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THE “ Manual of Mineralogy ”’ was first published by James
Dwight Dana in 1848. A second edition was printed in 1850
and a ‘““New Edition,” which had been revised and enlarged,
was published in 1857. The book was rearranged and rewritten
for the third edition which appeared in 1878. This edition
included an extensive chapter on rocks, and the title of the book
was changed to “Manual of Mineralogy and Petrography.” The
fourth and last revision was published in 1887. Since that time
the book has been frequently reprinted, so that the last edition
was the twelfth. But it is now twenty-five years since the last
revision of the text. Believing that the Manual has amply
proved its usefulness, and with the desire of keeping the series
of the Dana Mineralogies complete, Professor Edward S. Dana
asked the author to prepare a new and revised edition.

It was found that it was desirable to rewrite the book, and
consequently, as far as the text and figures are concerned, this
present edition is almost wholly new. The scope and character
of the book, however, have been kept as nearly as possible the
same. The book has been primarily designed to fill the ordinary
needs of the elementary student of Mineralogy, the mining
engineer, the geologist and the practical man who may be
interested in the subject. It has been made brief and direct
and the treatment has been as untechnical as possible.

The chapter on Petrography has been omitted and only a
brief and general description of the various important rock types
given. This change was made in view of the fact that since
1887 the subject of Petrography has had so large a development
as to render impossible its adequate treatment in a single
chapter. Moreover, several elementary books on the subject,
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notably “Rocks and Rock Minerals” by L. V. Pirsson, are now
available. Because of this, the title has been changed again to
its original form and the book is to be known in the future as
“ Dana’s Manual of Mmeralogy

The order adopted in the description of species “has been
changed to that of the chemical classification as used in the
System of Mineralogy. It was felt that this was, on the whole,
the most logical and useful arrangement. Following the de-
seription of the individual species, however, various tables are
given, among them one in which the minerals are grouped
according to their chief element. After each such list a general
description of the association and occurrence of the minerals
which it contains is given. Statistics of mineral production,
etc., are given in Appendix II. It is intended by frequent
revision of this portion of the book to keep the figures reasonably
up to date.

The author has made free use of many sources in the prepara-
tion of the book. He is especially indebted to the sixth edition
of “Dana’s System of Mineralogy” and the “Text Book of
Mineralogy ” by E. S. Dana, to the “ Brush-Penfield Deter-
minative Mineralogy and Blowpipe Analysis’ and to ““ Rocks
and Rock Minerals” by L. V. Pirsson. He acknowledges
gratefully the constant advice and criticism of Professor Edward
S. Dana.

SHEFFIELD ScieNTIFIC ScHOOL OF YALE UNIVERSITY,
New Haven, ConN., June, 1912.



INTRODUCTION.

MINERALS are the materials of which the earth’s crust consists
and are therefore among the most common objects of daily obser-
vation. A mineral may be defined as a naturally occurring sub-
stance having a definite and uniform chemical composition with
corresponding characteristic physical properties. This elimi-
nates all artificial products of the laboratory which may conform
to the last part of the definition. It also eliminates all natural
products of organic agencies, since they will not show the uni-
form chemical and physical characters demanded of a mineral.

In the form of rocks, minerals make up the solid matter of the
earth’s crust. But in the great majority of cases'a rock is not
made up of a single mineral, but is a more or less heterogeneous
aggregate of several different species. A few rocks, like lime-
stone and quartzite, consist of but one mineral in a more or less
pure state. In addition to occurring as essential and integral
parts of rocks, minerals are found distributed through them in
a scattered way, or in veins and cavities. Water is a mineral,
but generally in an impure state from the presence of other
minerals in solution. The atmosphere and all gaseous materials
set free in volcanic and other regions are mineral in nature.

Characters of Minerals.

1. Minerals, as previously stated, have a definite chemi-
cal composition. This composition, as determined by chemical
analysis, serves to define and distinguish the species, and indi-
cates their profoundest relations. Owing to difference in com-
position, minerals exhibit great differences when subjected to the
action of various chemical reagents, and these peculiarities are
a means. of determining the kind of mineral under examination

v



vi INTRODUCTION

in any case. The department of the science treating of the com-
position of minerals and their chemical reactions is termed Chem-
ical Mineralogy.

2. Each mineral, with few exceptions, has its definite form,
by which, when in good specimens, it may be known. These
forms are cubes, prisms, pyramids, etc. They are included
under plane surfaces arranged in symmetrical order, according
to mathematical law. These forms are called crystals. Besides
these outward forms there is also a distinctive internal structure
for each species. The facts of this branch of the science come
under the head of Crystallographic Mineralogy.

3. Minerals differ in hardness, from tale at one end of the
scale to the diamond at the other. Minerals differ in specific
gravity, and this character, like hardness, is a most important
means of distinguishing species. Minerals differ in color, trans-
parency, luster and other optical properties. The facts and
principles relating to the above characters and others of a similar
nature are included in the department of Physical Mineralogy.

4. The detailed descriptions of individual mineral species,
including their chemical, crystallographic and general physical
characters, together with their occurrence, associations, uses, etc.,
are included under the division known as Descriptive Mineralogy.

5. Lastly, the discussion of the methods that are used for
identifying minerals forms the division known as Determinative
Mineralogy. .

These different branches of the subject are taken up in this
book in the following order: I. Crystallographic Mineralogy;
II. Physical Mineralogy; III. Chemical Mineralogy; IV.
Descriptive Mineralogy; V. Determinative Mineralogy.



TABLE OF CONTENTS.

PAGE

INTRODUCTION. . ...... Vi L Tl A Lty oI s S v
I. CRYSTALLOGRAPHY.

ESTROBUCTION: ot Il FFERG At D MR OENR = P L s 1
DVMMBTRY 4, + o ookl ot v Sl R RINES S8, ST, e 00, 7
R YSTAT: NOTATION: Vald s oaisere il 8 Ry e S loaara o 9
DEFINITION OF VARIOUS TERMS.......coivvivnnernnnnnnnn 12
R OMETRIC, SYSTEM Y. ooe ot s e e r o e 5 L 16
YRBTRAGONAL STSTEM: i o 2ate daie ks . e s o slha¥s s ok ops) o olble 31
B GONAL SYSTEM. s o 2t lerd iy ameted o e e A el s o ol 37
ORTHORHOMBIC SYSTEM. ... e« eiéialvis s oo o siosle sioojooiensesoss 47
IMONOCLINIC, STRTEM. -5 Al otoiet shote sl 8 oo o iobols oothode o'e. § o o Shars 50
UBBTCLINID {SYSTEME il s cve st s b p s, Sald ot oomp % L, cogl] 54

STRUCTURE! OF - MINBRALS: oo oStk s S 8 B i e 57
CLEAVAGE, PARTING AND FRACTURE.. .......cooovvuunennn 59
HARDNESS OF MINERALS .. . . et e v eveeeenennsraannaasnanas 60
RENACTTYY oF, MINBRALS' . S0 8 AR S el s e 62
SPECIFIC GRAVITY OF MINERATS . ..ovvveerncnnneannnnnns 62
PropPeERTIES DEPENDING UPON LiGHT
TRSUOERY o Al SR N oAl Iy e, kT, ke 65
(00 Lo TR Y 01010 ) S A o o e Ty e T s S U 67
Refraction of Light in Minerals ............ccieeee s 68
Double Refraction in Minerals. . .. ...vieeiveevnnnenns 71
PYROELECTRICITY. ... vvveosasecsnannns Wi v S e 72

OB AT G RO P, "t souyens TS herars o prtove Vs N ione, o 6 ahe-oPiiators 74
DERIVATION OF A CHEMICAL FORMULA.........cconvuennn 75
CALCULATION OF PERCENTAGE COMPOSITION.......coceenes 76
TEOMORPEISM & . & vve v Liotetoroba s ol o iamels os YTy ERE oo R 77
ISOMORPHOUS GROUPS. ... cutvvnenseeriornsntnoarasssases 79
DIMORPHISM, TRIMORPHISM, ETC....cuveveneereenscseannss 80
INSTRUMENTS, REAGENTS AND METHODS OF TESTING....... 80
TESTS FOR THE ELEMENTS. . ....cvtovaisoccesesecasssonane 93



Vi CONTENTS
PAGHR
IV. DESCRIPTIVE MINERALOGY.
D ESCRIPTION . OF SSPECIISA o+ vos o s altas s s s s o oo onssnesesss 115

Lists oF MINERALS ARRANGED ACCORDING TO ELEMENTS.. 309
OCCURRENCE AND ASSOCIATION OF MINERALS

Rocks and Rock-making Minerals..................... 328
Pegmatite Dikes and Veins.............coivivnnnn.... 345
Contact Metamorphic Minerals....................... 347
Veins and Vein Minerals. . .... koS 35 T TR 349
Lists oF MINERALS ARRANGED ACCORDING TO SYSTEMS OF
CRYSTALLIZATION. . ..... B I e L L et e 354

V. DETERMINATIVE MINERALOGY.

TP R OD U CTION ot e 15 ool e ta e st o fols e o 576 e s sl el dolalaa oo o6 o nnsns 364
DETERMINATIVE TABLES........ eIy e W ..., 369
INDEX TO DETERMINATIVE TABLES........coveviuinvennn.. 434
ArpENDIX I. LisT oF MINERALS FOR A COLLECTION...... 436
ArPENDIX II. MINERAL STATISTICS. .« vevtrernrrnnennenn. 437



MANUAL OF MINERALOGY.

I. CRYSTALLOGRAPHY.
I. INTRODUCTION.

THE great majority of our minerals, when the conditions of
formation are favorable, occur in definite and characteristic
geometrical forms which are known as crystals. To gain a com-
prehensive knowledge of the laws which govern the shape and
character of crystals is a very important part of the study of
mineralogy. This division of the subject is called crystallog-
raphy. It forms almost a separate science in itself, and to ade-
quately and exhaustively discuss it would require a volume
much larger than the present one. In the following section,
however, the attempt will be made to present the elements of
crystallography in a brief and simple manner and at least to
introduce the reader to the more essential facts and principles
of the subject.

A crystal has been defined as follows: A crystal is a body which
by the operation of molecular affinity has assumed a definite internal
structure with the form of a regular solid inclosed by a certain num-
ber of plane surfaces arranged according to the laws of symmetry.*
This is a very compact definition and several pages will be devoted
to its discussion.

A better idea of the fundamental laws of crystallography will
be obtained by first considering the three prominent modes of
crystallization. Crystals are formed by crystallization either
(1) from a solution, (2) from fusion, or (3) from a vapor. The
first case, that of crystallization from solution, is the most familiar
to our ordinary experience. Take for example a water solution

* Century Dictionary.
1



2 1\ MANUAL OF- MINERALOGY

containing sodium chloride (common salt). Suppose that by
evaporation the water is slowly driven off. The solution will,
under these conditions, gradually contain more and more salt
per unit volume, and ultimately the point will be reached where
the amount of water present can no longer hold all of the salt
in solution, and this must begin to precipitate out. In other
words, part of the sodium chloride, which has up to this point
been held in a state of solution by the water, now assumes a solid
form. If the conditions are so arranged that the evaporation of
the water goes on very slowly, the separation of the salt in solid
form will progress equally slowly and definite crystals will result.
The particles of sodium chloride as they separate from the solu-
tion will by the laws of molecular attraction group themselves
together and gradually build up a definitely shaped solid which
we call a crystal. Crystals can also be formed from solution by
lowering the temperature.or pressure of the solution. Hot
water will dissolve much more salt, for instance, than cold, and
if a hot solution is allowed to cool, a point will be reached where
the solution becomes supersaturated for its temperature and
salt will crystallize out. Again, the higher the pressure to which
water is subjected the more salt it can hold in solution. So
with the lowering of the pressure of a saturated solution super-
saturation will result and crystals form. Therefore, in general,
crystals may form from a solution by the evaporation of the
solvent, by the lowering of the temperature or by a decrease in
pressure.

A crystal is formed from a fused mass in much the same way
as from a solution. The most familiar example of crystalliza-
tion from fusion is the formation of ice crystals when water
freezes. While we do not ordinarily consider it in this way,
water is fused ice. When the temperature is sufficiently lowered
the water can no longer remain liquid, and it becomes solid by
crystallization into ice. The particles of water which were free
to move in any direction in the liquid now become fixed in their
position, and by the laws of molecular attraction arrange them-
selves in a definite order and build up a solid crystalline mass.
The formation of igneous rocks from molten lavas, while more
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complicated, is similar to the freezing of water. In the fluid
lava we have many elements in a dissociated state. As the
lava cools these elements gradually group themselves into differ-
ent mineral molecules, which gather together and slowly crystal-
lize to form the mineral particles of the resulting solid rock.

The third mode of erystal formation, that in which the crys-
tals are produced from a vapor, is less common than the other
two described above. The principles that underlie the crystal-
lization are much the same. The dissociated chemical atoms
through the cooling of the gas are brought closer together until
they at last form a solid with a definite erystal structure. An ex-
ample of this mode of crystal formation is seen in the formation
of sulphur erystals about the mouths of fumeroles in voleanic

“regions, where they have been crystallized from sulphur-bearing
vapors.

The most fundamental and important fact concerning crystals
is that they possess a definite internal structure. A crystal is to
be conceived as made up of an almost infinite number of exces-
sively minute mineral particles which have a regular arrange-
ment and relation to each other and form, as it were, a crystal
network. Little is definitely known as to the character or size of
these mineral particles. They may be the same as the chemical
molecule, but more probably consist in definite groups of that
molecule. There are many proofs that a crystal does possess a
$efinite internal arrangement of its mineral particles, but the
following three are the most important. :

Cleavage. Many minerals when fractured break with definite
and smooth flat surfaces which are known as cleavage planes.
Common salt, halite, for instance, cleaves in three different planes
which are at right angles to each other. It is said, therefore, to
have a cubic cleavage. When it crystallizes it usually shows
cubic forms also. The planes of cleavage are found to be always
parallel to the natural cubic crystal faces. If the internal struc-
ture of halite was heterogeneous, the fact that it always shows this
cubical cleavage would be inexplicable. It can only be explained
by assuming some definite internal arrangement which permits
and controls such a cleavage.
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Optical Properties. All transparent crystals have definite
effects upon the light which passes through them. Many of
them further produce changes in the character of the light which
cannot be accounted for except through the constraining influ-
ence of the internal structure of the mineral. Take the case of
calcite as an example. In general, if you look at an object through
a clear block of calcite you will observe a double image. The
mineral, in other words, has the power of doubly refracting light.
Further, it can be proved that each of the two rays into which
calcite breaks up light has a definite plane of vibration, i.e., each
ray is polarized. A piece of glass similar in shape to the calcite
block would not have produced these effects, because the internal
structure of glass is heterogeneous, while that of calcite is definite
and regular.

Regular and Constant Outward Form. If a series of objects
all having the same shape and size are grouped together accord-
ing to some regular arrangement, the resulting mass will have a
definite form which will bear a strict relationship to the char-
acter of the individual objects and the law which was followed
in assembling them. As a simple illustration, consider an ordi-
nary pile of bricks. If each individual brick is exactly like
every other in size and all of them are piled together according
to a regular plan, the shape of the resulting mass will depend
directly upon the shape of the individual bricks and the law
which governed their arrangement. Figs. A and B, Plate I, arf
reproductions from photographs of models which are built up
solidly of small steel balls. All of the constituent particles of
each model are exactly alike in shape and size, and they have
been piled together according to a regular arrangement. The
result has been, as is shown in the figures, to produce regularly
and definitely shaped solids. If therefore a regular arrange-
ment of uniform particles produces a solid with a definite shape,
the converse proposition must be true. If we have a mineral
which oceurs in certain characteristic and uniformly shaped
crystals (halite, for example, in cubes), it must follow that this
could only be accomplished through the mineral possessing a
regular internal structure.
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The Outward Crystal Form May Be Varied with the
Same Internal Crystalline Structure. There may be several
different limiting forms possible upon crystals of the same min-
eral. Galena, PbS, for example, usually crystallizes in the form of
a cube, but it also at times shows octahedral crystals. The in-
ternal structure of galena is constant, but both the cube and
octahedron are forms that conform to that structure. The
models shown on Plate I illustrate this point. Both are built
up of similar particles and their arrangement is the same in each
case. In one, however, (Fig. A), the planes of a cube, and in
the other (Fig. B) the planes of an octahedron, limit the figure.

With the same internal structure there are, however, only a
certain number of possible planes which can serve to limit a
crystal. And it is to be noted, &,
moreover, that of these possible W
planes there are only a com-
paratively fewwhich commonly
occur. The positions of the
faces of a crystal are deter-
mined by those directions in
which on account of the in-
ternal structure a large number
of the individual mineral parti-
cles lie. And those planes
which include the greater num- A
ber of particles are the ones
most commonly found as faces upon the crystals. Consider
Fig. 1, which might represent one layer of particles in a certain
crystal network. The particles are equally spaced from each
other and have a rectilinear arrangement. It will be observed
that there are several possible lines through this network that
include a greater or less number of the particles. These lines
would represent the cutting direction through this network of
certain possible crystal planes; and it would be found that of
these possible planes those which include the larger number
of particles, like those cutting along the lines A-B and A-C,
would be the more common in occurrence.

Fig. 1.
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Law of the Constancy of Interfacial Angles. Since the
internal structure of any mineral is always constant, and since
the possible crystal faces of that mineral have a definite relation-
ship to that structure, it follows that the faces must have also a
definite relationship to each other. This fact may be stated as
follows: The angles between two similar faces on the same substance
are always the same. Fig. 1 will also illustrate this point. The
face which cuts the network along the line A-C' must make an
angle of 45 degrees with the face which cuts along the line
A-B, ete. This law is the most fundamental and important in
the science of crystallography. It frequently enables one to
identify a mineral by the measurement of the interfacial angles
on its crystals. A mineral may be found in crystals of widely
varying shapes and sizes, but the angle between two similar faces
will always be the same.

An important part of the study of crystallography consists
in the measuring and classifying of the interfacial angles on the
crystals of all minerals. These measurements are accomplished
by means of instruments known as goniometers. For accurate
work, particularly in the case of small erystals, a type of in-
strument known as a reflection goniometer is used. This is an
instrument upon which th'e T
crystal to be measured is \
mounted so as to reflect
beams of light from its faces
through a telescope to the
eye. The size of the angle
through which a crystal has
to be turned in order to
throw successive beams of
light from two adjacent faces
into the telescope deter-
mines the angle existing
between the faces. A sim-
pler instrument used for approximate work and with larger
crystals is known as a contact goniometer. Itscharacter and use
are illustrated by Fig. 2.

T \:;‘_‘\|\!l\J8r.|y.xllgx;l|»|i|()
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Fig. 2. Contact Goniometer.
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The regular internal structure of crystals requires that the
ultimate individual mineral particles must be at least physically
alike. A physical likeness between these particles necessitates
that they should also be the same chemically, or at least closely
similar. Consequently we can state that in general a crystal
. must be made up of a regular assemblage of particles which are
chemically the same, and therefore that a erystallized mineral
must have a definite and uniform chemical composition. This
statement is a general one and will suffice for the present; certain
modifications will be found stated on page 77 under isomor-
phism. A crystal is a guarantee of the chemical homogeneity
of a mineral. TFrom this it follows that only definite chemical
compounds are capable of crystallization.

To sum up the conclusions of the preceding paragraphs: A
crystal is a solid with definite chemical composttion which possesses
a definite internal arrangement of its mineral particles. These
internal characteristics are expressed outwardly in a definite external
form. And since the internal structure of the same substance is
always constant, the angles between the similar bounding planes of
the crystals of that substance are also constant.

II. SYMMETRY.

Crystals are grouped together into different classes according
to the symmetry which they show. The symmetry of crystals
is of three kinds, namely: 1. Symmetry in respect to a plane;
2. Symmetry in respect to a line; 3. Symmetry in respect to a
point.

Symmetry Plane. A symmetry plane is an imaginary plane
which divides a crystal into halves, each of which is the mirror
image of the other. Tig. 3 will illustrate the character of such
a plane. The shaded portion of the figure shows the position
of the one plane of symmetry that a crystal of this sort possesses.
For each face, edge or point on one side of the plane there is a
corresponding face, edge or point in a similar position on the other
side of the plane.

Symmetry Axis. A symmetry axis is an imaginary line
through a crystal about which the erystal may be revolved as
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upon an axis and repeat itself in appearance two or more times
during the revolution. In Fig. 4 the line C-C’ is an axis of
symmetry, for when the crystal represented is revolved upon it,
it will have, after a revolution of 180° the same appearance as
at first; or in other words, similar planes, edges, etc., will appear
in the places of the corresponding planes and edges of the
original position. Point A’ will occupy the original position of
A, B’ that of B, ete. Since the crystal is repeated twice in
appearance during a complete revolution, this axis is said to
be one of binary or twofold symmetry. In addition to axes
of binary symmetry, we have axes of trigonal (threefold), tet-
ragonal (fourfold) and hexagonal (sixfold) symmetry.

Fig. 3. Fig. 4. Fig. 5.
Symmetry Plane. Symmetry Axis, Symmetry Center.

Center of Symmetry. A crystal has a center of symmetry
if an imaginary line is passed from some point on its surface
through its center, and a similar point is found on the line at an
equal distance beyond the center. The erystal represented in
Fig. 5 has a center of symmetry, for the point A is repeated at
A’ on a line passing from A through the center, C, of the crystal,
the distances AC and A’C being equal.

All possible crystal forms can be grouped into thirty-two
classes depending upon the different, degrees of symmetry which
they show. These thirty-two classes may be further grouped
into six systems, the classes of each system having certain close



CRYSTAL NOTATION 9

relations to each other. These systems are known as the Iso-
metric, Tetragonal, Hexagonal, Orthorhombic, Monoclinic and
Triclinic Systems. All crystals will be found to belong to one or
the other of these systems. As stated above, there are thirty-two
possible subdivisions of these six systems, but the majority of
them are only of theoretical interest, since practically all known
species can be placed in one or the other of some ten or twelve
classes.

III. CRYSTAL NOTATION.

A system of notation has been developed by which we can
describe the different crystal classes and the crystal forms found
in each. One of the important conceptions to this end is that of
crystallographic axes. )

Crystallographic Axes. Crystallographic axes are imaginary
lines or directions within a crystal to which the crystal faces are
referred and in terms of which they are described. In the differ-
ent systems the axes vary in number (three or four), in their
relative lengths and in the angles of inclination to each other.
As a general case we will consider the crystallographic axes of
the Orthorhombic System. They are three in number, at right
angles to each other, and each has a characteristic relative length.
Fig. 6 represents such axes for the orthorhombic mineral sulphur.
When placed in the proper position for description, or “orien-
tated” as it is termed, one axis called a is horizontal and per-
pendicular to the observer, another axis, called b, is horizontal
and parallel to the observer, while the third axis, called ¢, is
vertical. The ends of each axis are designated by either a plus
or a minus sign, the front end of a, the right-hand end of b and
the upper end of ¢ being positive, while in each case the opposite
end is negative. When, as in the Orthorhombic System, the
three axes have different relative lengths, these values have to
be determined experimentally by making the necessary measure-
ments on crystals of each mineral. Fig. 7 would represent a
crystal of sulphur in which each face of the erystal form, known
as a pyramid, intercepts each axis at what is considered as its
unit length. From the values obtained by measuring the angles
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between the different faces of this erystal an expression of the
relative lengths of the three axes can be obtained by calculation.
The length of the b axis is taken as unity and the lengths of the
a and ¢ axes are expressed in terms of it. The axial ratio for
sulphur is @ : b : ¢ = 0.813 : 1.00 : 1.903. It must be borne in
mind that these lengths are only relative in their value. They
do not represent any actual distances. A sulphur crystal may
be of microscopic size or several inches in diameter, but in either
case the above ratio would hold true.

+C \____>
‘1d,1b,0 €.
-b - _— A
ﬁé +b T ———
+a
i
1
e »—1--*~~\\
.C \______\‘J
Fig. 6. Fig. 7. Fig. 8.
Orthorhombic Orthorhombie Orthorhombic
Crystal Axes. Pyramid. Prism.

Parameters. Crystal faces are described according to their
relations to the crystallographic axes. A series of numbers which
indicate the relative distances by which a face intersects the
different axes are called its parameters. A face which cuts all
three axes at distances from the point of their intersection which
are relatively the same as the unit lengths of the axes is said to
have the following parameters: 1a, 1b, lc (see Fig. 7). A face
which cuts the two horizontal axes at distances which are rela-
tively to each other as the unit lengths of those axes but is paral-
lel to the vertical axis would have for parameters la, 15, ooc (see
Fig. 8). If a face cuts the two horizontal axes at distances
proportional to their unit lengths and cuts the vertical axis at
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a distance twice its relative unit length, it will have for param-
eters la, 1b, 2c. It is to be emphasized that these parameters
are strictly relative in their values and do not indicate any
actual cutting lengths. To further illustrate this, consider
Fig. 9, which represents a possible sulphur crystal. The forms
present upon it are two pyramids
of different slope but each inter-
secting all three of the crystal axes
when properly extended. The lower
pyramid intersects the two hori-
zontal axes at distances which are
proportional to their unit lengths _.
and if it was extended as shown by {
the dotted lines would also cut the
vertical axis at a distance propor-
tional to its unit length. The pa-
rameters of the face of this form
which cuts the positive ends of the
three axes would be 1la, 1b, lec.
The upper pyramid would cut the
two horizontal axes, as shown by the dotted lines, also at dis-
tances which, although greater than in the case of the lower
pyramid, are still proportional to their unit lengths. It cuts the
vertical axis, however, at a distance which, when considered in
respect to its intersections with the horizontal axes, is propor-
tional to one-half of the unit length of ¢. The parameters of a
face of this form would therefore be la, 1b, 3. From this ex-
ample it will be seen that the parameters 1a, 15, do not in the two
cases represent the same actual cutting distances but express only
relative values. The parameters of a face do not in any way
determine its size, for a face may be moved parallel to itself for
any distance without changing the relative values of its intersec-
tions with the crystallographic axes.

Law of Definite Mathematical Ratio. It is to be noted that
in general the ratio of the intercepts of a crystal face upon the
crystallographic axes can be expressed by whole numbers or
definite fractions. These numbers, or fractions, are commonly

Fig. 9.



12 MANUAL OF MINERALOGY

simple, such as 1, 2, 3, 4, 4, %, etc., and in the great majority of
cases are 1 or co. This law, that the axial intercepts of all
crystal faces form a definite mathematical ratio, is an extremely
important one. It is a necessary corollary to the theoretical
considerations given on page 5 and following.

Indices. Various methods of notation have been devised to
express the intercepts of any erystal face upon the crystal axes,
and several different ones are in common use. The most uni-
versally employed is the system of indices of Miller. While not
as simple for a beginner, perhaps, as some one of the systems in
which the parameters of the crystal faces are used, it adapts itself
so much more readily to crystallographic calculations and con-
sequently has so wide a use that it seems wise to introduce it here.

The indices of a face consist of a series of whole numbers which
have been derived from its parameters by their inversion and, if
necessary, the subsequent clearing of fractions. The indices of
a face are always given, so that the three numbers refer to the
a, b and ¢ axes respectively, and therefore ordinarily the letters
which indicate the different axes are omitted. The pyramid
illustrated in Fig. 7, which has 1a, 1b, 1¢ for parameters, would
have 111 for indices. The face, Fig. 8, which has la, 15, ¢
for parameters ‘would have 110 for indices. The face, Fig. 9,
which has 1a, 1b, }c for parameters, would have 112 for indices.
A face which has la, 1b, 2¢ for parameters would have 221 for
indices:

Common use is made of what is known as the symbol of a
form. A symbol of any form consists of the indices of the face
having the simplest relations to the axes. This is used when
it is desired to refer to some particular crystal form, and the sym-
bol then stands for the whole form and not sxmply for the single
face whose indices it is.

IV. DEFINITIONS OF VARIOUS TERMS.

Crystal Form. By the expression “crystal form” is meant
the assemblage of all similar faces which are possible with a
certain degree of symmetry. In Fig. 7 is represented a crystal
form known as a pyramid. In the particular symmetry class
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to which it belongs the three crystal axes are axes of binary
symmetry and the axial planes are planes of symmetry. Under
these conditions, if we assume the presence of the face A we must
have the other seven faces also in order to satisfy the demands
of the symmetry. In this case the assemblage of the eight
pyramidal faces constitutes the crystal form. A crystal form
does not necessarily make a solid
figure. Consider Fig. 10, which is
of a crystal of the Monoclinic Sys-
tem. In this system the b axis is
an axis of binary symmetry and the
plane of the a and ¢ axes is a sym-
metry plane. Under these condi-
tions, if we assume the presence of
the plane b, the symmetry demands
only the parallel faceb’. So these
two faces, being all the possible
similar planes with this particular
symmetry, constitute a crystal form. There are three crystal
forms present on the erystal represented in Fig. 10.

Crystal Habit. By the crystal habit of any mineral is meant
the common and characteristic form or combination of forms in
which that mineral crystallizes. Galena, for example, has a cubie,
magnetite an octahedral and garnet a dodecahedral habit. By
this is meant that, although these minerals are found in erys-
tals which show other forms, such occurrences are comparatively
rare, and their “habit” is to crystallize as indicated.

Crystal Combinations. In the great majority of cases, a
crystal will show a combination of two or more crystal forms
rather than one single form. In fact, many crystal forms, since
they do not make a solid figure by themselves, must occur in
combination with other forms. The combination in which it
occurs may quite change the appearance of a form, and its recog-
nition will depend upon the position and relation of its faces
rather than upon their shape. Fig. 11 is of a simple form known
as a cube, and Fig. 12 is of a simple form known as an octahedron.
Fig. 13 shows a combination of the two, in which the corners of

Fig. 10.
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the cube are truncated by the faces of the octahedron, while
Fig. 14 shows the same two forms in a combination in which
the points of the octahedron are truncated by the faces of the
cube. When a corner or an edge of one form is replaced by a
face of another form, the first is said to be #runcated by the
second. If an edge is replaced by two similar faces it is said to

be beveled.
=
a a V\Qa
Fig. 11. Fig. 12. Fig. 13. Fig. 14.
Cube.. Octahedron. Cube Truncated Octahedron Trun-

by Octahedron. cated by Cube.

Crystal Distortion. It seldom happens that the conditions
for crystal growth are such as to permit the development of
crystals of ideal symmetry. The crystal may have grown more
rapidly in one direction than in another; other surrounding min-
erals may have interfered, and in various ways its symmetrical
growth been prevented. Such a erystal is said to show distortion.
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Fig. 15. Cube. Fig. 16. Distorted Cube. Fig. 17. Octahedron.

Ordinarily the amount of distortion is not so great as to prevent
one from readily imagining what the ideally developed crystal
would be like and so determining its symmetry and character.
It is to be noted that the real symmetry of a crystal does not
depend upon the symmetrical shape and size of its faces, but
rather upon the symmetrical arrangement of its interfacial



DEFINITIONS OF VARIOUS TERMS 15

angles. In the Figs. 15 and 16, 17 and 18, 19 and 20, are given
various crystal forms, first ideally developed and then distorted.

Fig. 18. Fig. 19. Fig. 20.
Distorted Octahedron. Dodecahedron. Distorted Dodecahedron.

Crystal Pseudomorphs. At times we find a mineral occur-
ring in crystals which prove to be not the characteristic forms
for that mineral, but are rather the typical forms of some other
species. Such crystals are said to be pseudomorphs, or false
forms. They originate in various ways. The mineral may have
changed in its composition without, however, changing its crystal
form. We find, for example, that cuprite, Cu.0Q, frequently
alters to malachite, CuCQ;.Cu(OH),, but without a change
in the crystal shape. The resulting crystals would have the
composition of malachite but the crystal form of cuprite. An-
other mode of origin is to have one mineral deposited on the
crystals of another and so form, as it were, a cast of the second.
Smithsonite, ZnCOs;, is at times found in pseudomorphic crystals
whose forms are those of calcite. In this case the smithsonite
has been deposited in a thin layer over the erystal of calcite,
which may have subsequently been removed. The resulting
crystal is a pseudomorph of smithsonite after calcite. Pseudo-
morphs cannot be regarded as true crystals, since their internal
structure does not correspond to the outward crystal form.

Twin Crystals. When two or more crystals intergrow accord-
ing to some definite law, the resulting group is said to be a twin
crystal. The different members, ordinarily two, of a twin
crystal have usually a plane, known as a twinning plane, or an
axis, known as a twinning axis, which is common to both. In
Fig. 21, which represents a twin crystal of fluorite, we have two
cubes intergrown in such a way that the diagonal axis A-4’ is
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common to the two individuals. The individual, the faces of
which are shaded in the figure, lies as if it had been turned about
this axis from the position occupied by the other individual
through an angle of 60 degrees. The line A-A’ is known as the
twinning axis. In Fig. 22 is represented a twinned octahedron.
The two individuals here are grown together with an octahedral

T\

Fig. 21. Twinned\ Cubes. Fig. 22. Twinned Octahedron,
face in common. It will be noted that the composition plane,
which is shaded, is parallel to one face of each individual. This
plane is known as the twinning plane. The twin of Fig. 21 is
known as a penetration twin, since the two individuals inter-
penetrate each other; while the twin of Fig. 22 is a contact twin,
since the two individuals lie simply in contact with each other
upon a certain plane.

V. ISOMETRIC SYSTEM.

Crystallographic Axes. The crystallographic axes of the Iso-
metric System are three in number, of equal lengths, and make
as right angles with each other. When

properly orientated one axis is vertical

and the other two are horizontal, one

—as —% . being parallel and the other perpendicu-
P lar to the observer, as is shown in Fig.

23. Since the three axes are identical

in character, they are interchangeable,

-as and any one of them may serve as the

Fig. 23. Isometric Axes. vertical axis, ete. In giving the indices
of a face of an isometric form, the order of the axes, etec., is the
same as described in a previous paragraph, page 9.
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Normail Class.

Symmetry and Forms. The symmetry shown by the crys-
tals of the Normal Class of the lsometric System is as follows.
The three crystallographic axes are axes of tetragonal symmetry
(see Fig. 24). There are also four diagonal axes of trigonal sym-
metry. These axes emerge in the middle of each of the octants
formed by the intersection of the ecrystallograpbic axes (see
Fig. 25). Further, there are six diagonal axes of binary sym-
metry, each of which bisects one of the angles between two of
the crystallographic axes, as illustrated in Fig. 26.
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Fig. 27. Fig. 28.
Planes of Symmetry, Isometrio System, Normal Class,

This class shows nine planes of symmetry, three of them being
known as the axial planes, since each includes two crystallo-
- graphic axes (see Fig. 27), and six being called diagonal planes,
since each bisects the angle between two of the axial planes
(see Fig. 28).
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To summarize the symmetry of this class:

3 crystallographic axes of tetragonal symmetry;

4 diagonal axes of trigonal symmetry;

6 diagonal axes of binary symmetry;

3 axial planes of symmetry;

6 diagonal planes of symmetry.

This symmetry, which is of the highest degree possible in
solids with plane surfaces, defines the Normal Class of the Iso-
metric System. Every crystal form and every combination of
forms that belongs to this class must show its complete sym-
metry. It is important to remember that in this class the three
crystallographic axes are axes of tetragonal symmetry, since this
fact distinguishes the class from all others and by means of it the
crystallographic axes can be easily located and a crystal properly
orientated.

The forms of the Isometric System, Normal Class, are as
follows:

1. Cube or Hexahedron. The cube is a form composed of six
square faces which make 90° angles with each other. FEach face
intersects one of the crystallographic axes and is parallel to the
other two. Itssymbolis (100). Fig. 29 represents a simple cube.

100! - [ow0
a

Fig. 29. Cube. : Fig. 30. Octahedron.

2. Octahedron. The octahedron is a form composed of eight
equilateral triangular faces, each of which intersects all three of
the crystallographic axes equally. Its symbol is (111). Fig. 30
represents a simple octahedron and Figs. 31 and 32 show com-
binations of a cube and an octahedron. When in combination
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the octahedron is to be recognized by its eight similar faces, each
of which is equally inclined to the three crystallographic axes.
It is to be noted that the faces of an octahedron truncate sym-
metrically the corners of a cube.

n

-
Fig. 31. Fig. 32. Fig. 33.
Cube and Octahedron. Octahedron and Cube. Dodecahedron.

3. Dodecahedron. The dodecahedron is a form composed of
twelve rhombic-shaped faces.. Each face intersects two of the
crystallographic axes equally and is parallel to the third. Its
symbol is (110). Fig. 33 shows a simple dodecahedron, Fig. 34
shows a combination of dodecahedron and cube, Figs. 35 and 36
combinations of dodecahedron and octahedron, and Fig. 37 a
combination of cube, octahedron and dodecahedron. It is to be
noted that the faces of a dodecahedron truncate the edges of
both the cube and the octahedron.
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Fig. 34.
Cube and Dodecahedron. Octahedron and Dodecahedron.
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4. Tetrahexahedron. The tetrahexahedron is a form com-
posed of twenty-four isosceles triangular faces, each of which in-
tersects one axis at unity, the second at some multiple, and is
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parallel to the third. There are a number of tetrahexahedrons
which differ from each other in respect to the inclination of
their faces. Perhaps the one most common in occurrence has
the parameter relations la, 2b, w¢, the symbol of which would
be (210). The symbols of other forms are (310), (410), (320),
ete. Tt is helpful to note that the tetrahexahedron, as its name
indicates, is like a cube, the faces of which have been replaced by
four others. Fig. 38 shows a simple tetrahexahedron and Fig. 39
a cube with its edges beveled by the faces of a tetrahexahedron.

Fig. 36. Fig. 37.
Dodecahedron and Octahedron. Cube, Octahedron and Dodecahedron.
102 \ 012
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Fig. 38. Fig. 39.
Tetrahexahedron. Cube and Tetrahexahedron.

5. Trapezohedron or Tetragonal Trisoctahedron. The trapezo-
hedron is a form composed of twenty-four trapezium-shaped
faces, each of which intersects one of the crystallographic axes
at unity and the other two at equal multiples. There are vari~
ous trapezohedrons with their faces having different angles of
inclination. A common trapezohedron has for its parameters
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1la, 2b, 2¢, the symbol for which would be (211). The symbols
for other trapezohedrons are (311), (411), (322), ete. It will be
noted that a trapezohedron is an octahedral-like form and may
be conceived of as an octahedron, each of the planes of which has
been replaced by three faces. Consequently it is sometimes
called a tetragonal trisoctahedron. The qualifying word, tet- °
ragonal, is used to indicate that each of its faces has four edges
- and to distinguish it from the other trisoctahedral form, the

Fig. 40. Fig. 41,

Fig. 42.
Dodecahedron and Trapezohedron. Cube and Trapezohedron.

Fig. 43.

description of which follows. Trapezohedron is the name, how-
ever, most commonly used. The following are aids to the recog-
nition of the form when it occurs in combinations: the three
similar faces to be found in each octant; the relations of each
face to the axes; and the fact that the middle edges between the
three faces in any one octant go toward points which are equi-
distant from the ends of the two adjacent crystallographic axes.
Fig. 40 shows a simple trapezohedron, and Figs. 41 and 42 show
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each a trapezohedron in combination with a dodecahedron. Tt
is to be noted that the faces of the common trapezohedron (211)
(Fig. 41) truncate the edges of the dodecahedron. Fig. 43 shows
a combination of cube and trapezohedron.

6. Trisoctahedron or Trigonal Trisoctahedron. The trisocta-
hedron is a form composed of twenty-four isosceles triangular
faces, each of which intersects two of the crystallographic axes
at unity and the third axis at some multiple. There are various
trisoctahedrons the faces of which have different inclinations.
A common trisoctahedron has for its parameters la, 1b, 2¢, its
symbol being (221). Other trisoctahedrons have the symbols
(331), (441), (332), ete. It is to be noted that the trisoctahedron,
like the trapezohedron, is a form that may be conceived of as an
octahedron, each face of which has been replaced by three others.
Frequently it is spoken of as the trigonal trisoctahedron, the
modifying word indicating that its faces have each three edges
and so differ from those of the trapezohedron. But when the
word ‘“trisoctahedron’’ is used alone it refers to this form. The
following points would aid in its identification when it is found
occurring in combinations: the three similar faces in each octant;
their relations to the axes; and the fact that the middle edges
between them go toward the ends of the crystallographic axes.

L 4D
& ©

Fig. 44. Fig. 45.
Trisoctahedron. Octahedron and Trisoctahedron,

Fig. 44 shows the simple trisoctahedron and Fig. 45 a combina-
tion of a trisoctahedron and an octahedron. It will be noted
that the faces of the trisoctahedron bevel the edges of the octa-
hedron.
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7. Hexoctahedron. The hexoctahedron is a form composed of
forty-eight triangular faces, each of which cuts differently on all
three crystallographic axes. There are several hexoctahedrons,
which have varying ratios of intersection with the axes. A
common hexoctahedron has for its parameter relations 1a, b,
3c, its symbol being (321). Other hexoctahedrons have the
symbols (421), (531), (432), ete. It is to be noted that the hex-

Fig. 46. Fig. 47.
Cube and Hexoctahedron,

Fig. 48. Fig. 49.
Dodecahedron and Hexoctahedron, Dodecahedron, Trapezohedron and
Hexoctahedron.

octahedron is a form that may be considered as an octahedron,
each face of which has been replaced by six others. It is to be
recognized when in combination by the facts that there are six
similar faces in each octant and that each face intercepts the
three axes differently. Fig. 46 shows a simple hexoctahedron,
Fig. 47 a combination of cube and hexoctahedron, Fig. 48 a
combination of dodecahedron and hexoctahedron, and Fig. 49 a
combination of dodecahedron, trapezohedron and hexoctahedron.
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Occurrence of the Above Forms. The cube, octahedron and
dodecahedron are the most common of the isometric forms.
The trapezohedron is also frequently observed on a few min-
erals. The other forms, the tetrahexahedron, trisoctahedron and
hexoctahedron, are rare and are ordinarily to be observed only
as small truncations in combinations. ’

The following is a list of the commoner minerals upon the
crystals of which each form is prominent:

Cube: Galena, halite, sylvite, fluorite, cuprite.

Octahedron: Spinel, magnetite, franklinite, chromite.

Dodecahedron: Magnetite, garnet.

Trapezohedron: Leucite, garnet, analcite.

Pyritohedral Class.

The Pyritohedral Class is one of the subordinate divisions of
the Isometric System. It differs from the Normal Class, since
its crystals commonly show forms that do not possess as high
a symmetry as those of that class. The name of the class is
derived from that of its chief member, pyrite.

Symmetry and Forms. The symmetry of the Pyritohedral
Class is as follows: The three crystal axes are axes of binary

Fig. 50. Fig. 51.
Symmetry of Pyritohedral Class, Isometric System.

symmetry; the four diagonal axes, each of which emerges in the
middle of an octant, are axes of trigonal symmetry; the three
axial planes are planes of symmetry (see Figs. 50 and 51).

The characteristic forms of the Pyritohedral Class are as
follows:
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1. Pyritohedron or Pentagonal Dodecahedron. This form. con-
sists of twelve pentagonal-shaped faces, each of which intersects
one crystallographic axis at unity, the second axis at some mul-
tiple, and is parallel to the third. There are a number of pyrito-
hedrons which differ from each other in respect to the inclination
of their faces. Perhaps the most common in occurrence has
the parameter relations la, 2b, ¢, the symbol of which would
be (210) (see Fig. 52). It is to be noted that the parameter rela-
tions of the pyritohedron are the same as those of the tetra-
hexahedron (see page 19). A pyritohedron may be considered
as derived from a corresponding tetrahexahedron by the omission
of alternate faces and the extension of those remaining. Fig. 53

Fig. 52. Fig. 53.

Pyritohedron. Showing Relation between Pyrito-
hedron and Tetrahexahedron.

shows the relations of the two forms, the shaded faces of the
tetrahexahedron being those which when extended would form
the faces of the pyritohedron.

2. Diplord. The diploid is a rare form found only in this
class. It is composed of twenty-four faces which correspond
to one-half the faces of a hexoctahedron. Fig. 54 represents a
diploid.

In addition to the two forms described above, minerals of
this class show also the cube, octahedron, dodecahedron, trapezo-
hedron and trisoctahedron. Sometimes these forms may appear
alone and so perfectly developed that they cannot be told from
the forms of the Normal Class. This is often true of octahedrons
of pyrite. Usually, however, they will show by the presence of
striation lines or etching figures that they do not possess the
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high symmetry of the Normal Class but conform rather to the
symmetry of the Pyritohedral Class. This is shown in Fig. 55,
which represents a cube of pyrite with characteristic striations,
which are so disposed that the erystal shows the lower symmetry.

D

Fig. 54. Diploid. Fig. 55. Striated Cube.
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Fig. 56. Cube and Pyritohedron. Fig. 57. Octahedron and Pyritohedron.
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Fig. 58. Fig. 59.
Octahedron and Pyritohedron. Pyritohedron and Octahedron.

YA
-k

Fig. 56 represents a combination of cube and pyritohedron, in
which it will be noted that the faces of the pyritohedron truncate
unsymmetrically the edges of the cube. Figs. 57, 58 and 59
represent combinations of pyritohedron and octahedron with
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various developments. Fig. 60 shows a cube truncated with
pyritohedron and octahedron. Fig. 61 represents a combination
of cube and the diploid f (421). These figures should be studied
in order to impress upon one’s mind the characteristic symmetry
of the class. ;
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Fig. 60. Fig. 61.
Pyritohedron, Cube and Octahedron. Diploid and Cube.

The chief mineral of the Pyritohedral Classis pyrite; other much
.rarer members are smaltite, chloanthite, cobaltite, gersdorffite and
sperrylite. :
Tetrahedral Class.

Another subordinate division of the Isometri¢ System is known
as the Tetrahedral Class, deriving its name from its chief form,
the tetrahedron. i

Fig. 62. Fig. 63.
Symmetry of Tetrahedral Class, Isometric System,

Symmetry and Forms. The symmetry of this class is as
follows: The three crystallographic axes are axes of binary sym-
metry; the four diagonal axes are axes of trigonal symmetry;
there are six diagonal planes of symmetry (see Figs. 62 and 63).
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The characteristic forms of the Tetrahedral Class are as fol-
lows:

1. Tetrahedron. The tetrahedron is a form composed of
four equilateral triangular faces, each of which intersects all of
the crystallographic axes at equal
lengths. It can be considered as
derived from the octahedron of the
Normal Class by the omission of the
alternate faces and the extension of
the others, as shown in Fig. 64.
This form, shown also in Fig. 65, is
known as the positive tetrahedron
and has for its symbol (111). If
the other four faces of the octa-

Fig. 64.
Showing Relation between Octa- hedron had been extended, the

_ tetrahedron resulting would have
had a different orientation, as shown in Fig. 66. This is known
as the negative tetrahedron and has for its symbol (111). The

hedron and Tetrahedron.

Fig. 65. Fig. 66. Fig. 67.
Positive Tetrahedron. Negative Tetrahedron. Positive and Negative
Tetrahedrons.

positive and negative tetrahedrons when occurring alone are
geometrically identical, and the only reason for recognizing the
possibility of the existence of two different orientations lies in
the fact that at times they may occur truncating each other,
as shown in Fig. 67. If a positive and negative tetrahedron
occurred together with equal development, the resulting crystal
could not be distinguished from an octahedron, unless, as is
usually the case, the faces of the two forms showed different lus-
ters, etchings or striations that would serve to differentiate them.
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Other possible but rare tetrahedral forms are the following:
The tristetrahedron (Fig. 68), the faces of which correspond to
one-half the faces of a trapezohedron; the deltoid dodecahedron
(Fig. 69), the faces of which correspond to one-half those of
the trisoctahedron; the hexakistetrahedron (Fig. 70), the faces
of which correspond to one-half the faces of the hexoctahedron.
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Fig. 68. Flg 69. Fig. 70.
Tristetrahedron. Deltoid Dodecahedron. Hexakistetrahedron.
Fig. 71. Fig. 72.
Cube and Tetrahedron. Tetrahedron and Cube.
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Fig. 73. Fig. 74.
Tetrahedron and Dodecahedron. Dodecahedran, Cube and Tetrahedron,

The cube and dodecahedron are also found on minerals of the
Tetrahedral Class. Figs. 71 and 72 show combinations of cube
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and tetrahedron. It will be noted that the tetrahedron faces
" truncate the alternate corners of the cube, or that the cube faces
truncate the edges of a tetrahedron. Fig. 73 shows the com-
bination of tetrahedron and dode-
cahedron. Fig. 74 represents a
combination of cube, dodecahedron
and tetrahedron. Fig. 75 shows a
combination of tetrahedron and
tristetrahedron.

Tetrahedrite and the related ten-
nantite are the only common min-
erals that ordinarily show distinct

Fig. 75. Tetrahedron and o
Tristetrahedron. tetrahedral forms. Sphalerite oc-

casionally exhibits them, but ecommonly its crystals are quite
complex and distorted.

Characteristics of Isometric Crystals.

The striking characteristics of isometric crystals which would
aid in their recognition may be summarized as follows:

The crystals are equidimensional in three directions at right
angles to each other. These three directions in crystals of the
Normal Class are axes of tetragonal symmetry. The crystals
commonly show faces that are squares or equilateral triangles
or these figures with truncated corners. They are characterized
by the large number of similar faces, the smallest number on
any form of the Normal Class being six. Every form by itself
would make a solid.

Important Isometric Angles. Below are given various inter-
facial angles which may assist in the recognition of the commoner
isometric forms:

Cube (100) A cube (010) = 90° 0’ 0",

Octahedron (111) A octahedron (111) = 70° 31’ 44",

Dodecahedron (110) A dodecahedron (101) = 60° 0’ 0.

Cube (100) A octahedron (111) = 54° 44’ 8",

Cube (100) A dodecahedron (110) = 45° 0’ 0”.

Octahedron (111) A dodecahedron (110) = 35° 15’ 52",
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VI. TETRAGONAL SYSTEM.

Crystallographic Axes. The ecrystallographic axes of the
Tetragonal System are three in number and make right angles
with each other. The two horizontal axes are equal in length
and interchangeable, but the vertical axis is of some different
length which varies with each tetragonal mineral. Fig. 76
represents the crystallographic axes ¢
for the tetragonal mineral zircon.
The length of the horizontal axes _, P
is taken as unity, and the relative ]
length of the vertical axis is expressed 5
in terms of the horizontal. This
length has to be determined for each g
tetragonal mineral by measuring the & 76 Tetragonal Axes.
interfacial angles on a erystal and making the proper calcu-
lations. For zircon the length of the vertical axis is expressed
as ¢ = 0.640. The proper orientation of the erystallographic
axes and the method of their notation is like that of the Iso-
metric System and is shown in Fig. 76.

Normal Class.

Symmetry and Forms. The symmetry of the Normal Class
of the Tetragonal System is as follows: The vertical crystal-
lographic axis is an axis of tetragonal symmetry. There are

Fig. 77. Fig. 78.
Symmetry of Normal Class, Tetragonal System.

four horizontal axes of binary symmetry, two of which are coin-
cident with the crystallographic axes, while the other two bisect
the angles between these. Fig. 77 shows the axes of symmetry.
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There are four vertical and one horizontal planes of symmetry.
Each vertical plane of symmetry passes through one of the
horizontal axes of symmetry. The position of the planes of
symmetry is shown in Fig. 78.

The forms of the Normal Class, Tetragonal System, are as
follows:

1. Prism of First Order. The prism of the first order consists
of four rectangular vertical faces, each of which intersects the
two horizontal erystallographic axes equally. Its symbol is (110).
The form is represented in Fig. 79.
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Fig. 79. Fig. 80. Fig. 81,
First Order Prism. Second Order Prism. Ditetragonal Prism.

2. Prism of Second Order. The prism of the second order
consists of four rectangular vertical faces, each of which inter-
sects one horizontal crystallographic axis and is parallel to the
other two axes. Its symbol is (100). The form is represented
in Fig. 80.

3. Ditetragonal Prism. The ditetragonal prism is a form con-
sisting of eight rectangular vertical faces, each of which inter-
sects the two horizontal crystallographic axes unequally. There
are various ditetragonal prisms, depending upon their differing
relations to the horizontal axes. The symbol of a common
form is (210), which is represented in Fig. 81.

4. Pyramid of First Order. The pyramid of the first orderis a
form consisting of eight isosceles triangular faces, each of which
intersects all three crystallographic axes, the intercepts upon

the two horizental axes being equal. There are various pyramids
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- of the first order, depending upon the inclination of their faces.
The unit pyramid which intersects all the axes at their unit
lengths is the most common, its symbol being (111). Symbols
for other pyramids of the first order are (221), (331), (112),
(113), ete. Fig. 82 represents the unit pyramid on zircon.

5. Pyramid of Second Order. The pyramid of the second
order is a form composed of eight isosceles triangular faces, each
of which intersects one horizontal axis and the vertical axis and
is parallel to the second horizontal axis. There are various pyra-
mids of the second order, with different intersections upon the
vertical axis. The most common form is the unit pyramid,

Fig. 82. Fig. 83. Fig. 84.
First Order Pyramid. Second Order Pyramid. Ditetragonal Pyramid.

which has (101) for its symbol. Other pyramids of the second
order would have the symbols (201), (301), (102), (103), etec.
Fig. 83 represents a unit pyramid of the second order upon
zircon.

6. Ditetragonal Pyramid. The ditetragonal pyramid is a form
composed of sixteen isosceles triangular faces, each of which in-
tersects all three of the crystallographic axes, cutting the two
horizontal axes at different lengths. There are various ditet~
ragonal pyramids, depending upon the different axial intersec-
tions possible. One of the most common is the pyramid having
(311) for its symbol. This is shown as it would appear upon
zircon in Fig, 84.
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7. Basal Pinacoid. The basal pinacoid, basal plane, or base,
as it is variously called, is a form composed of two horizontal
faces. Its symbol is (001). It is shown in combination with a
prism in Figs. 79, 80 and 81.

- it
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Fig. 85. Zircon. Fig. 86. Zircon. Fig. 87. Zircon. Fig. 88, Zircon.
Fig. 89. Vesuvianite. Fig. 90. Vesuvianite. Fig. 91. Rutile.
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Fig. 92. Cassiterite. Fig. 93. Apophyllite.  Fig. 94. Apophyllite.

Tetragonal Combinations. The different pyramids are the
only tetragonal forms that can occur alone, and even they are
ordinarily found in combination with other forms. Character-
istic combinations are represented in Figs. 85-94.
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Sphenoidal Class.

The Sphenoidal Class corresponds in the Tetragonal System
to the Tetrahedral Class in the Isometric System. It is charac-
terized by the following symmetry: The three crystallographic
axes are axes of binary symmetry (see Fig. 95), and there are two
vertical diagonal planes of symmetry (see Fig. 96).

2

Fig. 95. Fig. 96.
Symmetry of Sphenoidal Class, Tetragonal System,

Sphenoid. The characteristic form of the class is known as
a sphenoid (from a Greek word meaning axlike): It consists of
four isosceles triangular faces which intersect all three of the
crystallographic axes, the intercepts on the two horizontal axes
being equal. The faces correspond in their position to the alter-

Fig. 97. Fig. 98. Fig. 99.

Sphenoid. Sphenoid. Positive and Negative Sphenoids.
nating faces of the tetragonal pyramid of the first order. There
may be different sphenoids, depending upon their varying inter-
sections with the vertical axes. Two different sphenoids are
shown in Figs. 97 and 98. There may also be a positive and a
negative sphenoid, the combination of the two being represented
in Fig. 99.
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The sphenoid differs from the tetrahedron in the fact that its
vertical crystallographic axis is not of the same length as the
horizontal axes. The only common sphenoidal mineral is chal-
copyrite. The length of the vertical axis in chalcopyrite is very
close to that of the horizontal axes, ¢ = 0.985. In the case of
the unit sphenoid, therefore, it would require accurate measure-
ments in order to differentiate it from an isometric tetrahedron.
Chalcopyrite crystals ordinarily show only the unit sphenoid
(Fig. 98), but at times show a steeper sphenoid (Fig. 97).

Tri-Pyramidal Class.

Another division of lower symmetry of the Tetragonal System
is known as the Tri-pyramidal Class. It is characterized by a
form known as the pyramid of the third order.
This form consists of eight faces which correspond
in their position to one-half of the faces of a di-
tetragonal pyramid. The minerals found in this
class are few and rare. Moreover, their crystals
seldom show the faces of the pyramid of the third
order, and when these do occur they are usually
quite small. Therefore it seems hardly necessary
in this place to consider this class in greater detail.
Fig. 100,  Fig. 100 is of a crystal of scapolite, upon which the
Scapolite.  faces of the third-order pyramid z are shown.

Characteristics of Tetragonal Crystals.

Since the only common tetragonal mineral that does not be-
long to the Normal Class is chalcopyrite, which, moreover, is to
be easily recognized by its general physical characteristics, we
may confine ourselves here to the consideration only of the
crystals of the Normal Class.

The striking characteristics of tetragonal crystals may be
summarized as follows: One axis of tetragonal symmetry; the
length of the crystal parallel to this axis is usually greater or less
* than its other dimensions; the cross section of a crystal when
viewed in the direction of the axis of tetragonal symmetry con-
sists usually of a square or a truncated square.
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VII. HEXAGONAL SYSTEM.

Crystallographic Axes. The crystallographic axes of the
hexagonal system are four in number. Three of these lie in the
horizontal plane, while the fourth is vertical. The three hori-
zontal axes are of equal length and interchangeable. They
make angles of 60° and 120° with each other. The vertical axis
varies in its relative length for each hexagonal mineral, and this
is expressed in terms of the length of the horizontal axes, which
is taken as unity. Thus in the case of beryl, the vertical axis,
designated as ¢, has a length which in relation to the length of
the horizontal axes can be expressed as ¢ = 0.499.

+as -y
as )
-0 +ag -Qg Olg
a, s2ry
+a1 -ag .
-C
Fig. 101. Fig. 102.
Hexagonal Axes. .

When properly orientated, one of the horizontal crystallo-
graphic axes is parallel to the observer, and the other two make
30° angles on either side of a line perpendicular to him. Fig.
101 shows the proper position of the horizontal axes when
viewed in the direction of the vertical axis. As the three hori-
zontal axes are interchangeable with each other, they are usually
designated ai, mand @;. Note that a, is to the left of the observer

.with its positive end at the front, that a. is parallel to the ob-
server and its positive end is at the right, while as is to the right
of the observer and its positive end is at the back. Fig. 102
shows the four axes in clinographic projection. In giving the
indices of any face upon a hexagonal crystal four numbers must
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be given, since there are four axes. The numbers referring
to the intercepts of the face with the three horizontal axes are
given first in their proper order, while the number referring to
the intercept on the vertical axis is given last.

Normal Class.

Symmetry and Forms. The symmetry of the Normal Class
of the Hexagonal System is as follows: The vertical crystallo-
graphic axis is an axis of hexagonal symmetry. There are six
horizontal axes of binary symmetry, three of them being coin-
cident with the erystallographic axes and the other three lying
midway between them (see Fig. 103). There is a horizontal
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Fig. 103. Fig. 104.
. Symmetry of Normal Class, Hexagonal System.

plane of symmetry and six vertical planes of symmetry (see
Fig. 104). The forms of the Normal Class are as follows:

1. Prism of First Order. This is a form consisting of six
rectangular vertical faces each of which intersects two of the
horizontal erystallographic axes equally and is parallel to the
third. Fig. 105 shows the prism of the first order. The symbol
for the form is (1010).

2. Prism of Second Order. This is a form consisting of six
rectangular vertical faces, each of which intersects two of the
horizontal axes equally and the intermediate horizontal axis at
one-half this distance. Fig. 106 shows the prism of the second
order. The symbol for the form is (1120).
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3. Dihexagonal Prism. The dihexagonal prism has twelve rec-
tangular vertical faces, each of which intersects all three of the
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Fig. 105. Fig. 106. Fig. 107.
Prism of First Order. Prism of Second Order. Dihexagonal Prism.

horizontal crystallographic axes at different lengths. There are
various dihexagonal prisms, depending upon their differing rela-
tions to the horizontal axes. The symbol of a common dihexago-
nal prism is (2130) (see Fig. 107).
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7 2112
/

25, 2o LA
AR S

Fig. 108, Fig. 109. Fig. 110.
Pyramid of First Order. Pyramid of Second Order. Dihexagonal Pyramid.

4. Pyramid of First Order. This form consists of twelve
isosceles triangular faces, each of which intersects two of the
horizontal crystallographic axes equally, is parallel to the third
horizontal axis and intersects the vertical axis (see Fig. 108).
There are various pyramids of the first order possible, depending
upon the inclination of their faces. The unit form would have
the symbol (1011).
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5. Pyramid of the Second Order. This is a form composed of
twelve isosceles triangular faces, each of which intersects two of
the horizontal axes equally, the third and intermediate horizon-
tal axis at one-half this distance, and also intersects the vertical
axis (see Fig. 109). There are various pyramids of the second
order possible, depending upon the inclination of their faces. A
common form would have for its symbol (1122).

6. Dihexagonal Pyramid. The dihexagonal pyramid is a form
. of twenty-four isosceles triangular faces, each of which intersects
all three of the horizontal axes differently and intersects also the
vertical axis. This form is shown in Fig. 110. There are differ-
ent dihexagonal pyramids which vary in their intercepts, one of
the most common having for its symbol (2131).

7. Basal Pinacoid. The basal pinacoid is a form composed
of two horizontal faces. It is shown in combination with the
different prisms in Figs. 105, 106 and 107. Its symbol is (0001).

2
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Fig. 111, Fig. 112, Fig. 113, Fig. 114.
Beryl Crystals.

Figs. 111-114 show various combinations of the forms of this

class.
Tri-Pyramidal Class.

A division of the Hexagonal System showing lower symmetry -
than that of the Normal Class is known as the Tri-pyramidal
Class. It has a vertical axis of hexagonal symmetry and a
horizontal plane of symmetry. It is characterized by the form
known as the pyramid of the third order. This form consists
of twelve faces, which correspond in their position to one-half
of the faces of a dihexagonal pyramid. The minerals of the
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Apatite Group are the only ones of importance in this. class, and
upon their crystals the pyramid of the third order is rarely to be
seen. When it is observed it shows usually only small faces.
Fig. 115 represents a complex crystal of apatite with the faces
of a third-order pyramid (z) upon it.

Fig. 115. Apatite. i Fig. 116. Zincite.

- Hemimorphic Class.

The crystals of certain rare minerals show the forms of the
Normal Class but with hemimorphic development. A hemi-
morphic crystal is one that shows different forms or combinations
of forms at the opposite ends of a symmetry axis. Fig. 116
represents a crystal of zincite with a prism terminated by a
pyramid above and a basal pinacoid below.

Rhombohedral Class. Normal Division.

The formns of this class are to be referred to the hexagonal
crystallographic axes, but show a lower symmetry than those of

the Normal Class.
3039

Fig. 117, Fig. 118,
Symmetry of Rhombohedral Class, Hexagonal System.

Symmetry and Forms. The vertical crystallographic axis
is one of trigonal symmetry, and the three horizontal crystallo-
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graphic axes are axes of binary symmetry (see Fig. 117). There
are three vertical planes of symmetry bisecting the angles be-
tween the horizontal axes (see Fig.
118).

1. Rhombohedron. The rhombohe-
dron is a form consisting of six rhom-
X\ bic-shaped faces, which correspond in
> their position to the alternate faces of
a hexagonal pyramid of the first order.
The relation of these two forms to each

other is shown in Fig. 119. There may
Flztw?ef‘n i 1(’)’5:1551%5132::‘:?5 be two different orientations of the

EO RISy, rhombohedron. A positive rhombo-
hedron is shown in Fig. 120 and a negative thombohedron in
Fig. 121. It is to be noted that when properly orientated the

Fig. 120. Positive Rhombohedron. Fig. 121. Negative Rhombohedron.

positive rhombohedron has one of its faces, and the negative
rhombohedron one of its edges, toward the observer. There
are various rhombohedrons, which differ from each other in
the inclination of their faces. The symbol of the unit positive
rhombohedron is (1011) and of the unit negative thombohedron
(0171). Characteristic combinations of positive and negative
rhombohedrons with each other and with other hexagonal forms
are shown in Figs. 122-130.

2. Scalenohedron. This form consists of twelve scalene tri-
angular faces. These faces correspond in their position to the
alternate pairs of faces of a dihexagonal pyramid. The relation
of the two forms to each other is shown in Fig. 131. The striking
characteristics of the scalenohedron are the zigzag middle edges
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Fig. 123. Calcite.

Fig: 122. Caleite.
b€ />
Fig. 126. Calcite. Fig. 127, Calcite,

Fig. 124. Calcite.
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Fig. 128. Chabazite.

Corundum,

Fig. 130,

Fig. 129. Corundum.

132. Scalenohedron.

Fig. 131. Showing Relation between Dihex-
agonal Pyramid and Scalenohedron.
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Fig. 135. Calcite. Fig. 136. Calcite. Fig. 137. Tourmaline,

Fig. 138, Tourmaline. Fig. 139. Tourmaline. Fig. 140. Tourmaline
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which differentiate it from an ordinary pyramid and the alter-
nating, relatively obtuse and acute angles over the edges that
meet at the vertices of the form. There are many different
possible scalenohedrons, depending upon the varying slope of
their faces. A common scalenohedron having the symbol (2131)
is represented in Fig. 132. Characteristic combinations of sca-
lenohedrons with other forms are shown in Figs. 133-136.

Rhombohedral Class. Hemimorphic Division.

Tourmaline crystals show the forms of the Rhombohedral
Class but with hemimorphic development. They are also com-
monly characterized by the presence of three faces of a triangular
prism. Figs. 137-140 represent characteristic hemimorphic tour-
maline crystals.

Rhombohedral Class. Tri-Rhombohedral Division.

This is a subdivision of the Rhombohedral Class, which con-
tains only a few and rare minerals. It is characterized by the
forms known as the rhombohedrons of the second and third
orders. The faces of a second-order rhombohedron correspond
in position to one-half the faces of the second-order hexagonal
pyramid, and those of the third order to one-quarter of the faces
of the dihexagonal pyramid.

Rhombohedral Class. Trapezohedral Division.

The only important mineral of this class that is commonly
found in crystals is quartz, and its crystals as a rule do not show
forms other than those of the Rhombohedral Class, Normal
Division. At times, however, small faces may occur of a form
known as a trapezohedron, which shows a lower symmetry. This
form has six faces, which correspond in their position to one-quar-
ter of the faces of a dihexagonal pyramid. The quartz erystals
are said to be right- or left-handed, depending upon whether these
faces are to be observed truncating the edges between prism and
rhombohedron faces at the right or at the left. Figs. 141 and
142 represent these two types.
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Fig. 142,
Left-handed Quartz.

Fig. 141,
Right-handed Quartz.

Characteristics of Hexagonal Crystals.

Hexagonal crystals are most readily recognized by the follow-
ing facts: The vertical crystallographic axis is one of either
hexagonal or trigonal symmetry. The crystals are commonly
prismatic in habit. When viewed in the direction of the vertical
axis, they usually show a hexagonal cross section.

VIII. ORTHORHOMBIC SYSTEM.

Ciysta.llog’ra.phic Axes. The crystallographic axes of the
orthorhombic system are three in number. They make 90°
angles with each other and are of unequal lengths. The rela-
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Fig. 143. Fig. 144. Fig. 145.

Orthorhombic Axes.

Axes of Symmetry.
Orthorhombic System.

Planes of Symmetry.
Orthorhombie System, -
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tive lengths of the axes, or the axial ratio, has to be deter-
mined for each orthorhombic mineral. Any one of the three
axes may be chosen as the vertical or ¢ axis. The longer of the
other two is taken as the b axis and is called the macro-axis.
The shorter of the horizontal axes is taken as the a axis and is
called the brachy-axis. The length of the b axis is taken as unity
and the relative lengths of the ¢ and c axes are given in terms
of it. TFig. 143 represents the crystallographic axes for the
orthorhombic mineral sulphur, whose axial ratio would be as
follows: a:b:c = 0.813:1:1.903.

Normal Class.

Symmetry and Forms. The symmetry of the Normal Class,
Orthorhombic System, is as follows: The three crystallographic
axes are axes of binary symmetry and the three axial planes are
planes of symmetry (see Figs. 144 and 145).

1. Pyramid. An orthorhombic pyramid has eight triangular
faces, each of which intersects all three of the crystallographic
axes. There are various different pyramids with varying inter-
cepts on the axes. A unit pyramid (see Fig. 146) would have
for its symbol (111).

i) TS
o S-asingl N fortoo==tely
Fig. 146. Pyramid. Fig. 147. Prism and Base.

2. Prism. An orthorhombic prism has four vertical rectan-
gular faces, each of which intersects the two horizontal axes.
There are various prisms, depending upon their differing rela-
tions to the horizontal axes. A unit prism (see Fig. 147) would
have for its symbol (110).
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3. Macrodome. A macrodome is a form consisting of four
rectangular faces, each of which intersects the a and ¢ axes and
is parallel to the b or macro-axis. It is named from the axis to
which it is parallel. There are various macrodomes with differ-
ent axial intercepts. A unit form (see Fig. 148) would have
for its symbol (101).

Y
‘\ 101
7 A £-010
. 1
l‘ -
\ ! 101
!
Fig. 148. Fig. 149.
Macrodome and Brachypinacoid. Brachydome and Macropinacoid.

4. Brachydome. The brachydome consists of four rectangular
faces, each of which intersects the b and ¢ axes and is parallel
to the a or brachy-axis. There are various brachydomes with
different axial intercepts. A unit form (see TFig. 149) would
have for its symbol (011).

5. Macropinacoid. The macropinacoid has two parallel faces,
each of which intersects the a axis and is parallel to the b and ¢
axes. It derives its name from the
fact that it is parallel to the b or
macro-axis. It is represented in Fig.
150 and its symbol is (100).

6. Brachypinacoid. This is a form
consisting of two parallel faces, each
of which intersects the b axis and is

- parallel to the @ (brachy) and the ¢
Fig. 150. q o q
Macropinacoid, Brachypinacoid, 2X€s. It is represented in Fig. 150
and Basal Pinacoid. and its symbol is (010).

7. Basal Pinacoid. The basal pinacoid is a form consisting
of two horizontal faces. It is represented in Fig. 150 and its
symbol is (001). “
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Fig. 151. Sulphur. Fig. 152. Sulphur.
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Fig. 153. Staurolite.

Fig. 154 Topaz.

Fig. 158. Anglesite.

Fig. 159. Barite. Fig. 160. Barite.
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Fig. 161, Celestite.
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Combinations. Practically all orthorhombic erystals consist
of combinations of two or more forms. Characteristic com-
binations of the various forms are given in Figs.

=
(T 151-161.

Hemimorphic Class.
i The only orthorhombic mineral of importance
belonging to this class is calamine. When its
\‘ crystals are doubly terminated they show dif-
: erent forms at either end of the vertical axis. -

Fig. 162.  Fig. 162 represents a characteristic crystal.
Calamine.

Characteristics of Orthorhombic Crystals.

The most distinguishing characteristics of orthorhombie crys-
tals are as follows: The three chief directions at right angles
to each other are of different lengths. These three directions
are axes of binary symmetry. The crystals are commonly pris-
matic in their development and show usually cross sections that
are either rectangles or truncated rectangles.

IX. MONOCLINIC SYSTEM.

Crystallographic Axes. The crystallographic axes of the
Monoclinic System are three in number. They are of unequal
lengths. The axes a and b, and b and ¢, make 90° angles with
each other, but ¢ and ¢ make some oblique angle with each
other. The relative lengths of the axes and the angle between
the a and ¢ axes vary for each monoclinic mineral and have to be
determined in each case from appropriate measurements. The
a axis is known as the clino-axis, while the b axis is known as
the ortho-axzis. The length of the b axis is taken as unity and the
lengths of the a and ¢ axes are expressed in terms of it. When
properly orientated the ¢ axis is vertical, the b axis is horizontal
and parallel to the observer, and the a axis is inclined down-
ward toward him. The smaller of the two supplementary
angles that ¢ and ¢ make with each other is designated as 8.
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Fig. 163 represents the crystallographic axes of the monoclinic
mineral orthoclase, the axial constants of which are expressed
as follows: a:b:c = 0.658; 1:0.555; 8 = 63° 57",

c

¢ a

; b

ﬁ\—b
a

c
Fig. 163. Monoclinic Axes.

Normal Class.

Symmetry and Forms. The symmetry of the Normal Class
of the Monoclinic System is as follows: The crystallographic
axis 0 is an axis of binary symmetry and the plane of the ¢ and

=

Fig. 164. Fig. 165.
Symmetry of Monoclinic System.

¢ axes is a plane of symmetry (see Figs. 164 and 165). The
forms are as follows:

1. Pyramid. A monoclinic pyramid is a form consisting of
four triangular faces, each of which intersects all three of the
crystallographic axes. There are different pyramids, depending
upon varying axial intercepts. There are, further, two inde-
pendent types of monoclinic pyramids, depending upon whether
the two faces on the upper half of the crystal intersect the
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positive or the negative end of the ¢ axis. A unit pyramid of
the first of these types is shown in Fig. 166 and has for its symbol
(111). A unit pyramid of the second of these types is repre-
sented in Fig. 167 and has for its symbol (111). Fig. 168 shows
these two types in combination with each other. It should be
emphasized that a monoclinic pyramid consists of only four
faces, two of which are to be found intersecting the upper end
of the ¢ axis and the other two intersecting its lower end. The
two types described above are entirely independent of each other.

Fig. 166. Fig. 167.
Monoclinic Pyramids.

2. Prism. The monoclinic prism has four vertical rectangular
faces, each of which intersects the ¢ and b axes. There are
various prisms with different axial intercepts. A unit prism is
represented in Fig. 169 and has for its symbol (110).

3. Orthodome. An orthodome consists of two parallel faces,
each of which intersects the a¢ and ¢ axes and is parallel to the b
or ortho-axis. Its name is derived from that of the axis to which
it is parallel. There are different orthodomes with different
axial intercepts. There are also two distinct and independent
types of orthodomes, depending upon whether the face upon the
upper end of the crystal intersects the positive or negative end
of the a axis. These two types of orthodomes are represented
in combination in Fig. 170, but it should be emphasized that they
are entirely independent of each other. The symbol of the unit
orthodome in front is (101) and that of the one behind is (101).

4. Clinodome. The clinodome is a form having four faces,
each of which intersects the b and ¢ axes and is parallel to the a
or clino-axis. There are various clinodomes with differing axial
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intercepts. A unit form is represented in Fig. 171 and would
have for its symbol (011).

5. Orthopinacoid. The orthopinacoid has two parallel faces,
each of which intersects the a axis and is parallel to the b and ¢
axes. It derives its name from the fact that it is parallel to the
b or ortho-axis. It is represented in Fig. 171 and its symbol is
(100).

6. Clinopinacoid. The clinopinacoid consists of two parallel
faces, each of which intersects the b axis and is parallel to the a
(clino) and the ¢ axes. It is represented in Fig. 170 and its
symbol is (010). '

Fig. 169. Fig. 170. Fig. 171,
Prism and Base. Orthodomes and Clinopinacoid. Clinodome and
Orthopinacoid.

7. Basal Pinacoid. The basal pinacoid is a form consisting
of two parallel faces, each of which intersects the vertical axis
and is parallel to the a and b axes. It is represented in Fig. 169
and its symbol is (001).

Monoclinic Combinations. Characteristic combinations of the
forms described above are given in Figs. 172-179.

Characteristics of Monoclinic Crystals.

Monoeclinic erystals are to be distinguished chiefly by their
low symmetry. The fact that they possess but one plane of
symmetry and one axis of binary symmetry at right angles to
it would serve to differentiate them from the crystals of all
other systems and classes. Usually the inclination of the crystal
faces which are parallel to the clino-axis is marked.
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Fig. 172, Fig. 173. Fig. 174, Fig. 175,
Pyrozxene. Amphibole.
|
m
i
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Fig. 176, Fig. 177. s Fig. 178, Fig. 179.
Gypsum, Orthoclase.

X. TRICLINIC SYSTEM.

Crystallographic Axes. The crystallographic axes of the
Triclinic System are three in number. They are of unequal
lengths and make oblique angles with each other. The axial
directions for each triclinic mineral are chosen arbitrarily, but in
such a way as to yield the simplest relations. Any one of them
may be taken as c, the vertical axis. The longer of the other
two is designated as the b or macro-axis, while the shorter is
called a or the brachy-axis. The relative lengths of the three
axes and the angles which they make with each other have to
be calculated for each mineral from appropriate measurements.
The angles which the different axes make with each other are
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designated respectively as «, 8 and v (see Fig. 180). For ex-
ample, the crystal constants of the triclinic mineral axinite are
as follows: a:b:c = 0.482:1:0480; o« = 82°54'; g = 91° 52';
v = 131° 32",

Normal Class.

Symmetry and Forms. The symmetry of the Normal Class
of the Triclinic System consists only in a center of symmetry
(see Fig. 5, page 8). It has no axes or planes of symmetry.
All forms of the Triclinic System consist of two similar and paral-
lel faces. In this respect all triclinic forms might be spoken of
as pinacoids. They are, however, usually designated as pyramids
when their faces intersect all three axes, as prisms or domes
when they intersect two axes and as pinacoids when they inter-
sect but one axis.

C
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Fig. 180. Fig. 181. Fig. 182,
Triclinic Axes. Pyramids. Prisms and Basal Pinacoid.

1. Pyramid. A triclinic pyramid consists of two parallel
faces, each of which intersects all three crystallographic axes.
There are four possible types, depending upon the octants in
which the faces lie. Fig. 181 shows a combination of four unit
pyramids.

2. Prisms. A triclinic prism consists of two parallel faces,
each of which intersects the ¢ and b axes and is parallel to the
¢ axis. There are two possible types, a combination of which
is shown in Fig. 182. .

3. Domes. A triclinic dome consists of two similar parallel
faces, each of which intersects the ¢ axis and either the a or
axes and is parallel to the other. They are spoken of as either
macro- or brachydomes, depending upon the axis to which they
are parallel. There are two types of each. Fig. 183 represents
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a combination of the two types of macrodome and Fig. 184 a
combination of the two brachydomes.

Fig. 183. Fig. 184. Fig. 185.

Macrodomes and Brachydomes and Macropinacoid, Brachypin-

Brachypinacoid. Macropinacoid. acoid, ahd Basal Pinacoid.
Fig. 186. Fig. 187. . Fig. 188.
Axinite. Rhodonite. Chalcanthite.

4. Pinacoids. A triclinic pinacoid is a form consisting of two
parallel faces, each of which intersects one crystallographic axis
and is parallel to the other two. They are designated as the
macropinacoid with the symbol (100), as the brachypinacoid
with the symbol (010), and as the basal pinacoid with the symbol
(001). A combination of the three forms is shown in Fig. 185.

Triclinic Combinations. Figs. 186-188 represent characteristic
triclinic erystals.

- Gharacteristics of Triclinic Crystals.

There are only a few triclinic minerals and they seldom show
distinet and well-developed crystals. When such crystals do
occur they are to be recognized by the fact that they have no
plane or axis of symmetry and by the fact that each form consists
of only two similar and parallel faces.



II. GENERAL PHYSICAL PROPERTIES
OF MINERALS.

I. STRUCTURE OF MINERALS.

Ir by the phrase “ structure of minerals” is meant their internal
or molecular structure, all minerals may be included in one of
two classes: (1) Crystalline; (2) Amorphous. With only a few
exceptions, minerals are crystalline in their structure. This does
not signify, however, that these minerals necessarily occur in
distinet crystals, but only that their internal structure is such
that they may under favorable circumstances definitely erystal-
lize. The few mineral species that are classified as amorphous
possess no regular internal structure and therefore cannot crys-
tallize.

Commonly, however, the expression “structure of minerals”
refers to their outward shape and form. Various descriptive
terms are used in this connection that will need short definitions.

1. When a mineral consists of distinct crystals the follow-
ing terms may be used:

a. Crystallized. In definite erystals (see A, pl. II).

b. Acicular. In slender needlelike crystals.

¢. Capillary. In hairlike erystals.

d. Filiform. In threadlike crystals.

e. Dendritic.  Arborescent, in slender divergent branches,
somewhat plantlike, made up of more or less distinct crystals.

f. Reticulated. Latticelike groups of slender crystals.

g. Divergent or Radiated. Radiating crystal groups (see C,
pl. II).

h. Drusy. A surface is drusy when covered with a layer of

very small crystals.
57
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2. When a mineral consists of columnar individuals the
following terms may be used:

a. Columnar. In stout columnlike individuals.

b. Fibrous. In slender columnar individuals. The fibers
may be parallel or radiated (see D, pl. I1.)

c. Stellated. When the radiating individuals form starlike or
circular groups.

d. Globular. When the radiating individuals form spherical
or hemispherical groups.

e. Botryoidal. When the globular forms are in groups. The
‘word is derived from the Greek for a “bunch of grapes” (see
B, pl. III).

f. Reniform or Mammillary. When a mineral is in broad
rounded masses resembling in shape either a kidney or mammse
(see A, pi. III).

3. When a mineral consists of scales or lamellz.

a. Foliated. When a mineral separates easily into plates or
leaves.

b. Micaceous. Similar to foliated but the mineral can be split
into exceedingly thin sheets, as in the micas.

c. Lamellar or tabular. When a mineral consists of flat plate-
like individuals superimposed upon and adhering to each other.

d. Plumose. Consisting of fine scales with divergent or
featherlike structure.

4. When a mineral consists of grains.

Coarse to fine granular. When a mineral consists of an
aggregate of large or small grains.

5. Miscellaneous.

a. Compact— Earthy. A unlform aggregate of exceedingly
minute particles.

b. Stalactitic. When a mineral has the shape of cylinders or
cones which have been formed by deposition from mineral-
bearing waters dripping from the roof of some cavity (see B,
pl. 1T).

c. Concentric. Consisting of more or less circular layers super-
imposed upon one another about a common center (see C,
pl. III).



PLATE II.

4. Crystallized —Quartz, C. Radiated — Natrolite.
B. Stalactitic — Limonite. D. Fibrous— Serpentine.



A. Mammillary or Reniform — Hematite. B. Botryoidal — Chalcedony,
C. Concentric — Malachite.
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d. Banded. When a mineral occurs in narrow parallel bands
of different color or texture. '

e. Geodes. When a cavity has been lined by the deposition
of mineral material but not wholly filled, the more or less spherical
mineral shell is called a geode. The mineral is often banded
owing to successive depositions of the material, and the inner
surface is frequently covered with projecting erystals.

f. Massive. When a mineral is composed of compact material
with an irregular form and does not show any peculiar structure
like those described above, it is said to be massive.

II. CLEAVAGE, PARTING AND FRACTURE.

1. Cleavage. If a mineral, when the proper force is applied,
breaks so that it shows definite plane surfaces, it is said to possess
a cleavage. These cleavage surfaces resemble natural crystal
faces. They are always parallel to some possible erystal face,
and usually to one having simple relations to the crystallographie
axes. They may be perfect, as in the cases of the micas, calcite,
gypsum, ete., or they may be more or less obscure. Cleavage is
due to the fact that in the mineral
structure there is a certain plane or
planes along which the molecular co-
hesion is weaker than in other direc-
tions. All minerals do not show
cleavage, and only a comparatively
few show it in an eminent degree.
The quality of the cleavage and its
crystallographic direction are often
important aids in the identification of Fie. 189. Cubic Cleavage—
amineral. The cleavage of a mineral SpcuA.
is described according to the erystal face to which it is parallel,
as cubic cleavage (galena, halite) (see Fig. 189), octahedral
cleavage (fluorite), dodecahedral cleavage (sphalerite), rhombo-
hedral cleavage (caleite), prismatic cleavage (amphibole), basal
cleavage (topaz), pinacoidal cleavage (stibnite), ete.

2. Parting. Certain minerals when subjected to a strain or
pressure develop planes of molecular weakness along which they
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may subsequently be broken. When plane surfaces are produced
on a mineral in this way it is said to have a parting. This
phenomenon resembles cleavage, but is to be distinguished from
it by the facts that not every specimen of a certain mineral will
exhibit it, but only those specimens which have been subjected
to the proper pressure, and that even in these specimens there
are only certain planes in the given direction along which the
mineral will break. In the case of cleavage, every specimen of the
mineral will in general show it, and it can be produced in a given
direction in all parts of a crystal. Familiar examples of part-
ing are the cases of the octahedral parting of magnetite, the basal
parting of pyroxene and the rhombohedral parting of corundum.

3. Fracture. By the fracture of a mineral is meant the way
in which it breaks when it does not show plane surfaces as in
cleavage or parting. The fol-
lowing terms are commonly
used to designate different sorts
of fracture:

a. Conchoidal. When the
fracture has smooth, curved
surfaces like the interior surface
of a shell it is said to be con-
choidal (see Fig. 190). This
=R §= ) is most commonly observed
Fig. 190. Conchoidal Fracture—Vol- in such substances as glass,

canic Glass. quartz, ete.
b. Fibrous or Splintery. When the mineral breaks showing
splinters or fibers.

c. Hackly. When the mineral breaks with a jagged, irregular
surface with sharp edges. .

d. Uneven or Irregular. When the mineral breaks into rough
and irregular surfaces.

III. HARDNESS OF MINERALS.

Minerals vary quite widely in their hardness, and a determi-
nation of their degree of hardness is often an important aid to
their identification. A series of minerals has been chosen as a
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scale by comparison with which the relative hardness of any
mineral may be told. The scale consists of crystallized varieties
of the following minerals, each species being harder than those
preceding it in the scale.

Scale of Hardness.
1. Tale. 4. Fluorite. 8. Topaaz.
2. Gypsum. 5. Apatite. 9. Corundum.
3. Calcite. 6. Orthoclase.  10. Diamond.
7. Quartz.

In order to determine the relative hardness of any mineral in
terms of this scale, it is necessary to find which ones of these
minerals it can and which it cannot scratch. In making the
determination the following precautions should be observed:
Sometimes when a mineral is softer than another, portions of
the first will leave a mark on the second which may be mis-
taken for a scratch. It can be rubbed off, however, while a
true scratch will be permanent. Some minerals are frequently
altered on the surface to material which is much softer than the
original mineral. A fresh surface of the specimen to be tested
should therefore be used. Sometimes the physical structure of
a mineral may prevent a correct determination of its hardness.
For instance, if a mineral is pulverulent, granular or splintery
in its structure, it may be broken down and apparently scratched
by a mineral much softer than itself. It is always advisable
when making the hardness test to confirm it by reversing the
order of procedure.

The following materials may serve in addition to the above
scale: The finger nail is a little over 2 in hardness, since it can
scratech gypsum and not calcite. A cent is about 3 in hardness,
since it can just scratch calcite. The steel of an ordinary pocket-
knife is just over 5, and ordinary window glass has a hardness of
5.5.

Crystals frequently show different degrees of hardness, depend-
ing upon the direction in which they are scratched. Ordinarily
the difference is so small that it can be detected only by the use
of delicate instruments.
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IV. TENACITY OF MINERALS.

The following terms are used to describe various kinds of
tenacity in minerals:

1. Brittle. When a mineral breaks or powders easily.

2. Malleable. When a mineral can be hammered out into
thin sheets.

3. Sectile. When a mineral can be cut into thin shavings
with a knife. i

4, Flexible. When a mineral bends but does not resume its
original shape when the pressure is released.

5. Elastic. When, after being bent, the mineral will resume
its original position upon the release of the pressure.

V. SPECIFIC GRAVITY OF MINERALS.

The specific gravity of a mineral is a number which expresses
the ratio existing between its weight and the weight of an equiva-
lent volume of water. If a mineral has a specific gravity of 2,
it means that a given specimen of that mineral weighs twice
as much as the same volume of water. The specific gravity of
a mineral which does not vary in its composition is a constant
factor, the determination of which is frequently an important
aid to its identification.

After a little experience one can frequently judge quite accu-
rately the specific gravity of a mineral by weighing it in the hand.
Minerals containing the heavy metals like lead, copper, iron, etc.,
can be at once differentiated from those containing lighter ele-
ments by this means. And by practice one can become expert
enough to be able to distinguish from each other minerals that
have comparatively small differences in specific gravity; for
instance, topaz (sp. gr. = 3.52) from orthoclase (sp. gr. = 2.57),
and fluorite (sp. gr. = 3.18) from quartz (sp. gr. = 2.6).

‘In order to accurately determine the specific gravity of a
mineral, the following conditions must be observed: The mineral
must be pure. It must also be solid, with no cracks or cavities



SPECIFIC GRAVITY OF MINERALS 63

within which bubbles or films of air could be imprisoned. The
fragment used should be reasonably large, about one cubic inch
being a convenient size. If these conditions cannot be met,
it is of little use to attempt a specific gravity determination by
any rapid and simple method.

The necessary steps in making an ordinary specific gravity
determination are briefly as follows: The mineral is first weighed
in air. Let this weight be represented by . It is then immersed.
in water and weighed again. Under these conditions it weighs
less, since any object immersed in water is buoyed up by a force
equivalent to the weight of the water displaced. Let the weight
in water be represented by y. Then z — y equals the loss of
weight caused by immersion in water, or the weight of an equal

volume of water. The expression will therefore yield a

number which is the specific gravity of the mineral.

The specific gravity of a mineral may be determined in various
ways, those most commonly used
being described below.

1. By Means of a Chemical
Balance. The most accurate
method of determining the specific
gravity of a mineral is by the use
of a chemical balance. To one
beam of the balance is suspended
a wire basket which is so arranged
that it can be immersed in a beaker
of water (see Fig. 191). The bas-
ket is hung in the water and then
counterbalanced by weights on the
opposite pan of the balance. The
mineral specimen to be tested, hav-
ing been first weighed on the bal-
ance in the ordinary fashion, is now
placed in the basket under the water Bizgon:
and weighed again. These two weights are the necessary data
for calculating the specific gravity as explained above.
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2. By Means of a Jolly Balance. Fig. 192 represents the bal-
ance of Jolly, by which the specific gravity is measured through
the stretching of a spiral wire spring. From
the spring is suspended two small metal pans
(c and d), one above the other. The ap-
paratus is so arranged that the lower pan
(d) is always immersed in'a beaker of water
which, resting upon the adjustable platform
B, can be placed at any required height. On
the side of the upright A, which faces the
spiral wire, there is a mirror with a gradu-
ated scale engraved upon it. The position
of the balance is determined by means of a
small bead (m) which is strung on the wire
above the upper pan and which serves as an
indicator. The eye is brought into such a
position that the bead exactly covers its
image in the mirror, and its position is then
determined by means of the scale.

Three readings must be taken: first, simply
the position of the balance with the lower

Fig. 192. pan in the water, x; second, its position
when the mineral is placed in the upper pan, y; and third, its
position when the mineral is in the lower pan and covered with
water, z. The platform B with the beaker of water must be
properly adjusted for each of these readings so as to always have
the lower pan immersed in the water. The expression xz — ¥y
will give a number representing the weight of the mineral in air,
while z — z will yield a number corresponding to its weight in
water. From these values the specific gravity of the mineral
can be calculated as described above.

3. By Means of a Beam Balance. This is a very convenient
and quite accurate method of determining specific gravity. The
balance illustrated in Fig. 193 was devised by S. L. Penfield,
who describes its operation as follows:

“The beam of wood is supported on a fine wire, or needle, at
b and must swing freely. The long arm bec is divided into a
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decimal scale, commencing at the fulerum b; the short arm car-
ries a double arrangement of pans so suspended that one of them
is in the air and the other in water. A piece of lead on the short
arm serves to almost balance the long arm, and, the pans being
empty, the beam is brought to a horizontal position, marked
upon the upright, near ¢, by means of a rider d. A number of
counterpoises are needed, which do not have to be of any specific

od

Fig. 193.

denomination, as it is their position on the beam and not their
actual weight which is recorded. The beam being adjusted by
means of the rider d, a fragment of the mineral is placed in the
upper pan and a counterpoise is chosen, which, when placed
near the end of the long arm, will bring it into a horizontal
position. The weight of the mineral in air is given by the posi-
tion of the counterpoise on the scale. The mineral is next
transferred to the lower pan, and the same counterpoise is
brought nearer the fulerum b until the beam becomes again
horizontal, when its position gives the weight of the mineral in
water.” From these two values the specific gravity of the min-
eral can be calculated.

VI. PROPERTIES DEPENDING UPON LIGHT.
A. Luster.

The luster of a mineral is its appearance due to the effect of
light upon it. In general we divide minerals into three classes
depending upon their luster, namely, metallic luster, submetallic
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luster and nonmetallic luster. A mineral having the appearance
of a metal like lead or copper is said to have a metallic luster.
The term is further defined by saying that a mineral with a
metallic luster is strictly opaque to light when examined on its
thinnest edges. The metallic luster of a mineral can be proved
by observing the color of its powder. If the powder is black
or very dark in color, it means that each little particle of the
mineral is still opaque to light, and therefore the mineral has a
metallic luster. This test is made usually by the aid of what
is called a streak plate. This consists of a piece of unglazed
white porcelain upon which the mineral is rubbed so that a
streak of its powder is formed upon the plate. The color of this
“streak’’ of the mineral, as it is called, will determine its luster
and also frequently will materially help in its identification.
Examples of minerals with metallic luster would be, galena,
PbS, with a bluish gray streak; pyrite, FeS,, with a black streak;
chalcopyrite, CuFeS,, with a greenish black streak; and hema-
tite, Fe,Os, with a dark reddish brown streak.

Nonmetallic Luster. Minerals with a nonmetallic luster are
transparent to light on their thin edges. In general they are
light colored, but not necessarily so. When a streak is obtained
from a nonmetallic mineral, it is either colorless or very light in
color. Various descriptive terms are used to further describe
the appearance of nonmetallic minerals, the more common being
as follows:

Vitreous. Having the luster of glass. Example, quartz.

Resinous. Having the appearance of resin. Example, sphal-
erite.

Pearly. Having the appearance of pearl. This is usually
observed in minerals on surfaces that are parallel to cleavage
planes. Example, basal plane on apophyllite.

Greasy. Looking as if covered with a thin layer of oil. Ex-
amples, some specimens of sphalerite and massive quartz.

Silky. Like silk. It is.the result of a fine fibrous structure.
Examples, fibrous malachite, serpentine, ete.

Adamantine. Having a hard, brilliant luster like that of a
diamond. It is due to the mineral’s high index of refraction
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(see p. 71). The transparent lead minerals, like cerussite and
anglesite, show it.

Submetallic Luster. There is no sharp divisional line between
minerals with metallic and those with nonmetallic luster, and the
group of minerals lying between is said to have a submetallic
luster. They show a colored streak, but one which is not black
or very dark in color. Examples of minerals with submetallic
luster are limonite and some of the darker varieties of sphalerite.

B. Color of Minerals.

The color of minerals is one of their most important physical
properties. In the case of many minerals, especially those
showing a metallic luster, color is a definite and constant prop-
erty and will serve as an important means of identification.
For example, the brass-yellow color of chalcopyrite, the blue-
gray of galena, the black of magnetite, the green of malachite,
etc., is in each case a striking property of the mineral. It is to
be noted, however, that surface alterations may change the color
even in minerals whose color is otherwise constant. This is
shown in the yellow tarnish frequently observed on pyrite and
marcasite, the purple tarnish on bornite, etc.- In noting the
color of a mineral, therefore, a fresh surface should be examined.
Many minerals, however, do not show a constant color in their
different specimens. This variation in color in the same species
may be due to different causes. A change in color is often pro-
duced by a change in composition. The progressive isomor-
phous replacement of zine by iron in sphalerite (see page 77)
will change its color from white through yellow and brown to
black. The minerals of the Amphibole Group show a similar
variation in color. The amphibole tremolite, which is a silicate
with only caleium and magnesium as bases, is very light in color,
at times almost white; while actinolite and hornblende, which
are amphiboles that contain increasing amounts of iron, range in
color from green to black. Again, a mineral may show a wide
range of color without any apparent change in composition.
Fluorite is a striking example of this, since it is found in crystals
that are colorless, white, pink, yellow, blue, green, etc. Such
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extreme cases are, however, rare. Minerals are also frequently
colored by various impuritics. The red variety of quartz, known
as jasper, is colored by small amounts of hematite. From the
above it is seen that, while the color of a mineral is one of its im-
portant physical properties, it is not always constant, and must
thercfore often be used with some caution in the identification
of a species.

Play of Colors. Iridescence, Opalescence, etc. A mineral is
said to show a play of colors when on turning it several prismatic
colors are seen in rapid succession. This is to be seen especially
in the diamond and precious opal. A mineral is said to show
a change of color when on turning it the colors change slowly,
being different for varying positions. This is observed in labra-
dorite. A mineral is ridescent when it shows a series of pris-
matic colors in the interior of the crystal or on the surface. It
is usually caused by the presence of small fractures or cleavage
planes which serve to break up the light into the prismatic colors.
Opalescence is a milky or pearly reflection from the interior of
a specimen. It is observed at times in opal and cat’s-eye. A
mineral is said to show a tarnish when the color of the surface
differs from that of the interior.

Asterism. Some crystals, especially those of the Hexagonal
System, when viewed in the direction of the vertical axis, present
starlike rays of light. This arises from peculiarities of texture
along the axial directions, or from some inclusions. A remark-
able example is the star sapphire.

Phosphorescence. Several minerals when rubbed or heated
give out light. This property is known as phosphorescence.
Fluorite often shows phosphorescence when fragments are gently
heated. The color of the emitted light may be green, purple,
rose, yellow, etc. '

C. Refraction of Light in Minerals.

When light comes into contact with a transparent mineral,
part of it is reflected from the surface of the mineral and part
enters the mineral. The light which enters the mineral is in
general refracted. When light passes from a rarer into a denser
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medium, as in the case of passing from air into a mineral, its
velocity is retarded. This change in velocity is accompanied
by a corresponding change in the direction in which the light
travels, and it is this change in direction of propagation that is
known as refraction of light. The amount of refraction of a
given light ray is directly proportional to the ratio existing be-
tween the velocity of light in air and in the mineral. The ratio
between these two velocities is known as the index of refraction
of the mineral and is designated by n. That is, if the index of
refraction, or n, of a mineral is 2, light will travel in it with one-
half the velocity it has in air.

In Fig. 194 let M—M represent the surface of a crystal of flu-
orite. Let N-O be normal to that surface. ILet A-O be one of
a number of parallel light rays striking the surface M—-M in such
a way as to make the angle ¢ (angle of incidence) with the normal
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Fig. 194. 3 Fig. 195.
Refraction of Light.

N-O. Let O-P be at right angles to the rays and representing the
wave front of the light in air. As the crystal is the denser me-
dium the light will travel in it more slowly. Therefore, as each
ray in turn strikes the surface M-M, it will be retarded and the
direction of its path be changed proportionately. In going from
a rarer into a denser medium, the direction of the ray will be bent
toward the normal N-0. To find the direction of the rays and
line of wave front in the crystal, proceed as follows: Since the
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index of refraction of fluorite is 1.43, ray 4 will travel in the

crystal, in the time it takes ray C to travel from P to B, —— T 4 3 of

that distance, or to some point on the circular arc the length of

whose radius 04’ is 1—43 the distance P-R. Similarly, ray B

will travel in the mineral during the period of time in which

ray C travels from S to R a distance equal to ——= 1 43 ——of the distance

S-R, or the radius TB’. The same reasoning will hold true for
all other rays. The wave front in the crystal can then be de-
termined by drawing a tangent — the line A’B'R—to these
various circular arcs; and lines perpendicular to this wave front
will represent the direction in which the light travels in the min-
eral, and the angle NOA’ or r will be the angle of refraction.
Fig. 195 shows the same construction as that of Fig. 194, only
in this case the mineral in question is assumed to be diamond.
Since the index of refraction of diamond (n = 2.42) is much
greater than that of fluorite, light will travel in it with a still
slower velocity. Consequently in diamond the amount of re-
fraction will be greater. This is shown in the two figures, in
both of which the angle of incidence is the same.

The refractive power toward light which a mineral possesses
has often a distinct effect upon the appearance of the mineral.
For example, a mass of cryolite may almost always be told at
sight, though, as is generally the case, there is no crystal shape
to aid in the identification. The mass has a peculiar appearance,
something like that of wet snow, and quite different from that
of ordinary white substances; and this is due to the fact that the
index of refraction of cryolite is unusually low for a mineral.
An instructive experiment may be tried by finely pulverizing
some pure white cryolite and throwing the powder into water,
when it will apparently disappear, as if it had instantly gone into
solution. The powder, however, is insoluble, and may be seen
indistinctly as it settles to the bottom of the vessel. The reason
for this disappearance of the eryolite is that its index of refraction
(about 1.34) is near that of water (1.335), hence the light travels
almost as readily through the mineral as through water, and
consequently it undergoes little reflection or refraction.
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Substances having an unusually high index of refraction have
an appearance which it is hard to define, and which is generally
spoken of as adamantine luster. This kind of luster may be com-
prehended best by examining specimens of diamond (n = 2.419)
or of cerussite (n = about 3.2). They have a flash and quality,
some diamonds almost a steel-like appearance, which is not
possessed by minerals of low index of refraction; compare, for
example, cerussite and fluorite (n = 1.434). It is their high
index of refraction that gives to many gem minerals their great
brilliancy and charm.

In the majority of cases the index of refraction of a mineral
is not far from 1.5, and gives to minerals a luster which is desig-
nated as vitreous. Quartz (n = 1.55), feldspar (n = 1.52) and
calcite (n = 1.57) are good examples.

D. Double Refraction in Minerals.

All minerals except those belonging to the Isometric System
show in general a double refraction of light. That is, when a
ray of light enters such
a mineral it is broken up
into two rays, each of
which travels with a dif-
ferent velocity through
the mineral. Since each
ray has its own charac-
teristic velocity, it fol-
lows that the angle of re-
fraction will be different
in each case and the [EEEE  R
paths of the two rays will
be divergent. In other  Fip. 196. Double Refraction in Calcite.
words, the light has un-
dergone double refraction. In the majority of cases the amount
of this double refraction is small, and the fact that it exists
can only be demonstrated by special and delicate instruments.
Calcite, however, shows such a strong double refraction that
it can be easily observed. Take a cleavage block of clear
calcite (Iceland spar), for instance, and place it over an
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image marked on paper. The image will appear double (see
Fig. 196).

The amount of double refraction, or in other words the amount
of divergence of the two rays, shown by any mineral depends,
first, upon the refracting power of the mineral, or its strength of
birefringence, as it is called; second, upon the thickness of the
block of the mineral; and lastly, upon the crystallographie direc-
tion in which the light is traveling in the mineral. In the case
of tetragonal and hexagonal minerals, there is one direction (that
of the vertical crystallographic axis) in which no double refrac-
tion takes place. Assoon as a ray of light in the mineral diverges
from this direction it is doubly refracted, and the amount of
double refraction increases as the path of the light becomes more
oblique, and attains its maximum when it is at right angles to
the vertical axis. Such minerals belong to the optical class known
as uniaxial. In the case of orthorhombic, monoclinic and triclinic
minerals, there are two directions similar to the one described
above, in which no double refraction takes place, and the minerals
of these systems are therefore spoken of as optically biaxial.

In addition to doubly refracting light, all minerals except those
of the Isometric System polarize it as well. Ordinary light is
conceived as made up of vibrations taking place in all planes.
Light is polarized when it vibrates in a single plane. In the case
of both uniaxial and biaxial crystals, each of the two rays into
which a beam of light is refracted is polarized and in planes
which are perpendicular to each other. For a fuller considera-
tion of the optical properties of minerals, the reader must be
referred to books of a more detailed character.

VII. PYROELECTRICITY.

Crystals of certain minerals, on cooling after being heated to
about 100° C., will develop upon different portions a positive
and a negative electric charge. This can be proved by the power
that such minerals show under these conditions to attract and
hold to themselves small pieces of paper, etc. Minerals which
are hemimorphic in their crystallographic character, like cala-
mine, tourmaline, etc., exhibit this property.



III. CHEMICAL MINERALOGY.

A MINERAL may be defined as a naturally occurring substance
having a definite chemical composition. The chemical compo-
sition of a mineral is the most fundamentally important fact
about it, for upon this all its other properties must in great
measure be dependent. The physical characteristics of a mineral
may sometimes serve as means of its positive identification, and
in the great majority of cases they will be of material assistance;
but the final proof of its identity will more often lie in the deter-
mination of its chemical character by means of chemical tests.
Consequently the study of the chemistry of minerals is the most
important single division of the subject. This section will,
therefore, be devoted to a brief and elementary discussion of
chemical mineralogy. First some general aspects of the subject
will be presented, followed by a short description of the methods
of testing for the different elements most commonly observed.
The scope and size of this book necessitate the assumption that
the reader is familiar with at least the essentials of chemical fact
and nomenclature.
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