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PREFACE

This work is intended primarily as a text-book for a year’s
work in the study of minerals and rocks. While full enough for
class work it is condensed enough for field work. There is decided
advantage in using the same book in the field as in the class room
and laboratory.

Part IT contains the description of 175 minerals. These have
been selected with great care, although the list is necessarily
an arbitrary one based upon the author’s experience and judg-
ment. These include all the common minerals and most of
those of any special economie, geological, or scientific import-
ance. Some of the minerals are comparatively rare but are
selected so as to give a comprehensive view of the mineral
kingdom as a whole.

About a third of the more common and important of the
minerals are distinguished by larger type than the others. These
fifty-six minerals include all the very common minerals taken
the world over. In a short course in mineralogy attention
may be confined exclusively to the shorter list and in that case
other portions of the book also would have to be disregarded.

The section dealing with the chemical properties of minerals
has been placed first because in elementary work it is of prime
importance. A qualitative scheme, especially applicable to min-
erals in that calcium phosphate, fluorid, and borate are provided
for, has been included. ,

In geometrical crystallography, symmetry has been emphasized
and the idea of hemihedrism is abandoned. A tabulation of
the thirty-two crystal classes is given but only eleven of the
thirty-two classes are described in detail. From one to four

common minerals of each class are used as illustrations. Groth’s
vii
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viii PREFACE

names of the thirty-two classes and Fedorov’s names of forms
are used. The Miller symbols have been used to the exclusion
of all others. Plans and elevations of crystals are made much
use of, for they furnish a convenient means of determining indices
and axial ratios graphically. The section on the internal struc-
ture of crystals has been revised and augmented in the light of
the work done by the Braggs and others in recent years.

Among the physical properties the optical properties are
treated at some length because of their great value in the deter-
mination of minerals. The determination of the microscopic and
optical properties of minerals in crushed fragments is emphasized.
No one is properly equipped to determine minerals until he
understands fairly well the subject of optical crystallography.

In Part II the order of the minerals is practically the same as
that of Dana’s System of Mineralogy except that the silicates
are placed last. The silicates are the most difficult minerals
and so they are reached after the student has gained consider-
able experience with the other groups. Some changes in
the standard nomenclature of minerals may be mentioned.
Bauxite is treated as a rock made up of the amorphous mineral
cliachite and the crystalline mineral gibbsite. Serpentine is
also considered a rock, its principal mineral being antigorite.
Collophane, an amorphous calcium carbonophosphate is regarded
as the chief constituent of phosphorite or so-called phosphate
rock. It is also the mineral of fossil bones and so is a very widely
distributed mineral. The amorphous minerals turyite, cliachite,
collophane, and halloysite are the amorphous equivalents of
the following crystalline minerals respectively, hematite, gibb-
site, dahllite, and kaolinite. Natural glass and hydrocarbons
are treated in an appendix to the minerals under the term
mineraloid. »

In Part III there is an elementary discussion of the occurrence,
association, and origin of minerals. This includes a brief descrip-
tion of some of the more common and important rock types and
also of the prominent classes of veins and replacement deposits.
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Appended to Part IV there are two tables for the determination
of minerals. In the first the principal dependence is upon
crystal form and physical properties and so it may be used in
the field as well as in class room. In using Table II the mineral
is determined mainly by finding its constituent acid radicals and
metals by chemical and blowpipe tests and so its use is confined
to the laboratory. If a polarizing microscope is available,
optical and microscopic tests will greatly aid in the identification
of minerals. The table on page 192 may be used to advantage.

A glossary of terms not explained in the text has beenincluded
with the index. Synonyms and varieties are usually given in
the glossary rather than in the text.

Thanks are due my colleague, Professor C. F. Tolman, Jr.,
for suggestions concerning certain portions of Part III. I am
also indebted to my daughter, Genevieve Rogers, for assistance
in reading proof.

A. F. R.

STANFORD UNIVERSITY.
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INTRODUCTION TO THE STUDY OF
MINERALS AND ROCKS

INTRODUCTION

A mineral may be defined as a naturally occurring homo-
geneous, inorganic substance of definite or fairly definite chem-
ical composition and with characteristic physical properties.
Minerals are to a large extent the units which make up the rocks
of the earth’s crust or outer shell. Many of them are useful to
man. A knowledge of minerals is obviously necessary to the
geologist and to some extent to the engineer, the chemist, and
the metallurgist.

About a thousand definite minerals are well established but
many of them are very rare and have been found at but a single
locality. Ouly about two hundred or so are of much importance
from either a geologieal or economic standpoint.

The information concerning minerals may be conveniently
placed under two general heads: (1) the properties of minerals
and (2) the relations of associated minerals.

The properties of minerals naturally divide themselves in three
groups: (1) chemical, (2) morphological, and (3) physical. The
morphological properties, or those concerned with external
form and internal structure, form a connecting link between the
other two.

The most fundamental fact about a mineral is its chemical
composition. Many minerals have a definite chemical composi-
tion; for all minerals it is definite within certain limits. The
classification of minerals is primarily a chemical one. For
sight recognition the morphological and physical properties are
very important, but for the purposes of exact identification it is
often necessary and always advisable to make a more or less
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complete chemical examination of the mineral. Wet tests
must often be resorted to, but the blowpipe is very useful in the
determination of the chemical composition of a mineral. For
these reasons inorganic chemistry is the important prerequisite
for the study of mineralogy.

The great majority of minerals when produced under favorable
conditions assume the geometric forms called erystals and these
forms are characteristic as in the case of plants and animals.
An elementary knowledge of crystallography is essential in
the study of minerals, for it must be emphasized that chemical
composition alone does not define a mineral. Many chemical
elements and compounds occur in two or more distinet forms
which are known as polymorphs. We have, for example, calcium
carbonate in two well-defined forms: calcite and aragonite.
Although these have exactly the same chemiecal composition,
they are distinet minerals, for they each have a distinctive crystal
form and distinctive physical properties such as cleavage and
specific gravity.

Another reason for studying crystallography is the ease of
identification of many minerals by their crystal form alone.
Again, a knowledge of crystal morphology is essential to a proper
understanding of physical properties because there is an intimate
relation between the crystal form and physical properties.

The physical properties of minerals are important because the
external crystal form is often lacking. The external form,
however, is the result of an internal structure and the internal
structure is reflected in the physical properties. A few of the phys-
ical properties, such as the specific gravity, are independent of the
direction (scalar properties), but most of them depend upon the
crystallographie direction and so are called vectorial. Of all the
vectorial properties, the optical properties are the most important
in the description and determination of minerals. The polarizing
microscope may be used to determine practically all of the optical
properties. This method has a great advantage over chemical
methods in that a very small quantity of material suffices and









PART I

THE PROPERTIES OF MINERALS

THE CHEMICAL PROPERTIES OF MINERALS
A. CHEMICAL PRINCIPLES

As minerals are naturally occurring substances of more or
less definite chemical composition, a knowledge of inorganic
chemistry is the foundation of the student’s work in mineralogy.
While it is true that a few physical tests often serve to identify
a mineral, a more or less complete chemical analysis is frequently
necessary. It is also advisable to check the physical tests by a
chemical examination. Minerals are the original sources of the
chemical elements and compounds, with the exception of carbon
and its various compounds which are obtained largely from plant
and animal products. Mineralogy then may be regarded as the
natural history branch of inorganic chemistry.

1. ELEMENTS

With the possible exception of some inert gases of the atmos-
phere (argon, krypton, neon, and xenon), all of the eighty-three
known elements occur in minerals. Some are exceedingly rare
and confined to one or two minerals, while others are very common
and widely distributed in minerals. The following table of the
elements with their symbols and atomic weights shows to some
extent their occurrence in minerals.

Of the eighty-three elements enumerated, only about twenty
occur as minerals in the free or uncombined state. They are
carbon, sulfur, selenium, tellurium, arsenic, antimony, bismuth,
mercury, copper, silver, gold, lead, iron, nickel, platinum, palla-
dium, iridium, osmium, tantalum, and tin. This leaves out of

5
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Tabie of Elements with their Atomic Weights
{International Committee, 1920~21)

«

Element L Symbol Kt Occurrence
weight

Aluminum................0.0... Al 27.1 Corundum, Al:O3
Antimony..................... Sb 120.2 Stibnite, SbhaSa
SN0 06 06 080 6.0 50 0 46 06 B 010 0 6 A 39.9 In the atmosphere
Arsenic........... i As 74.96 | Arsenopyrite, FeAsS
B o 000800000 0363600000800 Ba 137.37 | Barite, BaSO«
Beryllium (= Glucinum)....... Be 9.1 Beryl, BesAl2(SiOs)e
Bismuth...................... Bi 208.0 Bismuthinite, Bi:S3

B 10.9 Colemanite, Ca:Be011.5H20

Br 79.92 | Bromyrite, AgBr

Cd 112.40 | Greenockite, CdS

Ca 40.07 | Calcite, CaCOs

(6] 12.005 | Graphite, C

Ce 140.25 | Monazite, (Ce, La)POq¢

Cs 132.81 | Pollucite, H2Cs2A12(SiO3s)s

Cl 35.46 | Halite, NaCl

Cr 52.0 Chromite, (Fe, Mg) (Cr, Al)20¢

Co 58.97 | Smaltite, (Co,Ni)As:

Cu 63.57 | Chalcopyrite, CuFeS:

Dy 162.5 With the rare earths

Er 167.7 Sipylite, ErNbO«
Europium..........ooovun.l Ro Eu 152.0 With the rare earths
Fluorin..........ooovuiiunen . F 19.0 Fluorite, CaF:
Gadolinium................... Gd 157.3 In gadolinite
Gallium.............oouuunn.. Ga 70.1 | In sphalerite
Germanium................... Ge 72.5 Argyrodite, AgsGeSe
(€1eks)o000000000060000000000000 Au 197.2 Gold, Au
Helium..............o.0vuen. He 4.00 | In uraninite
Holmium Ho 163.5 In gadolinite
Hydrogen H 1.008 | Water, H20
Indium In 114.8 In sphalerite
Iodin I 126.92 | Iodyrite, Agl
Tridivmim S e T Ir 193.1 Iridosmine, (Ir,0s)
L5 N0 6 90660400660 00606000400 00 Fe 55.84 | Hematite, Fe:03
Krypton......... 0% 30 O b 00 0G0 Kr 82.92 | In the atmosphere
Lanthanum................... La 139.0 Lanthanite, La:(CO3):.9H20
Lead....... 500000080000 0EG0 00 Pb 207.20 | Galena, PbS
Lithium..............oooone. Li 6.94 | Lepidolite, K,Li,Al silicate
Lutecium..................... Lu 175.0 With the rare earths
Magnesium................... Mg 24.32 | Magnesite, MgCOs
Manganese.................... Mn 54.93 | Pyrolusite, MnOz(H20)«
Mercury.....ooooveveevnennnn. Hg 200.6 Cinnabar, HgS
Molybdenum ................. Mo 96.0 Molybdenite, MoS:
Neodymium................... Nd 144.3 In monazite
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Table of Elements with their Atomic Weights—Continued

Element Symbol At(?mw Occurrence
weight

N0 06666060 6066000006 a80dd o 4% Ne 20.2 In the atmosphere
Nickel. . cele e oo Ni -| 58.68 [ Millerite, NiS
Niobium (= Columbium)....... Nb 93.1 Columbite, (Fe,Mn)(NbOs):
Niton.....oovvviiinnn... Nt 222 .4 Radium emanation
Nitrogen ..................... N 14 .008 | Nitratine, NaNO3z
(T o000 000006060060 0068000.9 Os 190.9 Iridosmine, (Ir,Os)
(0573085606000 00.0 6000000 0000 (0] 16.00 | Water, H:0
Palladium..................... Pd 106.7 Palladium, Pd
Phosphorus................... P 31.04 Apatite, CasF(PQd)s
Platinum..................... Pt 195.2 Platinum, Pt
Potassium. .......c..ovvveun... K 39.10 | Sylvite, KCl1
Praseodymium................ Pr 140.9 In monazite
Radium.................o..n R 226.0 In uraninite
Rhodium..................... Rh 102.9 In platinum
Rubidium. .................... Rb 85.45 | In rhodizite
Ruthenium. . ... Ru 101.7 Laurite, RuS:
Samarium..................... Sa 150.4 In samarskite
Scandium..................... Sc 45.0 In euxenite
Selenium.........cocovein, ... Se 79.2 Clausthalite, PbSe
Silicon.........ooiiiiiiian Si 28.3 Quartz, SiO2
Silver......coviiiieiinien... Ag 107.88 | Argentite, AgzS
Sodium............ovviiin.. Na 23.00 | Halite, NaCl
Strontium..................... Sr 87.63 | Celestite, SrSO4

S 32.06 | Sulfur, S

Ta 181.5 Tantalite, Fe(Ta03)2

Te 127.5 Calaverite, AuTe:

Thb 159.2 In gadolinite

T1 204.0 Lorandite, T1AsS:

Th 232.15 Thorite, ThSiO4

Tm 168.5 In gadolinite

Sn 118.7 Cassiterite, SnOz

Ti 48.1 Rutile, TiO2
Tungsten..................... w 184.0 Wolframite, (Fe,Mn) WO,
Uranium.........oco0oviivo.. U 238.2 Uraninite, UsOs

v 51.0 Vanadinite, PbsCl(VOd)s

Xe 130.2 In the atmosphere

Yb 173.5 In gadolinite

Y 89.33 | Xenotime, YPOu

Zn 65.37 | Sphalerite, ZnS
Zireoniuinl NP e Zr 90.6 Zircon, ZrSiO«

consideration the free gases of the atmosphere. From a chemical
standpoint the elements may be divided into two classes: the
metals and the non-metals. The metals include such elements as
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copper, silver, gold, lead, iron, and platinum. Some of these
occur as alloys, such as electrum (Au,Ag), amalgam (Ag Hg),
nickel-iron (Fe,Ni), and iridosmine (Ir,Os). The non-metals
include such elements as oxygen, hydrogen, nitrogen, phosphorus,
and sulfur. Arsenic, antimony, and bismuth are intermediate
in their properties between metals and non-metals, and hence are
usually called semi-metals or metalloids.

2. CHEMICAL COMPOUNDS

Most minerals are, of course, chemical compounds, or combi-
nations of two or more elements. These compounds are the
chemical types recognized by chemists, namely: oxids, acids,
bases, and salts, with their various subdivisions.

Acids are compounds, the dilute water solutions of which
contain hydrogen ions. According to the theory of ions, it is the
hydrogen ions that give the acid properties such as sour taste
and the change of blue litmus to red. The strength of the acid
dépends upon the proportion of hydrogen ions present or upon
the degree of dissociation. Hydrochloric and sulfurie acids
are strong acids, while earbonic and silicic acids are weak acids.
Acids are compounds of hydrogen with the halogens (Cl, Br, I, or
F), with sulfur, or with certain radicals, such as CO;, SO4, POy,
AsQ., AsS;, AsSs SbS;, SbSis. These are called acid radicals.
The most common acids are those containing oxygen and hence
are known as oxygen acids or oxy-acids. Theoxy-acidsaremono-
basic (HNO,), dibasic (H:SOy), tribasic (H;POys), or tetrabasic
(H.Si04), according as they have one, two, three, or four replace-
able H atoms. The polybasic acids, as they are called, are
capable of forming condensed acids by subtracting water. This
is especially prominent with the silicic acids. Orthosilicie acid is
H,Si04; HsSi0s—H,0 = H:Si0,, metasilicic acid; 2HSiO,—
H,0 = HSi:04, diorthosilicic acid; 2H,Si0,; — 3H;0 = H:Si,-
05, dimetasilicic acid. There are also H4Si,0s (B3HSiOs —
4H,0), H;Si;050 (BH4Si0s — 2H,0), and still other possible
silicic acids.
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The replacement in the oxy-acids of O by S gives compounds
called sulfo-acids. Thus H;AsO, is arsenic acid or oxy-arsenic
acid, while H;AsS; is sulfarsenic acid. H;AsO; is arsenious acid,
while H;AsS, is sulfarsenious acid. Various condensed acids,
which are entirely analogous to the condensed oxy-acids, are de-
rived from the above by the subtraction of H,S. Thus we have
HAsS:(H;AsS; — H,S), metasulfarsenious acid, and HiAs.S;
(2H,AsS; — H,S), pyrosulfarsenious acid. Very few of these
acids exist either as minerals or prepared compounds, but salts
of all of them are known as minerals.

Bases are compounds the dilute water solutions of which con-
tain hydroxyl (OH) ions. The hydroxyl ions give the basic
properties such as soapy feel, and the change of red litmus
to blue. The strength of the base is proportional to the number
of hydroxyl ions present. The strong bases such as KOH and
NaOH are called alkalies. Weak bases are represented by
Fe(OH); and A1(OH);. Among the bases represented by min-
erals are Mg(OH),, Mn(OH),, AI(OH),, HAIO,[AI{OH),— H,0],
and HFeO,[Fe(OH); — H,0].

Oxids are compounds of the elements with oxygen. Elements
the oxids of which form bases with water are called metals.
These oxids are called basic anhydrids for this reason. Elements
the oxids of which form acids with water are called non-metals.
These oxids are called acid anhydrids.

Salts are compounds formed by the union of bases with acids;
the metal of the base unites with the non-metal or acid radieal
of the acid to form the salt, while the hydroxyl of the base unites
with the hydrogen of the acid to form water thus: NaOH + HCI
= NaCl 4+ H,0O. In dilutesolutionssalts are dissociated into two
parts or ions as they are called. The metal forms one ion, called
the cation, while the non-metal or acid radical forms the other
ion, called the anion.

Among salts we may distinguish halogen salts, oxy-salts, and
sulfo-salts corresponding to the acids of which they are the
derivatives. The following represent salts found as minerals:
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Sulfid, PbS (galena). Metachromite FeCr,04 (chromite).
Selenid, PbSe (clausthalite). Metaniobate, Fe(NbO;): (colum-
Tellurid, PbTe (altaite). bite).
Arsenid, FeAs, (lollingite). Metatantalate, Fe(TaO;), (tanta-
Antimonid, AgsSb (dyscrasite). lite).

Sulfarsenite Ag;AsS; (proustite). Phosphate, LiFePO, (triphylite).
Sulfarsenate CusAsSs (enargite). Arsenate, FeAsO4H,0 (scorodite).
Sulfantimonite Ag:SbS: (pyrargy- Vanadate, BiVO, (pucherite).

rite). Antimonate, Ca,Sb,0; (atopite).
Sulfantimonate, CusSbS; (famati- Nitrate, NaNO; (nitratine).
nite). Borate, AIBO; (jeremejevite).

Sulfoferrite, CuFeS, (chalcopyrite). Sulfate, BaSO, (barite).

Sulfochromite, FeCr,S; (daubree- Chromate, PbCrO; (crocoite).
lite). Selenite, CuSeO;-2H,0 (chalcomen-

Sulfovanadate, CusVS, (sulvanite). ite).

Sulfogermanate, AgsGeS; (argyro- Tellurite, Fe(TeO;3);-4H,0 (dur-

dite). denite).

Sulfostannite, PbSnS, (teallite). Tungstate, CaWO, (scheelite).
Chlorid, AgCl (cerargyrite). Molybdate, PbMoO4 (wulfenite).
Bromid, AgBr, (bromyrite). Metatitanate, CaTiO; (perovskite).
Todid, AgI (iodyrite). Orthosilicate (Mg, Fe)2SiO4(olivine).
Fluorid, CaF, (fluorite). Metasilicate, CaSiO; (wollastonite).
Fluosilicate, K;SiFs (hieratite). Trisilicate, KAlSi;Os (orthoclase).
Carbonate, CaCO; (calcite). Dimetasilicate, LiAl(Si,Os). (peta-

Meta-aluminate, MgAl,O, (spinel). lite).

Metaferrite, FeFe,0s (magnetite).  Diorthosilicate,Pb;Si,O;7 (barysilite).

All the above are normal salts; that is, all the hydrogen of the
acid or hydroxyl of the base has been replaced by metals or by
acid radicals respectively. A compound in which only part of
the hydrogen of the acid has been replaced by a metal is called
an acid salt. Among minerals we have KHSO4, and H,CuSiOy,
which are called acid potassium sulfate, and acid copper silicate
respectively. A compound in which only part of the hydroxyl
of the base is replaced by an acid radical is called a basic salt.
Among minerals we have Cus(OH);CO;, Cus(OH)4Cl,, Cux(OH)-
AsO4, and many others. These three compounds are called basic
copper carbonate, chlorid, and arsenate respectively.

The formul of some minerals are written as though they consist
of two or more separate molecules. These are called molecular



CHEMICAL PROPERTIES OF MINERALS 11

compounds for want of a better name. Among molecular com-
pounds are double salts and hydrates or hydrous salts. Double
salts are (1) salts composed of two metals with a common acid
radical (example, dolomite CaCO;MgCO;), (2) salts of a single
metal with two distinet acid radicals (example, arsenopyrite
FeS,; FeAs,), or (3) salts in which both the metal and acid
radical are different (example, kainite MgSO, KCl'3H,0).

Acid and basic salts may also be written in the form of double
salts. KHSOs; = K,S04,H,304, Cu,(OH),CO; = CuCO, Cu-
(OH);. Another kind of compound is Sb,S;0, antimony
oxy-sulfid, which may be written 2Sb,S;"Sb:0;(33b.S;0).
Similarly Pb,OCl; (or PbCly'PbO) is lead oxy-chlorid and
Pb,Cl,CO; (or PbCly PbCOys) is lead chloro-carbonate.

Acid and basic salts when heated in the closed tube at a
relatively high temperature (usually above 200° C.) give off
water and this water is called water of constitution.

In other compounds water ismore loosely held, and when heated
isdriven off at a temperature varying from about 100° C. to 200°C.
This is the so-called water of crystallization, but this term is a mis-
nomer, as water is not necessary for crystallization. Most an-
hydrous minerals occur in well formed crystals. Salts which give
off a definite amount of water at low temperatures are called hy-
drates or hydrous salts. The formulais written as if they contain
water as such. Examples: hydrous calcium sulfate, CaSO42H,0
(gypsum); hydrous sodium borate, Na;BsOy10H,O (borax).
There may be various hydrates, for example, MgSOs H,O (kieser-
ite); MgS04+6H,0 (hexahydrite), and MgSO,7H.0 (epsomite).

The following are examples of complicated salts which occur
as minerals: HNa;(CO,;),2H,0, hydrous acid sodium car-
bonate (trona); Fes(OH),(S04)517H,0, hydrous basic ferric
sulfate (copiapite).

'®
3. DERIVATION OF CHEMICAL FORMULZ

Most minerals have a fairly defihite chemical composition and
hence may be represented by a formula. The formula is obtained
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by dividing the percentage composition of the various elements or
radicals by the corresponding combining weights as found in a
table of atomic weights (pages 6-7). The ratio of these
expressed in the simplest whole numbers possible gives the
empirical formula. Example: An analysis of chalcopyrite from
Phoenixville, Pennsylvania, furnished J. Lawrence Smith the
results of column I.

I 11 111 v
000066 006060 a0 000 32.85 +-63.6 =0.516 34.57
185,530 600 0 28 4600 0a0 C 29.93 + 55.8 =0.536 30.54
Shoo oo a0 00 0omoos000C 36.10 = 32.1 =1.121 34.89
150000 BN B, S R 0.35

Dividing by the combining weights given in the second column
we have the figures of the third column, lead being omitted.
These numbers are nearly in the ratio 1 : 1 : 2, hence the formula
CuFeS,;. The theoretical percentages for chalcopyrite are
given In the fourth column.

Discrepancies in analyses may be explained in a number of
ways. It is very common for similar metals or acid radicals
to replace each other in varying proportions. In this case the
combining ratios of replacing metals or acid radicals are added
together. An analysis of brown sphalerite from Roxbury,
Connecticut, gave Caldwell the percentage composition of
column I. Dividing by the atomic weights of column II we
have the combining ratios of III. The sum of the combining
ratios for Zn and Fe (1.033) is to the combining ratio for S
(1.039) practically as 1 :1. Hence the formula is (Zn,Fe)S,
which means that iron replaces zinc in varying amounts. Anal-
yses of sphalerite show an iron content varying from nil up to

18 per cent.

I II 111 v

e 63.36 + 65.4 = 0.969
Foret i Is 1 i Sl b 3.60 + 55.8 =0.063} 1008
TN o= <Y B G330+ 821 = 1030 1.030

Analyses of oxids, haloids, sulfids, and sulfo-salts are given as
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percentages of the elements. This cannot be done with the
oxygen salts as there is no way of determining oxygen directly;
therefore the percentage composition of the oxygen salts must be
expressed either as oxids, or as metals and acid radicals. At
present it is customary to use the oxids. This is in accordance
with the electro-chemical theary of Berzelius in which dualistic
formule were used. Thus FeSOs was considered as FeO-SOj,
FeO being the base or electropositive radical and SO, the acid or
electronegative radical. Although these views are considered
antiquated by modern chemists, still the custom is to employ
the basic and acid anhydrids in stating the results of analysis.
Thus CaS0Q, is given as CaO and SO;. The method of giving
the metals and acid radical is preferable if haloids or sulfids are
present. In the ordinary method there is an excess of oxygen
equivalent to the amount of halogen or sulfur present which
must be deducted. For example, apatite is CazF'(PO4);. The
calculated percentage compositions are: CaO = 55.5, P,0; =
423, F = 3.8; total= 101.6. The excess over 100 per cent is
due to the fact that only part of the calcium is combined with the
oxygen, as can be seen by expressing the formula in another way:
9Ca0-3P,05CaFs. The oxygen equivalent of F is 140 with
atomic weight of 8. The percentage compositions given above
have been figured on the basis of a formula weight of 512.5
(504.54+8). [512.5:.504.5: : 101.6 : 100]. A much better way is
to express the percentage compositions thus: Ca = 39.7, F = 3.8,
PO; = 56.5; total = 100.0.

In the case of hydrous, acid, or basic salts of any kind, the
water percentage is given, as the determination of water is often
a practical means of identifying a mineral.

4. VARIATIONS IN THE CHEMICAL COMPOSITION OF MINERALS

In the foregoing discussion it was assumed that minerals
have a definite chemical composition. Strictly speaking, this is
true of only a comparatively few minerals such as some specimens
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of quartz, calcite, and a few others. While other minerals
approach definiteness of chemical composition many others are
far from being definite.

In the first place, it should be emphasized that much of the
variation from the theoretical values of chemical formule is due
to mechanical impurities. Many apparently homogeneous
substances prove on microscopic examination to be mixtures of
two or more substances. For example, wollastonite (CaSiO;)
usually seems to effervesce in acids but the effervescence is
due to admixed calcite. So-called cupriferous pyrite contains
small amounts of chalcopyrite, as may be proved by examining
polished surfaces of specimens with the reflecting or metallo-
graphic microscope. But complexity in chemical composition
is not always proof of mechanical mixtures.

In homogeneous minerals the departure from fixed chemical
composition can be explained in two or three different ways:
(1) by solid solution of which isomorphism is a special case, and
(2) by the fact that the mineral is of colloidal origin.

6. ISOMORPHISM

Many compounds of similar chemical composition, especially
salts with the same acid radicals and related metals, have almost
identical crystal forms. Such compounds are said to be isomor-
phous. Isomorphous substances have similar form, but except
in the isometric system this does not mean that the form is iden-
tical. For example, the angle (110 : 110) for barite, BaSOs, is
78° 2214’ while for celestite, SrSQs, the corresponding angle is
75° 50, and for anglesite, PbSQy, it is 76° 1614’. Barite, celestite,
and anglesite thus form an isomorphous group. Among promi-
nent isomorphous groups of minerals are the following:

Pyrite FeS,
Smaltite (Co,Ni)As,
Cobaltite CoAsS

Gersdorflite NiAsS
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Ilmenite FeTiO;
Geikielite MgTiO;
Pyrophanite MnTiO;
Senaite (Fe,Mn,Pb)TiOs
Grossularite CasAl:(Si04);
Pyrope Mg;Al,(SiOy4)s
Alma.ndite FeaAlz (Slo;) 3
aEme o ke Mn,AL (Si0.)s
Andradite CaaFez (SlO;) 3
Uvarovite CB.xCI‘Q (Si04) 3

Many isomorphous compounds are capable of crystallizing
together in various proportions and thus form what are known as
isomorphous mixtures. There are many such cases among min-
erals which fact is very useful in interpreting mineral analyses.
Chromite is an isomorphous mixture of FeCr;04, FeFe,O,,
MgCr;04, MgAl,O4, and- FeAl,Oy4, all of which are known as
minerals. The formula used to express the chemical composition
is as follows: (Fe’’, Mg) (Cr, Al, Fe’’’);04, which means that the
combined proportion of chromium, aluminum, and ferric iron is
twice (molecularly) that of ferrous iron and magnesium together.
Among prominent isomorphous mixturesare: sphalerite (Zn,Fe)S,
smaltite (Co,Ni)As., columbite (Fe,Mn)(Nb,Ta).Os, campylite
Pb;Cl(As,P);0,2, endlichite Pb;Cl(As,V),0;, pisanite (Fe,Cu)-
S047H;0, wolframite (Fe,Mn)WO,, actinolite Ca(Mg,Fe)s-
(8i0,)s, and epidote Caz(AlFe);(OH)(SiO4);. The garnets are
isomorphous mixtures of the compounds mentioned above.
It is rare to find an analysis of garnet that will correspond
exactly to any one of these formule.

The physical properties of isomorphous mixtures vary con-
tinuously; for this reason the term solid solution is sometimes
used. The best test of isomorphism is the ability to form mixed
crystals.

6. SOLID SOLUTIONS NOT DUE TO ISOMORPHOUS MIXTURES

While most of the variations in the chemical composition of
crystalline minerals may be explained by isomorphism there are
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some cases which cannot be so explained. For example, pyrrho-
tite contains a slight excess of sulfur over that required for the
formula FeS. Formerly this was expressed by the formula
Fe,S,.1, in which n varies from 5 to 15, in accordance with
the law of multiple proportions and the belief that every mineral
has a definite composition. This we know to be false and the
modern way of expressing the chemical composition of pyrrhotite
i1s by means of the following formula: FeS(S)., which signifies
that pyrrhotite is regarded as a solid solution of sulfur in ferrous
sulfid.

Another example of solid solution is nepheline, which contains
an excess of silica over that required for the formula (Na,K)-
AlSiOs.

The color of many minerals is due to a solid solution of some
pigment (either organic or inorganie) in the mineral.

7. MINERALS OF COLLOIDAL ORIGIN

Most of the amorphous minerals, such as opal, cliachite, and
collophane, are of colloidal origin. They are apparently due to
the gradual hardening or setting of a gelatinous mass. Such
hardened gels were called porodine by Breithaupt. The mech-
anism of the hardening of a gel is not well understood nor is the
nature of the gel itself, but some of the hardened gels are common
minerals and so deserve our attention.

When a substance is precipitated in the form of minute particles
intermediate in size between ordinary visible suspensions and
solutions, it possesses peculiar properties due to the enormous
surface exposed. The phenomenon of surface tension plays an
important part in determining these properties. Such a state
or condition of a substance is called the colloidal or dispersed
state. Colloidal substances, or more accurately speaking sub-
stances in the colloidal condition, on account of the great sur-
faces exposed, have a tendency to take up or adsorb other sub-
stances from the solutions in which they are formed. This

adsorption seems to be, to a large extent, selective, and for this
2
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reason most of the amorphous minerals of colloidal origin ap-
proach in chemical composition that of the corresponding crys-
talline mineral. This was first emphasized by the Austrian
mineralogist, Cornu, in 1909. Collophane, for example, is very
much like erystalline dahllite, 3Ca;(PO4)2CaCO;, in chemical
composition. Nearly all the well-established amorphous minerals
have crystalline equivalents. Opal is the amorphous equivalent
of chalcedony and quartz. Cliachite is the amorphous equivalent
of gibbsite [AI(OH),]. Turyite is probably the amorphous equiva~
lent of hematite. Psilomelane is the amorphous equivalent of
hollandite or romanchéite. Pitchblende is probably the amor-
phous equivalent of uraninite. Halloysite is the amorphous
equivalent of kaolinite. Cornuite, recently described by the
author, is the amorphous equivalent of chrysocolla. Some
common minerals such as calcite, barite, fluorite, etec., have
no amorphous equivalents, or at least they have not yet been
described.

Because of adsorption the amorphous minerals vary some-
what in chemical composition but there is also variation in the
water content. Practically all the amorphous minerals contain
water, the reason being that they are hardened hydrogels, that is,
gels formed in water solution. While the water is adsorbed when
the colloid is first formed, there is a probability of solid solution
being formed by the diffusion of the water and also of the other
adsorbed substances. The water, however, is variable in amount
and so may be represented by: (H:0),. Although practically
always present, the water is probably not, essential.

8. POLYMORPHISM

Something besides chemical composition must be taken in
account in the study of minerals, for it is a well-known fact that
many chemical substances exist in two or more distinct forms.
That is, they occur in crystals with different internal arrange-
ments of atoms, usually belong to different crystal systems, and
have dissimilar physical properties.
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Such compounds are called polymorphs. A familiar example
is carbon which occurs as graphite in soft, opaque, hexagonal
crystals, and as diamond in very hard, transparent, isometric
crystals. Polymorphous elements like carbon are called allo-
tropic. Among polymorphous minerals may be mentioned the
following:

Diamond—Isometric

< Graphite—Hexagonal

Pyrite—Isometric
Marcasite—Orthorhombic

Calcite—Hexagonal
Aragonite—Orthorhombic

|
s
{ Orthoclase—Monoclinic
|
|
|
|
|

08.003

KAISi;05 { Adularia—Monoclinic

Microcline—Triclinie

a-Quartz—Hexagonal (A3.3A,)
B-Quartz—Hexagonal (As.6A2)
Chalcedony—(?)

Tridymite—Hexagonal (Symmetry unknown)
Cristobalite—Isometric

SlOz

Rutile—Tetragonal (¢ = 0.64)
Octahedrite—Tetragonal (¢ = 1.77)
Brookite—Orthorhombic

Zoisite—Orthorhombic
Clinozoisite—Monoclinic

TlOz
CazAla(OH) (8104) 3

Al:SiO; { Andalusite—Orthorhombic (4 =0.986, ¢ = 0.702)

f Kyanite—Triclinic
| Sillimanite—Orthorhombic (4 =0.970, ¢ =?

Antigorite—Orthorhombic
H:Mg:5i:0, { Chrysotile—Orthorhombic

Polymorphism seems to be a general phenomenon of nature.

Numerous examples of polymorphism occur in prepared com-
pounds. Sulfur may be prepared in at least four modifications:
a-sulfur (orthorhombic); B-sulfur, (monoclinic); vy-sulfur, (also
monoclinie, but with different axial ratio from g-sulfur); é-sulfur,
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(rhombohedral). Mercuric iodid, HgI,, exists in a red tetragonal
modification (from solutions), and also in a yellow orthorhombic
modification (from fusion or sublimation).

In most cases it is the temperature which determines the
modification formed. Thus calcite forms from aqueous solutions
below 30° C., while aragonite forms above 30° C. For example,
the crust of CaCO; often formed in a tea-kettle is aragonite.

The silica minerals furnish the best known example of poly-
morphism. A discussion of the stability relations of these
minerals will be found on page 265.

B. BLOWPIPE ANALYSIS

The advantage of blowpipe analysis lies in the fact that the
tests are simple, the apparatus portable, and the reagents few
in number. By means of the blowpipe an intense heat (about
1500° C.) can be obtained on a small scale, and a variety of chem-
ical effects can be brought about. At the same time it is the
author’s opinion that, with a few exceptions, blowpipe analysis is
of value only in the determination of minerals.

Blowpipe analysis will be discussed under four headings: (1)
apparatus, (2) reagents, (3) operations, and (4) select tests.
Section 3 may be used in preliminary tests and also as determi-
native tables, while tests for the metals and acid radicals may be
found in section 4 arranged alphabetically by elements.

1. APPARATUS USED IN BLOWPIPE ANALYSIS

Blowpipe. The blowpipe is made in a variety of forms. The
simplest blowpipe is a brass tube about 10 inches long, bent at
one end. A bulb is sometimes added to condense moisture. A
more elaborate form is a nickel-plated tube with a moisture
chamber at one end and a smaller tube at right angles which is
provided with either a brass or a platinum tip.

Where gas is available, the gas blowpipe is undoubtedly the
most convenient form on account of the perfect control of the
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flame. The gas blowpipe is similar to the nickel-plated form
just described, but the smaller right-angled tube is a double
one; the inner one for air, the outer one for gas.

Fuel. Gas is the most convenient and commonly used fuel.
If a Bunsen burner is used, it is well to use a small tube which fits
the top of the Bunsen burner and is provided with a flange in
which the tip of the blowpipe rests. The luminous flame of the
Bunsen burner should be used with the blowpipe.

Where gas is not available, alcohol, lard oil, or olive oil may be
burned in a lamp provided with a wick. Candles are even more
convenient. For field use a good combination is alcohol for
heating, and candles for use with the blowpipe.

Charcoal. Slabs of charcoal about 4 inches long, 1 inch wide,
and 34 inch thick, are used as a blowpipe support. They may be
purchased from dealers in chemical apparatus.

Plaster. A paste of plaster-of-Paris with water is poured out
on oiled glass in sheets about 14 inch thick. Before hardening,
it is marked off in rectangles about 4 inches long and 1 inch wide.

Platinum Tipped Forceps. These forceps are essential for
testing the fusibility of minerals, and are useful for other pur-
poses. Arsenic, antimony, lead, and copper minerals should be
fused on charcoal, for these metals alloy with platinum.

Hammer. A small square-faced hammer of about one-fourth
pound weight is indispensable.

Anvil. A small block of steel, square or rectangular in cross-
section, and about 14 inch thick, is convenient for powdering
minerals and has many other uses.

Platinum Wire. No. 27 platinum wire is the best size for
general use. The wire may be fused into a piece of glass tubing,
or held in a special holder made for the purpose.

Test Tubes. The most convenient size is 4 inches long and
14 inch in diameter.

Glass Tubing. Soft glass tubing of 7 mm. outside diameter is
best for most purposes, but it is well to have a variety of sizes.
For some tests hard glass tubing is preferable.
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Watch Glasses. These are needed especially for solubility
tests. The best size is 2 inches in diameter.

Magnet. A magnetized knife-blade answers the same purpose
and is more convenient.

Lens. A Coddington or aplanatic triplet of 34-inch focus is
recommended. This gives a magnification of about 15 diameters.

A triangular file, blue glass (or Merwin’s flame color screen),
funnels, and filter-paper arc also essential.

The following pieces of apparatus are not essential, but will be
found very useful.

Diamond Mortar. A mortar made of a piece of cylindrical
tool-steel about 1 inch long and about 1 inch in diameter, with a
convenient size cylindrical cavity and pestle to fit, is very conven- .
ient for reducing a mineral to a coarse powder.

Agate Mortar. A small agate mortar, 114 inches in diameter,
is used for fine grinding of minerals.

Steel Pliers are used for breaking off fragments of rmnerals

Platinum Foil. A thin sheet of platinum about 14 by 34 inch
may be used for sodium carbonate fusions.

Dropping Bulbs are uscful for reagents that are needed in
small amounts, such as cobalt nitrate solution.

Small beakers, porcelain crucibles, wash-bottles, cte., may
often be used to advantage.

2. REAGENTS USED IN BLOWPIPE ANALYSIS
A. Dry Reagents

Dry reagents should be kept in wide-mouthed glass bottles.
It is convenient to have a set of four to six of these bottles in a
wooden stand.

Sodium Carbonate, Na,CO;. Baking “soda’ (NaHCO3) may
be used instead. Sodium carbonate is used principally for
fusions.

Borax, Na,B.0;10H,0, is used principally for bead tests.
The ordinary commercial salt may be used. Borax glass is
simply fused borax, used in silver cupellation. :
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Sodium Metaphosphate, NaPO;. This is used for the bead
tests, in which salt of phosphorus, HNaNH,PO,4H0, is usually
employed. It can be made by fusing salt of phosphorus, and
is much more convenient, as a salt of phosphorus bead usually
drops off the loop of platinum wire when heated.

Potassium Acid Sulfate, KHSO, This is used in bismuth
flux, in boric acid flux, and also independently.

Iodid Flux is made by grinding together 1 part KI, 1 part
KHSO,, and 2 parts 8. It is used principally on plaster tablets,
but also on charcoal.

Boric Acid Flux is a mixture of 1 part of finely powdered
fluorite (CaF3) with 3 parts of KHSO,.

Cupric Oxid, CuO. Powdered malachite may be used instead.

Tin. Ordinary tin-foil (sheet lead with a thin coating of tin)
is used as a reducing agent.

Zinc. Zinc in the form of shavings or sheets is used in test-
ing cassiterite.

Test Lead. Lead in a granulated form such as is used in
assaying.

Bone-Ash, such as is used in assaying, is moulded into cupels
on charcoal. Prepared cupels, 1 inch in diameter, may be used.

. B. Wet Reagents

The following are the more important wet reagents used in the
determination of minerals, though occasionally any of the
reagents of the chemical laboratory may be found useful.

Hydrochloric Acid, HCl. Two parts concentrated acid (sp. gr. 1.20) with
3 parts distilled water is the acid used for general purposes. (5N.)?

Nitric Acid, HNO;. One part concentrated acid (sp. gr. 1.42) with
2 parts water. (5N.)

Sulfuric Acid, H,SO:. One part concentrated acid (sp. gr. 1.84) with
4 parts of water (5N). It should be diluted with great care by pouring acid
into the water rather than the reverse. !

Citric Acid. As this is a solid it may be used in the field for testing
carbonates. A water solution is used.

1 N means a normal solution, .e., one that contains one gram-equivalent of the sub-
stance in one liter (a gram atom of hydrogen is the unit).
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Aqua Regia is a mixture of 3 parts of conc. HCl and 1 part of conec. HNO;.
It is made up when needed.

Ammonium Hydroxid, NH,OH. One part of concentrated NH,OH
(sp. gr. 0.96) to 4 parts of solution.

Ammonium Oxalate, (NH,),CO,-2H,0. 40 grams of salt to a liter of
solution. (2¢N.) .

Sodium Acid Phosphate, Na,HPO,-12H,0, 60 grams to a liter of solu-
tion. (24N).

Ammonium Molybdate, (NH,):MoO,. This reagent, which is difficult to
prepare, may be made by dissolving 100 grams of MoOj; in 250 ccm. NH,OH
(sp. gr. 0.96) with 250 ccm. of water. After cooling, this solution is poured
into 750 ccm. HNOj; (sp. gr. 1.2) with 750 cem. water while stirring.

It may also be prepared by dissolving 150 g. of (NH4):MoO; crystals in
a liter of distilled water to which a liter of HNOj (sp. gr. 1.1) has been added.

Silver Nitrate, A;NOs. 43 grams of the salt to a liter of solution. (}4N.)
It should be kept in an opaque bottle.

Barium Chlorid, BaCl,-2H,0. 61 grams of salt to a liter of solution.
(4N.)

Cobalt Nitrate, Co(NO3):6H,0. 73 grams of the salt to a liter of solution.

(34N
Alcohol. 95 per cent. ethyl alcohol.

C. Additional Reagents used in Qualitative Analysis

Acetic Acid, HC;H;0,. 30 per cent. acid. (5N.)

Ammonium Carbonate, (NH,),CO;. 192 grams to a liter of solution,
including 100 ccm. of NH,OH. (4N).

Ammonium Chlorid, NH,Cl. 267 grams to a liter of solution. (5N).
(The solid reagent is also used for alkali fusions with CaCO;.)

Ammonium Sulfid, (NH,),S. Saturate conc. NH,OH with H,S, and add
an equal volume of NH,OH. Dilute with three volumes of water. (4N.)

Ammonium Sulfid, Yellow, (NH,),S,. This is made by adding flowers of
sulfur to (NHi).S.

Barium Hydroxid, Ba(OH),-8H,0. Used for the detection of carbon
dioxide.

Calcium Carbonate, CaCO;. The solid reagent.

Chloroplatinic Acid, H;PtCls. This is made by dissolving thoroughly
cleaned scrap platinum in aqua regia.

Ether-Alcohol. Equal volumes of ether and absolute alcohol.

Dimethylglyoxime. A one per cent. solution of the reagent in alcohol.

Ferrous Sulfate, FeS0,-7H;0. Concentrated solution.

Lead Acetate, Pb (C;H:0:-3H,0.) 95gramstoa liter of solution. (}4N.)
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Potassium Chromate, K,CrO,. 49 grams to a liter of solution. (}4N.)

Potassium Cyanid, KCN. 33 grams to a liter of solution. (}4N.)

Potassium Ferricyanid, K;Fe(CN)s. 55 grams to a liter of solution.
(33N.)

Potassium Ferrocyanid, K;Fe(CN)s-3H,0O. 53 grams to a liter of solu-
tion. (24N.) )

Potassium Hydroxid, KOH. Solid reagent.

Sodium Acetate, NaC,H30:. The solid dissolved in ten parts of water.

Sodium Carbonate, Na,CO;. Solid reagent.

Sodium Cobaltic Nitrite, NasCo(NO;)s. This is made by adding 1 part
of Co(NOs;), solution to 3 parts of acetic acid and 5 parts of a 10 per cent.
solution of NaNO,.

Sodium Hydroxid, NaOH. Solid reagent.

Sodium Nitrate, NaNO;. Solid reagent.

Stannous Chlorid, SnCl,-2H:0. 56 grams to a liter of solution. (}¢N.)

Tartaric Acid, C;H4O,. Solid reagent.

3. THE OPERATIONS OF BLOWPIPE ANALYSIS

The list of tests given here serves both as an outline to follow
with known substances, and
also as determinative tables
for unknown minerals. As
only the more important
tests are included decided
results must be obtained
to be of value.

Fra. 1.—Oxidizing flame.

I. Use oF THE BLowPIPE.

To produce a steady flame, maintain a reservoir of air by
keeping the cheeks slightly distended, and by breathing through
the nose.

Oxidizing Flame (O.F.). The extreme outer tip (Fig. 1)
of a small flame produced by a rather strong blast of air is most
favorable for oxidation. If a candle, lamp, or Bunsen burner is
used, the tip of the blowpipe is held just within the flame. One’s
ability to produce a good oxidizing lame may be judged by fusing
borax on a 14 inch loop of platinum wire and then adding a little
MoO.. The bead should become colorless.
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Reducing Flame (R.F.). The tip of the inner luminous cone
(Fig. 2) of a large flame produced by a gentle blast of air is most
favorable for reduction. If a candle, lamp, or Bunsen burner is
used, the blowpipe tip is held just outside the flame and the whole
flame is directed toward the assay. A borax bead made ame-
thyst colored with a little MnO, in O.F. should become colorless
when heated in a good reducing flame. The reducing flame
should be luminous, but just hot enough to prevent the deposi-
tion of soot.

II. 'LaME TEsTs.

In the high temperature of the blowpipe flame, many com-
pounds are volatilized; and
the colors produced are often
characteristic. They should
be viewed against a dark
background, such as a piece
of charcoal. The chlorids,
as a rule, are the most volatile
| compounds of the metals, so
Fl 2= R dduciciifiame! HCl should be used, but in
some cases HoSO4 is better.
Platinum wire is used except for compounds of As, Sb, Pb, and
Cu, which should be heated on charcoal. The wire should be
cleaned with HCI after each test, but it should never be placed
in a reagent bottle on account of the danger of contaminating
the reagent.

Red Flames.

Purplish red—lithium compounds.
Crimson—strontium compounds.
Orange red—calcium compounds.

Yellow Flames.

Intense yellow (masked by blue glass or flame-color screen)—
sodium compounds.
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Green Flames.

Yellowish green—barium compounds.

Yellowish green—molybdenum compounds.

Emerald green—copper compounds (without HCI).

Bright green (use HySO4)—boron compounds.

Pale bluish green (use H,SO,)—phosphates.

Pale bluish green—tellurium compounds.

Pale bluish green—antimony compounds.

Bluish green—zinc compounds.

Blue Flames.

Azure blue—copper compounds (with HCI).

Pale blue—arsenic compounds.

Pale blue—lead compounds.

Violet Flames.

Pale reddish violet (use blue glass or flame-color screen)
—potassium compounds. (Some potassium compounds such as
orthoclase must be fused with Na,CO,, to obtain the flame test.)

The spectroscope must be used to detect such elements as
rubidium, calcium, thallium, indium, ete., and also to detect very
small amounts of the above mentioned elements.

I1I. OreN TusBEe TEsTs.

Glass tubes about 4 or 5 inches long and open at both ends are
used. The substance, which may be introduced into the tube by
means of a folded trough of paper, is placed about 1 inch from
one end of the tube. The tube is heated gently in a horizontal
position at first and then is gradually inclined while still heating;
thus a current of air is produced. If heated too rapidly or too
near the end of the tube a closed tube effect is the result.

Odor of burning matches (SOp)—sulfids and sulfo-salts.

Sublimate of minute brilliant crystals (As;O;)—arsenids
and sulfarsenites.

Non-volatile amorphous sublimate (Sb;0O4) on under side of
tube—antimony sulfid and sulfantimonites.

Gray metallic globules (Hg)—mercury sulfid.
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IV. CrosEp Tuse TEsTs.

Glass tubes closed at one end are used. Two closed tubes may
be made at the same time by fusing a piece of tubing 5 or 6 inches
long at its middle point and pulling it apart when hot. Tubes
should be clean and dry before they are used.

1. Change in Appearance.

Decrepitates (flies to pieces)—characteristic of many
minerals.

Turns black—copper minerals and numerals containing
organic matter.

Turns dark red—iron minerals.

Turns yellow—lead minerals.

Turns yellow (white on cooling)—zinc minerals.

2. Formation of Sublimates.

Yellow sublimate (S)—some sulfids.

Black metallic mirror (As)—arsenids.

Reddish yellow (AsS)—arsenic sulfids and sulfarsenites.

Reddish brown (SbsS;0)—antimony sulfids and sulfanti-
monites.

White volatile sublimate—ammonium salts.

Water (H,O)—hydroxids, hydrous, basic, and acid salts.

3. Formation of Gases.

Colorless and odorless (CO.)—carbonates (detected by
Ba(OH)z.

Colorless and odorless (O)—manganese dioxids (detected by
glowing charcoal).

Brownish-red and pungent odor (NOz)—nitrates.

V. TREATMENT ON CHARCOAL.

The substance, either alone or intimately mixed with some
reagent, is heated in a shallow circular cavity at one end of the
charcoal, which is made by revolving a coin or end of a knife
handle. O.F. or R.F. is used according to the desired effect.
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1. Evolution of Gas.
Odor of burning matches (SO,)—sulfids and sulfo-salts
(use O.F.).
Arsin odor (AsH;)—arsenids and sulfarsenites (use R.F.).

2. Formation of Sublimates. (Use O.F.).

It is well to run a blank test to observe ash of the charcoal.
White sublimate near assay (Sb,0,)—antimony compounds.
White sublimate far from assay (As,O;)—arsenic compounds.
White sublimate, yellow when hot (Zn0O)—zinc compounds.
White sublimate, yellow near assay (PbSO,)—lead sulfid.
Yellow sublimate (PbO)—lead compounds.

Yellow sublimate (Bi;O;)—bismuth compounds.

3. Reduction with Sodium Carbonate.

Mix intimately 1 part of the finely powdered substance with
3 parts of Na,COj3; and fuse in R.F. on charcoal.

Magnetic particles (Fe;04,Ni,Co)—iron, nickel, and cobalt
compounds.

Metallic button, gray and malleable (Pb)—lead compounds.

Metallic button, somewhat malleable but brittle on edges

(Bi)—bismuth compounds.

Metallic button, malleable white (Ag)—silver compounds.

Metallic button, malleable yellow (An)—gold compounds.

Metallic button, malleable red (Cu)—copper compounds.

Metallic button, malleable white (Sn)—tin compounds.

4. Fusion Test for Sulfur.

An intimate mixture of a finely powdered sulfid or sulfo-salt
with about three parts of sodium earbonate is heated in O.F. on a
thin sheet of mica placed on charcoal (or on platinum foil if
absence of As, Sh, Pb, and Cuisassured). The fused mass placed
on a bright silver coin with several drops of water and crushed
will give a black stain (Ag,S). The reactions are: R”’S + Na.-
CO; = NasS + R”CO.. NaoS + 2Ag + H.0 + O = Ag.S +
2NaOH. Tellurids give the same test as sulfids.
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It is well to run a blank test to see if the gas or sodium car-
bonate contains sulfur.

Sulfates also give this test if heated in a strong R.F. on char-
coal instead of on mica. The addition of powdered charcoal
helps the reaction.

As the sulfur compounds sink into the charcoal, the same
spot cannot be used more than once.

6. Treatment with Cobalt Nitrate.

The substance is heated intensely on charcoal before and
after adding a dilute solution of cobalt nitrate. In this way
cobalt aluminate, cobalt zincate, etc., are formed.

Deep blue coloration—infusible aluminum compounds and
zinc silicates. (Almost any fusible substance will give a blue
color, for a cobalt glass is formed.)

Bright green coloration—zinc compounds, except the sili-
cates which give a blue coloration.

Bluish-green coloration—tin compounds.

Pale pink coloration—magnesium compounds (not very
satisfactory).

VI. TREATMENT ON PLASTER WITH IODID Frux.

An intimate mixture of the substance with an equal quantity
of iodid flux (2 parts S, 1 part KI, and 1 part KHSOs) is heated
gently at one end of a plaster tablet. In this way iodids of
the metals are obtained.

Yellow sublimate (Pbl,)—lead compounds.

Orange sublimate stlppled with peach-red (Sbl;)—antimony
compounds.

Purplish-chocolate sublimate (Bil;) with underlying scarlet
—bismuth compounds.

Scarlet sublimate (dark greenish-yellow if overheated) (HgIz)—
mercury compounds.

VII. TREATMENT oN CHARcOAL wiTH lopip Frux.

The same reagent as above, but with charcoal instead of plaster
as a support.
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Greenish-yellow sublimate (Pbl,;)—lead compounds.

Scarlet sublimates (Bil;)—bismuth compounds.

Faint yellow sublimate (Hgl,, etc.)—mercury, arsenic, and
antimony compounds.

VIII. Borax Brap TEsTs.

Borax beads are made by fusing borax in a 3 mm. loop of
platinum wire formed around the sharpened end of a lead pencil.
Great care should be used in O.F. and R.F. Sulfids should be
first roasted by gently heating the powdered substance spread
out on charcoal. It is well to preserve the beads in a little
frame or glass tube for future reference. The colors refer to
cold beads, except when otherwise mentioned. Many elements
giving colorless or pale yellow beads are not mentioned.

Violet Blue Green Red Brown | Yellow| Colorless
Co. O.F.R.F.
Cr O.F.R.F.
(saturated)
Cu O.F. |O.F.R.F. R.F.
(opaque)
Fe R.F. O.F.
Mn | O.F. : ' R.F.
Mo | RE O.F.
Ni O.F. O.F. R.F.
(hot) (cold) - (turbid gray)
Ti R.F. O.F.
U R.F. O.F
v R.F. O.F
w : R.F. O.F.
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IX. SopruM METAPHOSPHATE BEAD TESTS.

Beads of sodium metaphosphate, NaPO;, are made in the
same way as with borax. Salt of phosphorus or microcosmic salt,
(HNaNH.PO4+4H,0) may also be used, for on heating it loses
NH,; and H,0, and is converted into NaPO,. The colors refer
to cold beads.

Violet Blue Green Red Yellow I Colorless
Co O.F.R.F. '
Cr | O.F.,R.F.
(satur-
ated)
Cu O.F. RS 4
(opaque)
O.F. N
Fe iy |O.F.R.F.
Mn O.F. i R.F.
Mo R.F. O.F.
Ni O.F.R.F.
Gty O.F
i ate
T R. F. -
U O.F.R.F.
v ' R.F. O.F.

W R.F. ‘ O.F.

Silica is insoluble in a NaPO,; bead, but with silicates the
beads dissolve (sometimes coloring the bead), while the silica
usually remains as a translucent mass, often the shape of the
original fragment, which floats around in the bead. A few
other compounds, such as Al,O; and TiO., are very slowly soluble
in a NaPO; bead.



CHEMICAL PROPERTIES OF MINERALS 33

X. RepucrioNn Coror TEsTs.

Saturate several NaPO; beads with the finely ground sub-
stance, and heat on charcoal with metallic tin in R.F. Dissolve
in dilute HCIl, add tin, and then boil.

Violet solution—titanium compounds.

Deep blue solution—tungsten compounds.

Brown solution—molybdenum compounds.

Green solution—chromium, uranium, and vanadium com-
pounds.

XI. Soprum CARBONATE Brap TEsT.

Beads of sodium carbonate are made the same as borax and
sodium metaphosphate. The O.F. is used. The beads are
opaque and not clear as with borax.

Bluish-green opaque bead (Na,MnO,)—manganese com-
pounds (a very delicate test).

Yellow opaque bead (Na,CrO;)—chromium compounds.

Effervescence—silica. Na,CO; + SiO; = Na,SiO; +
CO,. (The bead will be clear if equal molecular quantities
‘are used.)

XII. TREATMENT WITH ACID POTASSIUM SULFATE.
The substance is mixed with KHSO4 and heated in a test-tube
or closed tube.
Red-brown fumes with pungent odor (NO;)—nitrates.
Colorless gas with HCI odor (HCI)—chlorids.
Colorless gas which etches glass (HF)—fluorids.
Colorless gas with disagreeable odor (H.S)—sulfids.
Colorless, odorless gas (COz)—carbonates.

XIII. FusmBiLity TEsTs.

Long thin splinters of the mineral about 1 mm. in diameter
held with platinum-tipped forceps or wrapped with a coil of
platinum wire (in the absence of platinum foreceps or wire a
splinter may be stuck into a piece of charcoal) are heated in the
hottest part of the flame, which is just beyond the tip of the inner

3
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cone (see Fig. 3) of a small sharp O.F. flame (rather strong
blast). Metallic substances should be heated on charcoal as
they may contain As, Sb, or Pb which will alloy with the plati-
num. Powders or substances which fly to pieces when heated
may be ground with a little water into a paste, which after
careful drying can be heated in the forceps or on charcoal.

Scale of Fusibility

1. Fuses easily in luminous flame or in the closed tube—
stibnite.

2. Fuses with difficulty
in luminous flame or in the
closed tube—chalcopyrite.

3. Fuses easily in blow-
pipe flame—almandite
(garnet). '

4. Fuses on edges easily

Fi1a. 3.—Position of assay in testing fusibility.

in blowpipe flame—actinolite.

5. Fuses on edges with difficulty—orthoclase.

6. Fuses only on thinnest edges—enstatite.

7. Infusible, even on thinnest edges—quartz.

Not only the degree, but also the manner of fusion should be
noted. The substance may fusc either to a clear, opaque, or
colored glass; quietly, with intumescence (bubbling), or with
exfoliation (spreading out like leaves of a book).

XIV. BLOWPIPE SILVER ASSAY.

A qualitative test for silver in ores may easily be carried out by
means of the blowpipe. The method is similar to that used in
assaying except that it is on a smaller scale.

By using an assay centner (100 mg.) of ore and measuring the
silver button obtained on an ivory scale made for the purpose,
one may obtain quantitative results which, after some practice,
are very satisfactory. '

(1) Mix finely powdered ore intimately with one volume of
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borax glass (made by fusing borax) and one volume of test iead.
If ore contains galena it is not necessary to add test lead. (2)
Fuse mixture in a deep cavity in charcoal with a strong R.F. for
several minutes. The silver is collected by the lead button.
(3) After cooling remove lead from charcoal and hammer off the
slag. (4) Add fresh borax glass and heat in O.F. until the
quantity of lead is considerably diminished. Again hammer
off every particle of the slag. (5) Prepare a cupel by filling a
large cavity in charcoal with very slightly moistened bone-ash and
making a smooth coneave depression with a mold (the end of a
large test-tube will do). Heat cupel gently and remove all loose
particles. (6) Carefully place the cube of lead (which should be
not more than 2 or 3 mm. in diameter) on the cupel and fuse in
O.F. by blowing across the top of it (use a small flame and
strong blast and revolve the cupel occasionally). The oxidation
produces a thin film of lead oxid showing interference colors, but
when the lead is all absorbed, the film suddenly disappears or
“blicks,” and a minute sphere of silver, which may also contain
gold, remains. The final oxidation of the lead must proceed
without interruption, otherwise it may be necessary to repeat
the entire operation from the beginning.

1f the button shows a yellow tinge, gold is present. The silver
may be removed by dissolving the button in nitric acid, but if
much gold is present it is necessary to add some silver to the
button in order to separate the gold from the silver.

XYV. Sovusmuity TEsTs.

In the absence of any special phenomena such as the evolution
of a gas, or change in color, the only accurate way of testing
solubility is to boil a small amount of the solvent with the sub-
stance for some time, and then to filter or decant the clear liquid
and evaporate it to dryness. A residue indicates that the sub-
stance is soluble (anhydrite furnishes a good example of a soluble
mineral which on hasty examination one might call insoluble).
If in doubt as to the solubility run a blank test with an equal
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quantity of solvent alone. A water solution of the residue gives
a precipitate with a solution of sodium carbonate, except in the
case of alkali compounds, but among minerals these are all readily
soluble in water or contain other elements that are precipitated.

Soluble in water—nitrates, some chlorids, some sulfates, some
borates, some carbonates.

Soluble in HCl—all carbonates, some sulfids, some sulfates,
borates, some phosphates, some silicates (see p. 495), iron oxids,
and iron hydroxids.

Soluble in HNOj, but insoluble in HCl—most sulfids and sulfo-
salts.

Soluble in aqua regia—gold and platinum.

.~ Soluble in HF—silica and nearly all the silicates.

Insoluble in acids but soluble in other liquids—cerargyrite,
soluble in NH,OH; anglesite, soluble in NH4(C2H30;), sulfur,
soluble in CS,.

Insoluble, but decomposed by fusion with Na2003—m0st
silicates, chromite, wolframite, barite, and celestite. For
method of treatment see note 4, for silicates, p. 49.

Insoluble, not completely decomposed by Na,CO; fusion, but
decomposed by fusion with KOH in a nickel crucible—cassiterite,
corundum, and rutile.

Evolution of Gas.
Colorless, odorless gas (CO;)—carbonates.
Colorless gas with disagreeable odor (H,S)—some sulfids.
Colorless, pungent gas (Cl) with HCl—manganese dioxid.
Brown red, pungent gas (NO,) with HNO;—sulfids and some
elements.

Color of Solution.

Amber solution—iron compounds.

Green solution—copper (especially when iron is present)
and nickel compounds.

Blue solution—copper compounds.

Pale red solution—cobalt compounds.



CHEMICAL PROPERTIES OF MINERALS 37

Insoluble Residue. -

Gelatinous residue or slimy silica—some silicates.

White residue (PbSO.), (HSbO.), (AgCl)—lead, antimony,
and silver minerals.

Yellow residue (WO;)—calcium tungstate.

XVI. WeT TEsts AND GROUP REAGENTS.

A. Wet Tests for Metals (Cations)

HCI1 precipitates AgCl, HgCl, and PbCl,.

H.,S in acid solutions precipitates Ag,S, PbS, HgS + Hg, Bi,S,,
CuS, HgS, As,S;, AseS; 4 8, SbsS;, SnS, and SnS..

NH,OH in the presence of HCl (or NH,Cl) precipitates
Pb(OH),, Hg,NH,Cl, Hg NH,Cl, BiO(OH), SbO(OH), Sn(OH),;, .
Sn(OH),, AI(OH);, Cr(OH);, Fe(OH),, Fe(OH)., and also Cas;
(POy4)s, CaF,, and Ca(BO,)..

(NH.).S in neutral solutions precipitates Ag,S, PbS, HgS,
CuS, Bi:S;, Sb.S;, SnS, AI(OH),, Cr(OH,), FeS, FeS + S, ZnS,
MnS, CoS, and NiS.

(NH,4),CO, precipitates, from alkaline solutions, carbonates of
all the non-alkali metals except Mg. With Ag, Cu, Co, Ni, and
Zn the precipitate is soluble in excess.

Na,HPO, precipitates all the metals except the alkalies as
phosphates, Hg as basic chlorid, and Sb as oxid.

Na,CO; precipitates all the metals except the alkaliesasfollows:
Ag,CO,, Hg,CO;, CdCO;, FeCO,4, MnCO;, BaCO;, SrCO;. CaCOy,
MgCO;, Fe(OH);, AI(OH);, Cr(OH);, Sn(OH)., H:Sn0;, SbsO;,
Hg,0Cl;, H;ShO4, and basic carbonates of Pb, Cu, Zn, Co, and Ni.

H,S0, (dilute) precipitates PbSO4, BaSO4, SrS0,, CaS042H 0
(incompletely unless alcoholisadded), and HgSO4 (incompletely).

NaOH precipitates Ag,0, Hg,O, HgO, Cu(OH),;, Cd(OH)s,,
BiO(OH), SbO(OH),, Sn(OH),, SnO(0H),, Fe(OH);, Fe(OH),,
Ni(OH),, Co(OH),, Mn(OH),, Ba(OH), (incompletely), Sr(OH),
(incompletely), Ca(OH), (incompletely), Mg(OH),, and the fol-
lowing which are soluble in excess: Pb(OH)z, Sb.0s, SbO(OH),,
Sn(OH),, SnO(OH),, A1(OH),, Cr(OH),, Zn(OH),.
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(NH,),C»0, precipitates oxalates of all the metals except the
alkalies and magnesium from alkaline solutions.

B. Wet Tests for Acid Radicals (Anions)

With BaCl, as a reagent.
A white ppt. insoluble in HCI indicates SOs.
A white ppt. soluble in HCI, but insoluble in acetic acid indi-
cates F.
A yellow ppt. soluble in HCI but insoluble in acetic acid
indicates CrOj. .
A white ppt. soluble in HCI and in acetic acid indicates BO.
or BiO7, POy, CO;, or AsO,.
With AgNO; as a reagent.
A yellow ppt. soluble in HNO; indicates POa..
A red or red-brown ppt. solublein HNO; indicates AsOsor CrOs.
A white ppt. soluble in HNO, indicates BO; or BsO;.’
A white ppt. insoluble in HNO; indicates CL.
A black ppt. soluble in HNO, indicates S.

XVII. PREPARATION OF SOLUTION.

Water is the first solvent used, and after that either hydro-
chloric or nitric acids. For some minerals HCl is the best solvent
and for some HNO;, is the best; therefore it is well to try a small
quantity of the mineral with each of these solvents to determine
which is the better. For sulfids HNO; is the best solvent, but if
either lead, antimony, or tin is present, white residues are formed.
HCI will precipitate chlorids of silver, lead, and mercury. If
the substance is insoluble in both HNO; and HCI it may be
soluble in aqua regia (1 part HNO,+3 parts HCI).

Many minerals, especially silicates, are insoluble in aqua regia,
and require fusion with Na;CO; on platinum foil or in a porcelain
crucible. A water solution of the fusion will generally contain
sodium salts of various acids, while an acid solution of the residuc
will generally contain the metals.

The following minerals are not decomposed by Na,CO,; and
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require fusion with KOH in a nickel or silver crucible: corundum,
(AL:O,), cassiterite, (SnO,), and rutile, (TiO;).

XVIII. QuaLiTATIVE ScHEME. (For the more common ele-
ments).

HCI Group.

H,S Group.

NH,OH Group.

1. Add cold dilute HCl in excess. Ppt. 2. Filtrate 6.
2. Wash ppt. with hot water on filter-paper. Residue3. Filtrate 5.
3. Add NH,O0H toresiduedrop by drop. Ablackening indicates Hg.
Divide filtrate into two portions 4 and 5.
. Acidify filtrate with HNO;s. A white ppt. indicates Ag.
. Test filtrate with K,CrO,. A yellow ppt. indicates Pb.
Pass H,S into warm, slightly acid solution. Ppt. 7. Tiltrate 16.
. Digest ppt. with (NH,4),S. Filter. Residue 8. Filtrate 13.
. Digest residue with hot dilute HNO; Filter. Residue 9.
Filtrate 10.
9. Dissolve residue in aqua regia. Boil off Cl. A ppt. with SnCl,
indicates Hg.
10. Add a little cone. H;S0, and drive off excess. A white ppt.
indicates Pb. Filtrate 11.
11. Add NH,OH in excess to filtrate. A white ppt. indicates Bi.

NS e

‘| Filtrate 12.

12. A blue filtrate indicates Cu. Add KCN until blue color disap-
pears; then pass H,S. A yellow ppt. indicates Cd.

13. Add dilute HCI to filtrate. Heat ppt. formed with conc. HCI.
A residue indicates As. Filtrate 14.

14. Into the dilute solution, heated to almost boiling, pass H,S.
An orange red ppt. indicates Sb Filtrate 15.

15. Into the cool diluted filtrate pass H,S. A yellow ppt. indicates
Sn.

16. Boil off H,S, add a few drops of HNO;. Add NH,CI and
NH,OH. Ppt. 17. Filtrate 22.

17. Dissolve ppt. in least possible amount of HCl. Add 50 % alco-
hol and dilute H.SO,. A crystalline ppt. indicates Ca. Filtrate 18.

18. Boil off the alcohol, make filtrate alkaline with NH,OH. Ppt.
19. Reject filtrate.

19. Fuse ppt. with Na;CO; and NaNO; on platinum foil. A bluish-
green mass indicates Mn. Digest the fused mass in hot water and filter.
Residue indicates Fe. Divide filtrate into two portions, 20 and 21.

20. A yellow filtrate giving red ppt. with AgNO; indicates Cr.

21. Acidify with HCl. Add solid NH,Cl and boil. A ppt. indi-
cates Al
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22. Into the warm alkaline filtrate pass H.S. Ppt. 23. Filtrate 29.

23. Wash ppt. on filter with cold dilute (1 : 10) HCL. Residue 24.
Filtrate 26.

24. Dissolve residue in aqua regia. Evaporate to dryness, add a
little water, and make strongly basic with NaOH. Add tartaric acid
but not enough to make the solution acid. Heat slightly and pass
H,S. A ppt. indicates Co. Filtrate 25.

25. Acidify filtrate with HCl. A ppt. indicates Ni.

26. Boil filtrate to remove H,S. Add KOH in excess. Ppt. 27.
Filtrate 28.

27. Fuse ppt. with Na,CO;. A bluish-green mass indicates Mn.

28. Add H.S to the filtrate and heat. A white ppt. indicates Zn.

(NH,),S Group.

29. Evaporate filtrate to rather small volume. Add (NH,).CO,

%‘ and alcohol. After standing an half-hour, filter. Ppt. 30. Filtrate

= | 34 :

{‘2 30. Dissolve ppt. in hot dilute acetic acid and add K,CrOs,. A

8 yellow ppt. indicates Ba. Filtrate 31.

Py 31. Add NH,OH and alcohol. A yellow ppt. indicates Sr. Fil-

ﬁ trate 32. :

zZ 32. Dilute and add (NH,),C:04. A white ppt. indicates Ca. Fil-
trate 33. '

= 33. Add NH,OH and Na,HPO,. A white ppt. indicates Mg.

3 34. Evaporate filtrate to dryness. Ignite to drive off ammonium

6 salts. Add NaOH and Na,HPO,. Heat and add alcohol. A white

~= | ppt. indicates Li. Filtrate 5.

i 35. To the filtrate add Na;Co(NO;)s. A yellow ppt. indicates K.

Note.—The original substance must be tested for Na and NH,.
4. SELECT BLOWPIPE AND WET TESTS

Aluminum, Al

1. Infusible aluminum minerals (also zine silicates) when
heated intensely before and after adding cobalt nitrate solution
give a fine blue color. Fusible minerals may give a blue cobalt
glass whether aluminum is present or not. ‘

2. Ammonium hydroxid gives a white gelatinous precipitate,
Al(OH);, in solutions containing aluminum. (The ppt. is soluble
in KOH or NaOH.) Iron hydroxid, chromium hydroxid, cal-
cium phosphate, calcium borate, and caleium fluorid are also
precipitated by NH,OH along with A1(OH);. The calcium may
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be removed by means of dilute sulfuric acid and 50 per cent.
ethyl alcohol before testing for iron and aluminum.

Antimony, Sb.

1. Antimony minerals heated on charcoal in O.F. give a volatile
white sublimate (Sb:04) near the assay and dense white fumes
without odor. '

2. With iodid flux on a plaster tablet antimony compounds give
a peach-red coating or an orange coating stippled with peach-red.

3. In the open tube antimony minerals give a non-volatile,
amorphous, white sublimate (Sb20O4) on the under side of the tube.

4. Compounds of antimony and sulfur give a reddish-brown
sublimate (SbsS;0) when heated intensely in the closed tube.

5. Concentrated HNO; oxidizes antimony sulfids and sulfo-
salts to HSbO;, a white precipitate soluble in KOH.

Arsenic, As.

A. Compounds without Ozygen.

1. On charcoal most arsenic minerals give a white volatile
coating (As;O;) far from the assay and fumes with characteristic
odor of arsin (AsH;) (a disagreeable odor something like that of
garlic).

2. In the open tube, minute, brilliant, colorless crystals (Ass-
O;). This sublimate is volatile in contrast with that of SbsO.,.

3. In the closed tube a black metallic mirror of arsenic. A
gray crystalline sublimate may also form.

4. H,S precipitates yellow As.S;, which is soluble in (NH,).-
S, but insoluble in concentrated HCl.

B. Arsenates.

5. Arsenates heated intensely in the closed tube with charcoal
give a black metallic mirror of arsenic.

6. Nitric acid solutions of arsenates give a yellow precipitate
with (NH,):MoO; when heated to boiling.

If the solution is to be tested for a phosphate, the arsenic
must be removed by means of H,S (see 4).
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Barium, Ba.

1. Yellowish-green flame (not made blue by HCI).

2. Dilute H,SO4 precipitates white BaSOy4, a finely divided
precipitate insoluble in acids. This, like strontium sulfate,
forms in very dilute solutions while calcium sulfate forms only in
fairly concentrated solutions.

3. (NH,).COsor (NH,)2C:04] gives a white precipitate soluble
in acids. (Sr and Ca also.)

4. K,CrO; (or Ky,Cry04) gives a yellow precipitate (dis-
tinction from Sr and Ca).

Beryllium, Be.

1. Be(OH), is precipitated along with AI(OH), by NH,OH.
The precipitate is dissolved in dilute HCl and the solution
evaporated nearly to dryness. A little water is added, and also
KOH in amount sufficient to dissolve the precipitate which forms
at first. The solution is diluted and boiled when Be(OH).
separates out. This precipitate heated on charcoal with cobalt
nitrate solution assumes a lavender color.

Bismuth, Bi.

1. With iodid flux on plaster, a purplish-chocolate sublimate
with underlying scarlet.

2. With sodium carbonate on charcoal in R.F., a metallic
button brittle on the edges, and also a yellow sublimate (BiO).

3. To a nitric acid solution from which the excess of acid has
been evaporated, HCl is added. On dilution with water, a white
precipitate of bismuth oxychlorid (BiOCl) is formed.

Boron, B.

1. Borates give a green flame, especially if moistened with
H,S0,. Silicates containing boron give a momentary green
flame when heated with boric acid flux (3 parts KHSO4 to 1
part powdered fluorite, CaF;). This flame is due to the forma-
tion of volatile BF;,
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2. Alcohol added to a solution of a borate will burn with a
green flame.

3. Turmeric paper moistened with a HCI solution of a borate,
and dried carefully on the outside of the test-tube containing the
boiling solution, becomes reddish-brown. Thiscolor is changed to
black by NH,OH. It is well to run a blank test at the same time.
Zirconium solutions give a similar test.

Calcium, Ca.

1. In a rather concentrated solution, dilute H.SO, precipitates
CaS0+2H,0,; which appears crystalline
with the hand lens in contrast with BaSO,
and SrSO;. The addition of 50 per cent.
ethyl alcohol makes a very complete
precipitation.

2. The microchemical gypsum test is
the most satisfactory test for caleium.
A drop of solution containing calcium is
placed on a glass slip and alongside of it Fie. 4.—Microchemical
a drop of dilute HsSOs. The two drops SR
are brought into contact. In a few minutes time small crystals
of CaS042H,0 (gypsum) make their appearance. (See Fig. 4.)

3. Yellowish-red flame with HCI.

4. (NHy),C204 or (NH4),CO; gives a white precipitate soluble
in acids, as do also Ba and Sr. (Ba gives a yellow precipitate
with KyCrOy4 in the presence of dilute acetic acid. Ca(NO;):
is soluble in ether-alcohol, while Sr(NO;). is insoluble.)

5. Calcium borates, fluorids, and phosphates are all precipi-
tated from acid solution on the addition of NH,OH, and hence
may be confused with aluminum hydroxid. In this case the
calcium may be detected as given in Note 1 above.

Carbon, C.
A. Carbonates

1. Carbonates effervesce in dilute acids (some in the cold,
others only upon heating) with the evolution of a colorless, odor-
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less gas which gives a white precipitate with Ba(OH). or lime-
water.

2. Carbonates effervesce in a hot borax bead. When the bead
cools, a mass of tiny bubbles may be detected with a lens.

3. Citric acid, a solid, serves as a convenient field reagent.
Carbonates effervesce in a water solution of citric acid.

B. Hydrocarbons

1. Hydrocarbons, such as asphaltum, albertite, bituminous
coal, etc., which are mineraloids rather than true minerals,
when heated in the closed tube give oils and tar-like substances
with a characteristic disagreeable odor.

Chlorin, Cl.

1. To a NaPO; bead saturated with CuO (or malachite) a little
of the powdered substance is added. On heating, an intense
azure-blue flame is obtained.

2. Insoluble chlorids fused first with Na;CO;, and then heated
with MnO; and an excess of KHSO, in a closed tube, give free
chlorin.

3. In chlorid solutions AgNO; gives a white curdy precipitate
which is soluble in NH,OH.

Chromium, Cr.

1. The borax and sodium metaphosphate beads are emerald
green in both O.F. and R.F.

2. The sodium carbonate bead is yellow in O.F. A little
KNO; or NaNO; helps the reaction.

3. Chromate solutions give a dark red precipitate with AgNO;
and a yellow precipitate with Pb(CoH;05),.

Cobalt, Co.

1. The borax and sodium metaphosphate beads are deep
blue in both O.F. and R.F. This furnishes a very delicate test
for cobalt.

2. Heated on charcoal in R.F., cobalt compounds become
magnetic as do also nickel and iron compounds,
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Copper, Cu.

1. Green flame made azure-blue with HCIL.

2. Borax and sodium metaphosphate beads are blue in O.F.,
and opaque red (due to Cuq0) in R.F. if large amounts are used.
Metallic copper may also be formed in R.F. In the presence of
iron, the O.F. bead is green or bluish-green.

3. On charcoal with Na,CO; in R.F., and also with NaPO,
and metallic tin on charcoal, metallic copper (malleable) is
obtained.

4. Solutions of copper minerals are blue (green in the presence
of iron). NH.OH in excess produces a deep blue coloration.
(Nickel solutions give a faint blue coloration with NH,OH.)

5. A slightly acid copper solution touched to a bright surface
of iron, such as knife-blade or hammer, gives a coating of metallic
copper.

Fluorin, F.

1. Fluorids are soluble in concentrated H,SOs with evolution
of HF which etches glass. A lead dish, or watch-glass coated
with paraffin, should be used.

2. Fluorin compounds heated in a closed tube with 4 parts of
NaPO,; will etch glass, and deposit a ring of SiO, which cannot be
washed off with water.

3. Fluorin compounds heated with concentrated H,SOs and
powdered silica give fumes which condense on moistened black
paper.

4. Fluorids give a momentary green flame when heated with
borax and KHSO,. This flame is due to the formation of vola-
tile BF,. '

Gold, Au.

1. With sodium carbonate on charcoal, gold compounds give a
malleable yellow button.

2. Gold may be identified in some of its rich ores by panning
and washing away light quartz, rock, ete. Mercury is added to
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the concentrates. By grinding in a mortar, an amalgam of gold
is obtained. This may be heated on charcoal or in a closed
tube, and the mercury driven off. When the residue is heated
with a little borax on charcoal a globule of gold is obtained.
Hydrogen, H.

1. Minerals with so-called water of erystallization give water
when heated in a closed tube at a comparatively low temperature
(100-150° C.). With hydrous sulphates of iron, copper, and
aluminum the water has an acid reaction which is due to the
SC given off.

2. . ] salts and basic salts give water at comparatively
high temperatures (usually above 150° C.).

Iron, Fe.

1. On charcoal in R.F., especially with sodium carbonate,
iron minerals become magnetic. (This test must be tried after
the assay has become cold.) Cobalt and nickel compounds give
a similar test.

2. In O.F. the borax bead is amber colored, and in R.F., pale
green.

3. NH,OH precipitates brownish-red Fe(OH), from solutions
containing ferric iron. A few drops of HNO; should always be
added to the solution to insure oxidation of the iron to the ferric
condition.

4. To detect state of the iron, a borax bead made blue with
CuO (or malachite) is changed to opaque red by a ferrous com-
pound, and to green by a ferric compound. (Use a neutral
flame.)

5. To detect the state of iron in insoluble minerals (especially
silicates), fuse powdered mineral with a large excess of borax in a
test-tube. Break the tube and dissolve finely powdered contents
in HCL Divide the solution in two portions and test one with
K Fe(CN)¢ (ferric compounds give a deep blue precipitate)
and the other with K,Fe(CN)¢ (ferrous compounds give a dark
blue precipitate),
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Lead, Pb.

1. On charcoal with sodium carbonate in R.F. a malleable
button of lead and a yellow coating of PbO. PbS also gives a
white coating of PbSO,

2. On plaster with iodid flux, lead compounds give a lemon-
yellow coating. ’

3. From nitric acid solutions containing lead, HCI precipitates
PbCl,, which is soluble in the hot solution, but recrystallizes on
cooling the solution as white acicular crystals with adamantine
luster.

Lithium, Li.

1. A purplish-red flame, most intense at first.

2. For separation from the other alkalies, see item 34, page 40.
Magnesium, Mg.

‘1. In the presence of NH,OH and NH,Cl, Na,HPO, precipi-
tates NHMgPO46H,0, which forms slowly. The solution
should be cold. Other metals (except alkalies) must be absent
as they also give precipitates.

2. White magnesium compounds give a pink color when
ignited with cobalt nitrate solution. (This test is not very
satisfactory).

Manganese, Mn.

1. The sodium carbonate bead is bluish-green and opaque
(a very delicate test).

2. The borax or NaPO; bead is amethyst colored in O.F. and
colorless in R.F. Large amounts of iron interfere with this test.

3. With HCI manganese dioxids give off chlorin, a gas recog-
nized by its penetrating odor.

Mercury, Hg.
1. In closed tube with dry sodium carbonate, mercury com-
pounds give metallic globules of mercury.

2. On plaster with iodid flux a scarlet sublimate when gently
heated. If overheated, the sublimate is dark greenish-yellow.
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3. Most mercury compounds rubbed on a copper coin with
HCI give a white amalgam.

Molybdenum, Mo.

1. The NaPO; bead is green in R.F., but colorless in O.F.
Several R.F. beads dissolved in HCIl with tin give a brown
solution.

2. Na.HPOs gives a yellow precipitate with hot nitric acid
solutions of molybdenum compounds.

Nickel, Ni.

1. The borax bead in O.F. is violet when hot, reddish-brown,
when cold; while in R.F. the bead is turbid gray.

2. With nickel solutions NaOH gives a pale green precipitate
which is insoluble in excess. With NH,OH a precipitate is
formed which is soluble in excess to a pale blue solution (fainter
than copper). '

3. A one per cent. solution of dimethyl-glyoxime in alcohol
added to an alkaline solution containing nickel, will give a red
precipitate.

Niobium, Nb.

1. When fused with borax and then dissolved in HCI, the
addition of metallic tin gives a deep blue solution similar to that
obtained for tungsten; but, unlike the latter, the color disappears
on the addition of water.

Nitrogen, N.

1. In the closed tube with KHSOy, nitrates give brown-red
fumes of NO,. .

2. A concentrated solution of FeSO4 added to a solution of a
nitrate in concentrated H,SO4 gives a brown ring.

Oxygen, O.

No direct tests for oxygen are easily made. The dioxids of
manganese dissolve in HC1 with the evolution of chlorin, which is
recognized by its odor and by its bleaching effect on litmus paper.
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Phosphorus, P.

1. An excess of (NHy):MoO, added to a hot nitric acid solution
of a phosphate gives a yellow precipitate which is soluble in
NH.OH. The solution should be only slightly heated, for
arsenates give a similar precipitate on boiling.

2. Most phosphates give a bluish-green flame when moistened
with H2S04.

Platinum, Pt.

1. Metallic platinum is insoluble in any single acid, but
soluble in aqua regia. In rather concentrated, slightly acid
solutions, KCl gives a yellow precipitate, K,PtClg, insoluble in
aleohol.

Potassium, K.

1. Violet flame, masked by sodium, but visible through a blue
glass. (Merwin’s flame-color screen is better than a blue glass.)
Potassium in silicates may be detected by fusing with Na,CO,
and observing the flame through a blue glass or screen.

2. Sodium cobaltic nitrite, Nas;Co(INO»)s, (see p. 25), gives a
yellow precipitate insoluble in aleohol.

3. With H,PtCl;, potassium solutions give a yellow crystalline
precipitate (K,PtCls) insoluble in 95 per cent. alcohol.

Silicon, Si.

1. In the NaPO; bead, silica and the silicates are partially
dissolved and usually leave a translucent mass or skeleton of
Si0.. (A few other minerals such as corundum are soluble with
difficulty.)

2. With a small amount of sodium carbonate, silica effervesces
and forms a clear mass. The equation is: Na,CO; + SiO,; =
Na,ySi0; + CO..

3. Some silicates dissolve in HNO; or HCI, and on evaporation
leave either a gelatinous mass or a slime of silicic acid.

4. For insoluble silicates a sodium carbonate fusion must be

made. The finely powdered mineral is fused on platinum foil,
4
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or a spiral loop of platinum wire, with three to four parts of
sodium carbonate. The fused mass is dissolved in dilute HNO,
and carefully evaporated just to dryness. After adding dilute
HCIl and boiling, the insoluble silica is filtered off. The filtrate
contains the metals, which are commonly Al, Fe, Ca, and Mg.
The following is a scheme of separation:

Add NH.OH and NH(Clip, Ry, AI(OH), : AI(OH); is soluble in KOH.

(boiling)
Add (NH,).C.0,
(hot) CaC:0..

Add Na.HPO« N, Ny, PO, 6H,0.
(cold)

5. For the detection of alkalies in silicates, the very finely
powdered substance is intimately mixed with five parts of CaCO;
and one part of NH,Cl and fused for some time on platinum foil.
The sintered mass is digested in hot water and filtered. - NH,OH
and (NH,):CO; are added to the filtrate. The precipitate is
filtered off and the filtrate evaporated to dryness. The residue
is ignited until all the ammonium salts are volatilized, and then
the residue is dissolved in a little water. On the addition of
H,PtCls and 95 per cent. alcohol, a yellow precipitate indicates K.
The filtrate is evaporated to dryness and the flame tested for Na.

Silver, Ag.

1. With soda on charcoal in R.F., silver minerals yield malle-
able metallic globules of silver, which may be tested as under 3.

2. For the blowpipe silver assay see page 34.

3. On the addition of HC] nitric acid solutions of silver
minerals give a white curdy precipitate which changes to violet
on exposure to light and is soluble in NH,OH.

Sodium, Na.

1. Intense yellow flame masked by a thick blue glass (or
Merwin flame-color screen). This is such a delicate test that only
an intense and prolonged coloration indicates sodium as an
essential constituent,
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2. Sodium in insoluble silicates may be detected by the method
given under Silicon, note 5.

Strontium, Sr.

1. Strontium compounds give a crimson flame, especially
with HCI. . '

2. Dilute H,80, gives a white preeipitate, SrSOs, with dilute
strontium solutions. Barium solutions give the same test, and
may be distinguished by the fact that K,CrQs precipitates
BaCrO, from an acetic acid solution while the strontium remains
in solution.

Sulfur, S.

A. Sulfids and Sulfo-salts.

1. The finely powdered substance fused with three parts of
sodium carbonate on a sheet of mica (or platinum foil) gives a
mass which stains a moistened silver coin. Tellurids and
selenids give the same test.

2. In the closed tube some sulfids (e.g. pyrite) give a yellow
sublimate of sulfur. ,

3. In the open tube sulfids give off SO, a colorless gas with the
odor of burning matches.

4. A few sulfids (e.g., sphalerite) dissolve in HCl with the
evolution of H.,S.

5. Sulfids are oxidized to sulfates by nitric acid with the evolu-
tion of brown-red fumes of NO,. The solution may be tested
as under 7 below.

B. Sulfates.

6. A sulfate, powdered and thoroughly mixed with 3 parts of
soda and a little charcoal powder, is fused on charcoal in R.F.
The fused mass will stain a moistened silver coin. Sulfids give
the same test, so it is necessary to try the test on mica or platinum
first.

7. Sulfate solutions with BaCl,, give a white precipitate which
is insoluble in HCl. If the mineral is insoluble in acids it must
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be fused with Na.CO; and the water solution of the fusion
used.

8. Sulfate solutions will give the microchemical gypsum test
with a calcium salt (ealeite dissolved in HCI is convenient).
See Calcium, note 2, page 43.

Tellurium, Te.

1. A powdered tellurid added to hot concentrated H,SO,
gives a fine red-violet coloration.

2. Tellurids give a pale bluish-green flame coloratlon and a
white sublimate on charcoal.

3. On plaster with bismuth flux, a purplish sublimate is ob-
tained with tellurids. (Like that for bismuth except that there
is no underlying scarlet.)

Tin, Sn.

1. Cassiterite, wrapped in zinc shavings or placed on a sheet of
zine, and treated with dilute HCl becomes coated with metallic tin.

2. Tin compounds heated on charcoal in O.F. give a straw-
colored coating, SnO,. On addition of Co(NOj), solution and
heating in R.F., a bluish-green coloration results.

3. Tin compounds fused on charcoal with sodium carbonate
and a little sulfur in strong R.F. give malleable metallic buttons
of tin which are oxidized by HNO; to a white insoluble powder,
stno 3

Titanium, Ti.

1. The NaPO; bead saturated with the ﬁnely powdered
mineral is violet in R.F. and colorless in-O.F.

2. Fused with Na,COs;, dissolved in HCI, and the solution
heated with metallic tin, titanium compounds give a violet-
colored solution due to the formation of TiCl,. The solution is
usually turbid due to the formation of metatitanic acid, H,TiO,.

3. A yellow coloration results when a solution of hydrogen
peroxide is added to the substance fused with KHSO,. This is
a very delicate test.
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Tungsten, W.

1. The NaPQO; bead is blue in R.F., colorless in O.F. Iron
interferes and gives a red bead in R.F.

2. NaPO; beads treated on charcoal in R.F. with tin are dis-
solved in HCIl and on the addition of metallic tin, a deep blue
solution results. Niobates give a similar test but the blue
coloration disappears on the addition of water in this case.

3. With soluble tungstates HCI gives a yellow residue, WO,
which is soluble in NH,OH. On the addition of tin and boiling,
the precipitate becomes blue.

Uranium, U.

1. The NaPO, bead is a fine green in R.F. and yellowish-green
in O.F.

Vanadium, V.

1. The NaPO; bead is a fine green in R.F.; light yellow in O.F.

2. In the closed tube with KXHSO,, vanadates give a yellow
mass. '

Water (see Hydrogen).
Zinc, Zn.

1. On charcoal with sodium carbonate, zinec compounds give a
white coating which is yellow when hot. With silicates the
addition of borax helps.

2. Zinc minerals, when moistened with Co(NO,), solution and
intensely ignited, assume a bright green color which is due to the
formation of cobalt zincate. Zinc silicates give a blue color like
aluminum compounds, but if tried on charcoal the sublimate will
turn green.

3. (NH,),S precipitates ZnS in alkaline solutions which is
remarkable as being the only insoluble white sulfid.

Zirconium, Zr.

1. An HCl solution of a soda fusion turns turmeric paper orange _
color. This test is like that for a borate, the absence of which
must be proved.



THE MORPHOLOGICAL PROPERTIES OF MINERALS

Minerals may occur in two essentially different conditions or
states: (1) the crystalline and (2) the amorphous. In a crystal-
line substance many of the physical properties such as cleavage
and hardness, for example, vary with the direction, while on the
other hand, in an amorphous substance the physical properties
are the same in all directions. Of the various directional or
vectorial properties, some vary continuously and can be repre-
sented by a curve, while the others have sharp breaks and so are
called discontinuous. (See Figs. 299 and 300 on page 148.)

A crystalline substance is a homogeneous substance with discon-
tinuous vectorial properties (Friedel.) Cleavage is one of the
prominent discontinuous vectorial properties. Crystalline sub-
stances when formed under favorable conditions in a free space
usually take on a geometric form characteristic of the substance.
Such crystals are said to be euhedral. Rock crystal (quartz)
furnishes a good example. An irregular fragment of quartz
is still a crystal, for it has exactly the same physical and chemical
properties as the perfect geometric form. A crystal without
external faces is said to be anhedral, while crystals with imper-
fectly developed faces are said to be subhedral. These terms
are necessary in order to avoid the ambiguity in the use of the
term crystal.

1. THE AMORPHOUS CONDITION

Amorphous substances in free spaces assume a more or less
spherical form. In this respect they resemble liquids, for the
shape of a liquid free from external influences is spherical. For
example, olive oil in a mixture of alcohol and water of exactly
the same specific gravity takes on the form of spheres. A variety
of opal from Tateyama, Japan, occurs in small spheres. But in
most cases amorphLous minerals formed in free spaces are in-

54
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fluenced by gravity and for this reason they appear in mam-
millary (hemispherical protuberances), bo‘gryoidal (more or less
separated spheres like a bunch of grapes), and stalactitic (pen-
dant like icicles) forms. Colloform is a general term coined by
the author to cover all these forms. A colloform structure is
also assumed by microcrystalline minerals such as chalcedony.
The forms assumed by all amorphous minerals are practically
the same, while on the other hand the crystals of each mineral
are characteristic of that mineral. The amorphous minerals are
hardened hydrogels; all are probably colloidal in origin. (See
p- 17.)

2. THE GENERAL PROPERTIES OF CRYSTALS

In beginning the study of crystals, the student’s attention
may be directed to crystals of the common minerals such as
calcite (Figs. 158-169), quartz (Figs. 180-183), pyrite (Figs. 113—
120), gypsum (Figs. 224-227), and orthoclase (Figs. 212-215).
Theh, for the time neglecting how they were formed and what
they are composed of, their form or geometrical properties may
be considered.

Euhedral crystals are naturally formed solids bounded by
flat, more or less smooth surfaces called faces, which are the
result of an internal structure. (The surfaces on cut gems are
known as facets.) Intersections of two faces are called edges,
and intersections of three or more faces are called vertices.
The faces of crystals vary greatly in number, in shape, and in
position. On many crystals it will be noticed that there are
several kinds of faces. All the faces of one kind on a crystal
constitute a form. For example, in Fig. 13 the top and bottom
six-sided faces constitute one form, and the six rectangular
faces another form. Some crystals have only a single form, but
most of them are combinations of two or more forms. 1t is the
great number of combinations possible that gives the variety to
crystals, for there is practically no limit to the number of forms
possible on a crystal.
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The arrangement of crystal faces in belts of planes with
parallel intersection edges called zones is a notable feature of
most crystals. For example, the six faces of Fig. 37 constitute
a zone.

One of the most striking and important properties of crystals is
the recurrence of the faces, edges, and vertices according to
some fixed law. This property is known as symmetry. It
varies for different kinds of crystals, and is the basis for the classi-
fication of crystals.

On looking over a number of crystals one might fail to see any
order, system, or regularity so great is their variety, and might
decide that crystals are fortuitous solids. But such is not the
case; for between the faces, angles, and zones of crystals there
exist exact mathematical relations. Given the angles between
a few faces of a crystal, the angles between any two of the many
crystal faces possible may be calculated. Crystal faces intersect
only at certain definite angles. A facet cut at random on a crys-
tal is not a crystal face, for the faces are the result of a definite
internal structure.

The practical importance of crystallography lies in the fact
that a given mineral or artifically prepared compound often
occurs in crystals characteristic of that substance, and hence the
crystal form may be used in the determination of the substance.

3. THE MEASUREMENT OF CRYSTALS

The angles on any crystal are the plane angles of the faces, the
interfacial or dihedral angles over the edges, and the solid or
polyhedral angles at the vertices. On account of the difficulty of
accurate measurement, the plane angles, though characteristic, are
little used. The measurement of interfacial angles is the start-
ing-point in the description and determination of crystals. An
interfaciai angle (dihedral angle of geometry) is defined by the
plane angle that is formed by cutting a plane normal to the inter-
section edge of the two faces. It will be noticed that there are
two possible angles to measure: an internal and an external or
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supplement angle. TFor various reasons! the supplement angle is
the one used in crystallography. In a hexagonal prism, for
example, the interfacial angle is read 60° instead of 120°. The
interfacial angle may be measured approximately by means of
a contact goniometer, which, in the simplest type, consists of a
semicircular cardboard protra¢tor provided with a celluloid arm
(Fig. 5). The plane of the protractor is placed perpendicular to

=)

F1a. 5.—Contact goniometer.

the intersection edge. One face of the crystal is brought in
contact with the arm and the protractor is revolved until the
other face is parallel to, but not quite in contact with, it.

For more accurate work, especially on minute crystals, the
reflection goniometer is used. The principle of measurement is
as follows: if a bright face of a crystal is held close to the eye, a

1(1) The sum of the supplement angles in any zone is equal to 360°. (2) The angles
obtained directly from the reflection goniometer are the supplement angles. (3) It is easier
to estimate the supplement angle with the eye.
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reflection of a distant object such as a window bar may be
obtained. If the crystal is turned about, reflections are obtained
from other faces. The angle through which the crystal is
revolved to obtain the images from two adjoining faces is the
external or supplement angle.

The reflection goniometer, the invention of Wollaston in 1809,
originally consisted of a vertical graduated circle with a horizon-

Fic. 6.—Reflection goniometer.

tal axis bearing the crystal carrier. In the modern type of goni-
ometer the graduated circle is horizontal and the axis of revolu-
tion is vertical. Fig. 6 shows a convenient type of goniometer
for student work. A central axis s bears a crystal carrier (axis
of the graduated circle) with adjustments which are two sliding
motions (¢ and r) at right angles, and two tipping motions on
circular arcs at right angles (o and n). A collimator 4 with a
biconcave slit at the end, and a telescope B which may be set at
any angle to the collimator, complete the equipment. A source
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of light, such as a Welsbach burner, placed at the end of the
collimator furnishes a beam of light which is reflected from the
crystal, when in a certain position, into the telescope. Looking
into the telescope one sees a biconcave-shaped image (Fig. 7)
which may be bisected by the cross-wires in the telescope.
Then the reading on the vernier of the graduated circle is taken.
The crystal carrier with the mounted crystal is revolved until
an image is reflected from another face, and so on for all faces of
the zone. A separate set-up must be made for each zone.

Another type of goniometer is the two-circle or theodolite
goniometer which consists of two graduated circles at right
angles. Two angles, one corresponding
to the longitude and the other to the co-
latitude of a place on the earth’s surface,
are obtained for each face. The advan-
tage of the two-circle goniometer lies in
the fact that only one. set-up is required
for-all the faces on one-half of a crystal,
but the disadvantage is that in monoclinic
and triclinic crystals measurements are Fic. 7—Image obtained
not always made ST with reflection goniometer.

In the case of small crystals with dull faces the polarizing
microscope with rotating stage may be used to advantage in
measuring angles (see Fig. 332, page 174).

A simple reflection goniometer may be made from the card-
board contact goniometer by fitting a wooden axis through the
eyelet, the axis being provided with a wire pointer. Fig. 8
illustrates this device. By holding the goniometer, with the
crystal mounted on the end of the axis with wax, so that the
intersection edge of the faces is in line with the axis, an image
of a distant object, such as a window-bar, on a crystal face
is made to coincide with the edge of a table or similar line of
reference. The reading of the pointer is taken. Then after
obtaining the same image again, the goniometer is held firmly
and the axis carrying the crystal is rotated until a similar image
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is obtained from an adjacent face. The supplement angle is the
difference befween the two readings,
and so on for other faces of the
zone. As the protractor includes
but 180°, only part of the zone can
be measured at one time.

4. THE SYMMETRY OF CRYSTALS

The repetition or recurrence of the
faces, interfacial angles, and vertices
of crystals in accordance with some
fixed law is called symmetry.
Symmetry is perhaps the most im-
portant property of crystals, for
among natural objects it is a pro-
perty peculiar to crystals (that is, if
the term is used in an exact mathe-
matical sense) and besides furnishes
the basis for the classification of
crystals. At the same time it should
be emphasized that a few crystals
lack symmetry of any kind (e.g.,

Fig. 8.—Simple reflection hydrous cal-
goniometer. A .
cium thiosul- /
fate, CaS;0,-:6H,0-). (See Fig. 9.)
The symmetry of a crystal may be defined

by the operations necessary to bring it into
L/

coincidence with its original position. The ,
symmetry operations are rotation about 4
an axis, reflection ina plane, a combination
9.—A crystal (Ca-

of rotation with reflection (rotatory-reflec- szos - 68:0) - devoid of
tion), and inversion about the center. symmetry.

If a solid can be revolved about some line through its center so
that similar faces recur a certain number of times in a complete

revolution, that line is called an axis of symmetry (denoted by
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A,). In crystals the period of the axis (the value of n in the
symbol A,) or the number of times of recurrence is either two

I I [

Fic. 10. Fig. 11. Fic. 12.

Fra. 13.

Figures illustrating axes of symmetry.

(2), three (3), four (4), or six (6). An axis about which similar

faces recur every 180° is said to be a two-
fold axis (A.); every 120°, a three-fold axis
(As); every 90°, a four-fold axis (A.); and
every 60° a six-fold axis (As). Figs. 10,
11, 12, and 13 illustrate these various axes
of symmetry. The vertical lines through
the centers of the lower figures are the axes
of symmetry. The plane figures above are
plans showing the amount of rotation neces-
sary to bring the figures into self-coincidence.

A plane that divides a solid into two parts
so that similar faces occur on opposite sides
of the plane is called a plane of symmetry

o

=

‘?/7%,

i

P e ttts

A

Fiec. 14,—Plane of
symmetry.

7.

(denoted by P). Unless the crystal is mis-shapen, one half is
the mirrorimage of the other half. Fig. 14 represents an orthoclase
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crystal in which the shaded area is a plane of symmetry. The
faces are either perpendicular to this plane, or occur in pairs,
one on each side of it. A crystal may have a number of planes
of symmetry. A cube, for example, has nine, three parallel to
opposite faces and six through opposite edges.

A solid is said to have a center of symmetry (denoted by C)
if a line drawn from any point through the center encounters an
exactly similar point on the opposite side. The operation is
called inversion. Figure 15 represents a crystal of axinite with a
center of symmetry. Every face has a similar parallel face on the
opposite side of the crystal. This is the easiest test for a center

of symmetry.

\ The recurrence of similar faces by rota-
tion about an axis, combined with reflec-
tion in a plane normal to the axis, is called
composite symmetry. The two operations,
rotation and reflection, take place simul-
taneously; therefore the symbol 2, isused.
The period of the axis is always even and
in crystals the two possible cases are A,

Fia. 16—Center of 51 2P, In Fig. 16 the vertical line is an

symmetry.
axis of 4-fold composite symmetry, for the
upper part of the crystal revolved 90° becomes a reflection of
the lower part. Similarly the vertical line in Fig. 17 is an axis of
6-fold composite symmetry, for the crystal revolved 60° becomes
a reflection of the lower part.! It should be observed that 2
includes A,, and s includes A;, so these may be written 24 (A,)
and 2 (A;).

In Fig. 15 the front part of the crystal when revolved 180° be-
comes the reflection of the rear part (dotted lines). This is true,
however, of any direction in the crystal, so that 2, becomes «
&, It is more logical to use C than « 2P, for a single opera-
tion (inversion) is involved.

1 A twin-model of calcite with [0001} as twin-plane may be used td show composite 6-
fold symmetry.



MORPHOLOGICAL PROPERTIES OF MINERALS 63

Center, axis, plane, and composite axis with plane are collec-
tively known as elements of symmetry. In crystals the ele-
ments of symmetry are combined in various ways. With the
limitation imposed by the rationality of indices, or with the
assumption of a crystal structure made up of particles at small,
finite distances apart, only axes of 2-, 3-, 4-, and 6-fold symmetry
are possible, and in fact no other axes of symmetry haye ever been
found in crystals. The elements of symmetry, then, are as

AL
B

Figc. 16. Fia. 17.
Figures illustrating composite symmetry.

follows: Az A, A4 Ag, P, C, 2, and 2. Various methods of
combining the elements of symmetry with each other lead to the
result that only thirty-one combinations are possible among
crystals. These thirty-one combinations of symmetry elements
plus the crystal division without any symmetry constitute the
thirty-two crystal classes. 15ted 15,80

In the above discussion the term similar faces has been used so
often that an explanation is necessary. By similar faces are
meant faces which are more or less alike in shape, size, and ap-
pearance. On crystals which have been formed quietly without
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disturbing influences, similar faces have the same size and shape.
But on account of various external influences similar faces are
rarely eractly of the same size and shape. The effect of external
influences may be illustrated by alum which crystallizes in octa-
hedrons. Alum crystallizing on the bottom of a beaker will form
in more or less flattened octahedrons like Fig. 18, while if it
crystallizes about a weighted string suspended in the solu-
tion, the crystals will be more or less perfect octahedrons like
Fig. 19.

The irregularity in the size and shape of similar faces is one
difficulty in the study of erystals. While the faces may vary, the

Alum ecrystals.

angles are constant (within certain limits), as is expressed in the
law of constancy of interfacial angles: In all crystals of the same
substance, the angles between corresponding faces are constant.
(Steno, 1669.) In order to determine the symmetry of a erystal
it is necessary in many cases to measure the interfacial angles.
Thus the crystals represented in cross-section by Figs. 20, 21, 22
are bounded by hexagonal prisms and have an axis of six-fold
symmetry if the interfacial angles are all 60°. On the other
hand, the crystal represented in cross-section by Fig. 23, though
apparently a hexagonal prism, is a combination of two forms
(a rhombic prism and a pinacoid), and has an axis of two-fold
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symmetry and not one of six-fold symmetry because the inter-
facial angles are 62° and 56° instead of 60°.

. Another property of crystals used in determining symmetry is
the physical character of the faces; and for this reason geomet-
rical crystallography is by no means merely a branch of ge-
ometry. Similar faces are those with the same luster, the same

60 60 62 62
56, 56°
L 60’
60" 60 50’ 60 Lo & 62

Fia. 20. Fic. 21. Fig. 22. Fig. 23.

kind of striations, pits, or other markings. Geometrically a
cube has nine planes of symmetry, three parallel to the cube
faces, and six through opposite cube edges, but a cube of pyrite
with striations like those of Fig. 24 has only three planes (those
parallel to the cube faces). A crystal of sphalerite represented

Fia. 24. Fia. 25. Fia. 26.
Pyrite. Sphalerite. Apophyllite.

by Fig. 25 is geometrically an octahedron, but from the stand-
point of crystallography it is a combination of two tetrahedrons,
one with smooth faces, the other with striated faces. Figure 26
illustrates another good example of this kind. Apophyllite
oceurs in crystals which are apparently cubes modified by the

octahedron. Close examination, however, shows that the side
5
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faces are striated and have a vitreous luster, while the top and
bottom faces are smooth and have a pearly luster. The forms,
then, are a pinacoid and square prism (tetragonal prism) instead
of a cube. The apparent octahedron is in reality a double-
ended square pyramid (tetragonal bipyramid in the language
of crystallography.)

A more general method of determining the symmetry of a
crystal is by means of etch-figures. When a crystal is acted
upon by a solvent, the action is not uniform, but begins at certain
points and proceeds more rapidly in some directions than in
others. If the action is stopped at the right time, the faces of
the crystal are usually found to be covered with little angular
figures of definite shape and orientation called
etch-figures. The etch-figures are usually
shallow depressions bounded by minute faces,
W 9 Q but in some cases they are elevations. The
fact that these faces are often general forms
(see p. 72) enables one in many cases to
determine the crystal class. Without etch-
ing it would have been impossible to assign
many crystalline substances to their proper
crystal class. For example, the representa-
tives of classes 9, 12, 23, and 24 (see p. 80,) were assigned to
these classes, solely on account of the etch-figures and the assign-
ment of many crystals, both minerals and prepared compounds,
to their crystal class has been checked by the etch-figures. For
example, the etch-figzures on an etched prismatic crystal of
nepheline is assigned to the hexagonal pyramidal class (As)
solely on account of the etch-figures (Fig. 27).

The shape of the etch-figures varies with the solvent, time,
and temperature, but whatever their shape they are practically
always the same in symmetry. On similar faces the etch-figures
are alike and on dissimilar faces they are unlike, hence we have
an exact method of determining the forms present on the crystal
(see ‘Fig. 28).- The faces of etch-figures lie in well developed

Fic. 27.—Etch-figures
on nepheline crystal.
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zones, but they often have high indices. There is no rule to
follow in obtaining etch-figures as it is simply a question of
ease of solution. Crystals soluble in water may furnish them by
passing a moistened cloth over the surface, while some refractory
minerals such as topaz require fused potassium hydroxid.

Crystals are sometimes found with natural etch-figures.
Diamond crystals, for example, very often have triangular etch-
figures on the octahedral faces (see Fig. 378, p. 214).

Closely related to etch-figures there are often found growth-
figures produced, not by solution, but by growth, and these may

A A
AAA

1011

y | Caelt U1 0

b 0 U9 w ‘ T
110 100 1610
D | P | Gl 9
Fi1c. 28.—Etch-figures on diopside. Fi1c. 29.—Growth-figures on
(Modified from Ries.) quartz crystal.

indicate the symmetry of the crystal. On quartz, for example,
these are sometimes found on the rhombohedral faces {1011}
and z{0111} as illustrated in Fig. 29.

Optical characters are also useful in determining the true
symmetry of a crystal. For example, stilbite crystals (see
Fig. 574, p. 409) are apparently rhombic bipyramidal, but
optical examination of a thin-section parallel to the cleavage
face b proves them to be monoclinic prismatic crystals twinned

on the ¢ face, 7.e., they are composite crystals made up of two
individuals.
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There are many kinds of forms. The most logical method is
to name the forms according to geometrical principles, regardless
of their position with respect to axes of reference (see p. 73).
A single face is called a pedion (Fig. 30). Two parallel faces
constitute a pinacoid (from the Greek word for a board) (Fig. 31).
A form composed of two non-parallel faces is known as a dome
(from the Latin word for house) if astride a plane of symmetry
(Fig. 32), but a sphenoid! (from the Greek word for wedge),
if not astride a plane of symmetry (Fig. 33).

Fis. 38. Fia. 39. Fia. 40.
Ditrigonal prism Ditetragonal prism. Dihexagonal prism.

Next we have three, four, six, eight, or twelve similar faces in
one zone. These are called prisms, and are distinguished accord-
ing to their cross-section as trigonal (Fig. 35), rhombic (Fig. 34),
tetragonal (Fig. 36), hexagonal (Fig. 37), ditrigonal (Fig. 38),
ditetragonal (Fig. 39), and dihexagonal (Fig. 40). Pyramidsare
forms consisting of three or more similar faces intersecting in a
point. They are defined by the shape of the cross-section just
as the prisms are. See Figs. 41 to 44, and 49 to 51. Bipyramids

1 These two (dome and sphenoid) are known by different names because one results from
reflection in a plane, and the other from revolution of 180° about an axis.
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are double-ended forms which may be imagined to be formed by
placing two pyramids end to end. They are defined by cross-
section just as prisms and pyramids are. See Figs. 45 to 48
and 52 to 54.

0 QP

Fia. 55. Fia. 56. Fia. 57,
Trigonal trapezohedron. Tetragonal trapezohedron. Hexagonal trapezohedron.

Trapezohedrons are double-ended forms with the symmetry
A,-nA, They are distinguished as trigonal (Fig. 55), tetragonal
(Fig. 56), or hexagonal (Fig. 57), according to the period n of the
axis A,. Bisphenoids are forms consisting apparently of two
sphenoids placed together symmetrically. They are called
rhombice (Fig. 62), or tetragonal
(Fig. 16), according to cross-section.

A rhombohedron is a form consist-
ing of six rhombic faces, three at
each end of a six-fold axis of com- 4
posite symmetry (Fig. 17). 1t is
like a cube symmetrically distorted
along one of its diagonals. Scale-
nohedrons are double-ended forms

consisting of scalene triangular faces Fie. 58. Fra. 59.

meeting in sigmg lateral edges, | Tetmemal - Hewior

They are distinguished by their

cross-section as tetragonal (Fig. 58) or hexagonal (Fig. 59).
There are fifteen more kinds of forms which are restricted to

the isometric system. Some of these, such as cube, octahedron,

and tetrahedron are simple, but as most of them are rather
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complicated, their description is deferred until the isometric
system is studied.

Of the forty-eight kinds of forms possible, all but four have
been found on crystals. The four are the tetragonal trapezohe-
dron, the ditetragonal pyramid, the hexagonal trapezohedron, and
the dihexagonal pyramid. They are possible forms because they
each have the symmetry of one of the 32 erystal classes. See
table on p. 80.

The thirty-two forms which result from the symmetry opera-
tions performed on a given face are general forms. The other
sixteen forms result when the face occupies a special position

AN

Fia. 60. Fia. 61. Frc. 62. Fia. 63.
Congruent tetrahedra. Enantiomorphous rhombic bisphenoids

with respect to the elements of symmetry. Thus a hexagonal
prism results in class 23 when a face is parallel to the As.

Of the above mentioned forms, the pyramids, prisms, pina-
coid, dome, sphenoid, and pedion cannot occur by themselves;
and for that reason are called open forms. All the others are
called closed forms because by themselves they enclose space.

Two forms are said to be congruent if one of them may be
made coincident with the other by rotation. For example, the
tetrahedra of Figs. 60 and 61 are congruent. Two forms are said
to be enantiomorphous if they are non-superposable and the
mirror-image of each other. (The right hand and the left hand,
for example, are enantiomorphs). Thus the rhombic bisphenoids
of Figs. 62 and 63 are enantiomorphous. Two forms are said to
be complementary when their combination is geometrically indis-
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tinguishable from another kind of form. For example, the two
tetrahedra of Fig. 25 are complementary, for geometrically they
form an octahedron.

Another method of naming forms used by some crystallographers is based
upon the position of faces with respect to the axes of reference (see below).

Thus a pinacoid is defined as a form that cuts one axis and is parallel
to the other two. A prism is defined as a form that is parallel to the vertical
axis and cuts the other two. A form that is parallel to one of the lateral
axes and cuts the other two is a dome. A form that cuts all three axes is
in general called a pyramid. A pyramid developed at only one end of the
verticle axis is known as a hemimorphic pyramid. In the monoclinic and
triclinic systems the names of forms are based upon the analogy of these
systems with that of the orthorhombic. For example, in the monoclinic
system {hkl} is called a hemi-pyramid because there are one-half as many
faces as in the corresponding form of the orthorhombic system; while {hkl}
in the triclinic system is a tetarto-pyramid, as there are two faces instead
of eight. In the monoclinic system {hOl} is a hemi-dome because {0l} in
the orthorhombic system iz a dome. In the triclinic system {hk0} is a
hemi-prism consisting of two opposite parallel faces instead of the four
faces of the prism {hkO} of the orthorhombic system. But, as was said
before, the logical names of forms are based upon their symmetry and
shape, and not upon their position with respect to the axes of reference.

6. THE NOTATION OF CRYSTAL FACES

Crystal measurement proves that exact mathematical relations
exist between crystal faces. To make use of this fact the posi-
tion of crystal faces is defined by the method of analytic geome-

try, which consists in referring them to three (in one case, four) ;-

suitably chosen codrdinate axes passing through the center of the
erystal. These axes are sometimes called erystallographic axes,
but they should be called axes of reference to distinguish them
from axes of symmetry. The selection of these axes is more or
less arbitrary, but they are chosen so as to yield the simplest
relations possible. Therefore they are usually either axes of
symmetry, normals to planes of symmetry, or lines parallel to
prominent edges.

Any face may be defined by its intercepts on the axes of refer-
ence which in the most general case intersect at oblique angles.
In Fig. 64 the axes are the dot-and-dash lines OX, OY, and OZ
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intersecting at the origin, O. The intercepts of the plane ABC
(extension of the face m) are OA, OB, and OC. The intercepts

Fic. 64.

of the plane HKL (ex-
tension of theface n) are
OH, OK, and OL. Now
it has been found that
the ratios OA: OH, OB:
OK, and OC:OL on any
one crystal are practi-
cally always simple
rational numbers such as
1:3,1:2,1:1, 3:2,2:1,
4:1, ete. This, the
second fundamental law
of geometrical erystallo-
graphy, is known as the
law of rational indices
(Hatiy, 1784). The
ratios OA: OB: OC and
OH: OK: OL are, on the
other hand, in general

irrational.’ In Fig.64 the ratios OA: OH = 1:2, OB: OK = 1:1,

OC:OL = 3:2.

In the case of the mineral barite, the relative intercepts of some
of the faces are as follows (the letters refer to Fig. 65).

Face Relative intercepts
m 0.815: 1:

a 0.815: »:

u 0.815: «:1.313
d 0.815: ©:0.656
l 0.815: «:0.328
c ® :®:1.313
0 ® 1:1.313
Y 0.815:0.5:0.656
z 0.815: 1:1.313

Weiss symbols Miller symbols
d: b:owé 110
d: b i 100
d:0b: ¢ 101
d: ob:1sé 102
d: ob:l4é 104
wd: ob: ¢ 001
od: b: ¢ 011
d:14b:15¢4 122
g: b: ¢ 111

) On isometric crystals even these ratios are rational and on tetragonal and hexagonal
trystals two of the three ratios are rational.
symmetric intercepts (Friedel, 1905).

This fact is expressed as the law of rational
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As the expressions for the intercepts are cumbersome, a very
simple method of notation is suggested by the fact that these
values for different faces are in the ratio of sample rational
numbers (or infinity). We may select the expression for one of
these faces as a standard, and represent the other faces by the
_ numbers or infinity. In barite the face z with the intercepts
0.815: 1:1.313 has been taken as the unit face. This establishes
the axial ratio as d:b:¢ = 0.815: 1:1.313.

The symbols for the other faces may be written as in the third
column. These are called Weiss symbols from the name of the
German crystallographer who proposed this method (1818).
The general expression for a face in this method of notation
is na:pb:me, where n, p, and m
are simple numbers or fract-
ions, or infinity and are called
coefficients.

As the order a, b, ¢ is always
understood, these letters may be
omitted and as infinity is incon-
venient in mathematical calcula-
tions, the reciprocal values of the ratios may be used. We then
have the symbols of the fourth column. If OA:OB:0OC are the
intercepts of a unit face, the symbol of another face with the inter-
cepts OH:OK:OL is hklin the expression OH:OK:0L = %4:97?:
T = WET The three simplest whole numbers &, k, I, that ex-

Fic. 65.—Barite crystal.

press this ratio are called the Miller indices, as Miller, formerly
professor of mineralogy at the University of Cambridge, was the
first to make extensive use of this method. The Miller symbol
hkl is a kind of algebraic expression standing for certain numbers
and so is called a type symbol. Besides a face hkl that cuts all
three axes of reference, we have the faces hk0, h0l, and Okl, each
of which intersects two axes and is parallel to the third.and h00
(100), 0k0(010), and 00£(001) each of which intersects one axis
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and is parallel to the other two. These constitute the seven so-
called type symbols. They arerepresented in Fig.66. Figure 67
represents an olivine crystal with seven actual type forms a {100},
b{010}, c{001}, m{110}, d {101}, {021}, p{111}. As in analytic
geometry, the front, right, and top ends of the axes are considered
as positive, while the back, left, and bottom ends are considered
as negative. A negative index is indicated by a line over the
letter. There are eight planes which cut the axes at the same
relative distances, but in different octants. They are hkl, hkl,
hkl, hkl, hkl, hkl, Rk, and kkl. These symbols as just written

Fic. 66.—The seven type faces. F1e. 67.—Olivine crystal.

are face-symbols, but the symbol of one face hkl may be taken
to represent the form. The form-symbol is usually written
with brackets {hkl} to distinguish it from a face-symbol kkl or
(hkl). 1In order to determine the type symbol it is only necessary
to write the indices A, k, I, in the order of the axes a, b, ¢, and to
substitute 0 if the face is parallel to an axis. In writing type
symbols the reciprocal idea may be disregarded except for the
zero.

The determination of the symbol involves calculation by means
of trigonometry, or the corresponding graphic solution. A
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simple case is illustrated by Fig. 68, which represents the vertical
prism zone of cerussite. Here we have a rectangular zone of
(hk0) faces, a, m, r, b, where ¢ is (100) and b is (010), (the axes
of reference are parallel to these two faces). Assuming m to be
(110), the problem is to determine the symbol of . Move r
parallel to itself until »’ and m intersect the a-axis at a common
point. Then the intercept of * on the b-axis, it may be seen, is
one-third of that of m. The intercepts of the r-face are 1d: 14b:
wé or 1{d: 14b: 1gé. The Miller indices are (130) (read one,
three, zero). .

The law of the rationality of the indices, whlch has been estab-
lished by the measurement
of thousands of crystals, is
the foundation of geome-
trical crystallography.
After the axial ratio for
a given substance has
once been established by
a unit face, all the other
possible faces may be pre-
dicted, for their interfacial
angles can be calculated
by the formule of plane gy 68 —Graphic determmatlon of indices.
or spherical trigonometry.

Why the symbol (111), in the casé of barite for example, does
not represent a face that cuts the three axes at equal lengths is
one of the most difficult points for the student of crystallography
to comprehend. Several illustrations may clear up this point.
Imagine two cities laid out according to different plans. In one,
the blocks are 475 feet long and 325 feet wide, and in the other
650 feet long and 300 feet wide. A pedestrian on inquiring about
a certain building in either place might be directed to go two
blocks north and three blocks east. Yet the actual distance for
him to walk in the two cities would be different, for the lengths of
the blocks are different. Altho the lengths of the blocks are on
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record in the city engineer’s office, the pedestrian is not directly

concerned with them, but only with the directions given him.

The axial ratios for crystals are established and on record in-
reference books, but in the description of the various erystal faces

and forms, use is always made of Miller indices or other symbols

rather than of the intercepts of the faces.

Another analogous case that will appeal to the student of
chemistry is the law of definite proportions and the law of multiple
proportions. In the chemical formule, CuO and Cu,0, CuO
. means that there are 63.6 parts (by weight) of copper and 16
parts of oxygen, while Cu;O means that there are 127.2 (2 X 63.6)
parts of copper and 16 parts of oxygen. The atomic weights
have been determined and are given in tables, but they are not
expressed in chemical formule.

In order that the symbols may be as simple as possible, it has
been found convenient to have six kinds of sets of axes of refer-
ence; crystals of every known substance may be referred to some
one of these sets. The axes of reference differ in their inclina-
tions to each other and the unit lengths on the axes also differ in
their relative length. For crystals with a single axis of 3-fold
symmetry or 6-fold symmetry it is more convenient to use four
axes of reference (see p. 102).

7. THE CLASSIFICATION OF CRYSTALS

The Crystal Classes. The modern classification of erystals is
based upon symmetry. Only axes of 2-fold, 3-fold, 4-fold, and
6-fold symmetry have ever been found on crystals. With this
limitation it may be proved mathematically that only thirty-one
combinations of symmetry elements are possible. These thirty-
one divisions together with the one division devoid of symmetry
constitute the thirty-two crystal classes. Examples of all of
these but one (A;.P) have been found either among minerals, or
compounds made in the laboratory. It is interesting to note
that just as Mendeléef, the Russian chemist, predicted the exist-
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ence and even the properties of several chemical elements by
the discovery of the periodic law, so Hessel, a German mineralo-
gist, in 1830 predicted the thirty-two possible crystal classes
when representatives of only about half of them were known.

The table on page 80 gives the name of the class, the number
of faces in the general form, the symmetry, and a typical ex-
ample. The name of the form with the symbol {hkl} (h-k-h+k-I
in the hexagonal system), or the general form as it is called, gives
the name to the class. In contradistinction, the other forms are
called limit forms. This term may be explained by considering
a pyramidal face (hkl) in the rhombic bipyramidal class. By
increasing its intercept on the vertical axis it becomes steeper
and steeper, its limit in this case being the prism (2k0). By
decreasing its intercept on the vertical axis it becomes less steep,
its limit in this case being the pinacoid (001). If its intercept on
the b-axis is increased it gradually passes into (hOl), another
limit form, while if its intercept on this axis is decreased it becomes
(010). Similarly by increasing its intercept on the a-axis it
passes into its limit (0kI) and then by decreasing its intercept
it becomes (100).

The forms corresponding to the type symbols in any class may be found
from the symmetry by a graphical method. Indicate a- and b-axes by two
dot-and-dash lines at right angles (oblique angles in the triclinic system).
Their intersection is the projection of the c-axis. Then indicate the symme-
try elements in their proper positions by the following conventions: A full
line represents a plane of symmetry. A plane of symmetry parallel to the
plane of the paper may be indicated by a heavy circle of convenient diameter.
Denote axes of 2-, 8-, 4-, and 6- fold symmetry by small ellipses, triangles,
squares, and hexagons, respectively. As an example, let it be required to
find the forms represented by the type symbols of the rhombic pyramidal
class with the symmetry, A.-2P. In Fig. 69 the two planes of symmetry are
represented by two full lines which coincide with the projection of the axes of
reference a and b. Their intersection is the axis of 2-fold symmetry. Pro-
jections of the faces in the upper octants are small crosses. (For faces in the
lower octants circlets may be used.) Faces parallel to the vertical axis may
be indicated by arrows. The general form of this class is a rhombic
pyramid, for the symmetry requires (Akl), (kkl), and (kkl) to accompany
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Table of the Thirty-two Crystal Classes

g Faces
{'_i No.| Name of Class |, exlxlclaral Symmetry Example?
w form
2
) 1 | Asymmetric 1 No symmetry. (Ca8203-6H0
&2 | 2 | Pinacoidal 2 [¢} v fﬂl;ite s
g'u 3 | Sphenoidal 2 A2 (Sucrose [sugarl)
68| 4 |Domatic 2 P Clinohedrite
== | 5 | Prismatic 4 AsP-C Gypsum
6 | Rhombic bisphe- 4 3A- Epsomite
5.2 noidal
_é—g 7 Rgoinblc pyram- 4 A2-2P Calamine
ida
S&| 8 |Rhombic bipy-| 8 3A:3P-C Barite
ramidal
9 | Tetragonal 4 A(Xy) (Ca2A1:8i07)
sphenoidal :
10 | Tetragonal py- 4 A | [Ba(Sb0)2(CsHO¢)-
ramidal 2H:0
= | 11 | Tetragonal scale- 8 AR 4)2A22P Chalcopyrite
g nohedral
@ | 12 | Tetragonal trap- 8 AsdA: (NiSO«6H:0)
] ezohedral .
% | 13 | Tetragonal bi- 8 A¢P-C Scheelite
13 pyramidal
14 | Ditetragonal py- 8 As4P (AgF-H:0)
« | .ramidal 3
15 | Ditetragonal bi- 16 AydAsr5P-C Zircon
g pyramidal
N 1?‘ Trigonal pyram- 3 A; (Nal043H20)
£ ida
| 17 | Rhombohedral 6 As(Pe)C Phenacite
¢ |18 Tri%onal trapezo- 6 Ajs3A. a-Quartz
= hedral : .
o 19 | Ditrigonal py- 6 A;z3P Tourmaline
ramidal ' .
.20 | Hexagonal scale- 12 A;(2Pe)3A33PC Calcite
= ~ | nohedral
g | 21 | Trigonal bi- 6 AP
S pyramidal e
@ | 22 | Ditrigonal bi- 12 As-3A:4P Benitoite
o yramidal ! y
o 23 exagonal py- 6 As Nepheline
ramidal .
24 | Hexagonal tra-| 12 AeBA: B-Quartz
ezohedral q
25 exagonal bipy- 12 AeP-C Apatite
ramidal 5
26 Dihe:'tsgi)nal py- 12 A¢6P Todyrite
ramida
27 | Dihexagonal bi-| 24 Ac6A27PC Beryl
pyramidal
o | 28 ' Tetartoidal 12 4A33A2 Ullmaqnite
‘H | 29 Gyroidal 24 3A44A36A2 Sylvite
“E’ 30 Diploidal 24 4A3(426)3A23P-C Pyrite
& | 31 | Hextetrahedral 24 4A33A2(324)-6P Tetrahedrite
&3 | 32 | Hexoctahedral 48 3A44A3(4 P 4)6A9P-C Galena

1 Names in parentheses are prepared compounds of the laboratory.

4
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(hkl). For a.-face (0kl), the symmetry requires (0kl); the form {Okl},

then, is & dome. Similarly {r0l} isa
dome; {hk0} is athombic prism; {100}
and {010} are each pinacoids, while
{001} is a pedion consisting of a single
face. In the lower half of the crystal
{hkl} is a rhombic pyramid; {OkI},
and {hOl}, domes; while {001} is a
pedion. The forms on the lower half
of the crystal in this case are inde-
pendent of those on the upper half.
Calamine, an example of a crystal
belonging to the rhombic pyramidal
class, is shown in Fig. 70. Here the
forms are c{001}, t{301}, {031},
b{010}, m {110}, and »{121}.

The Crystal Systems.
Although the thirty-two classes
are fundamentalin the classifica-
tion of crystals, it is convenient
to assemble them inlarger groups

Hoo
N\ . /

010 ° 010
N T 7
001 oxl

X kil

/ N \hko
100
a

F1a. 69.—Graphic method of deter-
mining the possible forms in a crystal
class,

called crystal systems. Six crystal systems are generally recog-
nized. It is not always possible to determine the

crystal class by inspection, but the crystal system
is usually apparent in well-formed crystals. If

Calamine.

to rest upon
6

directions fixed by symmetry (either axes of sym-
metry or lines normal to planes of symmetry) are
chosen for axes of reference it is found that all
equivalent faces are represented by indices which
differ from each other only in their order of succes-
sionandsign. If this be done, one symbol (enclosed
in brackets) may stand for all the faces of a form.

The classification of erystalsinto systems islargely
one of convenience to bring out the relation of
crystal form to physical properties, but for all prac-
tical purposes in elementary work it may be said
the character of the axes of reference fixed by sym-
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metry. Accordingly the following six systems are recognized:
Isometric, tetragonal, hexagonal, orthorhombie, monoclinic, and
triclinie.

Crystals with three like or interchangeable directions of sym-
metry at right angles to each other are referred to the isometric
system. These three directions, which are either 2-fold or 4-
fold axes of symmetry, constitute the axes of reference for this
system.

Crystals with a single 4-fold axis (or a single composite 4-fold
axis, 24) are referred to the tetragonal system. The other two
axes of reference, which may, or may not, be directions fixed by
symmetry, are interchangeable and are at right angles to each
other and also at right angles to the principal axis.

Crystals with a single 3-fold or 6-fold axis of symmetry (includ-
ing &) are referred to the hexagonal system. Four axes of
reference are usually employed, one (A; or Ag) at right angles to
three interchangeable ones which are in one plane and intersect
each other at angles of 120°. The three lateral axes of reference
may or may not be directions of symmetry.

Crystals with three unlike or non-interchangeable directions
of symmetry at right angles and no other directions of symmetry
are referred to the orthorhombic system. These three directions
are the axes of reference.

Crystals with a single direction fixed by symmetry, not pre-
viously included, are referred to the monoclinic system. This
direction is an axis of reference; the other two are in a plane
normal to it but are in general oblique to each other.

Crystals without any directions fixed by symmetry are referred
to the triclinic system. There are three non-interchangeable
axes of reference, in general at oblique angles to each other.

In the case of each of the six systems, at least some of the
directions fixed by symmetry are used for axes of reference.
If there are not enough axes of reference, then lines parallel
to prominent edges or perpendicular to prominent faces are
chosen.
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The forms of the crystal class with the highest grade of symmetry in each
system are sometimes called holohedral or whole forms, while many of the
forms of the classes of lower grade of symmetry are called hemihedral or
half forms, because they have half the number of faces of the holohedral
forms. There is a geometrical resemblance between these two kinds of
forms. A tetrahedron, for example, is said to be the hemihedral form of an
octahedron, for it may be derived by extending alternate faces and suppres-
sing the others as shown in Fig. 71. A cube has no hemihedral form, or
rather the hemihedral and holohedral cubes are geometrically identical, for
the supression of alternate octants still leaves the cube. The same is true
of the rhombic dodecahedron.

The symmetrical suppression of the faces of the general forms of the
six holohedral classes gives rise to twenty-six divisions.
These, together with the six holohedral divisions, lead
to the thirty-two classes before mentioned. The
general forms of the five isometric classes may be
derived from the hexoctahedron thus: The suppres-
sion of faces of alternate octants gives the hextetrahe-
dron, the suppression of alternate faces gives the
gyroid, the suppression of faces in pairs astride the
planes of symmetry gives the diploid, while the com-
bination of any two of these methods gives a twelve- d Fre. 71.—The

. : . . erivation of the
sided figure called the tetartoid. As this form has {etrahedron from the
one-fourth the number of faces of the hexoctahedron, octahedron.

it is called a tetartohedral or quarter form.

The idea of hemihedrism implies that the six erystal systems are funda-
mental, whereas we know that the crystal classes are more fundamental.
Hence the terms involving hemihedrism are now of historical interest only.
The class with the highest symmetry in each system may be called holo-
symmetric instead of holohedral.

8. CRYSTAL DRAWING

Before the crystal systems and classes are described in detail
the method of drawing crystals will be explained.

Crystal drawings are parallel projections made by drawing
parallel lines from the vertices of the crystal to the plane of
projection. If the projectors are perpendicular to the plane of
projection, we have an orthographic projection; if the pro-
jectors are inclined to the plane of projection, we have a clino-
graphic projection.
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The orthographic projection is especially useful in the graphic
determination of the indices of crystal faces and axial elements.
An orthographic projection is easily made from the interfacial
angles, without any knowledge of the axial ratios, simply by drop-
ping perpendiculars from the vertices of the crystal to the plane
of projection which is usually an actual or possible erystal face.
All faces normal to the plane of the
drawing appear as lines inclined to
each other at their true angles.
Horizontal edges of the crystal
appear in their true length, but
oblique edges are foreshortened.
Orthographic projections lack the
appearance of solidity given by
clinographic projections, but by
combining two orthographic projec-
tions made on planes at right angles
to each other, a plan and elevation
are obtained, which together give a
good idea of the crystal habit. Fig.
72 is a plan and front elevation of a
m | m topaz crystal with the forms ¢{001},
{041}, m{110}, 1{120}, wu{111},
and 7{223}. The plan? (top figure)
was constructed by laying off the
interfacial angles mm, ml, and Il
and by placing 7 and u in the same
zone with ¢ and m. The elevation
(lower figure) was constructed from the interfacial angle cy and
by observing zonal relations. The fact that corresponding points
in the plan and elevation lie on the same vertical line greatly
facilitates the construction. For example, the directions of the
intersection edge ul in the elevation and 7y in the plan are deter-
mined automatically, provided a supplementary elevation ismade.

Fia. 72.—Plan and elevation of
topaz crystal.

1 The third angle projection is used.
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From one or two orthographic projections of a crystal it is
possible to derive graphically the Miller indices of the faces and
the geometrical constants (axial ratio and axial angles). Ex-
amples will be shown under each crystal system. (See pages
97, 101, 111, 115, 120 and 123.) The orthographic projection
may be used for graphic determinations but for general descrip-
tive purposes (text-books and articles) clinographic projections
are preferable, for they give the appearance of solidity.

The clinographic parallel projection or so-called parallel per-
spective is used instead of a true perspective because the paral-
lelism of edges or the occurrence of crystal faces in zones is one
of the prominent features of crystals and should be retained in the
drawing. The clinographic projection is made on a vertical
plane by inclined projectors taken so that one sees both the top
and the right side of the crystal.

_The first step in producing a clinographic projection of a erystal
is to make an isometric axial cross. The method of making an
isometric axial cross is shown in Fig. 73. The upper right-hand
part (a) of the figure shows the rotation of the plan of the axial
cross 18° 26’ to the left. (This angle is chosen because its tan-
gent is 14). The left-hand portion of the figure (b) shows the
projection of an elevation of the axial cross by projectors inclined
9° 28’ (taken because its tangent is 1§) from the horizontal on a
vertical plane. The lower right-hand part of the figure (¢) shows
the method of obtaining the axial cross (dot-and-dash lines).
The OC-axis is given in its full length, but both the OA.-axis and
the OB-axis are foreshortened.

The isometric axial cross is modified for the other systems.
In the tetragonal system the unit length on the vertical axis is
either greater or less than that on the lateral axes. The unit
lengths of the axial cross of a vesuvianite, for example, are:
OA: OB: 0.537 X OC. In the hexagonal system there are three
lateral axes. The method of determining these lateral axes
is shown in Fig. 74. The line OS is made equal to 1.732 X OA
(Fig. 73), and S is joined with B and B’. BS and B’S are bisected
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at the points @ and R. ROR’, QOQ’, and BOB’ are the unit
lengths of the three lateral axes. The unit length on the vertical
axis is modified according to the value on record. In the ortho-
rhombic system both the unit lengths on the OA-axis and OC-axis
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F1a. 73.—Construction of isometric axial cross in clinographic projection
(modified from French).

are modified. For example, the three values for barite are 0.815
X 0A :0B:1.313 X OC.

In the monoclinic and triclinic systems the angles between the
axes are also modified. For the angle 8 between ¢ and ¢ the
position of the a-axis is changed as follows: On the axis OC (Fig.
75) the distance OM = cos 8 X OC is laid off and on the axis OA
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of the faces on the axial cross and connecting them with lines.
For crystals with two or more forms, use is made of the linear
projection. In the linear projection each face is represented by a
line. The lines are the intersections of faces, shifted parallel to
themselves so that they cut the vertical axis (¢) at unity, with

Fia. 78. -
Fias. 77-78.—Clinographic projection of a scapolite crystal.

the plane of projection which is a plane through the center of the
crystal, perpendicular to the c-axis. Figure 76 shows a linear
projection of the scapolite crystal of Fig. 78. It is necessary to
plot a linear projection of the crystal on these axes by taking the
reciprocal of the Miller indices and then making the third term
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equal to unity. The desired direction of the intersection edge
of the two faces is a line joining the intersection of the linear
projection of the two faces with the extremity of the vertical
axis. Figure 77 shows the method of construction of the clino-
graphic drawing of the scapolite crystal of Fig. 78. The dot-and-
dash lines are the axes of reference; the heavy lines, the linear
projection constructed on the axial cross; while the dotted lines
are the directions of the intersection edges. The direction inter-
section of faces like (111) and (110), which do not intersect, is
simply the direction of the lines.

9. ISOMETRIC SYSTEM

The isometric systems includes all erystals with three inter-
changeable axes of reference at '
right angles. All erystals of this |
system have four axes of 3-fold
symmetry; many of them also :

@y
have three axes of 4-fold sym-
metry. ——— 17
The axes of reference are de- ay_~ I S

signated as in Fig. 79 with a,, I
running front and back, a., i

running right and left, and a;

in a vertical position. As all

isometric crystals have identi- |

cal angles for corresponding F1g. 79.—Isometric axes of reference.
forms, there are no axial elements to be determined.

There are five classes in the isometric system (see p. 80) but
of these only the three that are of much practical importance
will be discussed.

Isometric crystals, unless much distorted, are of about equal
dimensions in all directions and this fact aids in their identifica-
tion. Highly modified crystals may approach a sphere in
general appearance.
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Hexoctahedral Class. 3A44A;(44;) 6A,9P-C
(Holohedral)

The crystals of this elass have the maximum degree of symme-
try possible in crystals. The 4-fold axes are mutually perpen-
dicular and lie at the intersections of three of the planes of
symmetry (axial planes). The other six planes of symmetry
(diagonal planes) intersect in the four axes of 3-fold symmetry.

The 4-fold axes of symmetry are the axes of reference.

List of Forms in the Hexoctahedral Class

Cube -~ 6faces {100}
Octahedron - 8 faces {111}
Dodecahedron 12 faces {110}
Tetrahexahedron 24 faces {hkO}
Trisoctahedron 24 faces {hhl |
Trapezohedron 24 faces {hkk|
Hexoctahedron 48 faces {hkl }

[In the above symbols h> k> 1]

Cube {100}. The cube (or hexahedron) is a six-faced form
with interfacial angles of 90°. The ideal form is shown in Fig.
80. The cube is a common form on galena, fluorite, cuprite,
and halite.

Octahedron {111}. As its name implies, this is an eight-faced
form. Each face is an equilateral triangle in the ideal form.

Fre. 80. {100}. Fia. 81. {111}. Fic. 82. {110}. Fia. 83. {hk0]}.

The interfacial angles are 70° 32’. (Fig. 81.) It is a common
form on magnetite, spinel, and diamond.

Dodecahedron {110}, This form (Fig. 82) consists of twelve
faces, each rhombic in shape. It is often called the rhombic
dodecahedron to distinguish it from the regular dodecahedron of
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geometry, which is a crystallographically impossible form. The
interfacial angles are 60° and 90°. It is especially common on
garnet.

Tetrahexahedron {hkO}. This form is so called because it
apparently consists of a four-faced pyramid on each cube face.
Figure 83 represents the form {210}. Itis occasionally found on
fluorite.

Trapezohedron {hkk}. Each face is a trapezoid. This form
is sometimes called the tetragonal trisoctahedron to distinguish
it from the next mentioned form, the trigonal trisoctahedron.
Figure 84 represents the form {211} which is common on garnet,
leucite, and analcite. '

Trisoctahedron {hhl}. Each face is an isosceles triangle.
With this form the intercept on the third axis is greater than the

Fic. 84. {hkk}. Yic. 85. {hhl}. Fic. 86. {hkl}.

intercepts upon the other two, which are equal, while with {hkk}
the intercept on the third axis is less than the intercepts upon the
other two. Figure 85represents the trisoctahedron {221}, aform
which occurs on some crystals of galena.

Hexoctahedron {hkl}. The general form of the hexoctahedral
class consists of forty-eight faces, the symbols of which may be
derived from the form symbol by taking six permutations of letters
and eight permutations of signs. Fig. 86 represents the hex-
octahedron {321}. It sometimes occurs on fluorite crystals as
illustrated in Fig. 98.

Combinations. The cube, octahedron, and dodecahedron are
much more common than the other forms. They occur alone
and in combination with each other. See Figs. 423-426, page 267.
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The hexoctahedron, trisoctahedron, and tetrahexahedron usually
occur as small faces modifying simple forms.

Galena, garnet, fluorite, and magnetite are given as typical
examples for study and practice.

Examples

Galena. Usual forms: a{100}, o{111}. Interfacial angles: aa(100:010)
= 90°0’; 00(111:111) = 70° 32’; a0(100:111) = 54° 44’. Figures 87 to 91
represent usual combinations varying from the cube alone to the octahedron
alone.

Fig. 37. Fic. 88. Fia. 89. Fic. 90. Fia. 91.
Figs. 87-91.—Galena.

Garnet. Usual forms: {110}, n{211}. Interfacial angles: dd{110:101)
= 60°0’; nn(211:121) = 33°3314’; nn(211:211) = 48° 1114%dn(110:211) =
30° 0’. Figures 92 to 95 represent usual combinations varying from the
dodecahedron alone to the trapezohedron alone.

Fia. 92. Fia. 93. Fic. 94. Fia. 95.
Fias. 92-95.—Garnet.

Fluorite. Usual forms: a{100}, £{310}, ¢{421}. Cleavage parallel to
{111}. Interfacial angles: aa(100:010) = 90°; af(100:310) = 18° 26';
at(100:421) = 29° 12’. Figures 96 to 99 represent frequent combinations.
The plane formed by the dotted lines in Fig. 96 represents octahedral cleav-
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age. Figure 99 represents a twin crystal in which.two cubes are twinned
about a cube diagonal.

.\
Fic. 96. Fia. 97. Fig. 98. F1a. 99.
Fias. 96-99.—Fluorite.

Magnetite. Usual forms: o{111}, d{111}, m{311}. Interfacial angles:
00(111:111) = 70° 82'; dd(110:101) = 60° 0’; od (111:110) = 35° 16’;
om(111:311) = 29° 30’. Figures 100 to 102 represent typical crystals.

COQ

Fie. 100. Fia. 101. Fig. 102.
Hextetrahedral Class, 4A;-3A,(32,)-6P

The 2-fold axes are mutually perpendicular. The planes of
symmetry are diagonal to the 2-fold axes. ’

(Tetrahedral hemihedral)

The axes of 2-fold symmetry (these are also axes of composite
4-fold symmetry, 2,) are the axes of reference.

List of Forms in the Hextetrahedral Class

Cube 6 faces {100}
Dodecahedron 12 faces {110}
Tetrahexahedron 24 faces {hkO]
Tetrahedrons 4 faces {111}, {111}
Deltohedrons 12 faces {hhl}, {hhl }
Tristetrahedrons 12 faces {hkk}, {hkk}
Hextetrahedrons 24 faces {hkl}, {hkl }

[In the above symbols A>k>1]
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The first four forms are geometrically different from the cor-
responding forms in the hexoctahedral class and hence are
described below. _

Tetrahedrons {111}, {111}. This is the regular tetrahedron
of geometry the interfacial angles being 109° 28’ (Fig. 103).
The positive and negative forms are exactly alike except in
position. The two forms {111} and {111} in equal combination
form an octahedron geometrically and therefore they are said
to be complementary. The tetrahedron occurs on tetrahedrite
and sphalerite. _

Deltohedrons {hhl}, {hhl}. These two forms are also positive
and negative according to the octant in which they occur. Fig.

VOV

Fre. 103. {111}. TFic. 104. {hhl}. Fie. 105. {hkk}. TFic. 106. {hki}.

104 represents a positive form. The name refers to the deltoid
shape of the faces. -

Tristetrahedrons {hkk}, {hkk}. These forms resemble three-
faced pyramids built upon each tetrahedral face, hence the name,
tristetrahedron. The two forms, which occur in alternate
octants, are distinguished as positive and negative. Fig. 105
represents a positive form. _

Hextetrahedrons {hkl}, {hkl}. The general form is a 24-faced
form called the hextetrahedron as it apparently consists of a
6-faced pyramid built upon each face of a tetrahedron. (Fig.
106.) The two forms given are distinguished as positive and
negative. They occur in alternate octants.

Combinations. Crystals of this class usually have a tetra-
hedral aspect. The best example is furnished by tetrahedrite.
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Sphalerite also belongs to this class, but the crystals are usually

distorted.
Example

Tetrahedrite. Usual forms: o{111}, 0§11}, n{211}, d{110}. Inter-
facial angles: 00(111:111) = 109° 28’; nn(211:121) = 33° 3314’; no(211:
111) = 19° 28’; do(110:111) = 35°. 16”. Figs. 107 to 110 represent usual

types of tetrahedrite erystals.
a
\
|
VZ

Fic. 107. Fic. 108. Fic. 109. Fiac. 110.
Figs. 107-110.—Tetrahedrite.

Diploidal Class. 4A;(44&;)-3A,-3P-C
(Pentagonal hemzhedral)

The planes of symmetry are mutually perpendicular. Their
intersections are the 2-fold axes. The 3-fold axes are also

composite 6-fold axes.
The axes of 2-fold symmetry are the axes of reference.

List of Forms in the Diploidal Class

Cube 6 faces {100}
Octahedron 8 faces {111}
Dodecahedron 12 faces {110}
Pyritohedrons 12 faces {hk0}, {kho}
Trisoctahedron 24 faces {hhl }
Trapezohedron : 24 faces {hkk
Diploids 24 faces {hkl }, {khl}

[In above symbols A>k>1]

Of these forms, all but the pyritohedron and diploid are geo-
metrically similar to those of the hexoctahedral class.

Pyritohedrons {hkO}, {khO}. The pyritohedron is so named
because it is common on the mineral pyrite. The two forms
given are arbitrarily distinguished as positive and negative. On
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pyrite the most common form is the positive pyritohedron {210},
represented by Fig. 111. The faces of the pyritohedron are
not regular pentagons. A form with twelve faces each a regular
pentagon is impossible as a crystal form, for it has axes of 5-fold

symmetry (see p. 136).
Diploids {hkl}, {khl}. The
general form is a 24-faced form,
the faces of which lie in pairs
astride the planes of symmetry,

hence the name, diploid, which
Fia. 111. {hk0}.  Fic. 112. {Rki}. means double.  The two con
gruent forms {hkl} and {khl} are distinguished as positive and
negative. Figure 112 represents the positive diploid {321}.
Pyrite is the only common example of this class.

Examples
Pyrite. Usual forms: af100}, {210}, 0{11_1}, s{321}, n{211}. Inter-
facial angles: ae(100:210) = 26° 34’; ¢e(210:210) = 53° 8’; ee (210:102) =
66° 25%; €0(210:111) = 39° 14’; @o(100:111) = 54° 44’; se(321:210) =

a ¢
Fia. 113. Fic. 114. Fic. 115. Fic. 116.
Ve 0
W‘f a e
Fig. 117. Fig. 118. Fiac. 119.

Figs. 113-120.—Pyrite.

17° 124’; 5a(321:100) = 36° 42'; s0(321:111) = 22° 1214’; an(100:211) =
35° 16’; on(111:211) = 19° 28’; Figs. 113 to 120 represent common tpyes
of pyrite crystals, The cube faces are usually striated as shown in Fig. 113.
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Graphic Determination of Indices in the Isometric System.
There are no axial ratios to be determined but simply the:indices
of the faces. A plan and elevation are made from the inter-
facial angles. Figure 121 represents pyrite with the faces a, e,
and o. The intercepts of the e-face in terms of the unit are seen
to be la; : 2a; : ©a; which reduces to the Miller symbol (210).

F1g. 121.—Plan and elevation of a pyrite erystal.

The intercepts of e: are: @ a; : 4@, : la, and the indices (021).
And by means of a side elevation the intercepts of the face (102)
could also be determined.

10. THE TETRAGONAL SYSTEM

The tetragonal system includes all crystals with a single axis
of 4-fold symmetry (As) or a composite 4-fold axis (&) of
symmetry which is taken as an axis of reference. The other two

axes of reference are interchangeable. The axes are designated
7
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a; : az : ¢, the unit lengths of a; and a, each equal to unity and
the unit length of ¢ either greater
or less than unity. The c-axis
is A4 (or &4). Figure 122 repre-
sents the axes for zircon and Fig.
123, those for apophyllite.

Of the seven classes of the
tetragonal system only one is @z
treated here. -

c

/‘/
g agy

5

F1c. 122.—Tetragonal axes of ref- F1c. 123.—Tetragonal axes of ref-
erence for zircon. erence for apophyllite.

Ditetragonal Bipyramidal Class. A4.4A,.6P.C
(Holohedral)

The 2-fold axes are normal to the 4-fold axis. Four vertical
planes of symmetry intersect each other at angles of 45°, and the
fifth is normal to these four.

The axis of 4-fold symmetry is the c-axis. As there are four
axes of 2-fold symmetry at 45° to each other, either pair at right
angles to each other may be selected as the lateral axes.

List of Forms in the Ditetragonal Bipyramidal Class

Pinacoid 2faces {001} (Basal pinacoid)
‘Tetragonal prism 4 faces {100} (Prism of second order)
Tetragonal prism 4 faces {110} (Prism of first order)
Ditetragonal prism 8 faces {hkO} (Ditetragonal prism)

‘Tetragonal bipyramid 8 faces {h0l} (Pyramid of second order)

Tetragonal bipyramid 8 faces |{hhl} (Pyramid of first order)

Ditetragonal bipyramid 16 faces {hkl} (Ditetragonal pyramid)
[In the above symbols h>Fk)
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Pinacoid {001} (Basal pinacoid). This form consists of two
parallel faces, an upper one and a lower one (Fig. 124).

Tetragonal Prism {100} (Prism of the second order). This is
an open form similar to {110} except in position (Fig. 125).

Tetragonal Prism {110} (Prism of the first order). This is an
open form with four faces each parallel to the vertical axis
(Fig. 126).

Ditetragonal Prism {hkO} (Ditetragonal prism). An open
form consisting of eight faces, each parallel to the vertical axis
(Fig. 127). The faces meet in angles which are alternately equal.

Tetragonal Bipyramid {hOl} (Pyramid of the second order).
A form consisting of eight faces each parallel to one lateral axis
(Fig. 128). This form and {hhl} are identical except in position.

048

124{001}. 125{100}. 126{110}. 127{hk0}. 128{A0l}. 129{hkl}. 130{hkl}.
Fi1Ggs. 124-130.—The seven type forms of the ditetragonal bipyramidal class,

4

______j\:w.‘

\eoemm

Tetragonal Bipyramid {hhl} (Pyramid of the first order).
This form cuts the lateral axes at equal distances (Fig.129). The
faces are isosceles triangles in the ideal form.

Ditetragonal Bipyramid {hkl} (Ditetragonal pyramid). The
general form consists of sixteen faces; the faces in the ideal form
are scalene triangles (Fig. 130). The angles over alternate
polar edges are equal.

Combinations, The bipyramids are closed forms, but the
prisms and pinacoids are open forms, and hence must occur in
combination. In habit, tetragonal crystals are usually prismatie,
pyramidal, or tabular, but equidimensional pseudo-octahedral
and pseudo-cubic crystals are not uncommon.
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Examples

Zircon, apophyllite, and vesuvianite are given as typical examples for
study and practice.

Zircon. ¢ = 0.640. Usual forms: m{110}, a{100}, p{111}, «{331},
z{311}. Interfacial angles: mp(110:111) = 47° 50’; mm(110:110) = 90°

D Dy A
3

N

Fia. 131. Fiac. 132. Fia. 133. Fic. 134.
Figs. 131-134.—Zircon.

0’; ma(110:100) = 45° 0’; ap(100:111) = 61° 40’; mu(110:331) = 20° 12';
zx(311:311) = 82° 57’; pp(111:111) = 56° 40’. Figures 131 to 134 rep-
resent the usual combinations and habits.

Apophyllite. ¢ = 1.251. Usual forms: a{100}, {001}, p{111}, y{310}.
Cleavage parallel to c{001}. Interfacial angles: co(001:111) = 60° 32’;
ap(100:111) = 52° O'; pp(111:111) = 76° 0O’; ay(100:310) = 18° 26.
Figures 135 to 138 represent the usual combinations and habits.

a

Fia. 135. Fi1g. 136. Fic. 137, Fia. 138.
Figs. 135-138.—Apophyllite.

Vesuvianite ¢ = 0.537. Usual forms: p{111}, m{110}, a{ 100}, c{001},
{331}, s{311}. Interfacial angles: pp(111:111) = 50°39’; cp(001:111) =
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37° 13147; ap(100:111) = 64° 4014’; am(100:110) = 45° 0’; me(110:331) =

23° 4114'; as(100:311) = 35° 10. Figures 139 to 142 illustrate typical,
crystals. 2 N JCEORIER T SRR A6

2B [

Fic. 139. Fia. 140. Fic. 141. Fia. 142.
Fiags. 139-142.—Vesuvianite.

Graphic Determination of Indices and Axia Ratio in the Tetra-
gonal System. A plan and elevation of a zircon crystal are shown
in Fig. 143. The unit bipyramid {111} is the p face; the problem
is to determine the symbol of u and the axial ratio @ :¢. In the
elevation, lines parallel to the projections of p and « are drawn

\. p '

/

AV 8 'f’./‘* °

AN 8§

N9

Fi1c. 143.—Plan and elevation of a zircon crystal.

through the point x to intersect the c-axis. Then the distance
o0s is equal to 3 times the distance or. Therefore the symbol of
wis la;:1as:3c or (331). The distance or is equal to about 0.64
of the distance ca; (in the plan); therefore the axial ratio a:cis
1:0.64. (It will be noted that ox is the foreshortened ca:.)
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11, THE HEXAGONAL SYSTEM!

The hexagonal system includes all crystals with a single axis
of 3-fold or 6-fold symmetry. (In two classes the 3-fold axis is
also a composite axis of 6-fold symmetry.) Four axes of refer-

ence, three interchangeable ones in
aplane at right angles to the fourth,
¢ are used. The positive ends of the
three lateral axes make angles of
120° with each other, as shown in

__a» ___—-— Fig. 144, The index on the third
.,-—v*a;'"’kiha‘,xﬁ axis is always equal to the sum of

the first two with the sign changed,
so that the Miller symbol for the
general formis {h-k-h~+k-1},in which
h is always greater than k. The
axes may be designated a; : az : a5 :
¢, in which the unit lengths on as,
as, and a; are unity and the unit
length on ¢ either greater or less than unity. The axis of 3-fold
or 6-fold symmetry is always taken as the c-axis.

Dihexagonal Bipyramidal Class. Ag6A,-7TP-C
(Holohedral)

The 2-fold axes are normal to the 6-fold axes. There are six
vertical planes of symmetry at angles of 30° apart. The other
plane of symmetry is perpendicular to these six.

List of Forms in the Dihexagonal Bipyramidal Class

Fiac. 144.-—Hexagonal axes of
reference.

Pinacoid 2 faces {0001} (Basal pinacoid)
Hexagonal prism 6 faces {1010} (Prism of 1st order)
Hexagonal prism 6 faces {1120} (Prism of 2d order)
Dihexagonal prism 12 faces {hk-h+kO} (Dihexagonal prism)
Hexagonal bipyramid 12 faces {hOhl} (Pyramid of 1st order)
Hexagonal bipyramid 12 faces {h~h-§-ﬁ~l} (Pyramid of 2d order)

Dihexagonal bipyramid 24 faces {hk-htk1} (Dihexagonal pyramid)
[In the above symbols k> k.]

1 Classes 16, 17, 18, 19, and 20 (see p. 80) of the hexagonal system constitute a thombo-
hedral subsystem, They may be referred either to the four axes of reference mentioned or to
three interchangeable axes at equal oblique angles (like the legs of a 3-legged stool).
These five classes are sometimes treated as a separate system, but they are so closely
related to the other seven classes that they are here retained in the hexagonal system.
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Pinacoid {0001} (Basal pinacoid). This form consists of two
opposite parallel faces which are usually regular hexagons.
(Fig. 145.)

Hexagonal Prism {1010} (Prism of the first order). The
faces are in a vertical zone and intersect at angles of 60°. (Fig.
146.) g

=[]

Fic. 145 {0001}. Fic. 146 {1010}. Fre. 147 {1120}. Fic. 148 {h-k-E+%0}.

Hexagonal Prism {1120} (Prism of the second order). This
form is similar to {1010} except in position. (Fig. 147.)

Dihexagonal Prism {h-k-h+k-0}. All the faces are in a
vertical zone, each being parallel to the vertical axis. Alternate
angles are equal. (Fig. 148.)

¢ 09O

Frc. 149 {hOhl}. Frc. 150 (h-h-2h-1}. Fia. 151{h-khTk1}.

Hexagonal Bipyramid {hOhl} (Pyramid of the first order).
The faces cut two of the lateral axes, but are parallel to the third.
(Fig. 149.) i

Hexagonal Bipyramid {h-h-2h-1} (Pyramid of the second order).
The faces cut two of the lateral axes at equal but greater dis-
tances than the third lateral axis. (Fig. 150.) This form differs
from {hOhl} only in position.
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Dihexagonal Bipyramid {h-k-h+k1} (Dihexagonal pyra-
mid). This form consists of 24 faces (scalene triangles in the
ideal form), each of which cuts the four axes at unequal distances.
The angles over alternate polar edges are equal. (Fig. 151.)

Combinations. The habit is prismatic, pyramidal, or tabular.
Simple combinations are the rule in this class. As beryl is the
only common mineral belonging to this class, it is the only ex-
ample given for practice.

Example

Beryl. ¢ = 0.498. Usual forms: ¢{0001}, m{1010}, p{1011}, {1121},
v{2131}. Interfacial angles: mm(1010:0110) = 60° 0’; ¢s(0001:1121) =

Fic. 152. Fic. 153. Fig. 154. Fia. 155.
Fias. 152-155.—Beryl.

44° 56; ¢p(0001:1011) = 29° 57’; mv(1010:2131) = 37° 49’; ms(1010:1121)
= 52° 17'. Figures 152and 153 are the ordinary combinations. Figure 154
has in addition the general form »{2131}. Figure 155 represents beryl of
tabular habit, which is rare as compared with the prismatic habit.

Hexagonal Scalenohedral Class. A;(&Pg)-3A.-3P-C
(Rhombohedral hemzihedral)

The planes of symmetry intersect each other in the 3-fold
axis and the 2-fold axes are diagonal to the planes of symmetry.

The lateral axes of reference are the axes of 2-fold symmetry
and the c-axis, the axis of 3-fold symmetry. The 3-fold axis
is also a composite 6-fold axis.!

11t is possible to refer crystals of this class and the next two classes to three interchange-
able axes of reference at oblique angles to each other. In this case, the Miller symbol has
three indices Akl and the axial element is «, the oblique angle between the axes, which varies
for each particular mineral. (See footnote on p. 102.)
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List of Forms in the Hexagonal Scalenohedral Class

Pinacoid 2 faces {0001} (Basal pinacoid)
Hexagonal prism 6 faces {1120} (Prism of 2d order)
Hexagonal prism 6 faces {1010} (Prism of 1st order)
Dihexagonal prism 12 faces {h'’k'htko} (Dihexagonal prism)
Rhombohedrons 6 faces {hOhl}, {Ohhl} (Rhombohedrons)
Hexagonal bipyramidl2 faces {h-h2h:l} (Pyramid of 2d order)

Scalenohedrons 12 faces {hkh1k1}, {kh&kh1} (Scalenohedrons)
[In the above symbols h>k]|

Pinacoid {0001} (Basal pinacoid). There are two faces at
opposite ends of the vertical axis. (Fig. 145.)

Hexagonal Prism {1010} (Prism of the first order). There are
six faces in one zone meeting at angles of 60°.

(Fig. 146.) _

Hexagonal Prism {1120} (Prism of the second
order). This form is exactly
like {1010} except in position.
(Fig. 147.)

Dihexagonal Prism {h-k--
h+ko0}. There are twelve
faces in a vertical zone. (Fig.
148.) Alternate angles are
equal. _ _

Rhombohedrons {hOhl}, {Ohhl}. A rhombohedron consists of
six rhombic faces, and is like a cube distorted in the direction of
one of its diagonals. A rhombohedron is distinguished as acute
or obtuse according to whether the supplement angle over the
polar edges is greater or less than 90°. The rhombohedron with
faces in the middle front, right rear, and left rear dodecants is
called positive and has the symbol {hOhl}, while the rhombohe-
dron with faces in the right front, left front, and middle rear
dodecants is called negative and has the symbol {Okkl}. Figure
156, an obtuse positive rhombohedron, represents the cleavage
rhombohedron of calcite.

Hexagonal Bipyramid {h-h-2h1} (Pyramid of the second
order). This form consists of twelve faces, each an isosceles

Fre. 156 {hOR}. TFia.157 {h-k-h+kd)
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polar, and middle edges, each with their characteristic interfacial
angles. The {h'k'h¥kl} form is called positive and the
{k-h-k+h1} form, negative. Figure 157 is a positive scalenohe-
dron.
Example

Calcite. ¢ = 0.854. Usual forms: ¢{0001}, m {1010}, a{1120}, ¢{0112},
{1011}, £{0221}, {0332}, M {4041}, v{2131}, y{3251}, 1{2134}. Cleavage
parallel to 7. Interfacial angles: ee(0112:1012) = 45° 3’; em(0112:1010) =
63° 45; rr(10T1:1101) = 74° 55'; rm(1011:1010) = 45° 2314’; £(0221:2021)
= 101° 9'; fm(0221:0110) = 26°53'; MM (4041:4401) = 114°10'; Mm(4041:
1010) = 14° 13’; hh(0332:3302) = 91° 42/; w(2131:2311) = 75° 22;
w(2131:3121) = 35° 36’; w(2131:1231) = 47° 1’; yy(3251:3521) = 70°
59’; yy(3251:5231) = 45° 32’; »y(2131:3251) = 8° 53’; r(1011:2131) =
29° 114’; mo(1010:2131) = 28° 4'; t4(2134:3124) =20° 3614’; te(2134:
0112) = 20° 5715’.

Figures 158 to 169 represent some of the common types of caleite crystals.
The dotted lines in the figures represent cleavage planes which aid in dis-
tinguishing positive and negative forms.

Ditrigonal Pyramidal Class. A;-3P
(Hemimorphic tetartohedral) p
The three planes of symmetry intersect each other in the 3-fold
axis of symmetry.

The lateral axes of reference are diagonal to the planes of
symmetry.

List of Forms in the Ditrigonal Pyramidal Class

Pedions 1face {0001}, {0001} (Basal planes)
Trigonal prisms 3 faces {1010}, {0110}  (Prisms of 1st order)
Hexagonal prism 6 faces {1120} (Prism of 2d order)

Ditrigonal prisms 6 faces {h'kh+k0} {kchkiho}
A (Ditrigonal prisms)
Trigonal pyramids 3 faces {hOhl}, {h0h1} (Pyramids of 1st order)
Trigonal pyramids 3 faces {Ohhl} {Ohl—li} (Pyramids of 1st order)
Hexagonal pyramids 6 faces {hh2h'l} {hh2hi}
“Hain, (Hemimorphic pyramids}
Ditrigonal pyramids 6 faces (h'k'h+kl} {hkhtkI-}
Ditrigonal pyramids 6 faces (k'hkt+hl}] {khE&ihi}
[In the above symbols & >k] (Hemimorphic pyramids)
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Pedions {0001}, {0001}. Each of these forms consists of a
single face, a positive pedion at the upper end of the crystal and
a negative pedion at the lower end.

Trigonal Prisms {1010}, {0110}. These two forms differ only
in position. Figure 170 shows {0110}.

(IR

F!G._170 Fig. 171 Fm.__l'i'z Fic. 173
{o110}. {h-k-h+k-0}. {ohhi}. {hk-h+k1}.

Hexagonal Prism {1120}, (Second order prism).

Ditrigonal Prisms {h-k-h+k.0}, {kh.k+h0}. The angles
over alternate angles are equal. Fig. 171.

Trigonal Pyramids {hOhl}, {hOhl}, {Ohhl}, {Ohhi} (Hemimor-
phic trigonal pyramids of the first order). Each of these forms
consists of three faces. They are distinguished as positive and
negative, and upper and lower. Figure 172 represents an upper
negative trigonal pyramid. .

Hexagonal Pyramids {h-h-2h-1}, {h-h-2h-1} (Hemimorphic hex-
agonal pyramids). There are six faces, each of which cuts two
lateral axes at equal but greater distances than the third lateral
axis.

Ditrigonal Pyramids {h'k-htk1}, {hkh+ki}, {khk+hl},
{k'h'k +h.J}  (Hemimorphic ditrigonal pyramids). The
general form is a six-faced pyramid with alternate angles equal.
The four forms indicated are the positive upper, positive lower,
negative upper, and negative lower pyramids. (Fig. 173.)

Example
Tourmaline, a complex boro-silicate, is the best representative of this class.
Tourmaline. ¢=0.447. Usual forms: m{1010}, m,{0110}, a{1120},
r{1011}, {0111}, o{0221}, e{0112}, c,{0001}, z{1232}. Interfacial
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angles: rr(1011:1101) = 46° 52/; mr(1010:1011) = 62° 40’; ma(1010:

1120) = 30° 0’ ; aa(1120 : 1210) =60°0’ ; e(0112 : T012) =25°2' ; ems(01T2 :
0170) : =75° 30%4’; 00(0221 : 2021) =77° 0. (Figs. 174-177.)

D NP —— S

i

Fig. 174. Fia. 175. Fic. 176. Fiec. 177.
Figs. 174-177.—Tourmaline.

Trigonal Trapezohedral Class. A;.3A,
(Trapezohedral tetartohedral)

The 2-fold axes are perpendicular to the 3-fold axis. The
axes of symmetry are the axes of reference.

List of Forms in the Trigonal Trapezohedral Class

Pinacoid 2 faces {0001}
Hexagonal prism 6 faces L {1010}
Ditrigonal prisms 6 faces {h-k-h+k-0} {k-h-k+h-0}
Trigonal prisms 3 faces (1120} {1210}
Rhombohedrons 6 faces {hOhl}, {Ohhl}
Trigonal bipyramids 6 faces {h-h-2h-} {2h-h-h-1}

Trigonal trapezohedrons 6 faces {ph.kh+k1} {khik+h1}
Trigonal trapezohedrons 6 faces {h+4kkh1} {Eh+kh1}

[In the above symbols 2> k.]

The two geometrically new forms for this class are the trigonal
bipyramid and trigonal trapezohedron.

Trigonal Bipyramids. Two kinds of trigonal bipyramids are
possible for each value of h. They differ only in position. Fig.
178 shows the form {k. k. 2h.1}.

Trigonal Trapezohedrons. The trigonal trapezohedron is a
double-ended 6-faced form with the symmetry A;3A.;. Four
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different trapezohedrons are possible for any given value of k
and k. Figure 179 represents the form {h-k-h+k-l}.
Example

Quartz. ¢ = 1.099. Usual forms: r{1011}, {0111}, ={1010}, s{1121},
z{5161},2:{6151}. Interfacialangles,

mm(1010:0110) = 60° 0’; mr(1610:
1011) = 38° 13"; mr(010:1011) =
66° 52'; rz(1011:0111) = 46° 16;
rr(10T1:1T101) = 85° 46'; ms(1010:-
1121) = 37° 58/; mx(1010:5161) =
12°1; maz,; (1010:6151) = 12° 1",
Figures 180-183 represent some of

the common varieties of quartz crystals.

Graphic Determination of In-
dices and Axial Ratio in the
Hexagonal System. Graphic determinations in this system are
illustrated by the plan and elevation of a quartz crystal shown in
Fig. 184. The unit face r is (1011), z is (0111), and m is (1010).
What is the symbol of M? In the side elevation, draw lines

0

Fira. 181. Fia. 182. Fia. 183.
Fiags. 180-183.—Quartz.

Fig. 178. Fiac. 179.

through n parallel to the projections of the r and M faces.
These intersect the vertical axis in the points p and ¢. The
distance oq is three times the distance op; therefore the symbol
of the M-face is: la; : ®as: —las:3¢ or 3031.
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The axial ratio é (a=1) is the distance op in terms of oa; (in
the plan).

Fic. 184.—Plan and elevation of a quartz erystal.

12. THE ORTHORHOMBIC SYSTEM

The orthorhombie system includes all erystals with three non-
interchangeable directions of symmetry at right angles to each
other. The axial ratios are d:b:é. Conventionally the unit
length of b is unity, and the unit length of a always less than unity.

F1a. 185.—Axes of ref- Fi1c. 186.—Axes of ref- Fr1a. 187.—Axes of ref-
erence for topaz. erence for barite. erence for cerussite.

These values for the axial ratios differ for every orthorhombic
substance. Figures 185, 186, and 187 represent the unit lengths
of the axes for topaz, barite, and cerussite respectively.
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Of the three classes of the orthorhombic system, only one is
discussed here.

Rhombic Bipyramidal Class. 3A,3P-C
(H olohedral)

The three planes of symmetry are mutually perpendicular, and
their intersections are the axes of 2-fold symmetry. The three
axes of 2-fold symmetry are the axes of reference. The selection
of the c-axis is arbitrary, but of the other two, the unit on a is
always shorter than the unit on b.

List of Forms in the Rhombic Bipyramidal Class

~ Pinacoid 2 faces {001} (Basal pinacoid)
Pinacoid 2 faces {010} (Brachypinacoid)
Pinacoid 2 faces {100} (Macropinacoid)
Rhombic prism 4 faces {hkO} (Rhombiec prism) -
Rhombic prism 4 faces {h0l} (Macrodome)
Rhombic prism 4 faces {0kl} (Brachydome)

Rhombic bipyramid 8 faces {hkl} (Rhombic pyramid)!

Pinacoid {001} (Basal pinacoid). This form may be called
the top pinacoid (Fig. 188). The symbol is written {001} instead
of {001}, for only one form of the kind is possible in this class.

Pinacoid {010} (Brachypinacoid). This form, consisting of
two parallel faces, one on the right and one on the left, may be
called the side pinacoid (Fig. 189). The symbol is written {010}
instead of {0k0}. :

Pinacoid {100} (Macropinacoid). This form may be called
the front pinacoid as it consists of two opposite parallel faces, one
in front and one behind (Fig. 190). As there is only one pinacoid
of this kind possible, the symbol {100} is used instead of {r00}.

Rhombic Prism {hk0} (Rhombic prism). An open form
consisting of four vertical faces (Fig. 191). For each substance
crystallizing in the orthorhombie system a whole series of prisms
is possible ranging from {010} to {100}. The unit prism is {110}.

1 These names are used by some authors,
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Rhombic Prism {hOl} (Macrodome). A horizontal open form
composed of four faces each parallel to the b-axis (Fig. 192).
There is also aseries varying from {001} to {010} for all possible
values of k and L.

Rhombic Prism {0kl} (Brachydome). A horizontal open
form composed of four faces each parallel to the a-axis (Fig. 193).
There is a series of all possible rational values of k and [.

£ 0 @

Fie. 188. {001}  189. {010} 190. {100} 191. {hkO}.

192. {hol} 193. {0kl}. 194. {hkl}.
Fiags. 188-194.—~The seven type forms of the rhombic bipyramidal class.

Rhombic Bipyramid {hkl} (Rhombic pyramid). The general
form of this class consists of eight faces, which in the ideal form
are scalene triangles (Fig. 194). For any one substance there is a
great variety of forms possible depending upon various simple
rational values of i, k, and I. If h and k are equal we have {hhl},
of which there is a series with varying values of I. As these forms
are in a vertical zone with the unit prism {110}, they are called
bipyramids of the unit-series. {111} is the unit bipyramid.

Combinations. Only the bipyramids can occur alone. All

other crystals are combinations of two or more forms. There
8
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are manifold combinations and consequently a great variety in the
habit. The most common are tabular, prismatic, and pyramidal,
but some crystals cannot be placed under either of these. Pseudo-
hexagonal orthorhombic crystals are common, but careful meas-
urement distinguishes them from hexagonal crystals.

Examples

Examples of orthorhombic crystals are numerous among both minerals
and prepared compounds. Barite (BaS0;) and topaz (AL,F»SiO,) are given
as typical examples for study and practice in working out the forms.

Barite. ¢:b:¢ = 0.815:1:1.313. Usual forms: ¢{001}, m {110}, b{010},
0{011}, »{101}, d{102}, 1{104}. Cleavage parallel to ¢ and m. Interfacial
angles: mm(110:170) = 78° 22}4’; cm(001:110) = 90°; co(001:011) =

Fiac. 195. Fi1g. 196. Fia. 197. Fic. 198.
Figs. 195-198.—Barite.

U [ oy
ofo
Y
922 | m ‘
m\|lm |1
Fic. 199. Fia. 200. Fig. 201. Fia. 202.

Fias. 199-202.—Topaz.

52° 43'; cu(001:101) = 58° 10%4’; ¢d(001:102) = 38° 51’; ¢l(001:104) =
21° 56’. TFigures 195 to 198 are usual combinations. Figure 65, page 75, is
more complex with a{100}, 2{111}, and y{122} in addition to the above.
Topaz. d:b:¢ = 0.528:1:0.477. Usual forms: m{110}, 1{120}, c{001},
71021}, y{041}, u{111}, 0§221}, ¢{223}. Cleavage parallel toc. Interfacial



MORPHOLOGICAL PROPERTIES QF MINERALS 115

angles; mm({110:110} = 55° 43’; 1(120:120) = 86° 49’; mi(110:120) =
19° 447; ¢f(001:021) = 43° 39'; cy(001:041) = 62° 21’; ci(001:223) = 34°
14/; cu(001:111) = 45° 35’; c0(001:221) = 63° 54'; wu(111:111) = 39° 0’;
00(221:221) = 49° 38’. Figures 199 to 202 represent usual types of topaz
crystals. The lower part of these figures represents cleavage; doubly
terminated crystals are very rare.

Graphic Determination of Indices and Axial Ratio in the Ortho-
rhombic System. Figure 203 represents a barite in plan and side
elevation. The unit faces are m(110) and »(101). What are

I
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F1c. 203.—Plan and elevation of a barite crystal.

the axial ratios d:b:¢? The intercept of the m-face in the plan
gives us oa, which is the unit length of the a-axis in terms of ob
(the unit length on the b-axis). In the side elevation the line
through. @ parallel to the w face determines the distance oc
which is the unit-length of the c-axis in terms of 0b of the plan.

7. THE MONOCLINIC SYSTEM

The monoclinic system includes all erystals in which there is
a single direction fixed by symmetry not previously included (not
Az, A4, or Ag). Three non-interchangeable axes of reference are
used, one at right angles to the other two, which are in general in-
clined to each other. The axial elements are d :b :¢ and B,
the angle between the a- and c-axes (see Fig. 204). In a few
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cases § is equal to 90°. The unit length on the a-axis may be
either shorter or longer than that on the b-axis which is taken as
unity. The crystal is held so that

/ the a-axis points down and toward
o
'f37'/ the observer.
————— B : .
/![—‘—“--—-— Prismatic Class. A, P-C
a'u/' | (Holohedral)

I

4 ! The axis of symmetry is normal

| to the plane of symmetry. The

Fra. 204.—Monoclinic axes of axis of 2-fold symmetry is the

reference. ) . Q .

- b-axis. The axes d and ¢ are in

the plane of symmetry, but their position is more or less arbitrary.
They are usually taken parallel to prominent edges or faces.

Pinacoid 2 faces {001 } (Basal pinacoid)-
Pinacoid 2 faces {010 } (Clinopinacoid)
Pinacoid 2 faces {100} (Orthopinacoid)
Pinacoids 2 faces {h0l}, {hOl} (Hemi-orthodomes)
Rhombic prism 4 faces {hkO} (Prism)

Rhombic prism 4 faces {0kl } (Clinodome)

Rhombic prisms 4 faces {hkl }, {hkl} (Hemi-pyramids)

Fic. 205. Fia. 206. Fic. 207. Fia. 208. Fia. 209. Fic. 210. Fic. 211.

Fias. 205-211.—The seven type forms in the prismatic class.

Pinacoid {001} (Basal pinacoid). This form is usually known
as the basal pinacoid, but its faces are inclined and not perpen-
dicular to the c-axis, Fig. 205.
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Pinacoid {010} (Clinopinacoid). This may be called the
side pinacoid, but it is also known as the clinopinacoid, Fig. 206.

Pinacoid {100} (Orthopinacoid). This form may be called
the front pinacoid, but it is also known as the orthopinacoid, Fig.
207.

Rhombic Prism {hkO} (Prism). An open form consisting of
four faces each parallel to the vertical axis, Fig. 208.

Rhombic Prism {0kl} (Clinodome). An open form consist-
ing of four faces, each parallel to the a-axis. The a-axis is some-
times called the clino-axis hence the name clino-dome, Fig. 210.

Pinacoids {hOlj, {hOl}. (Hemi-orthodomes). These forms,
each composed of two opposite parallel faces parallel to the b-
axis (often called the ortho-axis), are independent of each other.
Figure 209 represents {h0l}.

Rhombic Prisms {hkl}, {hkl} (Hemi-pyramids). These two
forms occur independently, but together they constitute a figure
that resembles a pyramid; hence the name hemz-pyramid is some-
times used. Figure 211 represents an {hkl} form.

Combinations. All monoclinic erystals are necessarily com-
binations of two or more forms, as all the forms are open ones.
As in the orthorhombic system, the habits are diversified. If the
angle g is close to 90° there is often marked resemblance to ortho-
rhombic crystals, but this result may also be due to equal de-
velopment of front and back faces. Prismatic crystals are
usually elongated in the direction of the c-axis, but occasionally
in the direction of the b-axis, as in the case of epidote, and in the
direction of the a-axis, as in orthoclase.

Examples

Many minerals and also artificially prepared substances erystallize in this
class. Orthoclase (KAlISi;03), diopside (CaMgSi;Os), augite (R™Si0;), and
gypsum (CaS042H,0) are given as good examples for study and practice.’
Microcline is triclinic, but is so close to the monoclinic in angles that it may
readily pass for orthoclase.

Orthoclase. d:b:¢ = 0.658:1:0.555; 8 = 63°57’. Usual forms: ¢{001},
b{010}, m{110}, =z{130}, =z{101}, y{201}, ={021}, o{111}. Cleavage
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parallel to ¢ and b, also imperfect cleavage parallel to m. Interfacial angles:
mm(110:110) = 61° 13’; b2(010:130) = 29° 24’; cx(001:101) = 50° 16’;
cy(001:201) = 80° 18'; ax(edge 110, 110:101) = 65° 47’ [a(100) is a possible
face truncating the edge 110:T10]; ¢r(001:021) = 44° 56’; bo(010:111)
= 63° 8’; bc(010:001) = 90° 0’; ¢m(001:110) = 67° 47’. Figures 212 to
215 represent usual types of crystals.

.'
Tl

Fia. 212. Fig. 213. Fic. 214. Fia. 215.
Figs. 212-215.—Orthoclase.

Diopside. a:b:4 = 1.092:1:0.589; 8 = 74° 10’. Usual forms: ¢{001},
b{010}, {100}, m{110}, p{111}, o{221}, d{101}, A{311}, s{I11}. Inter-
facial angles: mm(110:110) = 92° 50’; ab(100:010) = 90° 0’; ac(100: 001)
= 74° 10’; bc(010:001) = 90° 0’; pp(111:111) = 48° 29'; ¢p(001:111) =
33° 507; ss(111:111) = 59° 11’; 00(221:221) = 84° 11’; AA(311:311) = 37°
50’; cd(001:101) = 31° 20’. Figurcs 216-219 represent typical crystals of

c m
A

Fic. 216. Fig. 217. Fia. 218. Fie. 219.
Figs. 216-219.—Diopside.

77
I

3
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diopside. The striations on Fig. 216 are due to polysynthetic twinning with
{001} as twin-plane.

Augite. Axial elements, usual forms, and interfacial angles practically
the same as for diopside. Figures 220 to 223 represent the common types
of augite crystals. Twins with {100} as twin-plane are common (see Fig.
223).

- 38 - 5 b
\ .
8
Fia. 220. Fia. 221. Fic. 222. Fia. 223.
Fias. 220-223.—Augite.

Gypsum. a:b:é =;0.690:1:0.412; B = 80° 42’. Usual forms: m{110},
l{111}, {010}, n{lll}, e{103}. Cleavage parallel to b. Interfacial
angles: mm(110:110) = 68° 30’; bm(010:110) = 55° 45; U(111:111) = 36°

0

Fia. 224. Fia. 225. Fia. 226 Fiac. 227.
Fias. 224-227—Gypsum.

1 1

13
o

<

25 n(010:111) = 69° 20’; BI(010:111) = 71° 54’; be(010:103) = 90° 0;
ae(cdge 110,110:103) = 87° 49’. The usual combination is bml, but with
varying habit as represented in Figs. 224 and 225. Figure 227 represents a
twin crystal with {100} as twin-plane.
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Graphic Determination of Indices and Axial Elements in the
Monoclinic System. An example of graphic determination is
shown in Fig. 228, which is a plan and side elevation of an
orthoclase (or microcline) crystal. The unit faces are m(110)
and z(101); the problem is to determine the symbols of z and
y and also the axial elements d@ : b : éand 8. The a-axis is drawn
parallel to ¢(001) face (it appears foreshortened in the plan).
A line is drawn from a in the plan parallel to the z-face. Its
intersection on the b-axis determines the distance os, which is

z/,“,{,s& X
AENX

)

T

Fig. 228.—Plan and elevation of an orthoclase (or microcline) crystal.

140b; hence the symbol of z is la :14b : ¢ which reduces
to (130).

Similarly in the elevation, a line through — a parallel to y
intersects the c-axis at the point, . As the distance of = 2 or(or is
the intercept of the unit face x) the symbol of y is — 1a : =b :
2¢ or (201). The symbol of o proves to be 111 for it is common
to the two zones [010 : 101] and [001 : 110].

The distance oa (in the elevation) is the unit length of the
a-axis in terms of ob in the plan (the b-axis), and the distance
or in the elevation is the unit length of the c-axis in terms of
ob also.
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14. THE TRICLINIC SYSTEM

The triclinic system includes all erystals in which there are no
directions fixed by symmetry. The axes of reference are three
non-interchangeable axes, in general at oblique angles, which are
taken parallel to three promi-
nent edges. The axial elements

|
are d : b : ¢ (the unit on b being "l
unity, and the unit on ¢ usually —___ »llp;l
less than unity) and the angles s\‘\-&-(j
a, B, and v between the axes b /.?‘\h\_

tively. Figure 229 represents a
possible triclinic axial cross.
The triclinic system includes
two classes, one with a center of
symmetry and the other without any symmetry whatever.
As no known mineral is devoid of symmetry, only the pinacoidal
class is considered here. But pee Fay. f, mnd Fable s, 80,

v v 7 al"r ~
and ¢, ¢ and ¢, & and b respec- / |
i
|

Fi1a. 229.—Triclinic axes of reference.

Pinacoidal Class. C
(Holohedral)

The choice of axes is arbitrary, but they are usually taken
parallel to the intersection edges of the three most prominent
faces. In some ecases, as in the triclinic feldspars, directions
corresponding to those in the monoclinic feldspar, orthoclase, are
chosen.

List of Forms in the Pinacoidal Class

Pinacoid 2 faces {001} (Basal pinacoid)
Pinacoid 2 faces {010} (Brachypinacoid)
Pinacoid 2 faces {100} _ (Macropinacoid)
Pinacoids 2 faces {hkO}, {hk0} (Hemi-prisms)
Pinacoids 2 faces {Okl}, { gl_d] (Hemi-brachydomes)
Pinacoids 2 faces {hOl}, {hOl} (Hemi-macrodomes)

Pinacoids 2 faces {hkl}, {l_lkl], {h-ﬁl}, {hkl} (Tetarto-pyramids)
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All forms are pinacoids each of which consists of two opposite
parallel faces.

Combinations. The appearance of triclinic crystals depends
largely upon the obliquity of the axes. Many of them closely
approach monoclinic crystals in angles. This is especially the
case with the plagioclase feldspars.

E xamples

Comparatively few mincrals crystallize in this class. The only common
ones are the plagioclase feldspars, rhodonite, kyanite, and microcline.
Albite (NaAlSisOg) is selected as the best mineral

for study. Albite crystals are usually so small that

measurements must be made by the reflection

gonometer. Microcline is triclinic but is so close

to orthoclase in angles that it may pass for mono-

clinic. (The optical properties, especially the ob-

lique extinction on the 001 cleavage face, prove

that it is triclinic.)
Albite. d:b:¢ = 0.633:1:0.556; o = 93° 58';
B = 63° 39; v = 87° 31'. Usual forms: m{110},
“ M{110}, ¢{001}, b{010}, ={101}, y{201}, f{130},
2{130}, n{021}, p{111}, 0{111}. Cleavage parallel
Fic. 230—Albite. to ¢ and b. Interfacial angles: mM(110:110) =
59° 1614’; mf(110:130) = 30° 24’, M2z(110:130) =
29° 36/; mb(110:010) = 60° 58'; cx(001:101) = 52° 614’; cy(001:201) =
81° 53’; Figure 230 represents an albite crystal with the forms: ¢{001},

b{010}, m {110} M {110} and z{101}.

Graphic Determination of the Indices in the Triclinic System.
Figure 231 shows a plan and side elevation of an albite crystal.
The unit faces are m(110), M (110), and z(101); the problem is to
determine the symbols of f, z, 4, and p. (¢ =001; b = 010). The
determinations are made just as they were in the case of Fig. 228;
the only difference is that the b-axis is not normal to the 5(010)
face. The following symbols are obtained f = (130);2z = (130);
y = (201); p = (T11).
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16. COMPOSITE CRYSTALS AND CRYSTALLINE AGGREGATES

Loose, isolated crystals are comparatively rare in nature.
They usually occur in groups. The grouping may be in parallel

C -ax

\ \\ \
\ E
. Q
is N !

F1c. 231.—Plan and elevation of an albite c

rystal.

position (see Fig. 232), in the most irregular manner, or in the

third condition of partial parallelism.

Twinning

The peculiar sort of grouping in partial paral-
lelism is known as twinning; crystals so grouped
are called twin-crystals. Many ecrystals are
found to be composed of two parts, one half of
which apparently has been revolved 180° about
a line called the twin-axis. These may be
called rotation twins. Other crystals have two
portions symmetrically placed with reference to
a plane called the twin-plane. These may be
called reflection twins. In a third type the

Fic. 232.~Octa-
hedra in parallel
position.

two individuals are symmetrical to a point, though neither of
the crystals has a center of symmetry. These are called in-
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version twins. The face of union of the two individuals is called
the composition-face. It may or may not be the twin-plane.
The twin-plane is always a crystal face or a possible crystal
face, but never a plane of symmetry. The twin-axis is always

F1a. 233. Fra. 234. Fia. 235. Fi1a. 236.

Contact twin. Penetration twin. Cyeclic twin. Polysynthetic twin.
Fias. 233-236.

a possible crystal edge or a line normal to a possible erystal
face, but it is never a 2-fold, 4-fold, or 6-fold axis of symmetry.
Two general types of twin-erystals are distinguished: (1) con-
tact twins with a definite composition face and (2) penetration
twins with an indefinite or irregular com-
position face. Figure 233 is a diagram-
matic representation of a contact twin and
Fig. 234, that of a penetration twin. In
the case of contact twins the twin-law is
defined with respect to a twin-plane, while
in penetration twins it is defined with re-
spect to a twin-axis.

In addition to twins composed of two in-
dividuals, there are also multiple twins
made up of three or more parts. If the
same face serves as twin-plane for a series
of individuals we have a polysynthetic twin (Fig. 236). But if
different faces (of the same form) are twin-planes we have
a cyclic twin (Fig. 235).

A polysynthetic twin may consist of a large number of in-
dividuals and some of these may be so narrow that they appear

Fi1a. 237.—Plagioclase.
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as striations. Cleavages of calcite and of plagioclase often show
twinning striations. In calcite, the rhombohedron {0112} is
the twin-plane, and so on the cleavage face {1011} the striations
are parallel to the long diagonal as represented in Fig. 251.
In plagioclase the twin-plane is usually {010}, and so the twin
striations appear on the ¢{001} cleavage face as narrow bands
parallel to the (001:010) edge as shown in Fig. 237.

¥
r r Yy
m m b
\/d/
Fia. 238. Fia. 239. Fre. 240. Fia. 241.
Gypsum. Augite. Hornblende. Orthoclase.
Examples

Figure 238 represents a twin of gypsum with {100} as twinning plane.
In Figs. 239 (augite) and 240 (hornblende), {100} is also twin-plane. Figure
241 represents a Carlsbad twin of orthoclase. This is a penetration twin
with the c-axis as twin-axis.

Figure 242 represents a cruciform penetration twin of staurolite. In Fig. 243
a contact twin of aragonite with m {110} as twin-plane is shown. A pene-
tration trilling of cerussite is illustrated by Fig. 244. Figure 245, a twin of
marcasite, apparently has an axis of 5-fold symmetry. The angles in this
case would be exactly 72° (34 of 360°), but accurate measurement proves
four of them to be 74° 55’ instead.

Figures 246 to 249, inclusive, represent various kinds of rutile twins, butin
each case (101) is the twin-plane. Figure 246 is a simple contact twin; Fig.
247 shows twin striations. A single band inserted in twinning position
like Fig. 248 is called a twin-seam. Figure 249 is a cyclic twin, These
four figures are orthographic parallel projections made on the (100) plane.
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The next row of figures illustrates four of the five twin-
laws known for calcite. Figure 250 is the scalenohedron {2131}
twinned on {0001}. Figure 251 represents a caleite cleavage with
twin lamelle inserted parallel to {0112}, which is the most

<

Fic. 242. Fia. 243. Fia. 244. Fia. 245.
Staurolite. Aragonite. Cerussite. Marcasite.

common twin-law for calcite. Figure 252 is a calcite twin with
{1011} as twin-law, while Fig. 253 is a scalenohedron twinned
on {0221}, one of the rare twin-laws for calcite.

: =
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<

Fia. 246. Fia. 247. Fic. 248. Fia. 249.
Fias. 246-249.—Rutile.
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The next four figures represent twins of the isometric system.
Figure 254 (with 111 as twin-plane) is called the spinel twin be-
cause it is so common for the mineral spinel. Figure 255 repre-
sents twin striations observed on cubic cleavages of galena. Here
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the twin-plane is the trisoctahedron {441}. A penetration twin
of fluorite with the cube diagonal as twin-axis is represented in
Fig. 256, while Fig. 257 is a twin of pyrite with the a-axis as twin-
axis. This twin is known as the “iron cross.”

Fic. 250. Fic. 251. Fic. 252. Fia. 253.
Fiags. 250-253.—Calcite.

Many apparently simple crystals are in reality twins. In
such cases optical tests are usually necessary to reveal their
composite character.

Twins are usually recognized by the presence of reéntrant
angles, but there are exceptions to this general rule, asfor example,
hornblende, Fig. 240, p. 125.

Fra. 254. Fia. 256. -Fia. 257.
Spinel. Galena. Fluorite. Pyrite.

The tendency of twinning is to raise the grade of symmetry apparently.
This is especially the case with pseudo-hexagonal orthorhombiec minerals
such as aragonite, witherite, and cerussite. See Figs. 472, 473, 474, and 478,
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Crystalline Aggregates

Most minerals consist of crystal aggregates which do not
possess definite crystal faces. That such minerals are crystal-
line, however, may be determined by certain physical properties,
particularly the optical properties. The kinds of crystalline
aggregates are distinguished by certain terms which are con-
stantly used in the description of minerals.

A mineral made up of plates is called lamellar (example,
barite). If the layers are readily separated the term micaceous
is used (example, hematite). Anaggregate of more orless parallel
imperfect crystals is called columnar (example, aragonite) ; and the
same on a smaller scale is fibrous (example, gypsum). Fibrous
radiating aggregates of crystals are known as spherulites (ex-
ample, chalcedony). A flat columnar aggregate is said to be
bladed (example, kyanite). The term granular needs no explana-
tion (example, magnetite).

The forms assumed by many aggregates derive their names
from some natural object. Nodular is the term used for irregular
rounded lumps (example, pyrite). Mammillary refers to low
rounded prominences (example, smithsonite). Botryoidal is
from a Greek word meaning a bunch of grapes (example, chal-
cedony). Reniform means kidney-shaped (example, hematite).
The last three terms are so closely related that it is often difficult
to decide which term to use. The term colloform was pro-
posed several years ago by the author for the more or less spherical
forms assumed by amorphous and metacolloid minerals in free
spaces. Pisolitic is the term used for an aggregate of shot-like
masses (example, cliachite), while o6litic is similar except that the
spheres are smaller, about like fish-roe (example, calcite). Stalac-
titic indicates that the mineral is found in icicle-like forms (ex-
ample, calcite). Dendritic means branching like a tree (example,
copper). Concretions are more or less spherical masses formed
by the tendency of matter to gather around a center (example,
siderite). A geode is a hollow concretion usually lined with
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crystals (example, quartz.) A vug is a cavity in a rock or vein
lined with crystals, :

16. CLEAVAGE AND PARTING

Many crystals have the property of breaking with smooth
surfaces in certain directions which are parallel either to actual

Fia. 258.—Cubic cleavage. . Fi1a. 259.—Octahedral cleavage.

S )

Fia. 261.—Feldspar cleavage.

F1G. 262.—Barite cleavage. F1a. 263.—Calcite cleavage.

or possible crystal faces. This important property is known as
cleavage. (It really belongs among the physical properties but
9
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is so intimately related to the crystal form that it is discussed
here.) Galena, which usually crystallizes in cubes, has a cubic
cleavage (Fig. 258), while fluorite, which also erystallizes in cubes,
has an octahedral cleavage (Fig. 259). (The octahedron is a
form sometimes found on fluorite). Cleavage is defined accord-
ing to the direction as cubic, rhombohedral, prismatic, ete., and
according to the character of the surface, such terms as imperfect,
good, perfect, and very perfect being used. Thus the micas
have a very perfect cleavage parallel to (001) (Fig. 260), while the
feldspars have a perfect cleavage parallel to
(001) and good cleavage parallel to (010)

(Fig. 261).
S In barite, an orthorhombic mineral, the
cleavage is perfect in one direction parallel
Z to (001), and a little less perfect in two direc-

001

tions parallel to (110) (Fig.262). Ingypsum
there is a very perfect cleavage parallel to
(010), an imperfect cleavage with conchoidal
surface parallel to (100), and an imperfect
cleavage with fibrous surface parallel to (111).
Therelation of acleavage fragment of gypsum
to a crystal is shown in Fig. 264. Here the
inner rhombic figure is the result of cleavage.
Fie. 264.—Relation A line normal to the paper is an axis of two-
of cleavage to euhedral fo]d symmetry for the cleavage fragment, as
crystal of gypsum. .
well as for the crystal. But, in general,
cleavage shows a greater degree of symmetry than crystal form
for the simple reason that the presence or absence of a center of
symmetry cannot be established by cleavage alone. Forexample,
tetrahedral cleavage cannot be distinguished from octahedral
cleavage. In calcite, whatever the shape of the crystal, the
cleavage is perfect rhombohedral in three directions at angles of
74° 55’ to each other. Figure 263 represents a cleavage of calcite
with three surfaces and intersecting cleavage traces on each.
Cleavage is a fairly constant property of minerals, and is

on
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invaluable in the rapid recognition of minerals. Such minerals
as calcite, fluorite, feldspars, amphiboles, and gypsum are dls—
tinguished principally by their cleavage.

On the other hand, such minerals as quartz and garnet possess
practically no cleavage. They break with an irregular fracture.
In chalcedony the fracture is conchoidal (curved like the interior
of a shell). Other terms applied to fracture such as splintery,
hackly, even, and uneven are self-explanatory.

The term parting is applied to a separation due to some
molecular disturbance, such as twinning. Cleavage may be
obtained in any part of a crystal in the given direction; the
size and the number of the cleavage particles are limited

v
%/

Fre. 265.—Halite parting. F1a. 266.—Calcite parting.

pd .
7

only by the mechanical appliance available. Parting, on the
other hand, takes place only along certain definite planes,
those of the molecular disturbance. In a cubic cleavage of
rock-salt, if pressure is applied in a direction normal to a vertical
diagonal plane, a surface normal to the direction of pressure is
developed, (the shaded plane in Fig. 265). In this case we have
an example of dodecahedral parting. If pressure is applied by a
dull knife edge normal to the obtuse edge of a cleavage rhombohe-
dron of calcite, a small portion of the calcite will be reversed in
position, forming a twin with (0112) as twinning plane. This
plienomenon is known as gliding. In this case the small portion
of calcite in Fig. 266 may be easily removed; the parting is par-
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allel to (0112), a plane normal to the direction of the pressure and is
produced by secondary twinning. In ice, gliding may take place
in a direction normal to the c-axis (ice crystallizes in the hexagonal
system). This may explain in part the movement of glaciers.

One case is known in which the direction of parting is not a
possible crystallographic plane. Some cleavage pieces of plagio-
clase show well-defined parting almost, but not quite, parallel to
{001} See Fig. 267. This parting is
due to pericline twinning, a method
of twinning in which the b-axis is the
twin-axis. In the triclinic system,
if the b-axis is a twin-axis, the com-
position face of a twin is not a possi- .
ble crystal face.

Prominent examples of parting are
the following: basal parting' (001) in
Fia. 267.—Pericline parting in diopside (Fig. 216, page 118), basal

plagioclage. parting (001) in stibnite, octahedral
parting (111) in magnetite, and rhombohedral parting (0112)
in calcite.

17. THE INTERNAL STRUCTURE OF CRYSTALS

The law of simple rational indices is the foundation stone of
geometrical crystallography. In addition to the formulation
of the law given on page 74 it may be stated in another way.
If from a point, lines parallel to the intersection edges of three
prominent non-parallel faces of a crystal be drawn, and a plane
parallel to a fourth chosen face also be drawn there may be con-
structed from the four points O, A, B, C (Fig. 268) thus established,
a series of parallelopipeds of indefinite extent with OAGBECDF as
a unit cell. Such a network of points constitutes a space-
lattice. The particular one shown in Fig. 268 is triclinic, the
distances OA, OB, and OC are unequal, and the angles between
them oblique. Besides the four planes mentioned, many others
may be drawn by connecting any three points of the space-lattice.
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Now the possible faces of a crystal are parallel to the possible
planes of the space-lattice. This is a geometrical expression of
the law of rational indices without any theory whatever as to
the internal structure of crystals.
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Fia. 268.—Triclinic space-lattice.

N

A point to be considered is the limitation of the term “simple”
in the expression ‘“‘law of simple rational indices.”” All the planes
possible within the limits of Fig. 268 are those with simple indices,
but it is clear that possible planes of the lattice may be represented
by as large numbers as we choose if the lattice is sufficiently ex-
tended. Now what are the actual facts? We find that the
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crystal faces of common occurrence are those with simple indices:
0, 1, 2, 3, 4, 5, and 6, rarely above 10. For example, if we take
the {hhl} facesof all orthorhombie minerals (97 in number), we find
that those with 4 as the highest index occur on 16 different min-
erals, those with 6 as the highest index occur on 5 different
minerals, those with 7 as the highest on 3 minerals, and those
with 9 as the highest on 2 minerals. Forms such as {9.9.10},
{12.12.11}, and {5.5.19} occur on only one mineral. Geomet-
rically expressed, the faces of most frequent oceurrence are those
of the greatest reticular density. Thisisshownby Fig. 269 which

L] L] L] L] .

. . [ .
L] L] L L [ ]

. . . .
L] . . ) .

. L] L] L

L] L] L] L]
70 30 310
. [} [ g .
510

: 10-1-0 °

100

Fra. 269.—Diagram showing the reticular density of {hk0} faces in an ortho-
rhombic crystal.

may be taken to represent some of the possible k0 forms in the
orthorhombic system. This fact, which is independent of any
theory, is known as the law of Bravais.

Whether a crystal actually possesses a space-lattice or not is
another question. In 1905, Friedel, a French crystallographer,
formulated the law of rationality of symmetric intercepts (see
page 74), which added to the law of rationality of indices practi-
cally proved the existence of the space-lattice. Direct proof,
however, was not furnished until the work of Laue in 1912.

The problem of crystal structure resolves itself into two more or
less independent questions: (1) the nature of the constituent
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particles of the crystal and (2) their arrangement in space. The
second problem is essentially a mathematical one. It is simply
necessary to find all the possible arrangements of points in space,
for the constituent particles, whatever their nature, may be
represented by points.

All the possible space-lattices belong to one of seven types of
symmetry viz.: C, A;P-C, 3A,-3P-C, A,4A,6P-C, Az(Ps)-3A,.-
3P-C, Ag6A,TP-C, and 3A,4A;(42)-6A,9P-C. It will be
noted that the only symmetry axes present are those with periods

a
5 as a1
R A AV
a; &90" ag as
o o VAV
[\ a, a, Qg
Fia. 270. Fic. 271. Fia. 272. Fia. 273.
a a,
7 aif E Qs
a, @, a, T,
Fia. 274. Fia. 275.
F1as. 270-275.—Diagrams showing possible axes of symmetry in a space-
lattice.

of 2, 3, 4, and 6, and the fact that only these axes of symmetry
have been found on crystals makes it probable, apart from any
other considerations, that crystals have a regular internal struc-
ture. The diagrams of Figs. 270-275 will make it clear that only
these symmetry axes are possible in a space-lattice. Let a1, as,
as, etc. represent the points of a space-lattice and the projection
of the lines of the space-lattice. Lét ajas be the smallest possible
distance between them (the distances are not infinitesimal).
Rotation around symmetry axes of 180°, 120°, 90°, and 60° re-
spectively will then give us the points a3 in Fig. 270, as and a4
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in Fig. 271, as, a4, and a5 in Fig. 272, and as, a4, as, ag and a7 in
Tig. 273. These figures show that axes of 2-; 3-, 4-, and 6-fold
symmetry are possible.

Next take the case of a 5-fold axis of symmetry. In Fig. 274 a
rotation of 72° (15 of 360°) about a, brings a. to as, and a similar
rotation about a, brings a; to as. But asas is smaller than the
original distance ajas, which is contrary to hypothesis. There-
fore an axis of 5-fold symmetry is impossible. If,in asimilar way,
we take an angle of rotation less than 60° (Fig. 275), the new
points as and a4 result, but the distance asa4 is also smaller than
the original distance, a;a;. Therefore axes of n-fold symmetry
with n greater than 6 are impossible.

The first substantial contribution to the subject of erystal
structure was made by Bravais, a French physicist in 1850. He
found that fourteen space-lattices are possible. They include,
in addition to the seven primary lattices enumerated below,

Primary Space-lattices Other Space-lattices
Cubic (Fig. 276) Centered cube (Fig. 277)
Hexagonal prism (Fig. 281) Face-centered cube (Fig. 278)
Rhombohedron (Fig. 282) Centered square prism (Fig. 280)
Square prism (Fig. 279) Centered rectangular prism (Fig. 286)
Rectangular prism (Fig. 285) Rhombic prism (Fig. 283)

Monoelinic parallelopiped (Fig. 288) Centered rhombic prism (Fig. 284)
Triclinic parallelopiped (Fig. 289)  Clinorhombie prism (Fig. 287)

seven others which may be derived by combining two lattices in
a symmetrical manner. For example, the centered square prism
(Fig. 280) is made up of two interpenetrant square prism lattices,
one derived from the other by shifting it in the direction of its
diagonal for a distance equal to one-half of its diagonal. This
operation is known as translation. Now the fourteen space-
lattices of Bravais are the only possible ones that may be ob-
tained by adding translations to the symmetry-operations,
provided no translations less than one-half the distance between
the points of a primary lattice are used. Every Bravais space-
lattice necessarily has a center of symmetry.
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Fiags. 276-289.—The fourteen space-lattices of Bravais.
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Sohncke in 1879 discovered a new kind of symmetry opera-
tion applicable to points in space, viz., a screw-axis of symmetry,
which is an axis around which a spiral movement takes place. It
may be produced by combining an ordinary axis of symmetry
with a translation along the direction of the axis. An example of
a 4-fold screw-axis of symmetry is shown in Fig. 290. The
point b may be derived from a, ¢ from b, d from ¢, a; from d, and
so on, by a clockwise rotation of 90° combined with a translation
t, equal to 14 aa;. A screw-axis may be either right-handed or

|
& T —-"l"“"‘— bd

Fia. 290.—Screw-axis of symmetry. Fia. 291.—Glide-plane of symmetry.

left-handed; it is thus possible to account for exactly similar, but
enantimorphous, crystals such as those of quartz (see Figs.420-21,
p. 260). By adding screw-axes to the 14 Bravais space-lattices,
Sohncke proved that 57 kinds of arrangements of points are
possible. These are called point-systems.

It was soon realized that Sohncke’s work was incomplete,
and the Russian crystallographer Fedorov a little later found
that a new type of symmetry was necessary, viz. a glide-plane
of symmetry, which is the result of combining reflection in a
plane of symmetry with a translation parallel to the plane. An
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example is shown in Fig. 291. The dotted lines are the traces of
a glide-plane of symmetry, for with a translation equal to ¢, this
plane becomes a plane of symmetry. (A tessellated pavement
furnishes a good example in two-dimensional space). The result
of combining translations, screw-axes, and glide-planes with the
ordinary symmetry-operations of finite figures furnished Fedorov
(1890) with 230 possible kinds of space-groups. Each of these
space-groups belongs to one of the 32 point-groups. Schoenflies
(1891) and Barlow (1894) arrived at the same conclusion in-
dependently. The mathematical side of the problem of erystal
structure was thus firmly established, and Friedel’s recognition of
the law of the rationality of symmetric intercepts in 1905 practi-
cally proved that a space-lattice exists in crystals.

Visible proof of the space-lattice, however, was not forthcoming
until 1912. The results obtained in the next few years have
opened up one of the most interesting fields in the whole realm
of science.

The first experimental work on erystal structure originated in
an attempt to determine the nature of X-rays. It was doubtful
whether X-rays consisted of a wave-motion or were material in
nature. Laue, a Swiss physicist, conceived the idea that a
crystal might act as a 3-dimensional diffraction grating for
X-rays if the latter consisted of a wave-motion. In order to
test this, a beam of X-rays was directed upon a crystal plate of
sphalerite (isometric ZnS), and a photograph was obtained which
showed a central circular spot surrounded by elliptical spots of
varying intensity arranged in a symmetrical manner. Two
radiograms (X-ray photographs) of sphalerite are shown in Figs.
2920 and 292b. Fig. 292q¢ was taken from a crystal plate cut
parallel to a cube face and Fig. 292b from a plate cut parallel
to a tetrahedral face. :

The experiment had succeeded and proof was furnished that
the mysterious X-rays discovered by Roentgen are the result of
a wave-motion similar to, but with much shorter wave-length
than, that of light. The central spot of the photograph is pro-
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Fic. 292a-b.—Radiograms of sphalerite (after Frederich and Knipping).
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duced by the direct beam of X-rays and the other spots are due
to secondary beams produced by reflections from internal planes
of particles. (The actual particles are of course too small to
show separately, for millions of them are présent even in a
minute crystal.) The fact that the intensity of the spots is pro-
portional to the reticular density of the plane just as the relative
frequency of occurrence of crystal forms makes it possible to
determine the actual position of the constituent particles.

This work has been undertaken by a number of investi-
gators, notably the English physicist, W. H. Bragg, and his
son, W. L. Bragg. The Braggs introduced a method different
from that of Laue. They mounted the crystal upon an X-ray
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Fia. 293.—Explanation of X-ray diffraction effects (after the Braggs).

spectrometer, an instrument in which the telescope of the ordi-
nary spectrometer is replaced by an ionisation chamber, and used
a beam of X-rays of given wave-length analogous to a beam of
monochromatic light. (In the Laue experiments the general
radiation corresponding to white light was used.) As the
mounted crystal is revolved about the axis of the spectrometer,
effects are obtained over a considerable range of angles. At
certain angles the leaf of the electroscope attachment moves and
the intensity of the movement may be read off on a suitable scale.
The reason that the leaf of the electroscope moves only at certain
angles may be shown by a consideration of Fig. 293. The
horizontal lines pp, ete., represent traces of internal planes in the
crystal with the spacing d. A, 4, A, As....are a train of
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X-ray waves of wave length . (It is to be noted that d and
N are of the same order of magnitude which makes it possible to
use a crystal as an X-ray diffraction grating.) The reflected
wave BC is the result of reflections from successive planes B,
B’, B"”, B', etc., provided the distance ND is equal to A or a
multiple of N, for then all the trains of reflected waves are in the
same phase and the intensity is equal to the sum of their ampli-
tudes. If the distance ND is not equal to A or n\ there is no re-
flection. It is clear then that reflection takes place only at certain
angles X = 2d sin 8;; 2\ = 2d sin 0,; 3\ = 2d sin 6;; ete. (ND =
2d sin ). For a different crystal face the value d will be differ-
ent and consequently the angle 8. The readings obtained can
then be used to interpret the
crystal structure. The re-
10 | sults obtained by the Braggs
for sphalerite are shown in
I | | Fig. 294 for the three im-
‘ portant faces of the isometric
11 i [ ; system viz., the cube {100},
w° W % 0 0”@ the dodecahedron {110}, and
Fio. i Xy mesimemer sadings the oolshedron (111]. For
the octahedral or tetrahedral
plane there are four readings, corresponding to spectra of the
first, second, third, and fourth order of the diffraction grating.
Now there are three different kinds of space-lattice possible in
the isometric system: (1) the cube (Fig. 276), the centered
cube (Fig. 277), and the face-centered cube (Fig. 278). The
distance of adjacent reticular planes in the three cases for the
prominent faces are as follows:
. 1 1 1 )
Cube lattice e G on 1:1:4/2
1 . 1 . 1 .. 1 o ———
d(mo) ’ d(uo) i d(u:) . .'\/2 ’

. 1 1 1 —
Face-centered cube lattice : : ::1:4/2:
d(lOO) d(no) d(xu) \/

110

Centered cube lattice

5535

8
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The ratios of the sines of the angles for sphalerite given in Fig.
294 are practically as 1:4/2:4/%, which proves that the con-
stituent particles of a sphalerite crystal lie at the points of a
face-centered cubic lattice. The Braggs conclude that equally
spaced planes parallel to the cube contain Zn and S atoms alter-
nately (Fig. 295), that equally spaced planes parallel to the
dodecahedron contain both Zn and S atoms (Fig. 296), and that
unequally spaced planes parallel to the octahedron (or tetra-
hedron) contain Zn and S atoms alternately, also that the Zn-Zn
distance is four times the Zn-S distance (Fig. 297). The
internal structure of sphalerite must then be that shown in Fig.
298. (The lines of the figure are of course imaginary. They are
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Fias. 295-297.—Spacing of planes of atoms in sphalerite (after the Braggs).

drawn simply to show the relation of the atoms to each other).
The zinc atoms lie on a face-centered cubic lattice and the sulfur
atoms on another face-centered cubic lattice distant one-fourth
of the diagonal of the cube apart. The symmetry elements of the
structure are as follows: There are dodecahedral planes of
symmetry through the Zn and S atoms at intervals of 14v/2a,
where.a is the dimension of the edge of the unit cube, and halfway
between these, glide-planes of symmetry with a translation of
%\/% a in the direction between the central Zn and the lower
front right Zn. Lines normal to the cube planes at the projection
of all the zine and sulfur atoms are composite planes and four-
fold axes of symmetry with the planes at intervals of 14a. There
are also two-fold screw-axes of symmetry with translation of 14a
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along vertical and horizontal lines half-way between vertical and
horizontal lines of Zn-atoms. No centers of symmetry are pres-
ent for the three-fold axes of symmetry lying along the cube
diagonals are polar. The space-lattice shown in Fig. 298 thus
accounts for the symmetry of sphalerite: 4A33A,(324)-6P.

The Laue radiogram of Fig.-292a apparently shows four planes
of symmetry (axial as well as diagonal) intersecting in a central
axis of 4-fold symmetry but Friedel has proved that a radiogram
does not tell us whether a center of symmetry is present or not.

The unit cube of the sphalerite structure contains 4 sulfur
atoms and 4 zinc atoms, for the zinc atoms at the 8 corners each
belong equally well to the seven adjacent cubes and each of those
at the centers of the cube faces belong equally well to an adjacent
cube. [(8 X 1§) + (6 X 14) = 4]. This does not mean that the
molecular formula of sphalerite is 4 ZnS for it is probable that the
molecule does not exist in crystalline solids, but only in gases,
liquids; and amorphous solids.

The structure of diamond is similar to that of sphalerite except
that all the points of Fig. 298 are carbon atoms. The dodeca-
hedral planes are planes of symmetry with intervals of X4/2a
and the cube planes at intervals of 14a are glide-planes of sym-
metry with translation of 24a along a line normal to a cube edge.
Composite four-fold axes of symmetry are at the projections of all
the carbon atoms and corresponding to the two-fold screw-axes of
Fig. 298 we have instead, four-fold screw-axes with translations
of Y4a in the direction of the cube edges. The three-fold axes of
symmetry are no longer polar as in the case of sphalerite. The
work of the Braggs proves that diamond belongs to the hexocta-
hedral or holosymmetric class of the isometric system.

In practically all of the discussions of crystal structure the
idea of a unit is prominent. The term “‘ particle” often is used
instead of molecule because of the possibility that the unit of
structure is a collection of molecules instead of a single molecule.
Some interpret the X-ray work of the Braggs to mean that

molecules as such do not exist in erystals, but in the opinion of
10






THE PHYSICAL PROPERTIES OF MINERALS

Two classes of physical properties are recognized. Physical
properties such as specific gravity are independent of the direction
and are called scalar properties, while others, such as cohesion
and the effect of light, heat, and electricity, can be represented by a
line of given length and direction, hence the term vectorial
properties.

Vectorial properties may be divided into two general groups:
continuous and discontinuous. Properties that can be repre-
sented by a smooth curve such as the curve of hardness (Fig. 299),
are continuous vectorial properties, and those that vary discon-
tinuously such as etch-figures (Fig. 300) are discontinuous vec-
torial properties. The following is a tabulation of some of the
prominent physical properties.

Scalar Properties
Specific Gravity
Specific Heat
Vectorial Properties
Continuous
Hardness
Elasticity
Optical, p. 156
Ellipsoidal | Thermal
Properties | Magnetic
Electr ¢
Discontinuous
Cleavage, p. 129
Etching, p. 66

The discontinuous vectorial properties, cleavage and etching,
are so closely related to the morphological properties that they
have been described under that heading rather than under the
physical properties.

Of all the continuous vectorial properties the optical properties

147
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are the most important from both the theoretical and practical
standpoints and for that reason they are treated in a separate
division.

P

F1a. 299.—Curve of hardness on Fi1e. 300.—Etch-figure on cube
cube face of fluorite. face of fluorite.

1. SPECIFIC GRAVITY

The density of a substance compared with the density of water
under standard conditions (4°C.) is called the specific gravity.
A specific gravity of 3 means that the substance weighs three
times as much as an equal volume of water. The specific gravity
is the weight of a substance divided by the weight of an equal
volume of water. Five methods of finding the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>