. 145. — Wulfenite, — Etch figures.— In the seven types of the
S0 00D 430); tetragonal system it will be noted that two
forms, the prisms of the first and second orders, are common to all.
They are of the same shape and possess the same number of faces
in each type; and in external appearance the prism of one type is
not to be distinguished from that of another. The same condition
exists in the case of the cube and rhombic dodecahedron in the five
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types of the isometric system. While outwardly these seven prisms
of the first order are exactly alike, yet inwardly they all possess
their distinctive symmetry. The physical properties are distributed
on the face of each prism in accord with, and they conform to, the
symmetry of the type. The seven prisms of the first order will
differ then in their symmetry.

When a solvent is applied to a crystal face or a natural crystal-
line surface, as a cleavage surface, the crystal will not pass into solu-
tion equally or with the same speed in all directions. The rapidity
with which molecules pass into solution or are torn off from the crys-
talline network will depend upon the symmetry of the network.
The solvent’s action will not act evenly all over the surface, but will
start at points scattered over the erystal face ; and solution will begin
at each one of these points as a nucleus or center, the molecules

Fia. 146. — Photograph of Etch Figures on Halite, enlarged Five Diameters.

going into solution one after the other, with a speed that varies
with the direction. If the solvent’s action is stopped after a very
short time and the crystalline surface is examined, in many cases, if
the concentration and character of the solvent has been favorable
and it has not been allowed to act too long, the surface will be pe-
culiarly pitted. All of these pits or etch figures will be of the same
shape on all faces of the same erystal form. They are bounded by
straight or slightly curved lines and are of the nature of negative or
reéntrant crystals, with their equivalent faces and axes arranged
parallel, as is shown in Fig. 146. These etch figures may be produced
by plunging a crystal into a solvent for a very short time, as they
are the result of the first action of the solvent on the crystal face.

p
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If solution is allowed to continue for a longer time, the outlines
of the individual pits will meet and the face is then'often covered
with characteristic hillocks, representing points where the walls of

Fra. 146 a.

the etch figures have not as yet joined. The sides of the etch fig-
ures represent possible crystal faces, or more correctly vicinal faces,
and they therefore reflect and conform to the symmetry of the
face. Their shape will depend upon the chemical compound, the
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strength and character of the solvent, as well as upon the crystal
form etched; but, however produced, if produced under like con-
ditions, the etch figures on all faces of any one form will be alike
and conform to the symmetry of the face. Etch figures are there-
fore one of the most reliable means of determining the symmetry of
any crystal face, and often decide the type to which a crystalline
compound will belong when the erystal forms or combination of
forms fail, and when the most general or distinctive form of the
type is absent. Nickel sulphate, NiSOy, 6 H,O, has been placed in
the tetragonal holoaxial type from the symmetry of its etch figures
alone, while the most general or distinctive form of this type, the
tetragonal trapezohedron, has never been observed on any crystal,
and from the combination of forms alone it might belong to type
27, ditetragonal equatorial, or to type 24, the tetragonal equatorial.
As an illustration of the method of determining the symmetry of
apparently holohedral hemihedrons, Fig. 146 a represents the seven
tetragonal prisms of the first order, with diagrammatic eteh figures on
each, conforming to the symmetry of the face in each of these seven
possible prisms in the tetragonal system. The planes of sym-
metry where they cross the prism face are represented by dotted
lines and where they cross the etch figure by a white line. In 27,
the ditetragonal type, the prism face is symmetrical to two planes
of symmetry, the vertical and equatorial planes and a center of
symmetry. The shape of the etch figures on this face a, as indi-
cated, must be symmetrical to planes parallel to these two planes
and an axis of symmetry ; furthermore, when the etch figure a is
revolved 90° about the vertical axis ¢, it must become congruent
with the etch figures, as a’, on the adjacent prism face of the same
form. If all these conditions are fulfilled, then the prism is of
type 27.

In type 26, the ditetragonal alternating, where the prism face is
crossed by the vertical plane of symmetry only and the equatorial
plane of symmetry is absent, the etch figures will be of a different
shape, as represented, from those on the prism of type 27. They
will be without an axis of symmetry, but will be symmetrical to
the vertical plane; and when revolved 90° around the vertical
axis ¢ and reflected over the equatorial plane, they will become
congruent with the etch figures, as a, on the adjacent prism face.

In this type an axis of digonal symmetry ends in the edge; the
etch figure a, if revolved around this axis 180°, will be congruent

with a’. They are oppositely oriented on adjacent faces.
G
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In type 25, the ditetragonal polar, where there is a vertical plane
of symmetry crossing the prism face and the vertical axis is a dite-
tragonal axis and no equatorial plane or’digonal axes, the etch
figure on each face is symmetrical to a vertical plane only ; and re-
volved around the vertical axis ¢ 90° will become congruent with
those on the adjacent face, as a’. a will also be a reflection of a’,
across the plane of symmetry containing the edge between them.

In type 24, the tetragonal equatorial, where the vertical axis is a
tetragonal axis of symmetry and has an equatorial plane, the etch
figure will be symmetrical to the equatorial plane. By a revolution
of 90° around the vertical axis it will become congruent with a’,
on the adjacent prism face, but a is not a reflection of a’, as here
there is no plane of symmetry between them.

In type 23, the tetragonal holoaxial, where there are no planes of
symmetry and the vertical axis is a tetragonal axis and there are
four digonal axes in the equatorial plane, the etch figure must
have a center of symmetry ; and if revolved 90° around the vertieal
axis or 180° around the crystallographical axis, it must become con-
gruent with a’, the etch figures on the adjacent crystal faces. The
figure a’ is not a reflection of a, as there is no plane of symmetry
between them.

In type 22, the tetragonal alternating, where there are no planes
of symmetry and the vertical axis is a tetragonal alternating axis,
the etch figure a will be asymmetric; and if revolved around the
vertical axis ¢ 90° then reflected over the equatorial plane, will
become congruent with a’, on the adjacent prism face.

In type 21, the tetragonal polar, where the vertical axis is a te-
tragonal axis, the etch figure a will be asymmetric and will become
congruent with a’ by a rotation of 90° around the vertical axis c.

From the several diagrams it will be seen that each of the seven
possible prisms of the first order, though alike in outward form,
possesses the symmetry of the type, which is revealed by the shape
and relation of the etch figures on the form.

Crystalline elements. — In the isometric system, as the axes are
all interchangeable, the crystalline characters are fixed and are the
same for all substances crystallizing in the system. In the tetrag-

onal system the axial ratio .:: varies with the substance; its value

Is constant, however, for each chemically pure substance. The
axial ratio is calculated from the angles of the fundamental forms,
or those forms which intercept the axes at unity.
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Example. — The axial ratio of zircon is calculated directly from
the pyramid of the second order (101), Fig. 147 ; the angle cao is
found by measurement to be
32° 38’ 4", in the triangle coa
right-angled at o. Tan cao=

co
=7 but oc=c and ca=a; tan

C

cao= £ =.6404. In the tetrag-
a

onal system the lateral axis a
is assumed as the unit of meas-
urement, therefore ¢ = .6494
is the axial ratio of zircon.
When the pyramid of the first order is the fundamental form
in which the angle is measured (111), Fig. 148 at a’, at right

Fic. 147.— Zircon, (101).

'~ oc
angles to aa;; tan ca’o = 5
o

oc = oa’ (tan ca’o), also oa’ =
a'a;=lam=1V2 ..c=1V2
(tan ca’o).
a, In rutile ca’o is 42° 10’.
Log tan42° 10’ =9.959616+10
Log $V2=1.849485
Log ¢=9.809101—10
c=.644%, the axial
ratio of rutile.

When the-—axial ratio is
known, it is an easy problem to calculate the value of the variables
m and n in any set of parameters; thus in rutile there is a pyra-
mid of the second order in which the angle corresponding to cao,

Fig. 147,is 78° 15"; tan 78° 15’ =% = £ = 4.8 or nearly 5; its pa-

F16. 148. — Cassiterite, (111).

a I
rameters would be (a: o a:5c), and indices (501).



CHAPTER V

HEXAGONAL SYSTEM

THE hexagonal system includes all those crystals which may be
referred to four axes, three of which, the lateral axes, lie in one

—+-c

‘%éé' f

+35 g

—C
Fia. 149.

plane, the equatorial
plane. They are equal
and interchangeable
and inclined 60° to each
other. They are all
designated by the let-
ter a. 'The order of +

a and — extremities are

as shown in Fig. 149.
The fourth or ¢ axis is
the vertical axis and is
at right angles to the a
axes and not inter-
changeable with them.
It may be either longer
or shorter.

In the hexagonal system the parameters have four terms,
and are written in the following order, na;:pa;:&d;:mc. As

all three lateral axes are in
the equatorial plane and all
faces, except the base, in-
tersect this plane in straight
lines, two lateral axes and
the ¢ axis will fix the in-
clination of any face, for
the straight line dd’, Fig.
150, is fixed by the inter-
cepts on the axes a; and a,.
The value of the intercept
a;, or the coefficient p in
the general set of parame-
ters, when one intercept is

’

d

Fia. 150.
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unity p, is a function of the other intercept n. The value of p ex-

pressed in terms of n is

Srreh will increase as n decreases,

n

n=e

until n is unity, when becomes infinity, or if the value of n

Buz=1T,

5 n
increases, decreases, and when n = 2, S = the value

n—1
of n may vary between 1 as its minimum limit and 2 as its maxi-
mum limit; m, the coefficient of ¢, is independent of n and may
vary between 0 and co. There will also be four terms in the in-
dices of any plane, thus hkil, where i represents the smallest inter-
cept. Of the three indices hki, two will always be of the same
sign and the third of the opposite sign, and the algebraic sum of
these three indices is always zero. Their relative values are
i>h>k and h + k =1i. In writing the indices 1 always stands
last and represents the ¢ axis not interchangeable with the lateral
axes. Twelve of the thirty-two types are included in the hexag-
onal system, all of which possess at least one axis of trigonal
symmetry.

Crass, HExacoNAL HorLouHEDRAL (HOLOSYMMETRIC)
Type 20, DinExacoNaL EQUATORIAL

Symmetry. — Crystals of this type possess one dihexagonal axis,
the ¢ axis, 6 didigonal axes, all lying in the equatorial plane and
inclined at an angle of 30° to each other, three of which are the

e i ]

R ‘ :

Fic. 151. Fig. 152.— Type 20, Dihexagonal
Equatorial.
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lateral crystallographical axes. The remaining three bisect the
angles between the lateral axes. . There are seven planes of sym-
metry, one of which, the equatorial plane, contains the didigonal
axes and is at right angles to the c axis. The other six planes all
intersect in the ¢ axis and each contains one of the didigonal axes.
They are therefore inclined to each other at an angle of 30°, Fig. 151.
These seven planes of symmetry divide space into 24 equal por-
tions or solid angles. The largest number of faces on any hexag-
onal form will be 24, or one face in each solid angle. There is
also a center of symmetry and the forms of this type will all be
bounded by pairs of parallel faces, Fig. 152.

Forms

I. Dihexagonal pyramid; na: a:a:mc; (hkl).

This form is represented by one face in each of the 24 solid angles
and is bounded by 24 scalene triangular faces, Fig. 153 ; each face

Fia6. 153. — Dihexagonal Pyramid, FiG. 154.— Hexagonal Pyra-

n & mid of the First Order

na: a:a:mec; (hkil). {
n-—1 (ki) a:o0a:4:c, (hohl).

cuts the lateral axes at a different distance. The equatorial edges
are all equal, and the alternate polar edges are equal.

II. Hexagonal pyramid of the first order; a:oa: a: mc; (hohl).

If the poles in Fig. 152 be moved into the intermediate planes
of symmetry so as to lie on that side of the triangle between the
intermediate and the hexagonal axes, then the number of faces will
be reduced to 12, and a new form will result, the hexagonal pyra-
mid of the first order, Fig. 154, bounded by 12 isosceles triangles.
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Each face cuts two of the lateral axes at an equal distance and is
parallel to the third. The axes therefore end in the tetrahedral
angles, making it a pyramid of the first
order. ;

III. Hexagonal pyramid of the second
order; 2 a:2 a:a:mc; (hh2hl).

If the poles in Fig. 152 are moved into
the diametral planes, then the faces of
the most general form will be reduced to
12 isosceles triangles, Fig. 155, each face
cutting two of the lateral axes at an
equal distance and the third at one half
that distance. The a axes will bisect the , N

g K Fic. 155.—Pyramid of the
equatorial edges, making the form a pyra- = Second Order, 2a:2a:4:¢,
mid of the second order. (hhzhl).

IV. Dihexagonal prism; na: a:a:®c¢; (hﬁio).

n—1
The poles are now moved to the equatorial plane between the axes
of symmetry, when the faces will be reduced to 12, all of which are

</‘ ! i
/ .
=
""""""""" L e
P S o
Fic. 156.— Dihexagonal Prism, FiG. 157.— Hexagonal Prism of the

n First Order, a:oa :a:oc, (hoho).

na:

a:a:mc, (hkio).

parallel to the ¢ axis, yielding an open form, Fig. 156, the dihex-
agonal prism, alternate edges of which are similar.



88 MINERALOGY

V. Hexagonal prism of the first order;  a:®a:a:oc; (hoffl).

Three possible positions of the poles now remain, the three
angles of the triangle, each position yielding one of the three fixed
forms. The four forms already developed represent the variable
forms, there being a series of each. If the poles coincide with the
intermediate axes, Fig. 152, four faces of the most general form will
fall in one plane, producing an open form, the hexagonal prism of
the first order, bounded by 6 faces, all of which are parallel to the
c axis, Fig. 157. Each face cuts two lateral axes at the same
distance and is parallel to the third.

VI. Hexagonal prism of the second order; 2a:2a:a:ooc;
(hh2ho).

In this form the poles will coincide with the lateral crystallo-
graphical axes. It is bounded by 6 faces, each of which cuts two
lateral axes at the same distance, and the third at one half that
distance. The axes will therefore terminate in the center of the
faces, Fig. 158. :

VII. Basal pinacoid; wa:o0a:oa: me (0oor).

If the poles are moved to the ¢ axis the number of faces will be
reduced to a single pair of faces parallel to the equatorial plane.
They terminate the prisms as shown in Fig. 158.

P ! St @
: H 5 RN
T -mo\
| 2oy o
| i
| i
i 6 [ e
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| |
i N .
............... . S
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Fi6. 158. — Hexagonal Prism Fig. 159. —Beryl, a Combi-
of the Second Order (hhzho). nation of m (1010), u (2021),

s (1121), P (1011), ¢ (0001).

The forms possible to combine on crystals of the dihexagonal
equatorial type are :
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Dihexagonal pyramid, (hkil).

Hexagonal pyramid of the first order, (hohi).

Hexagonal pyramid of the second order, (hhzhl).

Dihexagonal prism, (hkio).

Hexagonal prism of the first order, (hoho).

Hexagonal prism of the second order, (hhzho).

Hexagonal base, (0001).

Examples. — Few minerals crystallize in this type; as a rule the

holosymmetric class in other systems is G

the most important class in the system. Qn ?

Beryl, Be;Aly(SiO;)s, Fig. 159, repre- 24 o
sents a combination of five forms on a ) D
crystal of beryl. Fic. 160. — Hanksite, ¢ (0001),

Hanksite, 9 Na,SO;.2 Na,CO;. KCl, m (1010), p (1011).
Fig. 160, represents a combination of three forms on a crystal of
hanksite.

Crass, RHOMBOHEDRAL HEMIHEDRONS
Typre 19, DIHEXAGONAL ALTERNATING

Symmetry. — Crystals of this type possess one dihexagonal al-
ternating axis, the ¢ axis; three didigonal axes, the lateral crys-
tallographical axes, three planes of symmetry, intersecting in the
c axis and each containing one of the intermediate lateral axes, and

oy x 0

Fia. 1/61.—Type 19, Dihex- Fi1G. 162.—The Positive Scale-
agonal Alternating. nohedron, k (hhil).

also a center of symmetry, Fig. 161. It is to be noted here that the
equatorial plane of type 20 is lost and the equatorial edge in the
two new forms of the type is represented by a zigzag edge. Forms
of this type may be derived from the holohedral forms of type 20
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by the extension of all planes in alternate dodecants above and
below the equatorial plane, as the shaded faces of Fig. 162.

Forms

na: :a:mc i o
I. Scalenohedron + n—1I ; K (hkil), & (khil).

The faces represented by the poles
in Fig. 161 when extended will yield
the minus scalenohedron, Fig. 163, a
form bounded by 12 similar scalene
triangles.  Six faces are grouped
around the extremities of the ¢ axis.
Alternate edges are equal both as to
length and angle. The equatorial
edge of the dihexagonal pyramid is
replaced by 6 equal zigzag edges,
each of which is bisected by the ex-

FiG. 163.— The Minus Scaleno-

hedron, « (hkil). tremity of a lateral axis.
:0aza:me
II. Rhombohedron of the first order, __ta_az_axg__;  (hohl),
K (ohhl).

When the poles of Fig. 161 are moved into the planes of sym-
metry, a form, the rhombohedron of the
first order, Fig. 164, bounded by 6 simi-
lar rhombic faces, is the result. The form
is plus if the pole is moved into the plane
of symmetry lying between the a, and a;
axes in front, and the minus form is pro-
duced when they are moved into the
plane between a; and 4;. There are three
faces grouped
around each ex-
tremity of the ¢
axis, and three
equal edges. The
six zigzag edges
which are bi-
sected by the ex-

F1c. 164.— The Minus Rhom- o Fig. 164 a.— The Rhombo-
bohedron of the First Op- remities of the ™0 "5t M iddle Edge
der, x (ohhl). | lateral axes are and Scalenohedron.
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equal in length to the polar edges but differ in angle. These
edges correspond in position to the zigzag edges of the scaleno-
hedron. For each scalenohedron there
is a corresponding rhombohedron, Fig.
164 a, termed the rhombohedron of the
middle edges. When in combination, it

bevels symmetrically the edges of the /
scalenohedron, Fig. 165. ,/
Other forms. — All other possible po-

sitions of the poles yield forms similar in

shape to the holohedral forms of type 20,

but when found in combination with a Fie. 165.—Combination of
rhombohedron or a scalenohedron they g‘ﬁorsncsiir:;};iirz?tiz%:f
must be considered as of hemihedral sym-  dle Edge.

metry.

The possible forms to combine in this type are :
Plus and minus scalenohedron, k (hkil), k (khil).

Plus and minus rhombohedron of the
first order, k (hohl), k (ohhl).

Hexagonal pyramid of the second order,
(hhzhl).

Dihexagonal prism, (hkio).

Hexagonal prism of the first order, (hoho).

Hexagonal prism of the second order,
(hhzho).

Hexagonal base, (0001).

Examples. — The rhombohedral eclass
is the most important class of the hex-
agonal system,
as a large num-
ber of common

G S e and commer-
1G. .— Calcite, Com- . .
bination of R (1011, Cially ~impor-

m (1010), v (2131). tant minerals
belong here.

Calcite, CaCO;, Fig. 166, is a com- Fre. 167.—Hematite, ¢(0001),
bination of R(1011), m(1010), v(2131). HELUTIFRCHOL):

Hematite, Fe,0s, Fig. 167, is a combination of a base and the
plus and minus rhombohedron.

Corundum, ALO;; Siderite, FeCOs;; Arsenic; Antimony;
Brucite, MgO . H;O, — also crystallize in this type.
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Crass, DinExacoNarL HEMIMORPHIC

Type 18, DIHEXAGONAL PorLar

Symmetry. — By a polar development of the holohedral forms

type 20, all the symmetry lying in the equatorial plane is lost,

leaving the dihexagonal axis and the

six vertical planes intersecting in the ¢

» axis as the symmetry of this type,
% Fig. 168.

i Forms. — The new forms would be,

 upper and lower dihexagonal hemi-
* pyramids, Fig. 169. Also upper and
lower hexagonal hemipyramids of the
first and second orders, Fig. 170.
Possible forms to be found in com-

Fie. 168. —Type 18, Dihexag-  bination on crystals of this type would

u/l

onal Polar. be:
Upper and lower dihexagonal hemipyramid,
na:
n—1

; (hisil), (hiil).

:a:mc}

Upper and lower hemipyramid of the second order,

u/l<2a:2a:a:mc>; (hhzh1), (hhzA).

u/

Fi1a. 169. — The Upper Dihex- Fia. 176. — The Upper Hex-
agonal Hemipyramid, (hkil.) agonal Hemipyramid of
the First Order, (hohl).

Upper and lower hemipyramid of the first order,
((R2EERE) ok, o).

Dihexagonal prism, na: ta:coc; (hkio).

n—r
Hexagonal prism of the first order, a: wa:a: c; (1070)
Hexagonal prism of the second order, 2a:2a:a:c; (1120).
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Upper and lower base, ®a:®a:®a:c; (ooor), (0001).

Examples. — Greenockite, CdS, Fig. 171, is a combination of five
forms.

Iodide of Silver, Agl, Fig. 172, is a top-shaped combination of
an upper and a lower hemipyramid with the first order prism.

Fre. 171. — Greenockite, a

Combination of p (1011), F16.172.—m (19?0),1’(101‘1)1
p (1011), m (1010), z(2021), z (2021).
¢ (0001).

Waurtzite, ZnS, and Zingite, ZnO, are other minerals which
crystallize in this type.

Crass, HEMIHEDRAL PYRAMIDAL (PARALLEL-FACED HEMIHEDRONS)

TypPE 17, HEXAGONAL EQUATORIAL

Symmetry. — Crystals of this type are symmetrical in regard
to one axis of hexagonal symmetry, the ¢ axis, one plane of sym-

Fic. 173.— Type 17, Hexagonal Fig. 174.
: Equatorial.



94 MINERALOGY

metry, the equatorial plane, and a center, Fig. 173. The forms are
parallel-faced hemihedrons, and may be considered as derived from
the holohedrons of type 20 by extending alternate pairs of faces
which intersect in the equatorial edge, as the shaded faces in Fig.
174, which will produce a minus hemihedron.

Forms

1. Hexagonal pyramid of the third order,

na: a:a:mc y
2 ﬂ—lz__; ar(hkil), 7 (khil).

The faces represented by the poles of Fig. 173 bound a pyramid,
which in shape does not differ from the hexagonal pyramid of the
first or second order except here the lateral axes do not terminate
either in the center of the faces or bisect the edges, but on the line

\

F16.175. — The Hexagonal Pyra- Fig. 176.
mid of the Third Order. .

connecting these two points, Fig. 175, also Fig. 176, which is a plan
of the first, second, and third order pyramids and prisms drawn on
the equatorial plane.

II. Hexagonal prism of the third order,

na:

a:a:oc
n—i

2
If the poles in Fig. 173 are moved so as to lie upon the equator,
between the a axes and the intermediate axes, then two faces of the

+ ; W(hkio), (khio).
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pyramid of the third order will fall in one plane, producing a new
open form, the prism of the third order, Fig. 177, in which the a
axes neither terminate in the edges or
//"\7 in the center of the faces, but on the
\\_}_,// line drawn between these two points.
4 ' III. Other forms of this type are
like the hexagonal holohedral in shape.
The possible forms to be found in
: " combination will be :
G b | Plus and minus hexagonal pyramid
Ny of the third order, m(hkil), T (khil).
: Hexagonal
pyramid of the
first order,

ARSI R e Pl 1 (hohl).

Bfray, o o ottt Hexagonal

Fi1a. 177. — Hexagonal Prism of pyramld of the

the Third Order. soromd Order,
r(hh2hl).

Plus and minus hexagonal prism of the
third order, w(hkio), 7 (khio).

Hexagonal prism of the first order, (hoho), Fi. 178. —Apatite,

Hexagonal prism of the second order L S e T

b p »  p@oI1), u(1231),

w(hhzho). s (1121), m (1010).

Hexagonal base, w(0001).

Examples. — Apatite, Caz(FCl)(PO,)s, Fig. 178, shows a combina-
tion of the three pyramids, a prism, and the base.

Pyromorphite, Pb;C1(PO,)s ; Mimetite, PbsCI(POy4);, and Vana-
dinite, Pb;CI(PO,)s, — also crystallize in this group.

Crass, TrAPEZOIDAL (PLAGIOHEDRAL) HEMIHEDRONS
Type 16, HExacoNaL HoLoaxIAL

Symmetry. — Crystals of this type possess all the axes of the di-
hexagonal equatorial type, but no planes, or center of symmetry.
They have therefore one axis of hexagonal symmetry, the ¢ axis,
and six digonal axes corresponding to the lateral and intermediate
axes, lying in the position of the equatorial plane, Fig. 179. The
forms are plagiohedral and may be derived from the holohedral
forms by extending alternate faces around the poles, Fig. 180.
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Forms. — Hexagonal trapezohedrons,

na: a:a:mc

r/l—n_..z—-— ; T(hkil), T(khil).

The faces represented by the poles in Fig. 179 yield a form
bounded by 12 similar trapezoidal faces, Fig. 181, the right trape-

- — zohedron. If theshaded faces are ex-
i : T tended, the left trapezohedron, Fig.

=% A= X 5
e T 0. 180, isformed. Six faces are grouped
3 & S “" % around each extremity of the ¢ axis,

Sk making equal angles and equal polar
o. edges. The median edges are alter-
*  nately long .and short; the crystallo-

\ e oy / graphical axes terminate in the -
A O _ middle of the long edges. In look-
Pt ing at a south polar edge, with the

Fre. 179.—Type 16, Hexagonal crystal form vertical, if the long
iy median edge is to the right, it is a
right-handed form; if to the left, it is a left-handed form.
Other forms. — All other possible positions of the poles, as the
sides and angles of the triangles in Fig. 179, will yield holohedral

F1g. 180.— The Left Hexagonal Fi1c. 181. —The Right Hexago-
Trapezohedron. nal Trapezohedron, r (hkfl).

shapes. The possible forms therefore to be found in combination
on crystals of this type will be :
Right and left hexagonal trapezohedrons, T (hkil), T (khil).
Hexagonal pyramid first order, T (hohl).
Hexagonal pyramid second order, T(hhzhl).
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Dihexagonal prism, 7(hkio).

Hexagonal prism first order, T(hohl).

Hexagonal prism second order, T(hhzho).

Hexagonal base, T7(0001).

Examples. — There has been as yet no mineral assigned to this
type; in fact, the trapezohedron has never been observed on any
crystal. There are, however, several salts included here, as barium
stibiotartrate, Ba(CsH4Og):5b0s, KNOs, which from the symmetry
of its etching figures must crystallize with an hexagonal holoaxial
symmetry.

Crass, RHOMBOHEDRAL TETARTOHEDRONS
TypE 15, HEXAGONAL ALTERNATING

Symmetry. — Crystals of this type e R
possess an alternating hexagonal axis, 10} ;
the ¢ axis, and a center of symmetry, < Gy
but no planes of symmetry, Fig. 182. / ; :
The forms of this type are tetarto- i ©®
hedrons, derived by superimposing S
type 17 upon type 19, and extending C3 3
the faces not selected by these two .«
types to produce a new form. If the 1
dihexagonal pyramid is rolled out, B o L] :
the faces being numbered; the equa- Fre. 182.—Type 15, Hexagonal
torial edge represented by a horizon- v
tal line, and the terminations of the a axes marked by a vertical
line, as here represented:

ap a3 s ay ag s a1
1 o3 A5 61 89 100 1
B 15 167 1819 2020 2% 24

If a line be drawn through those faces
which are extended by the method of selec-
tion used to produce forms of type 19, and
a line drawn under those selected in type
17, then it will be seen that there are three
faces above and three faces below the equa-
torial plane not marked.

The faces 2, 6, and 10 do not lie sym-

3 .— The Plus v
Flgh:iiohedmﬁ oftgz metrically above the three faces, 16, 20,

Third Order, (hkil). and 24, neither do these faces lie symmet-
H



98 MINERALOGY

rically between the lateral axes. When these six faces are extended,
the plus right tetartohedron will be formed, but it is easily seen that
the superposition of the two hemihedrons may be so arranged that
in place of 2 being selected, 1 and the corresponding faces could
have been taken, forming the plus left rhombohedron or 13 could
have been selected, the minus right; or 14, the minus left, — thus
vielding four possible forms, the plus and minus right, congruent
forms, and the plus and minus left, also congruent forms. The
rights are not congruent with the lefts.

Forms

I. Rhombohedrons of the third order,

na:->—a:a:mec ) - 1E) % AT
+1/1 — B |; +r(hkil), 4 1(ikhl), — r(khil), — 1(ihkl).
: 4

When the faces represented by the poles of Fig. 182 are extended,
they will inclose space and yield a rhombohedron of the third order,
Fig. 183, which does not differ in
shape from the rhombohedron of
the first order; the lateral axes,
however, do not end in the central
point of the edges, but terminate
asymmetrically in the faces on the
line. drawn between the central

4 points of the zigzag edges. As is
F1g. 184.— The Plus Left .Rhom-

bohedron of the Third Order, shown above, there are four rhom-

(ikhl). bohedrons of the third order. Fig.
183 is a plus right and Fig. 184 is a plus left thombohedron of the
third order. :

II. Rhombohedron of the second order :t(
(hh2hl), (2hhhi).

If the poles in Fig. 182 are moved
into the diametral planes, it will be
the same as revolving the rhombohe-
dron of the third order until the lateral
axes terminate in the median point
of the line drawn between the centers
of the zigzag edges. In this position :
the right form will coincide with the Fio. 185,— Rhombohedron of
left, and only plus and minus forms  the Second Order, (hhzhl).

2a:2aza:mc
2 ’
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will remain. These are the rhombohedrons of the second order,
Fig. 185, derived from the hexagonal pyramid of the second order.

III. Rhombohedrons of the first order.

If the poles are moved into the plane containing the intermediate
axes, the resulting form is the rhombohedron of the first order.

The three rhombohedrons differ only in the position of the
lateral axes: in the first order they end in the central point of the
zigzag edges; in the second order they end in the median point
of the line connecting the central points of the zigzag edges; in
the third order they end asymmetrically on this same line between
the above two points.

Other forms. — When the poles are moved
to the equatorial plane the first, second, and
third order prisms are formed.

The possible forms to combine on crystals
of this type will be :

Plus and minus right and plus and minus
left rhombohedrons of the third order, (khil),
- (hkil), (ihkl), (ikhl).

Plus and minus rhombohedrons of the sec-
ond order, (hhzhl), (zhhhl).

Plus and minus rhombohedrons of the first
order, (hkil), (khil).

Plus and minus prisms of the third order, Fic. 186.— Phenacite, a
(oo, o). L

Hexagonal prism of the second order,  ponedron of the Third
(hhzho). % Order and the Prism of

Hexagonal prism of the first order, (hoho),  the First Order.

Hexagonal base, (0001).

Examples. — Dolomite, MgCa(CQ;).; Phenacite, Be:SiOy;
Willemite, Zn,SiO, ; and Dioptase, H;CuSiOs, — crystallize in this
type, Fig. 186.

Crass, PYrRaMiDAL HEMIMORPHIC
Tyre 14, HExacoNAL Porar

Symmetry. — Crystals of this type possess an axis of hexagonal
symmetry, the ¢ axis, and no plane or center of symmetry. It
is a polar development of the hexagonal equatorial type. Fig. 187
shows the symmetry.
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Forms

I. Hexagonal hemipyramid of the third order,

na: a:a.mc = e = =
__“:’___J ; (hkil), (khil), (hkil), (khil).
2

+ u/l

The upper or lower half of the pyramid of the third order may
occur independently, Fig. 188.

Other forms are the same as in type 18. The possible forms to
combine in this type will be—

Plus and minus upper and plus and minus lower hemipyramids
of the third order, (hkil), (khil), (hkil), (khil).

e
v By 5 3 ’ ....................
(Ot
o
NS
Fic. 187.— Type 14, Hexagonal Fi6. 188.— The Upper Hexagonal
Polar. Hemipyramid of the Third Order.

Upper and lower hemipyramid of the first order, (hkil), (hkil).

Upper and lower hemipyramid of the second order, (hhzhl),
(hh2hl). -

Plus and minus hexagonal prism of the third order, (hkio),
(khio).

Hexagonal prism of the first order, (1010).

Hexagonal prism of the second order, (1120).

Hexagonal base, upper and lower, (0001),
(0001).

Examples. — Crystals in this type are
rare and the hemipyramid of the third
order, which is the only form characteristic
of the type, does not occur on any min-
eral, but from the symmetry of the etch-
e 1 O ing figures, nephelite, K;NagALSisOs, is

p(1011), p(101T, m(1070), Placed here; as are also the double sul-

¢(0001), ¢’(0001). phate of the alkali metals, potassium and
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lithium, KLiSOy; lithium, ammon um, LiINH,SO,; and lithium
and rubidium, LiRbSOs. Fig. 189 shows the appearance of these
combinations.

Crass, TRIGONAL HEMIHEDRONS
Type 13, DITRIGONAL EQUATORIAL

Symmetry. — Crystals of this type possess one ditrigonal axis,
the ¢ axis, three didigonal axes, the intermediate lateral axes, and
four planes, three-of which intersect in the ¢ axis and each con-
tains one of the didigonal axes. The fourth is at right angles
to these and contains the a axes. Fig. 190 illustrates this sym-

Fig. 190. — Type 13, Ditrigonal Fig. 191.—The Plus Di-
Equatorial. ; trigonal Pyramid (hkil).

metry. The forms may be considered as hemihedrons, derived
from type 20 by extending all the faces in alternate dodecants
around the north pole and dodecants below, which intersect with
these in the equator, as the shaded faces in Fig. 191.

Forms

n
na:——ai:a:mc
T

I. Ditrigonal pyramid, + ; (hkil), (ihkl).

The faces represented by the poles in Fig. 190 or shown in Fig.
191, in their relation to the hexagonal pyramid, when extended,
form the plus ditrigonal pyramid. A form bounded by 12 scalene
triangles, meeting in six equal equatorial edges. There are 12
polar edges, six around each extremity of the c axis, alternate
edges are similar both as to length and angle. Fig. 192 represents
the — ditrigonal pyramid.
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II. Trigonal pyramid of the first order, + (M) ; (hohl),
(ohhl).

When the poles of Fig. 190 are moved into the vertical planes of
symmetry, two adjacent faces of the ditrigonal pyramid will fall
in one plane, producing a form, the trigonal pyramid of the first
order, bounded by six isosceles triangles, Fig. 193; here the rela-

F1a. 192. — The Negative Di- Fi1g. 193.— Trigonal Pyra-
trigonal Pyramid. mid of the First Order,
(0111).

tion of the faces to the hexa',g(')nal pyramid of the first order is also
shown. The lateral crystallographical axes terminate, two in each
equatorial edge, dividing it into three equal parts.

( n
na:——a:a:oc

LIZ—J ; (bkio), (khio).

If the poles are moved to the equator between the a axes and the 7
intermediate axes, the ditrigonal prism results, Fig. 194, a form

III. Ditrigonal prism, +

i

VI ne s e

F1a. 194. — Ditrigonal Fi1a. 195.— The Trigonal

Prism, (hkil). Prism of the First Order,
3 (ohho).
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bounded by six faces. Alternate solid angles are equal, three being
less than 120° and three greater. The crystallographical axes
bisect the edges.

a:oa:a: o c> ;

IV. Trigonal prism of the first order, :I:< =

(hoho), (ohho).

When the poles are moved on the primitive circle to coincide with
the didigonal axes, the resulting form is the trigonal prism of the
first order, Fig. 195, bounded by three equal faces, the lateral
axes terminating, two in each face, as indicated in Fig. 195.

Other forms. — Other possible positions of the poles will produce
apparent holohedral forms, 7.e. the hexagonal pyramid and prism
of the second order and the base.

Forms possible to combine on
crystals of this type will be —

Plus and minus ditrigonal pyra-
mids, (hkil), (ihkl).

Plus and minus trigonal pyramids

of the first Order! (hOHl)7 (Ohﬁl)' ) Fig. 196. — Benitoite, Combina-
Hexagonal pyramid of the sec-  tionof p(1011), p’(0111), m(1010),
ond order, (hhzho). 1(1012), ¢(0001).

Plus and minus ditrigonal prisms, (hkio), (ihko).

Plus and minus trigonal prisms of the first order, (hoho), (ohho).

Hexagonal prism of the second order, (hhzho).

Hexagonal base, (0001).

Example. — There is only one example of a substance crystalhz-
ing in this type, the mineral benitoite, BaTiSi;Oy, Fig. 196.

Crass, DitrigoNAL HEMIMORPHIC

Typre 12, DrTriGONAL PoLar

Symmetry. — The ¢ axis is an axis of ditrigonal symmetry, which
is also polar, with three planes of symmetry intersecting in it. The
forms are derived from the ditrigonal equational type by a polar
development of the c axis, Fig. 197.

Forms

I. Ditrigonal hemipyramids,

na: a:a:mc
n—I

+ u/l ; (hkil), (ikht), (hkiD), (ihkl).
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Fig. 198 represents that portion of the ditrigonal pyramid above
the equatorial plane. In this hemipyramid the lateral axes

Fiac. 198.— The Upper Plus
Polar. Ditrigonal Hemipyramid
(hkil).

hold the same relation to the edges as in the ditrigonal equatorial
types.
II. Trigonal hemipyramids of the first order,

iu/l(?_‘i'if#E); (hohl), (ohhl), (hohl), (ohhl).

The trigonal hemipyramid appears here as a new form; Fig. 199
represents the upper minus trigonal hemipyramid of the first
order.
Other forms in
“the type are simi-
lar to the forms
of the. ditrigonal
equatorial, except
the hexagonal

Fia. 199.— Upper Negative pyramid of the

Trigonal Hemipyramid of geeond order and
the First Order, (ohht).

the base are upper

and lower forms which have appeared in

the dihexagonal polar type.
Combinations. — The possible forms to 9

combine in thi ? Fic. 200.—Tourmaline, a
= s type are: Combination of the Upper

Upper and lower, plus and mirus ditrig-  and Lower Trigonal Pyra-
onal hemipyramid, (hkil), (khil), (hkil), midsr; Hexagonal Prism,
(kth). Second Ordera; the Lower

E Base ¢, and the Trngonal
Upper and lower, plus and minus Prism, First Order m.
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trigonal hemipyramid of the first order, (hohl), (ohhl), (hohl),
(ohhl). '

Upper and lower hexagonal hemipyramid of the second order,
(hhzhi), (hhzhl).

Plus and minus ditrigonal prism, (hkio), (khio).

Plus and minus trigonal prism of the first order, (hoho), (ohho).

Hexagonal prism of the second order, (hhzho).

Upper and lower base, (0001), (0001).

Example. — The common and important mineral tourmaline
belongs to this type; Fig. 200 represents a combination of forms as
found on this mineral.

Crass, TRIGONAL TETARTOHEDRAL

Type 11, TRiGONAL EQUATORIAL

Symmetry. — Crystals of this type
have an axis of trigonal symmetry,
the ¢ axis, and one plane of symmetry
perpendicular to it, Fig. 201. The
class may also be considered as te-
tartohedral derived by superposing
type 19, scalenohedral hemihedral,
upon type 13, trigonal hemihedral.

Forms -
I. Trigonal pyramids of .the third  Fic. 201.— Type 11, Trigonal
order, Equatorial.
na: a:a:mc ) v, 55
+ 1/l ot ; (hkil), (khil), (ikhl), (ihk1).

The faces represented by the poles in Fig. 201 bound the right
plus trigonal pyramid of the third order, a form having six isosceles
triangular faces. The a axes terminate asymmetrically in the equa-
torial edges, as represented in Fig. 202. There are four pyramids
of the third order: the plus and minus right, two congruent forms;
the plus and minus left, also two congruent forms. The rights and
lefts are enantiomorphic. Fig. 203 is a minus left form.
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/.
F16. 202. — Diagram of the Equatorial Plane, showing the Relation of the Trigonal
Prisms and Pyramids to the Lateral Axes.

’

2a:2ala.mc
2

II. Trigonal pyramids of the second order, :|:<
(hhzhl), (zhhhl).

When the poles in Fig. 201 are moved so as to lie on the
dotted line representing the
lateral axes, a new form, the
trigonal pyramid of the second
order, is the result, Fig. 204; a
form which will not differ from
the trigonal pyramids of the
third or first orders in appear-
ance, but differs in its relation
to the lateral axes, which ter-
minate in the central point of
each equatorial edge and in
the opposite angle, as is shown
in Fig. 202.

Fi1g. 203. —The Minus Left Trigonal Pyra- ! :
mid of the Third Order. III. Trigonal prisms of the

third order,

n
na:——a:a:o:c
n—iI

+r/1 ; (hkio), (khio), (ikho), (ihko).

When the poles in Fig. 201 lie on the primitive circle, between the
points a, the terminations of the lateral axes and the points p, the
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terminations of the intermediate axes, a new form, Fig. 205, the
trigonal prism of the third order, will result. When the pole is to

Fig. 204.—The Positive Trigonal Pyramid of Fia. 205.— The Negative Left
the Second Order, (hh2hl). Trigonal Prism of the Third
Order, (ikhl).

the right of the point p, it is a right form; when to the left of p,
it is a left form; when between a and as, a plus, and between a; and
ay, a minus form.

IV. Trigonal prisms of the second order, i(’w);
(hh2ho), (2hhho). <

When the poles are at the points a, Fig. 201, a new form, Fig.
206, the trigonal prism of the second order, will result, in which the
lateral axes terminate in the central point of the face and bisect
the opposite edges, as illustrated in Fig. 206.
The relation of the trigonal pyramids and
prisms to the lateral axes is shown in Fig.
202, which is a plan of the equatorial plane.

Other forms. — All other positions of
the poles will yield forms of the ditrigonal
equatorial type.

The possible forms to combine in this !
type will be : |

Right and left plus and minus trigonal
pyramids of the third order, (hkil), (khil), i
(ihkl), (ikhl). X

3 i 5 F1c. 206.— The Plus Trig-

Plus and minus trigonal pyramids of the = Yoo o e ond

second order, (hh2hl), (2hhhl). Order, (hhzho).
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Plus and minus trigonal pyramid of the first order, (hohl), (ohhl).

Right and left plus and minus trigonal prisms of the third order,
(hkio), (khio), (ihko), (ikho).

Plus and minus trigonal prisms of the second order, (hhzho),
(2hhho).

Plus and minus trigonal prisms of the first order, (hoho), (ohho).

Base, (0001). _
Examples. — As yet there are no representatives of this type.

Crass, TRAPEZOHEDRAL TETARTOHEDRAL
Type 10, TricoNAL HoLOAXIAL

Symmetry, — Crystals of this type are symmetrical in regard to
one trigonal axis of symmetry, the ¢ axis, and three digonal axes,
the a axes. Fig. 207 illustrates the symmetry of the type.

It may also be considered as a tetartohedral class, and the forms
are derived by superimposing the rhombohedral hemihedrons,
type 19, upon the trapezohedral hemihedrons, type 16, and extend-
ing the faces not thus marked, as below :

2 6 | 10
7 et P i 1% 9 i )/IE
“ 1579 “ 199 M =
In the rhombohedral method of selection, alternatmg dodecants

above and below the equator are crossed out and suppressed ; in the
trapezohedral method every other

! \ face above and below the equator is

2 R L crossed out, as suppressed. There
./ 9 % will remain of the 24 faces of the

Sk % dihexagonal pyramid, represented
f--ooeee e Moo above, 6 faces, 2, 6, and 10 above,
e - ; and 15, 19, and 23 below the equator.
S " x /7 When this method of selection is
s o .  compared with the rhombohedral
PN 0l > tetartohedral method, page 97, it
Fro. 207‘_,1‘;!;; 10, Trigonai Will be seen that there the faces be-
Holoaxial. : low lie symmetrically between those

above, but here they are not sym-
metrically located, as 15 is nearer 2 than to 6, which in the new
form will produce a long inclined edge between 6 and 15 and a
short edge between 2and 15. These corresponding edges are equal
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in type 15, forming the rhombohedron of the third order. As in all
other tetartohedral classes, there are here also four new forms.
In the selection above, face 2 and those corresponding are taken,
forming the plus right form. The selection may be so arranged that
1, or 13, or 14, and corresponding faces should be selected ; 2 and 13
are the plus and minus right congruent forms and 1 and 14 are the
plus and minus left congruent forms. By applying the method as
above in turn to each of the holohedral forms of type 20, the new
forms of this type will be produced.

Forms
I. Trigonal trapezohedrons,

na:

a:a:mc
n—x

+ r/1

; x7(hkil), k7(khil), kT (ihkl), kT (ikhl).

From the dihexagonal pyramid the four trigonal trapezohedrons
are derived, of which the plus right is represented in Fig. 208, and
the plus left in Fig. 209. There are six equal
polar edges, three at each pole, three long
and three short median zigzag edges, which
are bisected by the terminations of the a
axes.

II. All other positions of the poles in Fig.
207 will yield forms already described, as
the trigonal trapezohedron is the only new
form of the type. The
possible forms to com-
bine in the type are:

Plus and minus right
and left trigonal trape-
Fi1a. 208. — The Positive zohe d_}‘ons’ b (h_k_—il)’

Right Trigonal Trape- KT (khil), T (ihkl),

zohedron. KT (iﬂl).

Plus and minus rhombohedron of the first
order, kT (hohl), (ohhl).

Plus and minus trlgonal pyramid of the sec-
ond order, KT (hhzhl), T (zhhhl).

Plus and minus right and left ditrigonal
prisms, KT (hkio), KT (khio), KT (ihko), KT (ikho).

Plus and minus trigonal prisms second

=y My Fra. 209.—The Plus
order, kT (hhzho), KT (2hhho). Left Trapezohedron.
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Hexagonal prism first order, kT (hoho).

Base, (0001).

Examples. — Quartz, SiO,, crystallizes in this type, of which
Fig. 210 is a combination of the hexagonal prism, first order, plus

Fic. 210.—Right-handed
Quartz: Combination of Quartz, m(1010), r(1011),
m(1010), r(1011), z(01T1), z (01T1), s(2111), x(65T1).
s(1121), x(5161). ’

and minus rhombohedrons, first order, plus trigonal pyramid, and
the right plus trigonal trapezohedron, — a right-hand crystal. Fig.
211 is a left-hand crystal. Cinnabar, HgS, also belongs here.

Crass, TriconaL HEMIMORPHIC
Type 9, TrRiGONAL PoLAR

...... bt Symmetry. — Crystals of this type
possess one axis of trigonal sym-
: 0 % metry, the c axis, Fig. 212. The type
T4 e is a polar development of the trigonal
oo A i equatorial, in which the hemitrigonal
' B /  pyramids may occur independently,
yielding two new forms.
"~ ," O ‘...- -'.
‘ p DAt : Forms

Tt 212.—:11;1;; 9, Trigonal I. Trigonal hemipyramids of the

Polar. third order,

[ na: :a:mc}l

£r/hu/l| —S— | (D), (chil), (i), (D), (bdl),

(khil), (ikhl), (ihkl).
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Derived from the trigonal
pyramid of the third order
there are eight trigonal hemi-
pyramids, of which Fig. 213
represents the wupper left
minus hemipyramid, and the
poles in Fig. 212 are of the
upper right plus form.

Fia. 213.— The Upper Left Negative Trigo-
II. Trigonal hemipyramids nal Hemipyramid of the Third Order.

of the second order,
+ u/l(@); (hhzhi), (hh3h), (shERl), (2hibhi).

There are four trigonal hemipyramids of the second order, de-
rived from the trigonal pyramid of the second order, all of which
may occur independently. Fig. 214 is the upper minus trigonal
hemipyramid of the second order.

The forms possible to combine in this type are as follows

Plus and minus right and left upper and lower hemipyramids of
the third order, (hkil), (khil), (ihkl), (ikhl), (hkil), (khil), (ihkl), (ikhl).

Fig. 214.—The Upper Negative Trigonal Hemi- Frie. 215.— Combination of
pyramid of the Second Order. Forms showing the Polar
Development of Crystals of

Sodium Periodate.

Plus and minus upper and lower trigonal hemipyramids of the
second order, (hhzhl), (zhhhl), (hh2hl), (2hhhl).

Plus and minus upper and lower trigonal hemipyramids of the
first order, (hoh), (ohhl), (hohi), (ohhl).

Plus and minus right and left trigonal prisms of the third order,
(hkio), (1hko) (khio), (ikho).

Plus and minus trigonal prisms of the second order, (hoho), (ohho).

Plus and minus trigonal prisms of the first order, (hh2ho), (2hhho).

Upper and lower base, (0001), (0001).
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Example. — Sodium periodate, NalO,, 3 H;O, crystallizes in trig-
onal hemipyramids. Fig. 215 is a‘combination of two plus upper
hemipyramids of the second order and one of the first order with

the lower base.
Crystalline Characters
Like the tetragonal system, the hexagonal system has but one
variable crystalline character, the axial ratio, %. This is calcu-

lated in a similar way, by means of the angle between the basal
pinacoid and the pyramid face of the first or second order.

I. When the pyramid of the second order is used,
§= tan (ooo1).(1122).

Example. — In the mineral beryl, the angle between the normal
to the base and that of the unit pyramid of the second order is 26°

ST § =0.4988*, and as a =1, ¢ = 0.4988%, which is the unit
of measurement on the ¢ axis.
II. When the pyramid of the first order is used,

§ = tan (0001),(1011) X 1/2V3.

Figure 216, CO =c¢ and
OA=a=r1.
(o0)
tan CDO = ﬁ 5

CO = tan CDO X DO.
In the triangle aDO, right-
angled at D, and DOa = 30°,
Fic. 216. DO=1/2V3, then c=tan CDO
X 1/2V3, but the angle CDO
is equal to the angle between the poles of the base and the unit
pyramid of the first order, (0001,1011).
In the mineral beryl the angle 0001,1011 is 29° 56/,
¢ = tan 29° 56’ X 1/2V3.
Log tan 29° 56" = 9.760272 + 10
Log 1/2+/3 = 1.937530
Log ¢ + 10 = 9.697802
c= .4988*




CHAPTER VI
THE ORTHORHOMBIC, MONOCLINIC, AND TRICLINIC SYSTEMS

TrE ORTHORHOMBIC SYSTEM

CrystaLs of this system possess three crystallographical axes;
all at right angles, none of which are interchangeable. The
vertical axis is represented by ¢. The longer lateral axis
or macro-axis is represented by b and is placed horizontally
from right to left, while the short or brachy-axis, 4, is at
right angles to b. Included in the system are three types all of
which have at least one axis of digonal symmetry. The forms
fall into three groups, according to the relation of their faces
to the axes. If the faces cut all three axes, it is a pyramid and
there will be no 0 in its indices, as here there are no pyramids or
prisms of the second order ; if the face cuts two axes and is paral-
lel to the third, it is a prism and there will be one 0 in its indices ;
when parallel to a lateral axis it is a dome and receives the name
" of the lateral axis to which it is parallel, as macrodome. A dome is
a prism parallel to a lateral axis. When the face is parallel to two
axes, it is a pinacoid and there will be two zeros in its indices; when
parallel to the lateral axes it is a basal pinacoid ; when parallel to ¢
and one of the lateral axes, it takes the name of the lateral axis to
which it is parallel, as brachypinacoid.

Crass, ORTHORHOMBIC, HOLOSYMMETRIC, OR HOLOHEDRAL
Type 8, DipicoNAL EQUATORIAL

Crystals of this type possess three didigonal axes, correspond-
ing to the crystallographical axes; three planes, the diametral
planes, and a center of symmetry, Fig. 217. The largest number of
faces possible on any crystal form of the type will be 8, one in each
octant into which the three planes of symmetry, Fig. 218, divide

space.
1 113
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Forms

I. Orthorhombic pyramids, na: b: m¢; (hkl).
The poles in Fig. 217 represent the orthorhombic pyramid; it is
bounded by 8 similar scalene triangular faces, which inclose space,

1 Bl e

S e

e

AR

Fi6. 217.— Type 8, Didigonal Fig. 218. — The Orthorhombic Axes and Planes
Equatorial. of Symmetry.
Fig. 219. The crystallographical axes terminate in the tetrahedral
angles. There are three series of pyramids :
a. The unit series, 4 : b : m¢, (hhl), where the variable lies on the
¢ axis; Fig. 220 represents the unit series of pyramids.

F1G. 219. — The Unit Pyramid of F1c. 220.— The Unit Series of Pyra-
Barite. mids.

b. Macro series of pyramids, & : nb ¢, (hlh), when the intercept
on b is greater than unity.

¢. Brachy series of pyramids, ng:b: ¢, (Ihh), when the intercept
on the 4 axis is greater than unity.
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II. Prisms, nd:b: o ¢; (hko).

Prisms are parallel to the ¢ axis; the poles of Fig. 217 will lie
on the primitive circle between the digonal axes. When the pole
is nearer & the form will be of the
macro series, 4:nb: ¢, as its in-
tercept on b will be larger than
unity, and when near b, the form

|
l
I
will be of the brachy series; Fig. 221 |
i
l
|

is the unit prism, which is the limit-
ing form connecting the two series.
III. Domes. Macro series of
domes, n3 : cob : m¢; (hok). £
When the poles lie in the diam- l
etral plane containing the ¢ and
4 axes, the faces will be parallel to [
the macro axis, and the form will |
be a macrodome Fig. 222, an open |
form bounded by four similar faces. | :
There will be a series of macrodomes
the angles of which and the inter- l
cepts on the axes will depend upon
the position of the poles.
Brachy series of domes, ©4: nb: mé; (ohk).
When the poles lie in the plane of symmetry containing the ¢

FiG. 221.— The Unit Prism of Barite.

F16. 222.— The Unit Macro- /
dome of Barite. F16. 223. — The Brachy Series of Domes.

and b axes, the faces will be parallel to the brachyaxis, and the
form will be a brachydome, of which there is also a series, Fig.
223.
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IV. Pinacoids. — Three other positions of the poles are possible,
which represent the fixed forms, that is when the poles take the
position of the angles of
the triangle, or coincide
with the crystallograph-
ical axes.

Basal pinacoid,
®0:o0b:¢, (001).

Fi1c. 224. — The Unit Brachydome of Barite. @

When the p})le coincides with the € p . 0o combination of the
axis, the face will be parallel to & and b, Three Pinacoids.
the form consisting of two faces, one
above and one below the equatorial plane, which will produce the
basal pinacoid.

Macropinacoid, 4: 0ob: 0 ¢, (100).

Here the pole coincides with the & axis, when the face is parallel
to b and &.

Brachypinacoid, ©:b: ¢, (010).

Here the pole coincides with the b
axis and the faces are parallel to & and
¢; Fig. 225 represents the three pina-.
coids in combination.

Forms in combination. — The possible forms to combine in this
type therefore are:

F1e. 226. — Barite.

Pyramids, series (hkl). Basal pinacoid, (001).
Prisms, series (hko). Macropinacoid, (100).
Macrodome, series (hok). Brachypinacoid, (010).

Brachydome, series (ohk).

Examples. — A large number of, and especially important, rock-
forming minerals crystallize in this type:
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Olivine, (Mg,Fe)2Si0,. Topaz, AI[Al(O.F,)]SiO;.
Enstatite, MgSiO;. Barite, BaSO,.
Aragonite, CaCOs;.

Fig. 226 is a combination of the base, brachydome, macrodome,
and macropinacoid in barite.

Crass, OrTHORHOMBIC HEMIMORPHIC
TypE 7, DipicoNAL PorLAR

Symmetry. — Crystals of this type possess one didigonal axis,
the ¢ axis, and two planes of sym-
metry intersecting in the ¢ axis, Fig.
227. It is a polar development of
the didigonal equatorial, with a loss
of all the symmetry lying in the equa-
torial plane of that type.

Forms
1. Hemipyramids, u/l(—gé%f’ﬁ)

(hkl)) (hkl)' Fig. 227.— Type 7, Didigonal
There would be upper and lower Polar.

pyramids of each series, Fig. 228. B

II. Domes. Macrodomes, u/l (11:";;&:_@) ; (hok), (hok),
Fig. 229.

Brachydomes, u/Il (@) (ohk), (ohk), Fig. 230.

Fig. 228.— The Upper Hemipyramid. Fig. 229. — The Upper Macrodome.

Both domes would be modified by the symmetry, yielding hemi-
domes, while the prisms would suffer no apparent changg.

.
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III. Of the three pinacoids, the base would yield hemi forms, the
d:0b: =
upper and lower base, u/l(L;;c)‘, (001), (001).

Possible forms to combine in the type would be :
Pyramids upper and lower, (hkl), (hkl).
Prisms, two series, (hko). 5
Domes ; upper and lower macrodomes, (hok), hok).
Domes ; upper and lower brachydomes, (ohk), (ohk).
Macropinacoid, (100).
Brachypinacoid, (010).
Upper and lower base (001,) (001).
Examples. — Calamine, ZnSiO;, 2 H,0. Fig. 231 represents a
combination of two upper hemimacro- and brachydomes, the

Fia. 230.— The Upper Brachydome. F1g. 231. — Calamine.

unit prism, the lower unit hemipyramid, the macro- and brachy-
pinacoids, and the upper base.
Struvite, NH,MgPO,, 6 H,0, also crystalhzes in this type.

Crass, SPHENOIDAL HEMIHEDRONS
Tyre 6, DicoNaL HoroAXIAL

Symmetry. — Crystals of this type possess three axes of digonal
symmetry corresponding to the crystallographical axes, but no
planes of symmetry. Fig. 232 illustrates the symmetry of the type.

Forms
. ni:b:mdé 2
I. Sphenoids, r/1 (——2—), k(hkl),k (hki).
The poles of Fig. 232 represent the general form of the type.
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The right sphenoid, with four similar scalene triangular faces,
Fig. 233 and Fig. 234, is the complementary left form.

e —

7

|
|
!
!
!
!
I

KE i
Fi1a. 232.— Type 6, Digonal Fia. 233.— The Right
Holoaxial. Sphenoid.

Other forms are similar in appearance to those of type 8.

Forms possible to combine in this type will therefore be:

Right and left sphenoids, x(hkl), k(hkl).

Orthorhombic prisms, (hko). Macropinacoids, (100).

Macrodomes, (hok). Brachypinacoids, (010).

Brachydomes, (ohk). Basal pinacoid, (001).

Examples. — Sulphur, S, Fig. 235, represents a combination of
the right and left sphenoids and the base on sulphur.

Epsomite, MgSO, .7 H,O, Fig. 236, is a
combination of the prism and right sphenoid
as found on crystals of this mineral.

Fig. 236.— Epsomite:
Combination of (110)

Fig. 234. — The
Left Sphenoid. Fia. 235.— Sulphur. and (111).
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Crystalline Characters
In the orthorhombic system, where the unit on each axis is a
different one, there are two axial ratios, 2 and %,b being the unit

of comparison, or as they are generally written,&:b: ¢ = .8152%
1: 1.31359%, the axial values of barite.

On calculating the axial ratios it
will be necessary to measure the angle
of the unit prism, or the angle be-
tween the unit prism and either the
macro- or brachypinacoid, when & in
terms of b may be calculated. To
determine ¢, the angle of the unit
dome or the angle between the dome
and a pinacoid must be measured.

Example. — In the mineral stauro-
lite, the angle 100,110 = 25° 20’; as
this is the angle between the poles,
the actual angle of the right-angled
e triangle is 25° 20/, with the side &
%=%=.4734+, asb =1.

In calculating the value of ¢, the angle 101,101 = 110° 32,
which being the angle between the poles, the actual angle between

the faces, Fig. 237, cao = 1/2 dod’ = 55°16'; §= tan 55° 16/, ¢ =
& X tan 55° 16" ; & = .4734.
Log tan 55° 16’ =10.159083 — 10
Log 4734 = 1.675228
Log ¢ = 9.834311 — 10
c= .6829
Axial ratio of staurolite, #:b:¢ = .8152:1:.6829.
AU [ 6829

THE MONOCLINIC SYSTEM

opposite, therefore, tan 25° 20" =

The monoclinic system includes all those crystals referable to
three axes, two of which, ¢ the vertical, and b the orthoaxis, are at
right angles ; the third, or clinoaxis, is at right angles to b and in-
clined to ¢, and is designated by a. Here the three diametral planes
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no longer divide space into eight equal octants, but into octants of
two different sizes, four of which are large, or obtuse, and four
smaller, or acute. The two upper front and the two lower back
octants are large and designated — octants; the smaller are the -+
octants. As the inclination of a to ¢ varies with the substance,
the angle between these two axes, measured in the 4 octants is
designated by B, and is therefore less than 90°, which added to the
a

two axial ratios b

and % make three crystalline characters for the

system.

Crass, HoLoHEDRAL (HOLOSYMMETRIC)
: Type 5, DicoNnal EQUATORIAL

Symmetry. — Crystals of this type possess one digonal axis,

the b axis; one plane of symmetry, the equatorial plane, at right

+6 angles to the ¢ axis and

containing a and ¢, and

a center. Figure 238

N represents the relation

7 of the axes and plane

’ of symmetry, and also

7 B / the general position of
e

the monoclinic crystals

e e S Ty b . .
L *b i relation to the ob-
+\a/
|
+0
Fi1g. 238.— The Monoclinic Axes and Plane of
Symmetry.

server. Fig. 239 representing the
symmetry of the type, it differs from
others in that the b axis and not & is ;
perpendicular to the plane of the cit 239'_Tf:§;'.DlgonalEqua.
paper. In viewing a crystal of this

type held in the general position, the equatorial plane will be
vertical.
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Forms

1. Monoclinic pyramids differ from those heretofore considered,
as the octants subtended by the faces are large and small, yield-
ing faces, represented by the same parameters or indices, of two
sizes, of which the larger faces form the minus and the smaller form

the plus pyramids.

Monoclinic pyramids do not inclose space;

F1G. 240.— The Minus Pyramid. The Plus Pyramid. Combination of the Plus and

Minus Pyramid.

the combination of the plus and minus pyramids is equivalent to a
single orthorhombic pyramid, and incloses space, Fig. 240.
As in the orthorhombie system, there are three series of pyramids

e S P

Fi1g. 241.— The Unit
Monoclinic Prism.

holding the same relation to the axes as in
that system.
Unit series of pyramids, #+ a: b: m¢, (hhl),

(hh1).

Ortho series of pyramids, + a:nb: mC,
(hkl), (hkl). =
_ Clino series of pyramids, + na : b : m¢, (khl),
(khi).

The unit or fundamental pyramid is the
connecting link between the three series.
When the form represented by the spherical
projection is a pyramid, the poles will fall
within the triangle, Fig. 239.

II. Prisms. — When the poles lie in the
circle at right angles to the ¢ axis, the form

is a prism, of which there are two series; when the pole is nearer
the b axis, it is a prism of the clino series, na: b : oo ¢, (hko). When
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its position is nearer the extremity of the a axis, it is of the ortho
series, 4 :nb: ¢, (kho). Prisms are not plus and minus forms, as
each face subtends two octants, one above and one below, Fig. 241,
III. Clinodome, o 4: nb : m¢, (ohl).
When the pole lies in the plane at right angles to the a axis, the
faces are parallel to the clinoaxis and the form is the clinodome.

Fi1g. 242. — The Plus and Minus Ortho- Fig. 243. — Combination of
domes. the Three Pinacoids.

IV. Orthodome. — If the poles lie in the equatorial plane the
faces will be parallel to the orthoaxis and the form is the ortho-
dome, of which there are two forms:
the plus orthodome, a: wb: mé, (hol), S
formed by the two faces subtending :
the four small octants; and the minus
orthodome, a:b:mé, (hol), formed by
the two faces subtending the four large
octants, Fig. 242.

V. Orthopinacoid, 4: o b: 00 ¢, (100),
when the poles lie in the plane of sym-
metry at 90° from ¢.

VI. Clinopinacoid, wa: b: o ¢, (010),
when the poles lie on the b axis.

VIL. Basal pinacoid, o 2a: o b: ¢,
(001), when the poles lie on the ¢ axis.
Figure 243 is a combination of the = ohei
three pinacoids. Fic. 244.—Combination of

m(110), a(100), b(010), u(111),

Combinations. — The possible forms  and y(101), in Augite.
to combine in this type are: &

Pyramids, three series, plus and minus, (hkl), (hkl).

Prisms, two series, (hko).
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Ortho series of domes, plus and minus, (hok), (hok).’

Clino series of domes, (ohk).

Orthopinacoid, (100).

Clinopinacoid, (010).

Basal pinacoid, (001).

Examples. — Some of the most important rock-forming minerals

are members of this type, as:

Orthoclase, KAlSi;Os. Epidote, HCa,Al;Si;0;3.
Augite. Gypsum, CaS0y, 2 H,0.
Amphibole.

Fig. 244 represents a combination of the unit prism, (110),
orthopinacoid, (100), clinopinacoid, (010), minus unit pyramid,
(111), and the plus orthodome, (101), of augite.

Crass, MonNocLiNnic HEMIMORPHIC
Tyre 4, DicoNaL Porar

Symmetry. — Crystals of this type possess one digonal axis of
symmetry, theb axis, Fig. 245. The forms may be considered as pro-

-----
=y

FiG. 245.— Type 4, Digonal Polar. Fia. 246.

duced by a polar development of type 5, along the orthoaxis; thus
the plane and center of symmetry is lost, and yielding hemi forms
either side of the plane of symmetry each of which may ocecur
independently, Fig. 246.
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Forms

The new forms would be :
I. Right and left plus and minus hemipyramids, of two faces

each, (hkl), (hkl), (hkl), (hkl), Fig. 247.

Fig. 247.—The Right Fic. 248.— Right Heémi- Fia. 249. — The Right
Plus and Minus prism. Hemiclinodome.

Hemipyramids.

IT. Right and left hemiprisms of two faces each, (hko); (hko),
Fig. 248.

111 Right and left hemiclinodome of two faces each, (ohk),
(ohk), Fig. 249.

IV. Right and left clinopinacoid,
(010), (010).

The orthodome and the ortho and
basal pinacoids are not modified, and
combine with the above new forms on
crystals of this type.

Examples. — A number of organic
compounds crystallize in this type, as, pig. 250.— Milk Sugar: Com-
tartaric acid, CoHgOq. bination of b (010), b’(010),

Fig. 250 is a combination of the right :ng;o()l,m;n”' o), ugHLy
and left clinopinacoids, right and left
prism, orthopinacoid -and left clinodome on milk sugar.
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Crass, DomaTic HEMIHEDRONS
TyrE 3, EQUATORIAL

Symmetry. — Crystals of this type possess a plane of symmetry
oqu, Fig. 251. They may be considered as hemihedrons formed

Fic. 251. — Type 3, Equatorial. Fic. 252.

\by selecting pairs of faces of type 5, which meet in the equatorial
plane, as the shaded faces of the minus pyramid of Fig. 252.

Forms

I. Upper and lower plus and minus hemipyramids of each

na:b:mc

series of two faces each,‘;l:(——z——— )u/l, k(hkl), (hkl),

!

£ | — .

k(hkl), .+ k(hkl), Fig. 253.

! M. Fromt and | >~

| rear hemiprisms of i

| two faces each, i
4 3:b: o ¢ i

37 f {n—> |

¥ o ; |

k(hko), k(hko). [—— PERCT )

Fig. 254. i

ITII. Upper and |
lower clinodomes, l
|

u/l (ooa:nb:mc)’

——— s

2
K(Oh])’ (Ohl)’ St Fi1g. 254.— Front
255, of two faces S

F1a. 253. — The Lower Minus each. -
Hemipyramid. IV. Upper and lower, back and front
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hemiorthodome of one face each, + u/l (na: ©b: mé), (hol), (hol),
(hol), (hol), Fig. 256.

V. The ortho and basal pinacoids, from their relation to the axis
of symmetry, will each be represented by one face.

|
|
|
|

! Fi1c. 256.— The Upper Front Hemi-
F1ag. 255. — The Upper Semiclinodome. orthodome, (hol).

The clinopinacoid will appear as in type 5 with two faces.

Examples. — A single mineral, clinohedrite, H,ZnCaSiO;, crys-
tallizes in this type. Fig. 257 is a combination of the plus and
minus hemipyramid, (111), 7
plus upper pyramid, (771),
plus upper pyramid, (161),
and the back hemiprism, (110)
as found on this mineral.

Crystalline Elements

In addition to the two axial
ratios, in the monoclinic sys-
tem the angle B is required to
fix the characteristics of any
crystal form. The angle is
measured in the diametral plane, and in the plus octants; its
value is therefore always given as less than 90°. It may be

Fic. 257. — Combination  of p(111), q(111),
m(110), t(771), z(161) on Clinohedrite.
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measured directly, being the angle between the base and the

orthopinacoid.

Four angles are sufficient to determine the elements: (100,001),

(101, 100), (001,011) and (110, 100). .
Calculations. — When P is not measured directly, generally

Fia. 258.

(001,110) and (110.110) can
be obtained, Fig. 258. In the
right-angled spherical triangle,
right-angled at A, the two angles
B(001,110)and C=1/2(110.110)
are known, the two sides ¢ and
b can be calculated. C is the
angle of the right-angled triangle
of which a is one leg and b the
other, also B = 180° — b.
Example. — In orthoclase the
angle (001,110) = 67° 47" and
the angle (110,110) = 61°13';
as these are the angles between
the poles, in each case subtract-
ing from 180°, B in the spherical

triangle = 112° 13’ .and C = 1/2 (118° 47’).

cosb =

cos B cos (112° 13)

sin C  sin (59° 24’)

Log cos 112° 13/ =9.577618
Log sin  56° 24’ =9.934783
Log cos b=9.642745
b=116° 3. :
B =180° — (116°3") = 63°57".

The axial ratio. — In the spherical triangle ABC, with the side
b and the angle C known, being right angled at A, the side c is

calculated by Napier’s rule.

tan c

= SINshs

sin (116° 3')

“cot C cot (59° 23" 307)

Log sin 116° 3’ = 9.953475
Log cot (59° 23" 30”) = 9.772312
Log tan ¢=10.181163

C=02537. 1
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In the triangle doe, right-angled at o and with the side oe
1 and the angle ode known :
gg = % = cot ode = cot 56° 37’ = .658 *or a = .658 *,
For the value of ¢ the angle (001,101) = 50° 16’.
In the triangle coa, B = 63°37’ and oca = 180° — (50°16') —
(63°37") = 65°47".

Il
o
Il

In the triangle aoc, in which the angles and one side oa = a =
.658 * are known, oc = ¢ may be calculated.
oc:oa:sin oac: sin oca, or c:a::sin 59° 16" : sin 65° 45'.

_a X (sin 59° 16/)
sin (65° 45')
Log a =1.818226
Log sin 50° 16’ =9.885942
9.704168
Log sin 65° 45" =9.959852
Log ¢ =1.744316
c= 555+,

The crystalline constants of orthoclase would be expressed as
calculated, a: b: ¢ = .658%:1:.555": B = 63°57".

L]
TaE TRICLINIC SYSTEM

In the triclinic system all axes are inclined, and none of the five
crystalline elements are fixed ; the axes are unequal-and designated,
4:b: ¢, as in the orthorhombic system. Generally the unit plane
has been chosen so that the unit on ¢ is smaller than that on b,
but this may not be so in all species. Here the diametral planes
divide space into octants of four different sizes; of which opposite
~octants through the center are similar; thus the pyramids of the
triclinic system will consist, at the most, of a single pair of parallel
faces each subtending octants of the same size. The four possible
pyramids are equivalent to the orthorhombic pyramid and in
combination inclose space. The axial angles are either greater
orless than 90° and are measured in the plus octant, the upper right-
hand octant. The angle between b and ¢ is designated a, that
between & and b, y, and that between & and ¢, B, Fig. 265.
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Crass, HoLoHEDRAL (HOLOSYMMETRIC)
Tyre 2, CENTROSYMMETRIC

All forms of this type possess a center of symmetry only and each
form is composed of a single pair of parallel faces, Fig. 259.
Forms. — Pyramids.

(6]
F1a. 259. — Type 2, Centrosym- Fig. 260. — Two Faces forming
metric. a Triclinic Pyramid.
a:b:mc, (hkl).
; : ; d:b:mc, (hkl).
Unit series of pyramids T
2 ' ]a:b:me, (hK).
d:b:mc, (hkl).’

F16. 261.— Two Faces forming a Triclinic Prism.
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:nb :mc, (hkl).
:nb : mc, (hkl).
:nb : mc, (hkl).
:nb : mc, (hkl).

B M

Macro series of pyramids,

e e

F1a. 262. — The Two Faces which form a Triclinic Fia. 263.— Combination of the

Dome. Three Pinacoids.
ni:b:me, (hkl).
: .. Jnd:b:mc, (hkl). ’
Brachy series of pyramids, xS mc: @El)‘ Fig. 260.
nd : b:mc, (hkl).
X
r
-
i/-// o =r
PSRt ey SRR -
Kl !
o ||
!
\/

F16. 264. — Axinite: Combination of
m(110), M(110), a(100), x(111), r(111), Fig. 265.— Combination of the Three

s(201). _ Pinacoids in Rhodonite.
y : §:nb: woc, (hko).
Macro series of prisms {a P~
P : i:nb: woc, (hko).
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; ; ni:b: coc, (hko). :
Brachy series of prisms, {na:b: o8- Yiiko). Fig. 261

! ni: oob:me, (hol). 3
Macro series of domes, {né: o5 BIRT i), Fig. 262.

4 :nb : mc, (ohl).

i [ o0
Brachy series of domes, tooé b 106, (ohi)
:nb: mc, ;

Macropinacoid, &: «ob : ¢, (100).
' Brachypinacoid, «4:b: 0 ¢, (010).

Basal pinacoid, w#: b :¢, (001), Fig. 263.

Examples. — The plagioclase feldspars crystallize in this type.
Fig. 264 represents a combination of (110) (110) (100) (111)
(201) on a crystal of axinite, in which &:b: ¢ = .492%: 1:.479" and
a =82° 54/, B =91°, y=131° 32/, 100,010 = 48° 21".

Fig. 265 is the combination of the three pinacoids in rhodonite,
MnSiOs, in which a = 103° 18’, B = 108° 44/, y = 81° 39".

Crass, TricLiNic HEMIMORPHIC
TypreE 1, ASYMMETRIC

Symmetry. — Crystals of this type possess no symmetry what-
ever, and each form of the type is composed of a single face, Fig.
e 266. Any collection of faces, how-
RS S ever irregularly
“. grouped, may
: . belong to this
£ type, provided
: they conform to
510 g b M ak ol e
: -/ tional indices.

Qo All forms of |
“  the type may
be considered as
being produced
jby the selection of.one face of the pair form- . ‘o L hio-
ing the corresponding holohedron of type 2. guiphate: Combinations
Forms. — Possible forms will be the same of ¢(001), b(010), m(110),

as in type 2, except they will all be hemi 901D, 2ndb(110).
forms consisting of one face each, and designated as the upper
right front hemipyramid, or as the lower back hemimacrodome, etc.

SO ey

Fig. 266.— Type 1, Asymmetric.
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Examples. — There are no minerals crystallizing in the type,
but several salts, as strontium bitartrate, Sr(C,H,Os), . 5 HO.

Calcium thiosulphate, CaS.0;.6 H,O, Fig. 267, represents the
combination of (001) (010) (110) (011) (110) common on this salt.

The Crystalline Elements of the Triclinic System

In the triclinic system, where no elements are fixed, all five are
calculated from measured angles, as none of the axial angles can
be measured directly; at least five angles must be measured.
The angles generally chosen are the pinacoidal angles, 001,100 ;
001,010; 100,010, and the angles between the unit form and a
pinacoid, as 100,110; 001,101; 001,011. When any five of these
angles are measured, the axial ratios and axial angles may be
calculated.



CHAPTER VII
RELATION OF INDIVIDUAL CRYSTALS

CrysTALS as found in nature are rarely simple, or composed of one
individual. During the process of formation they must necessarily
come in contact with each other; this contact modifies them, not
only producing distortions and irregularities in external form, but
reéntrant angles are formed. The angles of all simple crystals
must be less than 180° and whenever an angle greater than
180° or a reéntrant angle appears, it is proof that the crystal isof a
compound nature or consists of more than one individual. At the
time of separation, one crystal may have an influence upon the
position or direction of the axes of its neighbor, and this influence
may show itself in various ways. Minerals totally different in
composition and erystalline structure ate sometimes so placed that
certain axes and edges are parallel in the two species, as in case

i of staurolite and
e : cyanite from St.
.Gothard, Fig. 268 ;
while belonging to
different crystal
systems, these two
species are often
so placed that
their ¢ axes are
parallel. Such

| parallel growths,
o

however, occur the

Fic. 268. — Cyanite and Staurolite in Parallel Position /
from St. Gothard, Switzerland. more often be-
tween individuals

of the same species, or between species belonging to the same
isomorphic group; in such cases large aggregates will have all
their crystalline directions parallel as in Fig. 269, sulphur, or as in
Fig. 270, microcline from Pike’s Peak. In such parallel growths
equivalent faces will reflect light or appear bright at the same
time.

134
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It often happens that the faces of a large erystal may have a mat-
like surface, caused by a layer of small individuals which have been

deposited, generally
in parallel position,
upon the surface of
the larger ecrystal.
They either repre-
sent a secondary
generation, or are
the result of
changed condition
during crystalliza-
tion, causing a more
rapid deposition,
Fig. 271.

Drusiness of faces
is also produced
either by a second
generation of the
same species, or by
secondary minerals

Fic. 269. ~— Parallel Aggregate of Sulphur Crystals.
Girgenti, Sicily.

formed by the decomposition of the surface of the mineral upon

=

Peak, Colorado. 4

|

F1c. 270.— Parallel Aggregate of Microcline from Pike’s

which the small
crystals are
placed.
Complete par-
allelism existsthe .
more often be-
tween individ-
uals of the same
species, or the
species of an iso-
morphous group.
The dividing line
between individ-
uals is not al-
ways distinct, for
as each individ-
ual is reduced in
size, each may
vanish as a line,
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F1g. 271. — Quartz Crystals in Parallel Position on Or-
. thoclase.

and will be repre-
sented by a striation
running across the
crystal face in a
fixed direction.
Wherever these
striations appear on
the face of a crys-
tal, they must be
considered as the
boundary between
two individuals. In
Fig. 272 a, a com-
plex quartz crystal,
the individuals are
well marked and
apparent; but in

Fig. 272 b, a quartz crystal with striations running across the prism
face parallel to the intersection of the prism and rhombohedron,
each striation represents a reéntrant angle between individuals,
or the crystal in its growth may be said to oscillate between the

b a

‘Fm. 272, — Smoky Quartz from Disentis, Switzerland.
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prism and the rhombohedron.

Striations are very characteristic

of certain crystal faces in various mineral species. The cube face

Fig. 273. — Crystals of Pyrite showing Striations on the Cube and
Pyritohedron.

in pyrite is striated at right angles to a pair of edges, Fig. 273,
representing an oscillatory growth between the cube and the pen-

tagonal dodecahedron or py-
ritohedron. In tourmaline,
Fig. 274, the prism faces are
striated lengthwise the erys-
tal, which represents an os-
cillation between the trigonal
and hexagonal prisms.
Twins. — In a large num-
ber of unions of crystals, all
crystallographic  equivalent
directions are not parallel, as
in parallel growths; some
may be parallel and others
at an angle, as if rotated
around an axis 180° or as
if reflected across a plane.

Fig. 274. — Tourmaline from Pala, Cali-
fornia, showing Longitudinal Striations on
the Prism.

Fig. 275 is a diagrammatical representation of 6 molecules. In
a, b, and c the equivalent directions are all parallel, as in a simple
crystal, but x, y, and z are reversed, as if reflected over the plane
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mn. Again, a, b, and ¢, when revolved around mn as an axis
180°, will become congruent with x, y, and z. The molecules a,
b, ¢ are said to occupy a twinning position in regard to x, y, z,"and
the two individuals are said to be twins. The axis of revolution

c

0
e

Fia. 275.

is the twinning axis, and a
plane at right angles to the
twinning axis is the twin-
ning plane. The plane
separating the two indi-
viduals is the composition
or contact plane; this with
rare exceptions is parallel to
a possible crystal face.

The twinning axis is either
parallel to a possible erystal

edge or perpendicular to a possible face. It can never be an axis of
even symmetry, as by a revolution of 180° around such an axis the
two individuals would be congruent and form a simple crystal.
Fig. 276 represents a simple crystal of gypsum; Fig. 277 is a twin

FiG. 276. — Gypsum Crystal showing the Position of the Twinning Plane.

crystal of gypsum in which the twinning axis is parallel to the
vertical axis c. Fig. 278 is a tw'nned cerystal of gypsum in which
it may be seen that one individual has been revolved around the

’
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twinning axis ¢ 180°, and also
that the twinning axis is parallel
to the edge in the prism zone.
The shaded plane is the contact
plane and is parallel to the or-
thopinacoid. The trace of the
twinning plane in the erystal
is usually marked by a reéntrant

angle, as xyz, or, where this is

reduced to a minimum, by stri-
ations on the erystal face, as
yy’, Fig. 278.

A reéntrant angle is not al-
ways present to distinguish the
crystal as a twin, and often when
absent, as is shown in the epi-
dote ecrystals from Prince of
Wales Island, Alaska, Fig. 280,
where the twinning axis is per-
pendicular to the orthopinacoid
and the composition and twin-
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Fig. 277. — Gypsum Twins from near
Paris, France.

ning plane is the orthopinacoid, and which after a revolution of
180°, leaves on these crystals no ind_ication of the twinning.

F1a. 278. — Gypsum Twins.

Striations on the clino-
pinacoid due to parallel
growth are indicated by
the parallel-lines, and the
effect of twinning on these
striations is shown. The
striations meet the twin-
-ning plane, yy’, from each
individual at the same in-
clination, and the trace of
the twinning plane on the
crystal face bisects the
angle between them.

The complexity of some
apparently simple crystals
is often only revealed by

the microscope and polarized light, as in the twinning bands of

the plagioclase feldspars, Fig. 281.

In enantiomorphic types,
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where there are right--and left-handed forms, it is not possibl(.a to
revolve one individual around an axis into a congruent position,

Fic. 279. — Simple Crystal of F16. 280. — Twinned Epidote from Prince
Epidote. . of Wales Island, Alaska.

and a twinning axis is therefore not always possible ; but such
erystals are twinned by reflection, as some twins of quartz.- Twins
formed by the union of plus and minus, upper and lower, or right

Fia. 281.— Twinning Lamelle of Plagioclase, between Crossed Nicols.
Much enlarged.

anfl left forms are supplementary twins; and when as contact
twins, and equally developed, the individuals will possess a pseudo-
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symmetry or a symmetry 2ol

of a higher type, as the

upper and lower forms of »
a polar type when joined 4
along the plane of the base v

will possess the symmetry

of an equatorial type.

The plus and minus

forms may penetrate each

other and be distinguished

as complex individuals by e A DA

the reéntrant angles. Fig. (
282 is a drawing of the VA
supplementary twins of
pyrite, formed by the plus
and minus pyritohedrons; while Fig. 283 is a photograph of these
twins from Prussia. In interpenetrating
twins there is no marked plane of contact
between individuals, but a very irregular
and ill-defined area separates the two indi-
viduals internally.

In the growth of crystals the twinning
position may have been assumed at the
L= | very outset, in the nucleus of crystalliza-
Fra. 283. — Supplemen-  tion and the complex nature existed at the

vy B b beginning of crystallization; or again the
individuals may have developed as simple crystals, when through
a changed condition mole-
cules have separated in a
twinned position and the
axis of the simple crystal is
abruptly changed. Where
there is but one angle in the
axis of an elongated crystal
they are often termed genic-
ulate twins, as the geniculate
twins of rutile, Fig. 284.

This bending or angle in
the axis of the erystal may

be rep_ea‘te('i elthe'r in the F1G. 284. — Geniculate Twins of Rutile from
same direction or in the op- Lancaster County, Pennsylvania.

F16. 282. — Supplementary Twins of Pyrite.
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posite direction. When repeated in the same direFtion a number
of times, the complex individual is cirecular and is termed cyclic
twins, as in marcasite, Fig.
285; or the twinning may
be repeated first in one di-
rection and then in the
other, with a zigzag effect,
as in rutile, Fig. 286.
When the twinning is
repeated many times at
very short intervals, each
individual of the complex
structure will be confined
to a very thin sheet pass-
ing through the aggregate,
parallel to the composition
plane, and indicated on the
crystal externally by a re-
entrant angle as illustrated in Fig. 287, a twin crystal of albite in
which the clinopinacoid is the composition plane and the twinning
axis is perpendicular to this face. Fig. 288 is a crystal of albite
composed of several individuals
twinned after this same law ; each
individual is indicated by the
reéntrant angle passing around
the crystal parallel to the twin-
ning plane. Each individual may
be reduced to extreme thinness,
when only a striation on the
crystal face will remain to mark
the plane of contact separating
individuals, the whole complex
structure building up an appar-
ently simple crystal. When often
repeated in this manner, the
twinning is termed polysynthetic.
The striations produced by polysynthetic twinning are quite dif-
ferent from those caused by parallel growths; the former pass
through the body of the crystal and are caused by the arrange-
ment of the molecules and will therefore appear, not only on crystal
faces, but also on all cleavage faces intersecting the twinning planes,

F1g. 285.— Cyclic Twins of Marcasite from
Folkstone, England.

FiG. 286. — Zigzag twins of Rutile.
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as in the plagioclases. The latter are confined to the crystal face
and are not caused by a change in the molecular arrangement, and
will therefore not appear on cleavage faces or be indicated below
the surface.

Twinning in the isometric system. — In isometric minerals the
spinel law is the most common. In this method of twinning the

n
Fi1c. 287. — Twins of Fic. 288. F1a. 289. — Spinel Twins.
Albite.

trigonal axis, which is common to the five types of the system, is
the twinning axis, and the face of the octahedron 111 or the plane
parallel to it is the com-
position plane. For all
minerals crystallizing in
the isometric system this
is a possible form of
twinning. Fig. 289 is a
drawing in which mn is
the twinning axis, and Fig.
290 is a photograph of
spinel twins from Frank-
lin, New Jersey.
Penetration twins with
the same axis as the twin-
ning axis occur in galena
and fluorite, Fig. 291,
SIS O St ) Fi1e. 290.— Spinel Twins from Franklin, New
The second law is where Tactayh
the twinning axis is per-
pendicular to the face of the rhombic dodecahedron face, 110, and
is a possible twinning law in those types only where this axis is
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291. — Penetration Twins of
Fluorite.

Fic.

101, and the composition plane c
to 101. . Fig. 293 is a photograp

ural twin from Zinnwald, Bohemia. In the
ditetragonal polar type, the normal to the
sphenoids 111 is the twinning axis, with the
sphenoidal face the composition face ; when

developed as contact twins, they

MINERALOGY

not an axis of symmetry, as the
tesseral central and tesseral polar
types. The supplementary twins
of pyrite are of this class.
Twinning in the tetragonal sys-
tem. — The general law in this
system is where the twinning axis
is perpendicular to a pyramid face
and is a possible mode of twinning
in all seven types of the system.
Fig. 292 is a drawing of twins of
cassiterite, in which the twinning
axis is perpendicular to the pyr-

e g c
I

ond order,
i

c is parallel
h of a nat-

Fig. 292. — Twins of Cas-
siterite.

[¢]

are similar

to the spinel twins of the isometric system.
In the tetragonal polar types a third twinning law is possible, as

in these types the lateral axes a

F16. 293. — Cassiterite Twins from zinn-
wald, Bohemia.

re not axes of symmetry and are
therefore possible twinning axes.
These dre supplementary twins,
and when there is no reéntrant
angle at the equatorial plane
there is nothing to indicate the
twinned nature of the crystal,
and the symmetry is apparently
that of an equatorial type.
Most crystals of wulfenite are of
this character.

Twinning in the hexagonal
system. — Twins in the hexago-
nal division are rare. A pos-
sible law in all the types of the
system is where the twinning



RELATION OF INDIVIDUAL CRYSTALS 145

axis is perpendicular to a pyramid face and the pyramid face
is the composition plane. This law is a very common one in
the trigonal types, and is the same as where the twinning axis
is perpendicular to a scalenohedral or rhombohedral face. In
calcite the common form of twinning is where the twinning’ axis
is normal to'the rhombohedron e (0112), Fig. 294.

Fic. 294. — Calcite Twins in which e (0112) is the Composition Face.
Guanajuato, Mexico.

In types of alternating symmetry and trigonal types the vertical
axis is a trigonal axis, and is therefore a possible twinning axis with
the base as the composition plane; Fig. 295 is such a twin of cal-
cite. In the polar types supplementary twinning, as in the tetrag-
onal system, is a possible law. There are very few minerals of
these types ; the most common is tourmaline, in which there are no
twins; and in nephelite the polar symmetry is shown by the etch
figures only, and all erystals must be considered as examples of
supplementary twinning,.

In the holoaxial types, of which quartz is an example, twinning
by reflection is the rule, as in the Brazilian twins, where the plane
of reflection is parallel to the prism face (1120), Fig. 296, and x

is a reflection of x’.
L
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Fic. 295. — Twins of Calcite in which the Twinning Axisis € and the
Composition Plane is the Base. Guanajuato, Mexico.

Twinning in the orthorhombic system. — There are three classes
of twins possible in all three types of the system: —

F1a. 296. — Brazilian Twins
of Quartz.

I. Where the twinning axis is normal
to a pyramid face. This is in fact a pos-
sible law in all 32 types of crystals, consid-
ering the octahedron and its resulting
hemihedral forms as pyramids. In Fig.
297 a, twins of staurolite, in which the
twinning axis is normal to the pyramid
(232).

II. Where the twinning axis is normal
to a prism face. Fig. 298 is a diagram
of aragonite, in which the twinning axis is
normal to the prism 110, often repeated,
and as the prism angle is nearly 120°, the
twinned crystals have a pseudohexagonal
symmetry, Fig. 299.
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III. Where the twinning axis is normal to a dome, as is well
illustrated by the cross-shaped twins of staurolite, Fig. 297 b, in
which the twinning axis is normal to the dome (032).

a b
Fig. 297. — Staurolite Twins from Georgia.

In the didigonal equatorial type all faces may be twinning faces,
except the three pinacoids, the normals to which are the axes of

Fic. 298. — Twins of Fie. 299.— Triplets of Aragonite from
y Aragonite, Twin- Bastanes, France.
ning Plane 110.

symmetry. In the sphenoidal and digonal holoaxial types, these
normals are still digonal axes of symmetry, and only the above three
types are possible. In the digonal polar type supplementary
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twins are possible, as here the lateral axes are not digonal axes of
symmetry and may be twinning axes with the base as the com-

F16.299 a.— Diagram of the
Basal Plane of Aragonite
Triplets, showing the Rela-
tion of the Individuals.

axis is the vertical axis,

position plane. These supplementary
twins are well illustrated by calamine.
Twinning in the monoclinic system. —
The only direction not possible as an
axis of twinning is the orthoaxis, and
twins are very common in the system.
They may be divided into the three types
as in the orthorhombic system, with the
addition that the two pinacoids may
also be twinning planes. In gypsum and
augite the twinning plane and composi-
tion plane is the orthopinacoid, and the
twinning axis is the normal to it. In the
Carlsbad twins of orthoclase the twinning
while the composition plane is the clino-

pinacoid, parallel to it, Fig. 300.
Twinning in the triclinic system. — As there is only a center of 3
symmetry, any plane is possible as a twinning plane and twins are

F1c. 300. — Carlsbad Twins of Orthoclase. Brice, New Mexico.

numerous and complicated, often repeated polysyntheticaily as in

the plagioclase feldspars.



CHAPTER VIII

ON THE MEASUREMENT OF CRYSTALS AND THE USE OF THE
GONIOMETER

I7 is often necessary to measure the angles between two crystal
faces in order to identify the forms present on the crystal, partic-
ularly when the specimen is much distorted. This may be true
even with such well-developed and easily recognized forms as the
prism and rhombohedron on quartz. The forms present in com-
plicated combinations must always be proven by the measurement
of the angles between the faces. The measurement of the angles
will also help in the identification of the mineral species; and in
chemical compounds their variation from the theoretical value may
afford a means of estimating the purity of the compound, as chemi-
cally pure substances possessa constant and characteristic angle be-
tween crystal forms, though in isomorphous groups these angles are
very nearly equal; yet when pure each member of the group will
possess an angle distinetly its own.

The goniometer and the principles of the reflecting goniometer
have been described in Chapter 1.

For the identification of erystal forms when the erystals are not
too small, the Penfield card contact goniometer, model B, Fig.
11, is a very convenient and sufficiently accurate little instru-
ment, and it has the advantage of cheapness, so that each student
may be provided with or possess one. It answers also as a protrac-
tor and scale in the drawing of crystals.

In using the instrument, the card with the scale is held at right
angles to the edge and one of the crystal faces, the angle between
which and the adjacent face it is wished to measure. The arm of
the instrument is then rotated until it is in contact with the second
crystal face; the crystal with the goniometer in place is now held
up to the light, with the line of vision parallel to the edge between
the two faces; the arm and card aré carefully adjusted to fit the
two faces and the angle between them, so that no light is seen be-

tween the instrument and the erystal faces. - The instrument must
149
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be held perpendicular to the crystal faces, as the true angle is
obtained only in this position; after satisfactory adjustment the
angle is read from the card. This model also has the advantage of
giving both the actual angle between the faces and the supplement
to it or that between the poles, which is the angle usually recorded
in the description of erystals.

With smooth faces and as large as a centimeter across, the angles
between them may be measured with the contact goniometer to
within one degree, an accuracy sufficient for the identification of
forms and species. Fig. 301 is a more expensive instrument, in
which the two arms are detached from the scale and one moves
along the other, which enables one to measure crystals separated
by reéntrant angle. To
gain experience in the use
of the instrument it is well
for the student to measure
the angles and identify the
faces on a distorted Her-
kimer County quartz erys-
tal of about 1.5 cm. in
diameter.

When more accurate
work is required, as in
the calculations of the
crystalline constants or characters of any mineral and in the
determination of the indices of the faces as well as the identifica-
tion of new forms, the reflecting goniometer is used.

There are several varieties of this instrument. One, the single-
circle goniometer, in which the angle is measured between the poles
of the two faces in question. Another, the two-circle goniometer,
by which the pole of any face is located, in reference to some chosen
face as the base. The face may be said to be located by its lati-
tude being measured on one circle and its longitude being meas-
ured on the second circle at 90° to the first, just as a point on the
earth’s surface is fixed. There is also a more complicated instru-
ment in which three graduated cireles are used. Of these instru-
ments only the single-circle goniometer will be deseribed.

: The card contact goniometer may be easily converted into a single-
circle reflecting goniometer, for use in measuring crystals too small
to yield results sufficiently accurate by the contact method of
measurement. If a bridge be cemented on the arm over the eye-

Fi1g. 301. — Contact Goniometer.
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let or axis of the instrument, the crystal to be measured may be
fastened on this with wax and measured. The small crystal is then
mounted with the edge to be measured perpendicular to the card,
and the edge should coincide as nearly as possible with the axis
of the arm; then with the edge of the card placed on the edge
of the table and with the eye at a distance of a foot and a half,
the arm is revolved until one of the faces reflects the light, when
a reading is taken. The instrument is replaced with the light,
card, and eye in the same relative positions, which may be as-
sured by getting the reflection on the same face without moving
the arm; the arm is now revolved until the second face reflects
the light, when another reading is taken. The difference be-
tween these two readings will be the angle between the poles of
the two faces reflecting the light. Results obtained by this method
are more accurate than those obtained by the contact method.
It may be unnecessary to state that the accuracy of the measure-
ments is increased with the distance of the light and the eye from
the crystal.

The principles of the reflecting goniometer have been sufficiently
illustrated by the measurement of a crystal with the card con-

F1c. 302. — The Fuess Single-Circle Reflecting Goniometer. One Quarter Natural
Size.
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tact goniometer as just described above. The accuracy of the re-
sults obtained will depend upon the size of the source of light used;
on the exact parallelism of the intersecting edge between the two
faces with the axis of the instrument ; and upon the plane of reflec-
tion, the plane in which the angle is measured being at exactly 90°
to the edge of the crystal and the axis of the instrument.

The instrument is constructed with all of these conditions in view
and is provided with devices allowing of adjustments to these ends.
Fig. 302 is the usual form of the Fuess single-circle goniometer one-
fourth natural size. The collimator Z is supported by the post A,
which is rigidly fixed to the frame of the instrument. The collimator
is provided with a lens at the inner end, and at the focus of this lens
at the outer end the slit admitting light is placed. The shape and
size of this opening may be adjusted in the more expensive instru-
ments to suit the work at hand. The usual form is that illustrated
in Fig. 303, and known as the Websky signal slit, hourglass in shape,
with its vertical plane of symmetry vv’ parallel to the axis of the
instrument and fixed in this position.

The telescope B is supported by a similar post but attached to
the disk or circle upon which the vernier of the scale is marked, and
can be revolved about the axis of the instrument, and rigidly fixed
in any required position by the set screw C. The telescope is fitted
with an eyepiece Q, which is provided with cross hairs at right
angles, one of which is fixed parallel to the axis of the instrument,
the other will be at 90° to the axis. The eyepiece is adjusted to
this position by the collar which clamps on
the eyepiece and which fits in a notch in the
drawtube of the telescope, thus always assur-
ing the correct position of the vertical hair
when the eyepiece is withdrawn and re-
turned to its position.

The two cross hairs should divide the
Websky signal orthorhombically when the
: telescope is set directly opposite the collima-
Fia. 303.8_'“16 Websky  tor, as illustrated in Fig. 304. The telescope

St eyepiece is adjusted to parallel rays; and
when it is wished to view the crystal being measured, the lens
D is placed before the tube and focuses the rays on the axis of
the instrument. This lens may be revolved out of the field, when
the signal will appear if a face is in position.

The circular disk shown unde\r d is the graduated circle, which is
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divided to half degrees and with the vernier may be read to min-
utes. This circle is revolved by the pilot wheel f, which in turn
may be clamped to the axis of the instrument by the set-screw b.
This circle may be accurately turned to any particular point by first
revolving it with the pilot wheel and then setting the screw a and
using the fine adjustment, or tan-
gent screw F.

The crystal to be measured is
cemented with wax to a carrier
which fits in a socket in the table ]
of the instrument and is held in
place by the screw p; the screw d ] &

allows this table to be elevated or
lowered until the edge to be meas-
ured may be seen in the telescope.

In order to adjust the crystal
there are four movements neces- T igne
sary, each of which is controlled
by, a separate screw: two, r and q, are screws at right angles
to each other and allow the carrier to be pushed back and for-
ward ; and the two screws n and o are connected with sections of
cylinders, the axes of which are at 90°; these allow the crystal
to be tilted in planes at 90°. By these four screws the edge to
be measured may be quickly brought to coincide with the axis
of the goniometer and therefore at right angles to the plane of
reflection, and the edge after adjustment will also be in focus when
the lens D is before the telescope.

Measurement of a crystal. — Let the crystal selected for measure-
ment be one of topaz from Thomas Mountains, Utah, as these
crystals are combinations of forms of several zones, and usually
they possess bright smooth faces. The crystal is first cleansed with
alecohol and ether and then not touched with the fingers to dull the
faces and spoil their reflecting qualities. The various zones pres-
ent are noted and rough sketches or sections at right angles to
each zone made; each face in the zone sketched is represented
by a letter on the drawing and the letter placed opposite the
reading taken of the face when the angles are measured; this
enables each reading of the goniometer to be referred to the
right face.

The crystal is now mounted on a carrier with the edges of the
zone to be first measured perpendicular to its surface; the carrier
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is now clamped in the instrument. Let the crystal be first mounted
on the flat basal cleavage and the prism zone the first zone to be
measured, the edges of which are all at right angles to the basal
cleavage. The crystal is elevated or depressed by means of the screw
d until it is in the plane of reflection. With the screw b set and
the screw a loose, the telescope is revolved until its axis is at about
110° with the collimator and there set with the screw C. The lens
D is placed before the telescope and the goniometer light before
the Websky slit in the collimator; the crystal is now adjusted.
With the right hand on the screw q and the axis of this screw at
90° to the telescope, and the left hand on the screw n, the crystal
is pushed back and forth with the right hand until an edge is seen
in the telescope, when with the left hand this edge is tilted until it
is parallel to the vertical hair, and it is placed directly on the hair
with the right hand. The crystal is now revolved with the pilot
wheel f 90° to the right and the right hand is placed on the screw
r and the left on the screw o; the same edge is adjusted to coincide
with the vertical hair as before. After these adjustments have
been carried out accurately, the crystal when revolved will turn
on the edge as an axis. This edge will now lie in the axis of the
instrument and will therefore be at 90° to the plane of reflection and
in position to measure.

The erystal is now rotated until one of the adjacent faces to the
edge adjusted is seen in the telescope to reflect the light from the
collimator, the lens D is lifted and the signal will appear. The sig-
nal is revolved by means of the pilot wheel f to the vertical hair;
with the screw a set, the hair is made to exactly divide it, by means
of the tangent screw f; if the adjustments have been accurate, the
two hairs will divide the signal as illustrated in Fig. 304. If they
do not, they are made to do so by slightly readjusting the crystal.
The crystal is now revolved until the adjacent face reflects the
signal ; and as this is in the same zone, it will need but little ad-
justment to bring the signal into symmetrical position. Before
taking any readings both signals should come into position with a
simple revolution of the crystal and without any adjustment of the
screws connected with the crystal; when this is the case, the crys-
tal is in position to measure.

It is always best to take the first reading, in the measurement
of a zone, near the zero on the circle, but on the 359° side and to
revolve the crystal so as to decrease the number of degrees in each
succeeding reading; they will then all stand in the column, so
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that any one below may be subtracted directly from any one
above it.

In the prism zone on the crystals of topaz from Thomas Moun-
tains there are usually two prisms and the brachypinacoid, yield-
ing ten readings to complete the 360°. Fig. 305 is a plan of this
zone with the faces lettered according to the usual practice. Let
the first reading be taken of the face m. With the edge m.1 ad-
justed the signal from m is brought to the vertical hair as described,
then a reading of the vernier is taken with a lens, and the number
of degrees and minutes recorded in the notes opposite the letter
standing for the face on the
sketch. All faces of the zone
are measured in the same
manner, and as their inter-
secting edges are parallel,
but little adjustment should
be necessary as each edge in
order is brought to the ver-
tical hair. It is usual in
accu.rate work to make three Fic. 305.— Section of a Topaz Crystal 90° to
readings of the same angle, D e
using different parts of the
graduated circle each time, to avoid being influenced by the same
number ; and the average of these three results is taken as being
more nearly correct than any one. It is also well to note opposite
each reading the character of the signal reflected by the face, as to
whether it is well defined and bright, or irregular, dull, diffused, or
complex from striations, as well-defined and bright signals will
yield results nearer the truth than any poor signal will and all
readings from bright sharp signals are to be given more weight in
results. The following are the results of the readings in the prism
zone of such a crystal of topaz:

READINGS ANGLES
m = -358%42" ;s ¢
1 = 339°55 b,m =62°9";b,1=43°22
=, 296238’ b.m’ =62°9";b,1' =43°29
I = 253°04 IRl = 86° 51’
m’ = 234°2¢ m,m’ =124°18
m”’ = 178°42 m’ ,m” = 55° 42

=
~
~

159° 52 Pad's o =-93%:12"
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READINGS ANGLES
pam’ =62°8; b 1" =43° 18
bl =168t b am'”’ =62°8";b’ 1" = 43° 29’
1" X 73° 05’ < lllA (LS 86° 47’
mlIl = 540 26, mlll Amll= 1240 16,
m’ = 358°43’ m’’,m = 55°43’

The signals yielded by the prism 1 are complex from striations
and therefore the angles vary c¢onsiderably.
From the above measurements the angles for the two prisms
are: for m, m” ,m"”’ +m"”’ ,m’ =111° 25’ +2 =155° 42.5’"; and
for 1, 1.1 +17,1"" = 173° 38 + 2 = 86° 49. As the prism
m has been selected as the unit prism, it will intersect the macro-
and brachy-axes at unit lengths, or these lengths will be in the
-ratio of the unit on the b axis to the unit on the % axis. In order
to determine this ratio with sufficient accuracy for use in the draw-
ing of the crystal, lay off, Fig. 306, ob, equal to unity on the ma-~
croaxis, say 5 em., and draw oa, the brachyaxis, at 90°, then draw om,
making the angle aom = 1/2 (55° 42.5') = 27° 51’ ; from b draw ba
‘ perpendicular to om and
where it cuts the a axis
will be unit length from o,
as oa = unity on %, which
by measurement = .52, or
oa = 52/100 of ob.

Having the units on the
axes & and b the parameters
and indices of 1 may now be
determined; in the same
way from o draw ol, making
the angle bol = 1/2 (86° 49")
= 439 25, and from b draw
bl at right angles to ol, and
where it cuts the 4 axis at
x is its intercept when it cuts the b axis at unit length, ox
is by measurement just twice oa; the parameters of 1 will be,
therefore, 24 : b: wc and its indices (120). m = 4:b: e ¢,
(110).

The faces b, b, since their normals bisect the angles of these two
prisms, is a pinacoid, and its indices and barameters may be writ-

ten at once as w #: b: o ¢, (010), the brachypinacoid.

(o]

p-4

Fia. 306.
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Measurement of the pyramid zone. — The crystal is now removed
from the holder and remounted with one of the edges of the pyra-
mid zone perpendicular to the flat surface of the holder. It is
then clamped in the goniometer and an edge adjusted as before;
the edge first selected for measurement should be that between the
unit prism and the first pyramid, as all the pyramids are in the zone
with the unit prism. The first reading is taken from m and con-
tinued around the zone, taking the faces in order through the 180°
until m”” is reached. The following are the results of measure-
ments in this pyramid zone:

Faces READINGS ANGLES

m = 185°22 c¢,m = 90°01
o = 159°15" c.0o = 63°54'
R A () ARG AR R T = A 50 3 57
ORS00 368 SR =E342H15¢
c = 9521

=R 0 1 () 7R G o =t 4 14"
W = 49°44’ c.,u”’ = 45°37
ol—=—31°- 26— ¢ o't =—B3° 55
Pt M2 c.m’”’ = 89°58

It is seen that the face ¢ is 90° from the prism and is therefore
the base; its parameters and indices are oo &: 00 b: ¢, (001).

The second pyramid zone, including the
prism faces m’””’, m”, may be measured and ¢ ¢
averaged with the readings of the first.
From the above results the indices of the
pyramids present are determined graphi-
cally as follows. Some one of the pyramids
must be chosen as the unit pyramid or the
fundamental form in order to arrive at the
unit on the axis ¢; for this pyramid u has
been chosen. To determine the length of
¢, draw, Fig. 307, oc the vertical axis and
om at right angles to i, making om = om
of Fig. 306, as om is the trace of the zonal o
plane, at right angles to the prism face. Fre. 307,

It is the plane in which all the poles of the
pyramids lie and is therefore the plane in which all the angles have-
been measured; then in Fig. 307, from ‘m draw mi, making
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the angle omi = c.i and omu = c,u and omc = ¢, 0; where these
lines, mi, mu, mc, intersect the axis ¢ will be their intercepts on ¢
when it is unity on b. As u is the unit pyramid, ou will be unity
on ¢, and by measurement and comparison to the unit on b = .47+,
The axial ratios as determined are, 4: b: c=.52%:1: .47*; as cal-
culated they are, &: b: ¢ =.5285:1:.4769.

In comparison, the intercept of the pyramid o on the axis ¢,
oc, is just twice ou, and the intercept of i, oi, is 2/3 of ou. The
parameters and indices of the three pyramids may now be written
as follows : :

= 4:b: ¢, (111).
0= i:_b:z'é, (221).
i=4:b:2/3¢, (223).

There are usually two brachydomes present, and these may be
measured next by remounting the crystal with an edge of this zone
perpendicular to the holder and adjusting an edge in the goniom-
w| eter as before. Starting with the first reading from one of
the faces further from the base the results obtained are as
follows :

Face  Reapings ANGLES

y = 179° 20/ cay = 62° 19’
f = 160° 42’ caf =43°41'
Cra—Ol NG,

e —2735°937 cf .= 43°38’
y' = 55°41’ cay =62°21
cy = 62’ 20 c.f =43° 39’

The parameters and indices of these two
forms are determined as follows : as they are
in the brachypinacoidal zone they will be
parallel to the 4 axis. In Fig. 308, make
ob equal to unity on the macroaxis and
draw the vertical axis at o, then draw
bf making the angle obf = 43° 39’;
if oc is unity on ¢, then of is twice
oc or 2 ¢ and the parameters and

indices of the form f are o a: b:
2 ¢, (021).

In the same way draw by,
b making the angle oby = 62°
Fia. 308 20, then oy is 4 ¢ and the
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parameters of y are co & : b: 4 ¢ and its indices are (041). The
parameters and indices of any other form occurring on the crystal
may be determined in a similar way, and with the data obtained
the ecrystal may be drawn, by consulting the chapter on the
drawing of crystals.



CHAPTER IX
OPTICAL PROPERTIES OF CRYSTALS

It has been shown that crystal forms are dependent upon and
are the result of a definite arrangement of the molecules. In some
cases substances which differ chemically may crystallize with al-
most the same angles and forms. Again, substances which, upon
chemieal analysis, as pyroxene and amphibole, may yield the same
percentage result, crystallize with angles which are different. Such
substances may be easily identified when comparatively large
specimens and well-developed forms are at hand ; but when in small
fragments, even chemical analysis will fail, and yet each fragment
will possess the peculiaz molecular arrangement in which the one
species will differ from the other, and in this case pyroxene from
amphibole.

It is well known that light in its passage through any medium is
modified in its velocity, direction, and vibrations. These various
modifications of transmitted light are the effect, in part, of the
molecular arrangement, and these effects are constant and char-
acteristic. They are therefore reliable when used in the identifi-
cation of crystalline compounds, and just as much so as chemical
tests, while in many cases they are much less troublesome in their
application. According to the accepted theory, light is propagated
in a medium which heretofore has been purely imaginary, but at
the present time evidence is being brought forward, and from sev-
eral sources, which would seem to prove the actual existence of this
imaginary medium, the ether. Light is propagated and is the
effect of very rapid oscillations or electric polarization of the ether.
These oscillations are periodical and transverse to the ray of light
or direction of transmission. They are exceedingly rapid altera-
tions of the electromagnetic conditions of the ether, which vibrate
back and forth, or rotate in a plane at right angles to the direction
of propagation.

That light is an electric effect is substantially proven from its
analogy to the electric waves used in the transmission of wireless

160
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telegraphy. They both travel with the same velocity of 185,400
miles per second, and may be polarized, reflected, defracted,
and refracted. The wireless waves are very large, while those
waves which our eyes are able to detect as light are very
small. The range of our eye as a detector is limited to those
waves which fall within the colored spectrum ; but that waves, both
smaller, as the ultra-violet waves, and larger, as the infra-red waves,
do exist we know from other detectors, and our eyes are not able to
recognize these waves as light. The ether pervades all space, both
the interstellar and the intermolecular, and penetrates even within
the atom itself, filling the space between the electrons which com-
pose it. The interatomic space is probably as accessible to the
ether as the space within a stack of bird cages is to the air, and yet
light travels faster in a vacuum than in space filled by a gas or a
transparent solid. It is through this modification of the velocity
and vibration of the light wave, as it passes through a substance,
that the optical properties of any particular crystal become appar-
ent. Light may be considered as transmitted through a given
. medium by means of waves set up in the ether. The periodic -
changes which constitute these waves take place at right angles
to the line of propagation, and in this respect they are known as
transverse waves vibrating back and forth in all planes across the
line of direction of transmission. The ray is a term conveniently
used to denote the direction along which the wave advances.

As an illustration of the terminology of wave and wave motion it
is best to select, as an example, one in which there is possibly no
imagination required, as is the case of the wave motion on the sur-
face of water.

Fia. 309.

In Fig. 309, the position of any particle of water, as a, on the sur-
face will determine the wave surface at that point; as a falls to-
ward the arrow, the water surface falls and the wave passes on until
a reaches a maximum depression x, when the valley of the wave x

is formed ; then a rises until it reaches a maximum position above
M
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the arrow at y, when at that instant another crest is passing the
point y. Each time that a completes the path between x and y,

and returns to its original position, moving in the same direction,
" an entire crest and trough have passed, or one wave length, denoted
by A. The wave length is the distance oo, measured between
the paths of the two particles aa, occupying the same position in
regard to the arrow and traveling in the same direction; such
particles are said to be of like phase. The period is the time that
is taken by any particle to complete the swing back and forth and
to return to its original position and condition. The amplitude
is the distance oy = ox from the median line to the highest point
in its path. It is also to be noted that the particle a moving
back and forth along the path yx is not carried forward along
the arrow, but like a block of wood rises and falls on the waves.
A wave front is formed by the particles or points which are in-
fluenced simultaneously as each wave passes them; they are all
in the same phase and form a surface or line at right angles to
the direction of transmission, at any particular point. When the
wave surface is a curved surface, the plane tangent at any particular .
point will be at right angles to the ray or the direction of transmis-
sion at that point. All the above terms are equally applicable to
the light wave, but just what the change of conditions along the
path xy is, is still somewhat in doubt.

The intensity of light is proportional to the square of the amplitude,
and the color will depend upon the length or more correctly on the
periodicity or number of vibrations per second of the wave. Deep
violet light at one end of the spectrum has a wave length of .000396
mm., while dark red at the other end has a wave length of .000795
mm., or about double that of violet, and the yellow sodium light
is about halfway between these two, or .00059 mm. Vibrations
larger or smaller than these the eye is unable to detect as light ;
but that heat rays do exist above and actinic rays below is easily
demonstrated by detectors other than the eye.

Light waves of all lengths travel in a vacuum with the same
velocity, but they differ in their period, since short waves, as violet,
must vibrate twice as quickly as the red waves, which are double
their length. Upon entering a transparent medium the velocity
of light of all wave lengths is modified ; the extent of this modifica-
tion will depend both upon the medium through which the light is
traveling and upon the wave length or color of the light; so that
lights of different wave lengths will vary in their velocities upon
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passing from one medium into another. Substances differ greatly
in the way they transmit light; one class, known as isotropic sub-
stances, transmits light equally or with the same velocity in all direc-
tions. If a point within such a transparent isotropic substance be
imagined as the source of light, the light waves will travel in all
directions from this point with the same velocity, and if it were
possible to stop the wave at any instant, say after an inch had been
traversed from the point of emission, the extreme wave front would
be a sphere of an inch radius. Every point of the surface would be
one inch from the source of light, and each ray would have traveled
exactly the same distance, whatever the direction.

Isotropic substances include all gases, most liquids, amorphous
solids, as glass, and crystals of the isometric system. Solids, how-
ever, when under stress or strain and which under normal conditions
arc isotropic may show anomalies and apparently belong to the
second class, or anisotropic substances; in which the wave front is
not a sphere and the velocity of the transmitted ray will vary with
the direction.

In anisotropie substances the velocity of light will vary with the
direction in which the light is traveling, but in parallel directions
within the same medium the velocity will be the same.

The anisotropic class includes the tetragonal, hexagonal, ortho-
rhombiec, monoclinic, and triclinic systems of erystals, and also iso-
metric and isomorphous solids when under stress or strain, as well
as those liquid erystals which show double refraction.

The wave front in anisotropic substances is not a sphere, but
its form will depend upon the substance. -

When light strikes the surface of a transparent substance, as
glass, it is. modified in several ways: (1) some is reflected; (2)
some is refracted; (3) some is polarized; (4) some is absorbed or
lost as light, as it is transformed to energy of another kind. All
four effects will depend upon and will vary with the nature of the
surface, the angle of inclination of the ray, and the substance.

Reflection. — If from the head of the arrow, in Fig. 310, a ray of
light is traveling in the direction ao, it will strike the surface ss’
at the point o. The reflected portion will travel along and in the
direction of oa’ with a velocity which is unchanged. The two direc-
tions ao and a’o will be symmetrical in regard to the normal no
at the point of incidence, and will lie in the same plane. The angle
aon is the angle of incidence =i = the angle noa’, the angle of re-
flection. The ray from b, traveling in the same direction and with
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an equal velocity as that from a, will strike the surface at point P
and will be reflected in the direction of Pb’. When the wave front
is at a’, the ray from b will be at the point b, for the path aoa’is
equal to the path bPb’, and the arrow will appear as at a’b’, but in
a reverse position. If the surface of reflection is a truly plane sur-
face, the image of the arrow at a'b’ will be of the same size and
shape.

Refraction. — When the ray, in Fig. 310, from a strikes the
surface at o, a portion of the light, depending upon the angle of
incidence and the character of the substance, is transmitted or pene-
trates the second transparent medium. The velocity and direction
of the entering light will be changed; the amount of charge will

5 n

” a
b
b
s 5 d P s/
r.
T/
© g
nl
Fic. 310,

depend upon the medium and the wave length of the entering
light. Suppose the upper medium to be air and the lower medium
to be water; light travels approximately three quarters as fast in
water as in air. The ray ao, in Fig. 310, will be on the point of
entering the water at o, when the ray from b is at the point b"’;
while b is traveling the distance b’’P, a will have traveled three
quarters of this distance in water. To find the wave front of the
refracted rays: draw bP parallel to ao, then with o as a center and
radius equal to three quarters of b”’P draw the circle dT ; from P
draw PT tangent to the circle dT and PT will be the direction of the
wave front of the refracted rays. When b reaches by, a will be at a;
and the arrow will appear at a,b,, enlarged, but not reversed, as is
the case with the reflected rays. A man standing on the bank will
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appear, to a fish in the water, one and one half times taller than
he réally is; while the fish will appear smaller, as the rays follow
the same paths in the reverse direction. The angle ajon; = r =
the angle of refraction.

In passing from a rare medium to one which is more dense, the
ray is bent toward a perpendicular; and in passing from a dense
medium to one which is less dense, the ray is bent from the perpen-
dicular.

The angle of refraction will vary with the angle of incidence,

: : ‘ sini .
but there is always a relation, as the value of o 82 constant.

In Fig. 310, in the two right-angled triangles ob”’P and oTP, the
side oP, or hypothenuse, is common to both triangles. The angle
b”’oP = noa =i, the angle of incidence, and TPo = Ton; =r =
the angle of refraction. Pb” = v, the velocity in air, and oT = v;,
the velocity in water; then

Pb” = oP X sin b”’oP = oP X sin noa
=oPsini,or v =oP Xsini;

0T =oP Xsin TPo = oP X sin Ton
=oP X sinr, orv' = oP Xsinr,

sin i

sint

Yo
or i

As the velocity of light of the same wave length is, in water, always

TR ; : ey
the same, no matter what the direction, and likewise for air, =
sin i
and —— are constants.
sinr

The ratio :—iz—: = n, the index of refraction of the water. When

air is taken as the unit of comparison, and the velocity of light in
air is one, n, the index of refraction of water, is 1.333.

An isotropic substance has a constant index of refraction, what-
ever the direction of the path of the transmitted ray may be, and
for water the indexis 1.333. The indices of refraction of a few other
liquids and solids at room temperature and for yellow light are as
follows : {

then: a8 L esh i ST s IR i T 1 12386
Biar penfing - SO AR SRR S R s e VA2
Berzenet. ;e ceagenetvesy pe Bl e IR SATER I TY5 02
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The index of refraction of any substance is different for light of
different wave lengths, and also varies slightly with the temperature;
as regards the wave length, it is inversely as A2, or for light of long
wave length, as red, n the index of refraction is less and the angle
of refraction r would be greater than in case of violet light, with a
short wave, or the violet ray would be bent more in entering the
water, Fig. 310, than the red ray. The violet ray would lie nearer
the normal than the red ray. This division of white light into
colors is known as dispersion.

The relative velocity of light in any substance is the reciprocal of

. . v . o o a8
the index of refraction, as, n =—;; where v, the velocity in air, is

<

5
n

Violet light, which has a larger index of refraction in water, will
travel more slowly than red.

L. .v =

Critical angle. — In the equation, n = ZI,X:T:, sin i may have any
1

value between zero and one; when all values are considered, there
are two special cases, those of the limiting values, o and 1. In the
case when sin i = 1, or the angle of incidence is 90°, Fig. 311, then
sin i g e :
D= nporsinr=—_; substituting the value of n in case of water;
: SNy e
sin r et or the angle r is 48° 36’.

'When light is traveling along the surface SS’, that entering at any
point o will take the direction oa;, in which the angle a;on, is 48° 36”.
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This is the maximum value of r for water and air, and is termed the
critical angle, or the angle of total reflection; for if a ray, as oay,
should reach the surface at the point o, in which the angle ajon, is
greater than 48° 36’, the critical angle for water and air, there
is no possible value for sin i and no light could pass out of the water
into the air, but all is
reflected back along n
the direction of oay;.
Viewed from a;; un-
der suitable condi-
tions, there will be a 7
light field outside of EH et
the critical angle of 48° g =S : 2 g
36’ and a dark field in- water
side of this angle, as in-
dicated by the circle 48 26 \ dark
in the figure. The di- a,
viding line between light “a,
these two fields will a, n,
measure the critical Fia. 311.
angle.
By measuring the critical angle of any substance, its index of
1
sin (of the critical angle) "
The determination of the index of refraction by the total refrac-
tometer is based upon this prineiple.

refraction is easily determined, as n =

i = sin i
The minimum value of sini is o; thenn - eae becomes zero,

or there is no refraction, and light passing in the direction of the
normal to the surface is not refracted.

All isotropic substances have but one index of refraction, for the
reason that light is transmitted with the same velocity in all direc-
tions; the wave front is a sphere. In anisotropic substances
there are two and even three indices of refraction, and the velocity
of light varies with the path followed through the crystal. The
wave front isno longer a sphere, as in isotropic substances, but its
shape and curvature will depend upon the substance.

The wave fronts in anisotropic substances are surfaces all of
which agree in being symmetrical to three planes of symmetry at
right angles, as the axial planes of the orthorhombic system. These
three planes intersect each other in three straight lines at right
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angles to each other. Each of these lines represents a direction
parallel to which there is a maximum or minimum index of refrac-
tion or velocity, for transmitted light. The relative length of these
axes will also represent the relative speed of transmission, remem-
bering that the velocity is the reciprocal of the index of refraction.

Double refraction. — A ray of light upon entering an anisotropic
crystal or substance, in general, travels with two different velocities
within the erystal, or it is broken into two rays, each of which pos-
sesses its own index of refraction. In other words, one is a slow ray,
the other is a fast ray. The difference between the values of the
indices of refraction of the two rays is a measure of the birefrin-
gency of the substance in that direction, for the birefringency or
double refraction varies with the direction of transmission.

For calcite one index of refraction = 1.658 and the other =
1.486 ; as these are the maximum values, or represent the maximum
difference between the two indices, their difference, or .172, would
be the double refraction of calcite; which is very high or strong.

In most minerals it is represented by a small figure in the second
decimal place, or even in the third, as that for quartz is .009 and
that for orthoclase is .007. Since calcite is an example of birefrin-
geney in an exaggerated degree, and it is transparent and easily
obtained, it is an extremely good mineral with which to demon-
strate this peculiar property of crystalline substances.

The usual cleavage piece of calcite is a rhomb in shape. If such’
a cleavage piece of calcite be placed over a pinhole in an opaque
paper and then held up to the light, two pinholes will appear,
Fig. 312; one will be seen
above and nearer than the
other; this is due to the
difference of the velocities

| > € of thetworays. The dis-

Wr=——> P o

W tance between the two

' images will depend upon

: . the thickness of the cal-
cite. When the rhomb is

revolved, one image e, Fig.

313, will appear to revolve

around the other, or that ray is refracted to a greater extent
than is the other ray. In fact, when the ray of light enters the

c?,lcite at right angles to the surface and the eye is in the direc-
tion of this ray, when the rhomb is revolved one image is sta-

Fia. 312.
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tionary, and this is what would be expected if the crystal were an
isotropic substance, as there is no refraction when the ray falls
normal to the surfaces. This ray follows the ordinary law and is
therefore termed the ordinary ray. Its index of refraction is
written w. In the case of calcite the index measured with monochro-
matic sodium light (yellow) is written, oy = 1.658. The second
ray follows another law which is entirely different from that of the
ordinary ray, and its velocity and ~
therefore its index of refraction
(written €) will vary with the di-
rection; this ray is known as the
extraordinary ray. The index of
refraction taken at its maximum
difference from that of the or-
dinary ray and for sodium light
is written ¢y = 1.486.

When the index of refraction of
the extraordinary ray is smaller
than that of the ordinary ray, or
the extraordinary ray is the fast .
ray, w>>¢, the crystal is said to be optically negative, written (—)
as in calcite.

In quartz, where wy = 1.544 and €; = 1.553, e>, it is optically -
(+), and the extraordinary ray is the slow ray.

All crystals of the tetragonal and hexagonal systems have two
indices of refraction ; one, that for the ordinary ray, is constant for
all directions in the crystal, as in isotropic substances; the other,
that for the extraordinary ray, varies with the direction in the crys-
tal, from the value of the index of refraction for the ordinary ray as
one limiting value, to a maximum or minimum as the other limit,
according to the (—) or (4) character of the crystal.

Wave surfaces in hexagonal and tetragonal crystals. — In Fig.
314, if any point within a hexagonal or tetragonal crystal, as o,
be illuminated, and act as the source of light for the smallest frac-
tion of a second, that portion illuminated will be bounded by the
wave front. Its distance from the source of light o, in any direc-
tion, will depend upon the velocity with which the ray travels
through the crystal in any given direction. At the end of any short
period of illumination the ordinary ray o has traveled the-distance
ox; as the ray travels with the same velocity in any and all direc-
tions, the circle with o as a center and a radius ox will represent the

FiG. 313.
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section of the spherical wave front, in the plane of the paper. The
extraordinary ray travels with a velocity which varies with the
direction; the minimum value of which, let it be supposed, is in
the direction of the ¢
c axis and is equal in
this direction to that
a of the otdinary ray ox.
They will both arrive
at p and p’ on thec
b < a axissimultaneously, or
for light traveling
through the crystal
parallel to the ¢ axis
there is only one in-
dex of refraction.
P Crystals of the tetrag-
onal and hexagonal
systems are isotropic
in the direction of their ¢ axis only; such crystals are optically
uniaxial. The direction in which the extraordinary ray travels
with a maximum velocity is at right angles to the ¢ axis or paral-
lel to it according to the
optical sign. Let it be sup-
posed the ecrystal is calcite
(=), the maximum velocity
will therefore be in the plane
of the lateral axes, or the basal
plane; this is true for any
direction in this plane from o.
Let this maximum value be
represented by oa.

The cross section of the
wave front parallel to the
basal plane is a circle. Inter-
mediate values between po
and oa, as in the direction of
od or of, when plotted on the plane of the paper, form an ellipse,
which is similar for all plane sections containing the ¢ axis.
The whgle wave front of the extraordinary ray is an ellipsoid of
revolution, the axis of which is the & axis, or is parallel to the optic
axis. The ellipsoid of revolution or wave front of the extraordinary

~-c
Fig. 314. — Negative.

Fi16. 315. — Positive.
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ray is tangent to the sphere or wave front of the ordinary ray at two
points p and p’, where the crystallographical axis ¢ cuts them. The
sphere in this case, that of calcite, an optically negative crystal,
is entirely inclosed by the oblate ellipsoid. In the case of quartz,
an optically positive crystal, the wave front of the extraordinary
ray is represented by a prolate ellipsoid of revolution, which is in-
closed within the circle or sphere, as represented in Fig. 315.
Optically biaxial crystals. — The wave front in crystals of the
orthorhombic, monoclinic, and triclinic systems is not an ellipsoid
of revolution, but a combination of two wave surfaces, one within
the other, continuous at four depressions, Fig. 316, or symmetrical
points, the position of which depends upon the relative values of
the three indices of refraction. This fourth dimensional surface is,
however, symmetrical to three planes of symmetry intersecting
each other at right angles, in three straight lines, analogous to the
axes and planes of the orthorhombic system. The three lines of
intersection always represent directions within the crystal parallel
to which there is a maximum or minimum velocity of light, as all
such crystals have three indices of refraction. They are repre-

sented by a, B, and y. The mean index of refraction is ﬁL_Y,
3

and y—a will always represent the greatest double refraction, as
y is the greatest and a the smallest index.

4

.
]

S|
ENES

Fia. 316. F1a. 317.

Sections of the wave front in the three planes of symmetry are
represented in Figs. 316, 317, 318. It will be noted that in each case
there is a circle and an ellipse, or for each of these sections there are
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two rays, one of which has a constant index of refraction within the
plane and is therefore an ordinary ray ; the other, I_'epresented by t‘he
ellipse, is variable mn its velocity, and is an extraordinary ray. In E]g.
317 the radius of the large circle represents the maximum velocity

. and the inner ellipse the variable ray with its two limiting values

I and *; Fig. 318 represents the conditions in the plane of sym-

B

metry at right angles to a, in which the inner circle is the minimum
velocity X and in which Y is the ordinary ray. The diameters of the

ellipse represent the variable rays ; in Fig. 316 the conditions-in the
third plane of symmetry are represented, or the intermediate value
I
B

lipse represents the maximum velocity i and the minimum velocity

represents the velocity of the constant ray, the circle, and the el-

L in the crystal ; in this section the ellipse and cirele cut each other
Y

at the four points P, P/, P”, P, which represent the de-
pressions in the wave surface and are the four points at which

; the inner and outer surfaces are con-
< tinuous.

The two directions PP” and P'P"”’
are the two optic axes. Parallel to
these two directions there is no double
refraction, and the section of the wave

o 7lz| surface perpendicular to the optic axis
in each case is a circle, as was also the
condition in uniaxial crystals. Strictly
these two lines PP and P’P"” are the
secondary optic axes, but the true optic
axes are so near them as not to be
separable from them in practice. In
Fia. 318, any section of the wave front other than
; in the three planes of symmetry and
parallel to an optic axis, light will travel with two velocities or
rays, neither of which will be an ordinary ray, but both will vary
in speed with the direction of transmission.
It is seen, Fig. 316, that the two optic axes, the direction of the
greatest velocity, and at right angles to it the direction of the least
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velocity, are all contained in the one plane ; this planeis known asthe
plane of the optic axes or axial plane, abbreviated to (Ax. P1.). The
" line bisecting the smaller angle between the optic axes is the acute
bisectrix (Bx,) or first median line; the line bisecting the larger
angle is the obtuse bisectrix (Bx,). The internal angle between the
acute bisectrix and the optic axis is represented by Vand 2 V = pop/,
the angle between the optic axes, always less than 90° and measured
within the erystal. When measured in air the angle is designated
2 E; 2 E owing to refraction is always larger than 2 V and is often
180° from total reflection. The value of 2 V varies with different
substances and will depend upon the indices of refraction. When
the three indices are known, the angle 2 V may be calculated from
the formula:

tan V=

As the indices of refraction vary with the wave length or color of
light, it will be seen that 2 V for violet light will differ from the value
of 2 V for red light; their dif-
ference will measure the disper-
sion of the optic axes.

The optical sign of biaxial
crystals.— The intermediate in-
dex of refraction B in different
biaxial erystals may vary from
o as a minimum to y as a maxi-
mum limit.

In Fig. 319, as the value of B
decreases the circle ycy’ will ap-
proach the circle yxy’ and the
radius oc will approach ox. (The
figure is drawn with the three
axes ox, oy, and oz proportional
to the indices of refraction.)
The four points marked ¢ will
draw nearer to x, while the optic axes, perpendicular to these circular
cross sections, will also draw nearer each other, constantly decreasing
the angle 2 V, pop’; when B = a, ¢ reaches x and p, p’ reaches Z;
in which case the angle between the optic axes is zero and the cross

Fic. 319.



174 MINERALOGY

section is a cirele, and the ellipsoid is one of revolution, with z as
the axis of revolution, analogous to the prolate ellipsoid in quartz.
In such cases, where z is the acute bisectrix and the value of B is
nearer to a than to ¥y, the erystal is said to be optically (4+). Onthe
other hand, when the point ¢ moves up toward z, the value of B will
increase, and the angle 2 V will increase constantly until it is greater
than 90°, when the line oz will be the obtuse bisectrix and ox the
acute bisectrix; when c reaches z, the ellipse will be an oblate ellip-
soid of revolution, analogous to that of calcite, and the crystal is
said to be optically negative (—).

The three axes of the ellipsoid are usually written X = a = q,
Y=b=B, Z=c=Y. :

The relations of the axes of the ellipsoid to the. crystallographical
axes in the orthorhombic, monoclinic, and triclinic systems vary
with the possible conditions, de-
pending upon the symmetry of
the system and the relation of the
axial plane of the ellipsoid to the
planes of symmetry in the system.

In the orthorhombic system,
where the three crystallographical
axes are at right angles to each
other, these correspond in direc-
tion to the axes of the ellipsoid,
and the position of the planes of
symmetry of the ellipsoid is fixed
parallel to the planes of symmetry
of the system. The axes X, Y, or
Z may correspond with any one of
- 1 the crystallographic axes, but for
any one species this relation is definite, as is shown in Fig. 320,
a diagram of the optical conditions in the mineral aragonite, where
the plane of the optic axis is parallel to the macropinacoid (Ax. Pl
=100). The acute bisectrix is X = ¢, the crystal is therefore (—) ;
DY e 2 V—RlB N :

In the monoclinic system, the plane of symmetry of the system is
parallel with one of the planes of the ellipsoid and the orthoaxis b
is parallel to one of the axes of the ellipsoid, this axis is therefore
fixed ; the other two must lie in the plane of symmetry of the sys-
tem; but their relation to the a4 or ¢ erystallographical axes will
vary with the mineral species, and their relation is characteristic

Fic. 320.— Diagram of the Optical
Properties of Aragonite.
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of the species. The axial plane may hold one of two positions:
(1) parallel to the plane of symmetry of the system; and (2) at
right angles to it. '

Figure 321 represents the
optical conditions in the
mineral wollastonite. The
axial plane is parallel to 010
(Ax. Pi. = 010), with X as
the acute bisectrix (Bx, = X),
optically (—). The angle
between the acute bisectrix
and the axis ¢ is 32° 12/ in
the acute angle B, or ex-
pressed (Bx,.c = 32° 12 be-
hind) ; 2 V = 40°.

In the triclinic system,
where, at most, there is only
a center of symmetry, there is no relation between the optical
ellipsoid and the crystallographical axes, but usually the plane of
the optic axes is fixed in any given mineral species. In the
description of the optical properties of the triclinic minerals the
plane of the optic axes is located by measuring the angle between
its trace and some convenient edge, or by any convenient method.
In the case of axinite, the acute bisectrix is normal to 111. The
trace of the plane of the optic axes on 111 makes an angle of 40°
with the edge 111/110, and 24° 40’ with the edge 111/111.

Fig. 321.— Diagram of the Optical Proper-
ties of Wollastonite.

PovrArizep LicHT

In ordinary light the vibrations are not restricted to any one
plane, as the plane of the paper, in Fig. 322, but take place in all
n possible planes inter-

B ®  secting in the ray as

an axis, thus the vibra-
tions of the ordinary
beam of light are very
complex. When such
a complex ray strikes
the polished surface of
a transparent sub-
n stance, a portion of
Fic. 322. both the reflected and
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the refracted ray is modified and the vibrations of the modified
portion are restricted to one plane. The amount of this modified
light will depend upon the angle of incidence, the character of
the surface, and the substance. Light in which the vibrations take
place in one plane only is termed polarized light, or plane polarized
light ; when the vibrations are in circular orbits, circular polarized ;
and when they are in elliptical orbits, elliptically polarized.

Both the reflected and refracted ray are completely polarized
when the angle between them is 90°, or, as Brewster’s law expresses
it, tan (angle of polarization) = n (the index of refraction). In
case of rock salt, n = 1.544, or the angle of polarization would be
57° 5’ ; when, in Fig. 322, the angle noR = 57° 5’ in case of rock salt
and air, the angle R’oR; would be 90° and both the reflected ray
oR’ and the reflected ray oR; are completely plane polarized. The
vibrations in the reflected ray take place at right angles to the
plane of the paper and the ray is said to be polarized in the plane
of the paper, parallel to the plane of incidence RoR’. In the re-
fracted ray, the vibrations take place parallel to the plane of the
paper, and it is said to be polarized in the plane perpendicular to the
plane of the paper, and at right angles to the plane of incidence.
The two rays after polarization are vibrating in planes at right
angles. This is the condition in
all isotropic substances.

In anisotropic substances, in
1 o case of refracted light, both the
99 ordinary and extraordinary rays

a'. <> a
are completely polarized, their vi-
bration planes are at right angles
and rigidly fixed by the molecular
& arrangement of the crystal.

In a cleavage piece of calcite,

. Fig. 323, when the four sides of the
rhombic faces are approximately equal, the ordinary ray o upon
emerging will be vibrating parallel to aa’, its plane of polarization
will be parallel to the short diagonal cc’ ; the extraordinary ray e
will vibrate parallel to cc’, its plane of polarization will be parallél to
the long diagonal aa’, and, furthermore, it is impossible for light to
emerge from the calcite_ the vibrations of which do not conform to
either of these two directions. The two vibration planes and planes

oflpolarization are rigidly fixed by the crystalline structure of the
calcite. '

F1c. 323.
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If in any case, or by any means, one ray, either the o or e ray,
could be absorbed, light passing out of the fragment would be vi-
brating in one plane only. It is a property of plates of tourma-
line that when cut parallel to the ¢ axis they absorb one ray, the
ordinary, and the extraordinary ray, vibrating parallel to the ¢ axis
only, is transmitted. All light transmitted by such a section of
tourmaline is vibrating in one plane, that parallel to the ¢ axis.
Such a section of tourmaline, or any other device, used to produce
polarized light is termed a polarizer, Fig. 324.

When the light, as transmitted by the polarizer, is viewed
through another similar section of tourmaline, it will be observed

C
R__ ...... feramannsot Span e
-a &
F1g. 324. — Tourmaline Polarizer. F1a. 325.

at once that the intensity depends upon the relation of the two
sections of tourmaline. When the two ¢ axes of the sections are at
90°, as in Fig. 325, no light will be transmitted by the second section
in this crossed position, and the condition will be that of darkness ;
the amount of light transmitted by the second section, termed the
analyzer, constantly increases from zero in the crossed position to a
maximum, when the ¢ axes of the polarizer and analyzer are
parallel. The analyzer allows no light to pass, the vibrations of
which are at right angles to its vibration plane; as all light pass-
ing the polarizer is thus vibrating, no light can pass when the
two sections are in the crossed position, and darkness is the result.
As the analyzer is rotated, the amount of light passing increases to
N
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2 maximum when the two vibration planes are parallel, and all the
light passing the polarizer is transmitted by the analyzer.

Intermediate positions are explained as in Fig. 326 ; let PP’ be the
vibration plane of the polarizer and AA’ that of the analyzer, be the
amplitude and plane of vibration of
light passing the polarizer ; according
_A to the parallelogram law in mechanics
this wave may be divided into two
waves vibrating at right angles to
each other, one ce parallel to the
vibration plane of the analyzer and
with an amplitude ce, the other vi-
brating at right angles to it and with
an amplitude eb; the ray represented
by ce passes the analyzer, while eb
at right angles to it is extinguished.
The amplitude of the transmitted
ray bf, which illuminates the field of the analyzer, increases from
zero in the crossed position, where all light is absorbed, to ¢b in
the parallel position when all the light is transmitted.

Two such sections when mounted in a holder are known as the
tourmaline tongs, and may be used to test the double refraction
and the vibration planes of light in any mineral section placed
between them. ;

If the light reflected from a polished table top is viewed through

kL
Fic. 326.

-——
:
L}
\/
[¢]

Fic. 327. Fic. 328.

one of the tourmaline sections, as an anaiyzer, on revolving the
section the intensity of the transmitted light will be greatest when
the long or ¢ axis of the tourmaline section is parallel to the table



OPTICAL PROPERTIES OF CRYSTALS 179

top, and least when at right angles to it, showing that some of the
reflected light is polarized and that the plane of vibration of the
polarized reflected light is parallel to the table top and at right
angles to the plane of incidence.

In testing the vibration planes of the two rays transmitted by the
calcite rhomb, when the vibration plane of the tourmaline section
is parallel to the long diagonal of the rhombic face Of the calcite,
Fig. 327, only the ordinary ray
will appear; its vibration plane
must therefore be parallel to this
diameter. Upon revolving the
tourmaline section, both rays ap-
pear and are equal in intensity
after a revolution of 45°, Fig, 328.
Upon revolving the tourmaline
90° only one ray will appear, the :
extraordinary ray, the vibration
plane of which must therefore be
parallel to the short diagonal of
the calcite face, Fig. 329. The
two rays are polarized and their vibration planes are at right
angles; this is true of all anisotropic substances.

The nicol prism. — As polarized light is necessary in the study
of the optical properties of minerals, and to avoid the natural
color of tourmaline sections, Nicol in 1828 devised the instrument
now used as the source of polarized light in most optical instru-
ments and known as the nicol prism or nicol.

It is constructed of clear colorless calcite in such a manner that
one ray, the ordinary ray, is internally totally reflected and ab-
sorbed, while only the extraordinary ray emerges, thus yielding
plane polarized light, all of which is vibrating in one known plane.

Fig. 330 is a section through the short diagonal of a nicol prism,
illustrating its construction. A clear, colorless cleavage piece of
calcite, three times as long as broad, is cut along the plane PP’ per-
pendicular to the plane of the diagram, from the obtuse angle at P
to that of P’. The angle PP’e should be 22°; the end surfaces are
then cut down until the angles dP’P and ePP’ are right angles. The
two polished halveés are cemented together in their original - posi-
tion with Canada balsam, a film of which will separate the two
halves and lie along the plane PP’. The cemented calcite is then
set in cork, the walls of which next the calcite have been blackened

c A

,|‘

I;e

L

°A.

Fig. 329.— Tourmaline Analyzer.
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to absorb any light that may fall on them after being reflected to
the sides of the calcite. A ray of ordinary white light on entering
a nicol, as at R, is divided into an ordinary and an extraordinary
ray, having different indices of refraction and traveling different
paths through the calcite; their angle of
total reflection will therefore differ. The
ordinary ray, with an index of refraction of
1.658 between air and calcite, is refracted
more than the extraordinary ray with an
index of refraction of 1.486; this ray will
meet the film of Canada balsam at an
angle greater than 69°, which is the ap-
proximate critical angle of the ordinary
ray between Canada balsam and calcite,
since o = 1.6583 divided by the index of
refraction of Canada balsam, 1.548, =
1.0712, the index of refraction of the ordi-
nary ray as between Canada balsam and
calcite. As between these two media, sin
el
1.0712’
gle =68° 59’. All ordinary rays meet-
ing the film of balsam at an angle greater
than 68° 59’ will be totally reflected in the
direction as indicated, and absorbed by
the blackened walls of the cork mounting.
" The index of refraction of the extraordi-
nary ray varies with the direction through
the crystal, but in this particular direction
it is but little different from that of the
balsam, 1.548; its path on entering the
calcite is deviated much less than the
ordinary ray, and on meeting the film of
& balsam is but little effected, passing through
F1c. 330. with little or no refraction, and emerging
: at the opposite end of the nicol as plane
polarized light, with a vibration plane parallel to the short di-
agonal cc of the rhombic section, and polarized in the plane
parallel to the long diagonal PP’. Other styles of polarizing
prisms have been devised, either to economize space or calcite,
as suitable calcite is very scarce and expensive, since the Iceland

(of the critical angle) = critical an-
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supply has been exhausted. They all agree, however, in the
principle of totally reflecting either the ordinary or extraordinary
ray out of the field.

As usually mounted, the polarizing nicol is under the microscope
stage, with its plane of polarization crossing the field, from 0° to
180° on the scale, while the analyzer is mounted in the tube of the
microscope in such a way that it may be pushed in or out of the line
of vision as required ; its plane of polarization is at right angles to
that of the polarizer, or in the crossed position.

Interference of polarized light. — Whether we speak of light as
due to waves, or to the periodic vibrations or change in con-
ditions, or whether light is due to an electromagnetic disturbance
of the ether, it remains nevertheless true, that one disturbance is

Fia. 331.

influenced by another and may be added to or subtracted from the
other, according to the phase of each. If two waves of the same
length are vibrating in the same plane and phase, as the two waves
a and b in Fig. 331, but of different amplitudes or intensities, the
result is an entirely new wave ¢ with an amplitude oc, or a wave
with an amplitude of a 4+ b, and the illumination of the new wave is
equal to that of the other two combined. When the waves are in
opposite phases, the result is the difference of the two amplitudes,
the new wave a, with an amplitude oa equal to oc — oa, and the
illumination is decreased. Should the amplitudes be equal and
the one wave be a half phase or wave length behind the other, their
difference would be zero and darkuness would result, or one wave is
said to interfere with the other.

When light of the same wave length or color and of the same
intensity, i.e., derived from the same source, is polarized in two
rays, these two rays will interfere if brought to vibrate in the same
plane. The result of this interference will depend upon the con-
ditions of vibration, or how much one wave has been retarded, or
is vibrating behind the other. ;
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In Fig. 332, the ray R is reflected at the point o in the direction
of oR’. Some of the light, however, enters the medium P and is
refracted in the direction oR; and at R; is reflected in the direction
of R;0’ and passes out of the medium P, in the direction o’R”.
The light, or ray, o'R’” is made up of two rays, one which has trav-

eled the path oR;0’ in the

1 2 3 = medium P, and a reflected
ray 1’0/, which will prob-

b R = SRyl ably be vibrating in a
12 2;3' different phase and there-

fore in position to inter-
fere. If the refracted ray
T is retarded 1/2 X\ due to
SEL the differences of paths

P A f-\L P and velocities of the two
el rays while the refracted
R 1 2 3 ray is passing through the

Frc. 332, medium P, then the eye

at R” will perceive no
light, or darkness will result when monochromatic light is being
used.

When the medium P is of uniform thickness the relative paths
for each ray will be the same for all points and the surface will be
uniformly lighted. If the paths within the medium P ean be pro-
gressively varied, or if the section P is wedge-shaped, as indicated
by the dotted line, i g
then the difference 1 la 2 2./§ 3
of phase between
the reflected and
refracted rays will
inerease with the
thickness of the
wedge, as the in- !
ternal path fol- £ : C s R
lowed by the r ay Fic. 333. — Diagram of the Quartz Wedge.
R will be much shorter than the path followed by the ray
2, and on emerging at o’ and o””’ will be retarded proportionally.
At the edge of the wedge, Fig. 333, where the thickness is zero,
there will be no interference or diminution in the illumination.
As the wedge thickens, the refracted ray will be retarded more
and more behind the reflected ray, with a decrease of the illumi-




OPTICAL PROPERTIES OF CRYSTALS 183

nation until the refracted ray is exactly 1/2 a wave length
behind the reflected ray, or 1/2 X\, then darkness will be the
result. From this point the illumination will increase until the
refracted ray is a whole wave length behind the reflected ray, when
there will be a maximum illumination. There will therefore be
bands of light, representing a maximum light at each whole wave
length that one ray is retarded behind the other, as at 1, 2, 3, and
there will be a band of minimum illumination at points, as 1/2,
3/2, 5/2, at which one ray is retarded an odd number of 1/2 wave
lengths behind the other. This condition of alternate bands of
light and darkness obtains only when monochromatic light is used ;
when white light is used, which is composed of waves of all lengths
or colors, and which differ in their velocities in passing through
the wedge, their dark and light areas on the wedge will not corre-
spond, and the area which will be dark for yellow will be light for
red, with a result that the surface viewed with reflected light will
show color bands (these bands may be seen on the quartz wedge
when held at the proper angle). Beginning at the thin edge of
the wedge, all the interference colors will have appeared in
order, when the retardation has reached one wave length, or \;
then they are repeated in the same order, when 2 \ is reached,
and again to 3 \.

These color effects due to the interference of light are well illus-
trated by the play of colors on soap bubbles; in the iridescent films
of carbonates, oxides, or oil on the surface of water; in the cleav-
age fractures of such a clear mineral as calcite, and in the small
internal and irregular fractures of the opal.

Order of colors. — In the series of colors caused by the inter-
ference of light, those which appear first, on the thin end of the
wedge, or are caused by a retardation of one wave length or less,
are termed the colors of the first order; those from X to 2\, the
second order ; and those from 2\ to 3\, the third order; etc. Above
the fourth and fifth orders the individual colors are not well defined
and return to the high order gray. The lower orders of colors are
each characteristic in intensity and tone, and with experience may
easily be distinguished ; as, for instance, red of the first order, from
red of the second or third orders; since the order of color yielded
by sections of approximately the same thickness of the various
double refracting minerals is a measure of their double refraction,
it is most important that one should be able to recognize the colors
of various orders. The most important of these are:
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First ORDER SecoNp ORDER THIRD ORDER FourrE ORDER
Grays Purple Light blue Indistinet
Straw yellow Deep blue Bright green
Deep red Light green Yellowish green

Light yellow  Faint red
Bright red

These colors may be compared by use of the quartz wedge,
Fig. 334; those produced by the thin edge are of the first order,
starting Wlth gray of the first order.

Uniaxial crystals. — It has been pointed out that light in pass-
ing through a uniaxial crystal is divided into two rays polarized

and vibrating at right angles to

I\ each other, one of which travels
PET L with the same velocity whatever
a5 the direction, while the velocity

Straw yellow. of the other varies with the direc-
Red of the first order.

tion.
"""" o If an ellipsoid, Fig. 335, be con-
Blue. structed in which the three axes
Green,

are drawn proportional to the

Yellow.

L | | Red of the second order. three indices of refraction, which
Blue, are proportional to the reciprocals
Green. of the three velocities, this ellip-
Yellow.

Red of the third order.  S0id, in the case of uniaxial erystals,
will be one of revolution, every
I-T plane section of which will be an
Pro. 334, Quarts Wadge. ellipse; there is, however, one di-
rection, that perpendicular to the
optic axis, in which the plane sections are circles, and light is
transmitted in the direction of the optic axis without double re-
fraction. The radii vectores of the elliptical section will be a
measure of the indices of refraction of the two possible rays
passing through the crystalin a path at right angles to the
section, and their directions will also indicate their planes of
polarization.

Let Fig. 336 be a section containing the axis of rotation of such
an ellipsoid, in which ox represents the smealler index of refrac-
tion and oz the larger. Light traveling in the direction of zz’ is
transmitted with a velocity proportional to oz and an index of re-
fraction of ox; similarly a ray in the direction of xx’ is transmitted
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with a velocity of ox and an index of refraction of oz. Such an
ellipsoid is known as the indicatrix of Fletcher.

Any ray whatever, as the ray entering the crystal at R, Fig. 335,
will in general be transmitted as c
two rays. The indices of refrac- &
tion will be represented by the
radii vectores of the elliptical
section of the indicatrix, passing
through the point o and perpen- b/ a
dicular to the direction of the
ray, as the ellipse bab’, which in
uniaxial crystals contains one / o
diameter aa’, representing the
ordinary ray; this diameter is
constant in all sections of the
indicatrix passing through the
point o. The two planes Rcob
and Raa’, at right angles to the
elliptical section aba’ and con-
taining the two diameters bb’ and
aa’, are the planes of vibration of the two rays; of these the
extraordinary ray vibrates in the plane containing the optic axis
cc’ and the direction of the ray Ro, and termed the principal optic
section. The extraor-
dinary ray vibrates
in the principal optic
section and is polarized
in the plane ROaa’ at
right angles to it.
A Z  There is one direction
in which the two diam-
eters of the elliptical
section are equal, that
at 90° to the optic axis,
or the ellipse becomes a
circle and the two rays
; are transmitted with
the same velocity and with no fixed plane of vibration; they
are not polarized.

Angle of extinction. — When a section of a uniaxial erystal, or in
fact any double refracting substance with plane parallel faces, is

c
Fia. 335.

X

£
Fic. 336.
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examined between crossed nicols, it will be found, on rotation of the
section between the nicols, that the light will be entirely extin-
guished, or decrease to a minimum illumination, at every 90°, and
the section will be dark. From the point of darkness the illumi-
nation increases constantly upon further revolving the section,
until a maximum is reached at a point 45° from the point of dark-
ness, and then decreases to a minimum after a revolution of the
section through another angle of 90°; these conditions are repeated
four times in the complete revolution of 360°.

Interference of polarized light in passing mineral sections. —
Let Fig. 337 be such a section; then light entering the section
will be transmitted as two rays vibrating in planes at right angles

to each other. Let ee’o’o’
P represent the elliptical sec-
R tion of the indicatrix;
the two rays will leave the
" section vibrating in the
planes ee’ and 0o’ ; also let
o A PP and AA’ be the vibra-
e tion planes of the polar-
izer and analyzer. If RO
- represents the amplitude
= and the direction of the
vibrations of the plane
P polarized ray passing the
; polarizer, then on entering
the section this ray will be
resolved into two rays, ooy, vibrating parallel to o’, and oe, vibrat-
ing parallel to ee’. When the ray oo’ enters the analyzer one com-
ponent ooy vibrating parallel to the vibration plane AA’ of the
analyzer passes, and passes without diminution, while the other
component, vibrating parallel oy0,; at right angles to AA’ having
no component in the plane AA’ is extinguished by the analyzer. The
two rays ooy and oey, vibrating parallel to AA’ and therefore in
position to pass the analyzer, are also in position to interfere,
and the resultant light depends upon this interference. When
white light is used, the resulting interference color will depend
upon the double refraction of the substance ; upon the direction
of t.he section in the crystal; and upon the thickness of the
section,

When monochromatic light is used and one ray is retarded behind

Fic. 337.
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the other one wave length in passing the section, or any multiple
of whole wave lengths, oo;; will be opposed to the vibrations of oey
and there will be darkness during a complete revolution of the
section. The conditions are the same as in the quartz wedge, but
here the half wave of the nicol is added.

As the vibration planes of every mineral section are absolutely
fixed, they may be determined, and if necessary their traces marked,
on the section ; if the section is revolved until there is a minimum
amount of light or darkness, as viewed through the analyzer, be-
tween crossed nicols, then the traces of the vibration planes of the
section will be parallel to the vibration planes of the analyzer and
polarizer or to the cross hairs in the eyepiece. One of these planes
is the principal optic section or contains the optic axis, which in uni-
axial crystals is parallel to the ¢ erystallographical axis. It follows
that in all sections through the crystal parallel to the prism zone
one of the vibration planes of the section will be parallel to pris-
matic or pinacoidal cleavage cracks in the section; or at right
angles to them. Darkness will occur on viewing the section in the
microscope when one of the cross-hairs is parallel to the cleavage
cracks; the section under these conditions is said to possess
parallel or straight extinction.

The extinction angle of any section is measured by the cross
hairs in the eyepiece of the microscope. They are set parallel to
the vibration planes of the nicols; then when extinetion occurs on
revolving a mineral section on the stage, the vibration planes of the
section are parallel to the cross hairs. A reading is taken from the
graduated circle on the stage, then the stage is turned until the cleav-
age crack is parallel to the hair, when another reading is taken ; the
difference between these two readings will be the extinction angle of
the section. Al sections of uniaxial crystals, not parallel to one axis
of the ellipsoid, extinguish at angles other than 90°. The extine-
tion angle will vary with the inclination of the section, but extinc-
tion is always symmetrical, or divides the angle between cleavage
cracks equally.

In basal sections of uniaxial crystals there are no definite vibra-
tion planes, and the light passed by the polarizer will pass through
the section unchanged, to be extinguished by the analyzer, and the
field will remain dark during a complete revolution, as if there were
no section at all between the nicols.

Determination of the slow ray. — The slow ray may be deter-
mined by means of the quartz wedge. This is cut from a crystal
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of quartz in such a manner that one flat side is parallel to a plane
containing the optic axis, i.e., the vertical crystallographical axis;
the long edge of the wedge, in most cases, is inclined at an angle of
45° to the optic axis. Some wedges are cut with their long edge
parallel to the optic axis. In all cases the vibration plane of the
slow or extraordinary ray is always indicated on the wedge by an
arrow or mark, as in Fig. 334. :

In the tube of all petrographical microscopes, just above the_ ob-
jective, is a slot, into which the quartz wedge slips back and forth,
in such a position that the vibration planes of the wedge are fixed
at 45° to the vibration planes of the nicols.

A section in which the vibration plane of the slow ray is to be
determined is placed on the stage of the microscope and revolved
to extinction, then placed at 45° from this position, when the vi-
bration planes of the section will lie at 45° to the vibration planes
of the nicols and will be parallel to those of the quartz wedge when
in position. At this 45° position the section will be evenly colored.
Minerals in rock sections are evenly ground to approximately
.03 mm. in thickness, and when interference colors of individual
species are given they refer to sections of about this thickness. The: |
color will depend upon the thickness of the section, the direction
of the section in the crystal, and the double refraction of the sub-
stance. As an illustration let it be supposed that the section yields
a red of the first order. First order red may be obtained by using
a quartz wedge as a section on the microscopic stage, pushing it
under in the 45° position until the first red is obtained. A second
wedge is now pushed in the slot of the microscope above the objec-
tive ; asthe edge of the second wedge enters the field of vision there
will be a change of color noted. Whether the change of color goes
up the scale, from red of the first order to purple, blue, green, ete.,
of the second order, or down the scale to yellow and grays of the
“first order, will depend upon whether the difference between the
vibrations of the slow ray and the fast ray is still increased by the
second quartz wedge or decreased. If the slow ray of the section
or the first quartz wedge used as a section is parallel to the slow
ray of the second wedge (the direction of each is marked on the
wedge) which is inserted in the tube of the microscope, the color
change is up the scale, or the effect is that of thickening the section.
When the vibration plane of the slow ray of the section is at right
angles to that of the quartz wedge, upon pushing the wedge in
slowly the colors will go down the scale, from red to yellow and gray,
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and finally a shadow will appear, or darkness, at which point the
difference between the slow and fast rays of the section is exactly
equal to that of the quartz wedge, and the wedge is said to com-
pensate the section; for this reason the wedge is often termed a
compensator. When compensation occurs, if the section is re-
moved from the stage, the quartz will show the original color,
due to the double refraction of the mineral section before the
wedge was inserted. At the point of compensation, if the wedge
is pushed farther through, the colors will rise in the scale unin-
terruptedly to the end of the wedge.

When the direction of the ¢ axis in the section can be determined,
either from cleavage cracks or crystalline edges, and the vibration
plane of the slow ray is known, then the optical sign of the section is
also known ; for when the ¢ axis is parallel to the long edge of the
quartz wedge and the slow ray parallel to the slow ray of the quartz
wedge, the optical sign is the same as that of quartz (4); when the
slow ray is at 90° to the slow ray, as marked on the wedge, the sign
is opposite to that of quartz (—).

Pleochroism is the unequal absorption of light waves of different
- lengths. In the case of tourmaline, when the section was thick
enough it absorbed all the light vibrating parallel to the basal
section and therefore the section appeared dark for light polarized
and vibrating only in this direction. When one color or wave of
one length is absorbed more than another, the color of transmitted
light will change with the direction, or plane of vibration. Miner-
als in which pleochroism is well marked will appear differently col-
ored according to the vibration plane of the transmitted light.
The absorption reaches a maximum when the vibration planes are
parallel to the planes of symmetry of the indicatrix. In uniaxial
crystals there can be only two directions, parallel to the ¢ axis, and
parallel to the basal section. Crystals of this class can show only
two maximum absorption directions and are said to be dichroic.
In hiaxial crystals there are three maximum directions possible,
and these are said to be trichroic or pleochroic.

To test a section for absorption or pleochroism, it is placed on
the stage and revolved to extinction, then the analyzer is removed
and the color of the section noted ; it is then revolved 90° and the
color again noted. Any difference in color is due to the unequal
absorption of the two rays vibrating in the section, as in the first
position one vibration plane of the section is parallel to the vibra-
tion plane of the polarizer and transmits the light, while in the
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second position the second vibration plane is parallel to the plane
of the polarizer and transmits the light.

If it is darker when the extraordinary ray is passing than when
the ordinary is passing, and the difference is not marked, then it is
noted, absorption or pleochroism is weak, € < w. If there is achange
of color, this is also noted thus: e = green, w = bluish; such is the
case for beryl.

The dichroscope is an instrument by means of which the color
of the two rays vibrating in planes at right angles to each other
may be directly compared, Fig. 338. It is constructed of a cleav-
age piece of calcite, ¢, long enough to separate the two images of the
square orifice o when viewed from the opposite end, where the lens
1 magnifies them. One image is due to the ordinary ray and vi-
brates parallel to the long diagonal of the rhombic section of the

|

Fig. 338. — Diagram showing the Construction of the Dichroscope.
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calcite; the other is due to the extraordinary ray and vibrates
parallel to the short diagonal. The ends of the calcite are squared
up with the two wedge-shaped glasses G, G”.

Possibly the most remarkable example of pleochroism is shown
by thick sections of the mineral iolite, also known as cordierite
and dichroite, an orthorhombic mineral, in which therefore three
limiting absorption directions are possible, one parallel to each
axis. If a smooth surface of iolite parallel to the brachypinacoid is
held over the orifice, o, of the dichroscope, and the transmitted light
viewed through the lens, one ray will vibrate parallel to the ¢ axis
and the other parallel to the brachyaxis. The first will be yellow,
the second gray —a very marked contrast. If the dichroscope be
revolved and the section held stationary, then after a revolution of
90°, the two images will reverse in color. If a section parallel to
the base be used, one image caused by the vibrations parallel to the
brachyaxis is gray, the same as it was in the first section, but the
image caused by the vibrations parallel to the macroaxis will be
blue. TIn the description of a minera] these conditions are expressed
foriolite as X = yellow, Y = gray, Z = blue, absorption Y < Z < X.
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Interference figures in uniaxial crystals. — In a section parallel to
the base, it has been shown that when the light ray is passing parallel
to the ¢ axis, or optic axis, the section is dark between crossed nicols
and remains so during a complete revolution. Sections in any other
direction when viewed with parallel rays are of uniform color, pro-
vided the section is of uniform thickness. This color effect, caused

F1ac. 339.

by interference, is quite different when viewed with converging
light. The path of each ray varies with the inclination of the ray
to the section and will be proportionally retarded. The difference
between the slow and fast ray will increase with the length of the
path, yielding different interference colors when white light is
used.

The petrographic microscope is fitted with a strongly condensing
lens, which is capable of being easily slipped in the line of vision,
directly under the stage, where it is almost in contact with the
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mineral section. When in position this lens yields a cone of light,
all rays of which will not be transmitted parallel to the optic axis
on passing a section, cut parallel to the base, but only those in the
axis of the cone of light, Fig. 339, oc. This ray will be perpendicular
to the section, or parallel to the optic axis, and will be transmitted
by the section without double refraction; its vibration plane is
that of the polarizer PP’, and it is therefore extinguished by the
analyzer, and the spot c representing the optic axis will be dark.
All other rays entering the section, the paths of which are not
parallel to oc, are doubly refracted. One ray is retarded behind
the other, the amount of retardation depending upon the double
refraction of the section and the length of the path that the rays
travel through the section. As the paths differ and increase in
length with the change of the inclination of the rays to the section
SS’, the path followed as bb; is longer than cc;. The differences
of phase of the two rays will increase from the center ¢, where it is
zero, equally in all directions on the surface of the mineral section.
There will be a point X where this difference of phase will be one
wave length; the cross section of all such waves at right angles
to oc will form a circle, as indicated on the diagram. These two
waves emerging at A when viewed with the analyzer will be brought
to vibrate in one plane and in a position to interfere; as the ana-
lyzer adds one half wave length to the difference, the effect will
be at the point X and on the circle with a radius A ¢, a difference of
phase of 3/2 \, or of darkness if

A monochromatic light is used.
O Somewhat further away from
¢ than X\ there will be a circle
o where the difference in phase
l o , Wwill be 2\ as appearing in the
P c P analyzer, and a concentric re-
l gion of maximum light will
o—1—o0 mark the region, followed by
a concentric ring of darkness,
o etc. The concentric rings of
Fic. 340. light and darkness will be nar-
' row or close together as the
angle of the inclination to the ray grows smaller or the ray is more
inclined. In viewing the interference figure in the microscope, two
dark areas, parallel to the vibration planes of the nicols, will be
noted as crossing the center or optic axis at right angles and divid-
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ing the concentric circles of light and darkness into four equal quad-
_rants. These are caused by the nicols extinguishing the compo-
nents vibrating perpendicular to their planes of vibration.

Thus in Fig. 340.any ray whatever, as at R, upon emel:ging
from the section is divided into two rays: One, the extraordinary
ray vibrating in the principal optic section, which contains the
ray R and the optic axis c; the trace of this plane on the section
is Rc. The ordinary ray vibrates in a plane at right angles to this,
as 0o’; each of these rays will have components vibrating parallel
to AA’ and will pass the analyzer; the point R on the section
will therefore appear illuminated and with a maximum illumina-
tion when the angle RCA is 45°, as at this angle the component
passing the analyzer is the
largest. For any point on
AA’ there is only one com-
ponent possible, that parallel
to PP/, and this is extinguished
by the analyzer; the line AA’
is dark. The same conditions
hold also for the line PP/, which
is dark. These two dark re-
gions, parallel to PP’ and AA’,
cross each other through the
optic axis, Fig. 341.

When either the analyzer or
polarizer is revolved until their Fig. 341. — Interference Figure of Calcite.
vibration planes are in paral-
lel position, the interference figure is crossed by a single band of
darkness, parallel to the plane of vibration of the nicols.

When monochromatic light is used, the interference figure is illu-
minated with concentric circles of the color used, as yellow, red,
or blue; but when white light is used, the concentric rings are
colored with the interference colors, as was the case with the
quartz wedge. The color nearest the optic axis is violet, then
blue, yellow, and on through the colors of the first order to red,
after which they are repeated as the second order colors, then the
third order colors, and on according to the orders. The dark cross
remains the same as in monochromatic light. When the section
is cut exactly at 90° to the optic axis, the central dark spot,
where the optic axis emerges, will be in the center of the field
of the microscope, and the colored rings are also symmetrically

o
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placed in the field; but when the section is slightly inclined,
the optic axis will not appear in the center of the field, but
to one side; and when the
section is revolved the point
where the shadows cross will
describe a circle around the
axis of the microscope, the di-
ameter of which will depend
upon the inclination of the
section. When the inclination
is large, the optic axis may
fall without the field of the
microscope and only a portion
or segment of the colored cir-
cles will show; but still the
radii of these quadrants will
point to the optic axis. The
dark shadows of the cross will move across the field, on revolving
the section, holding parallel positions. :

Use of the one quarter wave mica plate in determining the opti-
cal sign of a section. — The quarter-wave mica plate is a cleavage
piece of mica of such a thickness as to yield an interference color
between crossed nicols of gray or light blue-gray. That is, on
emerging, one ray is retarded 1/4 N behind the other. Mica is
monoclinic with the acute bisectrix nearly parallel to the vertical
axis; the two rays emerging in such a section are y or the slow
ray and B or the intermediate ray. The cleavage piece is mounted
with the vibration plane of y parallel to the long edge of the slide,
or the direction of the vibrations of the slow ray is marked on the
slide as was the case in the quartz wedge. The mounted section
slips in the slot in the tube of the microscope, between the ob-
jective and the analyzer, with its planes of vibration at 45° to
those of the nicols.

Fig. 343 is a diagram of the interference figure to be tested with
the 1/4 N mica plate inserted, with the slow ray \ vibrating parallel
to the arrow and across the quadrants 1 and 3. The faster ray will
vibrate across the quadrants 4 and 2 at right angles to the slow
ray. Let the section under observation be one of quartz, cut
perpendicular to the optic axis, an optically (4+) mineral. In
this case the extraordinary ray is the slow ray; its vibrations
at any point in the section are directed toward the optic axis ¢

Fic. 342. — Interference Figure of Brucite.
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or the center of the diagram. In the quadrants 1 and 3 it will
therefore vibrate parallel, or nearly so, in all positions to the
arrow or the slow ray of the mica plate. When it emerges from the
section, it will have been retarded and is vibrating in phase behind
the other ray, vibrating at right angles to the arrow. In passing
the mica plate the slow ray is still more retarded and the difference
between the phases of the two rays is increased by 1/4 N\, that due to
the mica plate. This is exactly the same as if the section was
increased in thickness, in the quadrants 1 and 3, an amount suffi-
cient to produce a difference of phase in the two rays of one quarter
wave length, and all color bands in quadrants 1 and 2 will move
toward the center, a distance
due to one quarter wave
length.

In quadrants 2 and 4, the
extraordinary ray is now vi-
brating at right angles to the
arrow, or the slow ray of the
mica plate, and the two rays
on emerging from the miea
plate are reduced in phasal dif-
ference by one quarter wave
length. The effect is exactly
the same as if the section
had been decreased in thick-
ness, in the two quadrants 2 and 4, an amount that would equal a
difference of phase in the two rays of one quarter wave length.
All color bands, therefore, in these two quadrants will be pushed
out from the center a distance equal to a phasal difference of one
quarter wave length. The interference figure will be displaced
along the planes of the nicols, and the colored circles will be
interrupted or carried toward the center in quadrants 1 and
2 a distance equal to one quarter wave length, and in 3 and 4
pushed out a distance equal to one quarter wave length. The
displacement between two adjacent quadrants is one half wave
length. In quadrants 2 and 4 the optic axis is displaced and now
two dark spots appear, one in each quadrant, caused by the
compensation of the section by the mica plate. In positive crys-
tals the extraordinary ray is the slow ray, and these two dark spots
will appear in the quadrants not crossed by the arrow, or a line
connecting the two dark spots crosses the arrow at right angles,
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7.e. makes a + sign. The crystal is then optically (+) and the
extraordinary ray is the slow ray, e> . When the two dark spots
are in the quadrants crossed by the arrow, i.e. are on the arrow,
and the line connecting them is parallel to the arrow, the erystal
section is optically (—) and the extraordinary ray is the fast ray
and o >e.

Circular polarization. — When the interference figure of a sec-
tion of quartz of 3.5 mm. in thickness cut at 90° to the optic axis
is viewed in the microscope, it will be noted that the central por-
tion is not dark, as would be expected, but colored, and the dark
cross is not continuous through the central portion of the field,
Fig. 344. This is cauaed by a peculiar property of most crystals
belonging to the holoaxial types,
of rotating the plane of polarized
light. When the light from the
polarizer enters such a section,
cut at 90° to the optic axis, it
is broken up into two rays cir-
cularly polarized in opposite di-
rections and one traveling faster
than the other. The two rays
on emerging from the section
unite to form plane polarized
light, but as one ray was faster
than the other the plane of the
resulting plane polarized ray is
not the same as that of the ray on entering the section, but it has
been rotated through an angle, the size of which will depend upon
the thickness of the section, the specific rotating power of the
substance and the color of light used. The plane will be rotated
to the right (clockwise) in right-handed crystals and to the left
(anticlockwise) in left-handed crystals.

If monochromatic light is used to make this observation, in the
ordinary section the central portion of the field is dark, as the light
passing is still vibrating in the plane of the polarizer and is ex-
tinguished by the analyzer; but in case of quartz the central por-
tion of the field is illuminated, as the plane of polarization has been
rotated through an angle and the analyzer no longer extinguishes
it. In order to do so, the analyzer must be rotated through the
same angle, clockwise in right-handed erystals and anticlockwise
in left-handed crystals, through an angle, other things being

Fi1G. 344.— Interference Figure of Quartz.
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equal, depending upon the wave length or color of the light. In
the case of white light a right-handed crystal, when the analyzer is
rotated clockwise, and to the
right, the central portion of the
field passes from red to orange,
yellow, green, blue, violet, or
will go down the scale of colors.
In a left-handed section, this
order of colors is yielded by a
rotation of the analyzer to the
left or anticlockwise.

When a right-handed section
is superimposed on a left-
handed section, a very peculiar
interference figure is yielded,
Fig. 345, known as Airy’s Fi1a. 345. — Airy’s Spirals.
spirals. These spirals are often
yielded by sections of natural crystals, and are due to the
twinning of right- and left-handed forms. The rotating power
of a crystal decreases as the inclination of the section to the

optic axis increases, until in a
parallel position it is nil,

The indicatrix of biaxial crys-
tals is an ellipsoid, but not an
ellipsoid of revolution. The
two rays are both variable rays,
except in the planes of sym-
metry. It is in these three
planes of symmetry that one
ray is an ordinary ray or has
a constant index of refraction
and the wave front would be
a circle, that of the other an
ellipse. Figure 346 is a dia-

~gram of the indicatrix con-
structed with its three axes
proportional to the threeindices
: of refraction, OX = a, OY = B,
OZ =vy. Then a ray passing through the crystal in the direc-
tion of OY will be divided into two rays, one vibrating in OY
with an index of refraction OY; the other variable, and its index

Fic. 346.
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of refraction will lie between a and y as limiting values. Similarly
along the two directions OX and OZ.

In general all plane sections of the indicatrix passing through O
are ellipses, except in two directions when they are circular. Light
passing perpendicular to all elliptical sections, as at any point p in
the direction pO, will be transmitted as two plane polarized rays
vibrating in planes at 90° to each other, the traces of which are
the major and minor diameters of the elliptical section of the indi-
catrix, cut by the plane at 90° to the direction of the entering ray.
The extremities of these two diameters are the conjugate points,
from which normals to the surface determine the velocity, the di-
rection of transmission, and vibration planes of the two rays. The
major and minor diameters of the elliptical section perpendicular
to the direction of the ray are the traces of the planes of vibrations of
the resulting raysin thecrystal. Thesetwo diameters always bisect
the angle included between the traces on the same plane, of the
planes containing the ray and the optic axes, as the two planes pOA
and POA’. The directions AA” and A’A”"’ are the optic axes, and
sections of the indicatrix at right angles to these two directions are
circular, as yey’e’ and ycy’c’, and there is no double refraction, as
there is no definite plane of vibration, as many or all planes are
possible; and light is transmitted along A’A’’ and AA” without
polarization or double refraction. Each section of a biaxial
crystal, not perpendicular to an optic axis, will transmit two rays
vibrating in planes and polarized in planes at 90°, and when the
section is revolved on the stage between cross nicols, light will be
extinguished four times in 360° as in uniaxial crystals.

In the orthorhombic system, where the planes of symmetry of
the indicatrix are parallel to the erystallographical axes, the pina-
coidal zones will show straight or parallel extinction; any other
section will show symmetrical extinction as in uniaxial crystals.
There are three possible positions for the plane of the optic axes,
parallel to each of the three pinacoids in turn. In the monoeclinic
system, where one plane of symmetry of the indicatrix must coin-
cide with the plane of symmetry of the system, one axis of the
indicatrix will be fixed parallel to the orthoaxis of the crystal.
There will be parallel extinction in one zone only, that in which
the orthoaxis is the zonal axis. In all other directions there will be
an extinction angle, reaching a maximum in the plane of symmetry.

In the monoclinic system, the extinction angles in particular
zones or on fixed planes are characteristic, particularly that of the
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plane of symmetry; and these angles are of great service in the
identification of mineral species in rock sections. i

The plane of the optic axis when parallel to the plane of symmetry
of the system is fixed, but the acute bisectrix may revolve in that
plane around the orthoaxis, and the angle it makes with the vertical
axis ¢ is the measure of the angle of extinction in the plane of sym-
metry and is characteristic of mineral species, but varies with the
composition of the specimen. Fig. 347 is a diagram of the plane of
symmetry of the amphiboles representing the extinction angles of
the common varieties. The angle is measured in the clinopina-
coidal section in reference to the crystalline outline or the prismatic
and orthopinacoidal cleavage ecracks.
Again the acute bisectrix may be the
orthoaxis, at right angles to the plane
of symmetry, when the plane of the
optic axis may revolve around the
acute bisectrix as an axis; in this
case the extinction angle is measured
from the obtuse bisectrix, which will
lie in the plane of symmetry.

In the triclinic system, any plane
may be the plane of the optic axes, and
there is no relation between the in-
dicatrix or optical symmetry and the
crystallographical axes, except in in-
dividual species, where the angles of PSSk o A
extinction are usually given in reference 't " Anélae el Anphic
to some well-marked cleavage plane, pole.
or the acute bisectrix is oriented by
giving the angles it forms with the normals of common crystal faces
of the species.

In measuring the angle of extinction, at times it is quite im-
possible to determine exactly the point at which there is no double
refraction or the least illumination. To the unaided eye this area
may seem to extend over several degrees. At such times a sensi-
tive plate is used, one by means of which the slightest double
refraction may be detected. This sensitive plate is made from a
cleavage piece of selenite, of such a thickness that, when mounted
and slipped in the tube of the microscope in the same position
as the quartz wedge, with its vibration planes at 45° to those of
the nicols, will illuminate the field of the microscope evenly with

Z ]
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a red of the first order. In measuring the angle of extinction the
crystal section is revolved until this even tone of red is not affected,
when there will be no double refraction due to the section and the
vibration planes of the section will be parallel to the planes of the
nicols, and the section will be in the position of extinction. If
there is the slightest double refraction, the red of the first order will
change to blue or yellow, or the tone of red will be changed as the
case may be, and the vibration planes of the section will not be
exactly parallel to those of the nicols.

Interference figures in biaxial crystals.— Let Fig. 348 represent a
section SS’ cut perpendicular to the acute bisectrix, in which OC;

Fig. 348.

and O’C, are the two optic axes. Here also, as in uniaxial crystals,
light transmitted in these directions is not douBly refracted, and
leaves the section vibrating in the same plane as it did on entering
that of PP’, the vibration plane of the polarizer, and therefore when
viewed with the analyzer in position, the two points O and O’
marking the position of the optic axes in the section will be dark.
If the section is cut exactly perpendicular to the acute bisectrix the
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two optic axes will emerge an equal distance on either side of the
axis of the microscope, and the interference figure as a whole will
lie symmetrically placed in the field of the microscope. The line
drawn through the two points
O and O’ will be the trace of
the plane of the optic axes on
the plane of the section.

The optic axes will be the
axes of cones of rays which pass
through the section; the in-
clination or path of each will
vary with the distance 0O’.
At some distance from O and
0’, depending upon the double
refraction and thickness of the
section and the,lndlna‘tlon of Fi1G. 349. — Interference Figure of Ara-
the ray, there will emerge two gonite with the Plane of the Optic Axes
rays with a phasal difference of  Parallel to the Plane of one of the
a whole wave length. These  Nicols
two rays will be made to vibrate in the same plane in passing
the analyzer and will interfere. The point where one ray is
retarded behind the other one wave length will appear dark if
monochromatic light is used, as the analyzer adds a phasal
difference of 1/2\. As
the section of this cone of
rays, in the plane of the

& 2 ineral section, is ellipse-

e mineral s \ P
\' like, elliptical shadows or

) ;

- dark areas will appear
A around each optic axis as
indicated. Alternating
) concentric areas of light
4 f 1 and darkness will appear
: as indicated in the dia-
I 5 gram, according to the
phasal difference of the
emerging rays. When
white light is used, the concentric areas will be colored as in
the interference figure of uniaxial crystals. In order to determine
what portion of the field will be dark in crossed nicols, due to the
light extinguished by the nicols, it is necessary to determine the

P

Fia. 350.
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direction of the vibration planes of the two rays emerging at
any particular point. In the plan or upper part of the diagram,

Fi1g. 351.—Interference Figure of Ara-
gonite with the Plane of the Optic Axes

at 45° with the Planes of the Nicols.

let any point whatever, asR, be
taken, there will be two rays
emerge, vibrating in planes at
right angles. If from the point
R the lines RO and RO’ be
drawn, they will be the traces
on the plane of the section of
the planes containing the ray
R and the optic axes O and
O’. The angle ORO’ is bi-
sected by the trace of the
vibration planes on the plane
of the section, of one ray
emerging at R, that of the ex-
traordinary ray, as ee;; the
vibration plane of the other

ray will be at right angles to this plane, as ff’. The two rays
emerging at R, one vibrates parallel to ee’, the other parallel

to ff’, both have components
parallel to PP’ and AA’, the
vibration planes of the nicols,
and the point R in the field
will be illuminated. When all
pointsin the field are tested, it
will be found that when the
plane of the optic axis is paral-
lel to either vibration plane of
the nicols, the dark area will
be in the form of a cross, as
represented in the photograph,
Fig. 349. Let the stage of the
microscope with the section be
revolved 45° as in the dia-
gram, Fig. 350. O, O’ are
the optic axes and 00’ is the
trace of plane of the optic

F1g. 352.— Interference Figure of Ara-
gonite with the Plane of the Optic Axes
revolved slightly out of the Parallel
Position, showing the Formation of the
Hyperbola.

axes, now at 45° to the planes of the nicols. The dark areas in
tlps position will be quite different from that illustrated in
Fig. 349. If any point R be taken as before, and the vibration
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planes of the two emerging rays found as before, ff' and ee’ will
both have components in the direction of the vibration planes of the
nicols, and the point R, dark before, will now be illuminated. In the

same way, if all points in the
field are tested and the dark
areas plotted, the dark areas
would have the form of hyper-
bolas, as shown in the photo-
graph, Fig. 351, with the optic
axes at the poles and the plane
of the optic axes bisecting the
curved shadow. The acute bi-
sectrix is located on the con-
vex side of the curved shadow
midway between the two.

The movement of these
shadows should be -carefully
observed on revolving the sec-

Fic. 353. — Interference Figure of Topaz.

tion, as their paths and curves help, very materially, to locate
the ‘acute bisectrix and the direction of the plane of the optic axes
when but a small portion of the interference figure is within the

Fic. 354.— Interference Figure of Barite,
section nearly perpendicular to the Optic
Axis.

field of the microscope or
when the section is inclined
to the acute bisectrix, causing
the figure to lie eccentric in
the field of view. Fig. 352
is a photograph of the inter-
ference figure of aragonite, re-
volved just a little, showing
how the cross breaks up into
the two hyperbolas. Often
the angle between the optic
axes is so large that the optic
axes emerge out of the field
of the microscope; but when
the section is perpendicular
to the acute Dbisectrix, the

interference figure will still be symmetrical, as illustrated in

Fig. 353.

When the section is cut perpendicular to an optic axis, the curve
or color areas are circles around the optic axis, as in uniaxial erys-
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tals, or possibly a little elongated at the margin, as indicated in Fig.
354, in the direction of the other optic axis. On revolving such a
section the curved shadowrevolves around the optic axis as a center,
counter to the revolution of the section and always with its convex
side toward the other optic axis. The trace of.the plane of the
optic axis will pass through the pole of the curve or the optic axis,
bisecting the shadow symmetrically.

The optical sign of biaxial crystals. — The positive or negative
character of a crystal may be determined from its interference figure.
The section is placed between crossed nicols, with the plane of the

optic axis at 45° to
P the vibration planes
of the nicols; the
quartz wedge is then

inserted, with the vi-

% bration plane of the

3 7 slow ray of the wedge

* 2 }é : A parallel to the axial
7 |= < 11 plane of the section,
ve £ \/}s»( as indicated in the

/ diagram, Tig. 355.

When the slow ray

1 = of the section vibrates

in a plane parallel to

P the slow ray of the

Fic. 355. : wedge, the circles

around the optic axis
will contract from the center of the figure as they disappear
at the optic axes. Other color bands will contract along
the long axis of the wedge, until they meet at the acute bi-
sectrix, when they break, forming two circles, one around each
optic axis; all the color bands will continue to contract in this
manner as the wedge is advanced. The direction of this con-
traction is indicated by the arrows in the diagram. The effect
is that of thickening the section, and the sign of the section
is the same as that of quarts, or positive (+). The heads of
the arrows, indicating the direction of contraction, make a posi-
tive sign with the long axis of the wedge as usually mounted.
When the motion of the color bands is the reverse, or they expand
from the optic axes, the section has been thinned by the advance of
the wedge, and the section is the reverse of that of the quartz, or
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negative (—). The arrows in the diagram are reversed. Care
should always be taken that the same relative positions of the wedge
and the axial plane exist ; for if the slow ray of the wedge is intro-
duced at right angles to the plane of the optic axes, all motions of
the color bands are reversed and the sign may be taken opposite to
what it really is. Also in sections of negative crystals after the
point of compensation has been reached and the wedge is still ad-
vanced, theeffect is as if thickening the section, or a positive crystal.

Measurement of the angle between the optic axes. I.— The ap-
proximate value of 2 E may be obtained by measuring the distance
between the two poles of the hyperbolas in the interference figure
of a section perpendicular to the acute bisectrix and in the 45°
position with a micrometer eyepiece. Placing this value at 2 d,
then sin E = d/C, where Cis a constant for the combination of
lenses used, and may be determined by a section in which the angle
between the optic axes is known, as aragonite.

I1. — After the three indices of refraction have been determined,
the angle 2 V may be calculated from the formula,

As the value of 2 Vis influenced considerably by variations in the
fourth decimal place of the value of the indices of refraction, this
method is not as accurate as the direct determinations of the angle.

ITI. — In the direct determination a section of the crystal is
required, cut perpendicular to the acute bisectrix. The section is
mounted in the axial angle goniometer, with the plane of the optic
axis at 45° to the vibration planes of the nicols. One hyperbola is
brought tangent to the hair of the eyepiece and a reading taken;
then the second hyperbola is brought tangent to the hair and a sec-
ond reading taken ; the difference between the two readings is the
value of 2 E, the axial angle measured in air ; 2 V, the true axial angle,
may be calculated when the median index of refraction B is known,

Lsini_sinE o v=SDE po 35
sinr sinV B

2 E is always greater than 2 V; and when 2 V is large, the ray along
the optic axes is often totally reflected at the surface of the section,
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and the angle in air would be 180°. It is then necessary to immerse
the section in a strongly refracting liquid, which decreases the
apparent angle. 2 H is the term used when measured in a strongly
refracting liquid, as oil or any of those liquids given under the

determination of the index of re-

Bx, / fraction, page 215. Then sinV =
. lfl/ B sin H, where n is the index of re-
] |
. 2 A fraction of the liquid in which the
| . P
/ section is immersed.
g Y4 s Dispersion of the optic axes.—

When light of different wave lengths
is used in the measurement of the
: axial angle, the value will differ

i with different colors and change
F16. 356. progressively from one end of the

: spectrum to the other. This change
of the axial angle for light of different wave lengths is termed the
dispersion of the optic axes, Fig. 357. Whether the angle is
greater for red light, p, than for violet light, v, or the reverse,
will depend upon the relative values of the three indices of re-
fraction for these individual
wave lengths. When the
angle is greater for violet
light than for red, it is ex-
pressed v>p, and the reverse,
p>v.

This can usually be deter-
mined by a close inspection
of the interference figure
yielded by white light. If
the angles for all colors were
the same, 7.e. no dispersion
of the optic axes, the hyper-
bolas for each color would lie"
in the same position and Fie. 357.— Dispersion of the Optic Axes.
those for all colors would be ‘
superimposed ; but when they differ for different wave lengths,
as when that for red is greater than that for violet, the hy-
perbola for red is farther away from the acute bisectrix than
that for violet; and when white light is used, the red wave will be
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suppressed along the concave side of the hyperbolas, the side far-
thest away from the acute bisectrix, and the color appearing will be
white light minus red, or blue. On the convex side of the hyper-
bolas will be white light minus violet, or red.

The convex side is red when p>v, and the convex side is blue
when vsp. Inthe orthorhombic system the dispersion of the optic
axes takes place in one of the planes of symmetry of the crystal,
and the acute bisectrix holds the same position for light of all
colors, except when 2 E is nearly 90°. 2E for red may be less
than 90° with the vertical axis ¢ the acute bisectrix, and greater
than 90° for violet when one of the lateral axes would be the acute
bisectrix for the violet wave. Again the plane of the optic axis
may change from one pinacoidal plane to another with the wave
length, as is the case in brookite, in which the plane of the optic
axes for waves including red to yellow is parallel to the base,
with the brachyaxis as the acute bisectrix; for waves shorter
than yellow the plane of the optic axis is parallel to oxo, or macro-
pinacoid, with the brachyaxis still the acute bisectrix. In such
a case the plane of the optic axis is said to be crossed, or the dis-
persion is crossed, and there must be a wave length of light a little
shorter than yellow for '
which the angle between
the optic axes is 90° or
for which the mineral
brookite would be uni-
axial.

Dispersion in the mono-
clinic system. — In the
monoclinic system, where
but one of the axes of the .
indicatrix is fixed in rela-
tion to the crystallograph-
ical axes, that in the di-
rection of the orthoaxis,
three kinds of dispersion
are possible, as the three
axes of the indicatrix, a, B, 4
Y, each in turn may be parallel to the orthoaxis. 1. When B
is parallel to the orthoaxis, the plane of the optic axes will
lie in’ the plane of symmetry of the crystal and will be fixed at
90° to the orthoaxis, but may revolve around it as an axis.

P

F1c. 358 — Inclined Dispersion of the Optic
Axes.
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It is not necessary that the angle between the acute bisectrix
and the vertical axis should be constant, and it is constant
only for individual species when chemically pure. The value of
this angle will change with the composition of the mineral, and
with the wave length of light for the same composition. In
common hornblende this angle is 19° 53’ in the obtuse angle .
Expressed, Bx,,C = 19° 53’ in front; this is also a measure of
the extinction angle, which is inclined. If monochromatic light
of different wave lengths is used, it will be found that this angle
will vary with the color of light used. The interference figure as
a whole is displaced, and that of one. color will not be superimposed
on that of another, yet the trace of the plane of the optic axes
will divide them all
symmetrically. This
is termed inclined dis-
persion, Fig. 358.

2. When the ortho-
axis is the obtuse bi-
sectrix, the plane of
the optic axis may ro-
tate around it as an
axisofrevolution ; and
the interference figure
for each wave length
of light which is in
P = the section perpendic-

F1a. 359. — Horizontal Dispersion. ular to the acute bi- °
sectrix may be dis-
placed sidewise through an arc measured in the plane of symmetry.
The trace of the plane of the optic axes will also be displaced
through this same angle for each wave length. The traces of
the planes for each color will lie parallel on the section, but the
planes will all intersect in the obtuse bisectrix or orthoaxis, which
is fixed, Fig. 359. This is termed horizontal dispersion.

3. When the acute bisectrix coincides with the orthoaxis.
Now the interference figure will lie in the clinopinacoidal section,
and will revolve around the acute bisectrix as a center. The
traces of the plane of the optic axes for light of the various colors
will all pass through the fixed point, the center or acute bisec-
trix, Fig. 360. This is termed crossed dispersion. :

Dispersion in the triclinic system.— In the triclinic system,
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where there is no fixed direction to which any of the axes of the
indicatrix must conform, it is possible for all varieties of disper-
sion described in the other systems to take place at one and the
same time, and the interfer-

ence figure may be entirely P g
without symmetry. G R

Methods of determining A
the indices of refraction. — Iy 7 y e
The index of refraction of
any substance is a physical ¥
constant, characteristic of A % . v A
the substance. It not only = /
serves as a means of identi- ¢
fication, but also as a meas- %Y
ure of purity. The value K 2
of the index of refraction L ey
varies with the temperature, YAy
but this variation in casé of o /s i P
solids, at ordinary temper-
atures, is small and within
the limits of error, therefore negligible. The index of refraction,
when all precautions and when great care are taken, together with
an average of several observations, may be determined within .0002.

The value of the index of refraction for minerals will lie between
1.3, that of ice, and
3.08, that of pyrar-
gyrite.

I. The most ac-
curate method is that
in which the angle of
deviation of the re-
fracted ray is ac-
tually measured, as
transmitted through
a prism of 60° or
one not varying more
than 5° from 60°. As the angle of deviation will vary with the
inclination of the ray, the angle of least deviation is found and
measured as follows.

In Fig. 361 abc is the prism, with the angle at a nearly 60°. This
angle is accurately measured with the goniometer. The ray of

1%

Fia. 360. — Crossed Dispersion.
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light RO enters at O, is refracted to 0’,and is again transmitted, on
leaving the prism, in the direction of O'R’.  The angle of deviation
due to the prism is R’'de = R’O’¢’ = 8. This will be at a mini-
mum, or is the least deviated, when the ray passes through the
prism symmetrically as drawn in the figure.

n=s§n i; i=ROn. The angle bac=a; dab=1/2 @ and axO
sin r
= go°. :

a0l =10’a = go°. °.’xOl = xa0 = nOP = 1/2 a = r, the angle of
refraction.

Draw O’e’ parallel to Re, then from the symmetry of the figure the
angle e’O’R’ = R'de = 8 = ¢’O’P + P'O'R’, POR = dOx = ¢'O'P’;
also dox = P’O'R’ = POR = 1/2 §, but NOP =x0l =1/2 a.

i=NOR=1/2a+1/28 and n=sfn 1_sm f/z (e +8)
‘ sin r sin 1/2 a
the angle a is carefully measured with the goniometer.

The angle of least deviation is found as follows: The telescope of
the goniometer is set exactly opposite the collimator and the direct
ray through the Websky slit is observed and adjusted to the cross
hairs, when a reading is taken with everything clamped.

The graduated circle and telescope remaining clamped, the
crystal is mounted and adjusted so that the edge at the angle a
is parallel to the vertical hair. It is then pushed in with the screw,
between the collimator and the telescope, until the image of the slit
disappears on looking in the telescope, the base of the prism
being to the left. With the graduated circle still clamped, the
telescope is now unclamped and revolved to the left until the image
or signal reappears, then the prism is revolved back and forth
through a small are, at the same time following the signal with the
vertical hair of the telescope. It will soon be seen that on revolv-
ing the prism there is a maximum position to the right for the sig-
nal, and having reached this position, even though the prism is still
revolved the same way, the signal moves up to this position then
reverses its motion or turns back. This maximum position marks
the point where the ray is symmetrical to the prism as drawn in the
diagram, Fig. 361. By moving both the telescope and prism at
the same time, the vertical hair is brought to this maximum posi-
tion of the signal and a reading taken. The difference between the
original position of the signal and this of the least deviation will
be the angle 8. When white light is used, there will be a series of
colored signals, one for each color, due to dispersion, but only one

, where
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image when monochromatic light is used. Having measured the
angle of least deviation, the index of refraction is obtained from the
formula above. In all isotropic substances n will be of the same
value, whatever the relation of the edge of the prism to the crystal
may be. This is not the case in anisotropic substances, where
the prism edge must be cut with a definite relation to the axes of the
indieatrix.

In the tetragonal and hexagonal systems, the edge of the
prism containing the angle a should be cut parallel to the base,
and the plane bisecting the angle parallel to the vertical axis, or the
prism edge containing a may be cut parallel to the vertical axis. In
either case, in measuring the angle of least deviation, two signals will
appear, one caused by the ordinary ray, the other by the extraordi-
nary ray. These two readings substituted in the formula will
yield two indices of refraction, one that of the ordinary ray , the
other that of the extraordinary ray e.

In biaxial erystals, where there are three indices of refraction
to be determined, two prisms are necessary. One must be cut
with the edge containing the angle a parallel to an axis of the in-
dicatrix, and the plane of symmetry of the indicatrix containing this
edge of the prism must also bisect the angle a. The second prism
must be cut in the same relation to a second axis and plane of the
indicatrix. Each of these prisms will yield two signals as in the
uniaxial prism and therefore two indices of refraction. One prism
will yield o and B, the other B and y. The index repeated or
determined in both prisms will depend upon the axes of the in-
dicatrix to which the edges of the prisms are parallel.

II. Method of total reflection. — Fig. 362 is a diagrammatic
section of the Abbe Total Reflectometer, in which C is a hemisphere
of Jena flint glass, having an index of refraction n = 1.8904, the
upper surface of which, b, is polished to a true plane passing through
the center of the sphere and adjusted so as to pass through the
axis of the vertical graduated circle from which the readings are
taken and which is not represented in the diagram. A polished
section S is cut parallel to a plane of symmetry of the indicatrix.
Often a cleavage surface will fill this requirement. A small drop of
- highly refracting liquid, usually methylene iodide, n = 1.742,
having first been placed on the center of the plane. b, then the pol-
ished face of the section S is placed gently on the hemisphere with
a thin film of the highly refracting liquid separating the two sur-
faces. M is a mirror which reflects light in the required direction.
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The limiting ray tO, striking the surface of the section at O, is
totally reflected in the direction Ot’. The angle t'Oe is the critical
angle. Any ray, as mO, within this angle will at the point O be re-

fracted and pass out in the direction Ot”, and some will be reflected
within the angle t’Oe, and the field t'Oe will be semi-illuminated.
Any ray, as 80, striking the plane surface s at an angle greater

than the critical angle
eOt/, will be totally
reflected in the di-
rection of O8’ and
the field a’Ot’ will
be fully illuminated.
At the boundary
between these two
fields, 'O will be
marked by a shadow.
The field of the tele-
scope, represented by
the circle F,is brought
with the cross hairs
to the shadow, and

a reading which gives the critical angle eOt’ is taken. Then
n = N sin r, where N is the index of refraction of the glass hemi-
sphere and r is the critical angle.

This method has the advantage of the possibility of determining
all three indices of refraction in one and the same section. As
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one ray is constant, the shadow caused by it will not change on
completely rotating the hemisphere with the section. The other
ray will increase from a minimum to a maximum according
to the position of the section; and these two limiting values
will represent the critical angles for the other two indices of
refraction. The telescope is fitted with a nicol so that light
vibrating only in the plane required may pass and illuminate
the field.

The ray may also be adjusted to enter the section as represented
in Fig. 363, and the field a’Ot’ will be entirely dark, and the field
t'Oe will be illuminated and the contrast between the two fields
will be greater. -

III. A convenient refractometer, as constructed by Herbert
Smith of the British Museum and illustrated in Fig. 364, is so ar-

Fig. 364. — Refractometer.

ranged that the index of refraction may be read directly from a
scale in the instrument to the second decimal place and the third
estimated. The specimen is placed on the highly refracting glass
with a film of liquid between, as in the Abbe instrument. The light
entering at O, the shadow is thrown on the scale and the reading
taken. In double refracting substances two shadows will be noted,
indicating the two indices of refraction ; the section is revolved until
these are maximum or minimum values. This instrument is very
convenient for jewelers in the determination of the refraction and
identification of cut stones. ,

IV. Cleavage pieces of transparent minerals may be used to
determine the index of refraction with the microscope. The thick-
ness of the section S, Fig. 365, is measured with a micrometer cali-



214 MINERALOGY

pers = T. A slide with a fine scratch is placed on the stage and
the microscope very carefully focused on the scratch o. Then the
mineral section is placed over the seratch. The scratch will now
not be in focus, but will again come in focus by turning the fine
adjustment of the microscope, so

‘ as to lift the objective; o will

| ld appear as if at o’; the distance

N ™ 0o’ which the scratch seems to
N, T have been lifted will depend upon
(e 5 L the thickness of the section and
Fra. 365. the index of refraction of the min-

eral. The apparent thickness of

the section do’ is determined by measuring the distance oo’ with
the micrometer of the microscope, and subtracting oo’ from T.

T The actual thickness sini tani

Then,n= or - orn =
"7 T—o00’  The apparent thickness’ sinr tanr
T

= oy B8 for these small angles the ratio of the tangents is
practically the same as that of the sines. This method is only an
approximate one and thick sections must be used. Ordinary rock
sections are too thin for accuracy.

V. A convenient method of determining the index of refraction of
minerals in powder or very small erystals is to mount them on a
slide in fluids of different indices of refraction. A list of such fluids

F1a. 366. —Section of a Quartzite, showing the Low Relief. Crossed Nicols.

which cover the range of the indices of refraction of most important
rock-forming minerals, as given by F. E. Wright, are :-
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1.450-1.475 . . Mixtures of petroleum and turpentine.

1.480-1.535 . . Turpentine and ethylene bromide.

1.540-1.635 . . Clove oil and «-monobromnaphthalene and
a-monochlornaphthalene.

1.660-1.740 . . «-monobromnaphthalene and methylene iodide.

1.745-1.790 . . Methylene iodide and sulphur.

When the index of refraction of the crystal fragments are the
same as the fluid in which they are mounted, the outlines of the
fragments are very indistinet and scarcely visible. This is well
illustrated by the glass rod in the Canada balsam bottle, the indices
of which are nearly the same, and the rod is searcely visible. Quartz
mounted in balsam is also indistinet, as the indices w = 1.544 and
e = 1.553, while for balsam n = 1.548, just between. In a section
of quartzite where the
grains are all the same
color, their outlines will
be invisible in ordinary
light ; but in crossed nic-
ols, where they will be
differently illuminated,
they are quite distinct,
Fig. 366. The outlines
of mineral fragments are
more marked or distinet,
the greater the difference
between the indices of 7]

refraction of the two ; Y : 3

b I = Fia. 367.—Section of Calcite showing Mark.ed
substances. n ca CIter Relief and Rhombohedral Cleavage.
where e = 1.486 and w =

1.658, mounted in balsam the outlines are distinct and the surface
of the section is rough, Fig. 367. It is said to have a marked or
high relief. With the polarizer only in, if the section is revolved
through 90°, the relief for the two rays will be noted to be quite
different, as the difference in one case is .11 and in the other
.062.  The relief then is a measure of the difference of the index
of refraction of the mineral and the index of refraction of the
medium in which the section is mounted.

VI. Becke’s method, or the determination of the relative
values of the indices of refraction of two adjacent minerals in the
same section. Where the index of refraction of one is known, that
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of the other may be approximately estimated. Thismethod depends
upon the principle that light passing from a rarer medium or one
with a lower index of refraction to one with a higher index of re-
fraction will pass at all angles and there will be no eritical angle;
but in the reverse direction there will be a critical angle and some of
the light is reflected to the side of the higher index of refraction.
The illumination on the side of the higher index of refraction will
be brighter, as some of the rays are totally reflected to that side.

As an example the index of refraction of quartz and orthoclase
in a section of granite may be tested in this way. The effect is
best seen with a medium high objective and with a converging light,
the light being diaphragmed off so as to illuminate only a small area.
If the microscope is carefully focused on the boundary between
the two minerals, then the objective slowly lifted, a line of light
parallel to the line of contact will appear to move in the direc-
tion of the mineral with the higher index of refraction, or on the
side of quartz; the difference in this case on the average is .02. With
careful work and experience a difference of .001 may be detected by
this method.

Study of minerals in rock sections.— In the study of a mineral
section or of minerals in rock sections, an order of observation
should always be followed. The section should be carefully
studied in all parts with the low power adjective in order to de-
termine the relative abundance of each mineral species, their rela-
tions and relative size, and favorable sections should be chosen for the
optical observations, then the following order should be followed:

1. Color. — When the mineral is opaque, it is observed in reflected
light, with the mirror under the stage turned off. Minerals which
are opaque in thin sections are of metallic luster, as magnetite,
pyrite, pyrrhotite, or chromite. Transparent sections are observed
in transmitted light and the color noted ; whether evenly colored or
irregular, caused by a difference in chemical composition or due to
inclusions, cavities, ete. 5

2. Form.— The outline of each individual species is noted if
bounded by straight lines, 7.e. crystal faces well developed, the
individuals being euhedral or idiomorphic, in contrast to those
irregular in outline, which have no well-defined crystal faces
developed and are anhedral or allotriomorphic; such irregular in-
dividuals usually act as a matrix, filling the cavities between the
minerals of earlier crystallization, which are often of larger size,
with distinct outlines or phenocrysts. 2
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3. Cleavage cracks, partings, and fractures due to pressure or
strain should be noted and the angles between two well-defined
cleavage directions, where they occur, measured in a number of
sections, in order to obtain the true angle or that measured at 90°
to the intersection of the two cleavage planes.

4. Note the crystal outlines where well developed and where
elongated ; the direction of the elongation in regard to the crys-
tallographic axes is determined, also any irregularity of the outline,
as that due to corrosion, resolution, alteration, or weathering, and
whether these changes are restricted to the surface or have fol-
lowed cleavage cracks and fractures; also the nature of the alter-
ation productis noted.

5. Index of refraction.— Rock sections are usually mounted in
Canada balsam, the index of refraction of which is approximately
1.539, but varies slightly with the amount of solvent it contains or
with the age of the mounted section, as the balsam is constantly
hardening with age. Specimens with an index of refraction near
that of balsam will have little or no relief ; their surfaces will appear
flat and smooth. It is well to have several mineral sections mounted
for comparison, the index of each being known ; their relief may be
compared with the unknown section and the index of refraction
approximately determined. Sodalite, 1.483; leucite, 1.508;
orthoclase, 1.523; quartz, 1.547; beryl, 1.584; olivine, 1.670;
and rutile, 1.712, —are good minerals for comparison. A specimen
with an index of refraction above 1.60 or below 1.50 will have a
rather high relief. The cracks, as cleavage, scratches on the
surface made in grinding the section, and the outline,—all will
appear well marked and distinct. Whether the refraction is above
or below 1.549, that of balsam, can be determined by Becke’s method.
Minerals with a high relief seem particularly rough when the
section is shaded from reflected light by passing the hand up and
down in front of the microscope.

6. In crossed nicols and parallel light. — If the section remains
dark between crossed nicols when the stage is revolved, it is either
amorphous, as glass, isometric, or a double refracting mineral cut
perpendicular to an optic axis. An anisotropic section between
crossed nicols will yield an interference color which will be a measure
of its double refraction and the section will extinguish every 90°,
that is, each time the vibration planes of the section are parallel to
the cross hairs of the eyepiece.

7. The angle of extinction is measured in reference to the vertical

»
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axis, as determined in the section by the cleavage, outline, or elon-
gation. Whether it is parallel or inclined is noted and the angle
of extinction measured, also the twinning of the section may be
seen in relation to the extinction angles.

8. Pleochroism. — This is caused by the light being absorbed
along one plane of vibration in the section differently from that along
the other. The section is turned on the microscopic stage until
extinction, when the vibration planes of the section will be parallel
to those of the nicols. The analyzer is pushed out of the line of
view, when the section will be illuminated by the rays vibrating
parallel to the one plane of vibration in the section only, that of the
polarizer, usually running from right to left. The color of the
section and the degree of illumination are both noted, as is also the
relief of the section; then the section is revolved on the stage 90°,
when the light will be vibrating parallel to the second plane of vi-
bration of the section, and any change in color, shade, or relief is
noted.

9. In crossed nicols and converging light. — All sections of the
mineral under observation in the specimen are carefully examined,
and one selected as nearly perpendicular as possible to the optic
axis, in uniaxial crystals, and to the acute bisectrix, in biaxial crys-
tals, is chosen. The interference figure is observed and the uniaxial
or biaxial character of the crystal noted, as well as the approximate
axial angle in the latter.

10. When uniaxial, the optic sign is determined with the mica
plate ; and when biaxial, with the quartz wedge. Where the inter-
ference figure is well formed, the character of the dispersion may
also be noted.



PART II

CHAPTER I

THE RELATION OF MINERALS TO THE ELEMENTS

MineraLs, when considered from a chemical standpoint, are
either elements in the uncombined state or are combinations of
elements which have been brought together during the past ages
and united by chemical forces which differ in no way from the
same forces with which we have become acquainted in the labora-
tory. Some mineral molecules are simple combinations of a few
chemical elements; and the same compounds are daily produced
in the laboratory, in the simple processes of chemical analyses, as
in the precipitation of caleium carbonate from a solution of asoluble
calcium salt with an alkali carbonate. If this is carried out at
room temperatures and the precipitate is allowed to stand, it will
-crystallize, forming calcite. If the same precipitation is carried
out at temperatures near the boiling point of water, that is, on the
water bath, and allowed to crystallize in a hot solution, the form
aragonite will be produced. Here are two minerals, calcite and ara-
gonite, one crystallizing in the hexagonal system,-the other in the
orthorhombic system. They are both calcium carbonate, and
chemically they are identical ; but physically they are different, and
as in the precipitation they are formed under different conditions,
they are two phases of the same chemical substance; moreover,
calcium carbonate directly after a rapid precipitation is amorphous,
another phase, and becomes crystalline only after standing. This
property of chemical compounds, of occurring in different physical
forms is known as polymorphism. Calcium carbonate is thus tri-
‘morphic. It may be amorphous, it may possess the molecule of
calcite, or it may possess the molecule of aragonite. Silica, SiOs,
is said to possess six different forms or phases.

The various forms of a polymorphic substance will never under
the same conditions possess the same degree of equilibrium, and

one form will be more stable than the others. It is always the
219
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tendency of one form, the less stable, to pass over to the other, the
more stable form, under the fixed conditions. Calcium carbonate
when quickly precipitated from solution separates as an amorphous
solid, and on standing passes over to the more stable crystalline
forms, calcite or aragonite, according to the temperature of
the solution, as calcite is the more stable form in cold solutions and
aragonite is the more stable form in hot solutions. When the change
of phase proceeds in one way only, the compound is said to be mono-
tropie, but if the change may go back and forth with the change of
temperature, or is reversible, the compounds or phases are said to
be enantiotropic. Such a case is represented by sulphur. Sulphur
when fused and then allowed to solidify at a temperature above 96°
will form monoclinic crystals, which are the stable phase between
96° and 120°, the fusing point of sulphur. Below 96° these mono-
clinic crystals become brittle and clouded and pass ovér to ortho-
rhombic sulphur, a phase more stable than the monoclinic form at
low temperatures. If the temperature is again raised above 96°, the
reverse of this will take place and in time the orthorhombic sulphur
will form monoclinic crystals. The orthorhombic phase is the
more stable below 96°, and the monoclinic phase is the more stable
above 96°. There are several other phases of sulphur, but at ordi-
nary temperatures these are all less stable than the orthorhombic
phase, and it is for this reason that all natural occurring sulphur is
of the orthorhombic phase. Graphite and diamond are different
phases of the same element, carbon. There are numerous other
examples of dimorphism in minerals, as sphalerite and wurtzite ;
quartz and tridymite ; smaltite and safflorite ; pyrite and marcasite.
Pyroxenes and amphiboles are probably dimorphous conditions or
phases of the same compound, and even trimorphic cases occur,
as in the three minerals rutile, anatase, and brookite, all three of
which are different phases of TiO,.

Source of the elements, — Minerals are the source of all the ele-
ments ; it has been through the chemical study and the hnalyses of
mmerals that, with few exceptions, all the elements have been dis-
covered. Those elements which occur in nature in the uncombined
state as minerals are few in number and are restricted principally
to the group known as metals ; as platinum and the platinum group,
silver, mercury, gold, copper, lead, bismuth, iron, arsenic, and anti-
mony. Some of these, as iron, lead, antimony, arsenic, and bis-
muth, are rare as native elements, though quite common enough as
constitutents of minerals when combined with other elements.
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The non-metallic elements sulphur and earbon occur in the uncom-
bined state in nature in considerable quantities.

Of the eighty established elements, oxygen far surpasses any
other in its wide distribution, forming one fifth of the atmos-
phere, eight ninths of the water, and from 45 to 50 per cent. of
the earth’s crust. The results of careful calculations indicate
that the amount of oxygen is hardly equaled by all the other ele-
ments taken together, or oxygen forms about 50 per cent. of the earth
as known by man. Oxygen enters the composition of a large num-
ber of minerals as an important factor. Of the other elements there
are seven, silicon, aluminium, iron, calcium, magnesium, sodium, and
potassium, in their order of abundance, each of which composes at
least 2 per cent. of the earth’s crust, and they are universally dis-
tributed. The above eight elements compose at least 97 per cent.
of the earth as known to man. Metals to which we have become
accustomed, through their use in our daily life, thinking of them as
common elements, as copper, lead, zine, silver, or gold, occur only
in restricted localities; and owing to their commercial value
the minerals eontaining them have been mined, with a constant
accumulation of the metal reduced. Elements such as titanium,
thorium, cerium, tungsten, uranium, and molybdenum, which even
the chemist, in the past, considered very rare, are at the present
time becoming well known in the commercial world, from recently
discovered uses to which their properties adapt them. These
rare elements are important constituents of but comparatively few
minerals, and these are usually restricted to localities where many
of them occur associated together.

Such localities are constantly being searched for by the pros-
pector, urged on by the constant demand and increase in price,
as several of these rare elements have been proven useful in the
production of special steels, in the manufacture of lighting man-
tles, and in incandescent lamp filaments.

At the present time salts of some rare earths are being produced
by the ton as by-products, which had chemists wished to secure
in pound lots only, it would a few years ago have been impossible.
Of the most important elements the following list includes those
which are found in the earth’s crust in amounts exceeding .02
per cent.:

Oxygen 49.98 Sodium 2.28 Phosphorus .09
Silicon © 2721 Potassium 2.23 Manganese .07
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Aluminium 7.26 Hydrogen .94 Barium .05
Iron 5.08 Titanium .41 Sulphur .04
Calcium 3.51  Carbon .22 Nitrogen .02
Magnesium 2.50  Chlorine - .15  Strontium .02

Chromium, fluorine, lithium, and uranium are all less than .02 and
probably greater than 0.01; bromine and all other elements are
each, in turn, less than .01.

In a classification of the minerals their most important charac-
teristics must be considered, and the starting point of a natural
classification is without doubt one in which the chemical composi-
tion and physical properties are the most important consideration,
though the latter to a large extent are derived from the elements
a mineral contains. Those minerals which are composed largely
of the same elements should stand in any scheme of classification
near together, especially since mineral species are mostly deter-
mined by the chemical tests for the elements which they contain.
The classification of minerals will follow closely the natural classi-
fication of the elements themselves. It has been shown, especially
by Mendeleef, that the properties of the elements are determined
by their atomic weights, and from a consideration of this fact a
natural classification of the elements has been adopted which places
the elements in the order of their atomic weights.

In a list of the elements placed in the order of their atomic
weights, starting with lithium, the first element which possesses a
well-developed chemical character, the atomic weight increases un-
til sodium is reached, with an atomic weight of 23. Sodium is an
element very similar to lithium in its chemical properties and very
different from fluorine, with an atomic weight of 19, directly pre-
ceding it. Sodium is then written in the column with hthlum and
a second horizontal line or group is started.

In each case, elements having similar or related chemical prop-
erties will fall in the same column, and these properties will be
repeated periodically. This whole scheme is known as the periodic
classification of the elements.

Elements falling under each other in the same column of the table
of elements are of the same valence and are capable of replacing
each other in mineral molecules to a large extent, though this prop-
erty may not extend from top to bottom of the column in all
groups. In the first column or group, lithium, potassium, rubid-
ium, and czsium fall directly under each other. These are all alkali
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metals, strong bases, and only take the part of a base when com-
bining with other metals or acids to form salts. The solubility of
their salts is graded and decreases from the top to bottom, or from
lithium to cmsium. Similar salts crystallize in the same system
and usually with the same symmetry, and with angles and ele-
ments very closely related. While the alkali metals form a very
closely related group of elements, possibly more closely related than
some other groups of the table, it is true, however, that those ele-
ments falling under each other in the vertical columns are very
closely related in their chemical properties. In a considera-
tion of those elements which fall in the continuous line, as from
lithium to fluorine, there is a continuous gradation from the very
basic, on the one hand, metals which are always found taking the
part of a base in the formation of salts, to those which, on the other
hand, as fluorine, are always found taking the part of an acid
when forming salts. Between these two extremes there are ele-
ments which may take the part either of an acid or a base; this is
particularly true of those elements, like aluminium, which are
found near the middle, between the two extremes.

It has long been recognized that all salts were composed of two
distinct components, the acid radicle, or acid anhydride, and the
base, or oxide of the metal. This was Berzelius’s conception of a
salt, and the formule of minerals were formerly written with this
conception in view, as barite, BaO, SO;. Here BaO is the oxide
of the base, barium, and SO; is the oxide of the acid-forming ele-
ment, sulphur. Indeed at the present time the analyses of rocks
and minerals are still reported in this form as BaO = 65.7 and
S0; = 34.3 per cent.

By the study of the behavior of salts, or more especially elec-
trolytes, in solution and under the influence of an electric current,
it has been demonstrated that salts do not break down into the two
components of a basic oxide, as BaO, on the one hand, and acid
oxide, as SO;, on the other, but they are dissociated into ions, inde-

pendent components, one of which is formed by the metal Ba or a
complex like NH4, taking the place of a metal, charged with a posi-
tive charge of electricity and traveling toward the negative pole;
these are termed cations. The anion is that component which
carries a negative charge, in this case SO, and travels toward the
posmve pole or anode. Barium sulphate thus breaks up in the two
ions Ba and SO,
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In the classification of minerals the acid radicle has been chosen as
the most important of the two components, and all minerals oceur-
ring as sulphates, or the salts of sulphuric acid, have been placed in
one group.

Water in minerals. — Some minerals, especially those which
are formed at a low temperature, or which separate from a water
solution, contain water, or at least when heated in a closed' tube
they yield water. This water may be combined with the mineral
molecule in various ways, as is indicated by the widely different
temperatures at which it is driven off. Water which is driven off
at low temperatures is considered to be loosely combined with the
other elements of the molecule or with the mineral molecule. It
may be directly combined with the mineral as water, though there
is nothing to prove that this is actually the condition or fact.

Copper sulphate ecrystallizes with five molecules of water,
CuSO0y, 5 H;O. When this salt is heated, four of these molecules of
water are driven off at 100° C., but to drive off the fifth molecule of
water and to completely dehydrate the salt the temperature must
beraised to 200°. Zinc sulphate crystallizes with seven molecules of
water, ZnSOy, 7 H,O, six of which are driven off at 100° C., but the
seventh will not be driven off until the temperature of 240° C. is
reached. Such facts would indicate that that portion of the water
contained in salts which may be driven off at low temperatures is
bound up in the mineral molecule in some very simple way, and
the bond is easily broken. On the other hand, some is bound up
with the molecule very closely and may be dislodged, as is the case
with serpentine, only at a red heat. The water which may be
driven off at low temperatures is termed water of crystallization,
and is usually written or indicated in the mineral formula as water ;
thus gypsum, CaSO;,, 2 H:0, contains two molecules of water of
crystallization, one of which is liberated at 120° C., the other at
200° C. When there are several molecules of water of crystalliza-
tion present in a mineral, they are not all liberated at the same tem-
perature, but they are given off by steps or one at a time. The
evolution of water on heating a crystal is discontinuous. The
zeolites present an exception to this rule; in their case the evolu-
tion is continuous. Some of this water of crystallization may be
so slightly bound to the chemical molecule, that it evaporates into
dry air, and the ecrystal falls down to a powder, or whitens and is
changed in appearance. Such compounds are said to be efflores-
cent. Sodium carbonate, Na,COs 10 H;O, in dry air will lose

Q
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9 H,0 and form a white powder, Na,COs, H:O. In certain cases
the water of crystallization when driven off may be reabsorbed from
a damp air. Gypsum, CaSOy, 2 H;O, when heated to 130° C. loses
one of the molecules of water and when powdered forms plaster of
Paris; this will gradually pass back to CaS0O,, 2 H,O by the absorp-
tion of water from a damp atmosphere, or it will take it up very
quickly when mixed with water, setting into a hard mass, and at
the same time evolving heat as the water is combined. This heat
of combination will vary with the molecule of water given off and
is the greatest in case of the last molecule to be liberated from a
compound, or the one which is liberated at the highest temperature.
The heat of combination is a measure of the bond.

Water which is driven off at high temiperatures is termed water
of constitution, and its relation to the crystalline molecule is usually
considered to be entirely different from that of the water of erystal-
lization. This difference is not only indicated by the heat of com-
bination, but when the compound is dissolved, the water of consti-
tution is found to occupy a much smaller volume than the water
of crystallization, which is of exactly the same volume as the
water of the solvent, or the water in which the salt is dissolved.
Also the change of volume in case of fusion is much smaller with
the water of constitution.

Water of constitution, when written in the mineral formula,
to indicate this difference, is incorporated with the chemical
elements, and is not written as water after the formula, as is the
case with the water of crystallization. Epsomite, MgSO,, 7 H.0,
will lose 6 HyO at 100° C.; the seventh molecule is not separated
until 210° C. is reached. The last molecule must be combined
in some other or different way, and when combining with mag-
nesium sulphate this seventh molecule will liberate twice as much
heat. To indicate this difference in bond of this single molecule
of water, the formula of magnesium sulphate may be written
(Mg.OH)HSO,, 6 H;O. The water of constitution may be con-
nected with the metal or base, forming basic water or basic salts,
or it may be connected with the acid, forming acid salts.

In all acids the acid radicle is combined with hydrogen as
g: 8>SOZ, sulphuric acid. In the formation of salts this
acid hydrogen is replaced with a metal. When all the hydrogen is
replaced, 11:% o8 8>SOz, the salt is said to be normal, or, as rep-

-
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resented by the formula, a normal sulphate. When only one of

the hydrogen atomsisreplaced, N}% 3 8>802, an acid salt is formed,
acid sodium sulphate.

Bases form hydroxides thus, Mg<8 0 magnesium hy-

droxide; when hydroxides combine with acids to form salts,
all of the hydroxyl (OH) may be replaced, and the salt will
be normal, in that there will be present no basic water; as

Mg< 8 >802, normal magnesium sulphate; or again, only a part

of the hydroxyl may be replaced, MgOH>QO4, basic magnesium

sulphate. Malachite is a basic copper carbona.te, HL 8 83>003,

in which one bond of the copper is taken up by hydroxyl and the

. other by the acid radicle. In each group of minerals, as the sul-
phates, there are possible normal anhydrous salts ; normal salts with
water of crystallization, or hydrous salts ; basic salts ; and acid salts ;
and in some of the complex mineral molecules there may be hydrated
and acid and basic water present.

It is not always possible to determine the structural formula
of a mineral, or to tell just what the exact relations of each atom
are. The empirical or percentage formula is calculated from the
results of analysis, as this is simply the reverse of the calculation
of the percentage of any element from a given formula. The
percentage of each oxide is divided by its molecular weight, which
will give the ratios of the various oxides in the formula; thus
in case of the sulphate of calcium, the mineral gypsum :

RaTio
Ca0 = 32.5 =+ 56.1 = 579 =1
SO; = 46.6 = 80.6 = .577 =1
H,0 =209 = 180 =1.15 =2

Dividing the ratios by the least of their number, as there must be
whole atoms in the molecule, we obtain for CaO, one ; for SOs, also one;;
and for H,O, two. The percentage formula will be Ca0, SO;2H,0,
or CaSOy 2H,0. In the mineral and crystalline molecule cer-
tain groups of elements have been found able to replace each other,
and at the same time the form or angle of the crystals will be but
slightly changed. Such groups of elements are very closely related
to each other in several ways. Their molecular volumes are very
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nearly alike. Their crystals when pure are nearly of the same
angle. Compounds which replace each other are usually alike
chemically in that they are salts of the same acid, as carbonates,
sulphates, or phosphates ; but this is not always true, since sodium
nitrate, NaNOj, crystallizes in the same forms and nearly the same
angles as calcite, CaCO;.  Elements or compounds which replace
each other in the crystalline molecule in all proportions are said to
be isomorphous. Formerly they were thought to be of exactly
the same form and angles, but at the present time it is thought
that it is only necessary for the angles and molecular volume to be
of nearly the same value. This is well illustrated in the isomor-

phous group of natural carbonates:
TAT MoLECULAR VOLUME

Calcite CaCO; 74° 55’ 36.8
Magnesite MgCO;  72° 36’ 27.8
Siderite FeCO; 73° 00’ 30.3
Rhodochrosite MnCO;  73° 00’ 31.9
Smithsonite ZnCO; 72° 20 28.0

The molecular volume or volume of the unit of the space lattice
is found by dividing the molecular weight by the specific gravity
of the substance. If the molecular weights of crystalline sub-
stances were the same and they differed in specific gravity, then the
same volume of the denser substance would contain more molecules
per volume than the less dense substance, and the molecular vol-
ume or the relative size of the space-lattice units will vary inversely
as the specific gravity.

Topic parameters represent the relative distances or the ratios
of the distances between centers of the simple structural units of
the space-point-system, measured along the three axial directions.
The topic parameters are functions of the molecular volumes and
the axial ratio of a compound.

The crystalline angles will vary directly with the composition;
in pure calcite, with a rhombohedral angle of 74° 55/, as an end mem-
ber of a series in which pure smithsonite, with a rhombohedral angle
of 72°720/, is the other end member, every molecule of zinc carbonate
crystallizing with the calcium carbonate will have the effect of
proportionally decreasing the angles of the calcium carbonate.
The amount of decrease in the angles will be directly proportional
to the percentage of zinc carbonate present. If there is no car-
bonate present, other than zinc carbonate and calcium carbonate,
in the crystal, their percentage proportion could be calculated from
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a measurement of the angles. The angles are then a function of
the chemical composition. ‘

Mesitite is a naturally occurring carbonate, forming crystals
in which iron and magnesium carbonates have crystallized in pro-
portions of two of magnesium to one of iron, and they should each
have the same proportional influence on the crystalline angles:

Mesitite, 2 MgCO;, FeCO; 2 MgCO; = 145° 12’
F6C03 = 730

218° 12’ + 3 = 72° 46/;
the measured angle is 72° 46/,

The increase or decrease of the topic parameters with the addi-
" tion of isomorphous substances in the molecule may not be the
same in all directions. These parameters of mixed ecrystalline
substances will increase more rapidly in one direction with the
increase of the percentage of certain elements than in others. This
influence will have more effect upon molecules which-are compara-
tively simple in their structure than on those which are complex ;
and compounds which are isomorphous in complex mineral mole-
cules may not be able to replace each other in such simple mole-
cules as the chlorides. Thus potassium and sodium are isomor-
phous in many silicates, yet their simple chlorides crystallize in
different types of symmetry.

Owing to the unequal increase in the topic parameters, complex
isomorphous groups, as the pyroxenes and amphiboles, may pass
through three entire cystallographical systems.

Generally the physical properties of mixed crystals, or those
formed by isomorphous groups replacing each other, will stand as a
mean between the properties of their constituents; and, in the strict
sense of the term, compounds are isomorphous when the physical
properties of their mixed crystals are continuous functions of their
chemical composition.

Elements which stand in the same column in Mendeleef’s table
of the elements, or those of the same group, are usually isomor-
phous, especially in complex mineral molecules, and those which
fall directly under each other in the odd and even groups are iso-
morphous to a great extent in simple molecules.

In group I, the alkali or univalent metals, it will be noted that
lithium is written on the left, while sodium is written on the right
and not directly under lithium. Two columns of elements are
thus formed ; any metal, as potassium, is more closely related to the
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metals of the same column, as lithium and rubidium, than it is to
the metals of the other column, as sodium. The elements lithium,
potassium, rubidium, and casium are isomorphous in such simple
salts as the chlorides, nitrates, iodides. or sulphates ; but sodium is
isomorphous with these only in more complex compounds, as the
feldspars, pyroxenes, or amphiboles, and complex silicates gener-
ally.

Copper, silver, and gold are isomorphous in their sulphides and
as elements.

II. In the bivalent metals there are two distinet groups; the
first, caleium, strontium, barium, and lead, are isomorphous in their
carbonates, sulphates, silicates, and practically in all minerals.

The second bivalent group is composed of calecium, magnesium,
manganese, ferrous iron, nickel, cobalt, zinc, and cadmium. Their
oxides are isomorphous in the spinel group, carbonates, arsenates,
tungstates, silicates. Like sodium in the univalent groups, cal-
cium is a connecting element in the bivalent group; it is a member
of both, forming a carbonate which is rhombohedral, erystallizing
with the second group, and a second carbonate which is ortho-
rhombie, aragonite, crystallizing with the first group. The two
groups can replace each other to some extent in the complex
silicates, as the pyroxenes and amphiboles.

III. The trivalent elements, with the exception of aluminium
and ferric iron, are not common; these'two replace each other in
such simple molecules as the spinels; Cr:0; is also included here.
They are found replacing each other throughout the silicates,
where Mn;O; and Ti,0; may be added, as in the garnets.

IV. In the fourth group, TiO,, SnOQ,, ZrO,, Si0,, and ThO,are
found replacing each other in the rutile-cassiterite group of the
tetragonal system. In silicates ZrO,, TiO,, and SiO; are found the
more often replacing each other. :

V. In the group of pentoxides, phosphorus, arsenic, and vana-
dium replace each other, as in the apatite group, and added to
these are antimony and bismuth, which are all isomorphous in their
sulphides and thiosulphates.

VL. In the sixth group, sulphur, selenium, and tellurium are iso-
morphous in the bivalent state only. In the sexvalent state the
sulphates, molybdates, chromates, and tungstates are very closely
related.

VIL. In the fluorine group, fluorine itself stands apart from the
. other members of the group, the three most important of which
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are chlorine, iodine, and bromine, which are completely isomor-
phous in such simple salts as those of silver. Fluorine enters as an
isomorphous element with them only when the molecule becomes
complex, as in the silicates, when hydroxyl (OH) may also replace
them, as in topaz.

From a consideration of the above isomorphous groups of ele-
ments which may replace each other in the simple mineral mole-
cule, not only will the number of elements in each isomorphous
group increase with the complexity of the mineral molecules, but
in the more complex silicates whole groups of elements replace
each other. In the amphiboles such groups as Na,, H,, (ALOF,),
(Fe;OF:), (ALO(OHy)s), (Fe;O(OHy);) are considered to be isomor-
phous. It is readily appreciated that mineral species are with
rare exceptions never pure chemical compounds, constant in their
percentage composition, where such replacements are possible. In
the attempt to deduce from the percentage analysis of any min-
eral its formula, and thus its relation to other mineral species, it is
always necessary to group the equivalent elements, or those which
belong to the same isomorphous groups, under the same head.

Thus the formula of garnet is written Rs” Ry’ (Si0y)s;, where R”
stands for all those bivalent elements or groups of elements which
may replace each other in the garnet molecule; R’ usually is Ca,
Mg, Fe, Mn ; and R’ is usually Al, Fe, Cr, Ti, and Mn. TiO;may
also replace SiO.. In the analysis of a garnet the following per-
centages were found ; the formula would be calculated as follows:

MOLECULAR
Per CeENT. WEIGET RATIOS

TiO, = 0.16 =+ 80 = .002
ALO; = 21.21 =+ 102 = .208
Cr0s = 91 + 152 = .006].240 = 1.04 = R,0s
Fe,0; = 4.21 + 160 = .026
FeO = 792 + 72 = .110
MnO = .34 + 71 = .004
MgO ‘= 1932 + 40 = .483 gl A e LT
Ca0 = 494+ 56 = .088

The general formula will then be:
S(RIIO)R21/103(R/I//02)3 or R3,IR2/’(R,,,/O2)3,

or by substituting the elements actually present for R, the for-
mula for this garnet is (Mg. Ca.Fe.Mn);(Al.Cr.Fe)y((Si. Ti) O4)s;
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placing all groups of isomorphie elements within brackets, and the
most important element in each group first. It is always under-
stood that elements thus written in a mineral formula may replace
each other, and they are always written in the order of their im-
portance in that mineral molecule. If it is wished to still further
simplify the above formula, it is at once seen that both titanium
and manganese are present in only very small amounts and may be
neglected in the formula.

Classification of minerals. — Any natural classification of min-
erals must consider both the chemical and physical properties of
the mineral, but as the physieal properties depend to a large extent
upon the elements present, the chemical relations of the elements in
the mineral molecule are given more weight in the scheme of classi-
fication than the presence of any one element. Minerals are therefore
classified as chemical compounds, following the order of the natural
classification of the elements, but the acid radicle will determine
the group; for example all sulphates are placed in the same large
group. The subheads are determined by the character of the salt ;
whether it is anhydrous, basic, acid, or hydrated, as well as by a
consideration of its erystalline type. By this method of classifica-
tion those minerals which form natural isomorphous groups are kept
together; for example, barium, strontium, calcium, and lead sul-
phates are placed in the same group of anhydrous sulphates, as
they should be, since they crystallize in the same type and are
isomorphous. If they were classified from their basic or metallic
elements, they would be widely separated in four different groups,
even though they are all found in nature under the same condi-
tions and often several are mixed in the same crystals.

The system of classification here adopted is that of Dana, which
may not be in all respects the most desirable, yet most of the min-
eral collections in the American museums follow this system in their
arrangement. Not taking into account the hydrocarbons, there
are eight large groups in this scheme, as follows :

I. Native elements. Includes the elements which oceur in na-
ture in an uncombined state, as gold, copper, silver, sulphur, dia-
mond, ete.

IL. Sulphides, including the arsenides, antimonides, and other
similar compounds. Mostly salts of hydrogen sulphide, H,S,
as galena, PbS; also including the corresponding compounds of
tellurium and selenium.

ITI. Sulpho-compounds, as the sulpharsenites, sulphanti-
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S—-H
monites, ete. Derived from such acids as As <S—H=H3As83,
S—H
as proustite, AgsAsS;. The group also includes basic, acid, nor-
mal, and meta groups.

IV. Haloids, or salts derived from the haloid acids, as HCI,
HBr, HI, and HF ; halite, NaCl; iodyrite, Agl; bromyrite, AgBr;
fluorite, CaFs.

V. Oxides, or the combinations of the elements with oxygen.

a. The oxides of the univalent metals, as cuprite, Cu,O.

b. Oxides of the bivalent metals, as zincite, ZnO.

c. Oxides of the trivalent elements, as corundum, AlOs.

d. Oxides of the quadrivalent elements, as quartz, SiO..

Also included in this group are the hydroxides, in which the
base is combined with hydroxyl, as brucite, Mg(OH)s,.

The aluminites, ferrites, and chromites, salts of such acids
as HAIO,, as spinel, Mg(AlO,)., or of H(FeO,), as- magnetite,
Fe(FeO,);, and chromite, Fe(CrO,),, are included in this group,
though they must be considered as salts and not oxides.

VI. Salts of the oxygen acids.

a. Carbonates, H,CO;, as CaCOs, calcite; basic carbonates,

as malachite, (CuOH);CO;, and hydrous carbonates, as
trona, Na,CO;. 10 H,O.

b. Silicates, titanates, etc.

Orthosilicates are the normal salts of the tetrabasic acid, H,SiO,,
as fayalite, Fe,SiO,.

Metasilicates. Orthosilicic acid by a loss of some of its water
forms the dibasic acid, metasilicic acid.

H-0\ /Q‘_.H'
S Ho,H O>sl_o HSi0.

There are many minerals which are salts of this acid, as enstatite,
MgSiOs, or leucite, KA1(SiOs),.

Diorthosilicic acid is derived from two molecules of orthosilicic
acid by the loss of one molecule of water.

(HO)3 -—-Sl —-0— SI: (OH)a 3 HGSi207.

It is an hexabasic acid, an example of which is barysilite,
Pb;Si;0;.
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Dimetasilicic acid is derived from two molecules of an ortho-
silicic acid by the elimination of three molecules of water, or
from two molecules of a metasilicic acid by the elimination of one
molecule of water.

" ->S B "E“;[_“I“'Q“>Sl -—-Q-H: H.Si;0s.
‘H——O '

orthosilicic acid

v 0}.{___.1_{.__9.>m —0; HySh0s dimetasilicic acid.

i VL T Y

metasilicic acid

Example, Petalite, LiAl(SizOs)e.
Trisilicie acid is an acid obtained from three molecules of the
orthoacid by the elimination of four molecules of water.

Orthosilicic acid

B0 N A O-H: '
-_ﬁ:—(-)- _6:L 1 I Db .
S >Si iosis H-0—8Si—0—H; H,Si;0s = trisilicic acid.
P02 N0 |
e SR Rt e H T 0
Caababale '

o YT H-0-8i-0

Example, Orthoclase, KAISi;Os.

In some minerals several silicic acids may be present in the mole-
cule, and a mineral may be a mixture of two or more of these acids
and yet on analysis yield the same percentage results of oxygen and
silicon. From inspection alone it is impossible to determine
whether the analysis represents a metasilicate or a trisilicate and
orthosilicate mixed; to this difficulty must also be added the
chances of basic, acid, and hydrated salts being present. For the
same analysis several structural formule of the mineral may
be written, all of which will represent the results equally well;
thus, andalusite, AlSiO;, may be written as an orthosilicate,
O = Al — 8i0, = Al, or as a metasilicate (Al0),SiO;, both of
which will yield the same percentage composition on analysis.

The probable structural formula is derived from a study of the
decomposition products of any mineral, as well as by a thorough
study of its synthesis where that is possible. In the case of anda-

s



THE RELATION OF MINERALS TO THE ELEMENTS 235

lusite, it decomposes, forming muscovite. The formula of mus-
covite is that of an orthosilicate, and when written in the form of a
substitution produet in the normal aluminium orthosilicate is as
follows: :

Muscovite : Andalusite
<H : Al=0
8i0,{—H 104(—A1=0
/ K / N AI=0
Al <—8i0,=Al Al&—8i0,=Al
Si0,=Al \SiO4EAl

In the formation of muscovite from andalusite, hydration attacks
the Al = O group, forming gibbsite, A1(OH);, which at the same
time may be carried off in solution. The necessary potassium for
substitution in the formula of andalusite to form muscovite is fur-
nished by the potassium carbonate dissolved in the ground water.

2 (Al4(Si04)5(A10)3) + 11 HyO + KoCOs

If the formula as written for muscovite is true, it would follow
that the formula as written for andalusite would be most probable
and it would be an orthosilicate.

In the case of pyroxene and amphibole, from their analysis alone
both could be expressed by the formula, R”SiOs, as metasilicates,
in which R’ represents practically the same group of isomorphous
elements. Their erystallographical constants and physical prop-
erties are, however, quite different, indicating entirely different
molecular structures. Pyroxene is more dense than amphibole,
which taken with the evidence of uralitization, a process in which
amphibole is formed from pyroxene, with but little chemical change,
would indicate that the molecule of pyroxene is more compact than
that of amphibole and uralitization is the breaking down of a com-
plex but compact molecule into less dense and simple molecules.
Pyroxene is therefore usually considered as a metasilicate, while
amphibole may be written as a mixed silicate composed of the
orthosilicic acid and the trisilicic acid, preserving the ratio of silicon
to oxygen as found in analyses.

Pyroxene Amphibole
Mg
I
n(R"Si0;) Mg< Si0, >Mg =tremolite.

Sis0g
I :
Ca
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The alteration and relation of many orthosilicates is easily
explained, and their formule may be written as substitutions in
the general formula of an aluminium orthosilicate, in which the
aluminium is replaced by other bases.

/8i0,=Al
Aluminium orthosilicate AK—Si0=Al; AL(SiO,)s.
. \Si0,= Al

8i0,=Ca
Garnet= AléSiOZg:; CasAly(SiOy)s.

S]O,;_'——_‘A]. .

H
Si0LK
kL eoiie e et LV
Biotite=AK—gi0, Mg ; HEMgzAL(SiOWs.
SiO4E (A1F2)3
Topaz =AK—Si0,=Al 5 Al; (Ale).; (8104)3 =Al (Ale) SiO;.
\SiO4 =Al

¢. Columbates and tantalates.

Salts of columbic acid, HCbO;, as columbite, (Fe.Mn) (CbOs),,
an orthocolumbate of iron and manganese.

Tantalates, salts of tantalic acid, HTaQs, as tantalite, Fe(TaOs)s.

d. Phosphates, arsenates, and vanadates, ete.

Salts of the acids, HsPOy, H3AsO4, H3VOy; as xenotime, YPO;;
berzelite, (Ca.Mg.Mn);(AsO,)s; and pucherite, BiVOs;.

e. Borates and uranates.

Salts of boric acid, as sassolite, H;BO;; also biborates, as borax,
Na¢B4O7. 3

f. Sulphates, chromates, and tellurates.

Salts of sulphuric acid, as barite, BaSO,. Salts of chromic acid,
as crocoite, PbCrO,.

g. Tungstates and molybdates. ;

Salts of tungstic acid, HoWO,, as wolframite, (Fe.Mn)WO,.

Salts of molybdic acid, as wulfenite, PbMoOj,.

In most cases the above acid groups include, in addition to the
normal salts, hydrated, acid, and basic salts, as well as complex

molecules, the exact structure of which has not in all cases been
determined.



CHAPTER II

THE ORIGIN OF MINERALS

THE origin of all minerals must have been from solutions and
gases, or the result of the interaction of these on minerals previously
separated from solution. It is of very little difference whether the
solution is one of water or of fused silicates, homogenous and fluid
only at high temperatures. In either case the same laws will
apply, and the same physical and chemical laws will hold true
whether that solution is but a thimbleful of silicate fused in the
electric furnace of the laboratory or contained in the enormous
crucibles of nature. Practically the same conditions can be du-
plicated in the laboratory with the exception of time and pressure.
Time is the factor so essential for the formation of large and per-
fect crystals. -

Most minerals, at least the common species, have been synthe-
sized or artificially produced in the laboratory. The exception is
a class of minerals which it is believed have been formed under pres-
sure and in the presence of water, or they belong to that class which
are produced by contact metamorphic conditions, in most cases,
as the micas, epidote, topaz, vesuvianite, and amphibole. The
artificial products lack water in their constitution, and therefore the
conditions under which they were formed in nature have not been
reproduced or duplicated in case of the artificial product.

Indeed the conditions surrounding the crystallization of any
mineral in nature must be excessively complex, The conditions
under which individual minerals may form as conditioned by tem-
perature, pressure, and other components in the system have been
studied in but few cases, and in these the result has been the dis-
covery of unknown, unsuspected phases, which have been of great
assistance in the explanation of the various isomorphous series,
containing the same elements but of different symmetry.

In order to arrive at some small conception of the importance and
influence of one compound or component in solution on the separa-
tion or erystallization of another component of the same system, it
is probably best to illustrate by a system in which the relations are

237
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as simple as possible and with one which is familiar to all, as the
solution of salt in water — a two-cemponent system easily tried and
from the consideration of which the application of the terms and
diagrams may be appreciated.

If any crystalline substance is heated and the application of heat
is constant and continuous, the temperature of the erystalline solid
increases constantly ; in time a temperature will be reached at which
the solid passes to the liquid state or the solid is said to fuse or melt.
The molecular network or point-system of the crystalline state is
broken down. If the temperature of the system when the two
phases, solid and liquid, are in contact is measured, it will be found
that this temperature is a constant one, providing that the com-
pound is chemically pure and the pressure is the same. Thus ice
when heated to 0° C. melts and forms water ; this temperature of
fusion is the melting point. Water is an exception to the general
rule, and the melting point of water is lowered with an increase of
pressure, the reverse of the conditions in most other substances. The
transition of a solid erystalline substance to a liquid is anabrupt one,
and there is no constant decrease of viscosity, with the rise of
temperature, to be noted in case of the crystalline substance as is
the case with the amorphous solid. In the amorphous solid there
is no constant sharply defined temperature of fusion, no abrupt
change from solid to liquid. The viscosity simply decreases with
the rise of temperature. The line of separation between liquids and
solids, when considered from this standpoint, should be drawn
between the cyrstalline substances and amorphous substances
rather than between solid amorphous substances and the ordinary
liquids. :

The difference between amorphous solids, which are excessively
viscous liquids, and the ordinary liquid is very little ; and the amor-
phous solid is more closely related to liquids than to crystalline
solids. -

Water and ice are two modifications of the same chemical
substance, between which there is an a