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PREFACE.

In this, the fifth edition of our textbook, the ‘practical stand-
point” of the former editions is maintained and skill in “Sight
Recognition and Rapid Determination of Common and Econom-
ically Important Minerals"’ is still the chief objective.

About two hundred additional pages have been needed and
the changes, while distributed, are principally:

(a) Descriptions of new economic groups and species consequent
on the great development in industrial applications.

(b) Discussions of formations and occurrences, in recognition
of the growing interest in mineral genesis and of its value both in
diagnosis and in connecting more closely geology and mineralogy.

{¢) An enlarged section on ‘crystallo-optics, schemes for
crushed fragments and grouped optical distinctions consequent
upon the proved value of the polarizing microscope in rapid
mineral determinations.

(d) New tables for determination.

Two other new features may be mentioned:

1. In the introductory chapter, as a substitute for the usual
crystallographic course involving symbols and axes, we have given
a simplified method of classifying and identifying real crystals
by partial symmetry and angles which enables the student after
two or three lessons to recognize the crystalline system of real
crystals and often to identify the species by simple measurements.

2. The gem minerals have been assembled and described in a
separate chapter.

iii
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PART I

CRYSTALLOGRAPHY.

CHAPTER 1.
INTRODUCTORY.

The meaning of the word crystal in ancient times, and even in
the English of the Middle Ages, was ice. Transparent, colorless
quartz was called crystal because it was supposed to be ice in
permanent form, the solids obtained on the evaporation of water
were crystal, because like ice, they were solids formed from water.

The Common Limited Meaning of Crystal.

Both the quartz and the solid salts from solutions occurred in
shapes bounded by plane surfaces, and as other substances both
opaque and transparent possessed such shapes, by an extension
of meaning crystal came to signify a shape bounded by plane faces,
and more exactly, crystals, in this limited sense, are solids, formed
only when a chemical element or a chemical compound solidifies,
and bounded by plane faces at definite angles to each other which
are characteristic of the substance.

The Broader Meaning of Crystal.

It is known now that this “polyhedral” shape is due to definite
internal structure and that this structure is of such a nature that
a “crystal”. always shows the same physical characters® in all
parallel directions and, generally speaking, different characters
in different directions.

* For instance, crystals will often break in directions parallel to planes yielding
solids absolutely constant in angles, they will transmit light or conduct heat or elec-
tricity with the same velocity along all parallel lines, but with different velocity
along lines not parallel.

2 I
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But solidified chemical substances consist, for the most part,
of crowded aggregations of individuals with little or no trace of
plane-faced boundaries. Every grain, nevertheless, possesses the
perfect regular internal structure with the physical characters
constant in parallel directions and varying in directions not
parallel, and often in earlier stages of growth did possess the
polyhedral shape until crowding obliterated it.

The broad definition of crystal must therefore include these
individuals. That is, crystals are distinct individual solids resulting
from the solidification of a chemical substance and showing constancy
of properties in parallel directions and varying properties in direc-
tions not parallel.

Under favorable conditions of free space, time and surroundings
crystals will be bounded by plane surfaces at definite angles to each
other and characteristic of the substance.

Crystallization.

Crystallization is therefore that solidification of a chemical
element or compound which results in individuals possessing a
crystal structure. These individuals may be completely bounded
by plane surfaces or partially bounded by plane surfaces, or may
lack all plane boundaries. They are identical in essentials and
there is no line of division in the non-essentials.

GEOMETRICAL CRYSTALLOGRAPHY.*

Crystallography is broadly divided into:
Geometrical or Morphological Crystallography.
Physical Crystallography.
Chemical Crystallography.
Of these this book considers only those portions of the first two
which experience has proved to be most useful in the identification
and description of minerals.
Geometrical crystallography considers the relations between
the bounding faces.
In elementary work the principal tasks are determinations of
“system,”’ recognition of type symbols, approximate angle meas-
* Geometrical Crystallography often receives an unmerited proportion of the time

devoted to the study of crystals as a natural result of the fact that the geometrical
relations were first studied.



INTRODUCTORY. 3

urements, and, perhaps most important, interpretation of crystal
descriptions. :

In more advanced work the tasks are exact measurements of
angles, projection and delineation, determination of indices and
elements (axial angles and parameters) and calculation of the-
oretical angles from elements and indices.

The Angles' of Crystals.

In any crystal three sorts of angles exist:

I. Plane angles between ‘“edges” (intersections of faces).

2. Dihedral or interfacial angles.

3. Polyhedral angles between three or more planes.

While all of these are characteristic the interfacial angles are
most conveniently used.

Single crystals show only salient angles, re-entrant angles are
common on twinned crystals.

Law of Constancy of Interfacial Angles.

The angles of crystals of any one substance conform to the
following law: In all crystals of the same substance the angles
between corresponding faces are constant.

This law, the first to be announced, was gradually developed; for insfance.
Steno in 1669 announced that in rock crystal there was no variation of angle in spite
of the variation in relative size of the faces. In 1704 Guglielmini stated that every
salt had its peculiar crystals, the angles of which were constant

Romé Delisle in 1783 measured and described over four hundred crystal forms and
announced that in each species *‘the respective inclination of the faces to each other
never varies.”

Aside from the crystals of the isometric system it is now held
to be true that the crystals of each chemical substance have a
separate and definite set of angles, certain so-called isomorphous
substances crystallizing however with very mearly the same
angles.

Contact Goniometers.

Measurements within one or two degrees may be made with
Contact goniometers, the most simple type of which consist of an
arm pivoted upon a protractor. Fig. 1 shows Penfield Goniometer
Model B, consisting of a cardboard on which is printed a semicircle
graduated from 0° to 180° in both directions.
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An arm of transparent celluloid is swivelled by means of an eyelet
exactly in the center of the semicircle tightly enough to turn with

some difficulty.

Fi1G. 1.

e
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100
20

LS P LLEA0 ELLES R LRy L ) AL DALY LA AR L L L L L L A AR R A Ll
A e G L G G

In measuring, the crystal or model is placed as shown so that
the card edge and swinging arm are each perpendicular to the edge
of -intersection of the two faces, and in such close contact that
no light passes between these and the faces. To facilitate this

. F1G. 2.

one part of the swinging arm
and the base edge of the
card are blackened.

A more expensive instru-
ment, Fig. 2, consists of a
brass protractor with detach-
able arms which can be slid
upon the pivot until of the
most convenient length for
the particular crystal,

In measuring the arms are
detached and set at an angle

a little less than the angle to be measured, clamped loosely and
one of the arms placed in perfect contact with one crystal face.
The other arm then nearly touches the second face and, while
holding between the eye and the light, is brought into perfect
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parallelism with the second face by a gentle pressure with the
forefinger. i

The arms are then replaced on the arc, as in the figure, and the
angle is read.

THE APPROXIMATE MEASUREMENT OF INTERFACIAL ANGLES.

Determinations of symmetry, system, type symbols, and ap-
proximate angles, of sufficient accuracy to greatly help in the
recognition of mineral species, can be made with very simple
apparatus and even without apparatus.

In many cases the task is not so much to ascertain the value
of the angles as to estimate the equality or inequality of different
angles and the parallelism of faces to each other or to certain lines.

By Inspection Alone.

Estimates are best made by placing the two crystal faces con-
cerned at right angles to a horizontal surface and tracing their
intersections with the surface. The eye recognizes go° with close
approximation and fractional parts of 9o° such as 45°, 30°, 60°
with fair accuracy.

Parallelism of faces is judged by placing one of the faces in
contact with a horizontal surface and noting the position taken
by the other face. Parallelism between a face and a line is
judged by placing a straight edge in different positions of contact
with the face. If in any of the positions the straight edge and
the line are parallel, the face and the line are also parallel. Paral-
lelism of three or more faces to a common line is judged by the
parallelism of the edges between the faces.

The Measuring.

A convenient order of measuring and recording is as follows:

A zone, or series of planes parallel to the same line, is selected
which shows numerous or very well developed faces. This zone
is placed with the faces vertical and a sketch made by tracing
(or following approximately) these faces on the paper, giving for
instance the outline g, b, ¢, d, ¢, f, g, #, Fig. 3. The edges between
the oblique planes are then roughly sketched in and letters or
numbers assigned to each oblique face:

Each angle of the vertical zone is then measured two or three
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times, taking care to reset the goniometer after each reading.
The average for each angle is then recorded. Usually the supple-
ment angle, which can be read directly on Penfield Model B,
is read and recorded, partly because the sum of all the supplement
angles of a zone is 360°, partly because other angles are more
simply checked or calculated and largely because crystallographic
descriptions almost invariably record the supplement angles.

a a

F1G. 3. F16. 4.

Any angle is conveniently designated by the symbols of the
two faces, for instance, the angle between ¢ and b by @ A b, the
angle between ¢ and x by ¢t A x and so on.

If the crystal is many-faced it may be convenient to also draw a circle and letting
some point as ¢, Fig. 4, represent the face ¢, Fig. 3, lay off the supplement angles of
that zone as arcs and draw the corresponding radii. By methods described later, p.
84, this drawing may be made to include the oblique faces. One advantage is
that the unequal development of corresponding faces of a zone makes no change
in the position of the “poles” a, b, ¢, etc., of Fig. 4. The “ideal” and the actual
yield the same “poles.”” The angles between oblique faces or oblique and vertical
faces are then measured.

All essentially equal angles are assembled and considered.
Necessarily such an assemblage groups together angles between
‘“equivalent” faces—it may also include angles between non-
equivalent faces. Usually other facts will quickly separate these.

"
THE SYMMETRY OF CRYSTALS.

Although the angles between corresponding faces of all crystals
of the same substance are equal, different crystals of the same
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substance often show unequal numbers of faces, different angles
and notably different shapes.

The property which such very different crystals of the same
substance have in common is expressed by the following law:

The Law of Symmetry.

All crystals of any one substance are of the same grade of symmetry.

Symmetry is fundamentally repetition. The sphere has in-
finite geometric symmetry. Every plane through the center
divides it into symmetrical halves. Every diameter is an axis
of infinite symmetry. ‘

True geometric symmetry to lines and planes is rarely shown
in the shapes of crystals. The actual symmetry is a symmetry
in molecular structure (see page 26), a repetition in different
directions of exactly the same arrangement. This shows in the
crystal shape but as symmetry of direction with repetition of
equal angles and not often as symmetry of position with repetition
of equal-sized faces.

That is, there is in practically every crystal some repetition or
recurrence of equal angles or similarly grouped faces, and two
faces symmetrical in this sense may be unequally distant from the
center, unequal in size and different in shape.*

The * Elements ”’ of Symmetry.

It is customary to consider the symmetry of a crystal with
reference to the center, axes, and planes, these being collectively
known as ‘‘Elements of Symmetry.”

Symmetry to the Center.

Each face of the crystal has an opposite parallel face. Thus
Fig. 5 represents a crystal of axinite with opposite parallel
faces.

Symmetry to an Axis.

When the crystal is revolved about some line through the
center each group of faces is repeated 2, 3, 4, or 6 times during the
revolution.

* They will, however, be alike in lustre, markings and angles they make with
planes or axes of symmetry.
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Thus in each of the orthographic projections, Figs. 6, 7, 8, 9, 10,
there is an axis of symmetry perpendicular to the plane of the
paper. _

““Axes” of symmetry in crystals are rather directions than lines
through specific points. Thus while in the topaz crystal of ideal

FiG. 5. FIG. 6. Fi1c. 7.

shape shown* in Fig. 6 there is an axis of two-fold geometric
symmetry perpendicular to the plane of the page and through the
center of the drawing, the topaz crystal of Fig. 7 showing the same
number of faces at the same angles has only symmetry of direction
to an axis perpendicular to the page. Whether the axis is consid-
ered to be central or not is of no consequence.

Figs. 8, 9, 10 show respectively projections of calcite with a
three-fold axis, zircon with a four-fold axis and beryl with a two-
fold axis. The axis in each case is perpendicular to the plane of
the page.

Finding an Axis of Symmetry.

Try any evidently prominent direction, place it in a vertical
position. Note first whether there are any recurrent angles in
the group of faces (if any) which are parallel to it; if not it
cannot be an axis of symmetry. If there are recurrent angles in
the zone of faces parallel to the direction note next the oblique
faces and revolve, or imagine a revolution of, the entire crystal
about the direction. Note the grouping of faces at any initial
position. If during the revolution new groups of faces appear to

* These drawings 6-10 are orthographic projections on a horizontal plane with
one zone vertical. Parallel edges appear as parallel lines.
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take positions parallel to the initial positions of all the faces the
direction of rotation is a probable axis of symmetry. If, by
measurement, the angles for one position correspond in value and
order with those for the other position the existence of the sym-
metry axis is confirmed.

According to the number of times corresponding groups or
faces recur during a complete revolution about a symmetry axis,
the axis is known as two-fold, three-fold, four-fold, or six-fold.
No other varieties exist.

Fi1G. 8. FiG. o. F16. 10,

Symmetry to a Plane.

A plane of symmetry holds a definite angular relation to a
crystal rather than a fixed position 4 the crystal. So regarded
it may be said that with respect to any plane of symmetry the
crystal faces are in pairs and that the angle between each pair is
bisected by the plane of symmetry, or that a plane of symmetry
is so related to a crystal that on each side of that plane there will
be grouped the same number of faces at the same angles to it
and to each other and in the same order. Thus, not only in the
model illustrated, Fig. 6, but in the crystals shown in Figs. 7, 8,
9, 10 there are planes of symmetry parallel to each of the dot and
dash lines and each perpendicular to the plane of the paper.

The Law of Symmetry therefore means:

That while the crystals of any one substance will not all be
alike in shape even when the variations due to size and to unequal
development of faces have been eliminated, there will be, in every
crystal of the substance, wherever found or under whatever con-
ditions formed, the same ‘Elements’’ of symmetry.
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Crystal Models and their Geometric Symmetry.

Models in which all equivalent faces are the same distance from
the center, and therefore of equal size and the same shape, are
much used in crystallography. It is desirable to restrict this use
as the skill acquired in the study of models is of little use in the
recognition of crystals.* Fundamentally the problem is to recog-
nize directions of equivalent structure. In the crystal such direc-
tions are indicated by faces symmetrical in direction, alike in
markings, luster and relation to cleavage but of any size or shape,
while in the model such directions are indicated by faces sym-
metrical in position and alike in size and shape.

A model is symmetrical to the center when every straight line
through the center encounters at equal distances on each side of
the center two corresponding points.

A model is symmeirical to an axis when if revolved about this
axis the model reoccupies the same position in space, two, three,
four, or six times during one complete revolution. That is,
corresponding groups of planes exchange positions after revolutions
of 180°, 120°, 9o° or 60°.

Fi1Gc. 11. Fi1c. 12. FiG. 1
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The line CC in the zircon crystal, Fig. 11, is an axis of four-fold
or tetragonal symmetry, for, as shown in the horizontal projection,
Fig. 12, the crystal occupies the same position in space when by
rotation about CC any point @ has moved to b, ¢, d or again to q,
and does not for any other position.

* Crystals are often spoken of in terms of models and said to be “distorted”
when conforming perfectly to all known crystal laws but not resembling the model.
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The line CC in the apatite crystal, Fig. 13, is an axis of six-fold
or hexagonal symmetry, because, as shown in horizontal projection,
Fig. 14, the crystal occupies the same position in space when by
rotation about CC any point ¢ has moved to b, ¢, d, e, f or again
to a.

A model is symmetrical to a plane when the plane so divides it
that either half is the mirrored reflection of the other, and every
line perpendicular to the plane connects corresponding parts and

is bisected by the plane of symmetry.

Fi1G. 16.

For example, in Fig. 15, the shaded plane so divides the model
that a line from an angle b perpendicular to the plane passes
through a corresponding angle @, or a perpendicular from ¢, the
center of an edge, passes through d, the center of a similar edge.
ab, c¢d and all similar lines are bisected by the shaded plane.

In Fig. 16 both of the shaded planes are planes of geometric
symmetry for the model.

Classification of Crystals.

The basis of classification is always, directly or indirectly,
symmetry and profound investigations have proved that the
crystal structure as limited by the law of simple mathematical
ratio is of 32 types or classes. Nearly all the important minerals
crystallize in ten or eleven of the thirty-two classes.

The six crystal *systems’’ constitute a more convenient classifi-
cation. Each system includes two or more classes. Two methods
of determining system will be described.
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I. A method based on partial symmetry, which is very quickly
and easily used for determining the systems of actual crystals
and which supplemented by angle measurements will often deter-
mine the mineral.

2. A method based on crystal axes, but indirectly upon sym-
metry in the choice of crystal axes. This is indispensable in
a mathematical consideration of the relations between faces and
in the understanding of a crystal description.

CONSIDERATION OF CRYSTALS BY PARTIAL SYMMETRY AND
APPROXIMATE ANGLES, WITHOUT SYMBOLS.

Rapid Method for Finding the System of a Crystal.

The following rules quickly determine the ‘‘system’ of a
crystal, without the need of a complete determination of symmetry
or any consideration of “crystal’”’ axes. They apply to all 32
classes except one.* '

Approximate measurements, as described p. 5, are usually
needed. .

Essential Condition. System.

More than one axis of three-fold sym- Isometric.

metry. X j
One axis of four-fold symmetry, and one Tetragonal,

only.
One axis of three-fold symmetry, and one Hexagonal.

only. Rhombohedral division.
One axis of six-fold symmetry. Hexagonal division.
More than one axis of two-fold symmetry Orthorhombic.

but no axis of higher symmetty (or one
axis and two planes of symmetry).

One axis of two-fold symmetry only, or Monoclinic.
one plane of symmetry only, or both.
‘Without axes or plane of symmetry. Triclinic.

DISTINGUISHING SPECIES BY APPROXIMATE ANGLES.

Because the angles between correspondingt faces are constant -
and characteristic, the measuring of a few selected angles will
often serve to determine the mineral. Certain angles are char-

* The scalenohedral class of the tetragonal system by these rules would be ortho-
rhombic.

T Corresponding faces on the same crystal, or on different crystals of the same
substance, eccupy corresponding or symmetrical positions with reference to the
symmetry axes and usually correspond in lustre and markings. They frequently
do not correspond in shape.
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acteristic, others are common to many crystals, for instance, the
angles between faces parallel to the four-fold axis in the tetragonal
are possible angles for any substance crystallizing in the tetragonal
system.

The “cleavage’’ directions are of great service in orienting the
crystal. These and the angles between them are used in the lists
which follow each system.

ISOMETRIC SYSTEM.
Principal Characteristic.
If a crystal has more than one axis of three-fold symmetry it
is an isometric crystal and not otherwise. It may or may not
have three four-fold axes.

Prominent Features.

The bounding planes are often squares and equilateral triangles
or these with their corners cut off. Corresponding faces and equal
angles are more frequent than in other systems. Often the dimen-
sions are closely equal in three or more directions.

Angles.

These are of the same ‘‘series’”’ whatever the species. They
are therefore classed by their ‘‘habit,” that is, dominant ‘' forms”
on the crystals.

Tetrahedral, Fig. 17.
(Four faces at 70° 31”.) Sphalerite, tetrahedrite.

3

FiG. 17. Fic 18. Fi1G. 19.

Cubic, Fig. 18.
(Six faces at 90°.) Argentite, cuprite, fluorite, galenite,
halite, pyrite, smaltite.

Octahedral, Fig. 19.
(Eight faces at 109° 29’.) Chromite, cuprite, fluorite, frank-
linite, galenite, linnaeite, magnetite, pyrite, spinel.
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Dodecahedral, Fig. 20.
(Twelve faces at 120°.) Cuprite, garnet, magnetite, sphaler-
ite.

Pyritohedral, Fig. 21.
(Twelve faces often at 126° 53’ and 113° 35’.) Cobaltite,
pyrite, smaltite.

Trapezohedral, Fig. 22.
(Twenty-four faces often at 131° 19’ and 146° 27”.) Analcite,
garnet, leucite.

Fic. 2o. FiG. 21. FiG. 22.
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The following show notably good cleavages:
Cubic. Galenite, halite.
Octahedral. Fluorite.
Dodecahedral. Sphalerite.

\ TETRAGONAL SYSTEM.
Principal Characteristic.*

If the crystal shows one axis of four-fold symmetry and only
one it is a tetragonal crystal.

Prominent Features.

A section taken at right angles to the four-fold axis is usually
square or octagonal, that is with angles of 90° or 135° between
adjacent faces.

The dimension in direction of the four-fold axis is usually notably
greater or less than in directions at right angles thereto.

Angles.

In the zone of the four-fold axis (faces a, m, Fig. 23) there are
no variations in angle dependent on the species. All show the
same series of angles and between corresponding faces these are
principally 90°, more rarely 143° 8.
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In all other zones the angles vary with the species.
Those important tetragonal minerals which often show macro-
scopic crystals may be classified by angles and cleavage as follows:

ANGLEs BETWEEN CORRESPONDING FACES OBLIQUE TO THE
Four-FoLD AXIs.

71° 20’ chalcopyrite. 121° 41’ cassiterite.

99° 38’ wulfenite. 123° 8 rutile (p A p, Fig. 23).
100° 5 scheelite. - 123° 19’ zircon,

105° apophyllite. 129° 21’ vesuvianite.

109° 53’ braunite. 136° 15’ wernerite.

Braunite, scheelite and wulfenite cleave at the angles mentioned.

Wernerite and rutile cleave parallel the four-fold axis giving
angles of 9o° and 135°. Apophyllite cleaves to cubic forms, but
in one direction much more easily than in the other two.

FiG. 23.
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HEXAGONAL CRYSTALS.
Principal Characteristic.

If the crystal shows one and only one axis of three-fold sym-
metry it is a hexagonal crystal, rhombohedral division.

If the crystal shows one and only one axis of six-fold symmetry
it is a hexagonal crystal, hexagonal division.

Prominent Features.

A section taken at right angles to the axis of three-fold or six-
fold symmetry is usually a hexagon or twelve-sided, that is with
angles of 120° or 150° or in some minerals an equilateral triangle
with the corners ‘‘modified.”

The dimension parallel this axis is usually notably greater
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(prismatic crystals) or less (tabular crystals) than the dimensions
at right angles thereto.

Angles.

In the zone of the three-fold axis, Fig. 24, or six-fold axis, Fig.
25, there are no variations in angle dependent on the species.
All show the same series of angles and between corresponding
faces these are principally 120° or larger such as 141° 47" the occur-
rence of which tends to produce a nearly circular cross section.

In all other zones the angles vary with the species.

The important hexagonal minerals, which occur frequently in
macroscopic crystals, may be classified by angles and cleavage
as follows:

I. WitH Axis oF THREE-FoLD SYMMETRY (USUALLY RHOMBOHEDRAL HABIT).

(a) Angles are both interfacial and cleavage: (b) Angles interfacial only:
85° 14’ chabazite. 107° rhodochrosite. 85° 31’ ilmenite.
86° hematite. 107° siderite. 90° 50’ alunite.
105° 5’ calcite. 107° 24’ magnesite. 92° 37’ willemite.
106° 15’ dolomite. 107° 40’ smithsonite. 116° 36’ phenacite.
107° 58 proustite. 133° 8’ or 103° tourmaline.

II. WiTH APPARENT AXIS OF Six-FoLp SYMMETRY (UsuaLLy PrismaTic HABIT).

(c) Often capped by horizontal plane: (d) Often capped by oblique planes:
Beryl nephelite. 86° 4’ or 128° 2’ corundum.
Iodyrite pyrargyrite. 94° 14’ or 133° 44’ quartz.
Mimetite pyromorphite. 142° 15’ apatite.

Vanadinite.

(¢) Tabular: graphite, molybdenite, iridosmine.

ORTHORHOMBIC CRYSTALS.
Principal Characteristic.

If a crystal shows either more than one axis of two-fold sym-
metry (or one axis with more than one plane of symmetry) and
nothing of higher symmetry it belongs to the orthorhombic system.
Prominent Features.

Cross sections taken at right angles to the axes of symmetry
are unlike in angles and tend to rectangles and rhombs or these
combined.

Angles. :

There is no zone which has a constant series of angles for all
species. The interfacial angles in the zones parallel to the axes
of symmetry are unlike except when 9o° and vary with the species.
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Because the three axes of symmetry are all two-fold no prac-
ticable method exists for distinguishing between them. If, how-
ever, in any crystal angles are found that correspond to important
angles in the zones of at least two such axes, for any species, the
crystal is probably of that species.

In the table the columns A, B, C give prominent angles in
zones parallel to the three symmetry axes. Other prominent
angles are assembled in D. Thus in Fig. 26, the symmetry axes
being shown by dotted lines, in the zone of the vertical axis the
angle m A m is 129° 31/, in the zone of the axis from front to
backd A dis 119° 46’. No angles occur in the zone of the axis
from left to right, and finally such an angle as p A p = 139°
53’ is evidently prominent. These are found in the columns
C, A and D respectively under chrysoberyl.

The important orthorhombic minerals which frequently occur
in macroscopic crystals may be classified as follows:

* = bisected by cleavage. t = paraliel cleavage.

Principal Characteristic.

c B 4 l D
Stiteise N . 1 7. 20T 00° 26" * 108° 36/
Andalusitay  SF Ll il 90° 48’ 190° 50’ )
Natrolite: 2% S50 a0 20 9I2°75¢ rare rare 142° 23’
Sillimanite.............. o1° 45" * none none none
GOBHRIEES . o N er of dake 04° 52" * 1135 46" 117° 30’ .

+ Enaggite™.- = S50 0 97° 53’ ¥
Manganite.............. 00° 40’ * * 114° 19’ 122° 50’ -
Brookite e is v JING pio 99° 50 rare rare 101° 31/
Colttbite! e n. e 100° 43" 140° 37/ 06° 51/ 00°
Barife .ol wasus s 45 101° 38’ 1 102° 17/ 74° 34’ 90° {
Sulphiar, . 736 SR S 101° 46’ 46° 16’ 55° 26/ 106° 26/
Anglesite. . ............. 103° 44’ T 101° 13/ 75° 36" 90°
Calaminely. .3 . 5 i iie 103° 51’ ¢
Celestite, L o e m T = s 104° 10’ ¥ 101° 11/ 76° 90° t
MaTcasite iy s s e 105° 5% 63° 40’ e
Arsenopyrite. . .......... 112° 27' SO ST 782 354
Aragonite............... 116° 12’ ¥ 108° 27/
Cerussite. . ....ooovuunn 117° 14’ t 108° 16/
TOPRZS if teni. oty vy A 124° 17 57° 59 55° 19/ 141°
Staurolite. "SI BInL e A0 129° 20’ * 69° 28’ 90°
Chrysoberyli. i s i 129° 31’ 119° 467 139° 53’
MONOCLINIC CRYSTALS.

If a crystal shows one and only one axis of two-fold symmetry
or one and only one plane of symmetry or both it is a monoclinic

crystal.
3
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Prominent Features.

Any face in the zone of the symmetry axis makes a 9o° angle
with the symmetry plane (or a face parallel to it). No other
90° angles occur.

The cross section of the zone of the symmetry axis is never
rhombic or rectangular but markedly unsymmetrical.

The direction of the symmetry axis is not usually the long
dimension, and the faces parallel to it are only alike in pairs.

No monoclinic crystal will consist of less than two kinds of
faces and there will never be more than four corresponding faces
on a crystal.

Fi1G. 26. FiG. 27. Fi1G. 28.
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Angles.

No zone has a constant series of angles for each species. The
zone of the axis of symmetry can always be found and its angles
measured and it is also usually easy to locate corresponding faces
the angles between which are bisected by the symmetry plane.
These two sets of angles have therefore been used in the table
following.

Thus in Fig. 27 ¢ A @ = 105° 50’ is an angle in the zone of the
symmetry axis and m < m = 87° 10, v A v = 111° 18 and
P N P = 131° 31’ are bisected by the plane of symmetry. These
are recorded in the table as angles of pyroxene.

The important monoclinic minerals which often occur in macro-
scopic crystals may be classified as follows:
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Species. Angles in Zone of | Angles Bisected by O;g::af:?.
Symmetry Axis. Symmetry Plane. Angles.
Easiest cleavage Colemanite 110° 9o, 107° 56/, ¥90
parallel to sym- 111° 36’ 140° 12,
metry plane 126°"0’
[ Ca%30:10big o Ema v - o N I, T s30”%,
143° 48,
138° 40’
LT Yy L e S A L 74° 26/, *90
132° 3’
Niagianitel i Sl e . L . 108° 02’
Wolframite 118° ¢, 100° 37/,
124° 48’ 98° ¢,
117° 6 117° 49"
Easiest cleavage Azurite 135° 14/, 99° 19/,
perpendicular to 137° 10’, 119° 13/,
symmetry plane 132° 45’ 90° 53/,
*50° 13
Borax 106° 35’ *87°,
122° 33/,
96° 32’
Epidote *115° 23/, O A
128° 19/, 70929/,
155° 11’ 63° 5’
Monazite 140° 48, 03° 26’
87° 17/,
126° 29’
Orthoclase 99° 42', 118° 47, *90
129° 44’ 90° 7’
Cleavage angle Amphibole 130° 6/ *124° 17/,
bisected by plane t 148° 28’
of symmetry Pyroxene 105° 50/, *87° 10/,
148° 40’ 120° 49/,
T3 19212
Spodumene 110° 20’ *87°,
91° 26’
Titanite 140° 43/, *113° 31/,
159° 136° 11/,
67° 57"
No cleavage Datolite 00° o, THESSTa L
135° 120° 56/,
115° 21/

The micas and chlorites are usually pseudohexagonal.

TRICLINIC SYSTEM.

Principal Characteristics.
If the crystal shows neither any axes nor any planes of sym-

metry it is a triclinic crystal.

* = angle between easy cleavage planes.
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Prominent Features.

There will be no right angles either between faces or edges.
The only corresponding faces will be opposite (parallel) faces.

Triclinic crystals however may approximate in angles mono-
clinic crystals and only be distinguishable by inspection by the
occurrence of faces which have no symmetrically placed associates.

Angles.

All corresponding faces being parallel, angles between adjacent
faces are given. Two faces adjacent in one crystal may however
be.separated by truncating faces in another.

Interfacial and Angles between Common

Cleavage Angles Adjacent Faces
Albite s GRS 93° 36" 127° 447, 120° 46’
Anorthitey . Wicat h e 04° 10’ IO 3% (082 UG/ % 1202 31
Labradorite: . fis. & S 03° 56
Oligoclase. . .« «cvvvunnn 03° 28’ 128° 3/, 08° &, 120° 54’
Amblygonite. .......... 104° 30’ 135° 30’
Chalcanthite........... 123° 10’ : 110° 10/, 70° 22’, 103° 27
Cyanite 5. 5. S h s < e 101° 30’ 74°%:16’; 131° 42/, -78° 58’/
Rhodonite..... ....... 87° 32’ 107° 24’

CONSIDERATION OF CRYSTALS BY CRYSTALLOGkAPHIC AXES AND
SYMBOLS.

Crystallographic Axes.

The bounding planes or faces of crystals are defined in position
by referring them to coordinate axes after the manner of analytical
geometry. The codrdinate axes are usually (though unfortu-
nately) called crystallographic axes.

Choosing Crystallographic Axes.

It is always possible and indeed essential to choose as crystallo-
graphic axes those lines which are closely related to the symmetry
of the crystal. If the choice be made in the following order the
six systems result.

First, axes of symmetry. _

Second, lines perpendicular to planes of symmetry.

Third, lines 7z a plane of symmetry parallel to edges, or faces.

Fourth, lines parallel or equally inclined to several faces of the
crystal.
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If there result more lines than are needed, preference should
be given:

(a) To directions at right angles to each other.

(b) To interchangeable directions, that is, to directions such
that the grouping of the faces about one is the same as the grouping
of the faces about any other.

The Six Crystal Systems.

The six systems may then be defined in terms of axes, each
including all crystals which are, by the given rules, referred to a
particular set of axes:

TaE TricLiNIC SysTEM.—Three non-interchangeable axes at
oblique angles to each other.

THE MonNocLiNIC SysTEM.—Three non-interchangeable axes.
two of which are oblique to each other, the third is at right angles
to the other two. :

Tae OrRTHORHOMBIC SYSTEM.—Three axes at right angles but
not interchangeable. :

THE TETRAGONAL SvsTEM.—Three axes at right angles, of
which two are interchangeable.

THE HEXAGONAL SysTEM.—Four axes, three of which lie in one
plane at sixty degrees to each other and are interchangeable, the
fourth is at right angles to the other three.

TaE IsoMETRIC SySTEM.—Three interchangeable axes at right
angles to each other.

CRYSTAL FACES AND THEIR SYMBOLS.*
Referring a Face to the Crystallographic Axes.

Whatever the position of any crystal face, CDE, Fig. 28, it
must be either parallel to or capable of intersecting each of the
chosen crystallographic axes.

Its position in space is absolutely determmed if the numerical
values of its intercepts 04, OB and OC on the crystallographic
axes are known.

If stated as relative distances, for instance

OA :0B : 0C = 0.7 : 1 :1.46,

* The symbols of Levy, Naumann, Dana, Goldschmidt are not used in this
book. A description of these will be found in Goldschmidt’s * Index der Krystall-
formen,” Vol. 1. ,
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these intercepts are independent of the absolute position of the
face and represent any face parallel to it, that is any face in the
same angular position.

The Miller Indices and the Weiss Parametral Symbols.

Because of a simple relation between the intercepts of different
faces (which will later be explained) the symbols which are most
used are not the relative intercepts of the corresponding faces
but simpler expressions from which these relative intercepts may

be derived.

Parameters.

Both the Miller and the Weiss symbols require that the relative
intercepts of some chosen face upon the crystallographic axes
be known. These particular intercepts are hereafter spoken of as
Parameters. In Fig. 29 of topaz the chosen face is p (parallel to
a face of the enclosed dotted pyramid) and by calculation the
parameters are § : b : ¢ = 0.529 : I :0.477. :
The Miller Indices.

The Miller indices of any face are those numbers which divided
term by term into the parameters give as quotients the intercepts of the
face.

Conversely dividing the parameters by the intercepts will give
the indices.

The Weiss Coefficients.

The Weiss parametral symbols state the parameter symbol
4 :b:¢ with coefficients and the Weiss coefficients of any face
are those numbers which multiplied term by term into the parameters
give as products the intercepts of the face.

The Miller indices and the Weiss coefficients are therefore
reciprocally related.

Example. 3

In crystals of topaz there occurs a plane f, Fig. 29, for which
the Miller indices are (021) and the Weiss symbol « & : b : 2¢,
but these symbols alone tell only that the face is parallel the
first axis.

If, however, the parameters are known & :hic = 0.529 : 1 :
0.477, then it follows from the two definitions that with respect
to the other two axes the intercepts of the face fare OB : OC :
0.5 :0.477, Or as I : 0.954.
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CRYSTAL “FORMS” OR GROUPS OF EQUIVALENT FACES.

Crystal faces which are directions of identical structure may
be called ‘“‘equivalent’ faces. Such faces are sometimes closely
alike in size and shape. Very frequently they have similar
markings and luster and they always make the same angles with
the crystallographic axes. Their symbols are therefore variants
of one symbol.

The crystallographic form in any symmetry class is that
assemblage of equivalent faces which satisfies the symmetry of

F1G. 29. F1aG. 30.
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" the class. A form may be one face or two faces or as many as
forty-eight faces. It is not necessarily a closed form.
Form Symbols.

The symbo! used is the symbol of any of the faces of the form.
In the Miller indices, for instance, {121} signifies a form to which
the face (121) belongs, { |} conventionally being reserved for
forms, ( ) for faces.

Combinations of Forms.

A crystal may be bounded entirely by faces of one form. More
frequently the bounding faces belong to two or more different
forms. Such a crystal is said to be a combination of, or to be
composed of, or to show such and such forms, the symbols being
stated.

If one of the forms is notably more prominent than the others,
for instance, the cube, the crystal is often described as a cube
modified by the other forms.

Zones.

Zones are composed of faces all parallel to the same line. Their
intersections are therefore parallel to this line and to each other.
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It has sometimes been stated as a fourth law of crystals that the
faces of crystals tend to occur in zones. In the clinographic and
orthographic projections used in this book parallel edges of the
crystal appear as parallel lines; therefore the prominent zones
can easily be traced. For instance, in Fig. 30, m’, I/, a, !, m, b are
faces in one zone, as are p’, ¢’, 0, g, p, or b, d, ¢, c or 0, a, o, .

THE OCCURRENCE OF CRYSTAL FACES IN SERIES AS EXPRESSED IN
THE LAW OF SIMPLE MATHEMATICAL RATIO.

A simple but very important relation is found to exist between
all true crystal faces or crystals of any one substance which may
be expressed as follows:

If the relative intercepts of all the faces are reduced so that the
same term in each is unity, then in all crystals of the same chemical
substance, if the intercepts of any face are divided, term by term,
by the corresponding intercepts of any other face, the quotients will -
be simple numbers or simple fractions or infinity.

F1G. 31. FicG. 32.

As corollaries to this it follows that the Miller Indices* and
the Weiss Coefficients, which are such quotients, must be simple
numbers, or simple fractions or infinity.

Two pyramids like those shown in Fig. 31 conform to the law
and could occur in the same crystal as in Fig. 32. These inter-
cepts bear the following relation:

* This law rests on many thousands of measurements. Its establishment is due
to Haiiy, for while de I'Isle’s series of forms (derived by *‘replacing’’ the angles and
other parts of some ‘‘primitive’” form by planes) limited the angles of the planes
only so as to retain the symmetry of the primitive form, Haiiy found he could build
the secondary planes by “‘regular decretions’’ each successive layer diminishing by
the abstraction of one or more rows of particles (always some simple rational number)
parallel to particular lines, Weiss expressed this mathematical relation by the use
of crystal axes and parameter symbols.
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If OA4, OB and OC are taken as parameters the Miller and Weiss
symbols become:

Miller. Weiss
Inner Ryramidbl f s, /2« ba oty o irabsions {r11} 8:0:¢
(O DA RT DI (A T e A ok i 1364} 28:0:3/2.¢

The common bounding faces almost without exception have
very simple indices, usually o, 1, 2, 3 or 4. Somewhat larger
numbers result for the smaller and less common faces. Occa-
sionally crystal faces occur for which indices can not be called
simple, such as (8, 14, 11) topaz, (i1, 13, I) cerussite, (3, 14, 20)
fluorite, (28, 7, 24) barite.

Such indices may be the result of inaccurate measurements or

" of imperfect faces or, in those cases in which the faces are at angles

near common faces (vicinal planes), may be due to disturbances
or changed conditions during formation.

THE TYPE FACES IN ANY SYMMETRY CLASS.

In each symmetry class there are seven typically different
positions in which a crystal face may occur with respect to the
chosen crystallographic axes. )

The numerical values of the Miller indices and of the Weiss
coefficients are not needed in the type symbols. Letters, usually
k, k and ! in the Miller indices and m and # in the Weiss coefficients,
may be used.

In the different classes conventions differ somewhat and symbols
with them. These differences are stated in subsequent chapters.

Determination of Type Symbols by Inspection.

After the axes have been chosen and placed in the conventional
positions stated under each system, the determination of the
type symbols may be conducted as follows in models and large
crystals. '

Place a straight edge or pencil in contact with a face and,
keeping the contact, turn the straight edge until its relation to
each axis has been noted.

First, note whether the face is parallel to any axis. If the
straight edge while in contact with the face can be turned into a
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position parallel to the axis, the face is parallel to the axis, the
corresponding Miller index is o and the corresponding Weiss
coefficient is .

Second, note whether any two intercepts of the face are equal
in this case, the corresponding indices (or the corresponding
coefficients) are then expressed by the same letter.

If all intercepts are unlike all three letters will be used, the
order depending upon the convention used in the symmetry class.
If the face is the chosen unit face the indices and coefficients will
all be unity whether the intercepts are equal or unequal.

THE CRYSTAL STRUCTURE.

Disregarding the relation between the chemical nature of sub-
stances and the crystal structure,* the geometric forms of crystals
and many of their physical charac-

i ters prove a homogeneous structure,

in which each particle is in a sim-

] ilar position with respect to those

ad - surrounding it; each is the center of

P ' a precisely similar group, and along

R 2 any line, and all parallel lines, the par-
¢ ticles are equally far apart.

o Such a structure is illustrated in

Fig. 33, the particle O is sur-
rounded by six similar particles 4, B, C, D, E and F at fixed
distances 04 = OB, OC = OD and OE = OF. Each of the six
is itself the center of a similar group, the intervals in the same
direction being as before, that is AH = OA, CL = OC, EK = OE
and so on.

Different substances differ in the grouping of their particles so
that each has its own characteristic physical constants and char-
acteristic geometric shapes. All this has been theoretically con-
sidered and the possible variation of regular grouping discussed.f

In all 230 types of structure are recognized, all belonging to
the 32 classes of symmetry.

* Article on “ Crystallography,” by W. J. Pope, Annual Rept. Progress Chemistry,
1908, Vol. 5, pp. 258-279.

T See Report of Committee ‘ On Structure of Crystals,” Proc. Roy. Soc., Section
C, Glasglow, 1091, for a general review.
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The Possible ¢ Forms »” on Crystals of One Substance.

Experience proves that well-developed faces upon crystals of
the same substance occur at particular angles dependent upon the
structure and that if the structure is theorized for a given substance
(with distances of particles apart corresponding to the parameters)
it is found ¢hat the net planes with most particles lie parallel to the
bounding faces of the crystal. To illustrate, let Fig. 34 represent
a net plane through the crystallographic axes ¢ and b of topaz
(@:b = .5285 :1).

Draw lines connecting B with consecutive points in different
directions.

The distances apart of consecutive points increases along
different lines in the following order:

BA, BD, BE, BF, BG, BH, BK, BL, BM.

Fic. 34.
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The probable prisms of topaz.

Calculating the angle of each line with OD and comparing with
the angles of occurring prisms of topaz—

Directichy. 3 . TS 1M U aeiee? BA BD BE BF BG BH BK
Calculated angle........... 62° 08" 43° 257 32° 14’ 25° 19’ 75° 12/ 51° 35" 82° 28’
Face of topaz corresponding . (110) (120) (130) (140) (210) (230) (410)
That is, all of the nine directions représent actual topaz prisms
and moreover the most common of all are (110) (B4), and (120)
BD, the directions of most frequent particles. The cross-section
of such a group of prisms is shown.
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If the net plane through the axes ¢ and ¢ be similarly con-
structed for topaz, with distances of particles apart corresponding’
to the parameters & : ¢ = 0.529 : 0.477 (or 1 : 0.901), it would be
found similarly that the directions which passed through most
points would correspond to such forms as {021} and {o41}.

Rogers in a similar figure shows that if the net plane through two isometric axes

is considered the directions with most frequent points correspond to forms in the
following order.

Cube {100}, dodecahedron {110}, tetrahexahedrons (or pyritohedrons) {210} {310}
{320}.

1

These constructions for simplicity have considered only the re-
lations to two axes and assumed parallelism to the third, but the
| positions of faces which intersect all axes are just as strictly indi-

cated by a consideration of the entire * space lattice.”

Form Names.

Two methods of naming forms exist both of which are based to
a considerable extent on the shape of the form but in the one
some attention is paid to the position of their faces on the crystal
and in the other, except in the case of domes and sphenoids, this
is disregarded. The latter plan leads to greater uniformity in
names,f the former is in more general use and has been retained
in this book. It is of relatively little importance what names are
used, the forms are better expressed by their symbols.

* Introduction to Study of Minerals, p. 73.

T The type names by this method are * pedion’’ a single face, * pinacoid ” two
parallel faces, * dome ' two planes intersecting in a plane of symmetry, *‘ sphenoid "’
two planes intersecting on a two fold axis, ‘' prism " three or more planes with
parallel intersections, *' pyramids’’ three or more planes intersecting at a common
point, * bipyramids’’ two pyramids ‘‘base to base.”” To these must be added
scalenohedrons, trapezohedrons, rhombohedrons, and the usual names of the
isometric system.
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TRICLINIC SYSTEM.*

Tue Triclinic System includes two classes in both of which the
crystallographic axes are three lines oblique to each other and not
interchangeable.

PINACOIDAL CLASS. 2.

No. 31.. Holohedry, Liebisck. No. 31. Normal Class, Dana.

Choosing Crystallographic Axes.

Usually the intersections of three prominent faces are chosen as
axes and one is conventionally made the vertical axis ¢, the others
the macro or 4 axis and the brachy or & axis.

The Seven Type Forms.

Each form consists of two parallel faces as follows :

1. TETRAPYRAMID. —nd : b:mc; {hkl}. :

Two parallel faces which intersect all axes, Fig. 35. For any
set of intercepts four independent forms result which if combined
make a complete triclinic pyramid as shown in Fig. 36. Fig. 43

Fic. 35. Fi1c. 36. Fic. 37.

shows two tetra-pyramids p' =a:b:c=111 and "p=a:0 :c=
111 of the mineral axinite. 2

* Also known as Tetarto prismatic, Ein-und-eingliedrige, Tric]ini')hgdrél,/ Clinorhom-
boidal, Anorthic, Doubly oblique and Asymmetric.

i)



30 CRYSTALLOGRAPHY.

2. HEm1 Bracuy DoME.— 0 @ :&:mc; {okl}.

Two faces each parallel to the brachy axis. The face ¢ and its
opposite, Fig. 37, modifying the three pinacoids.

3. HEmM1 Macro DoME. —d: w6 :mé; {hol}.

Two faces each parallel to the macro axis. The face 4 and its
opposite, Fig. 38, modifying the pinacoids.

4. HEMI1 PrisM.—nd:6: wé; {hkO}.

Two faces each parallel to the vertical axis. The face 7 and
its opposite, Fig. 39, modifying the pinacoids.

5. BasaL PINACOID.— 0 d:® 6 :¢; {oo1}.

Two faces each parallel to both the macro and brachy axes. The
faces ¢ in Figs. 38 to 4o0.

Fic. 38.

jm—eem
h e L

6. Bracuy PINACOID.—@d:6: 0 c; {010).

Two faces, each parallel to the brachy and vertical axes. The
faces 4 of Figs. 38 to 40.

7. MACRO PINACOID. —d : @& :ooc; {100}.

Two faces each parallel to the macro and vertical axes. The
faces a of Figs. 38 to 40.
Combinations in the Triclinic System.

Fig. 41 shows a crystal of chalcanthite with brachy pinacoid 4,

Fi1G. 41. F1G. 42. FiG. 43.
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macro pinacoid , right hemi prism #z, left hemi prism 4/ and lower
left tetra pyramid ’p. Fig. 42 shows a crystal of cyanite with the
three pinacoids @, & and ¢, the right 7z, and left 4/ hemi unit prisms
and a right hemi brachy prism /= (24:4: « ¢); {120}.

Fig. 43 shows a crystal of axinite with both hemi prisms 2 and
M, macro pinacoid @, upper right and upper left unit pyramids p’
and ’p and a macro dome ¢ = (¢: @ &:2c); {201}.

Tabulation of the Seven Type Forms.

NAME. FACEs. WEISss. MILLER.

Each face intersects all axes :

1. TETRA PYRAMID, 2 na:b:mé {kEL}
Each face parellel to one axis :

2. HEm1 Bracuy DoME, 2 ©é:d:md {okl}

3. HEM1 MAcCro DOME, 2 d:0b:mé {%ol}

4. HEMI Prism, 2 ni:b:od {kko}
Each face parallel to two axes :

5. BasaL PiNacoID, 2 wdimb:ic {oor}

6. BRACHY PINACOID, 2 @d:b:iood {ozo}

7. MACRO PINACOID, 2 diwb:iwd {z00}

Other Classes in Triclinic System.

One other class known as the unsymmetrical class exists and in
this each form is a single face. No examples among minerals are
known but among salts there is calcium thiosulfate, CaS,0, - 6H,0.
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MONOCLINIC SYSTEM.*

THE monoclinic system includes three classes of symmetry, in
all of which the crystallographic axes may be chosen so that two
are oblique to each other and the third normal to the other two.
The axes are not interchangeable.

PRISMATIC CLASS. s.

No. 28. Holohedry, Liebisch. No. 28. Normal Group, Dana.

Fi1c. 44.

_ All the common monoclinic minerals occur
in crystals symmetrical to one plane and to
one axis at go° to the plane, Fig. 44.
Choosing Crystallographic Axes.

The axis of symmetry is always chosen as
the axis 4 and placed horizontally from right
to left.

Two other axes, oblique to each other, are
chosent #n the plane of symmetry one of
which is placed vertically and denoted by ¢ the
other & ““the clino” dips downward from back
to front. The acute angle between the verti-

cal and clino axis is called ]j.

Tabulation of the Seven Type Forms.

NAME. FAcEs. WEIss. MILLER.

Each face intersects all axes:

1. HEm1 PYRAMID, 4 nad % mé {21}
Each face parallel to one axis :

2. CLINO DOME, 4 wad: b me {0k}

3. HEMI OrTHO DOME, 2 d: b mé {kol}

4. Prisy, - 4 nd:b: ol {%k0}
Each face parallel to two axes :

5. BasaL PiNacoIp, 2 ©d:wbic {oor}

6. CLiNo PINAcoID, SR ©ad:5: wé {or0}

7. ORTHO PINACOID, 2 3 @b oé {z00}

* Also called Hemiprismatic, Zwei-und-eingliedridge, Monoclinohedral, Clinorhom-

bic, Monosymmetric,

+ For instance the intersections of the pinacoids would determine both directions, or
the edges of any prism and any clino dome would determine both directions.

32
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Description of the Type Forms.

1. Hemt PYRAMID. — na : b:mc; {hkl}.

Four faces each intersecting all the axes in distances not simple
multiples of each other. Fig. 45 shows a negative form cut off
by a positive ortho dome o.

For any set of intercepts two independent forms result which
combined form a complete pyramid. For instance the combination
of 7, Fig. 45, with the corresponding positive form p gives Fig. 46.

FiG. 45. F1G. 46.

2. CLiNO DOME.—wad : & : mc; {okl}.

Four faces, each parallel to the clino axis and cutting the verti-
cal and ortho axes in distances nof simply proportionate. The
faces & of Fig. 47 combined with two pinacoids.

3. Hemt OrtHO DOME.—d: 0 & : c; {hol}.

Two opposite faces, each parallel to the ortho axis and cutting
the clino and vertical axes in distances not simply proportionate.
The faces o in Figs. 45 and 48 are the positive hemi ortho dome.
Another independent form exists with the same intercepts.

Fic. 47. FiG. 48. FI1G. 49.

4. PRISM.—7d : b : o ¢; {hkoO}.

Four faces, each parallel to the vertical axis, and cutting the
4
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basal axes in distances not simply proportionate. The faces 72 in
Fig. 48 and subsequent figures.

5. BasaL PINACOID.—wd:wd:c; {001)}.

Two faces, each parallel to both basal axes. The faces ¢ of
Fig. 49 and subsequent figures. [

6. CLINO PINACOID. —w4d: :0c; {0F0]. ~

Two faces, each parallel to the clino and vertical axes. The
faces 6 of Fig. 49 and subsequent figures.

7. OrRTHO PINACOID. —d:08:0c; {100}.

Two faces, each parallel to the ortho and vertical axes. The
faces a of Fig. 49 and subsequent figures.
Combinations in the Prismatic Class.

Pyroxene.— Axes @:8:c=1.092:1:0.589; B=74° 10’ 9"

Fig. 50 shows the three pinacoids, @, & and ¢, the unit prism 7,
the negative unit hemi-pyramid p and the positive hemi-pyramid v
=(4:8:2c); {221}. Fig. 52 is the same without v and Fig. 51
omits also the basal pinacoid ¢. Fig. 53 shows the unit prism 7z, the

Fi1G. s50. FiG. 51.

T 451
|

Fic. 53.

basal pinacoid ¢, two positive hemi-pyramids v and w = (&: 5 : 3¢);
{331}; and a clino dome z = (0 & : 5 : 2¢); {o21}.
AMPHIBOLE.—AXes ¢:5:c=0.551: 1:0.293; 3=73° 58 4"

FiG. 54. FiG. 55. Fic. 356.
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Fig. 54 shows the unit prism 7, the basal and clino pinacoids, ¢
and 6 and the positive unit hemi pyramid p. Fig. 55 shows the
unit prism, clino pinacoid and unit clino dome d= (@ d:5:¢).
{or1}. Fig. 56 shows the same except that the clino pinacoid &
is replaced by the ortho pinacoid a.

Fic. 57. FiG. 58. FiG. 59. Fi1G. 6o.

ORTHOCLASE. — Axes d:4:¢c=0.658: 1:0.555; 3 =63° 56"
46"".

Fig. 57 shows the unit prism , clino and basal pinacoids &
and ¢, and positive hemi orthodome y = (¢ : & : 2¢); {2z01}. In
Fig. 58 yis replaced by 0 = (¢ : @ & : ¢); {101} and in Fig. 60
the clino pinacoid is omitted. Fig. 59 includes the forms of 57
and also a clino prism z=(34:4:®¢); {130} and the unit
pyramid p.

Other Classes in the Monoclinic System.

Two other classes are known :

3. Crass oF THE Monocrinic SpuEnoip. With one axis of
2-fold symmetry.

Example: Fichtelite, C,;H,,, Examples in salts are tartaric
acid and cane-sugar, C,H,,0,,.

4. Crass oF THE Monocrinic Dome. With one plane of
symmetry.

Examples : The rare minerals clinohedrite and scolecite.
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ORTHORHOMBIC SYSTEM.

THE orthorhombic * system includes three classes of symmetry,
in all of which the crystallographic axes may be chosen at. right
angles to each other, but are not interchangeable.

In this system of moderate symmetry certain facts common to
all crystals can be better illustrated and understood than in the
other systems. Two of these are discussed under the headings
““Series” and ‘“ Symbols for Individual Faces.”

Series. !

All forms which ever appear upon crystals of the same sub-
stance belong to one series. That is, their faces occur at such
angles that if one of the faces is taken as the unit and its intercepts
expressed by a:4: ¢all other faces may be simply expressed in
terms of this face. For instance in the crystals of topaz, Figs. 78
to 80, the calculated intercepts for certain faces and their symbols,
when p is taken as the unit face, are as follows :

Face. CALCULATED INTERCEPTS, SymBoLs IN TERMS OF p,
? 0.528:1:0.477 a:d:¢ {111}
Z 0.528:1:0.318 @8 240 {223}
7 0.528:1:0.954 EA AN B AT e B
m 0.528:1: d:%: i {110}
7 1.056: 1 : 2d : % : ¢ {120}
7 © :1:0.954 ®a : 6 :2; {o2r1}
% 0.528 :0: 0 318 G : b : 24¢ {203}

Symbols for Individual Faces.

For correct projection and for use in calculation face symbels
are needed which show the particular angle in which the face
occurs. These are simply obtained by considering positive and
negative directions upon the crystal asin the figure. Then the
different faces of Fig. 61, for which the form symbol is na : & : m¢
or {k#l}, have their individual symbols, (24l), (hZl), (hkl), (h#D),
the minus signs indicating the negative direction and the paren-

* Also called Prismatic, Rhombic, Ein-und-einaxige, Anisometric and Trimetric,

36
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theses ( ) typifying a face as opposed to { } fora form. Or in
Weiss’s Symbols the equivalents may be obtained either by use of
minus signs or a (/) prime upon the negative intercept thus the
equivalent for (4£/) would na: ¥ :ml.

PYRAMIDAL CLASS. 8,
No. 25. Holohedry, ZLiebisch. No. 25. Normal Group, Daxna.

Almost all orthorhombic minerals crystallize in forms sym-
metrical to three planes at right angles to each other, as in Fig.
62, the intersections of these being axes of two-fold symmetry.

Fi1G. 61. FiG. 62,

Choosing Crystallographic Axes.

The axes of symmetry are the crystallographic axes. One, ¢, is
placed vertically. Of the two others the one on which the inter-
cept of the chosen unit face is the longer, is placed from left to
right, and called the macro or & axis ; the other axis, placed from
front to back, is called the bracky or & axis.

The unit face chosen will if possible be a face of frequent occurrence which inter-
sects all the axes, or on account of similarity of crystals to some species of related com-
position, another choice may be made or the values @, & and ¢ may result from two dif-
ferent faces or from cleavages.

Tabulation of the Seven Type Forms.

NAME. FACES. ‘WEISS. MILLER,
Each face intersects all axes :

1. RHOMBIC PYRAMID. 8 nd % mé i}

Each face parallel to one axis :

2. BrAcHY DOME. 4 ©d:b:mé {0k}
3. MAcrO DOME. 4 G:wbimé {%ol}
4. RHOMBIC PrISM. 4 nd:6: o {kko}
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NAME. FAcEs. WEiss. MILLER
Each face parallel to two axes :

5. BasaL PINACOID. 2 ©0d:wbié {oo1}
6. BrACHY PINACOID. 2 ®0d:6:of {o10}
7. Macro PINACOID. 2 G:06: ol {100}

Description of the Type Forms.

1. RuomBIC PYRAMID.— 72 : & 2 mic ; {hkl}.

Eight faces, each of which cuts the three axes in the same relative
distances, which are never simple multiples of each other. In the
ideal forms the faces are equal scalene triangles.

A pyramid may be composed either of faces with the unit inter-
cepts, or the faces may be at other angles, with any one or two
of the intercepts simple multiples of the unit intercepts.

For instance if in the series of figures 63 to 67 the faces p con-
stitute the unit pyramid d:&:¢; {111} ; then a series of pyramids
which might occur with this would have different symbols and
names. The pyramid s, shown in Fig. 63 enclosing p and in Fig.

Fic. 64. ~ FiG. 65.

64 combined with p; would be called a éracky pyramid, its symbol
being 22 : 6 : §c; {364}.
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The pyramid w shown in Fig. 65 enclosing p and in Fig. 66
combined with p would be called a #acre pyramid, its symbol be-
ing @:36:8c; {322}; and the pyramid » shown in Fig. 67 com-
bined with p would be called a unit series pyramid, its symbol be-
ing a:6: 2¢; {221},

2. BRACHY DOME.—co0 @ : 6 :md; {okl}.

Four faces, each parallel to the brachy axis but cutting the
macro axis and vertical axis in distances #of simply proportionate.
The faces & in Fig. 68.

3. Macro DOME.—a : 0 & :mc; {hol}.

Four faces, each parallel to the macro axis but cutting the
brachy axis and the vertical axis in distances 7of simply propor-
tionate. The faces o in Fig. 69.

Fic. 68.

4. RHowmBIC PrisSM. —nd : 6 : ¢} {hko}.
Four faces, each parallel to the vertical axis and cutting the

basal axes in distances 7ot simply proportionate.
The intercepts on the basal axes may be in the unit ratio or

Fic. 7o. Fic. 71.
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one of the intercepts may be relatively lengthened just as in the

pyramids.

The faces m in Fig. 68. In Fig. 70 if p is the unit pyramid
then, relatively, » is the unit prism d:b:0c; {110}; and / is a
brachy prism 2d: 4 :0c; {120}.
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5. BasaL PINACOID. — i wbic; {00i).

Two faces, each parallel to the basal axes. The faces ¢ in Figs.
71-80.

6. BracuY PINACOID.— @ d: 6 :0c; {010}.

Two faces, each parallel to the brachy and vertical axes. The
faces & in Figs. 69 and 1. ;

7. Macro PINACOID.— 2 : @b :0c; {100].

Two faces, each parallel to the macro and vertical axes. The
faces « in Fig. 71. '
Combinations in the Pyramidal Class.

. Barite.—Axes d: 6 :c=0.815:1:1.313.

The prevailing faces are the unit prism 72, the basal pinacoid ¢,
the macro dome 7 = (@ : @ 5: }c); {102} ; and the brachy dome d =
(wa:b5:c); {or1}.

' Fic. 72. Fic. 73. Fic. 74.
Lo B B
2
Fi1c. 75. Fi1c. 76. FiG. 77.

SRS iv) =0

All of these are shown in Fig. 77. Fig. 76 contains also the
brachy pinacoid & and Fig. 74 the macro pinacoid a. Figs. 72, 73
and 75 are simpler combinations of the same forms.

Topaz.— Axes &:5:c=0.528 : 1: 0.477.

Fic. 78. F16. 79. Fic. 8o.

Fig. 78 shows the unit pyramid p, unit prism 2, brachy prism
{=(2d:b:0¢); {120}; and the brachy dome f=(wd:5:2c);
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{o21}. Fig. 79 shows the same forms with the basal pinacoid ¢
and Fig. 80 shows all of 79 and also two other pyramids = (2:5:
3c); {223}; ¢=(a:0:2c); {221}; and two macro-domes /=
(@: @ 5:3¢); {203}; and £=(2: @ b:2¢); {201}.

OTHER CLASSES OF THE ORTHORHOMBIC SYSTEM.

6. Crass oF THE RHOMBIC SPHENOID. — With three axes of two-
fold symmetry at go® to each other. Examples— Epsomite and
goslarite.

7. HemimMorepnic Crass.— With two planes of symmetry at go°
to each other, intersecting in an axis of two-fold symmetry. Ex-
amples—Calamine, stephanite and prehnite.
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TETRAGONAL SYSTEM.*

In all tetragonal forms the crystallographic axes can be
chosen at right angles to each other and so that two will be inter-
changeable, that is will be surrounded by exactly the same number
of faces and with corresponding faces at the same angles. The
grouping of faces about the third axis will not be the same as to
angles and not necessarily the same as to number of faces.

Series.

A substance can only occur in forms of one class and in forms
of one series in that class.

Because of the two interchangeable axes the intercepts of any
face upon these will be simple multiples of each other. The inter-
cept upon the vertical axis will bear no simple relation to these but
when two different faces are compared there will be found a simple
relation between the corresponding intercepts of all three axes.

Thus for zircon the common forms are g, 7, » and x of Figs. 89 to 92. For these
the intercepts and the symbols, if p be taken as the unit, are :

a6 =a e c3’ {111}
m 1:l1:0 =a:a:oc; {110}
Zh i ige—a:a:zc; {331}
ol NI SR NI GRl=— ) gaii2c s {31L)

CLASS OF THE DITETRAGONAL PYRAMID. 1s.

No. 18. Holohedry, Ziebisck. No. 6. Normal, Dana.

Symmetry of the Class.

Forms in this class are symmetrical to one conventionally hori-
zontal plane and to four vertical planes at forty-five degrees to each
other, Fig. 81. The intersections of these planes with each other
are axes of symmetry and of these CC is an axis of fourfold
symmetry.

* Also called Pyramidal, Viergliedrige, Zwei-und-einaxige, Monodimetric, Quadratie
and Dimetric.
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Choosing Crystallographic Axes.

The axis of fourfold symmetry is chosen as the vertical axis
¢ and either pair of alternate horizontal axes as the interchange-
able axes a. Let /2 be the index on the axis with the shortest
intercept.

W

2
Z
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Tabulation of the Seven Type Forms.

NAME. FAcEs. WEISss. MIiLLER.
Each face oblique to ¢, J
1. DITETRAGONAL PYRAMID. 16  a:na:mc {AkL}
2. PYRAMID OF SECOND ORDER. 8 a:wa:imec {kol}
3. PYrRAMID OF FIRsT ORDER. 8 a:a:me {#hl}
Each face horizontal.
" 4. BasaL PINacoID. . 2 wa:wa:c {oor}

Each face vertical.

5. DITETRAGONAL PRISM. 8 a:na:cc [hkO}
6. PrIisM OF SECOND ORDER. 4 a:ma:mc {100}
7. Prism OF FIRST ORDER. 4 a:a:oc {110}

Description of the Type Forms.

I. DITETRAGONAL PYRAMID. —a :na:mc; {hkl}.

Sixteen faces, Fig. 82, each cutting the two basal axes at un-
equal but simply proportionate distances, and the vertical axis at a
distance 7zo¢ simply propo