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Over 1 000 Illustrations ln full colour 
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The paintings 

ThEI text 

Simple tests 

This book is a comprehensive guide to all the 
common. and many of the uncommon. rocks 
anc1 minerals ol the world. Every m1neral o f 
commercio l value or of chemical, geological or 
aesthetic mtcrest is mcluded. 

were specially prepared for this book and show, 
in full colour, all the visible characteristics that 
can be used in the identification of minerals. 
They ure complemented by diagrams of crystal 
strucwres 11nd chemical compositions. There are 
maps to show collectors what minerals they nre 
likely to find where in tho British Isles 

Opposite each painting is a concise descriptiqn 
of each mineral. giving us abundance, where 1t 
occurs. hardness, specific gravity, crystal system 
and other relevant information. 

The Introduction describes tho origm of the 
major types of rock. the atomic structures of 
m1nerals. and the different types of chemical 
bonds and how they affect crystal structures. 
There is also advice on how to build up a mineral 
collection and on how to prepare and store min 
eral specimens. 

bast~d on the physical ond chemical properties 
of minerals such as cleavage, hardness, specific 
gravity, colour, lustre, opacity, solubility in 
acids. magnetism, and even taste, are described. 
These provide the essential guidelines for iden­
tification of minerals in the held or in the home. 
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How to Use This Book 

Tti E MIN ERA .S are described in terms of their abundance, 
their physical and chemical properties. and where they are 
most likely to be found. If you wish to refer to a specific 
mineral, the index wil l direct you to the correct text entry and 
illustration. If you don't know the name of the mineral, but 
know the group to wh1ch it belongs, the entry can be found 
by turning to the relevant section of the text. (For a note on 
the classification used in this book see pp. 68- 9.) If you know 
neither the name nor the group, the identification key (see 
below) can be used . 

.-1 C I UST '11-\ T1J are in colour. and are arranged to 
face the text. They show not only the minerals themselves, as 
they are likely to occur naturally, but idealised crystal struc­
tures. atomic structures. and the forms into which precious or 
semi-precious mmerals can be cut and polished. 

The maps (pp. 263-4) show selected mineral localities in 
the British Isles and t' e areas of most Interest to the British 
collector. 

fiHCA Tl ~ A k•l y to rocks and minerals. based on 
the two readily observable properties colour and hardness. 
appears on p. 268. Th1s will di r~ct you to the pages on w hich 
you are likely to find the mineral concerned. Further clues can 
be obtained by reading the section on Properties of Minerals 
(pp. 52- 8). which will tell you what properties are· par­
ticularly valuable in the identification of minerals, and 
describes some simple tests streak tests, specific gravity, 
solubili ty and others which can be carried out in the 
field or, us1ng simple equipment. in the home. 

The best aid to identification is experience. You can 
become more familiar with rocks and minerals by reading th& 
compre~e~s ive introduction: by follow1ng up the references 
tn the b1bl1ography (pp. 270-8): and by visiting and study 
ing collections or minerals (see page 278). 
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M IN ERALOGY AS A SCIENCE 

Minerals ore the natural crystalline materials that form the 
Earth and make up most of its rocks. Though minerals hove been 
used and meta ls ex tracted from them fo r all of recorded history, 
minera logy as a science is re latively young. Serious study of 
minerals began in the 1800's, after the development of the petro­
graphic microscope (for studying rocks) and the re flecting goni­
ome ter (for accura tely measuring angles be tween fa ces of a 
mine ral's crysta ls). During that century most of the minerals 
known today were described, optically studied, and chemically 
analyzed. largely from these studies grew the schemes used 
today to cla ssify mine rals. Tho interna l crystal structure of miner­
a ls, how ever, could on ly be guessed from the ir external sym­
me try and op tical properties. 

Wilhelm Roentgen's discovery of X-rays in 1895 provided min­
e ralogists with the tool they needed to study crystal structures, 
but it was not until 1912 that Max von laue and his assistants 
proved that when X-roys ore scattered by a crystal their b ehavior 
gives clues to the in ternal arrangemen t. Since then, the structures 
of all important mineral groups hove been analyzed. By correlat­
ing this structural knowledge with physica l, chemical, oloctr ico l, 
thermal, and mechanica l properties, minera logists hove gained 
an understand ing of the forces that hold crysta lline matter to­
gether. This understanding has in turn enabled scientists to 
syn thesize crystalline compounds with proper ties to fill special 
needs. These compound s hove been used in the manufactu re of 
high-lemperoture ceramics, elect rica l Insulators, transistors, and 
many othe r items. 

Knowledge of the behavior of crystals at high temperatures 
and pressures has been applied to research on the formation of 
moun ta ins, tho eruption of volcanoes, and other geologic proc­
esses. The forc es that cause these a ctivities become more under­
standable when analyzed in terms of structural changes in the 
mineral components of rock. 

Rocks, metals, concrete, bricks, p la ster, paint pigments, pape r, 
rubber, and ceram ics all con ta in mineral or synthetic crysta ls. In 
fact, almost all sol ids except g lo ss and organic materials a re 
crystalline. This is why knowledge of the structure and behavior 
of crystals is important in nearly all industrial and technical en­
deavors. Even orga nic materia ls form crystals when isolated in 
a pure stole. By studying these crysta ls, biologists and medica l 
researchers hove learned much about life processes and heredi ty. 

Unquestionably mineralogy is a sub ject of widespread impor­
tance in o il of scie nce. Consequently, pe rsons trained in minera l­
ogy and crysta llography may be found doing work in the paren t 
science, geology, or may be e ngaged in research in metallurgi­
cal, ceramic, or polymer materials, in solid state physics or 
chemistry, or in the biological sciences. Interdiscipl inary cooper· 
otion a mo ng scientists has le d to many important discover ies. 
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MINERALS IN ROCKS 

Minerals ore the const ituents of rocks, which make up the entire 
inorgan1c, solid port ion of tho earth. Mineral formation and rock 
forma tion oro, in fact, o ne process. To know minerals, therefore, 
it is important to know rocks. A single minuro l may form o rock, 
but usually rocks ore cohesive oggrogo tes of two or more miner· 
ols. Depending on how they w ere formed, rocks ore divided into 
three types: igneous, metamorphic, and sedimentary. 

IGNEOUS ROCKS ore formed by the cooling ond hardening of 
mogmo, o complex molten material that originates within the 
earth. Some important types of igneous rocks oro shown in the 
illustra tion on the facing pogu. The major mineral constituen ts 
of acid, in tormedioto, ond basic rocks shown provide tho basis 
for tho classi fi cation given on page 9. 

IGNEOUS MINERALS important in the forma tion of Igneous rocks 
ore re latively few in number. This is because the mogmo from 
which the minerals crystallize is rich o nly in certain elements: 
silicon, oxygen, aluminum, sodium, potassium, calcium, iron, ond 
magnesium. These ore thu ul~ments that combine ond form the 
silicate minerals (pp. 154-227). A limited number of the silicates 
- the o livines, pyroxenes, amphiboles, micas, feldspars, ond 
quartz-account for over 90 percent of all igneous rocks. 

As magma cools, minerals crystallize at different temperatures. 
Olivine ond calcium feldspar form ot high temperatures and may 
separate oorly from the melt. Other minerals solidify os tho tem­
perature foils (see Bowen's Reaction Series, pp. 82-83). The lost 
to crystallize ore potassium fe ldspar, muscovite mlco, ond quartz, 
the major constituents of grani te. Finally, water in the magma, 
carrying va luable metals ond sulfur in solution, moves ou tward 
through fractures in the surrounding rock and deposits sulfides 
in veins. Tho water is a lso Important because It affectS the tem­
perature ot which crystallization occurs and the typos of minerals 
formed during cooling. 

INTRUSIVE IGNEOUS ROCKS, also called plutonic rocks, crystallize 
from mogmo that cools and hardens within the earth. Surrounded 
by pre-existing rock, coiled country rock, the mogmo cools s low· 
ly. As o result, these rocks ore coarse-gra ined . 

Central cores of ma jor mountain ranges consis t of Iorge mosses 
of plutonic rock, generally granite, in truded a s o port of tho 
moun to in· building process. When exposed by erosion, those cores, 
co il ed batholi ths, may occupy millions of square miles of surface 
oreo. Offshoots of batholi ths boor different names, such os lacco­
liths ond sills, depending on their size and their relationship to 
the country rock. The term obyssol is commonly used to describe 
coarse-grained rocks formed ot depth; hypabyssal is used to de­
scribe Intrusive rocks formed ncar the surface. 
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Diarlto 
(lntormodiate) 

IGNEOUS ACTIVITY 

Composite section showing deep 
intrusive rock (batholith), shallow 
Intrusive igneous rocks (la ccoli th , 
dikes, ond sill}, ond extrusive 
igneous rocks (flows) In relation· 
>hip to counlr y rock (sond>tone, 
limestone, shole). 
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EXTRUSIVE IGNEOUS ROCKS, also cal led volcanic rocks, oro 
formed ot the earth's surface as o result o f volcanic activity. Like 
batholi th formation (p. 6), this activity is associa ted wi th moun­
tain-building forces within the earth. Temperatures only o few 
miles beneath the earth's surface ore higher than the tempera­
tures of which most rocks would melt at the surface. The below­
surface rocks remain solid, however, because of tho pressure 
exerted by overlying rocks. If tho rocks fracture-as tho result of 
mountain-building forces, for oxomplo-the pressure may be re­
leased, and o sizable volume of rock wil l melt. The result ing 
magma will be forced through the fractures to the surface, fo rm­
ing o volcano. 

Molten rock, or lava , will now from the volcano and spread 
onto the ground. Because the lava cools and crystallizes rapidly, 
it is One-grained. Material may be blown violently from tho 
volcanic plpo as blocks, pellets, and dust, or as o liquid that 
hardens before It foils to the surface. Those pyroclastics may fall 
nearby, forming port o f t he volcano, or may be spread great 
distances by winds. 

CLASSIFICATION of tho many and greatly different kinds of ig ne­
ous rocks con provide important information as to the conditions 
of formation. Two obvious variables that may be used os cri te ria 
for clauillcotlon ore particle size, which depends largely on 
cooling history, and composition, both chemical and mineralogi­
cal. Because feldspars, quartz:, olivines, pyroxenes, amphiboles, 
and micas ore the important minera ls in the fo rmation of igneous 
rocks, they ore basic to the closslllcotion o f those rocks. All other 
minerals ore nonessential (accessory). 

In tho simplified classifica tion on the opposite page, rock typos 
oro separated on tho basis of the typo of feldspar present, tho 
prosonc;o or absence or quartz, and, in rocks with no feldspar or 
quartz, tho type of iron and magnesium minerals present. Rocks 
with crysta ls Iorge enough to bo seen by the eye ore called 
phaneritic; those with crystals too small to be seen are called 
aphanitic:. In general, phanerltlc implies on intrusive origin; 
apha nitic, on extrusive o rigin. Porphyri tic ref ers to crystals em­
bedded In o fine-grained rock. More detailed classifications using 
those terms oro given in geology and petro logy texts. 

GRANITES show evidence of being the resul t of either igneous 
or metamorphic processes. Some granites obviously have crys­
tallized from a melt; blocks of partia ll y assimilated country rock 
may bo found in grani te, clearly indicating that the coun try rock 
fell into o liquid magma tha t hardened around it. Other granites, 
however, bear evidence of having been formed by metamor­
phism (p. 1 0); varia tions In composition of pro-existing sedimen­
tary roc:ks ore reflected in banding preserved In rhe granite. The 
convers ion of sedimentary rock to granite by metamorphism is 
called gronitizotion. 
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METAMORPHIC ROCKS 

Rocks formed under one set of temperature, pressure, and chem­
ical conditions and then exposed to a differen t sot of these con­
ditions may undergo structu ral and chemical changes, without 
melting, that produce rocks with differen t textures and new min­
erals. This process is known os metamorph ism (change in form). 
Me tamorphic rocks oro formed d eep benea th tho ea rth's surface 
by the great s tresses ond high pressures and temperatures asso­
cia ted with mountain building. They ore also formed by the 
in trusion of magma into rock, particularly a t the place of con tact 
whe re the tempe ra tures ore high. The study of metamorphic 
rocks provides valuable information about temperatures end 
pressures at great depths. laboratory studies of the stabilities of 
minera ls ot temperatures and pressure s imilar to those wi thin 
the earth oro essential. 

METAMORPHIC MINERALS form only o t the high temperatures 
and pressures associa ted with metamorphism. Among these ore 
kyanite, staurolite, s illimanite, ando lusite, and some garnets . 
Other minerals-the olivines, pyroxenes, amphiboles, micas, feld­
spars, and quartz-may be found in metamorphic rocks, but ore 
no t necessarily the result of metamorphism. These m inera ls, 
formed during crys to ll i7at ion of igneous rocks, oro s tabl e at high 
tempera tures and pressu res and moy remain unchanged during 
metamorphism of the rock. All minerals, however, ore stable only 
within certain limits of pressure and tempera ture. Thus the pres­
ence of some minera ls in rocks indicates the approximate tem­
peratures and pressures ot which the rocks were formed. 

RECRYSTALLIZATION is the chang e In particle size of miner­
als dur ing metamorphism. Sma ll gray calci te crys tals In lime­
stone, for example, change to Iorge white crystals in marble. 
Both temperature ond ,pressure contribute to recrystallizat ion. 
Hig h tempe ratures allow the atoms and ions in solid crys tals to 
migra te, thus reorgan izing the crysta ls. High pressures couso 
solut ion of crystals o t their contacts and deposition in the pore 
spaces between them. 

FOLIATION Is o layering in me tamorphic rock. It occufl when o 
strong compressive force is applied from one direction to o re­
crystolling rock. This causes the p laty or long crysta ls of such 
minerals as mica and tourmaline to grow with the ir long axes 
perpendicular to the direction of the force. The resu lt is o bonded, 
or foliated, rock, the bands showing the colors of the minera ls 
that form them. Rocks sub jected to uni form pressure from all 
sides o r lacking min erals with d ist inctive growth habits wi ll no t 
be fo liated. Slate is o very flne-groined folia te. Phyl lite is a 
coarse foliate, schist coarser, and gneiss very coarse. Marble is 
commonly o nonfol ia te. 

TO 

Schist Slate 
Fine bonding Very fine banding 

Hoot and 

Pressure 
) 

Limestone (Fossi liferous) Marble 

FOLIATION OF ROCKS 

( 
';:,;Hoo ~ 
(Slaty cleavage) Applied 

pressure 

ORIGIN OF METAMORPHIC ROCKS 

Rock Increasing tempera ture and pressure 
type ..... 

Shale Sla te Phylli te Schist Gneiss 

Sandstone Quartzite 

Limastono Marble 

Basalt Schist An1phibollto 
-- ---

Granito Gra nite Gnoiu 

Coal Peat lignite Bituminous Anthracite 
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SOLID-STATE REACTIO N is one of tho important m echanisms of 
metamorphism. II is a chemical reocrio., be tween two minera ls 
without either o f them melting. In the process atoms ore ex· 
changed between the minerals, and new minerals ore formed. 
Consider the minera ls quartz. and ca lcite. Each is stable alone at 
high te mperatures. Togethe r in a si liceous limestone, they do not 
chango at low temperatures, but at high temperatures they react 
with one another and form the metamorphic mineral wollas­
tonite. The chemical equation of tho reactio n is: Si01 (quartz., 
solid) I CoCO, (ca lci te , solid) ~ CoSiO, (woll a s tonite, solid) + 
C02 (carbon dioxide, gas). Many complex high-temperature re· 
act ions toke place among minerals, and each mineral assem­
blage p roduced is a clue to the tempera ture and pressure a t the 
time of metamorphism . 

METASOMATISM is a drastic chango in the bulk chemical compo­
sition of a rock that o ft en occurs during meta morphism. It is due 
to tho introduction of chem ica ls from o ther rocks. Water con 
tran sport these chemica ls rapidly over grea t dis tances. Because 
of the role played by water, metamorphic rocks generally contain 
many elements that were absent from the original rock and lock 
some that were originally present. The introduction of new chem · 
icols is no t necessary for recrys ta ll ization and solid -state reaction 
to to ko place, but it does spood up m eta mo rphic p rocesses. 

CONTACT METAMORPHISM describes the chemical cha nges tha t 
toke place when magma is in jected into cold rock <country rock). 
These changes in the rock ore g reatest whe re ve r the magma 
comes in contact wi th it, for tempera tures ore highest a t this 
boundary and decrease w ith distance from it. Around the igneous 
rock formed by the cooling of the magma is a metamorphosed 
z.ono cal led a con tact metamorphic aureole (halo). Aureoles arc 
important in th e s tudy of m e tamorphism because a s in gle rock 
type may show all degrees of me tamorph ism from the contact 
area to the unmetomorphosed country rock some distance away. 
Formation of important ore m ine rals may occur by metasomatism 
at or near the con tact; limestone is particu larly suscept ib le to this 
type of mineroliz.o tion. 

REGIONAL MET AMORPHISM, in contrast to contact m e tamor­
phism, involves changes in great moues of rock over wide areas. 
The high tempe ra tures and pressures in the depths of the oo rth 
are the cause. If the resulting metamorphosed rocks ore uplifted 
and exposed by erosion, they- may cover many thousands of 
square miles. The ir mineralogy and texture provide important 
information abou t moun tain building a nd earth processes. The 
m e tamorphism, however, destroys foo tu res that would have re­
vea led the rock's previous history. Retrys toll iz.olion destroys fos· 
sils and sedimentary textures; solid-state reaction and metoso· 
motism change the original composit ions. 
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SEDIMENTARY ROCKS 

All rocks disintegrate slowly as o result of mechanical and 
chemical w eathe ring. Rock partic les-i n the form of cloy, s il t, 
sand, and grovel-and d issolved materials ore transpor ted by th e 
agents of e ros ion (wate r, ice, and wind) to new loca tions, gener­
ally at lowor e levations, and deposited in layers . The deposited 
particles eventually become cemented toge ther, forming clastic 
sedime ntary rocks. The dissolved materials may precipitate as 
crystals that accumulate in la yers in oceans and lakes and ore 
cemented to form chemica l sedimentary rocks. 

Sedimentary rocks provide abundant information about the 
most recent half-billion years of tho earth's history. They contain 
in fossi l form the p reserved remain s of evidences o f ancient ani­
mals and plan ts. The manne r in w hich part icles of sodlmon t ore 
worn and deposited, the re lationsh ips o f the diffe rent layers, the 
color and composi tion, the presence of ripp le marks or raindrop 
impressions-these ore among the features that enable geologists 
to reconstruct ancient landscapes and clima tes as well as the 
general sequence of geologic events. 

MECHAN ICAL WEATHERING is tho breakdown of rock into porti· 
des wi thou t changing the identities of the minera ls in the rock. 
Ice is the m ost Important agent o f m echan ica l wea thering . Wate r 
perco lates into cracks and pore $paces, freezes, and expands. 
The force exerted is sufficient to widen cracks and break off 
pieces, in time disintegra ting the rock. Heating and cooling of the 
rock, wi th resulting expansion and contraction, also helps. Me­
chanical weathering contri bu tes fu rther to the breakdown of rock 
by increasing the surface area exposed to che mical ogcnts. The 
breakdown of rocks a nd e rosion of the fragm en ts has been 
g rea tly accelerated over the pos t several centuries by the OC· 

t iv ities of man through forming and cons truction. 

CHEMICAL WEATHERING is the wearing down of rock by chem i· 
co l reaction. In this process the rock's minerals ore changed into 
finely divided products that con easily be carried away. Air and 
water oro involved in the many complex chemical reactions, 
which include oxidation, hydrolysis, hydration, and solution. lg· 
neous minerals ore unstable under norma l atmospheric cond i· 
lions, those formed at higher temperatures being more readily 
attacked than those form ed at lower te mperatures. Igneous 
minerals ore commonly a ttacked a I so by water, particu larly acid 
or alkaline solutions. All the common rock-forming igneous min· 
era ls (except quartz, w hich is very resistant) ore changed In th is 
way to cloy minerals and chemicals in solution. Silica is leached 
from silicoto minerals and removed as o colloidal material tha t 
con be d eposited later as opal or chert. Cloy, quartz, colloidal 
silica, and chemicals in solution-the common products of weath· 
ered rocks-o re the bui lding mate rials o f the sedimentary rocks. 
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SIZES OF SEDIMENTARY ROCK PARTICLES 

Name of Diameter of particles Sedimentary Rock 
particles 25.4mm = 1 inch 

Boulder .. Groator than 256 mm Conglomorotoa 
Cobbles 64·256 mm (rounded) 
Pebbles 4·64 mm and 
Granules 2-4 mm 8recclos (angular) 

Very coarse sand .. , "'"' l Coarse sond V2·1 mm 
Medium sand \4-~ mm Sandy Sandstones 
Fine sand ~"i · \4 mm 
Very fine sand 1/16·1/8 mm 

Coarse si lt 1/64·1/ 16 mm } Gritty Siltstones and 
Fine silt 1/256·1/64 mm Mudstones 

Clay Lou than 1/256 mm Smooth Sha les, Claystone• 

Port; I . c ~ ••:es d Water 
- ocroose With 

dis to nco 
--..:.:.... 

SORTING BY WAVE ACTION NEAR SHOREliNE 

Wove ond current action is most vigorous ncar shore, 
flner par ticles ore carried to deeper wotor 

CONSTITUENTS OF SEDIM ENTARY ROCKS 

Major Const ituents Acceuory Minerals 

Abundant Leu abundant .... ~•'tb~·~· 
Magnetite 

Quartz 
Tourmcdine 

Mechanically Cle~y minerals K.feldspar Garnet 

deposited Micas Plosiocla ses Amphibole 
Rock fragments Hematlto 

Co lello Limonite 
Others 

Quar tz (chert) 
Chemically Colello Gypsum, Anhydrale 
deposited Dolomite Halite 

Hematite 
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TRANSPORTATION AND DEPOSITION of weathered particles is 
provided by water, wind, and ice. These agents reduce the size 
of the particles and deposit th em in new localities. Sediments 
dropped by streams form alluvia l fans, flood plains, deltas, and 
deposits in lakes and oceans (p. 15). Winds may move Iorge 
amounts of sand and sma ller particles. Glacie rs transport and 
deposit great quantities of rock materials. Composition of the 
sedime nts provides clues to the nature of the orig inal, or source, 
rock. Differe nces between successive layers indicate changes that 
hove occurred with time. 

PRECIPITATED SEDIMENTS ore mode up of sodium, potassium, 
calcium, magnesium, chloride, fluor ide, su lfate, carbonate, and 
phosphate io ns. Because these chemicals ore very soluble in 
water, they con be removed from existing rock in solution. Once 
dissolved in water, they may be precipitated by inorganic p roc­
esses in oceans or lakes, or may be extracted by living organisms. 
Calcite (CoC03), for example, w ill precipitate from solution in 
worm waters and settle to the bottom, where it consolidates into 
limestone rock. Cora ls, mollusks, and algae a lso remove CoC03 
from solut io n. Ha lite and o ther very soluble salts normally pre· 
cipitote on ly from bodies of water that hove no outlet after 
evaporation produces a saturated solution. Limestone is by fo r 
the most abundant precipitate, but salt, gypsum, and phosphate 
deposi ts ore common. 

CLASSIFICATION of sedimentary rocks begins wi th the brood 
divisions of clastic and chemica l rocks (p. 14), tho ugh there is no 
clear distinction between the two processes of deposition. Chemi­
cal rocks arc classified on the basis of composition as salt, gyp· 
sum, limestone, chert, phosphate rock, nitrate b eds, bora te beds, 
etc. Specialized characteris tics may be noted by such modifying 
terms as fossiliferous (contain ing fossi ls) and nodular (lumpy). 

Classification of clastic rocks is more complex because of many 
variables. Particle sizes (overage and range of sizes), composi tion 
of the particles, the cement, the matr ix (sma ll er particles in the 
spaces among larger groinsl- o ll mu st be considered. The Went­
worth sca le Is o brood classification based on overage particle 
size. Shal e or mud stone, si ltstone, sandsto ne, and conglomerate 
ore names given to rocks wi th particle sizes ranging from very 
fine to very coarse. Sholes, which consist mainly of cloy materials 
with very fine groins of quartz and feldspar, ore generally clos· 
sified further on ly on the basis of composition and bedd ing. 
Coarse r clast ics ore classifi ed accord ing to composilion and par­
ticle sizes. Orthoquartzite is o very pure quartz sandstone; arkose, 
a sandston e with quartz and abundant fe ldspar; graywacke, o 
sandstone w ith quartz, cloy, feldspar, and metamorphic rock 
fragments. The classification o n the fo<:ing page provides only 
genera l terminology, without the specialized names or the de­
scriptive ad jectives that are commonly used. 
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Conglomera te 
Shale 

CLASTIC ROCKS 

l imestone Chert Gypsum 

Rock Salt 
Bituminous Coal 

CHEMICAL ROCKS 

CLASSIFICATION OF SEDIMENTARY ROCKS 

CLASTI C CHEMICAL 

Rock nome Particles Rock nome Composition 

Conglomerate Gronu les Salt HcolitQ (NoCI) 

Gypsum Coso. • 2H20 

Sa ndstone Sand 
limes tone Co COl 

Silhtone and Doloml to CcoMg(COlh 
Silt 

Mudstone 
Chert SiOt 

Shale and 
Cloy Borotes, Nitrates, 

Claystone· 
Phosphofes Many minerals 
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Proton 

Neu tron 

Elect ron 

HELIUM ATOM conshh o f o nucleu• 
of 2 protons ond 2 neutrons with 2 
electrons revolving oround it. 

ATOMIC STRUCTU RE OF MIN ERA LS 
Li ke a ll matter, minera ls o re composed of the minute pa rtic les 
cal led atoms. The kinds of a toms in mineral s and the patte rns 
in which these atoms o re arranged determ ine the composition 
and character istics of ·minerals. It is obvious ly important there­
fore to understand at least generally the a tomic structure of 
m inerals. 

ATOMS o re the building b locks of ma tte r. Too small to be seen 
evt.n undur the mos t pow erfu l e lectron microscopes, they o re 
mod e up of three kind s of even small e r particles-the p ro ton, 
neu tron, and electron. Pro tons and neutrons ore loca ted at the 
cente r of the atom, fo rm ing its nucleus. Proto ns corry a posit ive 
electrica l charge of fixed magnitude <+ 1 ); neutrons corry no 
charge. Electrons revolve around the nucleus and corry a fixed 
negative charge (- 1) equal in magnitude to the charge of the 
proton. A single, isola ted a tom is electr ical ly neu tral: i ts number 
of e lec trons (negative cho1ges) Is equa l to its number of protons 
(pos i tive cha rges). 

ELEMENTS o re funda m enta l substa nces such as iron, carbon, and 
oxygen. There ore over 100 differen t e lements, each having 
atoms of a particular kind. The Identity of a n element is deter­
mined by the number of protons in the nucleus of its atom, this 
number being known as the atomic number. Carbon, fo r ex­
ample, has 6 protons in It s a tom. The number of neu trons is not 
fixed; the carbon a tom ma y have f rom 5 to 10 neu trons, but 
w ha teve r the number the atom rema ins chemically the some . An 
e lem e nt' s atomic weight is the sum of the number o f p ro to ns and 
neutrons in its a tom. Atoms of the some e lemen t with di ffe rent 
a tomic weights ore called isotopes. A carbon atom with 6 neu· 
Irons, the most abundant isotope of carbon, is Indicated by 6C11 

(6 being the atomic number, 12 the atomic weight). Carbon with 
8 neu trons is 6C14• Some isotopes ore not stab le; carbon 14 (6C11), 

for example, is rad ioactive, disintegrating a t a fixed role in to on 
isotope of nitrog en (7N14). 
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ELECTRO NIC CONFIGURATION describes the distribut ion of elec­
trons in on atom and explains why the atoms of some elements 
react w ith others, and why some do not react at all. The e lectrons 
occupy space near the nucle us in w ell-d efin ed energy levels (rep­
resen ted by concentr ic she ll s). Electrons in the leve l nea rest the 
nucle us hove the lowest e nergy, and those far thes t from the 
nuc leus hove tho highes t leve l. Ea ch level con hold o limited 
number of electrons. The innermost level may contain 2 electron's, 
the second shel l 8, the third shell 18, and each succeeding shell 
may contain as many a s 32. 

The number of levels occupied by elect rons depends on the 
number of elect rons in the a toms of o particula r el eme nt. As the 
num ber of e lectrons increases, leve ls ore fi lled from the inne r­
m ost o ne ou tward. No ou te r level, how ever, co ntains more tha n 
8 e lec trons; w hen it conta ins tha t numbe r, it rem a ins unfill ed 
unti l the next level is s ta rted, making it the ou te r one. Elements 
ore very stable if the outer energy levels o f their a toms hove 8 
electrons (a stable oc te t). Elements reac t easily if the outer shells 
of their atoms o re not filled or do not hove 8 elect rons. The 
atoms of these elements tend to react w ith other atoms and lose, 
gain, or shore the number of e lec trons necessary lo fi ll the outer 
she ll or obtain the stabl e oc te t. 

ELECTRONIC CONFIGURATION OF THIRTEEN ELEMENTS 

"~'~@) ®@ 
(H) (Ho) Lith ium (Li) Beryllium (Be) Boron (B) 

Carbon (C) Oxygen (0) Neon (Ne) 
Sodi um (No) 

A luminum (AI) Phosphorus (P) Chlorine (CI) Argon (Ar) 
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PERIO DIC TABLE arranges the clements in o way that shows re· 
lo tionsh ips among them. l o ng before the e lectro nic s tructures o f 
a to m s be come known, the Russ ian chem is t Dm itr i Me ndeleev a nd 
o the rs observed that some e lements e x h ib it remarkably sim ila r 
chem ical behavior. Li thiu m (li), sod ium (No), potassium (K), rubi ­
dium (Rb), and cesium (Cs), for example, o re very metallic, and 
their atoms tend to lose their electrical neutra li ty, becoming ions 
with one positive charge ea ch. These elements, the alkali metals, 
were the re fo re grouped to g e ther. Fluori ne (F), ch lorin e (CI), b ro­
m ine (Br), a nd Iodine (I) o re ve ry nonme ta ll ic, and the ir atom s 
form ions with one negative charg e each. The se e lemen ts, the 
halogens, were al so g ro uped together. Fro m such observations 
the periodic classification of the elements wos devised. Gaps in 
the original periodic table hove boon fi lle d with elements d is­
covered s ince tha t time. Ind eed, tho develo pment o f the periodic 
table a ided motorio lly in the search fo r unknown e le m e nts. 

Ele m e n ts in ve rtical columns o f the perio d ic table have s imi la r 
cha rac te r is t ics. Elements li sted horizon ta lly hove characteristi cs 
tha t grade from left to rig h t. The chem ical s imilarity a m ong ele­
ments in vertical columns (groups) and the gradation a mong 
elements in horizontal columns (periods) ore due to the electronic 
configura tions of the outer levels o f their a toms (p. 19). A de tailed 
sum ma ry of the chemical charocloris ti cs of tho groups and pe· 
riods cannot be g iven he re, but the fo llowin g ger1e ro liza tions 
con be no ted: 

• Elemen ts on the lef t sid e (the metals) con atta in a stable octet 
(8 e lectrons in the outer level) by giving up electrons ond becom­
ing positive ions. Those on the righ t side (nonmetals) co n atta in a 
stable oc te t by gaining e lec tro ns and becoming negative io ns. 
Those in the center (semim e to ls) con attain a s table oc te t b y 
ei the r g iv ing up or ga ining e lec trons. 

• If a me tal a tom a nd a nonmeta l atom are brought tog e the r, 
the metal atom gives u p one or more electrons which the non­
metal atom accepts. The resulting oppositely charged ions o re 
held tog e the r by a strong electrostatic fo rce (tho ionic bo nd, p. 
22). 

• If m e ta l a toms o re b rought toge the r, ne it he r holds the o uter 
e lec tro n (or e lec trons) strong ly, so a meta llic crys ta l Is fo rme d , 
wi th free e le ctrons moving a mong tho a toms (th o metall ic bo nd, 
p. 26). 

• If nonmetal atoms ore b rought togethe r, both atoms attract 
extra e lectrons st rongly; they " sho re" their outer electrons, form­
ing free neutra l molecu les (the covalent bo nd, p . 24). 

• If semime to ls o re brought together, the jr atom s fo rm crys ta ls 
tha t ha ve properties between meta ls a nd nonmetals (in terme di ­
ate bonds, p. 28). 

• Trans ition metals (elements 21-30, 39-48, 57-80, ond 89- 1 03) 
ore chemica lly similar to o ther metals in the so me period. Their 
outer le ve ls ho ve about the some electronic confi gura tion, but 
the ir inner levels diffe r. 
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PERIODIC TABLE OF THE ElEMENTS 
Chemical sin1ilority is pronounced in the groups 
(vertica l columns). Chemical properties vory 
systemotico ll y in the periods (horizontal rows). 8 

Transition Elements 

Elements 57-71 ore the lo n t h onid~s. commonly called 
rare oorths1 elemenls from 89 on oro tho a cti nides. 
the la nthan ides ore chomico lly simila r, os ore the actinides. 

ELECTRO NIC STR UCTURES shown by 
means of concentric shells with the 
electrons in "orbits" around the 
nucleus ore informa ti ve obout lhe 
onorgy levels of the electrons bul 
may convey a mis lee~din g impres· 
sian of the structure of on otom. 
One of the difficulties in defining 
the llructure of on atom is that any 
experimental method used to de· 
!ermine the position or momentum 
of on electron wi ll cha nge one or 
bolh. The foci tha t tho momentum 
ond position of on oloc tron cannot 
be determined simultaneously is 
stated by the Heisenberg uncer­
tainty principle ond hos forced 
phy1ici•h to use slo tisHcol methods 
to define the >lructure of the atom. 

1/ 

ELECTRONIC ORBITALS define the 
loca tions of tho electrons in llo­
tlstlco l terms. An electron in the 
s·subsholl of ony electronic shell Is 
mos t likely In o spherical volume of 
space about the nucleus ot a ny 
given time. The spherica l s·orbi tol 
defines the space In which it is prob­
able that the electron is located. 
Only two electrons, with opposite 
spins, ma y be in tho s-orbitol of o 
given e lectron shell . An electron In 
tho next higher subshell is most 
likely in the volume of space d efin ed 
by a " dumbbell" shaped p-orbltol. 
Electrons in the d·subshell occupy 
the "double dumbbell" orbital vol· 
umo1 those in the f-sub shcll. occupy 
even more complex orbita ls. 

; 

/-i d 

ELECTRONIC ORBITALS 
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THE IONIC BOND is tho force tha t holds togeth er on a tom o f a 
distinctly m eta ll ic elemen t to on atom of a dislir,ctly nonmeta ll ic 
element. Atoms of the more metallic elements hove on outer level 
with 1, 2, or 3 electrons and the next shell with 8. The outer 
elec trons, in general, are not held t igh tly and con be removed 
by th e energy available in ordinary chem ica l reac tio ns. The 
sod iu m (No) otorn, for exoo,,ple, has 11 electrons 2 in the inner 
shell, 8 in the second shell, and 1 in the outer shell. The atom 
achiev es stabil ity by losing the outer electron; the second shell 
w ith its 8 elec tr ons then becomes the ou ter shell. Since 1 nega tive 
charge is thereby removed, the atom has 1 excess positive charge 
in the nucleus and is coiled o positive ion, or cation. It is assigned 
the symbol No· •. 

A toms of distinctly nonm etall ic elemen ts, in con trast, hove 5, 
6, or 7 ulec tro ns in the ou ter ~he ll . Those a toms obta in tho stable 
octet o f ou ter electrons by a tt ract ing electro ns from o ther a toms. 
The nuorine (F) a tom has 9 electrons-2 in the inner shell and 7 
in the outer shell; when i t borrows 1 electron, i t b ecomes nega­
t ively charged. The atom is then called o negative ion, or on 
on io n, and is assigned the symbol f · l. 

If on atom of sodium (o metal) and on atom of nuorine (o non­
metal) ore brough t together, the nuorine atom removes the loose­
ly hold elecl rOo l from tho ou ter shell of tho sodium atom . Tho two 
a tom s th us becom e oppositely charged. The sing ly charged co t io n 
No"1 a nd onion F· ' are a tt racted to each other (unl ike charges 
attract one another) . The a ttracti ve force is the ionic bond. 

Not all ions ore singly charged. The magnesium (Mg) atom 
must lose 2 elec trons and 11-ie oxyg en (0 ) a tom musl gain 2 elec­
trons to achieve o stable octet; the ca t ion Mg '' o o,d the onion o-2 

oro thus doubly charged. The resulting bond between tho 2 ions 
is therefo re about twice as strong o~ between 2 singly charged 
ions. In o simi lar fashion, the aluminum atom forms the Al'3 io n 
a nd the nitrogen atom forms the N· l io n. 

In ionic bonds, the attractive forces ore exer ted in all directions 
so that every cation becomes completely surrounded by anions 
ond vice verso. The resu lt i s that three-dimensio nal periodic ar­
rays- crystals-oro formed. Ions o re pocked closely in crysta l 
structures and the bonds oro non-directio na l. Only two require­
ments must ba fulfilled: (1) ca tions ore surro unded by os many 
onions o s is geometrically possible, and (2) the total number of 
positive charg es in the crys tal equals the to ta l number of nega­
t i ve charges. 

Io ns with differen t charges con form crysta ls. for example, 
2 Fe•J ions combine wi th 3 0 1 ions, forming Fe,Ol (hematite), on 
electr ica lly neutral crys tal. Some elements con exis t as two or 
more ions; ferrous iron, Fo ·z. and ferr ic iron, Fo•3, o re both com ­
mo n in m in eral s. Chemica lly tho 2 ions behave o s different 
elements. In magnetite, Fel04, the formula is written os Fe' 2f e2• 3 

0 ' . The Fe"' ion is surrounded by 6 0 1 ions, and the fe· ion is 
surrou nded by 4 o-z ions. 
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(@No 
Sodium Atom 

@, 
Fluorine Atom 

Size> of ions common 
in minerals 

A = 1 Angstrom = 
1/ 100 millionth em 

a e 
B" 0.3 1 A Si •• 0.45 A 

a • Al' 1 0.50 A li"1 0.60 A 

• Mg"' 0.65 A No·• 0.95 A 

Co ' 1 0.97 A K'' 1.33 A 

F I 1.36 A o·• 1.40 A 

c1·• 1.81 A s·• 1.84 A 

@
,-- ..... , 

I \ 
I \ 
I I 
I I 
\ 1 No., 

' / 

Sod~v; :tom 

@,-• 
Fluoride lon 

THE IONIC BOND 

..rr 

NoF 

Tho s;·• needs 
four o·• ions 
coround i t to 
shield it from 
other po>itivo 
charges. 

The larger Mg ·> 
ion need$ six 
0 1 ions to >hield 
it. This determines, 
in part, the crys tot 
structure. 
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THE COVALENT BOND Is tho force tha t ho lds together two non· 
metal lic atoms. When broug ht together, these tend no t to become 
ionized because both hove a s trong affinity for electrons. A chlo­
rine atom (Cil, for example, has 17 electrons-2 in the inner shell, 
8 in the second shell, and 7 in the outer shell. It will attain a 
stable octe t of electrons in the outer shell if a metallic atom is 
available to donate on electron. Because the energy required to 
remove 7 electrons is very Iorge, the atom cannot attain a stable 
octet easily by giving up electrons. Two chlorine atoms brought to· 
gether con attain stable octets, however, if each shores one of its 
electrons with the other. The resulting Cl2 molecule, having reach­
ed stability, has little tendency to form a crystal ot ordinary tem­
pera tures. The shoring of a pair of electrons is the covalent bond. 
The bonding energy is gained by reduction of the energies of the 
two a to ms. This bond forms tho strongest o f all chemical ties. 

Atoms that form cova lent bonds with o ther a toms will par tici­
pate in the formation of crys tals of five types, depending on tho 
numbe r of cova lent bonds the a toms co n form . 

1. Molecular crystals consist of d ist inct covalently bonded 
molecules he ld together by von der Woo ls forces (very weak 
forces duo to small residual charges on the surface of mo lecules). 
Solidified gases, such a s carbon d iox id e (dry icc) and chlorine, 
and ma ny organic compounds form crysta ls o f this type. 

2 . Ionic crystals ore formed by complex io ns tha t are held to­
gether by cova lent bonds and corry charges. The ammonium ion, 
(NH4) ' 1, and the carbonate ion, (C0 3)·2, w ithin which the bonds 
ore covale nt, ore bonded to Cl"1 and Co•2 ions by ionic forces in 
NH4CI (so l ammoniac) and CoC03 (ca lci te). 

3. Crysta ls with chain stt·uctures, os in the semimetols selenium 
and tellurium, hove atoms linked together w ith covalent bonds in 
infinite cha ins. The chains ore held together by von der Wools 
and metallic bonding forces. 

4. Crystals with sheet s tructures have atoms linked together 
with covalent bonds in infini te layers. The layers ore held to­
gether by von der Wools forces. Graphi te is the most striking 
example of this type structure. 

S. Crystals with framework structures form if on a tom con 
sho re e lectrons w ith four ad jacent atoms, as in diamond . Bond­
ing Is infinite In oil three dimensions, and the crystal con be con­
sidered o molecule of Infini te s ize. 

Since covalen t bonds ore very strong, the ir dis tribution d eter­
min os tho characteris tics of a crys tal. It explains the spl itt ing of 
grophito into !laky layers, the ha rdness of diamo nd, the low 
mel ting point o f dry ice, and the formation of complex io ns in 
solution-(HC03)· 1 and (NH4)•1, for example. 
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Chain Structure 
Se lenium, So 

omplex Ionic Structure 
Calcito, CaCOt 

Framework Structure 
Diamond, C 
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THE METALLIC BOND is the force tha t b ind s toge the r atoms o f the 
m e tallic e le m e nts. These include the firs t, second, and third 
groups of the periodic table and the transition e lemen ts (p. 20). 
All hove one fea ture in common: 1, 2, or 3 e lectrons in the outer 
energy level of their otorM. If two of these otoms witn loosely 
he ld oute r e lectrons ore brought toge ther, covalent bonds (p. 24) 
or ionic bonds (p. 22) norma lly do no t form. Rather, a crystal 
fo rms in which the atom s ore pocked tog e the r tig ht ly. The oute r 
e lec trons ore a ttached to no atom in pa rticular, but ore fr ee to 
move through the s truc ture . The bonding energy may be thought 
o f as on attract ion between the posi tive nuclei of the atoms and 
the negative charges of the fr ee-moving electrons. The m e tallic 
bond imparts cer tain very dis tinct characteris tics to the crys tal. 

The a toms in meta l crys tal s ore pocked together to occupy the 
maximum amo unt o f space, resu lt ing in three common meta l 
s tructu res: the face -cente red cub ic and the close-pocked hex­
a gonal, represen ting the d e nsest pocking possible ; and the body­
centered cubic, o nly s lightly less dense. More complex structures 
ore the result of some covalent or ionic character of the bond. 
Because the free e lectrons con move through the structure, on 
e lec tri c pote ntial applied across the crys ta l resu lts in h ig h e lec­
trical conduct iv ity. Hea t applied to one s ide of the crys ta l w ill 
ca use agitatio n of the e lec trons, which import energy to o the r 
e lectrons and conduc t heat thro ugh the crys ta l ve ry rapid ly . 
Shearing forces app lie d to meta l crys ta ls con cause gl iding 
along atomic p lanes without brittle f racture; the metals ore thus 
duc tile a nd malleable. Me tal lic luster and opacity ore caused by 
interaction of light wi th the free e lec trons . 

Me tallic bonds con be important in nonme ta llic crys ta ls, nat· 
ably the sulfides. Sulfides con be described bes t by consid e ring 
the ir structure as cova le ntly bond ed . Many su lfid es, however, 
conta in m e ta l a toms tha t ore not well•shie ld ed from one another, 
and some m e ta ll ic bonding has d eveloped b e tween the m . A 
striking resu lt o f th is is the strong m etallic luster of some sulfides 
a s in galena (PbS), which looks much like lead me tal (Pb). Because 
the cova le nt bond genera lly controls the mechan ica l propert ies 
of sulfides, they o re b ri ttl e. 

There ore few crys tals in the crust of the earth tha t consist of 
metals he ld toge ther by m e tal lic bonds. Because meta ls eas il y 
lose the ir oute r e lectrons and because there ore abundant non· 
metals availabl e to accept them-oxygen (0) and sulfur (S), for 
example-most meta ls ore chemically combined in compo unds. 
Thus metal oxides and su lfid es ore the common m ine rals. The 
na tive me tallic e le me nts (pp. 70-7 5 ) ore those which do not 
form ve ry s table oxides o r su lfid e s, such as gold (Au), s ilve r 
(Ag), and platinum (PI), o r ore form ed in oxygen-defic ie nt e n­
vironme nts, such as copper (Cu) and iro n (Fe ). The core of the 
earth, however, mos t probably consists of nearly p ure metal, 
iron (Fe) ond nickel (Ni), the inner portion of w h ich is liquid. 
Ma ny meteorites hove a composit io n simi lar to the ea rth's core. 
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Body-cente red fate-cen te red Close· pocked 
Cubic Cubic Hexagona l 

(as in iron) (as in copper) (os in ~inc) 

EXPA NDED MODELS OF THE MORE COMMON METALS 

Cube 
faces 

Octa hedron 
face 

PACKING MODE LS OF A FACE-CENTERED CUBIC METAL STRUCTURE 
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Sheer slrE>ss causes deforma tion of motol crys ta ls; me ta lli c bonds 
con be broken c1nd reformed without f racturing the crys ta l, as 
shown. This cha racteris tic is known as ma lleabi lity. 

Heal nows oo pidly through meta l. bectJUS~ lree oluclrons con 
tro nsn1i t energy when they co llide. Electri ci ty is transmitted by 
E>lectrons a lso a nd metals o re good e lectrica l conductors. 

Galena, shows meta llic 
luster, but is brittle. 

Lead, with meta llic 
bonding, is ma lleable. 
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INTERMEDIATE BONDS lie between the three extremes represented 
by metal lic, covale nt, <:Jnd ionic bonds: (1) very metallic e lements 
(with low electron affinity) combine to form metallic bonds; (2) 
very nonmetallic e lements (with high electron affinity) combine 
to form covalent bonds; and (3) very metall ic and very nonme· 
!ollie elements combine to form ionic bonds. If all elements were 
ei ther very metallic or very nonmetallic, all crystals would be 
characterized by one of these three bond types. But elements 
range between the very metallic elements of Group I of the peri· 
odic table and the very nonmetallic elements of Group VII. 

Elements near the middle of the periodic table ore neither 
metals nor nonmetals. In silicon (Sil, for example, the energy re· 
quired to remove or ro odd the 4 electrons needed for o stable 
octet is quite Iorge. Pure silicon therefore forms o covalent crystal 
essen tially id entica l with thor of diamond. Bur silicon ha s o di s­
tinct metallic luste r ond is opaque, indicating that the shored 
electrons oro less strongly bonded than in diamond. In o ther 
words, the bond is covalent, but wi th some metallic character. 
W hen silicon is in chemica l combination wi th oxygen (0 ), o co­
volent bond is possible, w ith the 4 outer electrons of si licon 
pairing with e lec tro r1s of oxygen . An ion ic bond, wi th Si+< bonded 
to o ·1Jons, Is another possibility. Si licon is ne ither strongly meta l· 
lie nor nonmeta ll ic, so the bond is neithe r purely covalent nor 
purely ionic. Tho Si-0 bond appears to Involve both io ni za tion 
and e lec tron shoring; it is stronger than the pure ionic bond, but 
not as s tro ng as a pure covalent bond. Moreover, Si and 0 con 
form complex ions of finite or infinite size (pp. 154-7}. 

In general, elemen ts that appear near each o ther on the left 
side of the period ic table (tho metals) form metallic crystals (crys­
tals with meta ll ic bonds). Elements ncar each other on the right 
side of the table (tho nonmetals) form molecules wi th covalent 
bonds. Elements neor each other in the central portion form CO· 

volent crystals with some metallic characteristics, or metal crys· 
lois with some covalent characteristics. 

Elements on opposite sides form ionic crystals. The farther 
aport they ore the more ionic character the bond will hove. The 
sodium-oxygen (No-0) bond, for example, is quite ionic. The 
magnesium-oxygen (Mg·Ol bond Is ionic, but shows more cova­
lent character. The aluminum-oxygen (AI-0 ) bond is even less 
ionic, and the silicon-oxygen (Si-Ol bond appears to be about 
half ionic and half covalent. 

Crystals having chemical bonding intermediate between co­
volent and metallic ore particularly important in solid stale e lec­
tronics. Silicon, for example, Is a semi-conductor; it conducts 
e lectr icity only above a cer tain voltage, when doped with small 
impurities, and the n In only ono direc tion. This rectifying charac­
teris tic makes silicon use ful in transistors. Understanding rhls 
concept of intermediate bonds is particularly important because 
the physica l and chemical behavior of crystals is directly related 
to the bond type. 
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CHARACTERISTICS OF BONDS AND CRYSTALS 

Crystal 
Compounds Bond Characteristics Characteristics 

li, No, K, Rb, Cs, nearly 100% metallic, duct ile, 
Co, Sr, Bo metallic very conductive 

Be, Mg, AI, Go, In, metallic with some metalli c, somewhat 
Tl, Ge, Sn, Pb, Sb, covalent character. brittle, conductive 
Bi, Po is tics 

B, C, Si, P, As, Se, covalent with some semimclallic, brittle, 
Te, I, At metallic character· poorly conductive 

istics 

N, 0, S, F, Cl, Br covalent molecules, low molting 
point, very poorly 
conductive 

KCI, Nof, e tc. ionic ionic, poorly con due-
li ve, dissolves to ions 
in H2 0 

Al 2 0 3 , SiO~. Sn02 ionic -cova lent I ntormcdlalc 
choractoris ti cs 

As2S3 , Sb2S3 , e tc. covolent·melollic I ntermodiatc 
charoctetistics 

METALLIC CHARACTERISTIC OF THE ELEMENTS 

Elements are increasingly metallic from top 
to bottom and from right to left in the 
periodic table. 

T ronsition Elements 

Leo st Me to llic 
8 

Most Metallic 

Elemen ts 57-71 ore th e ronthonid cs, commonly co il ed rhe 
rare earths; elements from 89 on ore the actinides. All 
the lanthanides ore chemically similar, os ore th e actinides. 
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THE HYDROGEN BO N D is a special bond formed only between 
the hydrogen atom and other atoms. It is o weak polar bond. In 
minerals the hydrogen bond is virtually limi ted to compounds 
contain ing the wate r molecule H20 (hydra ted compou nds) or the 
hyd roxyl ion (Q H)-I (hydrous com pou nds) . The effects of wate r 
a nd hydroxyl on the m ine ral s truc ture ore pro no unce d. Their ab· 
sence o r prosor1ce in mine ra ls is duo to varying cond itions of 
fo rma tion and provides va luable clues 10 geolog ic e rwironments. 

THE HYDROGEN ATOM consists o f o single proton in the nucleus 
and o single electron. The oxygen atom has B protons in the 
nucleus and 8 electrons-2 in the inner shell a nd 6 in the outer 
shell . Thus 2 addit ional e lectrons ore needed for o stable oute r 
octe t. A mix ture of hydrogen and oxygen a t hig h temperature 
wi ll reac t explosively and p rod uce water, H20, in which a n o lec­
tran pa ir· Is fo r·mocJ be twoerr 1 oxygen o Ad 2 hydrogen a tom s. 
This p rovides both hydrogens wit h o s tab le pair of e lec tro ns. 
Complex measurements ind ica te, however, tha t this cova le nt 
bond is mod ified by some repu lsion between the hydrogen atoms. 
This mean$ that to some extent the hydrogens m ust b e positively 
charged, or ionized. 

An important feature of the water molecule is tha t, because of 
the sma ll site of the hydrogen atom, the hyd rogen atoms ore 
"buried" in tho oxygen's c loud of e lectrons. The wa ter molecule 
is essentia lly spherical, th e roforo, a nd nearly the some s ize os 
the oxygen a tom. 

THE HYDROXYL ION consists o f o hydrogen a tom and on oxygen 
a tom wi th a shored electron. To complete its stable octet, the 
oxygen accepts another electron from o metallic atom, with 
which it forms on ionic bond. As in tho water m olecu le, the hydro­
gen a tom is "buried" in the oxygen ion, and tho hydroxyl ion is 
nearly the some size as the oxygen ion ( 1.40 A). 

Although bo th the hydroxyl ion bond ed to a me tal ion and the 
water molecule o re neu tral. they o re polar. The site o f hydrogen 
carri es o sma ll posi tive charge (bocou$e of its pro ton), and the 
o ther s ide of the wo ter molecule or hydroxyl io n carries o sma ll 
negative charge. Bot h. therefore, behove as small magnets. The 
positive polo con exert on attractive force on the electrons of 
other atoms. This is the hydrogen bond. It is the force that holds 
wate r molecules together a s ice and tha t con tribu tes to bond ing 
in any hyd ra ted o r hydrous mine ral. In minerals, the hyd rog e n 
bond b e tween hydroxyl ions a nd adjacent oxygen io ns is par­
ticu lar ly im porta nt. 

Hydrogen bond ing be tween complex o rg an ic mo lecules is re­
sponsible for many chemical processes tha t to ke place in l iv ing 
organisms, controlling metabolic activi ty, reproduction and he­
reditary traits, etc. Biochemical processes ore enormously more 
complex, however, than the chemical processes involved in min­
e ra l crysto llizol ion. 
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... The tetrahedral di~tribution of 
charge on woter molecule, 1·1)0 

The linear dhtribution of 
chargo -on the hydroxyl ion 
(OHr 

Both water cr nd tho hydroxyl lo11 t1Ct us mcrgneh, the positive 
poles being o llrcrcted to nega tive poles in crysta l structures. 

Te trahedra l arrangement 
hydrogen bands abou t 
wcoter molecule 

A Ioyer of the boric acid structure showing hydrogen bonding 
between B(OH), molecules 



SO LID SO LUTIONS 

Minerals are commonly thought of in terms of a simpl e chem ica l 
formula that Is fixed and unchangeable . Fors terite, for example, 
is Mg2Si04; anhydrite, CoS0 4• These for mu las, however, rarely 
express the exact chemica l compositio ns; they ore only approxi­
mations. Compositions of most minera ls ore not fix ed, but vary 
between d efini te limits. This variation is referre d to as solid 
solution or d iadochy. 

In a crystal, on element occupies a particular position because 
of its characteristics, notably the size of its ion or the type of 
chemical bonding. Many elements hove atoms with electronic 
config urations simi lar to those of other e le ments, howeve r, and 
are chemically similar; e ithe r e lement may be stable in the same 
structural position. In silica tes, for example, the posi tion occupied 
by tho sil icon ion may also b e occupied by the a luminum ion, 
which is nearly the same size and has the same electronic con­
figura tion. But it is important to remember tha t the proportion of 
silicon and aluminum in these positions is not fixed, but depends 
on how much of each element was present during the mineral's 
crystal I ization . 

Similarly, magnesium (Mg) and iron (Fe) may be present in a 
number of minerals in identical positio ns, and tho Mg:Fe ratio 
moy hove any value. Regard loss of tho Mg:Fo ratio, however, the 
crystal structures of minerals with variable amounts of Mg and 
Fe are essentially identica l. The elemen ts Mg and Fe ore sa id to 
be " substituting" for one another in the structure. Mi nerals wi th 
identical structures, but with d ifferi ng chemical compositions are 
said to be isomorphous. 

COMPLETE SOLID SOLUTION occurs when two e lemen ts co n sub­
stitute for o ne ano ther comple tely in a mineral. Olivinos oro ex­
ce ll e nt examp les of th is type of solid solutio n. Forsterite, Mg,SI04, 

and fayal ite, Fe,$104, hove identica l structures b ecause the ions 
Mg ' 2 and fe•2 are very nearly the same size and are chemica lly 
similar. If both iron and magnesium are present in the environ­
ment of crystal lization, a single mineral wi th a composition in ter­
mediate between forsteri te and fayolito wil l form. Thi s mineral 
is considered to be a "solution" of fayalite in forstori to. Bocause 
minerals with a ll possible intormod iate compositions ca n bo 
fo rmed, the formu la Is written (Mg,FehSi04, and the gonora l 
name, regardless of Mg:Fe ratio, is olivine. 

The olivines ore referred to as members of a complete solid­
solu tion series between the My end member, forsterite, and the Fe 
end member, foyalite. Mg-rich olivines are light green, and Fe­
rich olivinos ore dark green or block. Olivincs with intermediate 
composi tions are Intermedia te in color. Their other physical char­
acteristics a lso vary between thoso of the e nd members. In such 
minerals, e ither pure e nd member is seldom found, though they 
may be synthesized in the laboratory. 
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Solid solution• o f certain compositions, os 50·50, tend to order. 
The se ordered crystals hove proportie• like compounds roth or 
than intermediates. Di•ordered solid solutions hove properties 
intormodiato befweon those of the v nd members. 
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LIMITED SOLID SOLUTION occurs in o m inera l when two e lem en ts 
that substitute fo r one a nother do not fo r m all possib le propor­
t ion s. Sol id solu t io n in the olivines i s comple te b ecau se i ron and 
magnesium ions ore nea r ly the some size. But in ma ny o ther min­
erals, only l imited amo unts of o ne ion con sub st i tute fo r a no ther 
becau se the two ions ore of d i fferen t si ze. An hydr i te, CoS0 4 , a nd 
bari te, BoS0 4, o re chemica l ly sim ilar, b ut hove d iffe ren t struc­
tures because the Ba •l ion i s con sid era b ly l a rg er tha n the Co ' 2 

ion. Chemical a na ly ses, never theless, show that anhy d ri te con 
conta in up to 8 per cent Bo504, a nd bar ite con contain up to 6 
percent CoS0 4• Substi tu t ion o f more ions cannot toke place w ith­
o ut d i srupting the structure a t e i ther end of the series; the a mou nt 
o f sol id solution is thus l imited to na r row ra n ges o f com posi t ion 
a t each end. Simi lar l y, potassium f e ldspar (KAISi30 8) and sod iu m 
fe ldspa r (NoAISi30 8) d o not fo rm co mple te so l i d so lu tion s excep t 
a t hig h temp era tu r es. To sum up, the exten t of sol id solu ti on i s 
gov erned by the r e la t i ve si zes and chemica l sim i lari ty of the 
substituting e lements and by the tem pera ture. 

COUPLED SUBSTITUTION i nvolves simu l ta neous substitu t ion s that 
balance one another . I t r esu l ts in o more comp lex ty p e of solid 
so lutio n, e ither comple te or lim i ted, tha t occurs in som e m inera ls. 
The f e ld spars o re o n examp le. Ca lc ium f e ld spar (anorthite, 
CoA I2Sip 8) and sod iu m f e ldspa r (albi te, N oAISi30 8) hove the 
som e basic st ruc ture. The ca lc ium ions (Co ' 2) in ca lc ium f e ldspar 
o re in the some posi t ions a s the sodium ions (No• ') in sodium 
f eldspar; the a luminum ion s (A I' 3) a nd si l icon ions (51'4) occupy 
id en tical posi tions in b o th mi nerals, b ut occur in d i ffe ren t prop or­
tions. Because the Co ' 2 io n and the N o· • ion o re nearly the so me 
si ze and con sub sti tute for each o ther, o comp le te sol id-so lu tion 
series i s possib le be tween th e two minera ls. But because Co ' 2 and 
No•' hove d i ffer en t cha rg es, the substi tu ti on of o ne fo r the o th er 
wou ld unbala nce the neutra li ty of the over-a ll st ructur e a nd cou ld 
ther efore no t occur. I t becomes possib le, how ev er, because Al ' 3 

a nd Si•• con a l so subst i tute f o r one another. When b o th sub­
sti tu t ion s occur sim u l ta neously, neutral ity i s mainta ined . The 
"exchange" con be wri tten Co ' 2 + A l• 3 : N o ' 1 + Si ' 4, 5 cha rg es 
rep lacin g 5 cha rg es. Feld spars w ith all poss ib le Co:No r atios co n 
be found, w ith the A I:Si rat io var y in g accord ing ly. M ember s of 
th i s comp le te sol id-solution series, all sim i la r in a ppearance, ore 
ca lled plagioclase fe ldspars. 

IMPORTANCE OF SOLID SOLUTION i s great because most mi n­
era l s ex h ib it i t a t least to a l imi ted exten t. Variat ions in compo­
si ti on prov ide va luab le clues to tempera tures and chem ica l 
envi ro nmen ts dur ing formation. Sol id solu tion exp la in s w hy some 
e lem en ts ore nearly a lways f ound in t race a mounts in min era ls 
a nd o re thereby " camouflaged ." A na lyses o f trace elem en ts in 
r ock s con lead to the discovery of concentrations of valuable 
e lem ents in other nea rby rocks. 
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SOLID SOLUTION IMPORTANT IN M INERALS 

OLIVtNES- Substi tu tlon of Mg"1, Fe ' 2, and Mn ' 1 (pp 164-165) 
Forsterite-Fayolite: Mg,SiO, - Fe,SiO, Complete 
Forsteri te-Tephroite: MgzSiO, - Mn,SiO. Complete 

CORDIERITES-Substitution of Fe-1 for Mg' 2 (pp 172-173) 
Cordierite - lron Cordierite: Mg,A IJ(S i;AI)O,. - Fe,AI,(Si;AI)01a 

Complete 

MELILITES-Coupled substitut io11 ol Si • + Mg• 1 for 2At•1 

(pp 168-169) 
Gehlenite-Akermanite: Ca 2AI(S iAI)0 7 - Co 2MgSi, O , Complete 

PYROXENES-Substitution o f Mg"1 and Fe•> (pp 174·181 ) 
Diopside-Hedenbergite: CoMg(Si0 1h - CoFe(Si0 1), Complete 
Co: (Mg, Fe) varies over limited range 
Intermedia te composi tions ore co iled pigoonlte 
Aug ite is intermedicll" but hos AI" in composition 

AMPHIBOLES-Substitu tion of Mg· 1 and Fe*' Complete (pp. 182-185) 
Tremol ite-Ferrooctinolite: Co,Mg;(Si,O,,) (OH),- Co2Fes(Sia0 12} 

(OHh Complete 
Intermediate compo•il ions ore ca lled ferrotremolite, 

Tremoli te-octinollte, or simply actinolite 

MICAS- Coupled substitut ion of 3Fe ' 2 for 2AI ' 1 + Vacancy 
(pp 194-197) 

Muscovl tc-Anni teo KAt , (Si ,At) 0 0 (OH), - KFe, (SI 1 AI) 0, 0 (O Hh 
Biotite h K(Mg, Feh (ShAI) 0 , (OHh with Mg:Fe less than 2: I 
Phlogpite is K(MgFeh (ShAI) 0 , (OHh w ith Mg:Fe greater than 

2:1 

PLAGIOCLASE FELDSPARS-Coupled substitution of Co-2 + Al' 1 f or 
No· + Si" (pp2 18,219) 

Albite·Anorth ite: NaAISiJOI - CoAI:Si10 $ Complete in termodio te 
composit ion• c1ro co iled plagioclaso 

ALKALI FELDSPARS- Subst itution of K+ and No'' (pp 214· 217) 
Microcline (Sanidine)- Aibi te: KAISi,o, - NoAISi, 0 1 

Complete above about 670<C 
At ordinary temperatures about 20% substitu tion of No• ' in 
mlcrocline ond about 5% subs ti tution of K" i n Albite 
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CRYSTA LS 

Crysta ls hove always been of great interest because of their in­
trinsic beauty. To mineralogists they also provide clues to the 
arrangement of atoms within o mineral and offer o n important 
means of mineral ident ifica tion. Only o few minerals, such a s 
opal and sil ica gloss, lock o crystal structure. 

A CRYSTAL is o solid material with o regular internal arrange· 
mont of atoms. Because of this orderly internal arrangement, o 
crystal may form the smooth external surfaces called faces. Faces 
represent plan es in the crystal on which there ore closely spaced 
atoms and on which growth con occur rapidly. The orientation of 
these faces is on excellent indicator of the internal symme try 
possessed by the structure and of the nature of the chemical 
bond ing (p. 20). 

Though we usually th ink of crysta ls a s having fac es, these 
smooth surfaces ore no t always present. The major ity of m ine ral 
specimens, in fac t, consist of aggregates of crystals that hove not 
deve loped fa ces because of mutual interference during forma­
tion (anhedral crystals). Crystals exh ibi t w ell-deve loped faces 
(euhedro l crys ta ls) o nly when they grow unhampered, as on th o 
wa ll s o f on open cavity, on o surface, in the early stages of crys­
to ll ilo tio n of o n igneous me lt, or in othe r unusua l circumstances. 

THE LAWS OF SYMMETRY prove tha t a ll crys tals con be placed in 
1 of 7 categories called systems. These 7 sys tems con be furthe r 
subdivided into 32 symmetry classes and 230 groups based on 
inte rnal arrangement. Treatment of these subdivisions consti­
tu tes the study of crystallography, on intriguing subject that is 
beyond tho scope of this book. On the following pages the 7 
crys tal sys tems, with illustra tions of represe ntative crys tal types, 
ore trea ted brieOy. 

THE FACES observed on o crystal con be described in terms of 
regular polyhedra-for example, cubes and octahedra. All faces 
of o polyhedron ore of equal size and like shape and ore referred 
to collectively as o crysta llographic form. Some crystals e xhibit 
only one form; others exhibit two or more forms, some having 
largo faces and others small. 

In o real crystal, the di fferent faces of o form ore not neces· 
sorily the some size or shape. Growth of the crystal in one direc· 
lion more rapidly than in other directions results in ma lformed 
polyhed ra, often producing forms that ore difficult to recognize. 
Bu t the ang les between the faces of o form ore the some, re · 
gord less of the dis tortion. Rea l crystal face s, moreover, may not 
be pe rfectly smooth and flat, but ma y hove undula tions o r othor 
irreg ularitie s, caused by irregu la r growth or by In te rfe re nce from 
externa l forces during crys tal growth. Ill us trations o f real crysta ls 
(p p. 70-257), compared w ith idea l crys tals (pp. 38-43), demon· 
stra fe many of these dis tortions and irregularities. 
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THE HAliTE STRUCTURE 
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CRYSTA LS 
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CRYSTAL SYSTEMS 

The soven systems in wh ich crystals con be p laced are defined by 
three or four imaginary axes of equal or unequal length that 
in tersect at the center of any perfect, undistorted crystal form. 
The le ngths of the axes and the angles betw een them define the 
crystal's shape BecausE> crystals can grow to different sizes, the 
rela tive lengths of tho axes, as indicated by a specimen, ore 
common ly no ted . Absolute le ng ths o ro do terml 110d by X-ray anal· 
ysis and ore expressed in terms of a "unit cell," the smallest un it 
exhibiting all the symmetry of the whole crystal. Axes of unit 
ce ll s ore a few hundred-mi ll ionths of a centimeter long (2.54 em 
= 1 in .l. Un it cells of many minerals, w ith atoms shown, ore 
illustra ted on pages 70-257 of this book. 

CU BIC SYSTEM includes crys ta ls w ith three mu· 
tuolly perpendicular axes of equa l length. The 
axes ore conventionally drown perpendicular 
to the three pairs of faces o f a cube or throug h 
the three pairs of corners of on octa hedron. 
Common forms of cubic crystals include the 

te trahedron (4 faces), the cube (6 faces), the octahedron (8 
faces), the dodecahedron a nd pyri to hodron (both 12 faces), th'c 
cubic tropezohedron (24 faces), and the hexoctohedron (48 fa ces). 
A cubic crystal may hove any one of these fo rms or any com­
bino lion of these forms. Some of the possib le combina tions o re 
shown on the opposite pa ge. To make recognition of the forms 
more readily apparent to the reader, different colors hove been 
used for the different crys tallog raphic forms . It is important to 
note the different appearances caused by di ffe ren t d eg rees of 
development of two forms. 

Crysta ls containing several forms may appear to be quite com· 
plex. Im portant in recognizing w hich forms o ro present a re the 
angles between the individ ual faces of a form, s ince they ore 
always the some regard less of the number of forms present or 
the d egree of ma lforma tio n. Many minerals commonly develop 
some forms and not o thers, which makes the recogni tion of fo rms 
important in mineral identification. Tho characteristic fo rms and 
the kinds of malformations are re fe rred to as the mineral 's 
ha b it. (D iscussion of habits on p. 46.) 

Many chemical compounds, including minerals, form cubic 
crystals. Simple compounds (those with one, two, or three ele­
ments) te nd to crys ta ll ize in ei ther the cubic system or the hex­
agonal system (p. 40). Inc luded in this category ore some of the 
elements, simple sulfides, oxides, and halides. More complex 
compounds- the sil icates, fo r example-tend to form crys tals with 
axes of unequal le ng ths, w hich places the m in the othe r crysta l 
systems. Garnets and some feldspatholds, among others, oro 
notable exceptions; in spi te of their relative complexity, they 
fo rm cubic crysta ls. 
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HEXAGONAL SYSTEM includes crystals with 4 axes, 
3 of which ore of equal length and lie in o plane 
with angles of 120° between them. The fourth axis, 
the unique or hexagona l axis (c), is perpendicular to 
the p lane of the other 3 and may be of any leng th. 

A common form is the hexagonal prism, consisting 
of 6 faces parallel w ith tho unique axis. The onds o• 
the crysta l may bo two paralle l faces (pinocoid or 
boso), two pyramids (dipyromid), or a combination 

of a flat face and a pyramid. There are many possible pyramid 
and dipyramid forms, differing only in the angle that the faces 
of each make with respect to the unique axis. Dihexagona l p risms 
and dipyramids are common; these actua lly are double fo rms 
with 12 fa ces ra ther than 6. Hexagona l crystals are common 
among minera ls consisting of simple compounds, modera te ly 
common among more complex minerals. As w ith tho cubic forms 
(p. 39), the different hexagonal forms ore shown in different 
colors on the facing page. Some hexagonal crystals show only 
three-fold symmetry (trigonal) but ore not rhombohedral (below). 

RHOMBOHEDRAL SYSTEM, sometimes included as o 
subdivision of the hexagona l sys tem, Includes crys­
ta ls wi th 3 axes of oquo l le t1 g th, as in tho cubic sys­
tem, but w ith o n anglo (a), other than 90" , between 
them. The most common forms ore the rhombohe· 
dron, the trapezohedron, and the scolenohedron. 
Hexagonal prisms may be found in combination 
wi th these forms, illustrating the dose connection 
between the two systems. In the crysta ls of the rhom­

bohedral system, however, o view a lo ng the unique axis (c) 
shows only 3 e qual faces (3-fold symmetry) rather than 6 or 12 
faces (6-fold symme try) as In crysta ls of the hexagonal sys te m. 
Calcite a nd quartz ore among the minerals that crystall ize in the 
rhombohedral system. The different forms ore shown in different 
colors on the facing page. Though hexagona l form s, such as the 
prism and tho dlpyromid, may be present, as on quartz (facing 
page), tho overall symmetry is rhombohedral. 

rj_~ 
L~--~- --~/j 

TETRAGONAL SYSTEM includes crystals with 3 mu tu­
ally perpendicular axes, 2 of which are of equa l 
length. The forms Include prisms, pyramids, and d i­
pyramids, which are distinguished from similar 
forms of the hexagonal system by having 4 faces 
rather than 6. Other forms ore the tetragonal trope ­
zohedron, the sphenoid, and tho tetragonal scalene· 
hadron. Dltetragonal forms, with 8 fa ces, ore also 
common. Tetragonal crystals o re well represented 
among the common rock-forming minerals; the 

scopolites, ruti le, and zircon ore some more common examples. 
The different forms ore shown In different colors. 
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ORTHORHOMBIC SYSTEM includes crys tals wi th 3 mu­
tually perpendicu lar axes o f diffe re nt leng ths. Tho 
mast common farms are the pinacoid (2 paral le l 
faces), the dipyramid, the prism, and the dome, illus­
trated on the facing page. There are no axes about 
which the crys tal can be rotated to show 3-fold, 4-
fo ld, or 6- fold symme try. Two-fold axes are present, 
however, and tho orthorhombic crysta ls therefor<'! 
ore commonly blocky in appearance. 

If one dimension of the unit cell is notably longer than tho 
other two, the crysta l as a whale may be needlelike; if one unit· 
cell dime nsion is notably shorter than the other two, the crys tal 
may be platy. The crysta l shape is de termined a lso by the rate of 
growth in different directions, hence is no t necessarily related to 
the rela tive unit-cell dimensions. Compounds that ore chemically 
complex or hove complex bonding commonly cry<tollize in the 
orthorhombic sys tem. 

MONOCLINIC SYSTEM includes crysta ls with 3 axes of 
different lengths, 2 of which ore perpendicular. The 
third is not perpendicular to the plane of the other 2, 
but makes on angle f3 with one so the crysta ls char­
acter is tica lly look like orthorhombic crysta ls that 
hove boon deformed In o ne direc tion. The fo rms o re 
the some as the orthorhombic forms, but the shape 
of the unit cell is different . Common forms ore prisms 
oriented in the d irect ion of one of the axes and pino­

coids parallel wi th the planes of any two axes. As in the orthor­
hombic system, compounds that are chemically complex or hove 
complex bonding ore commonly monoclinic, Including many of 
the micas, pyroxenes, and sulfides. Gypsum, some of the borotos, 
and many loss common minerals ore also monoclinic. 

TRICLINIC SYSTEM includes crystals with 3 axes of 
different lengths, none of w hich is perpendicular to 
the others. The angles between the axes ore called 
a, f3, and y. This low symmetry restricts the possible 
crystal forms to (1) the pinocoid, consisting of two 
parallel pianos, and (2) the pedion, consis ting of one 
pla ne with no paralle l p lanes. The pinocoid and tho 
pedion may have any orientation with respect to the 
chosen axes. The low symmetry makes the structures 
of triclinic crystals difficult to determine and difficult 

to describe in terms of crystal forms. As in the monoclinic system, 
complex compounds common ly crys tall ize in tho tr ic linic sys tem. 
Among tho few trlc linic minerals ore the most common rock­
forming mineral groups- the feldspars and some of the micas, 
the clays, and kyoni te. Many minerals con exist in e ither 
monoclinic or lriclinic forms depending on the composition or 
temperature formation. 
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TW INNED CRYSTA LS 

A twinned crystal is o single crystal that appears to consist of 
two or more crystals grown together alo ng a plane. This compo­
sition plane be tween " twins" is not to be confused w ith the 
boundary between two separate crystals, where mismatching is 
severe and the crys ta ls ore easily separa ted. Twinr1ing occurs 
mos t comr11only when the g row th of a crys ta l und ergoes slig ht 
shifts in direction. These changes in direc tion of growth ore the 
result of spacings among the atoms on certain atom ic planes 
within the crystal. Twinning is commo n and easily observed 
among crystals with well-developed faces and, less obviously, 
w ithin individual groins in rocks. 

CONTACT TWINS ore twinned crystals that exhibit grow th in two 
directions from o common plano. The composition plane, goner­
oily o bvio us, is a lways o di rectio n of a possible crysta l fa ce. In 
addition to the simple contact twins just described ore cyclic con­
tact twins. These show repeated twinning a t regular intervals, 
the crysta l growth occurr ing along a "circular" path, as in chry­
soberyl. Though there are many possible twin p lanes for any 
given crystal, twinning normally occurs along a few planes on 
w hich fav orable in terato mic spaci ngs o re found. Twinr1ing is said 
to occur in accordance wi th a number of "twin laws.'' which ore 
d escribed in terms of the crystallographic orienta tion of the com­
position p lanes. 

PENETRATION TWINS appear to hove one twin penetrating the 
other. The y form for the some reasons as any othe r twin, but ore 
more convenien tl y described in terms of twinning about an axis 
instead of o plane. The total number of probabl e twin axes for a 
given compound is norma lly sma ll. Fluori te commonly is found 
as in te rpe ne tra ting cubes; pyrite fo rms "iron crosses" of twinned 
pyritohedro. Staurolite and arsenopyrite ore very commonly 
found as twinned crosses, consis ting of penetrating prisms that 
ore popular collec tors' ite ms. Orthoclase is commo nly twi nned 
in several ways, one of which Is called the Carlsbad twin, shown 
o n tho opposite page. Quart :t prisms also form penetration 
twins. In many cases one of the twin membe rs is much sma lle r 
than the o ther. 

POL YSYNTHETIC TWINS ore contact twins that a re re peated on 
the some composi tion plane a t close interval s across the entire 
crysta l. A number of minerals, notably the plogioclosc feldspars, 
exhibit this type of twinning . The thickness of ind ivid ual twin 
members is roughly the some In o given crys ta l, but may vary 
from one crys tal to ano the r. Polysynlhetic twinning on o very 
small scale (eve n microscopic) commonly rooults in a s tria ted 
appearance, as in most labradori te feldspars. Scatte ring of light 
by closely spaced polysynthetic twin planes causes a strange 
glow ca lled chatoyo nce. 
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CRYSTA L HABIT 

The shape and size of o crystal o r aggrega te of crystals ore coiled 
the "ha bit." In o sense, the faces of o perfectly formed crys ta l 
cons ti tu te its hab it, b ut charac teris tic malformations of crystals, 
particle-size d istributions In a ggrega tes, and many o ther dis tlnc· 
live feo turos o ru included in tho term. Mony factors, some not 
completely understood, infl uence crys tal ha bi t. Inte rna l structure, 
hence the ro te o f crys tal growth in different directions, is most 
important. Also important ore certain fac tors present d uring crys­
ta l forma tion: space ava ilable, tempera ture, chemical environ­
ment, ond kind of solution. The na mes tha t o re give n to the 
di ffe ring habits of crys ta ls are usual ly readily understandable 
descriptive terms. In learning to identify mine ra ls, it is Impor­
tant to become fo mlllo r w ith the varia tions in o il of the proper· 
ties observed in o given minorol. Among tho most important o f 
these Is habit, w hich moy be d iagnostic. 

PRISMATIC HABIT refen to a crysta l 
thot is appreciably longer in one 
directio n than in th e o the r two, 
Some of the most distinctive crysta ls 
- tho;e o f stlbn ito, asbestos, >olin . 
spor (a fibrous gypsum), pyroxenes, 
and a mphiboles-ore pri>motlc. The 
prismatic habit i> describe d more 
specifical ly by such names, g eneral· 
ly self .oxp lona tory, a>: co lumnar, 
bladed, ac icular (needlelike), and 
fi brous. Minera ls tho t hove pr isma tic 
crystals ore commonly found in og· 
gr~oco t es of seve ral minora l. . 

GRANULAR HABIT most commo nly 
describes a ggregates composed of 
mine ro l gra ins cemented together, 
regordleu of the habit of tho crys· 
to ls. Desc riptive narr.u i nclude 
coarse g ro n ulor, fino gronula r, a nd 
powdery granular. 

LAMEL LAR HABIT refen to a crystol 
th a t is apprecia b ly shorte r In o ne di. 
rection than in the other two. There 
are vario us t ypes. Tabula r crysta ls 
ore thick. Micaceous crys tals oro 
ve ry thin, and the lamellae con be 
peeled off a long cleavogo p la nes, 
Fo liated crys ta ls hove thin lomelloo 
tha t may be folded ond d is to rted , 
as in tole. Plumose crystals ore 
fea ther! ike. l a mella r agg rega tes a re 
g roups of lamellar crystals cemen ted 
toge the r. 
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HABITS OF AGGREGATES of mine r· 
ols may be qu it e different from th e 
habits of the constituen t minerals. 
Aggregate habits ore described by a 
number of readily understood terms, 
such os g lobular, massive, ond mt.ls· 
sive earthy. Special names orb given 
to those w ith specia l struc tu res. 

Aggregates composed of groups 
of minoro ls, generally pri sma tic o nd 
radiating from a common center to 
fo rm a sphe rica l surface, may be 
given one of several names, de· 
pending on tho s i ~e of the g roups. 
If the groups o re small (less thon 1/u 
in. each), the structure is called 
oolitic; if they a rc larger (1/e· 'h ln.), 
it is pisol itic; if they are even larger, 
it is botryoida l, or mommala ry. If 
the groups are large and kidney· 
shaped, th o s t ru ct ur~ Is sold to be 
reniform. Stellato aggregates ore 
radia ting fjtau p! reHtmbllng s tcors. 
Dendritic aggrega tes consh t of in· 
d ividua l crys ta ls o f any habit that 
grow in o branching manne r. Ge· 
odes a re g roups o f cr ystals, banded 
or radia ting, tha t g row inside a cav. 
ity in a rock. Subsequently, these 
groups may be disso lved ou t a s 
rounded mosses that, when spli t, re. 
vea l th!' ln l!'rio r crysto la. Drusy 
crystal• ore aggregate> of •moll, 
we lJ . formed cry stals that grow o n 
the surfa ce of a rock or a long frac· 
lures in rocks. 
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IMPERFECTIONS IN CRYSTALS 

To understand crystals, it is necessary to consider ideal speci· 
mens, wi th oil fa ces of a form present a nd wi th each face per· 
fectly shaped and planar. It is customary a lso to consider the 
internal st ructu re as perfect, wi th no irregulari ti es in the arrange· 
mont o f the constituent a toms. In rea lity, however, there is no 
such thing as o perfect crystal. Crystal faces may b e misshapen, 
e tched, curved, ond irregular In a number of ways. These dev i· 
ations are of gre at value in mineral identification and provide 
clues to the mod e of formation. Irregu larities in the atomic or· 
rangement ore responsible , too, for many of the observed 
mechanical and electrical properties of crystals. 

SURFACE IRREGULARITIES oro Imperfections tha t can be observed 
on the surface of o crystal, either with the unaided eye or with o 
microscope. They may be fo rmed during crystal growth or ot 
any time subsequently. Striated surfaces, os observed on quar tz 
crys tals and many o ther minera l crystals, resul t from changes in 
growth direc tion during crys ta ll ization. Close examination re· 
veols many very smal l para lle l faces on any groove or ridge. 
Curved crystal faces, o~ o n calcite and dolomite, oro of s imi lar 
origin. Many crys ta l faces oro pitted or e tched , commonly o result 
of chemical a ctiv ity on a smooth fac e, bu t in some cases fo rmed 
during crystal growth. The faces of some crystals hove depres· 
sions, w hich themselves hove faces; others have small elevations 
(vicinal prominences), olso with faces. They are the resu lt o f un· 
equal growth rote on the crysta l face. 

STRUCTURAl DEFECTS are internal devia tions f rom the idealized 
perfect crystal. Every crystal of visible proportions contains many 
m ill ions of such defects. These "mistakes" of nature oro impor· 
tent in de termining the behavior of crysta ls; indeed, they seem 
to be instrumental in p romoting crystal growth. Point defects 
in volve only one structura l pos ition, their effects extending no 
more than o few atoms beyond the defec t. Structural vacancies 
(of ten inaccurately called latt ice vacancies) oro sitos where o n 
a tom is locking. These defec ts affect a crys ta l's optica l, electrica l, 
and mechan ica l proper ties. Im purity a toms, loca ted a t structural 
positions or in interstitia l posit io ns (between the "normal" a toms), 
also affect the properties. Line defects involve many atoms, essen· 
tially in one direction, and a re the result of missing rows or 
planes of atoms. An important defect is the helical, or screw, 
disloca tion. This is formed by continued crystal growth about on 
edge dislocation. The theoretical strength of a crystal may be 
many times the measured va lues in real crystals. The inevitable 
presence of structural defects provides locations of stress conce n­
tra tion thot causes the crys tal to yield by fracture or by deforma· 
tion. The ma lleabil ity of metals is on importan t property beca use 
dislocations e na ble the crystal to s lip, w ithout fractu ring. 
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CRYSTAL INCLUSIONS 

During or afte r crystall ization, a minera l may be exposed to high 
temperatures and solutions of o ther materials fo r very long 
periods of time. As a result, some material may be trapped in the 
crystal o r some portions may be disso lved and replaced by a 
differel1t mineral o r evan by a nonminoro l. Such inclusions com· 
manly occur in minerals. In many cases when one mineral is 
included in another, it is difficult to determine which mineral 
for med first . But if this con b e determined, the sequence of crys· 
tollizo tio n and the histo ry of formation of the entire rock con be 
worked out. Also, certain kinds of inclusions may be character· 
istic for particular minera ls and therefore of va lue in ident ifica­
tion. A few of the many typos and varie ties of inclusions ore 
discu55cd be low. 

RANDOM INCLUSIONS o re those inclusions whose shape a nd 
orientation ore not related regu larly to the crystallographic direc· 
lions, or symmetry, of the crystal. These may simply be bubbles, 
fllled o r partia ll y fill ed w ith gas or liqu id. A s tudy of the flllings 
con provide va luable information about the chemistry of the 
environment in which the crystal was formed. 

Random inclusions may also be crystall ine in structure. Quartz 
crysta ls, for example, freq uen tly contain need les of rut ile, hemo· 
tile, asbestos, tourmaline, or other minerals. Aventurine feldspa r 
contains very sma ll particles of hematite, which ore responsible 
fo r the distinctive reddish color. Sa nd crysta ls, wh ich ore large 
calcite crys ta ls found in sandstone, contain high percen tage$ of 
evenly distributed sand groins (quort:tl. Nearly any crystal may 
hove inclusions. Some inclusions, such as quar tz in staurol ite 
(poikili tlc stauroli te), ore chorocteri$ tic and aid in identi flco tion. 
Sometimes random inclusions ore aggregated w ithin the crystal. 

ORIENTED INCLUSIONS occupy spaces a long definite crystallo­
graphic p lanes of the host minera l, producing a symmetrica l 
pattern. These intergrowths con form as a result of simultaneous 
crys tall iza tion of th e hos t and a mineral inclusion (eutectic inter­
growths). Sometimes, intergrowths oro due to the migration o f 
atoms along certa in crystallographic planes when some elements 
separate out of the hos t mineral ot high temperatures. This is 
the phenomeno n of exsolution. 

Graphic granite is o good example of a eutect ic in tergrowth 
in which microcline contains quartz intergrown along some 
crys ta llographic directions. Perthi te is o very good example of 
on inle rgrowth resulting from exsolutlon. At h igh temperatures, 
albite (NoAISi30 1) is completely soluble in microcline (KAISi30 1). 

As cooling occurs, however, albite separates out a long the 
crys tallographic planes of microcli ne, producing o bonded op· 
peoronce. Chiostolite, w ith inclusions of carbon along certain 
directions, is o crysta l with noncrystalline inclusions. 

50 

Tou rma line needles 
in quartx 

Graph ic Grorlite 
(Quortx and Potassium 
Fe ldspor) 

Inclusions in Sphalerite: 

Rvtl lo ted quartx 
(Rutile needles) 

RANDOM INCLUSIONS 

Chiostollte 
Inclusions in 
Andolusito 

ORIENTED INCLUSIONS 

Sond crystals 
Qvort7. oroino in. 
corporo tod into 
calcite during 
crysta l growth 

Perthite 
No-Fe ld spar in 

K-Fcldspor 

Rounded a reas ore gas bubbles. 
Remainder of inclusions fil led 
with salt water (x 14) 

Inclusion of l iq uid 
Mercury in Ca lci te (x 1 0) 

Cubic Sa lt Crysta l and 
Carbo n Dioxide Bubble 
in Emerald (x l95) 

Sovero l Crystoh and 
Gas Bubble (pear-shaped) 
in Magnesite (x 120) 

51 



PROPERTIES OF M INERALS 

The propert ies d escribed briefl y on the next severa l pag es ore 
important in the identification of minerals and ore relative ly easy 
to determine, o f least approxima tely. Many other properties o re 
not discussed because they ore uncommon or re qu ire elaborate 
labora tory equipmen t for the ir d e te rminat ion. 

CLEAVAGE is the te nde ncy of some mine rals to break along deft­
nile planes when struck wi th o sharp blow, os w ith o hammer. 
The flat cleavage surfaces provide o means of identification and 
o clue to structure. Clea vage p lanes para lle l possible crys ta l 
faces. Breaks occur along these planes ra ther than through them 
because in g ene ra l they consist of closely spa ced atoms bound 
togethe r by fo rces stronger than those binding atoms in o ther 
directions. 

Cleavage is described o s perfect, good, fair, or poor, depend­
ing on the regu lari ty o f the break and the luste r of the surface. 
It is a lso described by the number of cleavage d irections and the 
angle be tween them, o r by the resulting form. Mica, fo r example, 
breaks in one direction; o "book" of mica exhibits two para llel 
cleavage surfaces, but they constitu te o sing le d irection. Galena 
has three directions of cleavage at right angles (cubic cleovoge) 
and thus ha s six cloovoge p lo neS"(throe pairs in threu d irec tions). 
Other common types of cleavage ore shown a t right. 

Some mi nerals-ha lite a nd calcite, for example-hove such 
well-developed cleavage d irect ions that o break in a ny othe r 
di rection is virtually imposs ib le. O ther minerals, such as the py· 
roxenes and amphiboles, hove wel l-developed cleavage in some 
direc tions, bu t break unevenly in o ther directions. 

FRACTURE is the irregular breakage of o minural. Quartz and 
beryl, for instance, break uneve nly in o il d irections. There o re 
no observable cleavage planes. Fracture is common in minerals 
wi th comp lex structu res in which there ore no d irections of un­
usually weak bonding. 

Descriptive te rms applied to fra ctures ore noo rly a ll self-ox­
plonotory. Porting, os exhibited by corundum and garnet, is o 
poorly d eveloped cleavag e In w hich the porting surfac es ore not 
planes but ore irregular. Conchoidal (shell -like) fracturing is 
common In amorphous materials, such as opal a nd volcanic gloss. 
Some minerals that crystallize with unusual habi ts fracture in o 
ma nner characteris tic of those hab its. Satin-spar gypsum and 
asbestos serpentine, for example, ore fibrous in habit ond exhib it 
o fibro us fracture. Uneven, hackly (jogged), splintery, blocky, 
and prismatic oro other terms used to describe fra cture. As wi th 
all prope rties, it is desira b le to become fam il iar wi th nomos op· 
plied to different kinds of fracture and to study exo mpleJ using 
rea l mine ral specimens. Fracture characterist ics moy appear dif· 
feren t in different specimens of the some minera l. 
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One-diractiorlol cloovoge 
os In mkos 

Three-directlono l cleavage 
a t right onglos (cubic), 
ca In Hollie 

Three-d irectional clcovcrge 
not o t righ t angles, a s In 
Calcite 

Two-diroctionerf cloovoge 
o f right ongles 05 In 
Pyroxene 

Two-diredionof cloovogos 
not ot righ t onglos, '" in 
Amphiboles 

Octohedrol cleovoge, 
os in Fluorite 

Concho ido l frocture 
Obsidion 

Fibrous frocture 
Goethite 

Irregular frocture 
Quartz 
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HARDNESS is one of the mos t cha racterist ic a nd useful properties 
of o mineral. It con be defined in many ways, each a measure of 
the mineral's res istance to o mechan ical fo rce. Some of these 
forces (a nd the scales tha t mea sure them) ore: scratching (Mohs), 
indentation IKnoop), abrasio n (Pfaff), and g rinding (Rosiwo l) . 

Tes ting res is tance to scra tch ing is o popular m ethod of deter­
mining hardness because i t requires no specia l equ ipmen t. The 
Mohs' sca le (opposite pa ge) cons ists of 10 m in era ls of differen t 
hardness. Each is given a number from the sof tes t (tole, 1) to 
the hard est (d iamond, 1 0). A m inera l tha t con be scra tched by 
qua rtz: (7) bu t not by microcline (6) has o hardness between 6 and 
7. The some m inera l w ill, of course, scratch microcl ine b ut w ill 
no t scra tch q ua rtz. 

Common objects con a lso be used a s tes t ins trum ents- the fin­
gernail (2112), o copper coin (3112), o kni fe blade or common gloss 
5 112), and o metal file (6V2l. A sharp edge of the test ob jec t is 

moved firmly across o re la ti ve ly flat surface of the mineral to be 
tested. Then o moistened fingertip is applied to the surface 
to remove loose powder and reveal if the surface has been 
scratched rather than marked. 

At bes t, the scra tch tes t provides o roug h es tima te o f hardness. 
A wea thered or altered mineral may be softened on the surface, 
and some m inNol s oro harder in one d irectio n tha n in others. 

SPEC IFIC GRAVITY is o measure of o mineral' s d ens ity, o r weig h t 
per unit vo lume. Wate r is a ss ig ned o speci fi c grav ity of 1 (1 gram 
per cubic centimeter), and the sp ecific g ravities of othe r materia ls 
ore compared to it. A mine ral fra g m ent that w eig hs 2.1 tim es 
a s much as on equal volume of water has o specific gravi ty o f 
2. 1, assumi ng there o re no poro spaces. 

Tho jolly balance and tho beam balance oro used foro fair ly 
accura te de te rm ina tion of o m inera l's speci fi c g ra vity. In bo th, o 
fragmen t is weighed first in air and nex t in wa ter. The difference 
between the two weights is the weigh t o f o n equa l volume of 
wa ter. Div iding th is into the weight in ai r g ive s the specific 
gravity, as shown on the facing page. 

Af te r practice, a modera te ly good estimate o f specific gravity 
con be mode merely by lifting o minera l fragment. A piece o f 
load is o bviously heavie r tha n o piece of g loss of equal size; l ike· 
wise, the relative weights of other mineral s with closer >pacific 
gravi ties ca n be dist inguished . Nume rica l va lues, however, co n· 
not be dete rmined in this fa sh ion. 

Practice w ith minera ls o f known speci fi c g ravity is invaluab le . 
Often a rough estimate is sufficient to distingu ish between two 
minero ls that ore very simila r in appearance. Co re is needed if 
the specimen is porous or contains other minerals thon the one 
being investigated; tho opparont specific g ravi ty may be mis­
leading. The specific gravity of o m in era l vo ries wi th composi­
tion, as in solid solutions, but in general, the difference co n be 
de tected only by ca re fu l m easureme nt. 
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MOHS HARDNESS SC ALE 

1. Tole 

7. Gypsum 

fi ngerna il 3 
3. Calcite 

4. Fluorite 

5. Apa ti te 

6. Microcline 
""~·--· Knife-Gloss 

7. Quart~ 
( Tool stee l 

8. Topo% 8 

9. Cotvndvm <L 
1. 10 

10. Diamond 

/ To pox 

Rub Check Scratch 
DETERMINING HARDNESS WITH MOHS SCALE 

J 
I 

Minerah 

Halite, S.G. 

Quortx, S.G. == 2.7, Medium 

2. 1, light 

Barite , S.G. :: 4.5, Hoavy 

Gcolena , S.G. - 7.6, Very heavy 

~· ~ 
Es timo ting specific grav ity Joll y Bolconce 

Specifi c Gravity -- woig,_h_t _1-:n-:a':"i,;,r -:-----
weight in air- weight in wa ter 
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COLOR moy be of help In ide ntifying o mineral. Some minera ls 
ore invar iably tho some color (ideochromatic). but mos t of them 
occur in a vari e ty of colors (o llochromatic). The different colors 
may be the resu lt of small inclusions of other m inerals, of chemi­
cal impurities in the structure, o r of defects in the structure. Even 
most ollochromotic minera ls, however, ore like ly to be one par­
ticular colo r o r one of several colors, ond the colors moy be useful 
in in terpret ing tho histo ry of the mineral's formation. The major­
Ity of sulfides ond sulfosolts ore ideochromotic, os ore some cor­
bonates. The other classes ore generally ollochromotic. 

Color should olwoys be noted on o freshly broken surface, b e­
cause staining ond corrosion moy alter the appearance of on 
older surface. The kind of sta ining or corrosion, however, may 
also be on a id to identifica tion. Sulfides ond sulfosalts moy be 
difficult to Identify, but the corrosion product, generally a com­
pound of the m e tal s of the su lfide or sulfosolt, is often diagnostic. 

LUSTER, like color, Is determ ined by the woy light is reflected 
from o mineral. A particu lar luster, however, is more likely to be 
characte ristic of a given minera l than is o particular color. Luste r 
is the sheen or gloss of o mine ral's surface. The genera l a p pear­
once of the surface, the refl ec tivi ty, the scattering of light by 
microscopic fl ows or Inclusions, the depth to wh ich light pe ne­
trates- these and many o ther features ore responsible fo r lus te r. 
Te rms used to describe lus te r ore nearly o il common ond so lf­
exp lo notory: earthy (du ll ), me ta ll ic, vitreous (g lassy), pear ly, res­
inous, greasy, s ilky, and adamantine (brilliant, like o diamo nd). 

OPACITY is close ly associated wi th luster. An opaque m ineral 
does no t transmit ligh t to ony extent. A transl ucent minera l does 
transmit light. A transparent mineral not only transm its light, but 
perm its objects to be seen dearly through it. It is worth remem­
bering that al l minera ls wi th a metallic luster are opaque. 

Opaci ty moy be difficult to determine. A transparent minera l 
may be translucent if it contains many tiny fractures, numerous 
inclusions, or hos been altered on the surface by weathering. 
Some minerals moy be translucent or transparent only on thin 
edges or may vary with composition. 

STREAK is an important, simple test that con be used to identify 
some minerals. Minerals with o hardness less than that of on 
unglazed porcelain plate (5'12) will leave a streak of finely pow­
dered mineral when rubbed across the plate. The powder's color 
is commonly choracterist ic of the mineral. 

Colored mine ra ls generally leave o streak of the som e color 
as the mineral (congruent). Some do not, however. Blo ck heme· 
tile, for example, leaves a reddi sh-brown s treak. Wea th ered 
minera ls may leave a s treak that is not chara cte ristic of the min· 
ora l but of the a lteration product formed on its surface. Other 
m ine rals leave e ither no s treak or a whi te streak that is useless. 
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Aturile and 
Molochit& 

Hematite 

Qua rtz 

Sphale rite 

Serpentin" 

Congruenr 
S treak 

(Magnetite) 

Galena Pyrite 

SOME IDEOCHROMATIC MINERALS 

Earthy 

Metallic 

Vitreous 

Pearly 

Resinous 

Greasy 

Silky 

Adaman tine 

STR EAK PLAT E 

Incongruent 
Streak 

(Hematite) 

Cha lcopyrite 

Cha lcopyrit e 

Opal 

To le 

Dion, ond 

Co lorle ss 
Streak 
(Colcito) 
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TASTE may be useful in id ent ifyin g wa ter-soluble mine rals, such 
as tho halides and berates, which hove characteristic tastes. 
Halite, or common salt (NoCI), Is famil iar to e veryone. Sylvite 
(KC I) is bitterer than halite, but is so a like in taste that it is nearly 
impossible to disting uish. Fortunate ly, the wate r soluble minera ls 
oro not toxic, but it is best to ovoid tasting minera ls except as a 
flno l test. Perspiration from the flngers wi ll dissolve enoug h of 
the specimen so that the solubility may be de tected rather cosily 
without tasting. 

SOLUBILITY IN ACIDS is o property that may distinguish o ne min­
eral from another. Some mine ra ls, notably the carbonates, ore 
very soluble in acids. Calci te (CoC01l d issolves rapid ly and with 
vigorous e ffervescence; dolomite (CoMg(C0 3) 2) dissolves more 
slowly and without effervescence. A sma ll bottle of acid wi th a 
d ropper co n be ca rri ed in the field to identify these common 
carbonates. 

Other minerals, such as ne phe line, do not dissolve readily in 
acids, but ore altered by them; o characteristic gel forms on their 
surface. Sti ll o ther minera ls ore insoluble. 

A mineral's solubili ty depends on the kind of odd, its s tre ngth, 
and its tempera ture. Ma ny sulfates ore soluble only in concen­
trated sulfuric acid (H1SO.l. Other minerals oro insoluble in cold 
hydrochloric a cid (HCI), bu t soluble in hot. Most silica tes ore solu­
ble only in hydrofluoric acid (HF), on acid so dangerous that it is 
best to use other tests. Consult an a dvanced mineralogy text be· 
fore conducting extensive chemical tests. 

MAGNETISM is exhibi ted by only three common minerals in 
enough stre ng th to show up In simpl e tes ts. Ma gne ti te (Fe30 ,1) is 
strongly magnetic (may be attracted by a magnet). Tho magnetite 
ca lled lodestone is permanently magnetized and so will a ttrac t 
pieces of vnmagnetized iro n. Pyrrhotite (Fe1 xS) and ilmenite 
(FeTi01) ore less stro ng magnetic. A magnet is useful in identify­
ing these minerals. 

PYROELECTRICITY is tho polarization of many crystals when they 
ore hooted; that is, nega tive charge accumulates a t one e nd of 
the crystal, positive charge a t the other end. Tourmaline is one 
of the more spectacu lar of these pyroelectric crysta ls. Wh en hoot· 
ed, it wi ll attract small bits of paper to its ends. Mony pyroelectric 
crys tals ore only weakly po larized, and this characte ristic is then 
of little use for identification. 

PIEZOELECTRICITY is the polarization of some crystals, no tably 
quar tz and tourmaline, w he n sub jected to pressure. Those crys­
tals a lso w ill exert outward pressure if on electric curren t is 
applied to them and will vibrate if the current is al ternating. The 
prope rty is of in terest because of its importance for electronic 
and u ltrason ic devices, but is of little use for identificatio n. 
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DETERMINATION OF CRYSTAL STRUCTURES 

The structure or arra ngemen t of atoms in a crys tal is direc tly 
related to the properties of minerals and to their behavior. 
Prior to 1900, scientists hod speculated about the s tructures of 
m ine rals, concluding that all crystals a re built of small identical 
units, called unit co ils, arranged in a throe-dimensional periodic 
array. With the discovery of X-roys, o moans of determining the 
arrangements o f a toms in unit ce lls become avai lable. 

X-RAYS ore e lectromagnetic waves, like light, with much shorter 
wavelengths, in the vicinity of on angstrom, 1/1 00 millionth 
of a centimeter. Because successive planes of atoms are spaced 
at d is tances o f one to several angstroms apart, they diffract 
X-rays in the same way that o ruled grating diffracts light. 
Using the equation n,\ 2d sin 0, where n Is an integer, 1, 2, 
3, n ... , ,\ is the wavelength of the incident X-roys, 0 is the 
angle of incidence, and d is the distance be tween Identical 
planes, in terplonar spacings con be determined by measuring 
the intensities of X-rays scattered at d ifferent angles by the 
crystal. The crysta l scatte rs X-roys in such a way tha t the spots 
or lines arc produced on o fl lm or a chart. The size and shape 
of the unit ce ll ca n be de termin ed mathematically from the 
positions of tho spots, and the locations of atoms in the unit 
ce ll con be de termined from the intens it ies of the spots o r lines 
only after rather co mplex and d etai le d mathematica l ana lys is. 
~t Is this cohere ntly scattered X-radiotion which is important 
tn crystal structure determination. 

The X-ray crystallographe r also uses information from othe r 
analyt ical methods. A chemical analysis of a crysta l is essential. 
Valuable elves to tho structure con a lso be obtained with a 
petrographic miscroscope, from densi ty measurements, from 
measureme nt of Inte rfacial angles, from study of pits etched 
on the crystal by acids, from measurement of pyroelectric and 
piezoele ctric properties, and even from hardness measureme nts 
and observation of surfa ce luster and texture. 

THE EFFICIENCY with which X-rays ore sca tte red by an atom is 
di rectly rela te d to the a tomic number. Light elements, such as 
hydrogen, lithium, e tc., are difficu lt to place w ithin the unit ce ll , 
particula rly if heavier e lements ore also present. When the 
crystal is that of a compound, the prob lem of de termining its 
structure is even more complex since different atoms do not 
scatter X·roys equally. 

Neutron diffraction, using re la tively slow neu trons from re­
actors, can be used to he lp dete rmine locations of the lighter 
elements because the efficiency of the lighter e lements in 
scattering neutro ns Is in many ca ses quite high. Electron 
d iffrac tion, ca rried out by placing the crystal in the path of the 
beam. of an e lectron miscroscope, is a lso very useful, particu­
larly tn d etermining the structure of very sma ll crysta ls or of 
their surface films, 
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LUNAR MIN ERALS AND ROCKS 

The successfu l mann ed la ndings on the moon, beg inni ng with 
Apol lo 11 In 1969, initiated o new era of minera logic a nd pe tro· 
logic research. Rock samples brought from the moon have been 
s tud ied, and wil l con tinue to be, in almost incred ib le de tail. Be· 
ca use the moon locks o n atmosphe re, evidence of the inilia l for­
motio n o f rocks has no t been des troyed by w e a thering as It has 
been o n the earth . Lunar rocks therefore pro vid e va lua ble clues 
to the o rig in of the moon and the re la ted ear ly s tages of forma · 
lion of the earth. 

LUNAR ROCK MATERIALS have been cla ssified o n the ba sis of 
overa ll a p pea rance in to four types: (A) dark gray, very fin e· 
grain ed rocks, simi lar in com position to te rres trial basa lts; (B) 
coarser-grained rocks, w ith crys tals larger tha n 1 rnm. (.04 in. ), 
also similar to basa lts; (C) breccias, consis ting of fragments o f 
coarse mineral s cemen ted in o matr ix of ve ry fin e ma teria l, s imi· 
lor in appeara nce to terres tria l breccia s, though no t formed by 
stream deposition ; and (D) fines, ma teria l s imilar to soil, scooped 
from the surface. 

LUNAR MINERALOGY is much less complex tha n tha t of the earth . 
The m os t no table diffe re nce is the absence of the hyd rous miner· 
a ls, m ica s and a mph ibo les, and o th er mine rals tha t fo rm by 
precipitation fro m a queous solution. The ma jor lu nar minera ls 
ore calcic plagiocla se, CaAI2Si20 8, and pyroxene, (Ca,Mg,Fe) SiO~. 
These, with ilme nite, FeTi03, make up the bu lk of the lunar ba­
sa lts. Common o re ol ivine, (Mg, Fe)zSi0 4; cr is tobalite a nd tr idy­
mi te, the two high-tempe rature forms of Si02; and pyroxferro ite , 
CaFe6(Si0l)7, a new m ine ra l s imilar to the pyroxenes. Found as 
accessory mine rals (less than 1 per cent) ore me ta llic iron ond 
nickel; troi lite, FeS; chromite, FeCr20 4; ulvospinel, f e1Ti0 4; two 
p hosphates-apatite , Ca 5(P04)3(F,CI), and whitlocki te , Co9MgH· 
(P04h; and a new oxide ca ll ed armocolite, (fe,Mg)Ti20 5. Particu· 
la rly inte res ting is a smal l amount of rock materia l containing 
qua rtz, Si0 2, a nd potash fe ld spa r KAISi30 8, found ln one breccia 
a nd severa l samples of fin es. These m in era ls, ma jor components 
of granite, indicate diffe re n tiation o f the lunar body, p robab ly in 
the early s ta ges, in a mann er s imilar to the process by which the 
crus t of the earth developed. Rad ioactive s tudies indica te that the 
lunar rocks crysta ll ized 3.1 to 4.0 bill ion years ago, co rrespond· 
ing wi th the ages o f the oldest rocks on the earth. 

LUNAR GLASS is common. It occurs as o cons titue nt of the basalts, 
formed by rapid coo ling of molten la va a t o r near the surface , 
and as sma ll spherical bead s mixed w ith the surface fin es, obvi­
ously the resul t of melting and splashing of surface ma te rial 
by the inte nse fa rce of impacting meteors. Compositio n varie s 
widely. 
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LUNAR ROCKS 

Type 8 : Basalt 

Ve sicular Basalt 
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LUNAR GLASSES 
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CHEMICAL COMPOSITION of lunar rocks is, on average, similar 
to that of terres trial basa lts. Some e lements, however, ore no t­
ably more abundant in the lunar rocks. Among these a re titanium 
and chromium, which are about 10 times as abundant in lunar 
basa lts as In terrestrial basalts. Manganese, zirconium, hafn ium, 
beryllium, and some of the rare earth e lements ore a lso more 
pl entiful in lunar rocks. Silicon, aluminum, sodium, and potas­
sium, notably abundant in terrestria l granites, are much less 
abundant In lunar rocks. 

WATER ON THE MOON has been dete cted in two instances. A 
crystal of goethi te, a hydrated iron oxid e, was found by Cam­
br idge University invest igators in a breccia fro m a ridge of the 
Fro Mauro form a tion. It has b een speculated that the mineral was 
formed by reaction between iron and water escaping from a 
volca nic vent, or possibly that some wa ter was present during 
crys ta ll ization of a luna r magma and tha t the minera l fo rmed 
d irectly. Water also has been d etected dur ing a moonquake a t 
the some locality by on io n detector le f t on the surface. 

LUNAR HISTORY, though still largely specula tive, has been eluci­
dated greatly by observation and photography of the lunar 
surface and by examination of minera l specimens. It appears 
qui te certa in tha t the moon origina ted abou t 4.5 bi ll ion years 
ago, at the same time as the earth, and that the moon, like the 
ear th, was volcanically active. During the first 1.5 billio n years 
or so, the moon was heated, possib ly by radioactive disintegra­
tion processes, and some differen tiation of the body occurred, 
w ith lighter ma terials tending to accumu la te in the surface layer. 
Some evidence suggests that the lunar basins, or mario, ore chem­
ical ly sim ilar to the d eep ocean basins of the ea rth , containing 
basic, or basa ltic, rocks, and that the lunar highlands ore some­
what more similar to the cont inents of the earth, con taining some 
acid, or granitic, rocks. Because the moon is much smalle r than 
the earth, it cooled more rapidly and thus may not hove a liquid 
core, as does the earth, and is not as active in terna lly. Also, the 
moon, because of its small er moss, was not able to retain a gase· 
ous a tmosphere, and so weathering, erosion, and transfer of 
surface moss was no t possible. About 3 b illion years ago, there­
fo re, moonquoke and volcanic a ctivi ty diminished great ly, w ith 
pe rhaps only o ves tige rema ining today. Since that time the 
ma jor modifying influ ence on the moon has been the impact of 
countless meteors and solar particles. 

THE FUTURE prom ises many impo rtan t and exciting discoveries 
from the moon and eve ntual ly from other planets of the solar 
sys tem, through unmanned probe s and direc t obse rvation a nd 
sampl ing. It is gene rally true that limite d ·da ta raise more que s­
tions tha n they answe r. Ro ther than providing an expla nat io n 
for planetary evolution, therefore, new knowle dge fro m space 
wi ll result in deve lopment of more theories. 
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M INERAL DESCRIPTIONS 

All commo n and many uncommo n min era l species ore described 
and illu stra ted on pages 70-257. The fo ll ow ing explana tion of 
w hat is and is not included, how it is presented, and why, w ill 
e nable the reader to use this material to best advan tage. 

MINERALS INCLUDED in this sect ion w ere chose n from the 3,000 
or more recogn ized minera ls because (1) they ore abundant, (2) 
they have comme rcia l va lue, or (3) they illus tra te on important 
chemical, s tructura l, or geological fact. Consid er the fiv e m in era ls 
on page 90. Ga lena (PbS) is a common and va luable ore of lead. 
The others are rare. Alto ite (PbTel and claustha lite (PbSe) are in­
cluded to illus tra te that te ll ur ium (Tel and selen ium (Sel are so 
similar, chemically, to su lfur (S) tha t the two mine rals have the 
same structure a s ga le na, ore found in s imilar g eologic environ­
me nts, and have simila r prope rties. Alaband ite (MnS) and o ld ­
homite (CoS) o re included because they illustrate tha t manganese 
(Mn) and calcium (Co), in chemical combination wi th su lfur, form 
su lfides w ith the same structure a s ga le na and with similar prop­
e rties. 

The commone r minera ls are descr ibed in larger type, w ith rela­
tive ly de tai led information, and o re i ll ustrated. Their properties 
ore summa ri zed in smalle r type . Ro re r species ore d escribed in 
smalle r type, w ith only a few pe rtine nt facts provided, a nd may 
or may not be illus tra ted. 

MINERAL ILLUSTRATIONS were p lanned to p rovide a good repre­
sentation of the minera ls descr ibed. Museum-qual ity single crys­
tals, whe n available, have b een illustrated to show what real 
crysta ls look like, w ith the ir ir regular ities, dis tortio ns, and miss­
ing faces. For comparison and con tra s t, Idea lized crysta ls are also 
illus tra ted to show how t·he minera l would look withou t imper­
fec tions. The art ist's efforts to reproduce the co rrect color and 
luster on the faces of the idea lized crysta ls sho uld provide a more 
realistic pic ture than line drawings would. A variety of rea l 
specimens, includ ing aggregoto;!s and mixtures of m ine rals, has 
bee n includ ed to show the dive rsity of color, shape, habit, and 
genera l appearance to be fou nd in minerals. 

INFORMATION GIVEN about mine rals includes nam e, chemica l 
formula, important structural fea tures, geologic occurrence and 
mineral associa tions, important commercia l uses, properties, and 
any chemical pr inciple the mineral may illustra te. Readers whose 
inte rest is sufficiently aroused may wish to pursue the subject 
furthe r in more d e taile d a nd scho larly re fe rence s (pp. 262-277). 
Use o f th is book in conjunct ion wi th these re fe re nces and with 
real specimens is highly recommended . The re is virtually no 
limit to the informa tion available a nd the descriptions provided 
here are to be conside red just o beginning. 
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MINERAL PROPERTIES given in the descriptions oro those that are 
of most help in identifying specimens. An explanation of how the 
properties ore handled Is given below. Properties ore discussed 
in detail on earlier pages, as indicated. 

• Crystal system (p. 38) is given for each mineral, but detailed 
discussion of the mineral's crystallographic forms is not usually 
possible within the avai lable space. 

• Crystal habit (p. 46) desc ribes the overall oppooronca of tho 
minera l os found In nature, using such terms as tabu lar, prls· 
ma lic, and octahedral for s i11 g le crys tals, o11d te rm s such as 
gronu lor, massive, and rodloting clusters for aggregates of 
crysta ls. 

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

• Fracture (p. 52) is included only if it is informati ve or choroc· 
teristic of the mi neral. It is described in such terms as hockly, 
irregular, conchoidal, etc. 

• Hardness (p. 54) Is g iven a s a number or ra nge of numbers on 
the Mohs' sca le and applies to clean (unwea thered) s l11gle crys· 
to ls. The hardness of those is relatively Insensitive to chemica l 
variation, at least wi thin the ra ther brood ranges between the 
Mohs' numbers. Because hardness is o measure of the resis tance 
to scratching, measured hardness may be misleading because of 
weathering, the tendency of crystal frag ments to break off on 
aggregate, etc. 

• Speciflc gravity (p. 54) is given either as o moon or as a range 
because few minerals hove flxed compositions and many contain 
Inclusions of other materials. When o range Is given, keep in 
mind tha t aggregates of crys tals may hove bulk specific gravities 
outside the rang e. In any case, the dist inction between lig ht, 
medium, and heavy m in erals may be mode w itho ut difficu lty and 
Is of valve in lde ntiflcot ion. 

• Color (p. 56) is described in terms of the most common colors 
observed. O ther colors oro possible. No effort has boon mode to 
describe subtle shades or tints exhibi ted un less they ore typical. 

• Luster (p. 56) is listed If sufficiently distinctive. It may not be 
listed for each mineral of o sing le chemical class when all hove 
o similar luster, as in the vi treous luster of silicates. In such cases, 
the exception to the rule may be noted. Be cautious about using 
luster as o diagnostic fea ture because wea thering may al ter 
luster and because fine·groinod aggregates may hove a differen t 
luster than o clean crys ta l surface. 

• Other properties such as opaci ty, streak, and solubility In acids 
ore noted when impor tant for ide ntiflco tio n. 
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ALTERATIONS of a mineral 's properties may occur as the result 
of weathering or tarnishing on exposure to the atmosphere. The 
complexity of such alterat ion is so groat tha t only the very rapid 
or very characteristic alterations ore no ted. 

CHEMICAL TESTS AN D BLOWPIPE ANALYSES ore time-honored 
aids to min eral identificat ion, but require deta il ed explanation 
to be useful. Space availab le in th is book is not sufficient to give 
a ll such Informa tion, so only o few easy diagnostic tes ts-e.g . th e 
effervescence of calci te in acid-ore g iven. 

GEOGRAPHIC OCCURRENCE of the common rock-forming miner· 
als and many others is so widespread tha t there is li tt le use in 
listing localities. In such cases, o general sta tement regarding 
geologic occurrence-e.g . in regional metamorphic rocks-is 
given. Less common species may occur in hundreds of locali ties, 
but oro abundant or ore good collectors' items in relatively few 
localities. In such cases, these localities are g iven. 

IDENTIFICATION TABLES of many types have been devised to 
provide o systematic method for identifying minerals by conside r· 
ing each of several p ro perties in sequence and thus narrowing 
the possible choices. The firs t divis ion may be, for example, 
based on tho luster- meta ll ic or nonme ta llic. Once the min era ls 
w ith tho opposite cha racte ristic are elimina ted, one ca n then look 
o t the next d ivis ion, e.g. cleavage. By successive de termina tion 
of propert ies, one co n even tually arrive at the correct ident ity. 

The primary difficu lty wi th such tables is that somewhere in 
the p rocess it is probable that a property cannot be properly evol· 
vated. So, though such schemes hove some valve, they do not 
permit identification wi thout exception. A set of tables sufficient 
to identify more than o few common minerals is, moreover, vn· 
wieldy and difficult to use. For theso reasons, such tables have 
no t been Included in this book. Many standard mineralogy texts 
have them, and the reade r is urged to look at them. 

FURTHER STUDY in other sources Is highly recommended. The 
minera l descriptions a nd geologic fac ts give n In this book are 
COI1Sidered to be the bore min imum needed for the reade r to 
grasp tho scopo ond complexity of minera logy. Volumes hove 
been written on highly specia lized sub jects deal ing with miner· 
ols. Short of studying all these subjects In detail, a reader con 
still gain o great deal of insight into the relationships between 
chemistry and structure and between structure and properties, as 
well as the geologic processes by which m inerals are formed 
and changed. A na tural outgrowth of mineral collecting is an 
in terest in mineral propert ie:. as related to structure, then in the 
chemica l principles that d etermine the structure and to other 
aspects of cherrlis try a nd science as o whole. Thus one can gain 
va luable Insight Into the re lationships betwtJen the universe ond 
himse lf. 
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GETTIN G FAMILIAR WITH MINERALS 

learning to recognize minera ls Is somewhat like getting ac· 
qua inted w ith peop le. We recognize the faces, body conforma­
tions, expressions, mannerisms, and numerous other features of 
people and associate these with specific names, all largely un­
consciously. We ore no t aware tha t a classifica tion process, based 
on physical characteristics, is taking p lace. Though minera ls ore 
much less complex chemically than people, they occur in many 
varia tions. Because mast o f their properties ore so variable the 
only practica l way of learning to recognize minerals is to s'tudy 
a large variety of each species un til the variations are recogniz­
able in the some way as people ore. 

To study minerals in this way, it is obviously necessary to hove 
access to minera l col lec tio ns in which the identificatio ns hove 
already been modo. Fortunately extensive collections are numer· 
ous. Many cities hove natura l history museums with good coll ec­
tions; many coll eges and universiti es, par ticu larly those with 
geology or mineralogy d epartments, hove excellent co llec tions; 
the thousands of amateur mineralogy and "rockhaund" clubs 
hove members who hove spent years coll ecti ng minerals. In gen­
eral, the curatorial staff of museums, the staffs of geology and 
mineralogy departments, and amateur collectors ore willing to 
assis t tho beginner In the identifica tion o r >pecimons and to pro­
vide othor informatio n. Tho libraries of the geology depar tme nts 
or science departments of most colleges and universities hove 
compilations of museums, geology and mineralogy departments, 
geological surveys, and mineralogy clu bs. It is o nly necessary to 
write or to visit them to obtain information. 

NAMES were given to the commoner mine ra ls and some ore min­
e ra ls many centuries ago. Th~ nome quartz, of Genna11ic origin, 
is an example; its meaning has been lost. The nome feldspar is 
derived from a German word meaning, roughly, "field rock," in 
reference to its abundance. As the study of mineralogy devel­
oped, the naming of minera ls become more formolized . In gen­
eral, minerals ore given names ending in the suffix "-ite," from 
th e Greek lithos (rock). The stem o f th e nome may b e der ived 
from a word or words referring to some characteri stic of the 
min.,rol, e.g. orthoclase (s traight fracture) and azurite (blue). 
Many minerals ore nam ed for places where they ore found, e.g. 
montmori llon ite (Montmori llon, Fra nce) and Terlinguoite (Terl in­
gua, Texas), or for notable persons, e.g. goethite, bunsenite, and 
smi thsoni te. Some m ineral names indicate their chemical com­
posi tions, o.g. chromite, beryl, and borax. 

Tho International Minera logical Association, in coopera tion 
with member societies in many tountries, is responsible for the 
valid ity of min eral >pecios and the ir nomos. Professiona l min­
e ralogical journals periodically report d ecisions of the Associa­
tion regarding new mineral names and new data. 

IDENTIFICATION 

lP.orning to identify species of trees is rela t ively simple wi th the 
aid of a fi e ld guide because the g enetic inheritance of the physical 
characteristics of livi ng organ isms is a precise process. A red 
maple leaf, for example, looks more or less like all other red 
mc ple leaves and like no other leaves. Thus the pictures and d e­
script ions in o book about trees con be compared wi th on ac tua l 
treo for on-the-spot identification. Though characteris tics of trees 
change somewhat during growth and vary a little among indi­
vidual trees of the some species, identifica tion is fairly easy. The 
some is true for birds, mamma ls, and other living organisms. 

Though minerals ore vastly simpler, chemically, than living 
th ings, the variations in appearance among d ifferent spetimens 
of the some min orol ore a lmost o verwhelming . It is not rea lly 
possible, therefore, to use this or any other book about minerals 
by itself as a fi e ld guide. A better suggestion is to use this book 
as a study guide. Compare the descriptions and illustrations with 
known specimens in museums ond in other coll ections. Equa lly 
important, use this book with other books on mineralogy and 
geology. Only after much study and examination of known min­
e ra ls is it possible to go into the fie ld and make posi tive identifi ­
cat io n of minerals. In con junction with the field identification of 
mineral s, it is essential to observe relationsh ips among minera ls 
in rocks and be tween tho rocks themse lves. Interest in minera ls 
wil l soon develop into on interes t in the origins of rocks and 
geologic processes affecting them. 

This book is des igned for the use of serious amateur mineralo­
gists and beg inning stude nts of all ages. It is intended to fi ll the 
gop between existing popular books, with illustra tions and de­
scrip tions of limited numbers of minerals, and college-level text­
books, with voluminous data but vi rtua lly no ill ustrat ions. Tho 
jump from one to the other, without professiona l instruction, is 
nearly impossible. After a quick reading of the introduttory sec­
tion (pp. 4-69), it is instruc tive to scan the mineral descriptions 
(pp. 70-257) to gain on apprecia tion of the va riety of mineral s 
described. Worki ng wi th known mineral specimens, one con read 
the description and study th e illustra tions of o particular mineral, 
comparing these with a spodmen of that mineral a nd not ing the 
variability among differe nt specirnens. Soon lt will be possible 
to recognize the mineral as found in the field. 

learning to recogn ize minera ls is only a beginning, however. 
The real satisfaction in mineralogy is in gaining knowledge of 
the ways in which minera ls ore formed in the earth, of the chem­
istry of the mine rals, and of the ways in which atoms are pocked 
togethe r to form crys ta ls. This book can get you started. From 
here one con go to mineralogy textbooks, to geology books, to 
minera l collec tions, and into the field to collect. Only after enor­
mous effor t con o ne rea ll y apprecia te the beauty of the mineral 
kingdom and the sotisfottion of understanding it. 



CLASSIFICATION O F M IN ERALS 

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

A good classification scheme must group minerals so that those 
in eoch category share o large number of characteris tics. Because 
min erals ore complex, natura lly occurr ing ob jects, they do not 
fa ll neatly into ca tegories. Thoro is, therefore, no perfect clossi· 
fi co tion. Every cla ssifi ca tion sche me, however, is useful for some 
specific purpose. 

Minera ls may be grouped, for example, according to crys tal lo­
graphic cha racterist ics. All cubic minerals make up one crystal 
sys tem, all te tragona l minerals make up a second sys tem, and so 
on (pp. 38-43). Each system, in tu rn, is divided in to categories 
called space groups. There arc 230 of these groups. This elab­
orate classification is necessary for the crystallographer, but is of 
little value to the average mineral collector or to a mineralogist 
who does not use X-ray techniques in his work. 

Another classiflcation is based on the interna l structures of 
minerals and the kinas of chem ical bonds between their a toms 
(p. 20). All crysta ls in which the bonding is largely ionic are 
placed in a si ngle category. This is the n furt her d ivided into oil 
those wi th the sodlun1 chloride s tructu re in ono subca tegory, 
those wi th the sp ine l structure in another, e tc. A structural classi· 
ficotion of this kind Is 'importan t to the crysta l chemist, but is of 
limited value to others. Structures and chemica l composit ions ore 
closely related, however, so the structural classification may be 
used in conjunction ¥~ith the chemical classification described 
in the following paragraphs. 

The commonest met'lod of classifying minerals is by chemical 
composition. A few mherols, the simplest ones, contain only one 
element or a solid solu•ion (p. 32} of two or more elements. These 
are classified simply os tho nat ive e lements and are divided 
further in to native metals, native nonmetals, and native semi· 
metals. The majority oi minera ls, of course, are compounds, and 
these are made up essentia lly of two parts: (I) a meta l or semi­
meta l, and (2) a nonmeta l or a metal-nonme ta l combi nat ion 
called o radica l. Compounds oro classified according to the chief 
metal present or according to the chief nonme ta l or radica l 
presen t. 

Classification of minera ls accord ing to the ch ief metal present 
is of obvious value. Minerals that contain a given metal are 
grouped into a single category. for example, the minerals sphal­
erite (ZnSJ, willemite (Zn1SIO.l, smithsonite (ZnCOJ), and zincite 
(ZnO) are considered a group bc~:ouse the chief metal of each is 
zi~c !Zn). All, in fact, ore valuable as ores of zinc. But despite 
betng grouped together, they are considerably d ifferent in ap· 
pcoronce, behove differently when treated ~:hemica ll y, and are 
found in very differen t geolog ic environments. 
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C l o~~lflcotion of min<>ro ls accordino to the nonmetals or tho 
radicals present is the most widely accepted sys tem and the one 
used in this book. for example, barite (BaSO.l, celestite (SrSO.l, 
and anglesite (PbS04 ) ore classified a s sulfates because oil con­
tain the sulfate radical (SO.l. They all are very similar in appear­
once, behave similarly when treated chemically, and occur under 
similar geologic cond itions, even though they contain different 
metals- Sa (barium), Sr (strontium), and Pb :lead). Sr and Pb 
commonly subs titute for Ba in barite, IP.adlno too mixed crys tal. 
The throe minerals ore isos tructura l- thot Is, hove a similar crys· 
tal s tructure. They o re therefore p laced in tho bari te group, a 
div ision o f tho sulfates. 

The sulfa tes ore one of a number of classes of minerals. Some 
classes are not described in this book beca use no minerals of 
these classes are common enough to be induded here. A more 
elabora te classification, complete with a numbering sys tem, may 
be found in Dona's Syste m of Mineralogy. 

CLASSIF ICATION USED IN TH IS BOOK 

Mineral Category 

Native Metals ........................ . 

Native Nonmeta ls 

Na live Semimetals . . . .. ..... .......... . 

Sul'fidos, Including Sele nides and Te ll urides .. 

Sulfosa lts ...... ..................... . 

Pages 

70- 75 

76- 79 

80- 8 1 

82-1 11 

112-117 

Halides ........... ....... ... • ........ 118-127 

Oxides and Hydroxides .. . .............. 128-151 

Borates ......... . .. . ...... . . . ........ 152-153 

Silicates ........ . .................... 154-227 

Independent Tetrahedral Si licates ..... 158-167 

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

Ring Silicates ..................... 170-171 

Sing le-chain Silica tes ..... . .... 182-183 
Shee t Silica tes . . . . . . . . . . . . . . . . . . 186-203 
Framework Silicates ........ , ....... 204-227 

Ca rbonates ..... ......... ............ 228-235 

Nitrates ............................. 236-237 

Sulfates ............................. 238-243 

Phosphates, Arsenates, and Vanadates ..... 244-251 

Chromates . . .... . ............. . ..... . 252-253 

Tungstates and Molybdates ....... • ...... 254-257 
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NATIVE ELEMENTS - METALS 

Of tho mo1·o than 100 chemica l e lements that make up ma tter, 
only about 20 ore found in pure, or uncombined, form in the 
earth's crust. These native metals, nonmetals, and semimeto ls 
ore shown in the periodic table at right. The other elements in the 
earth's crus t hove combined wi th one another, formi ng the stable 
compounds that account for the vast major ity of m inerals. 

Only the least roocllvo of motels- those of the gold and plotl 
num groups- occur in significant amounts as na tive elements. A 
few others occur in lesser amoun ts. Metals ore easily recognized 
by their metallic luster and their malleability. 

GOLD GROUP includes three elements of striking chemical s1m1· 
lority: gold, s ilver, and copper. They hove identical crystal struc· 
tures, with on a tom located at each corner of o cube and on each 
of lis six faces, every atom being surrounded by 12 identical 
a toms. This is ca ll ed cubic close-pocked. 

GOLD, Au, has long been prized for its beauty, resistance to 
chemica l attock, and workability. Because it occurs as o native 
meta l, has o re lative ly low melting point (1 063° C.), and is me ll e· 
able, early man cosily separated it from rock and cost or ham· 
morod it Into Intrica te shapes. Gold serves a s a monetary reserve 
and Is used In lewelry , sclenllflc oppo ro 1us, den tis try, and p ho to· 
g raphic processes. 

Gold occurs usually as d isseminated gro ins in quartz veins 
(lodes) with pyrite and o ther su lfides or as rounde d groins or 
some times nuggets in p lacer deposits. These ore accumu la tions 
of strea m-carried sed im ents containing gold eroded from veins. 
Gold may b e panned from such d eposi ts by washing away rho 
lighter sediments from o pon. Even in va luable deposi ts, gold 
pOiticlo. may be too small to b .. s .. e n. Ores con taining l .. ss than 
on ounce of gold per ton may be mined profita bly, particularly 
by Iorge dredges that work on the surface. Pyrite (fool's gold) is 
sometimes mistaken for gold, but unlike gold, is brittle, tarnishes, 
and has a brown (rather than yellow) streak. Gold, in fact, is the 
only malleable yellow mineral. 
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Gold crystallizes in the cubic system, forming octo· 
h•drol and dodecahedral crystals, ofton distortod in ­
to dendritic or leafy growths. Cubic crystals ore rare. 
A soft meto l, (hardness, 2.5·3), gold con be mode 
horder by alloying it with copper, silver, and other 
meta ls. Most gold contains some silver. Pure gold Is 
dense, with o specific grav ity of 19.3, decreasing to 
15.6 as silver content increoses. Ores o ther than go ld 
itself include gold selenidos and te llurides. Ma jor 
gold d eposits are in U.S.S.R., Sou th Africa, Australia, 
New Zea land, Ontario, Ca li fornia, Alaska , Colo rodo, 
Nevada, South Dakota, Montana, Arizona a nd Utoh. 

Nonmotols 
PERIODIC TABLE OF THE ELEMENTS 
showing th ose elements which ore 
found in th e pure stole or alloys 

as minerals 

Gold o n Quartz 
Nevada Co., 

Colifornlo 

Metols 

Avon, 
Montano 

OCTAHEDRAL 
GO LD CRYSTALS 

(Ideal ized) 

Gold, Placer Co. 
Colifornio 

Anchorage, Aloska 

GOLD NUGGETS 

GO LD OBJECTS 

~(if~ 
Wotch Ring 

Hoppor 

Arborescent 
Gold 

r£46 
~ .... . 
Gold on Pyrh o Crystals 

with Ouort:t ond Silver 
Tronsvool, 

Coin 

South Africo 

Eor Plug 
(Mixtec) 



SILVER, Ao, like gold, is o prized mo tol. It is u sed in jewelry, 
tableware, coins, scientific apparatus, dentistry, and, as silver 
bromide, for photographic p tocosses. Though similar in chemist ry 
and iden tica l in s tructure to gold. it is much mot·e reac ti ve. This 
is shown by its tendency to tarnish block whon in con tact wi th 
sulfur. Native silver is much less common than n a tive gold, but 
because silver occurs in argentite (Ag 2S and o ther sulfides it is 
more abundanl. S il ve r is fo und in the veins o f g ranitic rocks, 
e ither ig n eou s or motomorph ic. It is recognized by i ts silver color, 
malleability, and high specific gra vi ty 1 0.5, or greater if sample 
contains gold). 

Silver crys ta lli zes in cubic system and has no cleov. 
age. It occurs as scattered groins, mosses, wire, and 
crystals distorted into dendritic growths. Unlike gold, 
it is soluble in acids. lh hordneH is 2.5·3. Mexico is 
the mojor producer, mining si lver from gronite rocks 
or sou thern Rocky Mu. Deposits olso Or(' moned '" 
West Germany, Australia, Cuchoslovokio, Norway, 
O ntario, Montano, Idaho, Colorodo, o11d Arizona. 

COPPER, Cu, has the same crysta l structure as gold and silver, 
and forms o comple te solid solu tion series (p. 32) w ilh gold . II is 
much more re ac tive, being easi ly altackcd by acid s and sulfur. 
It occurs as a native melol In only o few places, notably thP 
Keweenaw Peninsula of Michigan. Here copper is found as cavity 
fill ings in old lava flows, as in te rgronu lor cement in sands tones, 
and in ve ins. Most o f lhe wor ld's coppe r is ob ta ine d from Iorge 
copper sulfide deposits. It is one of the most important metals 
because of its high electrical conduclivity and low cosl. Pure 
copper is used for electronic equipmen l, wiring, and p lumbing. 
Many a llo y s ore importonl. 

Copper crysta llizes in the cubic system, ih properties 
being like those of si lver and gold. It is copper· red, 
but corrodes to green corbonote in a ir. Specific 
gravity of 8.96. varies wi th impurity con tent . Si lver, 
lead, bismuth, tin, iron, and antimony are common 
in solid solu tion. It is found in Eng la nd, U.S.S.R., Aus· 
trolia, Bolivia, Chile, Poru, Mexico, Mi ch igan, New 
Mexico, Massachusett s, Connecticut, cond Now Jersey. 

RELATED METAlS 

MERCURY, Hg, is liquid ot ord inary 
temperatures and found os silvery 
liquid droplets associated with cln· 
nobor (HgS, p, 84), notably in Italy, 
Yuaoslovlco, Wes t Gcrmony, Spain, 
Texas, and Ccoliforn io. It is uncom· 
mon, so is not o moior ore. Mercury 
is olso known os quicksilver. 

lEAD, Pb, is a very rare native 
metol, so reactive it usuolly forms 
compounds. It Is bluish-gray, heavy, 
ond soft (con be scrcot ched w ith o 
fin gornoil ). Crptols hove boe n 
found in Sweden (largo ones in 
Vormland), U.S.S.R., Mexico, New 
Jersoy, and Idaho. 
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SI LVER CRYSTAl 
(Idealized) 

Silver Ore. 

Copper Crystol 

Arborescent Copper 

Native l ead 

Silver Ore 
Dendritic Silver 

Silver and Copper 

Sil verware 

Copper Nugget 

Copper with Carbonate Corrosion, 

Copper Crystals 

Mercury Droplets 
in Cinnabar 

ALLOYS OF 1 COPPER 

Bross 
with Zinc 

Bronze 
with Tin 

Coinage 
10% copper 
90% silver 



PLATINUM GROUP includes elements 44, 45, and 46 (ru thenium, 
rhodium, and palladium) and e lements 76, 77, ond 78 (osmium, 
iridium, ond platinum). These ore among tho rarest and most 
useful of o il me tals. Th ey ore very nonreactive, o ro good conduc­
tors, are d e nse, ond hove high me lting points. Beca use of lhese 
prope rties, they o re used in making compone nts of e lec trical 
equ ipment, crucibles, foi l, and wire for high- tempera ture re­
search, jewelry, and many other products. On ly platinum and 
palladium ore found in nearly pure form. The o thers ore found 
os natural alloys. 

PLATINUM, Pt, occurs as a native metal in association w ith dark 
iron-mag nesium silicate rocks (olivine, pyroxene, magnetite, chro­
mite), generally as fine gro ins dissem inated through the rock. 
Less commonly it is fou nd in quartz ve ins a nd contact meta­
morphic rocks (p. 12). Placer- type d e posi ts ore the most important 
source, no tably on the eastern fl anks of the Uroh. Plot inum has 
the soma crystal structu re os gold. It is particularly effective os a 
contact catalyst in the manufacture of certain chemicals. Because 
of its resistance to chemical corrosion, it is used to make bars and 
cylinders that serve os standard lengths and weights. 

Plotinum crysto llizes in the cub ic system, with no 
cloovoge, occurring os smoll flo kos, groins, ond nug­
gets. Crys ta ls ore cubes o nd octcth odra, but ore un ­
common. Platinum Is whito to gray, metollic, ond 
ductile. It o lwoys con tains small amounts o f iridium, 
rhodium, ond pollodium, ond sometimes iron, copper, 
gold, and nickel. Major producers ore U.S.S.R., South 
Africa, and Canada. It is also found In Madagascar, 
Fin lond, West Germany, Ireland, Austrolio , Columbio, 
Brazil, Peru, North Carolina, ond Collforn io. 

NATURAL ALL O YS of p lat inum ­
group me ta ls ho ve names that g ivo 
thei r compositions: p lo tiniridium, 
asmirldium, iridosm ine, etc. Thus 
iridosmine contains iridium and os· 
mium, the first in more quantity. 
Properties generally foil between 
those o f tho members, but hordneu 
is grea ter than that o f either. 

PALLADIUM, Pd, Is very rare as a 
minera l, though it Is a lways present 
in platinum ore. It occu" with pla ti­
num in Colombia, Brazil, U.S.S.R., 
and South Africo. Its properties ore 
similar to platinum's, but unlike 
plotinum, it is soluble in nitric odd. 
HardneH is 4.5-S, specific gravity 
12.16. Varies with Pt content. 

OTHER NAT IVE META LS 

TIN, Sn, Is ex tremely rare as a no­
live metal. Rounded groins hove 
been reported From Obon, Austrolio, 
and tin hos been present in volcanic 
goses from the Italian islonds of 
Stromboli ond Vulcono. Chief source 
of tin is the minera l caHiterite (p. 
144). Used extensively in a ll oys. 
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IRON, Fe, is rarely found os o no­
tive metol because it oxidizes reod· 
lly to hematite (p . 136), limonite 
(p. 150), or goethite (p. 148). It 
occurs in bosolts in Greenland and 
in o rganic-rich sediments in Mis­
so uri. lt is found alloyed with nickel, 
especial ly In me teorites. 

,...--

Platinum Flakes 

Po llo diu m 
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PERIODIC TABLE OF THE ELEMENTS -
showing the triad e lements 
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The lriod elemenh ore VIII subgroup elements, 
closing th e three transition series, and ore, 

like the noble gases, mo re stable than other 
metals in the some periods. 
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NATIVE ELEMENTS - NONMETALS 

Unlike meta ls, native nonmetals ore brittle and ore poor conduc· 
tors. They form two groups: ca rbo n g roup and su lfur group. 

CARBON GROUP includes diamond and graphite, two forms o f 
solid carbon. The striking differences in their properties ore the 
result o f differences in the ir s tructures. 

DIAMON D, C, form s o t high lemporotures and pressures in deep 
volcanic pipes. Originally composed of olivine and phlogopite, 
the pipes ore al tered chemically by ground water to a soft blue 
material, kimberli te , from which the diamonds ore easily re· 
moved. Erosion carries away many diamo nds, which ore later 
recovered from stream deposits. The largest diamond, the Culli· 
non o r Star of Africa, weighed 3025 corals (21 ounces) before 
cutting. Largo s tones ore roro, however, and mos t, because of 
fl ows or undes irable color, ore used for indus tr ia l grind ing and 
cutting. Evon though diamond is the hardes t known mineral, it is 
brittle and will cleave readily when struck, and w ill burn in air 
at 1,000° C. 

Diamond crysta ll izes in the cubic sys tem, occurring as 
octahedral crystals, some with curved faces and stria· 
lions. It has brilliant or greasy luste r, is transparent 
to translucent, and may contain inclusions of graph· 
ita, magnetit e, and many other minerals. It may be 
colorless, yellow, brown, block, blue, green, or red, 
depending on Impurities. Hardness is 10, specific 
gravity 3.5. Commercial deposits ore mined in South 
Africa and Brazil; others in Austra lia, Indio, and 
Arkansas. 

GRAPHITE, C, is formed by metamorphism o f sed imentary rocks 
containing organic material or carbonates. Most graphite occurs 
as small inclusions in metamorphic rock, some Iorge deposits 
having been mined and d e ple ted. In graphite , layers of strongly 
bonded carbon atoms ore held together by weak von der Wools 
forces and so ore cosily moved across one another. Thus it is 
readily crushed and is o good lubricant. Unlike diamond, graph­
ite does no t require high pressures for forma tion; it con be 
formed from any organic mo toria l healed in on oxygen-poor 
a tmosphere. 
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Graphite crystal li zes in the hexagonal system with 
perfect cleavogo In one direct ion. It occurs as dlssem. 
inatod Oakes, sca ly mosses, or foli ated aggregates. It 
is black or gray, with metallic, greasy, or dull luster. 
It commonly contains cloy particles. Hardness is 1·2, 
specific gravity 2.23. Graphit& is found in many areas 
of metamorp hic rocks. 

Diamond Octahedron Twinned 
Octahedra 

DIAMOND STRUCTURE 

Emerald Pear Brillion! Morqui<e 
OIAMOND CUTS 

// /""> ~~ IJ<~ ~ 'i"":; . r: ? ~ 
Slack ~ ~ 

• / Yellow ,"/ Brown 
Green Blue 

SOMF DIAMO ND COLORS 

GRAPH IT E STRUCT URE 

Octahedral Diamond 
on Kimberlite (blue rock) 

Foliated Graphite 

Graphile, 

COMMERCIAL USES OF GRAPHITE 

Because of ra rity of nalurol graphi te, mosl commercial 
ca rbon is made from pe troleum resid ues or charcoa l. 



SU LFUR GROUP consists of three native nonmeta ls: sulfur, tellu­
rium, and selenium. These nonmetals form crystals mode up of 
ring or chain molecules, the atoms of which Form two covalent 
bonds each (p. 24). 

SULFUR, S, exists in three forms. It is almost always found in the 
form of common sulfur. The o ther two forms occur ve ry rarely as 
minerals. The su lfur molecule consists of e ig ht a toms In o puck­
e red ring, the pucker resulting from the atoms be ing s tepped 
a lternately up and down a long the ring . The moloculos ore he ld 
toge ther by we ak von dcr Woo ls forc es. Sulfur is commonly 
precipitated from gases em itted from volcanoes and fumaro les, 
and is oiso associated wi th gypsum (hydrous calcium sulfate), 
from which it is derived with the aid of organic processes. Su lfur 
deposits ore of relatively recent origin, older deposits having 
been co nverted to sulfuric acid. Sulfur melts ot 113° C. and burns 
in oxygen at 270° C., proper ties that distinguish it from any min­
erals that may be confused wi th it. Sulfur is insoluble in water, 
but is mined by being mel ted with superheated steam and 
pumped from unde rg round d eposits. It is used in the manufac ture 
of sulfuric acid, rubber, and paper. 

Common sulfur crysta ll izes in the orthorho mbic sys. 
tom (tho two rcrra forms in th e monoclir1ic sy• tem), It 
occura as blocky crysta ls, granu lar mouot, or in 
stalocti tlc or encrusting form . It is brittl e, has resinous 
or dull luster, and is trans lucent to lronsporen t, in 
shades of yellow, brown, or gray. Some tellurium 
and selen ium are commonly present in it. Hardness is 
1.5·2.5, specific gravity 2.07. Sulfur is common in vol­
canic areas, notably in Italy, Sicily, Mexico, and vari­
ous Pacif1c islands. Other deposits, associa ted with 
sa lt, occur chiefly In Texas, Louisiana, and t ho U.S.S.R. 

TEllURIUM, Te, is used in manufac­
turing semiconductors fo r electronic 
devices. Mo st commercial to ll uriumJ 
however, is ref1ned from te ll urid es . 
Te ll urium fo rms cr complete so li d so · 
lution series (p. 32) wit h solonium 
and hos the some chain molecules crs 
one form of se leniu m. It crys tallizes 
in the hexagonal sys t e m, has a 
hardness of 2·2 .5, is brittle, has a 
metallic luster, and is opaque and 
tin·colored. It occurs chi@Oy In Tur­
key, Hungary, Aust ralia, and Colo· 
redo. CAUTION: poiso nou$. When 
heated in air, it oxidizes readily to 
produce toxic fumes, ha ving a ga r· 
lie odor, that contain TeO,. Do not 
breathe the dust. 
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SELENIUM, Se, has been found on ly 
as a sublimate from fire s In mining 
areas. It occurs e ither w ith th e 
chain like st ructure of te ll urium o r 
the ringlike structure of su lfur . It is 
used in various electronic devices 
and in some lnfrared· tronsmitting 
g losses. It crystallixes In the hexag. 
anal system, is a metallic gray,o and 
has a red streak. Specif1c gravity Is 
4.84. It has been found In West 
Germony1 Ari%ono, and New Mox· 
ico. CAUTION: selenium is highly 
poisonous. Whon hoatod in air, it 
oxidize• readily to produce toxic 
fumes that contain SoOt. Do not 
breath e dust. Keep in a soaled co n· 
Ieine r. 
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/ 
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Sulfur Crystals 

STRUCTURE OF TElLURI UM 
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Tellurium Ore 

Synthe tic 
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(Idea li zed) 
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NATIVE ELEMENTS - SEMIMETALS 
Semimeto ls fa ll between metals and nonmetals in the periodic 
table and exhibi t properties o f both. Antimony, arsenic, and bis­
mu th ore the only native elemen ts generally recognized as semi­
meta ls; some authorities also include selen ium and te ll urium. 

ANTIMO NY, Sb, occurs in hydrothermal veins wi th various sulfide 
ores, but b qu ite rort~. Stibnitc, on antimony sulfide (p. 86), is the 
ch ief source o f the elemen t. Smal l amounts o f antimony ore a l­
loyed w ith lead or other soft meta ls to streng the n the m for use 
as type metal, battery pla tes, and cable coverings. 

Antimony crys ta lli zes in the rhombohedral system and 
has perfect cloavage in one direction. It occurs as 
granu lar masses or radia ting crystal g roups. It h 
brittle, opaquo, metallic, and tin-white In color. It has 
a hardneu of 3 and specific gravity of 6.88. It is 
found in West Germany, France, Sardinia, Sweden, 
Aus tra lia, Chilo, Mexico, Co 11oda, and Ca lifornia. 
CAUTION: antimony and it s compounds ore po isonous 
and should be handled with core. 

ARSENIC, As, is found in hydrothermal veins w ith o ther semi­
m e tals a nd wit h si lve r, cobalt, and n ickel ores. It Is less m e tall ic 
than ant imony and bismuth. It is uncommon. Most commercial 
arsenic is a byproduct of the ex traction of metals from arsenides. 
Arsenic compounds ore widely used as insecticides. 

Arsenic crystalllzos in the rhombohedra l system, with 
perfect cleavage in one direct ion. It occurs as granu· 
lor moues or needlelike crystals. It is a meta llic whi te, 
but tarnishes to dull gray. It volatilizes readily in a 
nome, with poisonous fumes having 0 garlic odor. 
Hardness is 3.5, spocific g rav ity 5.70. Deposit s occur In 
Wost Germany, France, Chi lo, Austra lia, Japan, Con· 
ado, Arizona, and louisiana. CAUTION: poisonous. 

BISMUTH, 'Bi, is more metallic, more s ilve ry-white, and much loss 
reactive than arsenic ond antimony, and Is no t poisonous. Native 
bismuth is scarce. Bismuth obta ined from su lfides Is used os a 
low-melting plug for automatic fire-sprinkler systems. 

Bismuth crystallizes in rhombohed· 
ra l sys tem, wi th perfec t cleavage in 
one direction. It occurs os granular 
mosses and is brittle. Hardness is 
2-2.5, specific gravity 9.75. It Is 

A LLEMONTITE, ( As.Sb). is no t a 
compound, bu t a rare natural a lloy 
with variable composition. Charac­
teristics are intermediate between 
those of arsonic and antimony. It is 
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found in hydro therma l veins with 
sulfides in West Germany, France, 
Norway, Sweden, England, Soutn 
Africa, Bolivia, Connecticut, South 
Carolina, Colorado, and elsewhere. 

found in veins with Ol'sonic, an ti­
mony, a nd sulf1dcs, and in lithium 
rich pegmatites. It occurs in France, 
West Germany, Italy, Sweden, On­
torio, and Nevada. 

Antimony 

STRUCTURE OF ARSENIC 

Tarnished Arsenic 

Bismuth with 
Pink Calcite 

Antimony with Ctrvantito 

Synthetic Bismuth 
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SULFID ES 
The sulfides, compounds of su lfur and other e lements, ore very 
complex minerals in terms of chemistry and origin. They ore 
moreover, among the most valuable minerals because they con­
tain many of the metals necessary to c ivil izat ion. An immense 
effort hos been mode to understand the origins of the sulfides 
and related minerals, but os yet our understanding is not com­
plete, os is the coso wi th many geologic processes. 

Sulfides ore deposited from aqueous solutions in fracture zones 
of the crust, located in and near the large igneous bodies called 
batholiths, in the central cores of major folded mountain ranges. 
During crystallization of a batholith, its minerals form in o defi­
nite sequence, indicated by Bowen's Reaction Series (facing 
pogel. Iron, magnesium, ond calcium silicates (olivines ond cal­
cium feldspars) crystolli2e first. As the batholith cools, o the r fe rro­
magnesian minera ls and calcium-sodium feldspars crysta llil.o, 
fo llowed by potassium feldspar, muscovi te mica, and quart.~;. 
These los t three are the ma jor minera ls of grani te, which makes 
up the bulk of the ba tholi th we see, afte r i t has been exposed by 
e rosion, mi llions of years later. 

When the gran ite has crys tal lized, the re maining ma teria l, a 
sma ll percentage of the to ta l moss, consis ts o f water wi th sulfu r 
diox ide, sul fur, lead, copper, s ilve r, t in, arsen ic, antimony, b is­
mu th, and o ther transi tion moto ls in solution. These ore left over 
because they ore uns table a t hig h temperatu res ond pressures 
a r1d ore so luble in wa ter o t lower tempera tures ond pressures. 
As the batholith cools and shrinks, fra cturing occurs nea r the 
margi n. Ho t-water (hydrothermal) solu tions move th rough the 
fractures to lower-pressure zones nearer the surface. As they 
move ou tward into cooler zones, the elemen ts precipitate, the 
motels ond somimetols combining w ith sulfur a nd forming volns. 

Tho loss-soluble elements crystallize ot higher temperatures in 
or ncar tho batholith (hypothe rmal). More-soluble elements crys­
tolize farther owoy (mesot he rmal) and very soluble elements 
crystallize a t greater distances, up to tens of miles, from the 
batholith (e pithe rmal) . Most veins ore thus zoned, with high­
tempera ture zones near the batholi th ond low-temperature zones 
farther away. 

Because the temperature o t ony given location foils with time, 
hydrothermal veins ore quite complex, with several generation~ 
of mineral deposi tion visible in any specimen. Sulfides with large 
amounts o f gangue will be deposited; ol o la ter lime, ol o lower 
tempera ture, new minerals w il l be deposi ted in sma ll fractures 
and between the groins. They moy completely or partial ly re­
place the o ld minorols. If the o ld crystal is comple te ly replaced, 
the new crystal may ossumo Its shape, then being called o pseu­
domorph. If tho o ld crys ta l is only por tly replaced, its remains 
may be ske letal, complete ly sur rounded by the new crysta l. De­
to iled s tudy is necessary to unders tand the c rystal liza tion se­
quence. 
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REALGAR, AsS (arsenic sulfide), differs from o the r red-orange 
minerals in having o re d -orange streak. A very unstable minera l, 
it gradua ll y changes to o yellow powder (orp iment) when ex· 
posed to light. It occurs in ore veins with orpiment, stibnite, silver, 
ond gold; in volcanic lovo, os of MI. Vesuvius; ond in hot-spring 
deposits, os ot Yellowstone Notiona l Pork. 

Realgar crystallizes in monoclinic system os granular 
or crusty mosses, rarely as striated stubby prisms, 
sometimes twinned. It h resinous in luster, translucent 
to transparent, and sc<lile. Nitric acid decompo•e• it. 
Cleavage is good in one direction, fracture conchoidal. 
Hardness is 1.5-2, •pecific gravity 3.59. Occurs in 
Washington, Rumania, E. and W. Germany, Czecho­
slovakia, Yugoslavia, Switzerland, etc. 

ORPIMENT, A~,SJ (arsonic trisulfido), is commonly formed by alter­
a tion of realgar and other arsenic minerals ond is normally found 
with them in low-tempera ture hydrothermal veins and in volcanic 
oreos. Its ye llow color contrasts with red of realgar. Only o ther 
ye llow mineral found in similar environment is sulfur, which 
locks orpimen t's perfect cleavage in one direction ond fl exible 
cleavage flak es. 

O rpiment crys tollizcs in monoclinic system as a short, 
sma ll prisms, rarely dis tinct, a nd os granular or foli · 
a tcd moues. It is sectile, res inous in luster, trans lucent 
to transparent, and soluble in alkalies. Streak is ye l­
low; hardness 1.5-2; specific gravity 3.48. Occurs in 
Utah, Nevada, Wyoming, California, Ru mania, Ger­
many, Yugos lavia, Switzerland, France, Italy, U.S.S.R .. 
Peru, Chino, and Japan. 

CINNABAR, HgS (mercuric su lfide), is the major o re of mercury. 
It is found w ith realgar, orpimen t, and stibnite in low-tempera· 
ture hydrothermal veins ond in volcanic deposits. Largest deposit, 
at Almaden, Spain, occurs as veins in shales ond quartz ites. It is 
recognized by its red color, red streak, and heaviness. 

Cinnabar crystallizes in rhombohedral system as thick 
tabular and columnar or prismatic crystals, often 
twinned, and as granular masses. It is sectile, trans­
parent in thin flakes, brilliant to dull. When it is 
heated in open tube, mercury droplets form on tube's 
walls. Hardness is 2-2.5, specific gravity 8.05. Occurs 
in California, Oregon, Utah, Arkansas, Mexico, Peru, 
U.S.S.R., Chino, Yugo•lavia, Italy, West Germany, etc. 

GREENOCK ITE, CdS (codn1lum sui · 
fidB), crystollizos In hexogoo1ol sys· 
tem usually os coatings on z inc 
mlnuroh, some tlrnos os smoll crys· 
tals with a pyramid at one end. It is 
brittle, yell ow to oronge, resinous 

in luster; hos complex cleavage, con­
choidal fracture. Hardness is 3·3.5, 
specific grovity 4.77. Found in New 
Jersey, Missouri, Arkansas, Colifor· 
nio, Scot land, France, Sardinia, 
Greece, etc. 
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STIBN ITE GROUP includes two sulfides that hove similar structures 
ond hence crystals because the e le m e nts thot form them- anti­
mony ond bismu th- ore chemically simi la r. Tho related mineral 
guonofuotito is likewise simi lar because selenium is ch emica lly 
much like su lfur. Yet these three mine rals ore found in d ifferen t 
deposi ts ond ore not e qually common. 

STIBNITE, Sb2S3 (antimony trisu lfide), is the most importan t ore o f 
antimony. It is found in low-temperature veins and hot-spring 
deposits w ith realgar, orplmont , and cinnabar. Small deposits 
o re common, Iorge ones rore. S tibnito's crystals, often bent o r 
twisted prisms with on iridescent tarnish, ore spectacular ond 
make standard displays in museum collectio ns. 

Stibnite crystallizes in orthorhombic system cu jum­
bled aggregotes or radia ting groups of prismatic crys· 
tals or as granular moues. It Is an opaque, meta llic 
gray, tarnishing to black, sometimes iridescent. Streak 
Is gray. Cleavage is perfect in one direction, fracture 
subconchoidol. Hardness is 2, specific gravity 4.63. 
Stibnite is soluble in hydrochloric acid, is tarnished 
yellow by potassium hydroxide solution. Occurs in 
Arkansas, Idaho, Nevada, California, Alaska, Canada, 
Mexico, Peru, J apan, China , E. and W. Germany, Ru· 
mania, Czechos lovakia, Ita ly, Fro 11 Cc, England, Al­
geria, and Kaliman tan (Bo rneo). 

BISMUTHINITE, Bi1S3 {bismuth trisulfide), is much liko stibnite, but 
is relatively rare and forms in high-temperature veins ond in peg­
motites. Unlike st ibnire, it does not commonly occur in spectacular 
crystal g roups, probably because it does not form in low-te rn· 
perature, low-pressure enviro nme nts where crys tals hove room 
to g row froo ly. It no rmally occurs wi th b ismuth, arsenopyrite, 
wol frami te, ond cassiterite. 

Bismvthinitc crystallizes in orthorhombic >ystem usu­
ally as foliated or fibrous mosses, se ldom as stubby 
prisms or needle•. It is opaque, metallic, gray to 
white; tarnishes yellow; has gray streak. Cleavage is 
perfect in one direction. Hardness is 2, specific gravity 
6.8 1. Much selenium rep lace• S in >Orne son1ples . Oc­
curs in Uta h, Colorado, Mon ta na, Ponnsy lvan io, Con­
necticut, Cana da, Mexico, Bo livia, Aust rolla, Eng la nd, 
Sweden, France, Ita ly, Rumania, and Easl Germany. 

RELATE D MINERAl 

GUANAJUATtTE, Bi 2Se3 {bismuth 
selenide), has the same structure as 
bismuthinitc, but with ••Ionium (So) 
in tht su lfur (S) positions. It is 
found with bismulhinitc in veins 
near Gvano jualo, Mex .; aho occur$ 

in Salmon, Idaho; Harz Mts. of West 
Gormany; and Sweden. Character­
istiC> are much like bismuthinile's. 
Hardness is 2.5-3.5, 1pocll1c gravity 
6.25-6.98. Is soluble in hot oquo 
regla. CAUTION: poltonous. 
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MOLYBDEN ITE GROUP consists of two sulfides that hove o layered 
structure much like that of graphite, but ore heavier than graph­
ite and not as block. The layers ore held together by weak von 
der Wools forces. Wi thin the layers, each molybd enum or tung­
sten atom is surrounded by six sulfur atoms, a t the corner$ of o 
right trigonal prism, and ooch $ulfu r atom is surrounded by three 
molybdenum or tungsten a toms. The two minerals ore similar in 
appearance and b ehavior, but tungstenite is o little harder and 
much heavier. 

MOLYBDE N ITE, Mo$2 (mo lybdenum sulfid e), is t h e major o ro of 
molybdenum. It is found In high-tempe rature ve i ns, pegmotiles, 
and contact metamorphic rocks. Largest source is o d eposit ot 
Climax,, Colo. 

Molybden ite crystallizes in hexagonal system as short 
tubular prisms, scattered scales, and foliated mosses. 
layers oro flexible. It is opaque, metallic, and gray, 
with greasy fool ond groonish to block streak. It do· 
composes in nitric acid and is soluble In oquo regia. 
Cleavage is perfect one-directional, fracture Irregular 
across sheets. Hardness is 1-1 .5, specific gravity 4.7. It 
is found in Moine, New Hampshire, Connecticut, New 
Jersey, Pennsylvania, Colorado, New Mexico, Utah, 
Arizona , Collfornla, Washington, Alosko, Conodo, 
Norway, Swodon, U.S.S.R., West Germany, E11glond, 
Scotland, Por tugal, Morocco, S. Africo, Australia, 
Chino, Japan, Poru, ond Moxko. 

TUNGSTENITE, WS2 (tungsten sul fi de), is found on ly ot the Emma 
Mine, near Salt Lake City, Utah, where it is associated with high­
temperature sulfides in limestone. 

Tungslenlte crystallizes in hexagonal system os aggre­
gates of very f1no Holy and flexible flakes. It is on 
opaquo metallic·to·dull gray, with gray streak, and 
has perfect cleavage in one direction. Hardness is 2.5, 
speclflc gravity 8.1. 

RELATED MINERAlS 

DYSCRAS ITE, Ag3Sb (silver ontimo­
nido), is a re latively uncommon min­
eral. It Is found os o vein min . 
erol in silver deposits with o thor 
silver mine rals and sulfides. It crys. 
tollizes in orthorhombic system os 
folioted or granular mosses, some· 
times pyramidol crystols. It is sec· 
tile, opaque, .silver white: tarnishes 
gray or yellow; has silver streak, 
complex cleavage, uneven frocturo. 
Hordncss is 3.5-4, specific grovity 
9.75. Occurs in Novodo, Ontario, 
Avstrolio, West Germany. 
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DOMEYKITE, Cu3As (copper orson· 
ide), is commonly lntcrgrown wi th 
olgodonite (Cu6As.) It crysto ll izu in 
cubic system as reniform and botry. 
oidol mosses. It is scctlle, opaque, 
metollic to dull, and while to gray, 
tarnishing to yellow or brown. It 
has white·to-groy streak, no cleov· 
ago, uneven fracture, It Is soluble 
In nitric odd. Hardness is 3.3.5, spe· 
cif1c gravity 7.2·7. 9. Occurs in cop­
per districts o f Michigon o"d 
Ontario; a lso in Mexico, Chilo, Swe­
d en, England, ond West Ge rmany. 

STRUCTURE OF MOlYBDENITE 
AND TUNGSTENITE 
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GALENA GROUP includ es sulfides, tel lurides, and selenides tha t 
have a hali te-type structure (p. 120), with each metallic atom 
surrounded by six nonme ta llic a toms, and vice ve rso. Galena, 
ol toite, and clousthol ite ore typical sul fides and illustrate the 
similarity of the three nonmetals they contain-su lfur !Sl, tellu­
rium !Tel, and selenium (Se). Albondite and oldhomite ore rare 
because manganese (Mn) normally forms on oxide ins tead of a 
sulfide, and calcium (Co) is more stable lr1 si licate and carbon­
a le structures. 

GALENA, PbS !lead su lfide), is one of the most abundant and 
widely distributed su lfides. The chief ore of lead, it common ly 
contains valuable amounts of silver. It is found in hyd rothermal 
veins crys tallized over a wide temperature range, in contact 
metamorphic deposits, in largo deposits in limestone for from 
known igneous rocks, in gra nites, and in lavo fl ows. 

OJ ' ( 

Galena crystallizes In cub ic system usually os cubes, 
sometimes as octahedra, often as combinations of 
bolht twin crysta ls are common. It also occu rs fre­
quently os granular mosses. It Is leod-groy, opaque, 
metallic in luster, brittle. Streak is groy, cleavage per· 
feet cubic; fracture seldom seen; hardness 2-31 specific 
g ravlty 7.57. Nearly always found with sphalerite, 
commonly with fluorite. Moy contain zinc, cadmium, 
copper, oru•nic, an timony, other impurities . Occurs In 
Missouri, Illinois, lowo, Kansas, Oklohomo, Colorado, 
Idaho, Utah, Mon tano, Wisconsin, West Germa ny, 
France, Rumania, Czechoslovakia, Austria, Belgium, 
Italy, Spain, Scotland, England, Australia, Mexico. 

ALTAITE, PbTe (lead telluride), Is on 
analog of galena, with Te a to ms in 
S positions. It Ia found in veins with 
other tellurides, gold, and sulfides. 
It is tin-white, has hardness of 3 
and specific gravity of 8.27; oth er 
properties li ke galena's. May con· 
loin silver, gold, copper, iron. Oc­
cur> in Colorado, California, North 
Carol ina, New Me•ieo, U.S.S.R., Con­
ado, Chile. Sec p. 2!19. 

ALABANDITE, MnS (manganese sui. 
fide), another analog of galena, oc· 
curs in low-temperature veins with 
sulfides and Mn mlnoro ls. II is block, 
with green s treak. Hardness h 3.5-4, 
specific gravity 4.05. Found in Ari· 
zona, Colorado, Nevada, Mon tc•na, 
Tu rkey, Rumonlo, We~t Germany, 
France, Peru, Japan, Mexico. Not 
highly soluble in water. Illustrated 
on p. 270. 
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CLAUSTHALITE, PbSo (lood so lon ide), 
Is on 011o log o f gulcna a nd thus has 
similar properties. It occurs in veins 
and may contain small amounts of 
mercury, silver, copper, cobalt, and 
iron. II i~ lead w hite and has o hord­
neu of 2.5-3 and a specific gravi ty 
of 8.08. Cloustholito occurs in West 
ond East Germany, Spain, Sweden, 
Argentino, and Chino. Specimen is 
ill,,.tra ted on p. 269. 

OLDHAMITE, CoS (calcium sulfide), 
a lso has galena structure. It has 
been found only in meteorites, nolo · 
bly w ith pyroxenes, a t Busti, India, 
and Bishopville, S.C. It is pole 
brown, tronspcorc nl, c•nd soluble In 
hydroch loric c~tid c1nd hot wo tor. 
Cleavage is cu bic, hordneu 4, •P•· 
ciflc gravity 2.59. Not found as a 
mineral on earth because of its 
solubi li ty. 

Cubic Crystal 
with Octahedral Faces 

(Idealized) 

Twinned Octahedra 
of Galena 
(Idealized) 

Goleno Cube with 
Marcasite, 

Gale no Crysto Is 

Galena in Barite 

Goleno Structure 
with Atoms to Scolo 

Octohodro l Crysta l 
wi th Cube Faces 

(Idealized) 

_r~ 
~~~ 
.1P Jf' 

Perfect Cubic Cleava ge 
of Galena 

Elongate Cube 
with Octahedral Faces 

(Idealized) 

Galena Cube with Pyrite 
and Spholerite, 

Golono Crystals with Pyrito 

Galena and Dolomite 
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ARGENTITE GROUP consists of sulfid es, selenides, ond te llurides 
o ( silver (Ag), copper (Cul, ond gold (Au). Its members ore closely 
related to the cha lcoci te group (p. 94) and oro ma jor orcs of si lver 
and copper. In structure, the argent ite minera ls are a ll tvbic or 
become cubic ot moderate temperatures. Metallic in appearance, 
they have s imila r properties, but differ chiefly in cleavage, brit· 
tleness, and colo r . In addit ion, th e ir specific gravities vary wi th 
the ir composition . Th c:>y occur In ve ins wi th other s ilver a nd cop· 
per mine rals. 

ARGE NTITE, Ag 2S (si lver sulfide), is chemica ll y identica l to ocon­
th ite (p . 94), but crystalli tes at higher temperatures (above 
179° C. ond assumes o cubic structure. Its blackish leod-groy 
color, high specific gravity (7.04), and ability to be easily cut with 
o knife holp di s ting u ish it. II occurs in low-tempera ture ve ins wi th 
other ~ilvcr n1inerals ond no tably In microscopic Inclus ions in 
galena. It con be synthesiLed by tre a t ing silver with sulfur. 

IFll 
lldJ 

Argentite usua lly occurs as gra nu lar mosses or as 
coatings on other minerals. Crystals ore cubic, octa­
hedral, or rarely dodecahedral; they may be dis­
tor ted in orborescont groups. Streak is grcoy, cleavage 
poor, frac ture svbconchoido l, hardness 2· 2.5. Argen­
tite is metolllc in luster and opoque. It may conta in 
capper; if rich in copper, it is called jolpaitc. It oc· 
cur> in Nevada, Colorado, Montano, Moxico, Chilo, 
Peru, Bo li via, England, Norway, Wost Ge rma ny, 
Crechoslovokio. 

AGUILARITE, Ag4SSc (silve r •u lflde­
sclenido), Is similar to argentite, but 
Se occupies about half the S po>i· 
lions. Found only at Guonojuoto, 
Mexico, and Virginia Ci ty, Nev. It is 
block, meiollic in luster, and shows 
no cleavage. Hardness is 2.5, specific 
grovity 7 .59. When heated in open 
tube, it yields mctollie silver. CAU· 
TION: poisonous. 

HESSITE, Ag1Te (silver h:llvrido), is 
the telluride ana log of orgentit~. It 
Is a meta ll ic gray ond usually occurs 
in massive form. It may contain 
gold. It is found associated with 
other silver minerals, other tellu· 
rldes, and gold in small amounts in 
Colifo rnlo, Colorado, Moxlco, Chilo, 
Australia, TUI'kcy, U.S.S.R., ond Ru· 
rnonia. Strea k is g ray; dcovogo 
poor; brittle; hardness 2-3; specific 
gravi ty 7.88. 
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NAUMANNITE, Ag2So (silver solo­
nide), Is tho sclon idc ana log of or· 
gentile. It has been found wi th 
cloustholite and other selen ides in 
veins in Idaho, Nevada, Argentino, 
West Germany. It occurs as cubes, 
thin plolu, and granular mosses. It 
is block, opaque, metallic, mo lleo 
blc. Cleavage is perfect cubic, hard­
ness 2.5, specific grco vlty 7.87. 

PETZITE, Ag.AuTe1 (•liver gold tol 
luride), is analogous to hessi te, with 
gold in place of 25 percent of tho 
silver. II occurs with hess ite and 
other tellurides in vein deposits in 
California, Colorado, Ontario, Ru 
monlo, and Austrolio . It is gray to 
block, with me ta llic lustor, o nd forms 
fine granular to eompoct moues. 
Cloovoge ;. cubic, fracture subcon· 
choidol. Hardness is 2.5·3, specific 
grav ity 8.7 -9.02. 

Octahedron with 
Cube Faces 

Cube 

ARGENTITE CRVST'ALS 
(ldeolired) 

Argentito 

Henlte 

Argentite 

Henite 

Argentite Crystals 

Argentite in Calcite 

Ne>ume>nnlte 
Cryrto l 

(Ideo !i red) 

Petrite 
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CHALCOCITE GROUP includes mine ra ls tha t ore close ly relotod to 
tho argen tit e group (p. 92). C halcocite, s tromeyoritc, ond ocon­
thito oro o rthorhombic sulfid es that ore impor tan t o re m inerals. 
Dlgenite and b e r zelionite ore cubic in s tructure and ore of te n 
ploced In the orgentile group. Two minor minera ls of the chalco­
cite group, crookesi t e and eucoirite, ore not described here. The 
extent o f so lid solution (p. 32) among group members is not 
certain. 

CHALCOCITE, Cu1S (co pper sulfide ), is a major ore o f copper. It is 
found most o,bundontly in the enriched zone o f sulfur depos its. 
It is formed here when percola t ing water dissolves copper min­
erals near t he surface and redeposits them below the water table, 
thereby enr iching the vein in that zone (p. 1 03) . Chalcocite oc­
curs with borni t e and covellite in the enrich e d zone and wi th 
cuprite, malachite, and azuri te in the weathered zone above. It 
is recognized by Its dark g ray color, Its secr lllty (It Is not cut as 
oosl ly with a kn ife as argentite, however), and its assoc iat ion 
w it h o the r copper su lfides. 

Chalcocite crystallizes in Otthorhombic sys tem (hex· 
agona l above 1 05• C.), usually as granular masses, 
rare ly as prisma tic crysta ls (so me times tw innod). It 
Is britt le, meta llic, opaque, o nd so lub lo in acids; 
al ters to motoohito, azuri to, covo llito. Cleavage h 
prisma tic; ha rdness 2.5·3; specific grcovity 5.77. Oc· 
cun in Alosk.,, Arizona, Connecticut, Montano, Uta h, 
Nevada, New Mexico, Tennessee, Mex ico, Peru, Ch il e, 
U.S.S.R., England, Rumania, and Australia. 

ACANTHITE, Ag 2S (silver sulfide), is 
the orthorhombic form of Ag2S, or. 
gon tito (p. 92) bolng th ~ cubic focm . 
They occur In Identical p laces and 
hove simila r properties, most argen­
tite octually changing to oconthite 
on cooling. Aconthite crystallizes as 
slender prisms; Is sectlle, block, me· 
Iaiiie, and opoquo; has poor cleav. 
ago, unevon fractur e . Hardness 
2·2.5, spocific grav ity 7.18. Seep. 3. 

STROMEYERITE, AgCuS (silver cop· 
per sulfide, occun in veins with 
other s il ver and copper sulfides in 
Colorado, Montano, Arizona, Cana­
da, Mexico, Au•tra li o, Poland, U.S.· 
S.R., Chile, Peru . It crys ta llizes In 
or th orhombic s ystem as pr isms, 
moues; is gray-blue, me ta ll ic, bri ttle, 
soluble in nitric acid; has no cleov· 
age. Hardness 2.5-3, specific g ravity 
6.2·6 .3. lll ustro tod on p . 4. 
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DIGENITE, Cu2 ,S (copper sulfide), 
has a deficie ncy of meto ll ic (Cu) 
a toms, a fairly common ph&no mo. 
non in minera ls. It crystallizes in 
cubic syslem usua lly in mouive 
fo rm, sometimes as octahedral crys· 
lois. It is opaque, blue-black; has 
octahedral cleavage. Hardness 2 . .5·3, 
specific gravity 5.55-5.71 . Occurs in 
Ari~ono, h\ontona, Alo skot Mexico, 
Sweden, South-West Africa. 

BERZELIANITE, Cu2So (copper sele· 
nide), is selenide analog of chalco· 
cite. It is relatively rare, occurring 
wi th other se lenides in veins and in 
iron ores. It crystallizes In cubic sys · 
tem os sco ttcrod groins and as 
e ru sll. It is s llvo r -whit o, b ut t o r · 
nishas; me tallic; opaque. Hardness 
is 2, specific g ravity 7.23. Occur~ in 
West Germany, Sweden, and Argcn• 
tina. Illustra ted on p. 4. 

A1X SULFIDES 
ORTHORHOMBIC 
Chalcocite Cu,S 
Stromoyorite AgCuS 
Sternbergite AgfeS 
Aconthite Ag,S 

Massive Chalcocite 

Digenito with 
Pyrite Flecks 

CHALCOCITE CRYSTALS 
(Idealized) 

Cholcocito with Pyrite 
and Ma lach ite 

Chalcocite 

lntergrown Berzelionite 
and Co Ieite with Malachite 

Chalcocite with 
Molochite 

Ber:elianito and Ca lcite 
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SPHALERITE GROUP minerals o re simi lar in s tructure, and thus ln 
crysta l form, cleavage, and behavior. Because thoy ore also 
chemica lly simi la r, they occur in like geologic environments, no­
tably in sulfide veins. The ir s tructure is like that of d iamond, with 
half the carbon positions occupied by sulfur, sele nium, or tellu­
rium, and the other positions by zinc, mercury, copper, iron, tin, 
or some m ixture of these metals. 

SPHALERITE, ZnS (z inc sulfide), is an abundant sulflde and on im­
portant oro of zinc. It occurs in hydrothermal veins in all types of 
rocks with o ther sulfides, notab ly galena. Also, it is commonly a 
product of contact metamorphism of sedimentary rocks by igne­
ous in trusions (p. 12). Nearly oil sphalerite contains much iron in 
solid solution, which affects its appearance. Its perfect cleavage 
and resinous lu ster ore diagnostic. 

Spha lerite crystallizes in cub ic syste m as te trahedral 
and dodecahedral crys tals and as granular and fl. 
brous mo»es. Twin crystals ore common. It is white 
if pure, more often yellow, brown, block, red, or 
green; resinous; opaque to transparent; red cryJtols 
called semi-ruby; brittle; solub le in hydroch loric odd, 
with evo lu tion of hydrogen su lfide (rotten oggs odor) . 
Strook Is polo yellow to brown; hardness 3.5-4, spcci Ac 
grav ity 4.08, varying w ith iron content. Minera l noo rly 
a lways occurs with ga lena. Lorge deposit s oro found 
in llmo>tono of Mi»issippi-Vo lley, around Joplin, Mo., 
o nd Galena, Ill. Also occurs ln Colorado, Montone, 
Wisconsin, Idaho, Ohio, Mexico, Sweden, Britain, 
Spoin, France, Rumania , Switzerland, Cuchoslovokla, 
West Germany, e tc. 

META CINNABAR, HgS (mercuric >ul-
11do), is on unu>uol minerol- octu · 
oily a Ulcand form of HgS, more 
commonly found os the mineral cin­
nabar (p. 84). It i• identical with the 
block precipitate o f HgS that con be 
formed in the laboratory. When 
heated to 500° c., metocinnobor 
will chango to tho >table form, cin­
nabar. It Is found with cinnabar, 
o ther •ulr.de•, ond mercury in low­
temperature veins. It con ta ins •ome 
zinc and se len ium. It crysta llize• in 
cubic sy>tem os tetrahedral cry>tol> 
or more commonly as mosses. An 
opaque meta llic b lock, me toclnno· 
bar has b lock streak, hardness o f 3, 
ond spoclflc gravi ty of 7.65. It is 
found In CoiiFornlo, Utoh, British 
Co(u,bia, ltc.ly, Rumonlo , Ctocho­
•lovokio, Spain. 
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TIEMANNITE, HgSe (mercuric selo­
nide), is o rarCl minerol that has the 
sphalerite •tructure because of tho 
chemical similarity between Hg and 
Zn ond between Se and S. It occurs 
in Harz Mts., West Germony, and in 
o limestone vein neor Marysvale, 
Utah. It crystallizes in cu,bic sys tem 
u•uolly as mlltollic gray masses. 
Hardness is 2 .5 , specific gravity 
8 .26. Contoin.s some cadmium ond 
sulfur. CAUTION: poisonous . 

COLORADOITE, HgTe (mercuric tel­
luride), is found with o ther te llurides 
of Ko lgoorl ie, Australia, and in Boul­
der Co., Colo . Properties oro like 
those of ticmannito oxcopt tha t lt is 
grayer, hos specifi c gravit y of 8.09, 
and is so luble in nitric acid. CAU­
TION: poisonous compound. 

SPHALERITE 
CRYSTAL 

(Idealized) 

Zn S 

SPHALERITE STRUCTURE 

Cleavage Fragment 
of Sphalerite 

Sphalerite Crystals with 
Blue Tarn ish on Chert 

Spha lerite, Semi-Ruby 
Crysta ls on Chert 

SPHALERITE 
CRYSTAL 

(Idealized) 

Ruby Sphalerite 

Metocinnabor 
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CHALCOPYRIT E, CuFeS2 (copper Iron su lfide), is t·h e rnos l wide· 
spread copper minera l a nd is an impar lanl o ro o f copper. 11 is 
commonly found in high· and m e dium-temperature v e ins and in 
contact metamorphic d eposits a ssociated w ith pyrite, cassi te rit e , 
or p e ntlondite and pyrrho tite. It is s imilar lo pyrite (p. 1 04}, but 
h as a more coppery color and o g reen-block streak . 

Cha lcopyrite occurs as tetra hedral or sphenoidal crys­
ta ls, ofton twfns, and os, g ra nular O( compaci n'ICUStH. 

It Is britt le, brass-yellow (ta rn ishes darke r), meta llic 
in luster, and opaque. It is soluble In nitric acid (ye l· 
low S separa tes). Alters naturally to sulfates, malo· 
ch ile, azurite, and limonite. Clevoge is poor, fracture 
uneven. Hardness is 3.5·4, specifi c gravity 4.28. Oc· 
curs in New York, Tennessee, Pennsylvania, Missouri, 
New Mexico, Ala ska, Ita ly, West Germany, france, 
Spain, Sweden, Norway, Chile, Mexico, Peru , Japan, 
c111d elsewhere. 

STAN NITE, Cu 2FeSnS4 (coppe r iron tin s u lfide), has the cha lcopy· 
ri te structure with half the Fe replaced by Sn . Bvt its gray·block 
color and blue tarnish distinguish it. It is fo und in tin-beari ng 
ve ins w ith cassi teri te, sphalerite, cha lcopyrit e, and oth e r hig h· 
te mpera ture sulfides. 

Stonnite crys tol li•os in totrogo.,ol systum u•uo lly as 
granular masses or sco llered gro ins, rarely os stri· 
ated crystals. It is bri ttl e, meta ll ic in luster, opaque; 
commonly has inclusions of cha lcopyrite; may be in· 
tergrown with sphalerite; is soluble in nitric a cid 
w ith separation of Yellow S and black SnOz. Cleav. 
age is poor; fracture uneven, streak black: hardness 
4; spociflc gravity 4.43. Occurs in South Dakota, 
Aloska Czechoslovakia, Englc•nd, Australia, Boli via. 

RELATED MINERAL 

BORN ITE, Cu5FeS4 (copper iron sulfide), is a common copper o re 
found in high-te mpe ra ture ve ins, intrus ive igneou$ rocks, pegma· 
tiles, and contact metamorphic rocks, o fte n associated with cha l· 
copyri te and cha lcocite. Not in the spha le rite group, it is inc luded 
here because of ih chem ical s imilari ty to cha lcopyrite . Its copper· 
red o r brown color and purp lo ir id escent tarnish are chcrocte ri s tl c 
and account for its n ickna m e of "peacock ore." 
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Bornite crysta llizes in cubic system rarely a.s cubic 
crysta ls, usua lly os mosses. It Is britt le, metallic, 
opaque; solu ble in nitric acid (S separates); alters to 
cha lcocite, malachite, azurite. Streak is gray-block; 
eleavoge poor; hard""" 3; spocific grav ity 5.07. Oc· 
curs in Connecticut, Virg inia, North Carolina, Colo. 
rado, California, Alaska, Austria, West Germany, 
Italy, England, Malagasy Rep., Australia, etc. 

STR UCTURE OF CHALCOPYRITE 
AND STANNITE 

s 
(t Cu 

(I Fe or Sn 

CRYSTALS OF CHALCOPYRITE 
(Idealized) 

Mauivc Chalcopyrite 
with Quartx Gangue 

Chalcopyrite with Bornite Chalcopyrite (bli ster ore) 

Chalcopyrite Crystals 
Mcasive Clot~tcopyrite with Feldspar Ganguo 

Stonnite with Quartz and Mica 
Stonnite 

Bornite w ith Quartz Gangue Bornite (massive) Bornite with Chalcopyrite 



NICCOLITE G ROUP includes niccolite, pyrrhotite, and brei thaup­
tit e . A ll have a h exago nal s tructure in which e ach metal ato m Is 
s urrounded by six nonme ta l atoms, each of which in turn is s ur· 
rounded by six m eta l atoms at the corners of a trigonal prism. 
The closely re lated minera ls covellite, millerite, pentlandite, and 
k lockmann ite are inc lude d here for conve nience. 

NICCOLITE, NiAs (nicke l arsenide), a minor ore of nickel, Is found 
in basic igne ous rocks with o ther arsenid e s a nd w ith sulfides, o r 
in veins with o th er high-te mperature min e rals . Its pole coppe r· 
red co lor is di stinctive , but in moist air this may be quick ly cov­
ered by gray-to-block tarnis h .. 

Niccolite crys tallizes in hexagonal system as orbo· 
rescen t or columnar mosses, rar&ly as tabular or 
pyramidal cry•to!J (aomQtimQa twinned), It is motoll ic 
in luste r and opaque; has b rown-block stroak; Is intr­
mote ly intergrown with breithauptite; is so luble in 
aqua regia; contains some iron cobalt, sulfur. Hard· 
ness is 5-5.5, specific gravity 7.83. Occurs in Colo· 
rodo, New Jersey, Japan, Austria, West Germany. 
Fra nce, Canada, etc. 

PYRRHOTITE, Fe 1.xS (iro n sulfide), is fou nd w ith p e ntlandi te in 
bas ic igneous rocks, veins, and m e tamo rphic rocks. It has a struc­
ture similar to niccol ite's, bvt with Fe in some Ni positions and the 
othe r positions vacant. The vacancies (x) vary from 0 to 0 .2 and 
cause the m ineral to be magnetic, unless their va lve is near 0, in 
which case the mineral is nonmagne tic and is called trol lite. 
Bro nze color and magne ti c properties ide ntify pyrrhotite. 

Pyrrhoti te crystoilizos in hexagonal system a s lobular 
p la tes and pyramids, often twinned, and a s granu la r 
mosses. Brittle, metallic, and opaque, it has no cleav· 
age and decomposes In hydrochloric acid. Conta ins 
some nicke l, cobalt, manganese, and copper. Streak 
is gray-block; hordnoss 3.5-4.5; specific gravity 4.58-
4.79. Occurs in Moine, Connec ticut, New Jersey, Nev,: 
York, Pennsylvan ia, Tcnnou oo, California, O ntario, 
British Columbia, Rumonia, Austria, Italy, Wes t Gor· 
many, Switzerland, Franco, No rway, Swede n, Brazil, 
Mexico. 

PENTLANDITE, (FeNi l9S8 (i ron-nickel su lfide ), looks much l ik e pyr­
rho tite, with w h ich it nearly a lways occurs. It is common ly in te r· 
g rown wi th pyrrhotite, indicating sepa ra tio n (exsolvtio n) from 
pyrrhot ite during cooling . Pentland ite is cubic, howe ver, and is 
no nmagnetic . It occurs In bas ic igneous rocks wi th pyrrhotite, 
chalcopyrite, cuban ite, and o the r s u lfides . The Fe :NI ration Is al­
w ays 1:1. It can b e d ist inguishe d from pyrrho tite by its s light ly 
ligh ter bronze-yel low color, lighter streak, and lack of magne tic 
character . 
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NICCOLITE G ROUP includes niccolite, pyrrhotite, and brei thaup­
tit e . A ll have a h exago nal s tructure in which e ach metal ato m Is 
s urrounded by six nonme ta l atoms, each of which in turn is s ur· 
rounded by six m eta l atoms at the corners of a trigonal prism. 
The closely re lated minera ls covellite, millerite, pentlandite, and 
k lockmann ite are inc lude d here for conve nience. 

NICCOLITE, NiAs (nicke l arsenide), a minor ore of nickel, Is found 
in basic igne ous rocks with o ther arsenid e s a nd w ith sulfides, o r 
in veins with o th er high-te mperature min e rals . Its pole coppe r· 
red co lor is di stinctive , but in moist air this may be quick ly cov­
ered by gray-to-block tarnis h .. 

Niccolite crys tallizes in hexagonal system as orbo· 
rescen t or columnar mosses, rar&ly as tabular or 
pyramidal cry•to!J (aomQtimQa twinned), It is motoll ic 
in luste r and opaque; has b rown-block stroak; Is intr­
mote ly intergrown with breithauptite; is so luble in 
aqua regia; contains some iron cobalt, sulfur. Hard· 
ness is 5-5.5, specific gravity 7.83. Occurs in Colo· 
rodo, New Jersey, Japan, Austria, West Germany. 
Fra nce, Canada, etc. 

PYRRHOTITE, Fe 1.xS (iro n sulfide), is fou nd w ith p e ntlandi te in 
bas ic igneous rocks, veins, and m e tamo rphic rocks. It has a struc­
ture similar to niccol ite's, bvt with Fe in some Ni positions and the 
othe r positions vacant. The vacancies (x) vary from 0 to 0 .2 and 
cause the m ineral to be magnetic, unless their va lve is near 0, in 
which case the mineral is nonmagne tic and is called trol lite. 
Bro nze color and magne ti c properties ide ntify pyrrhotite. 

Pyrrhoti te crystoilizos in hexagonal system a s lobular 
p la tes and pyramids, often twinned, and a s granu la r 
mosses. Brittle, metallic, and opaque, it has no cleav· 
age and decomposes In hydrochloric acid. Conta ins 
some nicke l, cobalt, manganese, and copper. Streak 
is gray-block; hordnoss 3.5-4.5; specific gravity 4.58-
4.79. Occurs in Moine, Connec ticut, New Jersey, Nev,: 
York, Pennsylvan ia, Tcnnou oo, California, O ntario, 
British Columbia, Rumonia, Austria, Italy, Wes t Gor· 
many, Switzerland, Franco, No rway, Swede n, Brazil, 
Mexico. 

PENTLANDITE, (FeNi l9S8 (i ron-nickel su lfide ), looks much l ik e pyr­
rho tite, with w h ich it nearly a lways occurs. It is common ly in te r· 
g rown wi th pyrrhotite, indicating sepa ra tio n (exsolvtio n) from 
pyrrhot ite during cooling . Pentland ite is cubic, howe ver, and is 
no nmagnetic . It occurs In bas ic igneous rocks wi th pyrrhotite, 
chalcopyrite, cuban ite, and o the r s u lfides . The Fe :NI ration Is al­
w ays 1:1. It can b e d ist inguishe d from pyrrho tite by its s light ly 
ligh ter bronze-yel low color, lighter streak, and lack of magne tic 
character . 
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PYRRHOTITE CRYSTALS 
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COVELLITE, CuS (coppe r s ulfide), is not obundont, bu t is impo rtan t 
in zo n es of coppe r-b e a ring veins that hove b een enriche d by pre­
cipitation from d o wnwa rd-moving wote r . It is ossociote d and 
commonly intergrown with chalcopyrite, chalcocite, enorgite, and 
bornite. It is a lso d e r iv e d from them. Its indigo or darke r blue 
color, enhanced by wett ing, and its yellow and red iridescence 
ore cha rocteri s t ic. 

Covol llt• ery s ta t l i~~s in h&xagone>l system c" thin 
plcotos or os moss ivo or sphero iclr;tl ogg•·ogo tos. It is 
opaque and resinous to du ll In lus ter, St,·eok is groy; 
cleavage perfec t in one direction; hard/lou 1.5.2; 
specific gravity 4 .60. Contains a litt le iron. Occurs in 
Montana, Colorado, Utah, Wyoming, Alaska, Philip· 
pines, Yugoslavia, Austria, Italy, Sardinia, East and 
West Germany, New Zealand, and Argentino . 

MILLERITE, NiS (nick e l s ulfide ), is o low-te mpera ture mine ra l fo un d 
in v e ins and cavities o f carbonate rocks, in scrpenti n cs, in vol­
canic deposi ts, ond in meteori tes. It often forms os on a lte ration 
p roduct of othe r n ick e l minera ls. It is recogn ized by its brassy 
colo r and n eedle like crys tal s . 

Mi lleri te crysta llites in hcxogonol system ca slender 
to f'ibrou s crysta ls in radiating or g lobular groups or 
tufted coatings. It is bri ttl e; brau yellow, ofton wi th 
gray tarnish ; meta llic in luster; opaquo. Contains 
some cobalt, iron, copper. Thin crystals are elast ic. 
Cleavage is pyramidal; hardness 3-3.5; specific grav-
ity 5.36. Occurs in Pennsylvania, Iowa, Missouri, Wis· 
consin, Quebec, Wales, etc. 

BREITHAUPTITE, NiSb (nickel anti· 
monide) , ha.s lhe somo .sttucturc as 
niccolite (p. 1 00), with Sb in all As 
posit ions. This illustrates the chemi. 
cal similarity of Sb and As. Extent 
of solid solution between bre ithoup· 
lite and niccolite is uncer tain, bu t 
the occurrence of tho two minera ls 
together (in calcite veins with sl iver 
minerals) may indica te tha t solid 
oolution io sligh t. Broithavp tlt~ cry•· 
tolli zes in hexagonal system as pris· 
malic or thin tabular crystals or as 
dendritic growths, disseminated 
groins, or mosses. It is brittle, cap· 
per-red with violet tinge, metallic 
in luster, and opaque. Has no cleav. 
age. Streal< is red-brown; britt le; 
hardness 5.5; specific gravity 8.63. 
Occurs in Ontario, Sardinia, and 
West Germany. 
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KLOCKMA NNITE, CvSe (copper sci· 
cnido), is a rare and nat·well-•tudiod 
mineral that is believed to be sim­
ilar in struc ture to covelli te. It is 
impure, and its exact composit ion is 
uncertai n. It has been found on ly ol 
Sierra de Umongo, Argentina; a t 
Skrikorum, Sweden; and In Hart 
Mts., Wut Germa ny. It occurs with 
uma ngit e, Cu3S021 eucoirl te, CuAgSa; 
elousthatit e, PbSo; a nd cholcomeniiC!, 
CuSe03• 2H20 (on ox idation prod­
uct of klockmonnite). It is believed 
to crys tallize in hexagonal system 
and occurs as granular aggregates. 
It is gray, tarnishing blue-block; 
opaque; metallic in luster. Streak is 
gray-block; cleavage perfec t in one 
direction; hardness 3; 1pecific grav­
ity abou t 5. CAU TI ON: poisonous. 
Do not hea t. 

Iron Hot 

Supergene Zone 
econd,ory Enrichment) 

Primary Zono 

Secondary Enrichment of Vein 

The primary ~one may be too 
poor to mine, but movement of 

water from the surface dissolves 
Cu minerals and deposi h them in 
tho supergeno zone, enriching it . 
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PYRITE GROUP consists of vory different mine rals, but o il hove o 
cubic s tructure. In pyrite, for example, on Iron (Fe) atom occupies 
each corner of a cube and the middle of each face, and o pair of 
sulfur (S) atoms is midway along each edge. Because the Fe·S 
bonds in pyrite and similar bonds in other pyrite-group minerals 
ore cova le nt (p. 24), these minera ls ore britt le and con bo ground 
too du ll brown powd er. Thoy ore among the hardes t sulfides. 

PYRITE, FeS2 (iron sulfide), is the most abundant and widespread 
sulfide. It occurs in all types of rocks and veins. Many foss ils, par­
ticularly in sha les, consist of pyrite, form ed when hydrogen sul­
fide from decoying organic matter ac ted on iron. Often ca ll ed 
"fool's gold" because it has been mistake n for gold, pyrite is 
harder and more brittle. It is harder a nd yellower than chalco­
pyrite and yellower than morco$ite (besides di ffering in crystal 
form). it is used chie fly to produce sulfuric acid. Pyrite, transla ted 
freely, means "fire mine ral," on allusion to the fact that it g ives 
off sparks when struck. In humid air, it a lters readily, forming 
sulfuric acid and iron sulfate. 

Pyrite occurs as cubes, pyritahedro, and octahedra, 
often twinned, and as granu lar, radiating, g lobule,, 
a nd stoloctltlc moues. It Is pole brass-yellow, tar­
nis hes to brown, and has brown·black streak. It Is 
opaque, me tallic In luster, and brittle. Cleavage is 
indlstincf; hardness 6·6.5; specific gravity 5.01. Pow­
der <s soluble In concentrated nitric acid. Nickel. 
containing variety is coiled brovoite. Important de· 
posits occur In Arizona, Utah, California, Illinois, 
Virginia, Te nnessee, New York, New Hampshire, Con-
nocticut, Pennsylvania, Now J ersey, and Onta rio. 

HAUERI TE, MnS2 (manganese sul ­
fide), is found with gypsum, su lfur, 
and calcite in low-temperature en­
vironme nts. It is rare. Occurs in sa lt 
dome cops in Texas, vo lcanic rocks 
in Czechoslovakia, metamorphic 
rocks in New Zealand, and sedi­
ments in Sicily. Red.brown to b lock, 
it forms octahedral or cubo·oc ta· 
hodro l crysta ls, globu la r clusters. 
Hardness Is 4, specific g ravity 3.44. 

PENROSEITE, (Ni,Cu,Pb)Se2 (n icke l· 
coppor-load so lonide), has boen 
found on ly in Boli via, ossoclo tod 
with pyrite, chalcopyri te, noumon· 
nile. Occurs in reniform moues and 
is gray, opaque, metallic in luster, 
brittle. Streak i> block; cleavage 
complex; hardness 2.5·3; specific 
gravity 7.56. Dissolves in ni tric acid 
with e ffe rvescence. 
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SPERRYLITE, PtAs2 (platinum orsen· 
ide), is a roro mineral and th e o nl y 
known na tura l compovnd of plot i. 
num. It i s tin-w h ite with block 
streak, metallic in luster, opaque, 
and brittle. It forms cubic or cuba· 
octahedral crys tals. often rovnded. 
Clcovogc Is poor; frocturo conchoid ­
o l; hordnoss 6·7; specific g ravity 
1 0.59. Occurs in Nort h Coraline, Wy. 
oming, Ontario, S. Africa, U.S.S.R. 

LAURITE, RuS2 (ruthenium sulfide), 
hos been found in platinum placer 
sands in Borneo and with sperrylite 
o nd notlvo p lat inum in Sou th Africa . 
It acwn as small crystals or round­
ed groins and Is block, opaque, me. 
tollic in luster, and briltle. Streak is 
gray; cleavage perfect octahed ral; 
hardness 7.5; speci fic gravity 6.23. 
Contains some osmium. 

PYRITE STRUCTURE 

Pyrite 

Pyrite 

Bonded Pyrite 

s 

• Fe 

PYRITE CRYSTALS 
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Pyrite Crystal 

Pyrite and Pyrrhotite 
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MARCASITE AND RELATED MINERALS described on this page form 
three groups: (1) marcasite; (2) loellingite, soffiorite, and rom· 
melsbergite, whkh ore structurally simi lar to ma rcasite; and (3) 
arsenopyrite, which is structurally diffe rent. 

MARCASITE, FeS2 (iron su lfide), has the some formula as pyrite 
(p. 1 04), bu t a different crys ta l structu re. A commo n mineral, it 
forms in near-surface deposi ts where acidity is high, tempera ture 
low; in other environments, pyri te forms instead. It is commonest 
in sediments, particularly cloys and lignites. Its peculiar cocks· 
comb habit, when present, distinguishes it from pyri te. It com· 
manly occurs with lead and zinc ores, notably in Joplin, Mo., and 
Galena, Ill. It d eteriorates readily In moist air . 

Marcaaite erya tol lixoa in orthorhombic system os tob­
ulor or prismatic crysta ls, often with curvod focos; a s 
cockscomb agg regates and spearpolnt twin•; and o• 
stalactitic, globular, concentric, and radiating forms. 
II is pole bronze-yellow (lighter than pyrite), lin ­
white on fresh fracture; metallic in luster; opoque; 
brittle. Streak Is block; fracture uneven; hardness 
6-6.5; specific gravity 4.88. found In Kansas, Okla­
homa, Wisconsin, Ke ntucky, Mexico, Engla nd, Greece, 
Emt a nd West Germany, Cxcehos lovoklo, o le. 

LOELLINGITE, f eAs2 (iron arsenide), 
is found In medium-temperature 
veins, often with iran and copper 
•ulfide•. May contain cobalt, nickel, 
antimony, sulfur. II crystal lites In 
orthorhombic system as prismol ic 
crya to la, 10moHmvl lwinned, or 0 1 
mass ive form s. It I> sil very g ray; 
meto ll ic in luste r, brittle. Cleovago 
is prismotlc; hardness 5-5.5; •pecific 
g ravity 7.40-7.58. Occurs in Maine, 
New Hamp>hire, New York, Now 
Jersey, Colo'rodo, Ontario, Austria, 
Poland, Spain, Norway, Chile. 

SAFFLORITE, (Co,Fo)As2 {cobalt-iron 
orsenlde), is coba lt ana log of loel­
lingite, normally with 5- 16 per cent 
iron. II crysta llizes in orthorhombic 
system as tabular and prismatic 
crysta l•, commonly twinned, and as 
fibrous mouos. II is t in-whlte (tar­
nishes gray), metallic in lus ter, 
opaque, britt le. Streak i• block; 
cloovogo platy; fracture unovon1 
hordneu 4.5-5; specific gravity 7.70. 
Found in both Germanys, Sweden, 
Mexico, Ontario. See p. 273. 
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RAMMELSBERGITE, N1As2 (nickel or· 
senide), is found with loellingite, 
sku tterudite minerals, sulfides, and 
o th er ouenides In med ium-tempera­
ture veins. It crystallites probably 
in ortho rhombic system a s granular 
or fibrous mosoos, rarely crysta ls. It 
Is tin -white, sligh tl y rod; meta llic in 
luster; opaque. Streak Is block; 
hardness 5.5-6; specific gravity 
about 7. 1. Found In East Germany, 
Austria, France, Italy, Switzerland, 
Chilo, Canada. It alters readily to 
onnabergile. 

ARSENOPYRITE, FcAsS {Iron oraon­
lde-sulfide), is ma jor ore of auenic. 
Occurs in high-temperature veins 
with silver, copper, and gold ores; 
In pegmotite s; and in contact meta­
morphic rocks. Crystal lizes in mono· 
clinic system as prismatic cry•tals, 
columnar and granular moues. It 
Is whitt! ·gray, mttallic in luster, 
opaque, britt le. Streak is block; 
cleavage domal; fracture uneven; 
hardness 5 . .5-6; specific gravity 6.18. 
Widespread occu rrence. 

LOELLINGJTE CRYSTALS 
(Idealized) 

Loellingite 

Rammelsbe rgite 

Ma rco silo 

ARSENOPYRITE CRYSTALS 
(tdeolizcd) 

Massive Arsenopyrite 
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COBALTITE G ROUP includes three minerals with the approx imate 
structure of pyri te (p. 1 04). Each has o n arsenic (As) or an timony 
(Sb) atom and a sulfur (5) atom bonded in a pair and located in 
the position o f the S pair in pyrite. They ore mojo( ores of cobalt 
(Col. Gersdorffite and ul lmonnite ore sources of nicke l (Nil as 
we ll. The Ni, Fe (iron), and Co contents ore no t fixed, and in ull ­
mannlte much Sb and Bi (bismuth) substitute for As. Color and 
crystal form help distinguish thc,o three minerals from others, 
but beca use their appeara nce is similar and their properties ore 
variable (with composition), they ore difficu lt to d istinguish from 
one another. 

COBALTITE, (Co,Fel AsS (coba lt sulforsenide), conta ins up to 10 
per cent iron (Fe in formula) and small amounts of n ickel. It oc­
curs in metamorphic rocks as disseminate d crystals and In ig · 
ncous rocks as vein d eposits wi th other cobalt and nickel sulfides 
and arsenides. Complete solid solut ion (p. 32) probably exis ts 
between cobolti te and gcrsdorffite, but not many in termediate 
minera ls hove been found. 

Cobollite crystallizes in cubic system as cubes, pyrite· 
hedro, and granular mosses. It Is silver-white to gray· 
block with red tinge (co lor vories with Fe content), 
metallic in lustor, opoquc, brittle. Streak is block; 
cleavage perfect cubic; frocture uneven; hardneu 5.5; 
speciflc gravity 6.30. Is decompo•cd by nitric acid 
with separation of S. Occurs in U.S.S.R., Poland, En· 
gland, East Germany, Indio, Australia, etc. 

GERSOORFFtTE, (Ni,Fe,Co)A•S (nick. 
el sulforscnide), is the Ni end mem­
ber of the cobaltite·gersdorffite 
solid·•olution sorlo•, with an Ideal 
formula of NIAsS. Many •peclmons, 
however, contain up to 16 per cent 
Fe (iron) ond up to 14 per cent Co 
(cobalt). A variety with up to 13 per 
cent Sb (antimony) In place of As is 
co iled coryn lte. Gorodo rAl te II com­
para tively rare, occurring with other 
nickel minerals and sulfide• in veins. 
It cry•tollizes in cubic system as 
octahedra, pyrltohedra, end gran· 
ular or lamellar mosses. It is 
silver.white to gray, metallic in Ius. 
ter1 opaque; decomposes in worm 
nitric acid with separation of S. 
Streak Is block; cloovoge perfect 
cubic; fracture vnovon; hardness 5.5; 
speclnc gravity 5.9 (overage). Oc­
cur~ In Connecticu t, P~nnsylvonio, 
Ontario, Rhodesia, Sweden, Ger· 
many, etc. 
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UllMANNITE, (NI,Co) (Sb,As)S, is 
connected with the cobahite·gen­
dorflite series by means of corynite 
NI(A1,Sb)S, which moy bo on Inter­
mediate member of a ger~dorflit o· 
ullmonnile solid·solution series. It is 
essent ially ioostrucluro l with cobol­
tile and gersdorffite and is found 
with the latter and other nickel min­
era ls In hydrothermal vein doposih. 
Ullmannlte crystallizes in cubic IYI· 

tom as cubes, octahedra, pyritohe· 
dro, and massive forms. Crystals 
moy be twinned. Cube faces ore 
striated. It is gray to white, metal lic 
In luster, and opaque. Streak is 
black. Hardness is 5·5.5, specific 
gravity 6.65 (varies with composi­
tion). Cleavage is perfect cubic, frac­
tu re uneven, brltt lo. Decomposes in 
nitric acid . Found In Wes t Germany, 
Austria, Australia, Fronce, England. 
Willyamite and Kallilite ore varie· 
ties of ullmonnlte. 

Gersdoffite 

Gtrsdorfli te 

COOALTITE CRYSTAlS 

Coboltite in Quartz 

Coboltite, High 
Grode Oro 

Corynite 
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SKUTTERUDITE GROUP, named for the town of S ku tterud, Nor­
way, is o complete sold-solu t ion series (p. 32) between smoltite 
and chloon th ite. Any intermedia te member is coiled skutterudi te. 
These minerals hove o deficiency of arsenic, indicated by x in the 
formula; x is 0.5-1 in smolti te and chloonthite, 0-0.5 in inlerme· 
diote skutterudi tes. A mojor source of cobalt and nicke l, the min· 
orals o r e found in m edium-te mperature ve ins wi th o ther coba lt 
and nicke l mine ra ls. Crysta l structure is s imilar to pyrite's. 

Skuttorudite minerals crystallize in cubic sys tem os 
cvbic, octa hedra l, or pyritohedra l crys tals, co n1monly 
miu hopon and &ometimes twinned, a nd as not li ke 
forms and granular ma$Se S. They are tin -white to 
gray (tarni sh gray), commonly iridescent, meta llic in 
luster, opaque, and briflle. They ore soluble in nitric 
acid, Co-rich members producing rod solutions. Nl· 
rich memborJ green solutions. Streak is black; cleav· 
age indistinc t cubic or octahedral; fracture conchoidal 
or uneven; hardne$S 5.5-6; specifoc gravity 6.1·6.9 
(depending on composition). Occur in Connecticut, 
Massachusetts, New JeF-Sey, Colorado, Now Mexico, 
Missouri, On tario, Norway, both Germonys, Austria, 
Hungary, Switzerland, Spain, France, British Isles 
Sou th Africa, Auslrollo, Chile. 

SMAl liTE, (Co,Ni)Ait .• (cobalt-nick· 
ol or>enide), is the coba lt-rich skut­
terudite. It is commonly a ltered to 
erythrite, (Co,Ni))(As0•))-8H20, 
which is red or pink. 

CHLOANTHITE, (Ni,Co)Ast , (nickel­
cobalt arsenide). is tho nickel -rich 
sku llerudite. It is a ltered to anna. 
bergite, (Ni,Co)J(As04h •SH10, the 
green analog of erythrlte. 

KRENN ERITE GROUP includes co loverite, sylvanite, and kren­
neri te. They ore found in low- temperature veins Oess commonly 
in high-ternpt!ro tvra veins) with other tellurides, gold, and sui· 
fides . Krenne ri te has the same composition as colovcrito, but 
crystallizes in the orthorhombic system and is struc turally more 
complex. It is not describe d here. Sylvanite is probably isos truc· 
tura l wi th co loveri to, bu t ha lf the meta l posi tions (or less) ore 
occupied by s ilve r . Bo th crys ta ll ize in m onoclinic sys tem. 

CALAVERITE, Au7To4 (go ld tcllu· 
ride), o<eur> as bladod, •trlo tod 
prisms, commonly twinned, and 
granular mosses. It is broH to silve r 
colored (tornl$hes yellow), me tallic 
in luster, opaque, and brittle. Streak 
is yellow-gray or greenish gray; 
hardness 2 . .5-3; specific gravlly 9.3 1. 
Mineral has no cleavog•. It dissolves 
in hot concentrated nitric acid, re ­
loos ing meta ll ic Au in red solution. 
Found in California, Colorado, On­
tario, Austra lia, Philippines. Com· 
man ly contains sil ver. 
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SYlVANITE, AgA uTo, (sllvor gold 
tvllurido), occuro as 1tubbv orhms, 
some twinned, and as skeleta l, co l. 
umnar, or granular forms. II is stee l· 
gray to silver with yellow tinge 
(streak some), metallic in luster, 
opaque, brittle. Cleavage is perfect 
in one direction; fracture uneven; 
hardness 1.5-2; specific gravity 8. 11 . 
DIHolv9s in ni tric odd with sepora· 
tion of me tallic Au. Found notably 
ot Cripple Creek, Colo.; also in Ca l­
ifornia, Idaho, Oregon, Ontario, Ru · 
mania, Australia. 

Skutterudito Cry$ta l 

Smaltite 

Chloanthlre 

Calaverite 

SMA LTITE CRYSTAlS 
(Idealized) 
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SULFOSALTS 

Sulfosalts are specia l types of sulfides (p. 82) in which su lfur is 
combined wi th one or more metals and one or more semimetals. 
The semimetols-most commonly arsenic (As) and antimony (Sb)­
occupy posi tions in the crys tal that ore considered metal lic posl· 
lions. Covelli te (CuS), for example, is an ordinary su lfide with Cu 
(copper) in the metallic positions and S (sulfur) in the nonmetallic. 
Enorgile (Cu3AsS(), a sulfosalt, Is chemically similar, but the semi· 
metal As occupies o fourth of the metallic positions. This in no 
way implies that the two minerals ore isostruclural or that one is 
derived from the ather. 

In contrast, pyrite (Fe$1) is a sulfide, but arsenopyrite (FeAsS) 
is not a sulfosal t. It is a sulfide because the sem imetal As occu· 
pies nonmetallic ra ther thon metallic positions. 

Su lfosa lts ore geologically similar to sulfides, occurring as vein 
minerals precipitated from hydrotherma l solutions during the lo s t 
stages of magmatic crys ta ll iza tion. In general they ore chemically 
and crysto llographicolly comp lex. 

RUBY SILVER GROUP includes two d eep-red si lve r minera ls. Pyror· 
gyr ite is the more common o ne. There is little evide nce of solid 
solutlo r1 (p. 32) b e tween tho two. Th ey are fo und together In 
low-temperature veins wi th o the r s ilver m inerals, ca lc ite, and 
quartz. 

PYRARGYRITE, Ag3SbS3 (silver antimo ny sulfide), is a major ore o f 
silver. It is commonly formed by a lteration of argentite or native 
s ilver and a lso al ters to these minerals. 

Pyrorgyrite crysta tl iuu in hexagonal system os pris . 
malic crysta ls or compact masses. It is deep red, 
brillion! in luster, translucent, britt!&. Streak is purple. 
red; cleavage pyramidal; fracture conchoidal or un· 
even. Hardness is 2.5, specific gravity 5.82. Decom· 
poses in nitric acid with separation of sulfur (yellow) 
and onlimony trioxide, Sb203 (white). Found in Colo· 
rado, Nevada, Idaho, Ontario, Moxico, Chile, Bolivio, 
Ea>l Germany, Czechoslavakio, Spain. 

PROUSTITE, Ag 3AsS3 (silver arsenic sulfide), is the arsenic analog 
of pyrargyri te, wi th As in p lace of Sb. It may be formed by alter· 
otion of argentite or native silver and may be altered to either. 
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Prou$1ilo is like pyrargyrite except for minor differ· 
ences. It hos red streak, may conta in some antimony, 
ond docomposns in nitric acid with separation of sui· 
fur (yollow). Hordnou is 2-2.5, specfflc grovity 5 62. 
II occurs in Colorado, Nevada, Idaho, Californio, On· 
ta rio, Mexico, Chile, East Germany, Czechoslovakia, 
France, ond Sordinio. 
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TETRAHEDRITE GROUP is o comple te solid-so lution series of min­
e rals (p. 32) ranging from te trohedrite, the antimony (Sb) end 
member, to tennanlile , the arsenic (As) e nd member. Copper is 
the chief metal in each, but other metals (chiefly iron and zinc) 
subst itute for it extensively. Mi nera ls of this group are a mong 
the commonest sulfosalls. Their metallic groy appearance, brittle· 
ness, and te tra he dral crys tals (whe n present) he lp ide ntify them, 
but they are not easily dis tinguished wilhov t che mical tes ts. 

TETRAHEDRITE, (Cv,Fe)12Sb4S13 (copper-iron an timony su lfi de), is 
o ne of the commonest sulfosalts. It is found in nearly every major 
min ing area, typica lly in low- to medium-temperature veins. An 
importan t ore of copper, it may con ta in e nough silver to be a 
valuable source of that metal, too. 

Te tra hodrito cry•tal ll•o• in cubic systems as te tra ­
hedra l crystpls, often tw inned, and g ranula r moues. 
It is gray-blo~k, metallic, opaque, brittle. It has no 
cleavage, uneven fracture. Strea k is block to brown to 
red; hardness 3-3.5; specific gravity 4.6-5.1. Found in 
Idaho, Utah, Monta no , Colorado, New Mexico, Ne­
vada, Arizona, Californ ia, Bri tish Columbia, Bolivia, 
Peru, Chil e, East Germany, Sweden, France, Ruman ia , 
Switzerland, Ita ly, Alge rlo, England, Austria . 

TEN NANTITE, (Cu,Fe)nAs4S13 (cop­
pe r-iron arsenic sulfide), h fou11d 111 
lo w- to medium-tempera ture veins. 
Leu common than tetrohed rite, it is 
similar, but is darke r, ha rd er (4), 
and denser (specific g ravi ty 4.6). Oc· 

curs in Colo rado, Ida ho, Uta h, Mon· 
lana , North Carolina, Virg inia, Que . 
bee, On tar io, British Columbia, 
Eng la nd, Norway, Mexico, Peru, 
Switzerland, Sweden, East Germany, 
Poland . 

OTHER SULFOSALTS 

JAMESONITE, Pb,FeSb4S1• (load iron 
antimony sulfide}, is a " feather 
ore"- i.e. has a feathery o r needle­
like hab it. Relatively uncommon, it 
forms in low- to med iu m- tempero· 
ture veins with o th e r sulfoso lts. It is 
g ray-b lc1ck, is monoclinic in struc­
ture, a nd cleaves in one direct ion . 
Hardness is 2.5, specific grav ity 5.67. 
Occvr5 in many mining areas. 

BOULANGERITE, PbsSb4S11 ( lead an­
t imony sulflde), a minor o re of lead, 
is also a feathe r ore found in ve ins 
with sulfoscdts and sulfi des. It crys· 
tall i ~es in mono clinic sys tem; Is b lue 
to gray; oxidizes ye llow; d issolves 
in hydrochloric acid, re leas ing hy­
drogen sulfide (rotten eggs odor). 
Occurs in many areas in sma ll 
a mounts. 
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ZINKEN ITE, Pb6Sb14Sl7 (lead a nti­
mony sulfid e), is a noth e r relatively 
uncommon feather ore. It crysta l­
li zes in hexagona l system, is gray, 
and has indis tinct cleavage. Ha rd­
ness Is 3-3.5, specific gravity 5.22. It 
is found in low· to medium-temper­
ature veins In re$Jio ns rich in o ther 
sulfoso lts. May contain as much as 
6% arsenic. 

STEPHAN ITE, Ag5SbS4 (silver anti­
mony sulfide), Is re lative ly rore. It 
crystal lizes in o rtho rh ombic sys tem 
as tabu lar to sho rt prisma tic crysta ls 
o r massive forms. Co lor and streak 
ore b lack; lus te r me ta ll ic; hardness 
2-2 .5; spacifoc gravity 6.47. It is 
found in ma ny low-temperature s il ­
ver veins. Was important silver min­
e ral in Nevada's Comstock Lode. 
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ENARGITE GROUP consists of enorgite, on arsenic-rich copper 
sulfide, and fomotinite, on antimony-rich copper s ul fide. Enorgite 
may contain up to 6 per cent antimony in place o f Or5enic, and 
fomotinite up to 10 per cent arsenic in p lace o f an t imony. The 
two minera ls commonly are intimately intergrown in medium· 
temperature veins. 

ENARGITE, C u, AsS4 (coppe r arsenic sulfide), is on important cop· 
p er o re in some areas-a t Butte , Mont., for exa mple. It s b lock 
color and good prisma t ic c leavage are keys to its identiflco tion. 

Enarg ite crysta llizes in orthorhombic system as tab· 
ular or prismatic crysta ls and granular moues. It Is 
bri ttle, opaque, and metallic in lu•tcr (dull if tar· 
nished). Streak is black; hardness 3; specifi c gravity 
4.40. Found in Utah, Nevada, Miuouri, Arkansas, 
lauisiano, Alaska, Mexico, Argen tina, Chile, Philip· 
pinos, Toiwan, Austria, Sardinia, Hungary, Yugoslavlo, 
s .. w. Africa, etc. 

FAMA TIN ITE, Cu3SbS4 (copper an ti · 
mony su lfide), is rarer than ~nar­
gito. St ructure is sim il a r to sphoicr­
itc's (p, 96). Crysta lli zes probably 
in cubic sys tem as minute crysto ls, 

granular to dense masses. Is gray 
tinged wi th red. Hardness 3.5, spe­
cific grav ity 4.50. Found in Colifor­
nia, Pe ru, Bolivia , Hungory, Philip­
pines, s .. w. Africa, ole. 

BOURNONITE GRO UP consists of two lead copper su lfid es, o ne 
(bournonite) rich in antimony, the other (seligmonnite) rich in 
arsenic. There is incomple te solid solu tion (p . 3 2) b etween the m in 
that baurnoni te may contain over 3 per cent arsenic in place of 
antimony. They oro found (generally not to gether! in medium· 
tempera ture veins with o ther sulfosolts and sulfides; also, selig· 
mannite is common in low-tempera ture environments. 

BOURNONITE, PbCuSbSJ (lead copper antimony sulfide), is one of 
the most abundant su lfosa'lts and o major ore of le a d and copper. 
It is commonly associated wi th ga le na and sphalerite a s we ll 
as other coppe r mine rals. Tho Pb:Cu rat io is about 1:1 . 

Bournonltc crystolll zes In ar tharhamblc system as 
prlsmotic or tabula r crysta ls and granular masses . II 
is g ray to black (streak same), metallic in luster, 
opaque, brittle. Cleavage is imperfect; hardneu 2.5· 
3; specific gravity 5.93. Decomposes In nitric acid 
with wh ite res idue. Occur. in many parh of North 
and South Americo and Europe. 

SELIGMANN IT E, PbCuAsS, (lead 
copper arsen ic su lf1dv), i• rela tive ly 
rare and not we ll studied. It is found 
with other sulfides in cavities in 
dolomite. It crystallizes in ortho· 
rhombic system a s ta bular or short 

prismatic crystals, commonly tw in. 
ned. It is black and brittle. Cleav. 
age is poor; streak brown to pur­
plish black; hardness 3; specific 
gravity 5.54. Found in Utah, Mon­
tana, Austral ia , Switzerland. 
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HALIDES 
The halides oro soils, tho best known being common salt (hali te). 
Each consists of o haloge n- fluorin e, chlorine, bromin e, or iodine 
-and o metal. The bond be tween the atoms Is high ly Ionic (p. 22) 
if the metal is very metallic, or more covalent (p. 24) if the metal 
is not so metallic. 

In general the ha lides ore soluble in water. Eve n those no t 
soluble at atmospheric t emperctur to~ and pr .. ssuro ore moro sol· 
uble than most compounds at higher temperatures and p ressures. 
The halides o re therefore found in geologic environments form ed 
at low temperature-i n near-surface deposi ts of hydrotherma l 
origin, near hot springs ond geysers, and most notably in evap­
orite deposi ts. 

Since the earth formed, Iorge amounts of d issolved halides 
hove e ntered the ocean, making it qui te sa lty. Nevertheless 
ocean water Is not satura ted because ha lides oro so highly sol­
uble. When on arm of tho sea is cut off from the open water, 
however, evaporation of water concentrates the salt, which is 
then deposi ted in layers on the bottom . This has happened re· 
peoted ly in the past, building up thick, extensive deposiH of 
halite and other halides, which are now being mined. Freshwater 
lakes with no na tura l outlets, such as Great Salt Lake, become 
salty In time b ecause, as water evapora tes, dissolved so ils re· 
ma in be hind, lJecom ing ever more concon tro tod. 

Four uncommon halides ore described below. All except co lo­
mel hove the sphalerite structure (p. 96). 

CALOMEL, HgCI (mercury chloride), 
crystallizes in tetragonal system, 
usually form ing tabular prisms and 
drusy or ea rthy moues. It is tra ns· 
pa ron!; colorless, g ray, ye llow, or 
brown; adamantine in luiter; seC· 
tile; and insoluble in water, Hard ­
ness Is 1.5, specific gravity 7.23. It 
occurs in West Germany, Yugoslav· 
io, Spain, franco, Mexico, Texas~ Ar­
kansas, California. formed by alter· 
cHon o f ot her mercury minoro ls. 

MARSHtTE, Cui (copp~r iodido), is 
one of the few natural iodides. It 
crystallizes in cubic system, formin g 
letrohedroi crystals; is tra nsparen t, 
colorless or po le yellow (weat hers 
to dark red, has white streak), ode· 
mantine in luster, insoluble in water, 
b rittle. Hardness 2 .5, speciflc gravity 
5.60. Forms comploto so li d solu tion 
with miersite; found in Ch ile, Aus­
tralia . Can be farmed by action of 
hydrogen iodide on Cu. 
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NANTOKITE, CuCI (copper chlo ride), 
crystallizes in cubic system usually 
os granu lar mosses. It is lronspor· 
on t; colorleu, grcon, or groy (s lrecrk 
is whito)1 odomantiru in lus te r; brif . 
tie. It decomposes in water, gives 
off chlorine odor when crushed, dis · 
solves in hyd rochloric acid, ni tric 
acid, and ammonium hydroxide . 
Hardness is 2.5, specific gravity 4.22. 
It has been found a t Nonto ko, Chile, 
ond in Austral ia. 

MIERS ITE, Ag l (silver iodide), crys · 
tallizes in cubic system, forming tel. 
rohedrol crystals. It is yellow (with 
yellow strea k), transparent, odo­
montine In luster, b ri ttl e. (A hexag­
onal form is coiled iadyrite). Hard · 
nou is 2 .5, specific gravity 5.67 
Mlors ito and morshitc form o so lid 
solut ion series and o r•e reduced to 
sil vN and copper by sulfuric acid 
and zinc. Miersite h found o t Bro­
ken Hill, Australia . 

f ' 
1.36 

PERIODIC TABLE OF THE ELEMENTS 
showing th e Ha logens and Metals 

found in nat ural Halides 
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HALITE GROUP includes hal ides w ith the struc ture o f hal ite. In 
hal ite, NoC I, the No ' ion is so Iorge tho t i t mus t be s urrounded 
by six Cl- ions to sh ield it from o the r positive ions. Each Cl- is 
likewise surrounded by six No+, as requ ired by both having one 
cha rge. The resul ting structure is cubic, with identical a toms ot 
the corn e rs of o cube and at the cente rs o f al l six fa ces. In a ll 
three axia l d irec tio ns there ore ro w s of al ternating No' and cl­
io n s. Th e halide:,. of No ' a nd K• (pota ss ium) oro vary io nic In char­
acter (p . 22) and are solub le in wate r . The ha lides of Ag ' (si lve r) 
are considerably more cova le nt (p. 24) ond are insoluble . 

HALITE, NaCl (sodium chloride ), is the most abundant halide and 
one o f the most thoroughly investigated crysta ls. It occurs in large 
deposits, in ex te nsive beds, ond in salt dom e s that hove ri sen 
from deep b e n e ath the surface. As common table salt, it is o ne o f 
the mos t fam il ia r m inerals. Its prope rty o f e nha ncing tho na tural 
flavor of food makes it o p ri :z.ed s ubs tance, a nd its dist inctive 
taste Is an absolute tes t for its iden tifica t ion . Ha lite is the ma jo r 
source of chlorine for the manufacture of sodium hypoch lorite , 
used os a bleach and as a d isinfectant. 

[] 
Halite crystallizes in cubic system, has perfect cu bic 
cleovogo, a nd occurs as mosses of interlocking crys­
ta ls-commonly cubes (often wi th hopper faces), 
ra rely octahedra. It is norma lly gra y, with included 
cloys, sometimes white, yellow, red, blue, or purple; 
its strea k Is white. It is transparent, vitreous in luster, 
and brittle. Hardness is 2, specific gravity 2.17. It is 
found in U.S.S.R. (famed Siberian sa lt mines), Aus­
tria, West Germany, Poland, Eng lond, Switzerland, 
France, Sici ly, Spain, South West Africa , India , Al­
goria, Eth iopia, China, Peru, Colombie•, Onta rio, New 
York, Ohio, Michiga n, Texas a nd louis ia na (so lt 
domes), New Mexico, Uta h, California, Kamas, No­
vade, and Arizona. 

SYLVITE, KCI (potassium chloride), is a sal t that occurs in the some 
manner o s ha lite and is often found with i t, but is much less com­
mo n. This is probably because much of the potassium io ns of lhe 
ea rth's crust ore re ta ined by the cloy mine rals rather than b e ing 
d issolved in water. Thoug h sy lvite is ve ry s im ilar in oppearonce 
to h a lite, it is less d ense and m o re bitter in i ts tas te . It is also less 
br ittle , d e forming reod ily under directed pressure. 

OJ] ' 
' 
' 

. 

120 

Sylvite crysta llizes in the cubic system, has pe rfect 
cubic cleavage, and forms cubic a nd octa hedral crys· 
ta ls, both rare. It usua ll y occurs as granulor masses. 
Vitr~ous In luster, it Is a transpa rent white, g ray, 
blue, red, or yellow, and has o white streak. Hard­
ness Is 2, spocifi< gravity 1.99. It Is fou nd in sa lt 
basins and in fumaro le s in East Germany, Po la nd, 
Sici ly, Italy, Chi le, Peru, New Mexico, Texas. 
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VI LLIAUMITE NaF (sodium fluo r id e), occurs in in s ignificant 
amounts, but s in teresting because it foils small cavities in sodi­
um-rich rocks n Guinea and o n the Kola Peninsu la of the U.S.S.R. 
It has the ha l te s tructure (p. 120), but its so lubi li ty i s re lative ly 
low. Synthetic villioumite is colorless, but the m ineral is deep red 
because o f defects in its st ructure . Heating causes the color to 
disappear. 

Vlllloumito crystollixes in cubic syst.,m, forming cubic 
crystals (afton hoppers) and, more commonly, gran· 
ulor maHea. It has porfcct cubic cleavage o nd white 
strook. It Is brittle, g lossy, and soluble in hyd rofluoric 
acid. Hardness is 2-2.5, specific gravity is 2.81. 

CERARGYRITE, AgCI !.s ilve r chloride), often called horn silver, is 
the ch lo ride end m ember o f a comple te so lid-so lution seri es (p . 
32) with bromyritc, AgBr. Most specimens contain Br; those with 
more Cl than Br ore cerorgyrite. Iodine may also b e present. A 
secondary mineral, cerargyrite results from w e athering o f silve r 
v ein mine rals, particularly in arid r e gions where no streams 
corry away Cl or Br. It is recognized by its hornlike look and its 
ability to be cu t with a knife . 

[] 
Cerorgyrito crystallizes In cubic aystom, forming cubic 
cry•tols (rore) ond waxy moue>, crush , and columns. 
It hos no cleavage. White if pure, it is usually gray, 
changing to purple or brown on exposure to light; 
bromine browns, and iodine deepens color. Hardness 
is 2.5, specific gravity 5.55, increasing with bromine 
content. Insoluble in water, it dissolves in ammonium 
hydroxide. Chief sources: Australia, Chilo, Peru, Bo· 
Iivia, Moxico, Colorado, Colifornio, Novodo, and 
idoho. 

BROMYRtTE, AgBr (sliver b romide), 
is leu common thon cerorgyrite, 
AgCI, with which it forms o com. 
plete solid-solution series. Bromyrite 
includes oil spedm.,ns wit h more Br 
than Cl. As Is typica l w ith such sO· 
rles, the two end members never 
occur together, but are found in the 
same type environment (see cerar­
gyti te). Bromyrite crystallizes in cu· 
bic system, forming cubic crystals 
and, more commonly, graAular mas· 
ses. It has no cleavage and is plas. 
tic. Color and streak ore brown, 
luster resinous, hardness 2.5, si)O· 
clflc gravity 6.5 (for pure AgBr, less 
wilh Cl.) Found in West Germany, 
France, U.S.S.R., Australia, Chile, 
Mexico, and Arizona. 
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SAL AMMONIAC, NH4CI (ammonium 
ch loride), does not have the hal it e 
structure (p. 120) at ordinary !em· 
peratures-rather eight cl- ions sur· 
round the (NH,)• ion-but is in · 
eluded hero because Its structuro 
changes to the halite type of 194.3° 
C. It farms os a sublimate near 
volcanic fumaroles and In guono 
deposit s. It crystallizes In cub ic sys· 
tem, has imperfect octahedra l cleaV· 
age, and occurs as crystals, den· 
dritlc shapes, and fibrous and 
ear th y moues , it is gray, white, yel· 
low, ar brown, with glassy luslor 
and sa lty, burning tcule, and is brll· 
tie. Hardnou is 2, specific gravi ty 
1.54. Found in France, West Ger· 
many, England, Italy, Peru, Ch il e. 

Hopper Crystal 
(Idealized) 

VI LLIAUMtTE CRYSTALS 

Villiaumite 
Crystal Aggregate with 

Color Variation 

Cerargyrate 

Brornyrite 

No '' Surrounded 
by 6 Cl I 

I 

Cerargyrite 

Bromyrito 

NH," Surrounded 
by 6 c1· 

NH, 1 Surrounded 
by 8 Cl"' 

Cerorgyrite 
(with Bromine) 

Sal Ammoniac 

• SAL AMMONIAC STRUCTURE 

No" NH;" Cl I 

No' ' Is stable when surrounded by 6 Cl because it is 
shielded from olher No" ions. (NH,)" is too large to 
be shielded by 6 Cl"' ions. It must be surrounded by 

8 cr• ions. The structure of Sol Ammoniac is the 
some as that of CsCI. 123 



ZINCITE GROUP includes zincite, ZnO, and bromellite, BeO. Not 
abundant os minerals, these hovo o crystal s tructure assumed by 
many syn thelic compounds. The metal ion, Zn"2 or Be '2, is small 
enough to be adequately shielded by four oxygen ions, o-2, 

around it. Each o-2, in turn, is surrounded by four zn•2 or Be•l. 
The resu lting hexagona l crysta l shows o hemimorphic habit: its 
two ends hove different fo cos, indicating o lock of o center of 
symmetry. Despi te the iden tical structures of bromell lte and zinc· 
ito, bromel li te is much harder because its smaller Be ion forms o 
more strongly covalent bond (p. 24) with oxygen. 

ZINCITE, ZnO (z inc oxide), is a relatively rare mineral found with 
willemite and fronk lin ite in calcite gangue in the zinc deposits 
ot Franklin and Sterl ing, N. J. It is typica lly oronge-ye11 ow, 
thoug h pure ZnO, pre pared chemically, is white. 

Zincite crysta llizes In hexagona l system. It forms py· 
romido l crystals, commonly twinned bose to bose, 
and foliated or granulor moues. It Is brilliant In 
lu ster, has orange-yellow streak, is brittle, contains 
some iron and manganese, and is soluble in acids. 
Cleavage Is prismatic, hardness 4, specific g ravity 
5.69. Zinclto occurs in Poland, Ita ly, Spain, Australia 
(Tasma nia), and New Jersey. 

BROMELLITE, BeO (beryllium axido), 
is unimportant as a mineral, the 
only significan t be ryllium are being 
beryl. But synthetic bromellite has 
proved in1portont os a refracto ry 
material for specialized purposes. 
Bromolllte hos been found ot lang· 

ban, Sweden, In a calcite vein of 
iron-rich rock. It occurs as minute 
crystols in hexagonal system and is 
transparent, white, and brittle. It 
dissolves in ocids with difficulty. 
Cleavage is prismatic, hordneu 9, 
specific g ravi ty 3.04. 

CUPRITE, Cu20 (cuprous oxide), has o crysta l s tructure different 
from zinclte·group oxides. Each copper otom is surrounded by 
only two oxygen atoms. Ruby copper, as cupri te is often called, 
is o common mineral found as on oxidation product of copper 
sulfides in the upper zones of voins. It is usually associated wi th 
iron oxides, clays, malachite, azuri te, and cha lcoci te. This and 
its color, crystal form, lus ter, and streak distinguish it from othe r 
m inera ls. It oxidizes to CuO in air. 
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Cup rite crystallizes in cu bic syst em a s cubes, octo· 
hedra, dodecahedra, a nd combinations of them; a lso 
as n89dlos and fibrous ond earth y moues. Brittle, it 
ls rod to black, with brilliant to earthy luster and red· 
brown strea k. It gives white precipitate of cuprous 
chloride when dissolved in hydrochloric acid. Found 
In U.S.S.R., France, England, Australia, Congo, Chile, 
Bolivia, Mexico, Arizona, New Mexico, Nevada, Cali· 
fornia, Idaho, Colorado, Pennsylvania, Tennessee. I 
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CORUNDUM GROUP, commonly coiled the hematite group, in­
cludes the simple oxides AI103 (corundum) ond Fe203 (hemati te) 
and three mixed oxides of the general formula AB03. A ll have 
o rhombohedral (hexagonal) structure (p. 40), with each meta ll ic 
ion surrounded by six oxygen ions. The meta ls may be trivalent, 
such as Al •3, or may be mixed bivalent and tetravalent, such as 
the Fe•l and Ti•4 in ilmenite. Much solid solution (p. 32) is possible 
among group members, os evidenced by ilmenite and pyro· 
phonite. Members o f the group ore typically form ed at high tern· 
peratu res as dissemi na ted grain s in most igneous rocks or, in 
rarer cases, as large mosses apparently segregated from the 
crystallizing magma at high temperatures. They ore also common 
products of high-temperature metamorphism of s il ica-deficient 
rocks. Ilmenite, geikielite, and pyrophanite are for less common 
than corundum ond hematite, but are interesting because they 
oro closely re lated to the la tter two in structure. 

CORUN DUM, Al20 3 (a luminum oxide), is a common minera l im· 
portent os an abrasive and os gemstones. It is found in meta­
morphosed bauxites and other aluminous rocks, in syenites and 
simi lar silica-poor igneous rocks, and in sediments as placers 
derived from such rocks. Corundum is associa ted with o ther 
oxides, with high-temperature accessory minerals such as zi rcon, 
and with a luminous sil ica tes such as kyanite. O th e r forms of 
Al10 3 have been synthesized, but corundum is the most s table 
form end the only mineral form. large gem-quality crystals o f 
colored corundum are easily mode by fusion of powdered Al,03• 

Corundum crystal lizes in rhombohedral system, form· 
ing pyramids, prisms (ofter1 rounded into barre l 
shapes), and granular mouos. II is translucsnl to 
transparent and ls colorless, brown, red, blvo, whito, 
black, green, or gray. lh great hardness (9) dhtin· 
guishes it, along with brilliant to glassy luster and 
high specific gravity (abou t 4 ). Common corundum 
occurs chiefly in Brazil, Malagasy Republic, South 
Africa, Ontrolo, Georgia, California; gems in Ceylon, 
Burma, Thailand; emery (a black variety) in Greece, 
Turkoy, New York, Massachusetts. 

CORUNDUM GEMSTONES are trans· 
parent crystal•, free of flows and 
deeply colored. Their great hard· 
ness, second only to di amond, 
makes them very durab le. The re la . 
live rarity of good stones with tho 
proper colors has increased their 
valve. Pure corundum is colorless, 
but small amounts of metallic ele· 
menu, present as impurities, import 
various colors. The red variety, ruby, 
ond the blue voriety, sapphire, arc 
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among the mo>l valuable. The yel · 
low variety, coiled qriental " topaz," 
I$ not related to true topaz (sodium 
a luminum fluoride), nor is the purp le 
orienta l "omethyst" rela ted to true 
amethyst (purple quartz). A striking 
starlike (asterioted) effoc t i1 pro. 
duced in somo stones by dispersion 
of light about the six-fold oxls of 
the crptol. Such >tar rubies and 1tar 
sapphires ore a mong the most va l­
ued of gemstones. 
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HEMATITE, Fe20 3 (ferric oxide)1 is the major ore of iron. large 
deposits woro mainly laid down as sediments, then a ltered by 
ground wotor and sometimes metamorphism. Three distinct types 
ore recognized, each having the blood red to brownish red streak 
that is the chief distinguishing characteristic of hematite. Specu­
lar hematite occurs as brilliant black, thick or thin tabular crys­
tals, commonly foliated. It is polished as a gemstone even though 
it is easily scratched or chipped. Red hematite. which may be 
very dark, is commonly found in columnar or radiating masses 
and fibrous clusters. Some kidney-shaped m o sses ore called 
"kidney ore." Earthy, or ocherous, hematite is red or yellowish 
with a dull, earthy appearance, occasionally ooli t ic (in small 
round grains cemented together ). It is commonly mixed with cloys 
and sand. 

Homatito crysta ll izes in rhombohedral system, some­
limo• forming twin crystals. It is brlttlo> and opaque, 
conta ins some titanium, alters readily to limonite (p . 
1 SO), and Is soluble In concentrated hydrochloric ocld. 
Its hardness is S-6, specific grovlty 5.26. Vast deposit> 
occur in Lake Superior area and in Appalachian Mts., 
New York to Alabama. Other notable sources: U.S.S.R., 
Switzerland, Italy, England, and Brazil. 

ILMENITE, FeTi03 (iron Ilia note), is the major ore of titanium. Ha lf 
the metal positions In Its corundum-type s tructure (p. 134) ore 
occupied by Tl' 4 and the o ther ha lf by Fe ' 2 (not fe•3, as in hema­
t ite). It occurs as veins o r disseminated grains in ba sic igneous 
rocks (gabbros). Many sulfide veins and pegmatites also contain 
ilmenite. Placer deposits, notably block b e ach sand s in Florida 
and India, are important sources. 

ilmenite crystallizes in rhombohedra l syst<!m, forming 
• hombohodral, often ploteliko crptal• (•ometlme> In 
twins) and compact mosses, groins and sands. It Is 
opaque, block (with block streak), metallic in luster, 
brittle, and magnetic. It enters into extensive solid 
solution with pyrophonite and is soluble in hot hydro· 
chloric acid. Hardness is 5-6, specific gravity 4.79, 
varying with composition. Found in Indio , Australia, 
U.S.S.R., Norway, Sweden, Switzerland, France, Italy, 
England, Canodo, Mouochusett s, Rhode Island, Con­
necticut, New York, P~>nnsylvonia, Kentucky, Florida, 
Idaho, Wyoming, and California. 

GEIKIELITE, MgTiOJ (magnesium ti ­
tanate), is found In the gem grovels 
of Ceylon, but in few o ther local! · 
ties . It occurs os opaque brownish 
black grolna (In rhombohedral sys. 
tern) with brownish block streak and 
•ubn1etolllc lus ter. It may cototaln 
much iron. Hordnou Is 5-6, specific 
gravity 3.97. 

PYROPHANITE, MnTiOJ (manganese 
titanate), Is a rare mineral found os 
cavity fillings In veins. It crysto ll izos 
in rhombohedra l system, is deep 
red, and has svbmotollic luster. 
Streak Is browr1lsh red or ye ll ow 
with greo11 tint; hordncu 5-6; >pc· 
ciflc gravity 4.58. May contoln much 
iron. 
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SPINEL GROUP is perhaps the most complex group of oxides. A 
Iorge number of natural species is recognized, and there is ex ten· 
sive solid solution (p. 32) among them. Many compounds with the 
spinel structure hove been synthesized, including not only the 
mineral compounds but many others. Spinels ore "mixed oxides." 
They contain two or more metals and hove the general formula 
AB20 4, A and B designating the metals. Some metals ore stable 
when surrounded by four oxygen ions (tetrahedra l coordination) 
end o thers ore stable when surrounded by six (octahedral coor· 
dlnat ionl. Stil l others con occur In both te trahedra l and octahed ra l 
posi tions. The oxygen ions are in a cubic close-pocked orro r1ge· 
ment, with the me ta ls located as shown on facing page. 

SPINEL, MgAI 20 4 (magnesium aluminum oxide), like oil spinels, 
is a mineral formed at high temperature in igneous rocks (par· 
ticulorly silica-poor rocb) and in metamorphic rocks. It is not 
found in silica-rich rocks such as grani tes because cordierite, 
Mg 2AI.Si50 11, is form ed instead. Though pure MgAI20 4 Is colorless, 
natural specimens may be red, yellow, blue, green, or many in­
termediate shades, depending on the presence of other meta ls. 
Clear, flawless stones ore widely used as gems, and synthetic 
s to nes of gem quality ore relatively inexpensive. Natural spine l 
may con tain much iron, zinc, or chromium, and small amounts of 
othe r metals. Its hardness (7.5-8}, glossy to dull luster, and octa­
hedra l crystals (when present) he lp id entify it . 

Spinel crys tolllzcs in cubic system os octahedral crys­
tals (commo nly tw inned), g roins, a nd moues. It is 
transparent if pure, is brittle, ond has white >treok. 
It con be dissolved with difficulty In sulfur!< acid. 
Specific gravity is 3.55, varying with composition. 
Found chiefly in U.S.S.R., Italy, Ceylon, Burmo, Indio, 
Malagasy Republic, Canada, New York , New Jersey, 
Mouochuse tts, North Carolina, Alobomo. 

GAHNITE, ZnAI20 4 (zinc a luminum 
oxid o), is re la tiv ely ro ro, but Is in · 
te res ting because it con form In 
silica-rich rocks such c11 gronlto peg. 
ma titos. (There is no stable zinc oiu­
minosilicote that con form instead.) 
It occurs also in high·tempororure 
metamorphic rocks, notably In the 
zinc deposits of Franklin, N. J. It 
forms masses and striated octahed­
ral crystals in cubic system, is dark 
blue·green, with gray streak, and 
has g lo55y to dull luster. Hardneu 
is 7.5-8, specific gravity 4.62. Occurs 
in W. Germany, Sweden, New J<lr· 
•ey, Nor th Corolino, Mauochuscth, 
and e lsewhere. 
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HERCYN ITE, FeAI204 (iron a lum inum 
oxide), is quite rare. It is found as 
sma ll groins In metamorphic rocks, 
associated w ith corundum, mogne· 
tile, garnets, a nd various me ta­
morphic minerals formed of high 
lemperolvreo. It b common in emery 
and has been found in diamond and 
cassiterite placen. II occurs os grains 
and masses in the cubic system, is 
block, and has glossy to dull luster 
and dark green streak. Hardness is 
7.5-8, specific gravity 4.39. It occurJ 
chiefly in W. Germony, Switzerlond, 
India, Ma lagasy Republic, Auolrolio 
(Tasmania), Brozll, Now York, and 
Virginio. 
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MAGNETITE, FcFc10. (ferrous and ferric iron oxide), contains both 
fe •l (ferrous) and Fe"1 (ferric) iron ions. Since the ferrous iron 
readily oxidizes to the ferric sta te under a tmospheric conditions, 
specimens commonly ore coa ted w ith hemati te (p. 136) or, more 
often, limonite (p. 150). Magnetite is o valuable iron ore, large 
deposits o f which were probab ly segregated from igneous mag· 
mas a t hig h temperatures. Sma ll groins occu r in almos t a ll igne· 
ous and metamorphic rocks. M agneti te is the most magnetic 
mineral. Some deposits, called lodestone, ore permanently mag· 
netized. Its magnet ism, black color, hardness (5.5 ·6.5), and black 
streak ore diagnostic. 

Magnetite crystallizes in cubic system as octahedra l 
and dodecahedral crysta ls, often twinned, and gran· 
ulor mosses. It Is brittle, opaque, a nd meta ll ic to du ll 
in lustor; dissolves slowly in hydrochloric acid; has 
sp"ciflc gravity of 5.20. Lorge deposits ore found at 
Kiruno, Sweden, and in Adirondack region of New 
York. Also occurs in lake Superior area of U.S. and 
Canada and in Norway, W. Germany, Italy, Switzer· 
land, South Africa, Indio, Mexico, Oregon, New Jer· 
sey, Pennsylvania, North Carolina, Virginia, New 
Mexico, Utah, Colorado. 

CHROMITE, FeCr10 4 (fe rrous chromic oxide), is the only oro of 
chromium. It Is the chromium analog of mag ne tite, a r1d tho two 
are similar in appearance. Chromi to, however, Is only weakly 
magnetic and has brown (rather than black) streak. Found with 
peridotite, a rock rich in olivine, it is probably one of the earl iest 
minerals to crystallize from on Igneous melt. 

Chromite crystallizes in cubic system as octahedral 
crystals and granular moues. it is britllo, b lock, 
mgto llie, and opoqvl!, wi th ha rd ness of 5.5, speci fi c 
gravity of 5.09. It is inso luble in a cids.• Onl y U.S.S.It, 
South Africa, Turkey, Phi li ppines, Cuba, and Rhodesia 
hove importa nt deposits. Also· found in New Cole· 
donio, Indio, France, Yugoslavia , Bulgaria, Canada, 
Australia, California, Oregon, Maryland, Pennsyl· 
venia, Texas, Wyoming, North Carolina. 

HAUSMANNITE, MnMn10 4 (mango· 
nese sesquioxide). occurs w ith mag. 
netite and ma nganese minera ls In 
veins and metamorphic rocks . It 
crystall izes in tetragona l system as 
pyramids ond poorly developed 
prisms, often twinned, and granular 
mosses. It is brittle, brownish black, 
submetallic in luster; has brown 
streak; is soluble in hot hydrochlo. 
ric acid. Occurs In Bulgaria, Swlfz. 
erlond, England, Italy, Scotland, 
Sweden, Indio, and other areas. 
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OTHER SPINELS are len common. 
Ga laxlte, MnAizO•, mognesiochro · 
mite, MgCr104, franklinite, Znfe104, 
jacobslte, MnFe10 4, a nd trevo rite, 
Nife10 4, occur In sma ll amounts 
and illustrate the wide varie ty of 
compositions possible. Extensive sol· 
ld •olution (p. 32) among these com­
pounds further odds to the com· 
ploxity of the spinel group. A Iorge 
number of other compounds with the 
spinel struc ture hove been synthe· 
sized from the component oxides. 

Massive Magnetite 
with Red Hematite 

Emery 

HAUSMANNITE 
CRYSTALS 
(Idealized) 

Magnetite Crystals 

Magnetite in Jade 

Chromi te 

Housmannite 

Crystalllno Magnetite 

lodestone 

• . 

Magnetite 

Chromite 

Chromi te (Block) with 
Stichtito (lilac) in 

Serpentine (Green) 

141 



RUTILE GROUP Inc ludes oxides with the formu la M07, in w hich 
the metal (M ) ion, with four posi t ive charges, is adequately 
shielded by six oxygen Ions. The result is the rutil e structure. The 
io ns o f titanium, manganese, tin, and leod form oxid es In thi s 
structure. But b e cause of chemical differences in the ions, their 
oxides exhibit l ittle solid solu t ion and little similarity in origin. 
Ru tile, onptase, and brookite are three forms (polymorphs) o f 
titanium dioxid e tha t hove the some composition bu t diffe re nt 
arrangements o f the rutile structure. They ore minor ores o f tita­
nium, the compound Ti02 being more important as the whi te 
pigrnent in points and p o rcelain e namels. 

RUTILE, Ti0 2 (ti tanium diox ide), is a common, widespread min­
eral, bu t occurs in small amounts. It is on accessory mineral in 
g rani tes, forming e arly in the crys tallizatio n seque nce; in me ta­
morphic rock s o f a ll typos; and esp ecia ll y in v e ins, where It is 
intimately associated wi th quartz. Quartz crysta ls laced w ith 
needles o f ru t ile (ru ti lotod) ore common in veins of igneous rocks. 
Rutil e is very resis ta nt to weath e ring and so is o common const it­
uent of sediments. Hardness and high index of refraction make it 
on ideal gemstone. Synthetic rut ile crystals ore clear. Ru ti le is the 
only fo rm of TiO stable o t all temperatures, but anatase is com­
monly the first form to crys tal lize from o porcela in e n amel. It the n 
changes to r u ti le If he ld lo ng e nough at a hig h te mpe ra ture. 

Rutile crysta lli~os In tetragonal system, forming 
prisms that may be needlelike, may hove py ramid 
ends, a nd may be joined as e lbow twins. G ranula r 
masse> are also common. Rutile ls rod to brown or 
block, with streak of brown, yellow, gray, or green· 
ish b lock, depending on composition (con tains much 
Iron, some ta nta lum and nicke l). It Is bri ll iant In Ius· 
ter, transparent to opoquo, and brittle. Cleavage is 
prismatic, hardness 6-6.5, specific gravity 4.26. Oc­
curs in Norway, Sweden, Au>t rolla, U.S.S.R., Ita ly, 
France, Malaysia, Malagasy Republic, Brazil, Arka n­
sas, Virginia, North Carolina, South Dakota, Cali­
fornia, and other areas. 

ANATASE, TI07 (titanium dioxide), 
occurs typitolly In ve ins in meta­
morphic rock$; olso In ignoous and 
sed imen tary rocks. It commonly is 
found with rutil e. It crysta ll ites in 
tet ragonal system as pyramida l or 
lobular crystals, rarely twins. It ex 
ish in many colorJ, is brilliant in 
luster, Is tra nsparen t to opaque, a nd 
has colorlou or polo >f reak. It 
changes to rutile ot high tompera · 
lure> ond is found in abou t the 
some places. Hardness 5.5-6, spe· 
cifie gravity 4.04. 
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BROOKITE, TiO, (titaniu m dioxide), 
Is found w ith a na tase and rut il e In 
similar environments and localities. 
Like anatase it converts to rutilo ot 
high temperatures, but has not yet 
been conclusive ly proved to be a . 
true TiOz polymorph. It crystallites 
in orthorhombic system as ta bular 
or prismatic crystals, rarely twin, , It 
has many co lors, is brillion! in lustor, 
has colorless or pa lo strook, and is 
transparent only in >mall p ieces. 
Cleavage is indistinct, hardness 
5.5-6, specific grovity 4.12. 
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PYROLUSITE, Mn0 2 (ma nganese dioxide), is o secondary motorial 
formed when water leaches manganese from igneous rock and 
redepos its it as concentrations of manganese d ioxide. As o result 
it occurs more of ten os coatings on other minerals than os Iorge 
crystals. Nodules of pyrolusite ore found in many oreos o f the 
ocean Ooor and may prove valuable in the future. Manganese 
is very importcmt in the manufacture of steel and in many other 
industrial processes. 

Pyrolusite crystallizes in tetragonal system, rarely os 
prismatic crydoh, commonly os powdery, granular, 
crystalline, or fibrous moues, or dendritic crush. It 
is bluish groy to black, wifh black dreok; metallic to 
earthy in luster; opaque; and brittle. It diuolves in 
hydrochloric acid, with acrid chlo rine gos given off. 
Cleavage is prismatic, hordneu 6·6.5 (less If mosslvo 
or powdery), specific gravity 5.24. Occurs in W. Ger· 
many, U.S.S.R., Indio, Brazi l, Cuba, Virginia, Tennos· 
sec, Georgia, Arkansas, Minnesota, and many other 
places. 

CASSITERITE, SnO, (tin d ioxide), is found in small omounls In 
many area s, normally associa te d with s ilica-rich rocks. It is o 
mif1or con stituen t of g ran ite, particu larly peg matite, and com· 
man ly occurs in voins ossociotod wi th quartz nca r granite bodies. 
It is a lso fo und as o n ox ida tio n pro duct in t in-b ea ring s u lfld e 
ve ins. Because It is very heavy, it is mine d primarily from p lacer 
deposits, notably o n the Maloy Peninsula. It is the ma jor ore of 
tin , w h ich is va luable as a coat ing for steel and as a constitue nt 
o f soft alloys s uch as solde r . 

Couiterito crystallizes in tetragonal system os short 
prisn1ot ic or pyramidal crystals, often twinned In el· 
bow shapes, ond os mosses, gro ins, crush, and rodl. 
otlng fibers. It Is opaque to transparen t black, yel· 
low, red, or white, with white, gray, or brown streak 
ond brilliant luster. Contains much iron, some tanta­
lum, niobium. Major producers ore Mataydo, Indo· 
nesia , Bolivia, Congo, and Nigeria; occurs also In 
East Germany, England, Mexico, Virginia, South Do· 
kola, New Mexico, California, South Carolina, Moine, 
New Hampshire, Texas, etc. 

PLATTNERITE, Pb02 (lead dioxide), 
is a relatively rare mineral found as 
an oxidation product of leod·beor­
ing voin deposits. In contrast with 
the other oxides, it is brownish block 
to jet block. Crystallizing In the tot · 
rogoncol system, it con1monly occvr3 
0 1 nodu les or powdery mosses cos so· 
elated with limonite; also as pris. 
motic crys ta ls, sometimes twinned, 
a nd fibrous mosses. It is brittle, has 
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brill iant metallic luster that dulls on 
exposure, is opaque, and has brown 
streak. It con ta ins some zinc, copper, 
iron; dissolves in sulfuric oc:id wUh 
precipitation of lead >ulfate (white), 
ond in hydrochloric cocld with cvolu. 
lion of chlorine gas (g reenish ycl · 
low}. Hardness is 5.5, specific grov· 
ity 9.63. Occurs in Scotland, South · 
West Africa, Mexico, Idaho, a nd 
South Dakota. 
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URANINITE GROUP includes uroninite and thorionito, oxides of 
ura nium and thorium. They have a cubic structure of the fluorite 
type (p. 124), with each uranium or thorium ion surrounded by 
eight oxygen ions. Since complete solid solution is possible be· 
tween uron inite and thorionite, they con form a whole range of 
minerals intermediate in composition. Uroninite is valuable as 
a source of uranium for atomic fission. Although uranium is found 
in most igneous rocks, it occurs thoro in such minu te and widely 
dispersed amounts that it is of little economic valve. 

URANINITE, U02 (uranium dioxide), is the major ore of uranium. 
It occurs as crysta ls in g ranite and syenite pegmotites, associated 
with rare earth minerals, and as mosses in hydrothermal sul fide 
veins. The isotopes of uranium ore radioactive, decoying at a 
known rote to lead and helium, which ore always found In vronl ­
nl te. The leod·vronium or helium-uranium ra t io, which increases 
wi th tim e, Is used to determine the mineral's age. 

Uroninite crystolli%es in cubic system as octahedra, 
cubes, or combinations, and as often botryoidal 
mosses (co iled pitchblende). It is bri ttl e; block to 
brownish or purp lish b lock, of te n o ltorcd to hydrates 
of va riou s co lors; submeto ll ic, greasy, or dull In Iu s• 
tor1 and opoqv o1 wi th b lock, browni sh, gray, 0 1 o llvo 
strea k. It is g e ne rally oxidize d , with octvol co•nposl­
tion between U01 ond U10 a. It is so lvble In sulfvric, 
nllrlc, a nd hydrofluoric acids. Hardness Is S-6, specific 
gravity 8-10.88 (variable). Occurs notably in West 
Germany, England, Sovth Africa, Congo, Conodo, 
New Ha mpshire, Connecticut, North Carolina. 

TH ORIA NtTE, ThO, (thorlvm diox­
Ide), Is the thorium analog of uro ­
n inito. It is the major ore of thorium. 
Largest deposits ore placers, found 
in Ceylon, Mologosy Republic, and 
U.S.S.R. It also occur$ In serpent ine 
at ma rgins o f a pegmatite ot Easton, 
Po. Most specimens contain much 
uranium, also cosium and Iantha· 
num. Tharianito crys tallizes in cubic 
system as cubic crystal s, commonly 
rou nd e d . It Is opaque block, gray, 
or brownish, with gray or greenish 
streak, is subme tollic or horny in 
lust e r, and Is brittle . It alters easily 
to gumml to (p . 150) and is solubl o 
In s ulfuric ond r1 ltric odds. Hardness 
is 6.5, spodOc gravity 9.87 (vari­
ab le). Thorlanlte, unlike uroninlte, 
does no t oxidlz" to ThlO a. Thorlvm 
is tho luminous materia l In gas man­
t les, used in camping lanterns. 
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CHRYSOBERYL, BoAI 10, (beryllium 
aluminum oxide), Is not related to 
the uroninite group, but is a miner· 
ologicol curiosity. Though its formu­
la s uggests the spinel (MgAI10 4) 

structure, it assumes the structure of 
olivine (Mg rSiO, ). It occurs b e ryl. 
lium-rich pegmati tes and in mica 
schists and marbles. Gem varieties 
include cot's-cye, which oxhlbitt 
chatoyoncy, and olexandrite, which 
is emeroled green bu t Is red by 
transmitted light and in ar tificial 
light. Chryoberyl crystoll i%es in or· 
thorhombic system , forming crys tals 
that often ore tw inned. It is trans· 
paren t green, yel low, or brown; 
streak co lo rless. Hardness is 8.5, 
specific gravity 3.69. Occurs chleOy 
In U,S.S.R., Malogosy Re publ ic, Cey. 
lon, Bro%11, Maine, Connecticut, New 
York, and Colorado. 

URANINITE STRUCTURE 
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DIASPORE GROUP includes those oxyhydroxides o f triva le nt met­
a ls, AI '• Fo'3, and Mn•l, tha t have each metal io n surrounded by 
six nega tive ions-three oxygen, o-1, and three hydroxide, (0Hl . 
Diaspore-g roup mi nerals o re only three of many hydroxides, 
some noncrystall ine, that o re important sources of these metal s. 
They are associa ted with other hydrous mine rals. 

DIASPORE, AIO(OH) (aluminum oxyhydroxide), is found os a sec· 
ondory product formed by al teration of corundum and other 
aluminous minerals by hyd ro thermal solutions in igneous and 
metamorphic rocks or by chemical weathering . It is a major con· 
s tituent of ba uxi tes. When heated, it loses wate r and converts to 
corundum (p. 134). 

Diaspore crysta llizes in orlhorhombic system os crys. 
tols of various forms, os folia ted mosses, and as 
diuemino locl gtoins.. II is transpa r-ent w hite, groy, 
yellowish, or g reenish, with w hite streak; g reasy 
in luster, but pea rly a long pla ty cleavages; and 
brittle. It crackle s when heated. Hardness is 6 .5-7, 
specific gravity 3.37. Notable sources: Hungary, 
France, U.S.S.R., Switzerland, Massachusetts, Penn · 
sylvania , Colorado, California, Arkansas, Missouri, 
and North Carolina . 

GOETH IT E, FoO(OH) (iron oxyhy· 
droxido), is derived by wea thering 
fro m iro n-bearing minerals . It cry s· 
ta llizes in orthorhombic system a s 
ta ble ts , scales, needles, rodiol and 
concen tric Clggregates, and earth y 
or bot ryoida l mCISses. It is opaque 
brown, b iCickish, o r yell owish, w ith 
distinctive yell ow strea k; brill iant 
metallic to dull in lu>lcr; and britt!.,. 
Hardness 5·5.5, specific aravi ty 3.3· 
3.5. Engl9nd, Cuba, Michigan, Min· 
nesota, Colorado, Alabama, Gear· 
gia, Virginia, Tennessee. 

MANGANITE, MnO(OH) (manganese 
oxyhydroxlde), Is o minor o re of 
mongonoso, found in low-tempera 
turo veins and In deposits formed by 
weathering and groundwater a lter­
ations of other minerals. It crystal­
lizes in monoclinic system as striated 
prisms, sometimes in bundles, often 
in elbow a nd penetra tion farms . It 
Is brittle a nd gra y o r block, with 
redd ish brown or black strea k ond 
submeto llic lust er. Ho rdnoss is 4, 
•poclfiC g ravity 4.38. Occur> chi eny 
in West Garmany, Engla nd, Nova 
Scotia, and Michigan. 
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BAUXITE, the principal oro of alu· 
minum, i> a mixture of diaspore, 
g ibbsite, boehmite, (a cubic modi· 
fication of diaspore), and other mo· 
teriols. Noncrystalline colloidal pre· 
cipitales, clay, limonite, and partly 
weathered silicates may bo present. 
The nature of bouxlto and its purity 
vary w idely. Commercial deposits , 
necessarily massive moy bt vari · 
colored, but ore genera lly gray or 
white with reddish -brown iron 
stain ing. Bauxite is commonly the 
result of prolonged wea thering of 
aluminous rocks, notably syenites, 
in t ropical and subtropica l climates. 
Under those conditions the silica 
component of the rock d isso lves a nd 
leaves the aluminum hydroxides as 
a residue. Under acid conditions of 
the temperate regions, aluminum Is 
leached by weathering and the 
silica is left. Arkansas h the ma jor 
U.S. producer, with smaller deposih 
in Georgia, Alabama, ond Mluis · 
sippi. france, Indonesia, U.S.S.R., 
Hungary, Guyana, ond Venezvolo 
also are major sources. It is quito 
commonly used as a source of 
Al20 3 for ceramics. 

DIASPORE CRYSTALS 
(Idealized) 

A w 
Gibbsite 

Mangonite 

Radiati ng 
Goethite 

Diaspore 

Earthy Goethite 

Botryoidal 
Goethite 

BAUXITES, CONTAINING DIASPORE AND GI BBSITE 

Bauxite 
Bauxite 

Bauxite 
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BRUCITE GROUP includes tho hydroxides of the diva le nt meta ls 
magnesium, Mg' ~, and manganese, Mn· l. Structure is Ioyer typo 
with six hydroxyl ions, (OH)-, surrounding each metal ion. 
Charges on metal ions ore so tisfled within th e layers, which ore 
fie ld togetl-ler by hydrogen bonds (p. 30). 

BRUCITE, Mg(0H)1 (magnesium hydroxide), is on o lterolion prod. 
uct of p eric lase, MgO, in magnesium-rich marbles and is o vein 
mineral formed ot low temperature in serpen tine or dolomi te 
metamorphic rocks. Layers ore flexible ond easily separated. 

Brucite crysta llizes in hexagonal system a• plates, 
often foliated , and fibrous masses. Its colo r voriu 
from greon (iron-rich varietiu) to yellow, reddish, 
or brown (manganoso-rich). It is transparen t; pearly 
or waxy in luster; whi le solub le In acids. Up to 20% 
Mn, somo Fo a nd Zn. Hardness is 2.5, specific gravity 
2.40. Occurs in Austria, Ita ly, Scotland, Sweden, 
U.S.S.R., Canada, New York, Nevada, and California. 

PYROCHROITE, Mn(O H)2 {mo ngon· 
ese hydroxide), is closely analogous 
to brucite, tho ma jor difference be· 
ing the oase w ith which Mn ' 2 oxi· 
dites to Mn 'l, Py,·achrollc th ere fore 
weathers read il y. It is found with 
co Ieite and dolomite os well os other 
manganese minerals in low-temper­
a ture hydrothermal veins. It crys· 

to ll izes as f1 exible tabu la r crysta ls 
and mosses and veinle ts. It is color­
len, pole green, or blue, altering to 
brown or block; has pearly luster; 
cond h opcoquo . Much me~onos ium 
may subs titut e for Mn. Ha rdness is 
2.5, specific gravity 3.25, Occurs in 
Sweden, Switzerland , Yugoslavia, 
New Jersey, and Cali forn ia, 

RELATE D MINERALS 

LIMON ITE, like bouxito, is no t c1 min ­
oral but o mixture of mo terio ls. 
Noncrystalline iron hydroxide may 
properly be called limonite. Limonite 
occurs a s massive1 crus ty, sta lactitic 
cavity fillins and as vornhh llke 
coating on rocks. An important Iron 
oro where abundant, it invariably 
occurs with hematite and goe th ite , II 
ls formed by a lte ra tion o f Iron ox· 
idos, sulfides, and silicates. It is O· 

morphous, is glossy to dull in luster, 
has yellowish brown streak. Hard­
ness 1·5.5, specific g ravity 2.7 ·4.3 , 

PSilOMELANE, BoMnMnrO o-.(O H), , is 
a complex but common manganese 
minera l. It Is co woo thcring product 
of carbona tes ond sillco tos, found In 
swamp cloys, Mn~rich v~ins, limo· 
stones, and metamorphic rocks. It 
crystalli zes o nly OS massive, (ln8• 
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GUMMITE is a mix tu re of ma terials, 
large ly amorphous, containing ura· 
nium, lead, and thorium in large 
amounts. It represents the weather· 
ing products of uranium oxide. It oc­
curs cas mouea or crusts and os 
pseudomorphs after original miner. 
ols. It is yollow·oronge, orange, 
brown, or b lock; greasy, waxy, 
g louy, or d ull In lus ter, Hordne u is 
2.5 .5, 1pecific gravity 3.9-6.4. Occurs 
in Norway, Congo. South Africa, 
Canada, North Carolina, Pennsyl· 
van lo, Connecti cut, Ma ine. 

grained crusts, stalactites, and cavity 
fillings. II is opoque black, with 
brown to b lock s treak; noorly meta l. 
lie to earthy, brl lll e. Ho rdness 5·6, 
specilk g ravity 4.42. Chief sources: 
France, Belgium, Scotland, Sweden, 
India, Virginia, Ari zona. 

BRUCITE STRUCTURE 

Pyrochroile 

limonite 

Psilomelane 

(OH) ions 

<I Mg' 1 Ions 

Brucite 

Limonite 

limonite Alteration 
of Pyrite 

Psilomolane 

BRUCITE CRYS TALS 
(Idealized) 

limonite 
Powder (Ochre) 

Lirnonitc 

Gummite 
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BORATES 

Boroles ore o complex doss of about 45 minera ls. All contain 
boron and oxygen in chemica l combina t ion with metals. About 
four-flfths of them also contain wator, and some contain hydroxyl 
ions, (0Hl, or halogen ions such os chlorine. Others ore compound 
borole·phosphotes, borate-sulfates, or borole·orsenotes. The bas· 
ic building block of most borotes is o boro n ion surrounded by 
three oxygens ions in tho some plane, (B03) . This boron triangle, 
like the s ilica te trahedron (p. 156), co n form Infinite rings and 
chains. In some borotes, such os borax, the boron is surrounded 
by three oxygen ions and one hydroxyl ion. Other possible com­
binations oro shown on the facing page. Only five o f the more 
common borotes ore d escribed here. Boron flbers ore Important in 
some newly d evelope d mater ials. 

BORAX, No 2B.0,(0Hl.·BH20 (hydrous sodiu m borate ), Is the best 
known and most widespread borate. It occurs in Iorge deposits 
in the dry bods of salt lakes in arid reg ions wi th o ther borotes, 
halite, and gypsum. AI atmospheric temperatures, clear crys tals 
lose water and turn white (effloresce). 

Borax "ystollizes in monoclinic system, with two. 
directional clcovC1ge, os prhmalie crysta ls, crusts, and 
porous mosses. II Is co lorless, white, or tinted, with 
white streak; glossy or resinous in luster; translucent 
to opaque; and brittle. It dissolves in wolor, produc· 
ing a sweet alkaline taste. Hardness is 2-2.5, specific 
gravity 1.70. II occurs in Indio, Tibet, U.S.S.R., Iraq, 
California, Nevada, ond New Mexico. 

COLEMANITE, Co2B60 11•SH,O (hy­
drous ca lcium borate), is found wi th 
borax notably In California playa 
lakes. It crystallizes in monoclinic 
system os short prisms and granular 
mosses. It is white or colorless, bril­
liant in luster, tasteless, and soluble 
in hot hydroch loric ocid (wh ite flakes 
oppeor on cooling). It Is insoluble 
in water. Hordness is 4.5, specific 
gravity 2.42. 

BORACITE, Mg~B7013CI (magnes ium 
bora!&), is found notably in soli 
domes in louisiana and in potash 
deposits in East Germany, France, 
ond England. II occurs as combino­
tloru o f crysta l forms and os flbrous 
or granular mosses. It is whito or 
various colors, glassy, ond slowly 
soluble in hydrochloric ocld . Hard· 
ness is 7-7.5, specific gravity 2.97. 
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ULEXITE, NoCoBs09·8H10 (hydrous 
sodium coklum borate), commonly 
cryata ll it91 in triclinic system ca ag· 
gregoles of radiating needlelike 
crystals that form rounded, white, 
silky masses co il ed " cotton balls." It 
is associated with borax, notably in 
Chile, Argentino, Nevada, and Cal · 
lfornia. Tasteless, it deco mposes in 
ho t water. Hardness is 2.5 or less, 
specific gravity 2. 

SUSSEX ITE, (Mn, Mg)BO,(OH) (man· 
gonese magnesium borate), occurs 
a s fibrous veinlets or mosses asso· 
elated with manganese and zinc 
mineroh. Crysta l system is probably 
orthorhombic. Minera l is brittle, Is 
white or buff, and diuolves slowly 
in acids. Occurs in Hungary, U.S.S.R., 
Koroa, Swodon, Now Jersey, Michl · 
gan, California, and Nevada. 
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Silicatos

Si+4

O-2

•Nesosilicatos

•Sorosilicatos

•Ciclosilicatos

•Inosilicatos

•Filosilicatos

•Tectosilicatos



CLASSIFICATION of silicates is based on the number of sho red 
oxygen Ions per s il ica te trahedron. A te trahedron may shore from 
zero to a ll fo ur of i ts oxygen Ions w ith odjoce,, t te trahed ra. This 
me th od o f classi fi cation is convenien t because the cha racter istics 
and behavior of sil icates ore largely dependent on the nature of 
the tetrahedral arrangements. In turn, the characteristics and 
behavior of silicates provide many clues to their in ternal st ruc· 
lure. Silicates ore divided into seven groups: 

Inde pe nde nt te trahedra l s il ica tes (p. 158) consis t of s ilica to tro­
hedro tha t shore no oxygen ions. The remain ing cha rge on each 
oxygen ion is satisfied by metal ions between the tetrahedra. 
These ions hold the structure together. The tetrahedra, or (Si04) · • 

groups, ore similar to complex negative ions. 

Double te trahed ra l s ilicates (p. 168) form w hen each te tra­
hedron sho res one o·l w ith a nothe r te trahed ro n, resulting in 
(5120 7)"6 g roups. These oct as complex negative Io ns a nd oro held 
together in crystals by positive ions tha t occupy positions be tween 
them and balance their charges. 

Ring silicates (p. 170) consist of silica tetrahed ra joined in 
rings, wi th each tetrahedron shoring two o-l with a djacent te tra· 
hedro. The rings ore complex groups of (Si0 3h-6 or (Si0 1)6•11• 

Cha rges on those moy be bala nced by o lhor mola l ions tha t ho ld 
tho r ings together in a crysta l structure. 

Sing le-chain silicates (p. 17 4), like ring silicates, ore formed by 
each tetrahedron shoring two 0 · 2. In effect, o giant negative ion 
is created with on ind efin ite number of tetrahedra, e ach ca rrying 
two nega tive cha rges. Th e chains ore al igned a nd held together 
by meta l ions o ther than silicon. 

Doub le-chain s il icates (p. 182) oro form ed when half the te tra­
hedra shore two o·' and tho o ther half shore three 0 2. The re­
sul ting giant negative ion has on indefinite number of (Si,011 ) · 6 

uni ts. Chains ore aligned and he ld toge ther by me tal ions. 

Sheet silicates (p. 186) o re formed when each te trahedra,, 
shores three 0 · 1 with o ther te trahedra . The resu lting giant nego· 
tive ion ex tends inde finit ely in two dimension ~. The sheets consist 
of (Si,Os)· 1 units held together in stocks by metal ions. The perfect 
cleavage of mica is a direct result of this structure. 

Framework sil icates (p. 204) ha ve te trahedra that shore all 
fo ur o-2 wi th adjacent te trahedra . The result is o fra mework ex.' 
lend ing indefini te ly in th ree dime nsions. If Si' 4 ions occupy a ll 
tetrahedra l positions, no o ther meta l ions ore necessary to solu· 
rote the 0 1 ions, and quartz, SiO,, forms. But if a luminum ions, 
Al ' 1

, occupy some tetrahedral positions, other ions- notably po· 
!ossium, K'1; sodium, No '1; and calcium, Co'2-con enter the 
fra mework be tween telrohcd ro, as in the fe ldspa rs, K (AISi1) 0 1 , 

No (AISh) Oa, and Co CAI2Si2l O, . 
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Nesolsilicatos
(tetraedros 
independientes)

CLASSIFICATION OF COMMON 
INDEPENDENT TETRAHEDRAL SILICATES 

ZIRCON GROUP 
Zircon ZrSiO, 
Thorlle ThSi04 

GARNET GROUP 
Almandite Fe3 AI,(Si0•b 
Andradit" Ca,Fe 2(SiO.b 
Grouulari te Ca,AI,(SiO• b 
Pyrope Mg 3AI1(Si0•b 
Spessartite Mn3 AI2 (SiO. b 
Uvorovile Ca3Cr1 (SiO•b 

ZIRCON STRUCTURE 
Showing Atoms 

ZI RC ON CRYSTAlS 
(l dea li red) 

Tho rite 

EPIDOTE GROUP 

Epidote Co2 (Fc,AI},0(0H){Si 2 0 7 )(Si04 ) 

Zoisile } 
Cllnozoisite Co,AI(AI•)0(0H)(Si2 0 7 )(Si04 ) 

Piedmon tite Co 2 (Mn,fe,Aib0(0H)(Si1 0 7)(Si04) 

THE OLI VINE GROUP 
Forstorito Mg2 SiO, 
Foyolite Fc1Si04 

Tephrolte Mn1 Si0, 
Monticellile CoMgSiO. 

SUBSATURATES 
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TETRAH EDRAL MODEL 

of Zirco n 

Zircon Crystals 

Zircon 

Zircon Crystal 

Tho rite Tho ri te Cry51als 

Epidote Sprays 

Zo isite Cryst a ls 

EPIDOTE 
CRYSTALS 
(Idealized) 
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Alrncondlto 

Andradite 

Go·ossuloritc 
Crysta ls 

GARNET CRYSTALS 
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OLIVINE STRUCTURE 
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SUBSATURATE GROUP inclu des indepe nd e n t te trahed ral s i licate s 
tha t hove in the ir s truc ture o xyg e n ions in a dd itio n to those form ­
ing t he te trahe dra. The for mulae , the n, o r e wr itt e n in su ch o way 
as to d is tinguis h be tw e e n the two kind s of oxyge n . Tech nic;o ll y 
any s il icate containing t he hydroxyl ion, (OHJ- 1, is a subso t u r ote, 
but these ore n ormally no t so classifi ed. 

KYANtT E, At20St04 (a lum inum $iii­
co te), is found exclus ive ly In reg iona l 
me tamo rphic rocks rich in a luminum 
o x ide, where it o ccurs w ith mi cas (in 
mica schists), sta uro lite, ga rne t, o r 
corundum. II is very common in the 
Piedmon t regions of North Ca ro lina, 
in the Alps, and in the Urals, It ge n. 
e ra ll y forms a t tem pera tu res h ig he r 
tha n s tauro lite but lower th em s illi · 
manito . Kyanite crysta ll ites in tri · 
clin ic system as la ng, b laded crys ta ls 
or as ma sses, usua ll y d istinc tive ly 
blue in color. It may a lso b e white, 
g ray, green, brown, o r b lock. It is 
brittle, with cl eavage in two d irac· 
tia ns na t a t rig ht a ng les. Glassy in 
lus ter, it is transluce nt to tra nspa ren t 
a nd ha> no >freak. Ho rdnou is 5 ·7, 
so metime> varying from crysta l foco 
to face; specific g ravity 3.53·3.65. 
Because of its high melt ing point, it 
is used as a raw material for re· 
fra ctories. 

STAUROLITE, (Fe ,Mgh(AI, Foh 0 6· 
(SiO. J.(O,OHh (iron-ma g nes ium o lu. 
mlnvm 1ilic:o lc)1 i~ commonly fovnd 
w ith ga rn e t, mica, a nd quarlt in 
a reas o f regional meta mo rphi sm. It 
is abundant in mica schists a lo ng the 
Appa lachian chain from New Eng· 
land to Georgia a nd in many othe r 
geologically simila r areas . Compo· 
sition varies, with w ide diffe rences 
in Fe:Mg a nd AI:Fc ra tios in differ· 
ent specimens; m uch Mn Is fo und in 
sto urolites in Swed en. Staurolite 
crysta llize• in o rthorhombic system 
as p rismatic a nd flattened ~rystols, 
cruciform twins being typical. It is 
britt le, w ith cleavage in o ne d ire<· 
li on. GonNolly opaque because o f 
impurities, It Is bro wn, block, or ye l. 
low, w ith ros ino us or g lassy lus te r, 
a nd may hove pole g ray >lrea k. 
Ha rd ness is 7-7.5, specifoc g ra vity 
3.74·3.83. 
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SILLIMANITE, AlpSi04 (aluminum 
silica te), has th e same compositio n 
as kyo n ite, b u t o different >trucl ure 
and characteristics. It occurs in sill· 
cote deficient metamorphic rocks a s 
needlelike crystals in orthorhombic 
system and os fibrous g ro ups. It is 
o g lossy brown, white, o r g reen. 
Clea vage occurs In only one d lrec· 
tio n; hordnou 6.7, •poc iflc g ravity 
3.23·3.27. 

ANDALUSITE, AI20Si04 (aluminu m 
silica te ), is chemically iden tical to 
kyan ite a nd sillimanite , but p rob· 
ably forms a t lo wer tempera ture . It 
is found in meta mo rph ic reg ions, 
portl·1 a ltered to kyo 11itc . It crys tcol . 
li zos in orlh otho mbic 'Y' '"m os 
cocl<se p risms a nd ma s.es-glassy 
w hite, red, gray, b rown, or green. 
Cleavage is in two nea rl y pe rpen· 
diculor directions. Hardne$$ is 7 .5, 
specifi c g ravity 3,13-3.1 6. 

TOPAZ, AI2(Si04)(0H,f h (a lum inum 
fluosilica te), is no t re la ted to th e 
o the r ,,., inera lt hero, but doe s ho va 
o >imilo r s tructure . It occurs in gran· 
ites, pa rticul a rly pegmatites, com· 
man ly associa ted with be ryl, to ur· 
mo line, fl uorite, and other peg ma tite 
minerals o nd with tin and tungsten 
o res. Tra nspa rent topaz Is o ften 
used a s a gemstone. II is ve ry dura­
ble a nd ha s o hig h index of re froc· 
tion. Topaz crysta lli zes In ort hor· 
hom blc system as columnar pri sms, 
commo nly with striated f aces, a nd 
os granular mosses. It is brittle, 
w ith perf ect cleavage in o ne d irec· 
tlo n. It Is ' t ra nspa ren t, g lassy in 
luste r, and colo rless, po le s trea k). 
Hard ness Is 8, specific grav ity 3..49· 
3.57. Occurs in U.S.S.R., East Ger· 
many, N igorio, Ja pa n, Maine, Con .. 
necticut, New Ha mpsh ire, Texas, 
Virginia, Utah, California , e tc. 

Massive Kyanlte 

i?l 
Bladed Kyanite Crystals 

Massive Ando lusit e 
with Pyroph yllll<> 

Stauroli te Crysta ls 

Photomicrograph of Si llima nite in Calcite, 
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Andolusite, 
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{l ea 
~ Mg 
~ Si (in Tetrahedra) J 

MELILITE STR UCTURE 

Melilile, var. Fuggerilo 

Gehlenl le 
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II 

~ 

MELILITE 
CRYSTALS 
(Idealized) 
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BERYl STRUCTURE 

Bery l Crystal 

Aquamarine 

Cordie ritt 

• AI 

~ Be 

6} Si04 ,A. Tetrahedra 

Cordicrito 

BERYl CRYSTALS 
(Idealized) 

Be ryl Crysta 1 

Beryl (Heliodor) 

COROIERITE 
CRYSTAL 
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Diopside 

(CaMg)Sip6 

Ens ia tito 

MgSi0 3 
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Solid Solution 
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PYROXENE COMPOSITIONS 

Hedenbergite 
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fol'ro sillte 
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OIOPSIOE, CoMgSi20 6 (ca lcium magnesium silicate), is commonly 
formed by metamorphism of siliceous dolomite, CaMg(C03l~o a t 
relatively high temperatures. The pure compound is white, but 
small amounts of iron ore usually present, producing o g reen ish 
o r yel lowish color. Diopside is not common os on igneous minera l 
(augite is the common igneous pyroxene). Diopside common ly 
occurs as distinctive, small, rounded crystals in coarse marbles, 
where it is associated wi th phlogopite, serpen tin e, ond other 
magnesium s il ica tes. Other nomos applied to varieties inc ludo 
aloli te, molocolite, v io lon, conooni te, and lovrovite. 

Oiopside crystallizes in monoclinic system in form of 
granular, prismatic crystals, scattered groins, mosses, 
and columns. Twin and multiple crysta ls ore com­
mon. It is white, ye llowish, green, or blue; glossy; 
t ranslucent to transparent; britt le. Has no streak. It 
cleaves in two directions ot 97• (angle dllllngulshes 
it from omphiboles). It is inso lub le in oclds; weathers 
easily. Very common in orcas of contact metamor· 
phism in Appolochlons, Rockies, Alps, Urals, Sweden, 
Canada, etc:. 

EN STATITE, MgSi03 (magnesium silicate), is the simplest pyroxene 
in composition. It occurs o nly in magnesium-r ich rocks that hove 
littlo calcium or iron. These include silica-poor, deep-seated ig­
neous rocks, Iovas, and metamorphic rocks of igneous origin. 
(Igneous rocks of intermediate s ilica content contain amphiboles 
or biotite rather than pyroxenes.) Enstati te is difficult to inte rpre t 
geologically because the si lica cha ins of its structure ore l inked 
together in three basically different ways, depending on condi­
tions of formation, and because calcium and iron in its structure 
cause vorio t ions in its proper t ies. 

Enstatite crystollltos in orthorhombic or monoclinic 
system as interlocking groins or prismatic crysta ls. 
Repeated porollel twinning is common. Mineral is 
colo rlous, groy, yellow, green, or brown; dull, g lossy, 
peorly, or bronze- like In luster; translucent; brittle; 
ond Inso luble In ocids. It clooves in 2 direction! ot 
sa• angle, fractures unevenly. May be difficult to tell 
from ougitc. Hardness is 5-6, specific grovily 3.2 
(higher os iron content incrcoses). Enstatite is wide· 
spreod In igneous rocks o nd common In meteorites. 

HEDENSERGITE, CofeSi10 6 (calcium 
iron silicate), is uncommon because 
most rocks with high iron content 
olso have high magnesium con tent . 
It is found In some gobbros and 
other bosic ignoous rocks, with lead 
and zinc: ore• in contact metamor· 
pho•ed limestones, ond as o meta · 
morphic product in iron-rich sedi­
mentary rocks. It crystollites in mon-
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oclinic system os prismotic crysta ls. 
gronulor mosses, and lamellar ag· 
gregotes, Twinning i1 common. Color 
Is brownish green, dork green, or 
black. Hodonborgite cleovcs in 2 dl 
rcctions ot 87° anglo. It commonly 
contoins Mg ond other clements, ond 
is insoluble in ocids. It is common In 
Sweden, Norway, Siberio, New 
York, and other scattered loca lities . 

PYROXENE 
CLEAVAGE 
(Idealized) 

Crystolline 
Dlopside, 

Enstotite 

Ensta tite, var. Bronzlte 

OIOPStDE CRYSTALS 
(ldeol ized) 

Crystol Group 

Enstatite 
(alt. to Steatite) 

Diopside 
with Biotite 
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AUGITE, (Co,Mg,Fc, Ti,AI)1(Si,AI),06 (co lcium-mognesium-iron-lito­
nium-olvmlnvm silicate), is tho commonest igneous pyroxene; ils 
complex chemistry reflects the complexity of igneous melts. II Is 
formed at high temperatures early in the crystallization process. 
Au9ite is common in silica·poor (basic) igneous rocks, notably 
gabbros and basaltic Iovas. II occurs as scattered crystals, evenly 
distributed throughout the rock; some basic intrusive rocks ore 
nearly a ll augite. It is uncommon in metamorphic rocks of sedi­
men tary orig in. Augite is difficult to distinguish from o th e r dark 
pyroxenes because a ll havo s imi lar structures. A che mica l ana ly­
sis Is needed to characterize mos t pyroxenes. 

Augite crystallizes in monoclinic system os prisma tic 
crystals (often twinned) and granular mosses. It is 
a glassy brown, green, or b lack; translucent Ia 
opoquo1 brittle; and insoluble in acids. Cloovoge is 
in 2 directions a t 87•, fracture uneven. Hardness is 
5.5·6, speclfk gravity 3.23·3.52. Augite occurs In Iovas 
of Vesuvius, Stromboli, Hawaii, and Cuchoslovokio; 
ol Ducktown, Tenn., and Franklin, N. J.; and in New 
York, Connecticut, Mouachusells, Utah, Canada, and 
e lsewhere. 

HYPE RSTHE NE, (Mg,Fc)SiOl (mog t10· 
slum·iron silica te), occurs In dark 
granula r igneous rocks and in some 
meteorites. An lnlermedio to mem­
ber of the enstolile-ferrosilite series, 
its Mg:Fe ratio vori~s widely. II 
crystallizes in orthorhombic system 
as prisms or tabular mosses. It h 
dark brownish green or block, with 
poorly luster; brittle, and ocui ly 
weathered. Cleavage i> more proml· 
nenl in one direction than the other, 
fracture uneven. Hordneu Is 5·6, 
specific gravity 3.40·3.50. 

JO HANNS EN ITE, Ca(M n,Fo)SI206 
(ca lcium manganese · lron sil ica te), Is 
relative ly raro. 11 occurs In lime· 
>lone> that wore offoctod by Mn rich 
solutions during metamorphism, and 
in veins. Mn and Fe content varies. 
Mineral crystallizes in monoclinic 
sy$1em o s fibrous mosses or prisma· 
tic crystal aggregates . It is brown, 
grayish, or green, commonly with 
block surface stains. Cloovoge is in 
2 directions at 87°. Hardness is 6, 
•pocilic gravity 3.44·3.55. Minerol ;, 
common in manganese deposits In 
Ita ly, Mexico, and Australia. 
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AEGER ITE, NaFoSI20 6 (sodium Iro n 
silica te), ;, common In syonltos. 
Compos ition varie s, wllh calcium. 
magnesium varietic• called aegerlle. 
augite. Some o ther varieties ore 
called ocmite. A rare mineral, it OC· 

curs most notably in Magnet Cove, 
Ark .; Bear Paw Mh., Mont.; Norway, 
and Greenland. It crystallizes in 
monoclinic system as slender pris· 
matic crystals and Obrous moues. 
It is a glossy, trans lucent brown, or 
green. Hardness is 6-6.5, specific 
gravity 3.40-3.55. 

RHODONITE, MnSIOl (mMgoneso 
silicate), has a dlltlnctlvo pink or red 
co lor (similar to tha t of rhodochras· 
ito, MnC03) because of ih high man. 
genese content . It a lways contains 
appreciable calcium. It crysta llizes 
in the lriclinic system as tabular 
crystals, mosses, ond scattered 
groins. Brown or block oxidation 
products are common on ih iurfoce. 
Cleovoge is in 2 directions at 92 .5° . 
Hardness is 5.5.6.5, speciflc gravity 
3.57-3.76. Rhodonite is found in 
manganese deposits, as a t Franklin, 
N. J ., and in metamorphic rocks. 

AUGITE CRYSTAlS 
(Idealized) 

Pyroxene with 
Wollastoni te 

Pyroxene 

Hypersthene 

Johonnsenite 
with Rhodonite 

Rhodonite 
with Quart% 

Rhodonite 
with Quorl% 

Augite Crystals 

Augite Crystal 

Aegorite 

Rhodonit&, var. Fowlerite 
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JADEITE, NoAI (Si03h (sod ium aluminum silica te), is one of two 
minera ls (nephrite is the other) that when cut bccomo the o rna ­
mental stone and precious gem, jade. It occurs typically as a 
dense, massive rock suitable for carving Iorge art objects. Jadeite 
is noted for its toughness and dens ity, o consequence of its forma­
tio n at high pressure. Found in metamorphic e nvironments with 
o the r high-pressure pyroxenes and with albite , it is inte rmediate 
in composition between a lbite, NoAISi30,, and ~ilico, Si01• 

Jadeite crystalliz&J in monoclinic system a> granular 
or foliated mosses. It is co lorless, shades of g reen, 
or black; color is due to iron content. Luster is some· 
what glossy. Cleavage is prismatic, fracture splintery. 
Hardness is 6.5-7, specific gravity 3.3-3.5. Commonly 
found among artifacts of ear ly man. Occurs chieny 
in metamorphic areas of Chino, Burma, Sulawesi, 
Guatemala, Moxico, Japan, and California. 

WOLLASTONITE, CoSi03 (calcium silicate), fo rms exclusively at 
h ig h temperatures by the reaction of CoC03 and Si0 1 in contact 
or reg ional metamorphic areas. If much iron or magn esium is 
present, however, the commoner pyroxenes, augite, dio pside, 
and hedenbergite, will form; thus the formation of wollastonite 
is generally res tricted to the reaction of Iorge bodies of CoC03 
(limoaton e or marble) w ith quort:r. o r si lica-rich so lutions. 

Wolla stonite crysta llizes in monoclinic system as tabu· 
lor or short prismatic crystals or as granular moues. 
II is white to gray, yellow, red, or brown; glossy or 
pearly in luster; translucent; and brittle. Cleavage is 
platy or fibrous, fracture unevon. Hardness is 4·4.5, 
specific gravity 2.8·2.9. found In New York, Michiga n, 
California, Quebec (Grenville), Rumania, Mexico, and 
Italy (Vesuvius) . 

SPODUMENE, LiAI(Si01h (lithium 
a luminum silicate), is the chief source 
of lithium. It crystollixes exclusively 
in Li-rlch pegmoti tes, occurring with 
qua rtz, microclino, a lbite, bery l, ond 
tho lithium mlnorols lepldollto and 
rubellite tourma line!. It is typica ll y 
dull gray or pearly white, but emer­
ald green variety, hiddenite and 
lilac variety, kunzite, ore highly 
prized as gemstones. II is brittle and 
transparent to tran•lucent; occurs as 
prhmatlc crystals (monoclinic sys. 
tam) or as moues. Some crysta ls 
weigh many tons. Occurs in Appa la­
chian Mts. from Moine to North 
Carolina; also In South Dakota, Cal­
ifornia, Sweden, Iceland, Brazil, and 
Malagasy Rep. 

180 

CHRYSOCOLLA, CuSi01•nH20 (hy­
drous copper silicate), Is included 
here because of its reported com­
position. Structure is not known, but 
is pr9bobly a morphous. Chrysoll a is 
on oltaration product of copper min. 
orals. It is commonly mlxod with 
hydrated copper >ilicotos, bi>beeite 
and shottuckllo, in the upper levels 
of vein deposits, os in Cornwall, 
England; Kotango Prov.. Congo; 
Ch il e; and Arizona. It is opal-like, 
with bonded and botryoidal forms 
common, but Is too soft (2·2.24) to 
be usefu l a s a gemstone. It occurs 
as opaquo-to-tronsluccn t crush or 
seam fHiing s In shades of blu11 olld 
green, block, or brown, with inclu­
sions. Streak is white. 

Massive Wollastonite 

Spodumene, 
var. Hiddenite 

Spodumene Crystal 

Black Jade 

Wollastonite 
Cleavage Fragments 

Spodumone, 
vor. Kunzite 

Spodumene 

Jodolte 

Wollastonite 
with Oiopside 
and Garnet 

Spodumene 

Chrysocollo 

181 



COMPOSITIONS OF THE AMPHIBOLES are both co.nplex and 
variable because o f ex te nsive sol id solution. A general formula, 
A1.8(S i, AI),O,COH, F, 0),, is applicab le . The more common am­
phiboles, wi th the A e le me nts o re listed he re. 

ORTHORHOMBIC AMPHIBOLES 
Anthophyll ite A = Mg, Fe 
Gedri te-Ferrogedr ite A = Mg, Fe, A I 
Holmquisti le A = li, Mg, Fe, AI 

MONOCliNIC AMPHIBOLES 
Tre mol ile-Acti noli te A = Co, Mg, Fe 

• Hornble nde A = Co, No, K, Mg, Fe, AI 
Koe rsut ite A = Co, No, K, Mg, Fe, Ti 
Barkevikite A = Co, No, K, Mg, Fe, Mn 
G laucophane A = No, Mg, AI 
Rie beckite A = No, Fe 
Magnesioriebeckite A = No, Fe, Mg 
Katophorite A = No, Co, Fe , AI 
Mognesiokalophorite A = No, Co, Mg, Fe , A I 
Eckermanni te A = No, Co, Mg, Fe, AI, Li 
Arfvedsonite A = No, Co, Fe , Mg, AI 

* O ther com positiona l varieties of hornblende o re edenite, 
ferroedenite, tschermakite, ferrotschermakite, and ferro­
hastingsite 

Fibrous 
Tremolite 

Massive 
Actinolite 

Granular (enlarged} 

!!laded 
Actlnolito 

Brown Tremolite 

Bladed 
Actinoli te 

Hornblend e 

Hornblende Cleavages 

Hornblende 

Hornblende Crystals 

Hornb lende 

Anthophyllite 

Anthophyllite 

Gla ucophane 

Pargosite Pargasite Crysta l 



COMPOSITIONS OF TH E SHEET SI LICATES 

TWO LAYER SILICATES 

Se rpentin e Mg,ShOs (OH), 

Septochloritos (Mg, AI , Feh (Si, Fo)s (OH}, 
lncludu Amosite, Grccnallte, Chomo,he, and Cronstodtite. 

Kaol inite AI:Si,Os (O H), 
Includes Nocrite, Dickite, and Holloysite 

TH REE LAYER SILICATES 

Talc Gro up 
Tole 

No ian> between layers 
Mg,Si,O (O H). 

Pyrophyllite AI:Si,O (OH)t 

Mica Group-K• ions between layer$ 
Muscovite K AI, (Si,AI)O,o (O H), 
Sericite Fine grained or "shredded" Mu"ovite 
Illite Clay minored simi lar to Muscov it e 
An11 it e K Fe , (Si,AI)O,a (OHJ, 
Biotite K(Mg, Fo)J (SI,AI)O ,o (O H)I Mg:fo 

Phlogopite 

Glauconite 

Zlnnwaldite 
l epidolite 

leu than 2:1 
K(Mg, Fe}1 (Si1AI)O ,a (OH)I Mg:Fe 

more than 2:1 
Cloy mineral with complex formula 

similar to Biotite 
K(Li, Fe, AI )J(S i, AI),O ,o (OH): 
K(Li, AIJ,(S i, AI),O,o OHh 

Britt le Mlcas- CCI ' 1 and No betwaun lo y ~r> 
Paragonite NoAh(Si,AI)O,o (O H), 
Margarite CaAI,(SizAI,)O,, (OHJ, 
Prehnite Ca,AI(Si,AI)O,o (OH)I 
Clintonite Ca(Mg, Alh(Si, AI).O a (OH): 
Xonthophyllite Similar to Clintonite 

Montmorillonlte s- A group of cloy minera l' wi th a formula 
approxima ting {Co, No) (AI, Mg, Fe), (S i, AI);O , (OH), ' nH,O 

Chlorites (Mg, AI, Fo)6(SI, AI),O ,o (OH)a 
Includes Ponnln ite, Chlinoch lore, and others 

Vermiculite (Mg, Ca)(Mg, Fe, AI)• (AI, Si );O:o (OH), 

Sepiolite and Attapulgite - lathlike structures 
similar to shoot structures 

CLAY MINERAL CLASSIFICATION AND USE 

Structura l Type 
2-Layor 

3 -Loye r 
Non· 

expandable 

3- layor 
Expandable 

Fibrous 

Mineral 
Kaolinite 
Nocrito 
Dickite 

Halloysito 

Ill ite (Mica) 

Glauconite 

Ch lorilc 

Montmorillonite 

Vermiculite 

Sepiolite 

Attapulglte 

Uses 
As row material lor fire­
brick, chino, whitewore, 
porcelain, Jiles; as paper 
filler. 

Some usc as row mala ria l 
for architectural brick, sew­
er pipe; bloating varieties 
lor ornamental cloy; for 
molding sands. 

Not suHidontly abundan t or 
concentrated lo be useful. 
Not su ff iciently abundan t or 
concen tra ted to be use fu l. 

As fillers for many mote· 
ria ls, as fi lters, as fuller's 
earth, as a suspending 
agent. 

Because it expands when 
fired, used os mulching 
agen t, th ermal insula tion, 
a n d pock ing ma teria l. 

Carved 01 found (Meer­
•choum) into pipes and or­
naments. 

As su,pending agen t lor 
ceramic slips. 



KAOLINITE GROUP, also called the kondite group, includes kao­
linite and three varieties with the some composition but a differ­
ent s tructure. The structural unit is o two-layer sheet consisting of 
a sil ica te t rahedral layer (with associated hydroxyl ions) and on 
a luminum octahed ral Ioyer. Th o a luminum ions oro coordinated 
with the oxygen and hydroxyl ions of the tetrahedral Ioyer on 
one side and with hydroxyl io ns on the otl-er. Because two-thirds 
of the octahedra l positions are fill ed, the kaolinite minerals are 
referred to as dioctohedrol. Bonding between ad jacent 5heets is 
very weak; hydrogen bonds are present between the hydroxyl 
ions on one sheet and the oxygen ions of the adjacent sheet. 
Kao linite minerals lose water a t eleva ted temperatures and be­
come refractory. 

KAOLIN ITE, AI~S i205(0Hl4 (hydrous a lu m inu m sil ica te), is on im­
portant row material used in pharmaceuticals and In firebrick, 
china and whitewares and a whitening age nt. It occurs most 
commonly as a p roduct of chem ical weathering of feldspars; 
sedimentary p rocesses transport, sort, and deposit it in Iorge, 
pure beds from which it may b e removed and used for many 
purposes wi thout refinement. Kaolin ite also occurs as a hydro­
thermal alteration product of si licates in and around sulfide veins 
and ho t springs and geyse rs. It occurs generally in a very fine­
gra in e d form as cloy, but some Iorg e s ingle crys tals have been 
fo und in hydrothermal d e posits. 

Kao linite cryllolli~es In triclinic system as tabular 
crystals, wormlike aggregates, cloylike moues, and 
particles scattered through sedimentary rocks. II is 
commonly plastic when wet, has o greasy feel, and 
is whlte if pure, colored if not. Sheeh ore transpar­
ent, oggrogotos opaque. Cleavage Is perfect in one 
direction, hardness 2-2.5, and spoclflc gravity 2.6. It 
occuo in extensive layers under cool sooms or as 
residual weothorlns product in Fronc;e, England, WrHt 
Germony, Chino, Penn>ylvonio, Virginia, South Caro­
lina, Georgia, and Illinois. 

DICKITE also has composition of 
kaolinite, with toyers >locked to 
provide monoclinic symmetry (dif­
ferent from nocrlte). It is hydrother­
mal In origin; why it is formed 
lns tcod of nocrite o r koolinlle is not 
fully understood. Not dlstlngulsh­
oble from Koolinite without X-roys. 

NACRtTE Is essentially the some os 
kaolinite, but loyers ore slacked 
differently, causing symmetry to be 
monoclinic. It seems to be exclus­
ively hydrothermal in origin, is 
found with quart ~ and hydrother­
mal su lfides, 
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HALLOYSITE has the kaolinite com­
position, generolly wilh excess wa­
ter, probably between loyors. Elec­
tron microscopic studios show that 
some ho ll oy>ite occurs as tubular 
crystals (as does serpentine), sug. 
gastlng that it is o highly weathered 
kaolin ite with layers rolled up . 
Properties ore like koolinite's, ex­
cept for water content. Most speci­
mens show little plasticity when 
wet. Formation of halloysite is not 
wrll understood. It is found in small 
quan tities in many clay deposits, 
particularly in Mexico, and in o 
sizable body at Bedford, Ind. 

-0-0--0--0-
1 

Pocking Mol:lel 

THE KAOLINITE STRUCTURE 

Missouri Flint Clays 

Kaolinite 

Dickite 
Nacrite 

Holloysite 
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SERPENTINE GROUP is so named because the minerals hove o 
mottled green pattern like thot of o snake. They ore chemically 
simp le, wi th o composit io n of almost exactly Mg3Sit0>(0Hl, (hy­
drous magnesium silicate), but ore s tructura lly very complex. All 
ore very fine-grai ned. Because they hove many different habits, 
the serpentines hove been given many names, but only three ore 
generally recognized: antigorite, lizordite, and chrysotile. These 
ore not given seporote trea tmen t here because of the difficulty of 
distinguishing one from the other without X-roy ond microscopic 
techniques. 

The s tructural re la tionship among the serpen tines ho s no t been 
fully determined. All hove o kaolinite-type s tructure, but wi th 
magnesium ions in the octahedral positions rather than olumi· 
num ions. Since all octahedral posi tions ore filled, the group is 
called tr ioctohedrol. 

Antigorite appears to hove undulations in its s tructural layers, 
porhops with somo segments upsid e-down in re lation to others. 
It normally occurs os mosses o f very sma ll crystal s, but o fibrous 
variety, co iled picrolite, hos been found. Lizordlte occurs as o 
fine-grained platy materia l, commonly mixed with chrysotile. 
Chrysoti le is fibrous . It occurs in veins, with the fibers Cu p to 6 in. 
long) al igned across the vein s. Evidence suggests thot the fibers 
ore tubular, form ed from Foil ed-up layers. 

The reasons why tha serpentlnos d iffer In form oro nol known . 
Minor impurities, vorlot ions in pressure and ternpe roture of for· 
motion, d ifferences in water content, or the kinds of minerals 
present during formation - any or oil moy be involved. Serpen· 
tines ore formed below 500 degrees C., in the presence of water 
vapor, from metamorphic alteration of ultroboslc rocks contain­
ing ol ivines, amphiboles, and pyroxenes. Poss ibly they may also 
be for med direc tl y fro m on intruded mogmo of serpentine com­
position. 

The fibrous varieties of serpent ine, like those of the amphi­
boles, are valuable for manufacture of fire-resistant asbestos 
cloth. Chrysotile fibers are ideo I for weaving, but ore less resist· 
ont to acids than ore amphibole fib ers. At high temperatures ser­
pen tlnes lose water ond recrystallize to a mix ture of o liv ine o nd 
e nsta tite. This mixture is useful in ma king fir ebrick. 

Recen t medical studies hove shown that very fin o asbestos 
fibers can be carcinogenic, causing lung cancer in same persons 
who inhale the fibers over long periods of time. 

Serpentines crystolllze in monoclinic 
or orthorhombic systom o• platy or 
11brous mosses. They ore green, 
wh ite, yellow, groy, or greenish 
blue; hove silky, poorly, or du ll Ius· 
ter; ore opaque! to tronstuccnt; have 
whitt, commonly shiny, slrtak. They 
ore decomposed by hydrochlori c 
ond sulfuric acids. Ploty varieties 
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hove perfect cleovoge in one direc­
tion; fibrous vorletles sp lit easi ly 
paro ll ot to 11bers. Hardness is 2.5-3, 
specifi c gravity 2.5-2.6. Widespread 
in New Engtond, Texos, Morylond, 
Arizona, New Jersoy, Pennsylvonlo, 
Quebec, E. & W. Germany, Austria. 
ltoly~~ Englond, South Af. 
rico, ond Austrolio. 

Short Fibrous Serpen tine 

Fibrous (Asbes los) Massive 

Sotpontino 

White Fibrous Serpentine 

Fibrous Serponrlne 
(Asbesto s) 

OliviM w ith 
Serpenti ne Banks 

Serpen tine (Picrolito) 

Serpentine 
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TALC, Mg3SI 40to<OHh (hydrous magnesium silicate), has o throe­
layer sheet s tructure (p. 1 86). Two silica te trahedral layers en· 
close on octahedra l Ioyer In which a ll octa h ed ral positions oro 
f1 11 ed wi th Mg ions (t rioctohcdral). Because the b onds between 
sheets are weaker than in kaolinite, tole is o better lubricant and 
feels greasier. It is formed by hydrothermal altera t ion of basic 
rocks and by low-grade metamorphism of silica-rich dolomite. 
Intergrowths o f tole and t rcmollte hove been observed, illus t rot· 
ing the o ltcrotlon o f lremolite to tole. Tho ca lcium impurity ob­
served In commercia l tales Is norma ll y from tromollte. Tole is used 
as the bose for talcum powder, os o ceramic row mater ial, and 
as on insulating material. Stea tit e and soapstone ore massive 
impure tales which ore cut and used as acid-resistant sink and 
counter tops in chemical laboratories. 

Tole crystollrxu In monoclinic sys tem os tobulor crys­
ta ls (ro ro} nnd as fo li ated, rodlotlng, and compoct 
mosses. It is white, greenish, bluish, or brownish, 
with whlto streak; is translucent to transparent; hos 
pearly luster in Iorge sheets; and feels greasy. Sheets 
ore flexible, but not elastic as In micas. Cleavage is 
perfect in one direction, fracture irregu lar. Hardness 
is 1, specie gravity 2.58-2.83. Talc contains some iron, 
calcium, and a luminum. Found in many metamorphic 
areas- New Engla nd to Quebec, North Carollno, 
England, Austria, W. Garmany, Franco, Indio, ond 
China. 

PYROPHYLLITE, AI2Si40 10(0Hh (hydrous aluminum silicate), is es­
sentially identical to tole in structure except tha t only two-thirds 
of the octa hedra l pos it ions oro fill ed. It is therefore a lmost Ide n­
t ica l to to le in physica l properties. A metamorphic minera l de­
rived from alteration of granite rocks, It is comm on ly found 
associated with si lica and with a lumina minerals such as kyonite. 
At high temperatures it loses water and recrystallizes as mullite 
and si lica. It has been used as on electrical insulator and as o 
ceramic row material, but is less abundant than kaol ini te or tole, 
both simila rl y used. It is interesting p rimar ily because of its struc­
tural relations hip wi th the micas (p. 196). Whe n K•t ions oro p res­
ent in the environment o f forma tion, they con b e accommodated 
between the layers, forming micas rather than pyrophyllite. Con­
sequently, pyrophyllite is found in rocks deflcien t in K 1 or as on 
al tera t ion product of rocks from which K" 1 has been removed. 

Pyrophyllite crysta ll izes in mono­
clinle •y•tem as fol io lftd, rodio tino 
aggregates and granular monos. It 
is white, greenish, yellow, or groy, 
with whito, shiny •trtok; pearly or 
dull (massive voriolie•) in lustor; 
opaque to transparent . Has perfect 
c:leovoge in one direction, uneven 
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fracture. Contains some titanium, 
iron, magnesium, ca lcium, sodium, 
and potassium. Hardness Is 1.2, 
specific gravity 2.65·2.90. Found In 
metamorphic areas in Carolinas, 
Georgia, Ca li fornia, Penn•ylvonia, 
U.S.S.R., Swilu>rland, Belgium, Swc· 
den, and Brazi l. 

PACKING MODEL 
OF TALC'S 

ATOMIC STRUCTURE 

Foliated Talc 

Pure, Mouivc 

Mauive 

ATOMIC STRUCTURE OF TALC 

Talc w ith Actinolite 

Impure 
Pyrophyllito 

Pyrophyllito Radiating 
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MICA GROUP minerals oro der ived from tho ideal structure of 
tole or pyrophyllitc in environments containing the ions of olumi· 
num, Al' 3, and potassium, K", sodium, No ", or calcium, Co ' 1• The 
Al· l replace some sil ica ions, Si••, in the tetrahedral positions of 
a sheet. Each replacement gives the electrically neutral sheet a 
net negative charge, but such charges ore balanced by the oddi· 
lion between sheets of K'1, Na•l, or ca·2• Because aluminum, PO· 

tossium, sodium, and calcium arc common elements, the micas 
arc much more abundant than either talc or pyrophyllite. 

MUSCOVITE, KAI2(Si3Ail010(0Hh (hydrous potassium aluminum 
silicate), is the commonest mica. Only the feldspars and quartz 
ore more abundant in the crust. Its structure is derived from that 
of pyrophyllite by replacement of one-fourth of the tetrahedral 
Si'' by Al'3, with K' 1 added between the sheets to maintain elec· 
tricol neutrality. Bonding between the sheets is much weaker 
than across them, as shown by the perfect cleavage in one diroc· 
tion, but is much stronger than in pyrophyllite, which accounts 
for the absence of the greasy feel and lubrica ting properties of 
mu scovite. It is formed as a primary igneous mineral in granites 
and o ther silica-rich rocks and in a w ide range of metamorphic 
rocks. It is also a ma jor constitue nt of shales. 

Mvscovito crysta llizes in monocl inic sy ste m as lobular 
cry•to ls, often psevdohexogonol; is d ispcr5ed In 
igneous rocks os books, in schists and gneisses as 
bonds, o nd In sedimentary rocks as day. It has per· 
feet one-directiona l cleavage, splitting into sheets 
that tear with hackly edges, but ore elastic and 
strong. It is colorless, gray, pole green, brown, yol· 
low, pink, or vio let, with whlto stroak; glossy or 
poorly in luster; opaque to translucent, transparent 
in thin sheets. Hordneu is 2.5-3, specific gravity 
2.7-3.0. Found most everywhore. 

BIOTITE, K(Fe,Mgh(Si3Ail010(0H), (potassium magnesium-iron alu­
minum sil icate), is derived from the talc structure by substitution 
of Al ' l for Si•• and inclusion of K' 1 between sheets. Much iron, OS 

Fe' 2, is present in octahedral positions. Composit ion is more vor· 
led than in muscovite. Bioti te occurs in igneous rocks from gran· 
ites to gabbros and many Iovas, and in a wide variety of meta· 
morphic rocks. A number of biotite minerals containing other 
elements hove received mineral names. Among these ore hough­
tonite and siderophyll ite, with abundant iron; mongonophyll ite, 
with manganese; wodon ite ond titanobiotite, with titanium; and 
colciobiotite, with abundant calcium. 

Biotite crys lcolli ~os in monoclinic sys· 
tcm as tobuloo· prisma tic crys tcols, 
ICCollerod groi n• and >CQ ics, and 
sca ly mosses. It cl eaves in one di­
rection, splitting into elastic sheets. 
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It is b lock, dark green, or brown, 
with while s treok1 g lossy In lus tor; 
opaque to tro n•paronl. It is b leach. 
ed by sulfuric acid. It occurs 
thro ughout world. 

MUS COVIT E STRUCTURE 

Muscovite 

Muscovite with 
Quartz and 
Microcline 

BIOTITE CRYSTAL 
(Idealized) 

MUSCOVITE CRYSTAL 
(Idealized) 

0 

O H 

Si 

AI 

K 

Fuchsite, o 
Chromium-bearing 

Muscovite 

Biotite 

Muscovito 

Muscovito with 
Magne tite Inclusions 

Muscov ito Schist 

Schist 
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PHLOGOPITE, K(Mg, Feh(Si3AI)010(0H)2 (hydro us potassium mag ne· 
sium-iron a luminum silica te), is essen tial ly o bio tite (p. 1 94) with 
Mg more thon twice Fe. It occurs notably in me tamorphosed s ilice­
ous do lomites ond some ultro-bosic rocks. It is common a t con tacts 
between igneous in trusives ond dolomite country rotks ond as an 
accessory mineral in dolom ile marbles. It commonly shows aster· 
ism (starlike figure) when viewed in transmitted light. 

PARAGONITE, NoAI2(Si3AI)Olo(OHh 
(hydro us sod ium a lumi num s ilica te), 
differs from m uscovi te (p, 1 94) in 
having Nco11 ins tead o f K' 1 between 
sheets. Found ln metamorphic area s, 
mostly in banded rocks; in some 
quarfz veinsi o nd in some sed i· 
men ts. II occu rs as massive scaly 
aggrega tes (monoclinic); has perfect 
one-directional cleavage; is pa le 
ye llow, gray, or green, w ith pearly 
lus ter. Hardness is 2.5, speci fic g ra v· 
it y 2.85·. Occu rs notab ly in the Alps 
of Europ e. 

MA RGARITE, CaAI2(Si2AI2)0 10(0Hh 
(hydrous ca lcium a lumin um sil ica te), 
i1 commo nest "brilt le m ica," It is 
harder thon muscovi te, it• shee ts 
more bri ttle. II occurs wit h coru11 · 
dum as lcominar oggregco tos ond 
scaly masses (monoclin ic sys tem) in 
metamo rph ic a reas of Appalachi­
ans, Euro pean Alps, Ura ls, Greece, 
Turkey. It is g ray, w hil e, pink, or 
ye llow; has perfect one-directiona l 
cleavage. Hard nou 3.5·4.5, speci fic 
g ravity 3-3.1. 

PREHN ITE, Ca2AI(A1Si3)0 10(0Hh (hy­
drous ca lcium alumin um silicate), is 
fou nd in cavities a nd veins of basic 
voleon ie rocks (ossocio ted with zeo­
lites), in impure melamorph ic lime· 
s tones, a nd in some ve ins of ig neous 
rocks. 11 crysta ll izes in•or lhorhombic 
system a s borre i-s hopod crys ta ls, 
sma ll rodio ting clus ters, g lobular 
maHes. It is brittle (a brii tle mico) 
and hos good cleavage in one d irec­
tion . Colo r...:sho des of green, w hi te , 
gray-commonly fades on ex posure 
to a ir, Ha rdness 6-6.5, specific grav­
ity 2.90.2.9.5 . Found ;,, Appolocl\i· 
ons (Mou., Con n., N.J.), Mich igan, 
European Alps, Scot lo nd, Sou th 
Africa, and e lsewhere. 

196 

Phlogopite crys to ll izes in mono cl inic 
sydem os prisma tic cry stals o nd os 
nokes and shee ts, dissemina ted or 
in oriented bonds. Co lor is yellow, 
brown, green, white; luster com. 
monly peorly w ith goldl ike ref1ec­
tion . SheeJs or e e la stic and strong, 
but tear; o re transparent if thin . 
Cleovoge is perfect in o ne directio:11 
hardness 2-2.5; specifi c grovity 2.76-
2.90. Fo und chicf1y in Naw Englond, 
Quebec, Ita ly a nd Swi t~e rlond 
(Alps), Mo lagosy Rep., Cey lon, Fin· 
lo nd, a nd Sweden. 

LEP IDOLIT E, K2(L i,A l)s-6(Si6-7A12- 1 )· 
0 2oCOH,F)4 (hydrous po tassium li th · 
ium·olumln um silicate), hos musco · 
vito s trucluro (p. 1 96) wit h u · t re ­
p lacing some Al' 3. A popula r co l­
lector's item because of pin k or pur· 
p ie colors, it is commonest source of 
lithium. Added to glasses and ena m­
els, it lowers thermol oxpon!. ion, 
thus improves hea t res istance. It is 
found exclusive ly in pegmatites as 
Io rge Oo kes o r disseminated gro ins, 
no lably in Ma ine, Con110cticu t, Nor th 
Caroiino, Colifor11ia , U.S.S.R., Czech­
oslovakia, E. Ge rmany , italy, Ma la­
gosy Rep. II is commonly a ssocia ted 
w ith two othe r lith ium mineral s, 
tovrmo line e nd spodumene and w ith 
K-fe ldspar a nd quartz. 

GLAUCON ITE has a complex mica· 
type formulo, o potassium iron sili­
cate. Compositio n varies greo tly, 
but nome is given to green ish min · 
ero l !ho t fo rms generally in marine 
environ ment. It is a major const itv · 
ent of morine 11greensonds." Fo und 
in many loca lities, notably Bonne­
te rre, Mo.; O ta go, New Zealand; 
a nd Ukraine; a lso found in 
modern sedimen ts a long the con· 
linento l she lves . 

Phlogopito 

Paragonite Schist, with 
Kyo nite and Sta urolite 

Mo rgarite 

Preh nite 

l epido lite 

Preh ni te 

Gla uconite 
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MONTMORILLONITE, (Co,Nol0•35. G.7(AI,Mg,Feh (S1,AI)4 Ot0(0Hh ·­
nH20 (hydrous ca lcium-sodium oluminum·mognes ium·iro n s ili­
ca te), is a g e n e ral name fo r a gro up of cloy m in e ra ls with w idely 
varying composit io ns. They have a s tructure essentia l ly like that 
of the micas, but d iffer in important respects. Water can p e ne­
tra te their structure and cause the cloy to expand. On h eating or 
prolonged exposure to dry air, the water may leave the structure, 
al lowing it to col lapse. These cloys o re sensitive , the re fore, to 
changes in mois ture content and presen t sev e re eng in eer ing 
prob le ms when present in s oils. Mo ntmor ill o nltes f orm by wea th. 
er ing or hydrothermal a lte ration o f basic igneous rocks, no tably 
volcanic ash . They ore common const ituents ·o f soi l mater ials in 
many areas. Of the many uses for montmorillonite, o n e of the 
more ingenious is in carbon-less pape r. Because some organ ic 
chemicals cause montmorillo nite to turn b lue, the lowe r s heet is 
spraye d with a th in layer of montmoril lon ite ; the botto m of the 
u p p e r sheet is sprayed with the liquid , e nca ps ulate d in m icro­
scopic gelatin bu b ble s . Whe n writte n o r typed upo n, the bubb les 
b reak, re leasing the liquid and turn ing the monmorilloni te blue, 
p ro ducing a clean copy o n the lowe r s heet. 

Montmorillonites crysta ll ize in the 
monoclinic system, occurring as very 
smoll particle-s pocked in massive 
layers or mixed with other minera ls 
in soil. They o ro soft ond plas tic 
when wet, brittle when dry. Color is 
white, ye llowish, greenish, or gray. 
Cleavage is perfect in one direction. 
Hardness is 1·2, specific gravity 2·3. 
They ore sometimes coiled smectites. 

Vorioties include beidellite (AI-rich), 
nontronite (Fe-rich), soponite (Mg. 
rich), hectorite (li.beoring), a nd 
souconite (Zn·beo ting). Lorge de· 
posi ts occur in Wyoming (as bento · 
n i t ~ foyers) Clnd in Fronce, e. Gor· 
many, Bri tish Isles, and many othe.r 
areas. The absorbing properti es of 
these mi ne rals make- them useful in 
industry. 

CHLORITE, (Mg,Fe,AI)6{SI,Ai)40 10(0H)8 (hydrous mag nesium- iro n· 
a lum inum s ilica te), is s imi lar to the micas in that it consists o f 
three-laye r talc. like un its. But instead of K'1 io ns betw een layers, 
it has a brucite- like Ioyer with some A l-3 o r Fe•3. Chlori tes o f vary· 
ing composition are ma jor constituents of low-grade metamor· 
p h ic rocks called greenschists. They a lso occur as w eatherin g or 
hydrothermal al tera tion prod ucts of basic s ilica tes such a s pyrox· 
e nes, amphiboles, and biotite s. 

Chlorite crysta llizes in monoclinic 
system as lobular mosses and dis· 
semina ted scales. It is most com· 
monly green, but may be brown, 
ye ll ow, white, pink, o r red; or may 
wea ther, with oxida tion of iron, to 
rusty color. It has perfect cleavage 
in one direct ion a nd pearly luster 
on clcovoge surfaces. Tronsporent In 
thin sheets, it is nat os clastic os 
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micas a nd is cosily attacked by 
strong acids. Hardness is 2·3, spe· 
cific gravity 2.6·3.3. It is found in 
many areas of regional metomor· 
phism as a late-stage alte ration of 
many igneo us rocks, and is a lso 
found in numerous sedimenh. 
Thoro oro many vorioties of tho 
mineral, notab ly pennin ite, chli no• 
chlore, a nd prochlorite. 

Montmorillonite 

Chlori te 

Pocking Model 

Montmorl ll on iro 

Chlorite with 
Augite 

Monlmori llonilo 
in Bontonito 

Chlorite with Magnetite 

a Si, AI 

Mg,AI 

0 

OH 

CHLORITE STRUCTURE Schematic 
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SEPIOLITE, Mg 9$i110 10(0H)4 ·1 OH,,O (h ydrous magnesium s ilica te) , 
is no t s tri c tly o sheet silica te , but is simi la r in s tructure to tole. It 
hos lo th-like s truc tural units, with channe ls ex te t1ding through the 
crystal in one direction. In th e mine ral a s it occurs in rocks, the 
channels ore fi lle d w ith wa te r molecules. The wate r co n be drive n 
out by heat ing, making the crystal very reactive and highly ab­
sorbent. Meerschaum, used for pipe·making, is a lightweig ht 
aggregate of sepiolite w ith o the r mineral s. 

Sepiolit~ is a white powdery ma· 
teria l beHaved to crysta llize in 
monoclinic system (e lectron micro· 
scope shows fibrou s crysta ls). It oc· 
curs in granites and syenites and In 
magnes ium-rich rocks; a lso os sedi· 
men tory mineral associa ted with 

brin~s, particularly mognosium·ricl1 
playa deposits. Hardne" 2-2.5, spe· 
cific grav ity about 2. Used as fu ller's 
ea rth. Found in New Mexico, Pe nn. 
sy lvania, Utah, Nevada, Turkey, 
Greece, Morocco, U.S.S.R., Shetland 
Island, Arabia, Spain. 

ATTAPULGITE, Mg 5Si10 20(0Hh·BH20 (hydro us magnesium s ilicate), 
is s tructurally s imi lar to sep io lite, but wi th narrower la ths. Chern· 
ico l and e nvironmenta l re latio nships between the two o re not 
completely unde rstood. Both appear to be fo rm ed by al te ration 
of montmorillonite in magnesium-rich waters, attapulgite being 
the less thoroughly alte red stage. It generally contains more olu· 
minum in solid solution, wh ich may be the determining fac to r in 
its st ructure. 

Attopulgite crysta lli zes in monocl inic 
system as white clay like mate rial 
(fibrous under e lectron microscope). 
Other data ore sparse. large de· 
pos it s a t Allopulgus, Go., ore mined 

for use in ceramic industry. It is 
widespreod os sedimentary min· 
ero l ossocioted with sepiol ite. Not 
enough is known to identify and 
separate the two in all cases. 

MOLECULAR SIEVES ore inte re st ing ma te ria ls whose proper ties 
depend on the existence o f Iorge channels through the s tructure , 
as in sepio lite (see faci ng page). It has lo'ng been known tha t 
sma ll atoms, such a s hydrogen and hel ium, have the abi lity to 
permeate and pass through solid mate ria ls. On ly rece nt ly, how­
ever, has it been shown that crysta ls such os sepiolite, ottapul­
g ite, and some o f the zeoli tes (pp. 226-227) can act as fl lte rs, 
a llowing small molecules to pass throug h the channe ls of the 
structure rathe r rapidly w hile blocking larger molecu les. These 
ma te ria ls hove found uses in purification o f liquids. 

FULLER'S EARTHS hove been used for centur ies to remove oils and 
dirt from wool; the fu lle r mixed sma ll quantities of certain clays 
w ith water for washing purposes. Now it is realized that the 
cleaning occurs because some cloys, such as montmo rilloni tes 
(p p . 200-201), being ex tre me ly fl ne g raine d , can absorb some 
molecu le s onto the crysta l surface. A s imi lar absorption is ro· 
sponsib le for the abi li ty o f some montmorillo nites to remove o b· 
jectionable molecules from wines and beer. 
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• Mognosium Oxygen 1-tyc.lroxyi 0 8ovnd Water'' 

THE SEPIOLITE STRUCTURE 

r ~ 

L 
DIAGRAMMATIC REPRESENTATION OF SEVERAL UNIT 

CELLS OF SEPIOLITE SHOWING CHANNELS THROUGH STRUCTURE 

Sopiolito 
(Meerschaum} 

Meerschaum 
Pipe 

Attapuigite 
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FRAMEWORK SILICATES 

SILICA GROUP, 5101 . 

FELDSPAR GROUP 

Quarlz, tridym it(:, cri sloba li te , and 
a wide varie ty of types of quartz. 

Potassiu m fe ldspars, K(AISi 3 )0s 
Microcline 
Sonidine 
Orthoclase 
Ad ul aria 

Plagioclase fe ldspar> 
Albit e, No(AISi 3)08 , in so lid so lution with 
Anorthi te, Co(AI2 Si1 )0a. 

Mixed fe ldspars 
Perthlte, K(AISi 0)0o a nd No(AIS io)Os 
Anorthoc lase, (No, K)AISi00a. 

Miscellaneous feldspa rs 
Ce lsian, Bo(AI2 Si2)08 

Strontium feldspar, Sr(AI2 Si2 ) Os (synthe tic) 
lead feldspar, Pb(AI 2Si2)08 (synthetic) 

FElDSPATHOI OS* 
N e phe line, No 0 K(AI4 Si.)0 16 

Ko lsi lite, K(AISi)04 

Eucryptite, l i(AISi)0 4 

Peto li te, Li(AISi 4)0 1" 

Concrinite, (Na,Ca)7 . 8 (AI 6 Si 6 )024(C03 ,S04 ,Clio . s -2 • l ·SH;O 
Yi shn cvite , (No,Co,K)6 .7(AI6 Si6 )02.(S04 ,C03,CI) , . , _j • 1-5H,O 

Sodol itc, No 8(AI6 Si6)024CI, 
Nos e li te, No8 (AI6 Si6 )02 4S04 (a lso ca ll e d noseon) 
Houynite, (Na,Co)4 •8 (AI 6 Si 6 )024(S0 4 ,S)o .2 (also calle d houyn e) 

Leucite, K (AI$12)06 
Analcite, No (AIS i2 )0 6 • H20 

• A number of diffe rent s ili ca-poor framework si licates are here 
9roupe d under the genera l nome fe ldspolhoid. This is not done in 

most clo.sifica tions . 

SCAPOLITE GROUP 
Maria li te , No• (AI3Si9)0;.c1 
Meionite, Co 4 (AI6Si 6 )024C03 
General Formu la, (No, Co, K)4 (A I, Sih 2 0 24(CI, F, OH, COs, S04) 

ZEOLITE GROUP 
Genera l form ula, (No 2 , K2 , Co, Bo ) (AI, Si).02, • x H,O 
At least 22 diffe re nt zeolite m inerols have b een described 
ond hove va lid mineral nomcs. 

Si. 

Amethyst 

o J 

Right -handed left-handed 

QUARTZ STRUCTURE 
Two Forms of Quartz 

( Id e alized) 

COMMON VARIETIES OF CRYSTALLINE QUARTZ 

Quartz in Cavity 
Rock Crystal 

Rosa Quartz 

MILKY QUARTZ 

SMOKY QUARTZ 

Massive 



CRYPTOCRYSTALLINE QUARTZ is simply quartz whose crys tals ore 
so mlnuto tha t they con be seen only through a microscope. It is 
formed from silica that has been removed from silicate m inerals 
by chemical weathering. Th is silica is carried by water as ultra­
fine particles in colloidal suspension. It eventually settles out as 
a noncrystal line silica gel (amorphous silica, p. 21 0), containing 
appreciable quantities of water. The amorphous silica loses wo· 
tor gradually and forms very small crystals, even at low temper· 
atures. During settling, chemical conditions ore changing slowly. 
As they change, the color, rote of deposition, and texture of tho 
precipitate commonly change also. The result is bandirog, as OX· 

hibited by the agates. Often there ore several types of crypto· 
crystall ine material in a single specimen. 

Cryptocrystalline quartz occurs in many va r ie ti es. These hove 
been g iven names based on their color, opaci ty, bonding, and 
other observable physical fea tures. They ore fou nd most com· 
man ly in sedimentary rocks- as fil lings between sand groins, as 
cavi ty fllli ngs in larger ho les, and as b onds ond nodules associ· 
oted wi th limestone and sha le. 

Vivid ly colored and bonded varie ties of cryptocrystal lin e 
quar tz o re popular os gemstones. All varieties may be g enera lly 
classified a s e ithe r chalcedo ny or chert, d epend ing on luster and 
transparency. 

CHAL CE DO NY hos a waxy lu&tor, 
ex t romoly small Co ystols, and a spe­
cific gravi ty o nly sligh tly less them 
Iorge quartz crys tals. Nearly Irons­
pa ren t to translucent, it will frocture 
in o conchoidal manner, with sha rp 
edges. It may be mossive, botryo i· 
dol, fibrous, or encrusted, and it 
may bo ouociated with well-formed 
crystals of quartz, espedally in 
geodes. Tho most common chalced· 
any is gray, but it may be white, 
brown, block, or blue. Some vari. 
eties are difficult to distinguish from 
opal. The only difference bet ween 
chalcedony and chert is luster. Chert 
is dull (due to impurities); cho lce!d· 
any is nearly pure Si01. Among the 
variotiu oro: 

CHERT is d u llo1r and more noa d y 
opaque than cha lcedony. Its lus ter 
may be du ll to a lmost g lassy, and 
its fracture is irregulor to conchaid· 
o l. Ord inory. ton che rt is the mos t 
abu nda nt cryptocrystall ine qua rtz. 
Chert may be white, ton, brown, 
b lock, or gray. The nome jasper is 
generally used for the more bright ly 
colored varieties of chert. Jasper is 
usually red or brawn, but may ol50 
be green, blue, or yellow, or it may 
be banded. Flint is o block vorioty 
of chert. Avent urine is chert with 
sparkling scales of included mica. 
Because of the conchoidal fracture, 
chart is easily chipped so that sharp 
edges are formed, hence its use for 
cutting stones and arrowheads. 

GI:M VARIETIES OF CH ALCEDONY 

Aga te-banded or with branch. 
lng Inclusions (mass aga te). Petrified 
wood is commonly wood replaced 
by ago to. 

Onyx o 11 ogoto with Jlro lg h t, 
ev~n bconrlino . While and b lock 
bonds oro common. 
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Sardonyx-with bonds o f red 
(carne li an), w hite, brown, or b lack. 

Tigo reyo - fibrous aggrega tes, 
commonly w ith wovy flbers, in c• 
bu nd le. Bo nd ing across fibers. 

Carne lian- clear, red -to-brown. 
Chrysoprose-green cha lcedony. 

Tigereye 

Mass Agate 

Fl int 

~~·\:~~ 
' I 1 

/ 
l . \ • . .~ ,; 

Jasper 

VAR IETIES OF CHALCEDONY 

Bluo Tigorcyo 

Agate 

VARIETIES OF CHERT 

Chert 

Jaspor 

~ . ' 
Chalced o ny 

Agate 

Avenfurine 

Pet rif1 od Wood 
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AMORPHOUS SILICA is noncrystalline Si02, occurring as opa l, o 
colloidal precipi ta te w ith abundant residua l water; and as g loss, 
form e d by cooling o f molte n s ilica so rapid ly tha t crys ta ll izat io n 
cou ld not occur. 

OPAL, o gel precipitated from an 
aqueous suspension, conta ins ap­
preciab le water. It is less dense than 
quartz. With li mo (mlllio ra of years) 
opol loses wotor ond cryJt olli~os . 
Opel's luster is commonly glossy or 
pearly, but may be resinous or dul l. 
Pure opel is white, but impurities 
give it any color. Among the mony 
varieties of opal o re: 

Common opal- white or In po le 
color<. 

Precious opal- like common opcol, 
bu t w ith o ploy of rainbow colors 
caused by bonding and in ternal 
crocks. 

Fire opal-red or ye llow, w ith o 
striking ploy of colors. 

SILICA GLASS, formed oy melting 
of sil ica, is scarce because of silica's 
high melting point (about 171 o· C). 
Al•o collod lochotolierito, it has boon 
found os Inclus ions in volconk rocks 
and as tubes (fulguritcs) formed 
when lightning stri kes qua rtz sand­
stone. At Meteor Crater, Arizona, 
heat generated by the meteorite's 
impact fo rmed silica gloss. 

Wood opal- pet rified wood w ith 
opol os the pe trifyi ng n1oterin l 

Tripolite - ! illcoous remcdns of 
diatoms. A fine whlto powder used 
as po lishing mate rial. 

Moss opal- w ith branching inclu­
s ions. 

Hyallto- thin crusts on rock. 

GEM VARIETIES OF SILICA Include crysta ll ine quartz. (p. 207), 
cryptocrys tal lin e quar tz (p. 21 0), and o pa ls. Th t: hardnt:ss, chem· 
icol r esis tance, transpa re ncy, and general attrac t iveness o f quartz 
make it w e ll sui te d for use as a gem. Its low ind ex of refraction 
and relative abundance, however, detract from its monetary 
value. Gem varieties of quartz hove been g iven many names, 
some m is leading. Smoky topaz, for example, is not o topaz (p. 
168) and is more correc tly ca ll ed sm oky quartz. The varieties f1 t 
generally in to three ca tegories: (1 ) quartz crystals, ei ther dear 
o r co lored by oton1ic im puri ties or s tructura l disorder! ; (2) quartz 
crys tal s with inclusions of o the r mine rals; and (3) quar tz pse udo­
morphs formed by quartz rep lacing and assuming the s hape of 
other mi nerals. 

QUARTZ CRYSTALS most commonly 
used as gems include: 

Rock crystal- colorless, tronspor. 
ont crysta ls; any sixo or sha pe. 

Amet hy s t- purp le or violet 
shades. loses color when heated. 

Rose quartx-pink end general ly 
masslve. 

Smoky quortz- yellow to dark 
brown or block; also co il ed cairn · 
germ if yellow or brown, n)orion If 
block. 

Milky quartz-whito, cloudy, 
tran~ l vcen t. 

Citrine- yell ow quar tz; a lso ca ll ed 
11fopoz.'' 
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SAGEN I TIC QUARTZ crys tals con. 
lain inclus ions, gonere~l l y needle­
like, such as hydrous iron oxid.,;, 
tourmaline, rutile, chlorite, asbestos, 
ond s tibn ll e . Gems to nes wil h inclu~ 

sions ore rutila ted quartz, wi th thin 
needles of ruti le; cot's eye, with as­
bestos fibers; and aventuri ne, with 
mica or hematite. 

QUA RTZ PSEUDOMORPHS of many 
di fforont minoro ls occur. The bes t 
known gem varioty is tigereyc, in 
wh ich quQrtz hca reploced a>beslos, 
but retains the fibrous .t ruclure, as 
shown on the opposite poge. 

Wood Opal 

Tripoli tc 

I(; 
Smoky Quartz 

Agote 

Mottled Jasper 

Moss Opal 

Hyal it e 
(Encrusted Opal) 

SILICA GEMSTONES 

Octagon Cut 

Amethyst Citrine 

Cabochon Cut 

Cristobolite 
in Obsidian 

Rose Quortx 

Aga te 

Tigereye 

Procious Opal 

Rutilatecl Quartz 

Rutiloted 

Aventurine 

Chalcedony 
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CRISTOBALITE, Si0 2 (s ilicon dioxide), the fo rm of sil ica that is 
stable a t hig h tempera tures. It crys ta ll izes in the cubic system and 
has o rathe r open s truc ture quite d iffe ren t f rom iho t of quartz. 
At o rd inary te mpe ratures, however, the s tructure closes o bit, 
causing the crysta l to become tetragonal. Pure quartz will convert 
to cris tobo lite a t about 1025° C when heated without water­
vapor pressure. The conversion is irreversib le so tha t cristobo lite 
remains on cool ing. 

If oth er mate rials, nota bly No 20 and AI20 3, ore presen t during 
crys tal lization, howe ver, cri s tobolite may not be formed. Appar­
e ntly the o th er oxides go into solid solution with Si02 and may 
cause quartz or tridym ite to form over wide ranges of temper­
a ture, complicating the stability rela t io nships. 

Cris to bo lite was fi rs t discovered wi th tridym ite in an andesite 
lava at Cerro Son Cristoba l, Pachuco, Mexico. 

TRIDYMITE, Si0 2 (s il icon dioxide}, has a structure similar to tho t of 
cris to ba llte, diffe re nt o nly ·in the arrangement of successive layers 
of s il ica te trahedra. All natural tridymi tes contain oxides o ther 
tha n Si02; it has been sugg este d, therefore, that the st ructure is 
stabil ized by those oxides and that it cannot exist as pu re Si02• 

Tridymite is orthorhombic a t ordinary tempera tures, but the s truc­
ture opens up at higher tempe ratures so tha t it is near the ideal 
hexagonal ne twork shown. It has been found in si lica-rich vol­
canic rocks in many pla ces w ith o ther high-temperature mine ra ls. 

THE IMPORTANCE OF SILICA IN ROCKS can not be overstated. Not 
only is quartz very abundant, making up about o ne fi f th of the 
crust of the earth, in igneous, meta morphic, and sedimentary 
rocks, but si lica, Si02, is o major compone nt of a ll the common 
rock-forming mine ra ls (the s ilicates) except co lcile (as CoC03 in 
limes tones). The fe ldspars, micas, amp hiboles, pyroxenes, o liv­
ines, and clay minera ls a ll contain be tw een 40% and 70% Si02 
in combination with the o the r common oxid es. What m inerals 
crystall ize is determined by the amount of avai lable Si0 2 re la tive 
to the amounts of the other ox ides. The kinds of si licate mi nerals, 
in tu rn , determine w hat the w eathering ra tes and products wil l 
be and, therefore, the kinds of soil a nd o the r sedimentary ma­
te ria l w ill be forme d . The s il ica conten ts of Iova s de te rmine 
w hethe r volcan ic a ctiv ity wi ll be vio le nt o r re lative ly quie t. Bas ic 
Iovas, like basalt, are low in si lica a nd crys ta ll ize to o livines, 
pyroxe nes, e tc. In the melt, the Si04 tetrahedra do not sho re many 
corners and are free to move. The lava has a low viscosi ty and 
thus gas pressures cannot build up. In a cid lavas, like rhyolites, 
which crystallize to quar tz, feldspars, e tc., the te trahe dra ore 
li nked , the lava is viscous, and gas pressures bu ild to explosive 
levels. Tho total s ilica conte nts of igneous ond me tamorphic rocks 
over a large area provide g eolog ists wi th information fo r d e­
termining the his tory of formation of the rocks and unde rstand­
ing the proce ss of p la neta ry evolu tion. 
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THE FELDSPAR GROUP 

If only the silicon ion were stable in the oxygen te trahedron, the 
silica minerals would be the only framework sil icates. The alu­
minum ion, which is olso abundant, is stable in te trahedral sites, 
however. If one fourth to one half the tetrahedral si tes ore filled 
by Al·3 ions rather than Si ' 4 ions, electrical neutrality is preserved 
by other positive ions in the rather Iorge openings amo ng the 
te trahedra . Bocnuse K' 1, No ' 1, and ca ·l ore obu,1dont and co n fit 
In to the in te rsti t ia l positions, the feldspors- KAISl,O,, NoAISI10 i, 
CoAI1Si20 8 and solid so lutions of these-ore the most abundant 
m ine ral group, making up about one half the crust of the earth. 

MICROCLINE, KAISi30 1, is the most common potassium fe ldspar, 
abundant in granites and other silica-rich igneous rocks, in 
many metamorphic rocks, and in sediments. Microcllne differs 
from tho o ther potouium feldspars in that the distribution of 
silica and aluminum ions in te trahedral sites is regular (ordered) 
rather than random, as in sanldine, or partially ordered, as in 
orthoclase and adularia. Most microcline crystals do not hove 
good faces because they hove crystallized in the presence of 
quartz and other minera ls. A sing le crystal is norma lly on inte r­
growth of m icrocline w ith sma ller amounts of a lbite, NaAISi30 8. 

The in tergrowth, with o distinctive streaked appearance, is ca lle d 
perthite. Microcllne Is fo rmed at high te mperatures during crys ta l­
lization of o magma or by metamorphism deep within the ear th 
and the ordering occurs during the very slow cooling process. 

Microcline Is triclinlc, with cleavage In three directions 
near 90". The fracture is uneven; crystal faces are 
rare but very large blocky crystals, intergrown with 
quartz, micas, and other slllco-rlch minerals, ore · 
common. It is britt le. white, gray, pink, buff, or green, 
is vitreous to dull in luster, and may be opaque to 
translucent. The hardness is 6 and tho specifk gravity 
Is 2.54 to 2.57, depending on No content. II is found 
in all si lica-rich igneous and metamorphic rocks, as 
in granito batholiths in cores of mountain ra nges. 

SANIDINE, KAIS130 8, is the d isordered po tassium feldspar. If the 
o rdered feldspar, microcll ne, is heated to about 900° C, Al 'l and 
Si•• ions diffuse random ly among the te trahedral posit ions, form­
ing sonidino. When a rock crystallizes at high temperatures and 
is rapidly cooled, the disordered form, sonidine, is the observed 
feldspar. This is commonly the case in Iovas, which crystallize 
rapidly at the surface. Sonldine is monoclinic and Is considered 
to be the high-temperature form. It is notably more glossy In op­
peoran~ than m icrocline but crysta l habit and all other physical 
p roperties ore very similar to the o the r potassium fe ldspars. 
Complete cho rocterlto tion Is possible only with the old o f X-ray 
and optical exam ination. Son idlne is found in si lica-rich Iovas. 
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ORTHOCLASE A ND AD ULARI A, KAISi,01, are two forms of potas· 
sium feldspar in which there appears to be portio( ordering 
among the tetrahedral ions but not complete ordering as in micro· 
dine. Orthoclase and adularia are the results of rather special 
crystallization conditions, particularly when water Is present at 
low temperatures (25°-400° C). The name o rthoclase is generally 
reserved fo r monoclinic crysta ls wi th well-formed faces, common­
ly tw inned, in which some por tions o f the crys ta ls (domains) are 
ordered and some ore no t. The doma ins are no t visib le to the 
una ided e ye b u t mus t be s tud ied by X-ray methods. The no m e 
adu laria is used for monoclin ic crystals having c dis tinctive 
rhombic cross-section, with ordered domains la rge enough to be 
seen with microscope. 

Orthoclase is o fairly common minera l found In shol· 
low Intrusive igneous rocks, part icularly in pegma­
tites, os o low temperature precipitate in sedimentary 
rocks, and os a late stage precipitate in hydrothermal 
volM. Adularia is rcstric1ed generally to vein deposits 
whore it occurs with vein quartz and the sulfides. The 
physical properties of both ore practica lly Identical 
with those of mlcrocline. In the absence of the distinc­
tive crysta l forms common for orthoclase and adu laria, 
It is be$1 to refer to the minera l simply os o potassium 
feldspar, or K·spor, unt il optica l o r X-roy exomlnotion 
has beoo1 mode. 

PERTHITE, KAISi30 1 and No AISi30 8, is on in tergrowth of two min­
erals, microcline and anor thite. At the temperatures at which 
most felds pars are crystallized, the two minerals are completely 
soluble, but on cooling the solubility limits o re decreased and the 
two minera ls unmix (exsolve) by diffusion through the solid. The 
Na•t ions will oggregoto in bonds oriented along certain crystal­
lographic directions with K0 ions migrating from those bonds. 
The resu lt is o slnglo crystal wi th a lternat ing bands of microcllne 
and albite. If the microcline bonds occupy the majority of the 
crysta l volume, it Is co il ed a perthl te. If a lb ite occupies the grea ter 
port io n, it is call ed on antiperth ite . Most mic roc lines are perth ltic. 

ANORTHOCLASE, (K, No) AISi30 8, Is a solid solu tion o f potassium 
and sodium fe ldspar, formed by cool ing rapid ly so that oxsolu­
tion cou ld not toke place to form a perthite. The solid solution 
persists indefinite ly at norma l tomJ"erotures. It occurs only in 
Iovas and may be indistinguishable from sanidine wi thout chemi· 
cal analysis or X-ray study. It is found at Obsidian Cliff in Yellow· 
stone No tional Park and other similar geologic settings. 

CELSIAN, Bo AI1Si10 e, is o fe ldspar with the Bo•2 ion in in ters titial 
positions. Because barium is rare, the mineral Is roro, though 
Bo'l, as well as Sr•l and Pb'2, ore commonly found In small 
amounts in the common fe ldspars. Potassium fe ldspars with Bo'2 

in measurable amounts has been co il ed hyo lo phane. 
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THE PLAGIOCLASE SERIES, (No,Co) (AI,Sil40 1, is o complete solid 
solu tion series. Because the No" and Co'2 ions oro nearly the 
sorno s ize, o p lag ioclase co n hove o composition of any va lue 
between albite, NoAISia08, and anorthite, Co Al2Sl20 8 • Because of 
the difference in Ionic charges, however, the Al/Si ratio varies 
with the Co/No ratio to ma intain electrical neutrality. Mutual 
substitution of Co"2 and Al ' l for No ' ' and Si' 4, because of the 
slightly differen t sizes and different charge distributions, causes 
slight variations in all properties, most no tably specific gravity 
and cleavage angles. The structure of the plagioclase fe ldspars Is 
esse ntia lly the some as for potassium feldspars. 

The series is commonly divided arbitrarily in to compositiona l 
ranges, as shown on page 219, with o different nome applied to 
each range. The physical properties of all ore similar to those of 
the potassium feldspars; one notable feature of plagioclase feld ­
spars, however, is the common occurrence of polysynthe tic twin­
nl •1g. At closely spaced Interva ls tho or ien tation of the growing 
crys ta l changed so that the whole crystal is like o series of layers, 
chemica lly bonded together across boundaries, called composi· 
lion planes. These planes ore visible as striations on the surface 
of the crystal and in many cases cause interference bonds to ap­
pear in reflected light, causing o blue glow, called chotoyoncy. 
Certain lobrodorito specimens ore particu lar ly prized because of 
the cho toyoncy. 

CRYSTALLIZATION of the plagioclase feldspars from o silicate 
melt is moderately complex and important to the origin of the 
igneous rock types. Pure anorthite, CoAI2Si20 8, melts at about 
1550• C and pure albite, NoAISi30 8, melts ot about 11 00• C. A 
melt containing both No a nd Co, however, crysta ll izes wi th pre­
cipitation of tho p lagioclase feldspars in o manner typica l of com­
plete solid solution series. The initial crystals formed will be much 
richer in Co than the liquid Itself. As the temperature Is lowered, 
the crys tal reacts with the remaining liquid- Na"1 ions diffuse into 
the crystal-so that the composition of the crystal becomes more 
No-rich. If no separation occurs during crystall ization, the fina l 
crys ta ls wi ll hove the some composi tion as the origina l me lt. If 
separa tion occurs, however, e.g. by sett ling of Co-rich fe ld spars 
before they hove time to react with tho liquid, o series of different 
feldspars, from Co-rich through No-rich, will be formed. If cooling 
is very rapid, as in o lava, Insufficient time for reaction will cause 
formation of zoned fe ldspar crystals, with Co-rich material in the 
center and bands of Increasingly No-rich material outward from 
the cente r. Separat ions of plagioclase feldspars of different com­
positions at different times during the cooling of magma is one 
mechanism that makes possible tho formation of many Igneous 
rock types from o common, homogeneous magma. As shown by 
Bowen's reaction series (pp. 82-83) sim ilar re actions occur in the 
ferromogneslon minerals, with olivine forming, then cha nging to 
pyroxene, then to amph ibole, then to biotite, as cooling occurs. 
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THE PLAGIOCLASE SERIES 
Albite 100-90% NoAISi,O, 
Oligoclase 90-10 to 70-30 
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Bytownite 30.70 to 10-90 
Anorthite 90-100% CoAI2Si20a 
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PLAGIOCLASE FeLDSPARS are found in oil igneous rocks except 
tho most si lica-deficient, the ultra basic rocks. They oro common as 
metamorphic minerals, formed by solid react ions In shales o t 
high temperatures and pressures. They weather more rapidly 
than the potassium feldspars and so are less common in sedi­
mentary rocks but are found in groywockes-sand stones formed 
from poorly weathered igneous a nd meta morp hic source rocks. 

The p lagioclase fe ldspars ore diffi cu lt to distinguish from the 
potassium fe ldspars wi thout d e tai led optica l or X-ray In ves tiga­
tion. Th e most distinctive fea ture is tho s triated c leavage surface 
resu lt ing from twinning . These s tria tions moy b e absent, how ­
ever. The only due os to plagioclase composition that moy be 
obta ined w ithout analysis is the association wi th other minerals. 

The properties listed below are for the two end members, al­
bite and anorthite. The intermediate composit ions hove in ter­
mediate properties. 

ALBITE, No AISi,01, is tridlnic, wi th two directions of doavago at 
about 86° and one poor cleavage in third direction. Tho fracture 
is uneven. Sma ll crysta ls similar to microcline; tabular crystals, 
commonly elongate, ore found. It is normally intergrown with 
quartz a nd micas and crystals ore the refore irregular in shape . 
Po lysyn the tic tw inning Is common. Pure KAISi30 8 is colorless but 
minera ls may b e groy; lus ter Is v it reous, wi th opa lescence ob­
served (moonstone}. It is transparent to trans luce nt. The speclflc 
gravity is 2.63, Increasi ng w ith greater Co content . Albito fuses 
to a colorless g loss; colors flam e yellow (Nol. Albite weathers to 
kaolinite cloy under basic conditions. It occurs worldwide in ig­
neous ond metamorphic rocks of high silica content. It is a con­
stituent of perthite, with microcline. More Co-rich plogioclases­
oligoclose and andesine- may be more highly colored than albite 
because of impuriti es. Pure NoAISi30 1 is almost nonexistent; sev­
eral percent Co is nearly a lways present. 

ANORTHITE, CoAI1Si10a, Is tricllnic, wi th two direction s o f cleov­
oge ot about 86° and poor deovage in the third d irection. The 
fra ctu re is uneven. Crysta ls o re commo nly p risma tic or tabula r; 
crysta ls are norma lly interg rown w ith amphiboles and pyrox­
enes, so crys ta l fa ces ore rare. Polysynthe tic twinning is common. 
The hardness Is 6; the specific gravity of pure CoA11Si10 1 is 2.76, 
decreases with increasing No content. The pure compound is 
colorless but minerals may be white, gray, or bluish. The luster 
is vitreous, occasionally pearly; crystals ore transparent to trans­
lucent. Anorthite fuses with greater difficulty than albite. It is 
rapidly decomposed by hydrochloric ac id with formation of silica 
gel. Anorthi te weathers rapidly to bauxite and cloys. It occurs in 
basic igneous rocks- gabbros and basaltic lavas-in metamorphic 
rocks, and much loss common ly in sed iments. Crystals hove been 
found a t Mt. Vesuvius, in Japan, Ice land, Rumania, In the Ural 
Mountains, ond a t Franklin, New J ersey. 
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FELDSPATHOID GROUP is often considered to include only nephe· 
line and leucl te, but is hero used as a genera l nome for tho 
framework si licates containing lo55 silica than tho feldspars. The 
feldspo thoids o re formed In e nvironmen ts of low silica content 
a nd ore thus not found whe re quartz is obundont. They a re ossa­
do led wi th si lica-poor rocks, particular ly those rich in soda ond 
potash, such as syenites and trachytes. 

NEPHELINE, Na3KAI,Si,016 (sod ium potassium aluminum silicate ), 
hos a structure essentially like thot of tridymite (p. 212), but with 
AI l in holf the tetrahedral positions and the alkali ions No ' 1 ond 
K'1 in the open space of the framework. The formu la approxi­
mates the composit ion of the most common specimens, b ut some 
have less K•1 or none ot a ll , and others have considerably less 
than holf the SiH replaced by Al•3• If Na•• is absent, the minera l 
has a formu la simplified to KAISIO, ond is called kal slllte. Nephe· 
line is a widespread mineral; it is found In silica-poor rocks, 
associated with the alkali feldspars, ond In lavas, particularly 
basal ts. It is commonly associated with other feldspothoid min­
erals. The greasy luster Is diagnostic. Nepheline syenite is an 
important rock material for use in the manufacture of ceramic 
whitewore bodies and glazes. 

Nephe li ne crysto llires in hexagonal sys tem os pria­
mo tl c crysto ls, dissem inat~d grains, and ma11e1. It Is 
brittle; co lo rle ss, white, or gray; greasy or glassy in 
luster. It has poor cleavage and subcanchoidal frac­
ture; normally contains some calcium; Is gelatinized 
by acids; is altered by water to ot her feldspathoids 
or to zeolites. Hardness is 5.5-6, specific gravity 2.56-
2.67. Occurs notably in Maine, Arka nsas, Ontario, 
Green la nd, U.S.S.R., Rumania, Norway, Italy (in Iovas 
o f Mt. Vosuvlus), and Japan. 

EUCRYPTITE, LiAISi04 (lithium olu­
mihum silicate), is interesting be­
cause, like nepheline, it has a silica 
structure with Al -l In half the tetra ­
hedral positions and with o •t ion 
In interstitia l positions. Because Li" 
is sma llor than Na' 1 or K' 1, how­
eve r, oucryp tile assumes the quartz 
structur~ (p. 208) ra ther than tho 
tridymite structure (p. 214). An un· 
common mineral, it is apparently 
formed by a lt eration of spodumene, 
liAISi206, as a t Branchville, Conn. 
It Is commonly formed in lithium­
bearing ceramic products with low 
thermal expansion. Colorless or 
white, it crystallizes in hexagonal 
syatem, w ith specific gravity of 2.67. 
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CANCR INITE, (Na,Co),. 1AI6Si60 21-

(C03,S04,CI)t.H ' 1·5H20 {hydrous 
sodium-calcium aluminum silicate), 
Is an igneous mineral formed dur­
Ing later stages of crystalli1otion, 
probably by hydrotherma l a ltera­
tion of nopha lino. Proportions o f 
cc~rbona te, su lfa te, chloride, a nd 
water vary . It crysta ll izes in hexag­
onal system, normally in massive 
form. It is colorleu, white, yellow, 
reddish, blue, or gray; glossy or 
greasy in luster. Cleavage Is pris­
matic; hardness 5 6, spocific gravity 
2 .51-2.42. Effe rvesces in hydrochlo ­
ric acid. Found with nepheline and 
aodol ite in Moine, Ontario, U.S.S.R., 
and Norway. 
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SODALITE, Naa(AI6S i60 14)CI1 (sodiu m aluminum s ilica te wi th chlo ­
ri ne), ls re la ti v e ly ro re, fo rming only in silicCI·p oor igneous rock s 
wi th high sod a con ten t in the presence of chlo rine-bearing wa· 
ters, o r in som e con tact m e tamorphic limeston es. O the r s ilica-poor 
min e ra ls, notably leuci te and n eph e lin e, ore assoc ia ted w ith it. 
As wi th othe r f ramework s ili cates, the compositio n va r ies wid ely, 
a nd a ch emical analysis is n ecessary to identify the m inera l cor· 
rect ly. Pure sodal ite is co lor less, bu t im puri ties may color it w hite , 
bl ue, g reen, p ink, o r ye llo w . 

Sodo lite crystallizes in cub ic system as dodecahedra l 
crysta ls, masses, and concentric cavity fi llings. It has 
no well-developed cleovoge. Hardness is 5.5·6, and 
speci fic gravity is less than that of the feldspa rs-
2.27-2.33, depending on composit ion. Many specimens 
show fluorescence in vl trav iolet light. Found os crys· 
tcols in lavas of Mt. Vesuvius 01 nd in sma ll omounts 
in nep heline sy~n i tes in me~n y crrcas. 

NOSELITE, Naa(AI6Si60 24)S04 (sodi· 
um aluminum si licate wi th sulfate), 
has properties very similar to those 
of sodalite. l ess common, it occurs 
in si lica-poor lavas and vo lcanic de · 
bris along tho lower Rh ine, In the 
Cope Verde Isla nd s, ond lrl Corn · 
woll, Eng la nd. O nly in ~orthcrn 
China has it been fou nd in intrusive 
igneous rocks. 

HAUYNITE, (Na,Co), . a(AI6Si60l4) · 
(SO.,S}l-2 (sodium·calcium a luminum 
sil ica te w ith sulfate-sulfur), is best 
known as dee p-blue, semiprecious 
gems tone, lozurite (lapis loxul i). 
Synthe tic crysta ls oro go noro ll y 
called ultramarine. Occurs in sil ica · 
poor, sodo-rl ch Igneous rocks a nd 
metamorphosed limestones. Proper· 
ties similar to sodolite's. 

LEUCJTE, KAISi10 6 (potass ium aluminu m s ilicate), has a low s ilica 
con tent and is found only in pota ss ium-rich ig n eous rocks, e ither 
Iovas or sh a llow int r us ives. Re la tive ly rare, 1t occurs no tably in. 
Magn e t Cove , A r k .; l eucl te Hi ll s, W yo.; Yello w sto n e N o t. Pork ; 
Va ncouve r Is la nd, B.C.; Italy; and Cen tra l Europe . 

l eucite crystallizes in tetragonal sys tem as nearly 
tropezo,., edra l crysta ls a nd disseminated gro ins. It is 
white or gray, opaque to tra nslucent, vit reous in Ius· 
le r. Commonly contains magnetite or gloss inclus ions. 
Clea vage h poor; hardness 5-5.6; specifi c grav ity 
2.47·2.50. 

ANALCITE, NoAISiP6· H10 (sodium 
a luminum hyd rous silica te), is simi­
lor to leucite, but contains water 
o nd occurs more commonly w ith ze­
olite mh1ero ls. It forms in igneous 
rocks either by crystoll ital io n from 
o molt or by preci pita tion from wo. 
fer into vesicles (bubb les) in lovo. It 
abo occurs in sedimentary rocks, 
sandstones, phospha te beds, cool 
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deposits, cloy deposi ts formed from 
volca nic as,.,, and hot springs an~ 
geysers. It crysta ll izes in cubic sys. 
tam os tropexohedra, cubes, and 
moss ivo granular depos its. It io gen­
era lly co lorless or white, trans lucent 
to tro n sp o rcr"'t1 v ilrt!OVJ in lu.s tur. 
Has poor cleavage, subconcholda l 
fra cture. Ha rdness is 5-5.5, specific 
gravity 2.24·2.29. 

SOOA.LITE STRUCTURE 

Noselite in Phonolite 

Hauynito 

l aucitc Crys tals 
LGucito Cry1ta ls in Lava 

Sodolite Crystals 

Sodol ite 

l eucite Cavity 
Fill ings in Lava 

Analcite Crysta ls in lava 
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SCAPOLITE Is o group o f minerals whose composi tions form o 
series between meionito, No4AI)Si,02,CI, and moriolite, Co4AI6Si6• 

0 14(03 , neithe r of which has been found in nature. Scapolite is 
common in metamorphosed limestones, appearing as distinctive 
gray groins with glossy luster in white calcite ma rble, and is less 
common in o ther metamorphic rocks. It generally forms ot high 
temperatures and pressures. Also co iled wernori te, it is common 
in areas of reg io nal metam o rphism, as in Now York and Now 
Je rsey, througho ut Scandinavia, and in many loca lit ies in Ontario 
and Quebec. A y e l low varie ty that is fo und in Madagascar has 
been used os o g e ms to n e. 

Scapolite crystall izes in tetragona l system, genera lly 
as granular Inclusions or massive aggregates In mor· 
bles, rare ly as blocky, pyramida l crystals. Prismatic 
cleavage is visible, and luster is charoctoristica lly 
vitreous or pearly. Hardness is 5-6, specific gravity 
2.50-2.78 (depending on composition). The names 
mlzzanlte, dipyre, and passonlte have been applied 
to scapolltes. 

ZEOLITE GROUP includes 22 w el l-d e fin ed species, o f which throe 
com mon minera ls ore described he re. They ore hydra ted a lumi­
num s ilicates a nd co n be dehydra ted and rehydra ted without 
d es tro y ing the ir structure. If these mine ra ls ore surro und e d by 
water, the sodium In the m con be replaced by ca lcium, or the 
calcium in them by sodium, If ca lcium or sodium is present in 
sufficient concentration in the water. 

STI LBITE, (Co, No2,K2)AI2Si70 11·7H20 (hydrous calcium-sodium-po­
tassium aluminum silicate), occurs as cavi ty fill ings in basal t ic 
lovo and os crock fillings in many o ther rocks. It commonly occurs 
as distinctive radiating clusters and sheoflike aggregates. 

Stllblte crysta llizes in monoclinic systom a nd has per· 
feet cleava9e In one diredion. It is genera lly white, 
loss commonly ye llow, red, or brown. Ha rd noss Is 
3.5-4, spocl flc gra vlty 2.1·2.2. Found notab ly a t Pater· 
son, N.J ., and In ~ova Scotia, Icela nd, Scot land, a nd 
India. 

CHABAZITE, CoAI2Si•O u •6H20 (hy· 
drous calcium aluminum silicate), is 
found as filling s in crevices and ves­
icles In basaltic ond other Iovas. 
Properties are similar to those of 
other zeolites, but It crystallizes ln 
rhombohedra l system os whllo crys. 
tals, commonly penetration twins. 
Composition may vory over wide 
ronge, os with most zeo lites. 
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HEULA NDITE, (Co,Na 2)AI 2SI70ta•· 
6H20 (hydrous ca lcium-sodium a lu­
minum silicoto:>), is simllor to stilblte, 
but occurs os globular ond granular 
crystal! in lava cavities. It Is a lso 
found os o product o( devltrificotion 
and hydration of volcanic gloss. It 
occurs in extensive bedded deposits 
in New Zealand and In small quan­
tities In other areas. 

SILICA FRAMEWORK O F SCAPOltTES 
Na, Co, Cl, C0 3, S04 

occupy posillons in holes. 

Groen Scapolite 

Typical Zeolite Cavity 
Filling in Lova 

Cht~bcuito 

Chabazite Crystals 

Chabazite Crysta ls 

SCAPOLITE CRYSTAL 
(Idealized) 

Massive Scapolite 

Stilbito Crystals 

Heulondite 

Houlandite Crysta ls 
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CARBONATES 

Carbon dioxide in th e air dissolves in water with fo rma tion o f 
carbon ic acid, consisting of hydrogen ions, H' 1, and bicarbonate 
ions, (HC03J-1, in solution, If ~ondition~ of ternperotvre, pressure, 
a nd cohcentrotion ore right, metal ions wil l combine with the 
bicarbonate ions to form carbonates, inorganic .salts of carbonic 
ocid. Carbonate structures consis t o f triangular (C03) 1 ions hold 
together by metal ions. Of tho 70 or so carbonate minerals, calcite 
and dolomite ore the only very abundant species. 

CAl CITE GROUP hos o structure similar to that of halite (p. 120), 
with the (C03)"2 ions in the Cl· 1 positions, the Co •2 ions in the No '~ 
posi tions, and the cubic structure compressed along one axis. 
Each Co•2 ion is surrounded by s ix oxygen atom s o f the C03 

groups. Tho relationship between structu re and cleavage is shown 
on the facing pogo. Like NoCI, calcite has pe rfec t c leavage in 
three directions but not at right angles. There is extensive solid 
solu tion (p. 32) among the members o f the ca lcite group. 

CALCITE, CoCO, (colcivm carbonate), is one of the commonest 
minerals , being the main cons tituen t of limestone. It is formed 
fro m carbonic acid (d e rived fr o m solu tio n o f a tmosphe ric C02) 

ond Co ' 2 ions (dissolved from cont ine n tal rocks). These oro e x· 
trocte d from wate r by many organisms, notably certain a lgae 
and invertebrates, and mode into ca lcium carbonate skeletons. 
The skeletons, plus calcium carbonate directly precipitated from 
the wate r, form reefs and associated l imestone beds. Most ca lci te 
occurs a s smal l crystals cemente d inio massive limestones. Heat 
and pressure con cause recrystalliza tion and groin growth, as in 
tho metamorphic rock, marble. Lorge crystals a lso grow from 
solu tion in cavi ties, as in hydrotherma l veins and caverns. The 
cleavage surfaces do not co incide with common crystal faces. 

Calcite cry>tallizes in rhombohedral system. Dogtooth 
spar crystals ore common, but other shapes occur. It 
is soft (hardness 3), and specific gravity is 2.71. In 
limestone, calcite is white or gray, fine·graincd, and 
massive, but crystals may be colorless or tinted ycl 
low, blue, green, or pink. Even in minute amounts, 
calcite con be detected by applying hydrochloric acid, 
which causes effervescence. 

SIDERITE, FeC03 (iron carbona te), 
has the ca lcite structure, with Fe '1 

ro th or tha n Co •l In met(l l posi tions. 
It Is found in bedded tcdlmentcory 
iron ores and a t a voin deposit with 
other meta l orcs. It 1$ o mola r iron­
ore mineral in cloy ironstone• of 

England and many other areas. II Is 
harder (3.5-4.5) ond heavier (tpcci ­
fic gravity 3.48-3.96) than calcite. 
It generally occurs In shades of 
brown, bu t may be green, gray, or 
block. It oxidizes and hydrolyzes 
eo tily to form limonite. 
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CALCITE STRUCTURE Showing 
Relationship to Rhombohedra l Cleavage 

Colcito Enclosing 
M<~lachite 

Fossil Barnacles 
in lime5tone 
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Concretions 
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Cleav"ge Rhomb 

Colcito Sand Crystals 
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DOLOMITE, CoMg(C03h (calcium magnesium carbonate), i s struc­
turally simi lar Ia colcile, but with Mg 12 and Ca H i n a l terna ting 
m etal positions. For this reason, i t is sometimes put in a sepa rate 
group. Dolomite may precipita te directly from solutions or may 
be form ed by action of Mg-rich solutions o n calcite. Dolomite 
rocks ore present os sed imentary layers in many areas and as 
products of regional metamorphism of corbonate rocks else· 
where. In appearance it i s virtually indistinguishable from cal­
ci te, but is less soluble in hydroch loric acid, effervescing o nly 
slight ly . Crystals ore formed in hydrotherma l veins, associa ted 
wi th o ther M g minerals. Dolom i te is used as o n o rnamental stone 
and as a row material for manufacture of cem en t and of mag­
nesium oxide for refractories. Because of the size d ifference be­
tween the Ca •2 a nd Mg•2 ions, complete sol id solution w ith calcite 
does not occur. 

Dolo mil& cr ysta llizes in rhombohodra I system, form­
ing crysta ls llko those of ca lcite, but also w ith curved 
face s a nd complex gro wths. Cleavage is perfect in 3 
direclioM. Lu ster is vit reous o r pearly, and co lor may 
be w hite, ye llow, brown, red, green, gray, or b lock. 
Mass ive dolomite is wh ite to g~ay. Prope rties very 
simila r to calcite's. Common in coarse marb le deposits 
in areas of regiona l me tamorphism. 

MAGNESITE, MgC0 3 (rnoa""slu ll> 
co rbonoto), IS formed by action o f 
Mg-rich solutions on rocks, by a lter­
orion of ca lcite or dolomite, or by 
carbonation of silicate rocks. Prop­
erties ore similar to those of ca lcite, 
but magnesite is harder (3.75-4.25) 
a nd heavier (specific gra vity about 
3.48) and e ffervoscos in ho t (bu t not 
co ld ) hydroch lorie acid Ma jo r depos­
Its ore found in montainous areas of 
western U.S. and Europe and on the 
I slond of Euboeo, Greece. It is a 
source of MgO for industry . 

ANKERITE, Co(Mg,Fe,Mn)(COl h (cal­
cium magne sium· i ro n .. mongo nesc 
carbonate), hos been ca lled a cal­
cium iron corbon olc, bu t co n sid o ra~ 
ble magnesium and manganese o re 
a lways present in the natura l mote­
ria l. Properties and occurrence are 
essen tia lly the some as those of 
dolomite; in fact, anke rite rep re . 
senh no thing more th a n o chemical 
varie ty of dolomite . Fo und w ith 
o the r iron-bearing mine ra ls in Aus­
tria and other a reas in the Alps, in 
Mexico a t Gua nojuata, and in New 
York, Nova Scotia, and elsewhere. 
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RHODOCHROS ITE, MnC03 (mo ngcm­
ese ca rbonate), is a favorit e o f min­
e ra l collectors because of its rose­
red color, though it is too sof t to be 
valua ble as o gemstone. Prope rties 
and occ urrence are very similar to 
those of siderite (p. 228). and ex ten­
sive solid solution occurs with that 
minera l. Color may bo yellow, 
b rown, gray, or da rk red, depend ­
Ing o n composition. Rhodochrosite 
is re lative ly rare; pure specimens 
ore fo und as gangue materia l in 
veins with o the r Mn mine ra ls. 

SM ITHSONITE, ZnC03 (zinc corbon­
ate), is fo rmed by a ctio n o f ca rbon­
ated wa te r 0 11 zl11c sulfide or by a l­
te ra tio n of carbo nate rocks by >inc 
solutions. It is commonly associa ted 
w ith hemimo rphite (colamine) and 
w ith lead-zinc deposits. Porous vari­
e ty is co il ed dry-bone ore. It occurs 
as crusts, stolactites, or bo tryoida l 
moues in veins or beds. It is much 
ha rder (5.5) than ca lcito a nd much 
heavier (specific gra vi ty 4.30-4.45). 
Generally wh ite, It ma y be g ray, 
g reen, brown, or blue. luste r is 
glassy or pearly. 

Dolomite Crysta ls 

Magnesite (Massive) 

Mag nos ito 

Ankerit e Crystals 

Ankerite and Quartz 

Dolomite 
(Mag nesia Ma rble) 

Dolomite Crystals 
with Pyrito 

Magnesite Crystal 
(var, Breunerite) 

Smithsonite 

Dolomite, Twin Cry•tols 

Rhodochrosite 

Rhodochrosite 

Smithson ito 
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AR AGON ITE GROUP of minerals d iffers in s tructure from the cal­
cite group (p. 228) in tha t the m e tal ions a re shie lded by 9 rather 
than 6 oxygen ions. The additional shielding is requ ired by the 
larger ions of barium, stron t ium, and lead, which is why tho 
carbonates of these ions are found only with the aragonite struc­
ture. But calcium carbonate, with its smaller calcium ion, may 
crys tall ize e ither as calcite (under ordinary condi t ions or os 
aragoni te. Arrangement of Ca •t and (C03) 1 ion' is nearly hex­
agonal, hence the crystals a re commonly pseudohexogonol. 

ARAGO NITE, CaCOl (calcium carbonate ), con be formed only un­
der certain p oorly understood conditions, as in cavern deposi ts. 
At ordinary temperatures and pressures it is unstable, changing 
to calc ite in hours to years. Many o rganisms that construct cal­
cium carbon a te shells con form aragonite; in fact , some have 
\hl' ll' that orp aragoni te in one port and calci te in another. When 
on organ is m discords such a shel l, the aragonite norma lly 
changes to calcite, but its characteristic nee dle like s truc tu re Is 
retained in the crystal shape. Aragonite con be conver te d to col­
cite at ordinary tempe ratures by gri nding it to o fi ne powder. · 

Aragonite crysta llizes in or thorhombic sys tem, but 
form1 cyclic tw ins with Cl h ext~gono l section. It hos 2 
directions o f cleavage t~nd g lossy luster. II occurs In 
groups of rad ia ting crysta ls or in mouive dep01it1. 
It is common os deposits in covern1, hot springs, ond 
cavities of lovo flows, and os precipitates ouocio tod 
with gyp1um beds. Color is norma ll y white, but some 
varie ties oro gray, green, yellow, or violet. Hardness 
is 3.5-4, specie gravity 2.94-2.95. 

WITHERITE, BaC01 (barium carbon­
ate), " ouocloted w 1th barite, the 
other important but more common 
barium mineral, in low· temperoture 
hydrothermal veins in which galena 
is the major ore. Witherite con be 
altered to borito by action of sui· 
fote-beoring wa ter, and bari te con 
be oltored to witheri te by carbon· 
oted water. Witherite cry1 tollizes in 
orthorhomhlc system as massive og· 
gregotes, columnar aggrega tes, and 
nearly hexagonal twinned crystals. 
II is white, rare ly gray or yellow; 
glossy in luster; and translucent to 
transpare nt. Cleavage is in 2 dire<· 
lions . Hordneu is 3.5, specific grov: 
lty 4.3. Wlthorito is found In Kc., . 
lucky, Montono, Illinois, Colifornlo, 
Al'izona, Ontario, Aualria, Fronce, 
Wost Germany, Czechoslovakia, 
U.S .S.R., Eng la nd, and Japan. 
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STRONTIANITE, SrC0 1 (stron tium 
carbonate), is tho strontium ana log 
of witherite, It is ouocioted with 
celesite (strontium sulfate) in veins 
or without celestite in veins in lime· 
stones. It is similar to witherite in 
properties, but is most commonly 
pole green (leu commonly white, 
gray, yellow, or brown) and has 
specific gravity or 3.72. 

CERUSSITE, PbCO, (lead carbona te). 
called white lead ore, is nearly iden. 
tical to w itherite in properties, but 
has the highest specific grovi ty- 6.5 
- of any carbonate. It occurs as a n 
olt erotion product of onglesite (load 
sulfa te) and c•s a prodpitoto fron1 
lead solu tions. It a lters to hydro · 
ceru,.ito , Pb3(COJh (OII),, basic load 
carbonate, a nd is confused with it. 
Cerussite effe rvesces in acid. 

0 

• c 
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Pseudohexogonol, 

Polysynthetic 

ARAGONITE TWI NNI NG 
(ldeolited) 
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MISCELLANEOUS CARBONATES 

AZURITE, C u3(C0 3h(OHh (ba s ic copper carb o nate ), is so no m a d 
b ecause o f it s b lu e color, which a lso makes it a p o pu lar co ll ecior's 
item. The color is d is tinctive , though th e shade of blu e varies 
among specimens. A zu ri te occurs o nly in th e o x idize d portio ns of 
cop per-ore v e ins. It is fo rme d by ac tion of carbon d ioxid e a nd 
wa ter o n coppe r su lfid es or by ac tion of copp er solutions o n col­
ci te. It was o nce o n im por ta nt sou rce of copp e r, b u t the ne ar­
surface o xidize d zones w he re it occurs have b een large ly m in ed, 
and the d eep e r cop per sulfide o res a re now used. 

Azurite crystallizes in mo noclinic system; occuuing os 
ta bu lar or equidimensiona l transparent crysta ls with 
ve ry pure blue color and brillia nt luster. Good crysta ls 
ore relative ly raro; a zurite is more common o s a n 
earthy l"''la tol'iol do~o l y ouocia rod w lt l1 molochlto. It 
has complex cleavage, speci fic grctvity of 3.77-3.89, 
a nd hardness of 3.5-4. It is too .aft a nd clcovoblc to 
be o good gemstone. 

MALACHITE, Cu2C03(0H)2 (bas ic copper carbonate ), is more abun­
d an t than a zu r ite, w ith w hic h it is fo und . Like a zurite, it fo rms a s 
o n a lte ration p roduc t o f coppe r sulfldes or ca lc ite. Malachite has 
a d istinctive green colo r . (The green weathe r ing product tha t 
fo rms o n coppe r roofs o f Iorge bui ld ings is a type o f ma la chite .) 
Malach ite is fo und in coppe r m ining a reas; in som e locali t ies, a s 
in the Urals of the U.S.S. R., mosses of malachite weighing hun­
d reds o f tons have been mined. 

Malachite crystolli zos in monocl inic system os mouive 
d eposits or crusts; as bo tr yoidal, fibrou s, or stoloctitlc 
mosses; or CIS slender needlelike crystal aggrega tes. 
Also, ea rthy aggrega tes of azurite a nd malachite a re 
very common. Except for the green color, ma lach ite's 
properties ore very similar to those of a zuri te. 

NATRON, Na 2C03•lOH20 (hydrous 
sod ium carbona te}, is 0 wa ter •olu­
ble minera l found only os o deposit 
le ft by evoporation of wa ter in sha l­
low, undra ined lakes in orid re­
gions, as in Colifornio, Nevodo, 
ond the Middle Eost. It is a lways 
found w ith other sodo compounds, 
notably trona, At 34.5° C. it lo•os 
much of its hyd rated wa ter and dis ­
solves in it. Natron crys ta lli zes ln 
monoclinic system a nd is fou nd as 
granula r crusts or coa tings. It is ve ry 
soft (ha rdness 1-1.5) a nd light (spe­
cific gravity 1.478). 
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TRONA, No3H(COh'2H~O (hydrous 
sod ium acid carbona te), is a nother 
monoclin ic wo ter•solub le co rbono te. 
It is formed by ovoporo tion of wa­
ter from the " soda la kes" of Cali­
fornia, Nevada, Egypt, a nd Yene· 
zuelo. It is called on "acid" ca rbon­
ole beca use of the H' ' ion. 

HYOROZINCITE, Zn5(C03)J(OH)6 (ba­
sic zinc carbona te), is a seconda ry 
mineral fo rmed by a ction o f co rbon­
oted wa ter' on zinc orcs. It is mono. 
clinic in structure and is found as 
mas sive, earthy crusts. 

< I 

AZURITE 
CRYSTALS 
(ldoolized) 

Malachite Crystals 

Malachit e with 
Quartz Crysta ls 

Trona 

Axurite Crysta ls 

Trono 

Azurite a nd 
Malachite 

Hydrozincite 

Hydrozincite 
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NITRATES 

The nitrate ion, NO, · •, is s tructura lly the so m e a s the carbonate 
ion, C0 3· ', with one less charge . The com ple x triangular io n thus 
joins with the mono va le nt alka line e arth ions to fo rm crys ta ls 
w ith the calcite s tructure, as in soda-n iter, and the" a ragonite 
s tr ucture , as in n ite r . Because a ll th e n itrate s ore very soluble in 
wa te r, the y o re no t w id espread goolog ico ll y , but ore impo r ta nt 
in the manufactu re of two wide ly u sed bu t a nti th e tica l pro duc ts: 
fe rti lizer and e x p losives. The re o re 10 s p ecies o f na tura ll y o c· 
curring ni trates, o n ly two of whic h ore f o und in s ign ificant 
a m o unts and ore inc lud e d he re . Othe rs ore ammonia ni te r, NH4-

No3; nilroborite, Bo(N03},; nitroco lcite Co(N03)·4H20; ni tromog­
nesite , Mg(N0 3h'6H20; gerhardlite a n d b u ttge nbachite, complex 
copper nitrate s; a nd daropskite, o hy dra te d sodium-nlt ro te­
s u lfote . The se ore no t imp ortant m ine ra log ica lly. 

NITER, KN03 (po tassium ni tra te ), Is f o u nd in smal l amou nts as a 
surfa ce cool ing in arid a re a s a nd w ith soda-nite r and oth e r 
soluble sa lts as ni t ra te depos its in Ch ile and other d eser t reg ions. 
It is commonly a s soc iated with org an ic m atte r; bacte r ia l ac t ion 
on pla nt and a n imal re main s g e ne ra les n itra te , and potass ium is 
extrac te d fro m m ica-type c loys. Nite r is fo u nd a lso in l imestone 
caverns, a ssocia ted wi th b o t g uano, 11otobly in Ke ntucky, Te n­
nessee, o t1d the Mississ ippi Volley. These d e posi ts were o n Im ­
p ortant source of ni tra tes use d for explosives by the Confedera cy 
w he n the Unio n b locka d e cut off s upp lies fro m Chi le . N ite r is a lso 
known as sa ltpeter . 

Nite r Is orthorhombic in structure, 
forming neodloliko crysto ls, crus ty 
coa ti ngs, a nd mc•ssive or eo rth y ag­
grega tes. It Is g ray or w hltu, but 
may be mixed w ith co lored impuri-

lies. It is very solub le in water a nd 
has a cool sco lty taste. Hordneu is 2, 
speclAc g rov lly 2.1. AI 129° C. the 
structure changes to the rhomboha­
dro l colcite type. 

SODA NITER, NoN03 (sodium ni t ra te), is found with n iter, gyp­
sum, h a lite , io d a tes , and o the r minera ls in a 4 5 0 -mile belt along 
the coas t o f n o rthe rn C hile, on a rea o f neg lig ible ra infall. Th is 
b e lt Is a fe w inches to a fe w fe et thick a nd l$ cove re d by a litt le 
rock and sand. Nearly a ll nitrates come fro m C hile un til World 
W ar I, whe n pro cesses were d e ve lo p ed fo r the m a n u fac ture o f 
nitrates from atmosp her ic nitrog e n . 
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Soda niter is rhombohedra l in structure, commonly 
occurring os massive aggrega tes or crusts on su rfaces. 
It is co lorle.u or while '" oggrogo tos and is com­
mo nly mi xed w ith 111ony other minerals. It nos a 
hardness of 1.5-2 ond a speci fic gravity of 2.25 If 
pu ro. It is very soluble in wo tGr a nd hos Cl coo l loste. 
Small a mounts ore found in Novodo, Cali forn ia, Bo­
livie, Peru, Northern Africa, Indio, and U.S.S.R. 

Soda Nite r (Wet) 

Sodo Niter 

USES OF NITRATES 

FERTILI ZE RS ore essential for pro· 
duction of the enormous quantities 
o( food needed to support the in ­
creas ing hu man population, Moll of 
the e lements necessary for nutrition 
ore ava ilable to plants in readi ly 
usoble form in a ir, wa ter, and soi l, 
Nitrogen, potass iu m, and phospho­
rus, however, may be ropldly de· 
pleted from the so li and must bo 
rep loced. These ore the constituent. 
of commercia l fertil izers. Though 
nitrogen constiluleJ SO percent of 
the a tmosphere, oh ly o few kinds of 
plants con extract It ond convert it 
into usable organic form . Water· 
soluble nitrate minera ls, notably 
niter and soda-niter (also coiled 
sa ltpeter and Ch ile sa ltpeter), wore 
importont comn1odities unti l re­
co ntly. Now, by the Haber procou, 
nitrogen con bo @X IroCIQd from the 
atmosphere for industrial uses as 
Well as for agricu ltural applications. 

EXPLOSIVES hove been mode from 
nitra tes since the deve lopment of 
gunpowder from niter, carbon, ohd 
su lfur in modiavol times. Nitrogen 
can be combined chemica lly with 
other subs ta nces to form a wide 
variety of compounds that ore un­
stable. Heat, eledricol current, or 
even o sudden lolt causes tnem to 
dissocia te, or burn, changing rapid ly 
Into gas wit h a vo lu me many times 
thot of the solid or liquid. Nitro· 
g lycerin, C3H5(N03lJ, mode by treat­
ing glyce rin with a mixture of nitric 
and su lfuric ocld, led to the deve lop­
ment of dynamite, TNT, and similar 
explosives that changed the face of 
the fo rth through excavation and 
war. The essentia l Ingredient, nitric 
ocid, was manufactured exclusively 
from nitrate minera ls ond nitrates 
from onimol was tes prior to deval­
opm&nl of methods for extraction of 
nitrogen from the atmosphere. 
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SULFAT ES 

Su lfates are compounds of oxyge n and sulfur with one o r more 
meta ls. The oxygen (0 ) and su lfur (S) form the sulfate ion, S04- 2, 

in which an S atom Is surrounded by 4 0 atoms located at the 
corners of a te trahedron. The 2 excess negative charges ore dis· 
tr ibuted even ly over the 0 atoms. The sulfates are complex min· 
era ls, because the number of ways In which cations can be ac­
commodated among the P0.1 

1 ions in a crystal structure Is large. 
Over 150 have been named. Many are strong ly hydrate d species, 
and many a re rare. A few important ones are described. Some 
of lesser importance are included to illus trate the diversity of 
the sulfates and some similarities. 

GYPSUM, CaS04·2H20 (hydrous calcium su lfate}, is the commonest 
sul fate. Huge be ds of it occur in sedimentary rock with lime­
stones, sha les, sandstones, and cloys. Rock sa lt and su lfur d e­
posi ts may be a ssociated with it. It occurs as common gypsum 
and as three variet ies having dis tincti ve habits: alabaste r, mas­
sive; selenite, transparent and fo liated; and satinspar, fi brous 
wi th s ilky or pearly lu ste r. Gypsum is by far the most importan t 
su lfate because of its use for manufacture of plaster of Paris. In 
this process the gypsum is heated and loses 75 pe rcent of its 
water. The resu lting hemihydrate (plas ter of Paris) readily takes 
up water and converts back to gypwm. In doing so, its particles 
recrystallize and become cemented firm ly toge ther. 

Gypsum crysto ll l%es in monoclinic system, occurring 
as prismatic or b lad ed crystals and as fibrous vein· 
fil lings, radiating aggregates, clusters on cove wa lls, 
and massive, rock-forming beds. It Is generally wh ite 
or gray, but ma y be colo rless in large crys tals, pink 
in a labastor, or brown a nd ye llo w in mass ive layers. 
Ha rd ness is 2, specific gravity 2.30. Found in commer· 
cio l quantities In New York, Mi ch igan, Iowa, Kansas, 
New Mexico, Colorado, Utah, Conoda, and various 
European countries. 

ANHYDRITE, CoS04 (calcium sui· 
fa te), Is less abunda nt tha n gypsum 
because it readily takes up water 
and converts to gypsum. I 1 Is depos­
it ed by sea water and is there fore 
found In sedimentary rocks associ­
oted w ith sa lt beds. Smaller quonti· 
ties occur in some veins, in ca liche! 
(n itrate-bearing beds), and In fu· 
moro lo deposits. It crystallizes In ar· 
tho rh omblc system, forming usuall y 
mo>S ivc deposits. Crysta ls ore rore. 
It Is colorless If pure, colo red if im­
pure. Hardness is 3.~. specific grav­
ity 3. Pearly luster is common. 
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EPSOMITE, MgS0,· 7H20 (hyd ro us 
magnes ium su lfate), is more fomlliar 
os epsom so li$. It is o ne of many 
h ighly hydrcoted, watcr•solublc >ul· 
fa tes. It i3 found in mineral waters 
and deposits therefrom, in sa lt lo ke 
areas, and as a n efflorescence on 
the wall s of coves and mines. It 
crystallizes in orthorhombic •ystem, 
occurring as crysta ls. granu la r crusts 
or fibrous agg rega tes, and as s ta l· 
oct ites a nd botryoidal manes. It 
commonly con tains appreciable 
quan tities of nickel, manganese, 
zinc, and cobalt. 

Tho (SQ,)"1 ion 

Gypsum 

Gypsum, var. Alabas ter 
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SULFATES 

Su lfat es ore compounds of oxygen and sulfur with one or more 
meta ls. The oxygen (0 ) and su lfur (S) form the sulfate ion, 504"1, 

In which an S a tom is surrounded by 4 0 atoms located a t the 
corners of a tetrahedron . The 2 excess negative charges a re dis­
tribu ted evenly over the 0 a toms. The sulfa tes a re complex min­
era ls, because the number of ways In which cations con be ac­
commodate d among the P04 z io ns In a crystal s tructure Is Iorge. 
Ove r 150 hove been named. Many are s trong ly hydra te d species, 
a nd many ore rare. A few important ones ore described. Some 
of lesser importance are included to illustrate the divers ity of 
the su lfates and some similarities. 

GYPSUM, CaS04·2H20 (hydrous calcium su lfate), is the commonest 
sulfate . Huge b eds o f it occur in sedimentary rock with lime­
stones, shal es, sandstones, and cloys. Rock sa lt and sulfur de­
posits may be a ssociated with it . It occurs as commo n gypsum 
and as three var ie ties having d ist inctive habits: a labas te r, mas­
sive; selenite, transparent and fo lia ted; and sotinspor, fi brous 
with si lky or pearly luster. Gypsum is by far the most important 
su lfate because of its use fo r manufacture of plaster of Paris. In 
this process the gypsum Is heated and loses 75 pe rcent of i!s 
wa ter. The resu lting hemihydra te (plas ter of Paris) readily tokes 
up water and con vtlr t ~ bock to gypwm. In doing so, its part icles 
recrysta llize and become ceme nted fi rmly together. 

Gypsum crystallizes in monoclinic system, occurring 
as p rismatic or bladed cry stals and as fibrou s vein­
filling s, rad iating aggregates, clusters on cave wa ll s, 
a nd massive , ro ck-forming beds. It is gene ra lly wh ite 
or gray, but may be colo rl ess in Iorge crys tals, pink 
in o lobcl$ter, or brown a nd ye llow in mouive layers. 
Ha rd ness Is 2, specific grav ity 2.30. Found in com mer· 
cio l quan tities in New York, Mi chigan, Iowa, Ka nsas, 
New Mexico, Colorado, Utah, Conodo .• and various 
European countries. 

ANHYDRITE, CoS04 (calcium sul­
fate), is less abunda nt than gypsum 
becaus e it readily tokes vp water 
a nd converts to gypsum. It is depos ­
ited by sea wate r and is therefore 
found in sedimentary rocks associ ­
ated w ith salt beds. Small er q ua nti­
ties occur in some veins, in ca liches 
(nitrate-bearing beds), and In fu­
maro le deposits. It crys tallizes in or­
tho rhombic system, forming usua ll y 
maS> ivc deposits. Crysta l• o ro raru. 
It Is colo rless if pure, colo red if im­
pu re, Hardness is 3.5, specific grav­
ity 3. Pearly luster is common. 
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EPSOM IT E, MgS04•7H20 (h yd rous 
magnesium su lfate), is more fa miliar 
os epsom sa lts. It is one of many 
h ig hly hyd rcoted, water-soluble <vi­
fates. It is found in mine ra l wate rs 
and deposits th e refrom, in sa lt la ke 
areas, end as an efflorescence on 
the wall s of coves and mines. It 
crys tall izes in orthorhombic sy•teni, 
occurring O$ crysta ls, granular crusts 
or fibrous aggrega tes, and os s ta l­
actites a nd botryoidal moues. It 
commo nl y co ntains a pprec ia ble 
quantities of nicke l, manganese, 
zinc, and cobalt. 
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BARITE GROUP includes ba rite, celestite, a nd ong lesite. These 
provide on excellent example of how the sizes of ions affect 
crystal st ruc ture, os shown on opposite poge. Lorge Bo· l, Sr·l, and 
Pb' 2 ions ore pocked among the sulfate ions so thot each is sur­
rounded by ten oxygen a to ms. The barium, strontium, and lead 
ions ore similar in size and, chem ically combined with the sulfa te 
ion, form crystals of identical structure. Complete solid solution 
(p. 32) among the three minerals is therefore structurally possible 
and has been observed. 

BARITE, BoS04 (barium sulfate), occurs os o common gangue ma­
terial, particularly in lead-zinc veins in limestone, os in the 
Joplin, Mo., area. It is a lso widespread o s ve ins, cavity fillings, 
and in tergronulor precipitates in limestones a nd other sedimen­
tary rocks. It has been found in hot-springs d eposits and w ith 
some hema tite ores. The mineral common ly has significan t solid 
solution w ith celes tite, and p roperties vary accord ingly; sol id 
solu tion with ong lesite is less common. Bari te is used os o fi ller 
in po ints ond paper; fin ely gro und, it is m ixed with drilling mud 
to control the mud's specific gravity d uring oi l-wel l dri lling. 

Borito cry stallizes in orthorhombic system. Ta bula r 
crysta l• oro commo n, pri smatic less so. Bo rit o a lso 
occurs a s moulve agg rega tes o f cry sta ls, glob ula r 
concre tio ns, and Obro us varie ties. Bo rl to roses, ra di­
a ti ng clusters o f crysta ls, commonly sta ined w ith iro 11 
ox ides, ore co llectors favorites. It is generally color· 
less or white, moy be ye llow or brown, or may be 
pigmented by inclusions . Hardness is 3 ·3 .5 , sp eciOc 
gravity 4.50. 

CEl ESTITE, SrS04 (strontium •ulfate), 
i• 10 named because of th" dis tinc· 
live pole b lue color of many woll­
crystoll ized 1pecimen 1. It occurs 
chiefly in 1edimentory rocks, w ith 
gyp1um, anhydrite, and rock salt. 
lou commonly It is found a• gangue 
material in voins and volcanic rocks. 
If crysta llizes in orthorhombic sys­
tem as well-developed tabular or 
olongoto crystals with threc·dimen­
sional cleavage. If olso occurs os 
fibrous veinlets, radiating oggre· 
gates, mass ive, earthy fine-g rained 
depos its. It is normally white to po le 
blue, bu t moy be tinted red, b rown, 
or green. luster Is glossy. Ear thy vcr­
rlc t ic~s may bo mixed with cloy. 
Hcrrdnou Is 3 ·3.5; spociflc grav it y 
Is 3.97, va rying with barium o nd 
calc ium con tent. Celes tite occurs 
thro ug ho ut the world In re la tive ly 
sma ll qua ntities. 
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ANGLE SI TE, PbS04 (leod su lfatu), is 
the lead ana log of barite and celes­
tite, having the some structure. It> 
geologic occurrence, however, Is 
quite different. It is almost exclu­
sively on a lteration product of go­
lena, PbS, and is found in hydro· 
thermo! veins. Cerussite, the lead 
carbonote, generally forms simul ­
taneously and Is mixed with the 
onglcsite. Anglcsite crystollires in 
orthorhombic system, occurring as 
well-formed tabu lar or prismati c 
crystals . It a lso is massive, granula r, 
nodu lar, o r stoloctitic. Specimens o f 
galena, a ltered on the surfoce to 
onglesite, ore common. It is co lor­
less, whi te, or gray; loss cornmonly 
yellow, green, or b lue. It may bo 
transpa ren t to opaque, depend ing 
o n particle s ize and inclus ions o f 
ce russ ite. Ha rdness Is 2.5-3, specific 
gravity 6.36, 
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BROCHANTITE, Cu4(S04)(0H)6 (bas ic copper su lfate), is a secon­
dary m inera l formed by oxida tion of copper su lfide ores, most 
common ly in ar id regions. Though s u lfid e s ore n o rma lly stable 
at temperatures and pressures near t he earth's surface, the pres· 
e nce of water, oxygen, and ac ids crea tes a chemical environment 
in which they con no lo nger exist. The oxidation of sulfi d e ores is 
thus closely analogous to chemica l weather ing of igneous or 
m etamorphic rocks. The green color is d iag nos tic and is typ ica l 
of the Cu '' ion in th e crysta l structure. 

Brochontite crysta llizes in monoclin ic system, forming 
short prismatic crysta ls, agg regates of needlelike 
crystals, granular mosses, and crusts. It has perfect 
one-directional cleavage a nd fractures unevenly. It 
is various shades of green, g lossy In luster, trans· 
lucen t to transparent, a nd so luble in acids. Hardness 
is 3.5-4 (too soft to bo usod as o gemstone), speciflc 
gravity 4.09. Found in many copper mining areas of 
U. S. (Ariz., Colo., Uta h, N. Mex., Idaho, Cali f.), Eu-
rope, Australia, Afri ca, and South America. 

ANTLERtTE, Cu3(S04)(0H)4 (basic 
copper su lfa t~). is found wi th bra· 
chontite ond Is formed in th" some 
way, but has more su lfate rela tive 
to coppe r. Antl.,rlto forms o t higher 
sulfa te conconlrotions, brochcon tite 
ot lower ones. Ant lerite crysta ll izes 
in or thorhombic system as tabular 
crystals or os fibrous aggregates, 
vein le ts, or granular mosses. Proper­
ti es are ve ry similar to brochantite's. 
Identification is mode by study of 
tho crystal form s. Antleri te is found 
in n'lony copper-tn il''ling orE:tcu. 

GLAUBERITE, No 2Ca(S04)z (sodium 
calc ium sulfate), is on interesting 
double sa lt. It is sta ble in dry air, 
but in wa ter it separa tes Into No1 
S04 (Glauber salt) and CaS04•2H20 
(gyps um). Thus it is found only In 
very a rid reg ions, os in nitrate do· 
posits of Chile, dry to kes of Califor­
nia, and ancient soli deposits of 
U.S., Europe, U.S.S.R., a nd Indio. 
Glouberite crystallizes in monoclinic 
system, forming lobular or prismatic 
crystals embedded in so li deposits 
or in cav ities in basic Iovas. It is 
norma lly gray or ye ll ow, but is co l­
orless and transparent in unaltered 
crysta ls. Hardness Is 2.5-3, specific 
gravity 2.81. 
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ALUM GROUP is o Iorge and dive rse 
group of chemicals having the gen· 
era l formu la M'~M 'l(S04h' l 2H20, 
in which M' 1 is o Iorge ion such cos 
K•l, NH4)• t, Rb<-~, or cs• t, and Mll 
is a small ion such os Al' l o r Fe•3• 

Naturally occurring a lums ore com· 
binotions of these ions wit h the sul­
fate ion. In addition, o number of 
olums hove been syn thesized w ith 
the sc lono to ion, (Se04t2, in ploco 
of the su lfote ion. The a lums ore iso­
structural, and extens ive sol id so l­
ution among th em is possible. Three 
olums have been described os min· 
ero ls: potassium alum, KAI(S04lz'· 
12H20, th e commercial a lum used 
in th e familior stypt ic: pencil; am­
monia a lum, NH,AI(S0,),- 12H,O; 
and the so-coiled soda a lum, NoAI­
(S04)z•1 2H20, w hich is s tructura ll y 
different from tho other spccl.,s. Tho 
a lums form cubic crys tals, occurring 
os efflorescences In cloy-bearing 
rocks o r in coal deposits, os deposits 
from su lfurous vapors in vo lcanic 
ond hot.spring regions, and in some 
caves. All of tho a lu ms ora wa ter 
so luble, hove o n as tringent tas te, 
o 11d lose water readily w hon hoatod. 
Commercia l o lums ore manufac­
tured from alunite, KAI3(S04))(0H)6. 
They ore white if pure. 
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PHOSPHATES , ARSENATES , AND VANADATES 

The basic building blocks of those minerals-tho phosphate ion, 
(PO,)· l, the arsenate ion, (As0 4) ,, and the vanadate ion, (V04) l 
-ore tetrahedral , like the sulfa te ion (p. 238). The three negative 
charges on each ion, distributed evenly over the four oxygen 
atoms, ore neutralized by meta l ion s, fo rming relatively dense 
crys tals. There ore over 240 recognized m inera l species, most o f 
the m rare. Only a few common min e rals ore described he re . The 
phospha tes ore obundont mine rals a nd ore important a s fe r t il iz­
e rs. The arsenates a nd vonodotos are co ns id erably less common, 
but ore important sources of rare elements, notably uranium. 

TURQUOISE, CuAI6(P04)4(0H)8•4H20 (hydrous basic copper alumi­
num phosphate), is a popular gemstone because of its blue color 
and delicate veining. It is formed by alteration of aluminum· 
bearing surface rocks, with copper d erived from weathering of 
copper sulfides, and phosphates pro bably dissolved from opo tito. 
It is almost always fine-gra ined; on iron-rich variety, cholcosid­
erite, occurs as crus ts of fino crystals. Turquoise is associated w ith 
limonite, kaolinite, and chalcedony in narrow seams and patches 
in Iovas and some pegmoti tes. Some natural turquoise specimens 
w ith poor color ore tinted arti ficial ly. Atte mpts to synthesize tu r­
quo ise hove no t been successful. Mixtures o f copper and alumi­
num p hosphates, s imi lar In color, ore sold os turquoise. 

Turquoiso crystolllzes in triclinlc system, usuo ll y oc· 
currlng as dens9 masses, crusts, a nd veinleh. These 
ore pale blue, blue-green, green. Rare, minute crys· 
lois are transparent bright blue. Othor minerals ore 
common as veinlets in best turquoise . Hardness is 
5·6, spociAc gravity 2.6-2.8. Good specimens occur 
In Arizona, California, Colorado, New Mexico, VIr· 
ginia, Iran, Siberia, France and West Germany. 

LAZULITE, (Mg,Fe)AI 2(P04lt(0Hh (basic magn esium-iron aluminum 
phospha te), is not to be confused w ith lazurite, or lapis lazuli. 
In contrast to turquoise, lozullte is formed ol high tempe rature 
In m e tamorphic rocks, In quar tz ve ins in such rocks, and in g ran­
ite pegmotites. Some transparent crystals make attractive gem· 
sto nes. The hardness, 5.5·6, a nd resis tance to cleovogo ore a l<o 
good gem qua lities. The p ro perty thot makes lozulite a popular 
gemstone, howevor, Is the vorloty o f unusua l b lue colors ond the 
glossy luster. 

lozulite crysta llizes in monoclin ic 
system, forming tabular and pyro· 
midal crystals and granular mosses. 
It Is azur" blue, ligh t blue, dark 
blue, or blue-grce.,. Streak Is whlto. 
luster is glossy. SpeciOc grav ity Is 
3.08-3.38, depending on iron con· 
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tent. Iran-rich varieties ore called 
scorzolite. Good specimens come 
from Georgia, North Carolina, Ver. 
mont, California, New Mexico, Swill · 
erlo nd, Austria, Swcdon, Madagcu­
cor, Brazil. Tho color varies with 
variations in the Mg/Fe ratio. 
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APATITE, Co5(P0,),(0H,F,Cil <calcium phosp ha te with hydroxyl, 
fluorine, and chlorine), is the commonest phospha te; it occurs as 
on accessory mineral in igneous rocks (most no tably granite peg­
motites) and in metamorph ic and sedimenta ry rocks. If rich in OH, 
it is called hydroxyapatite; in F, fluorapatite; or in Cl, chloropo· 
li te. It is the major constituen t of teeth and bones in mamma ls. 
Since fluorapatite strongly resists acid attock, fluoride incorpo­
rated in to teeth during growth helps prevent tooth decoy. Be­
cause they readily substitute for calcium, rad ioactive strontium 
and toxic load from the environment ore absorbed by human 
bone. Phosphate deposits, d erived largely from fossil bone and 
shells, occur in southeastern U.S. and elsewhere; they ore the 
major source of phosphate fertilizers. 

Apatite crysta llizes in hexagona l system. It occurs os 
transparent, glossy, prismatic or lobular crystals or 
os dull, fibrous or granular aggregates. White if 
pure, it is more often green, brown, yellow, or b lue. 
Streak is w hite. Cleavage is poor, fracture conchoidal. 
Hard ness is 5, specific g ravity 3.1-3.4. Small amoun ts 
are found worldwide. 

MONAZITE, (Co,lo,Th)P04 (cer ium· 
lo nlho num -thorlu m phospha te), ma y 
con tain uronium os well as Co, l c1, 
" ''d Th, cone! thus cons titutes th e 
ma lar source of th ose increasing ly 
important raw materia ls. It is found 
as an accessory mine ra l in sma ll 
amounts in granitic igneous rocks; 
because of its high specific gravity, 
5.0·5.3, it is commonly segregated 
by s tream action and concent rated 
in river and boach sands as placer 
deposits. Commorclal deposits e1<is t 
in Brazil, Indio, Malaysia, New Zea­
land, and southeastern U.S. Mona. 
ziles containing uranium and thor­
ium ore used to determine ages of 
igneous rocks by isotope analysis. 
Monazite crystallizes in monoclinic 
system. It occutS a s small, oquidi· 
mcnsionol or elongated crystals 
with wcll-dovoloped foe~•. di•trib. 
uted sporsoly through granites, and 
os Iorge crystals in some pegmo­
t ites. Monazite sands ore fine· 
grained, w ith rounded crystals. Crys­
tals genera lly translucent. Color red 
or brown, luster ro£l nous, cleavago 
ano·dlroctlonol, fracture conchoida l 
or uneven, a nd hardness 5·5.5. Aha 
commonly contoins yll rl um, neody­
mium, a nd o th or lanthan ides. 
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ERYTHRITE, (Co, Nih(As04 )2•8 H,O 
(h yd rous cobo lt-nlckc l a flo no to), Is 
similar to vivionito In structure, 
method of fo mw tlo ol, <~ ol d occu1· 
re nee; it ill us tra tes chemical • im ilor· 
ity of phosphe~ te£ and arseno tes. 
Conta ins more Co tha n Ni; o nnaber­
gite is same mineral bu t with more 
Ni than Co. Co lor is reddi sh. 

VIVIANITE, Fel(P04),o8H,O (hydrous 
iron phosphate), is o secondary 
phospha te formed by alteration of 
ore deposits near the surface or of 
primary phosphates in pegmatiles. 
Occurs as small prismatic crystals 
(monoclinic system) or as globular 
masses and crusts . May be colorless, 
blue, or green. 

VAIUSCI TE, (AI,Fc)P04•2H 20 (hy 
drous aluminum-iran phosphate) is 
formed by direct d eposition from 
phosphate-bearing water that he's 
reacted with Al-rich rocks in near· 
surfoce environments. Occurs Oi 

fine-grained mosses In nodules, cov· 
ity fi llings, and crusts. Orthorhon,. 
ble, g lassy, white t o greenish. Stron· 
gite is iro n-rich varie ty. Complet!! 
so li d solution occurs. 

APATITE CRYSTAlS 
(Idealized) 

Apatite wit h Biotite 

Monozit" Crystals 

Monazi te Sand 

Mona zi te 

Apo tite Crystals 

Massive Apatite 

Apo tite Crysta ls 

Vivionite 

Erythrito 

/~p, 
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Varisclte 

247 



CARNOTITE, K1(U01)1(V04) 2·nH20 (potassium uranium vanada te), 
is the chief ore of uranium, im portant in atomic-energy applica­
tions. Chem istry is very sim ilar to that of phosphates and orse· 
notes. Carnotite is the result of alteration of vanadium- and ura­
nium-bearing minerals by water near the surf ace. It occurs as a 
distinctive yel low or greenish yellow crust or cavi ty fil ling and is 
found incorporated into petr ified wood. Major deposits exist In 
Colorado Pla teau region of U.S. (Colorado, Utah, New Mexico, 
and Arizona), most commonly as intergranulor material in sand­
stones ond in petrified wood; also at Radium Hill, South Australia; 
in Kotongo Province, the Congo; and in Canada. Uroninite, U02, 

recovered from pitchblende, in which it occurs with radium, is 
also a majo r source of uranium. 

Carnotite crysta llites probably in 
orthorhombic sys tem (•truclurc has 
not been well-defined) It is very 
f1noly crys ta lline and always occurs 
as soft agg rega tes. Wa ter con tent 
varies w ith humidity. Crysta ls ap-

TYUYAMUN IT E, Ca(UO,),(V04h·· 
nH40 (co lclum ura nium vanada ta). 
oppocrrs to bo stru ctura ll y diffe rent 
from cu r no tit v, but h sim il a r In Its 
chomislry and its dh tinclive p laty 
d oovogo oncl shades o f yellow co l­
or. Like carnotite, it is formed by oc· 
lion of wa ter on uranium- ond va­
nadium- bearing minerals, bu t con­
loins calcium instead of potassium. 
Whe ther ca rno tite or tyuyamunite 
forms under such conditions depends 
on tho ca lcium or potassium conte nt 
of the rocks in which deposition oc­
cur•. If both ore present, both min­
erals form, os in the Colorado Pla­
teau reg ion; if potassium is not 
present, o nly tyuyomunile forms, os 
at Tyuya Mvyun, a hill in Turkestan, 
U.S.S.R., from which tho noml! is do· 
rived, whoro it occu" in cavities and 
caverns in limu tono (CoCO,). Tyu· 
yamunite crysta llites in orthorhom­
bic system as scaly or radiating ag­
grega tes. Properties vary according 
to water content, which varies w ith 
humidity. Hard ness Is about 2, w ith 
spoclf1c gravity botwoen 3.3 and 4.4. 
Surfacos cceut od by cleavage show 
poorly luster. Crysta ls moy be tra ns­
lucent to opaque. Tyuyomunlte is 
also found os o replacement min· 
ero l ln pe trified wood. 
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pear to have one·directionol platy 
cleavage. Luster is generally dull or 
earthy, bu t larger crystals oppoor 
pearly. Specific gravity is n~or 5. 
Occurs w ith tyuy omunit e and sever· 
o l other vanadate minerals. 

AMB L YGONITE, (Li,Na)A I(PO,)(F,OH) 
(lithium-sodium o lvminum nuophos· 
pho to), forms directly by p rccipi t~o­
tio ll ir~ lo to stcogos of gror11to formco· 
tion in pegmoti tcs, ossotiated wit h 
o ther lith ium minera ls a nd apa tite. 
Al so occurs in high-tempera ture tin 
ve ins with cassiterite and topaz. It 
is rich in Li; natromontebrcaite is 
No- rich va rie ty; compositions in-be· 
tween ore called montebrosite. Am­
blygonitc crys ta llites in triclinic sys· 
tem, is brittle, a nd has :l well•devel· 
oped cleavage directions. Normally 
white, it may be pole green, pink, o r 
blue. Hardness is 5.5-6, specific 
gravity 3-3.1. luster is glassy or 
pearly. 

TRIPHYLITE, lifeP04 (li thium iron 
phosphate), like amblygonite, is 
precipitated d irectly in granite 
pegmatites in many a reas. If it con­
tains manganese instead af some 
iron, it is coiled lithiophilite. It crys. 
ta llizes in orthorhombic system, oc· 
curring as massive aggregates or 
less commonly as prismatic crysta ls. 
It is b luish or green ish gray, ye ll ow, 
brown, or sa lmon; surfaces ore com­
monly a ltered to black. Hard nou Is 
4-5, specific gravity 3.3-3.6, varying 
with Mn content. 

• 
. . 

, 

Carno tit• 

Tyuyamvnite 

Pink Amblygoni to 

Amblygonite 

Tyuyamunite 

Triphyllitc Triphylllto 
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PYROMORPHITE, Pbs PO.,AsO.l,CI lead chlorophosphote·arse· 
note, like many phosphates, occurs in wea thered 70nes of lead· 
bearing veins associated wi th other pho&pho tos, carbonates, ond 
su lfates. It is formC'd by oxida tion of the ore mine ra ls, gangue, 
and wo ll rock by water. As wi th many alterat ion products, it is a 
pscudomorph- that is, its crystals assume the shape of the miner· 
als, galena and cerussite, it replaces. In pyromorphite, phosphate 
is dominant over arsenate; in the related mimetite, arsenate is 
dominan t. Both minerals ore found in many lead-producing oreos 
of world. 

Pyromorphite crystallizes in hexagonal system, oe<ur· 
ring as pri>motic or lobular crystah (generally Irons· 
lucent), globular aggregates, or small grains. It moy 
be green, yellow, brown, oronge, red, white, or color· 
lou, depending on composi tion; lust er is resinous, 
streak w hil e. It hos no well-dovo lopod cleavage, o nd 
fracture is lrroaular. Hardness Is 3.5·4. specific grav. 
ity 7.0-7.3. 

VANAD INt TE, Pb1(VOJ h CI (lead 
chlorovonodote), like pyromorphite, 
;, o secondary mineral formed by 
olteration of lead ore by wa ter. Tho 
chemica l and probobly slru ctu•·al 
sln1ilorily illus trCitos the close ro le• 
tlonship of p liosphotos. Clrscncllos, 
ond vonado tes. Natural specimens 
or vanodinitc, in foci, commonly 
contain appreciable phosphate ond 
arsenate substituting for vanadate 
as well as ca lcium sub• litul ing fo r 
lead. No prima ry vanadiu m miner. 
o ls are present; instead, the vanadi· 
urn (V) Is dis tribu ted In very smc•ll 
concentrations in solid solution in 
the prlmory mincrols. The action of 
neor· surfoce woters serves to con 
centrale the vanadium by depasilia11 
of the vonadates (VO,). This concen· 
tra tio n is re sponsible far the occur­
rence o f commercially valuable va· 
nadium deposits. Vonodinile crysta l 
Iiles in hexagonal system, occurring 
os prismatic crystals (often skeletal) 
ond os needlcliku or globular ag· 
grega tes. It may be red, orange, 
yellow or brown, with somewhat 
resinous or adamo ntine luster. It 
ha• co ncho idal or \Jneven fracture, 
no cleavage. Hardne» is 2.75-3, 
specific gravi ty 6.5·7 1. Occurs no· 
tably in western U.S., Ml'xico, Ar· 
gontino, U.S.S.R., Au"ria, Scotland. 
Congo, and north ern Africa, 
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TORBERNITE, Cu(U02h(P04)z•nH,O 
(hydrou> capper uranium phos· 
photo), is a secondary mineral 
farmed by a lterat ion of uranini te. 
It occurs int e rgrown with a utunlle 
notab ly in Kat0 11 90 Prov. of Congo; 
Alps; Cornwcdl region in Eng land; 
Flinders Rongo in South Australia, 
and U.S. in uranium areas of Sou th· 
west ond a few pegmatite locations 
in Appalachians. II crystallizes in 
tetragonal systom, occurring a& tab ~ 
ulor crys ta ls and as para lle l or mi · 
ccrceous oggrogo lcs. It is g lassy in 
lu1ter and generally vivid green. 
Hordn.,u is 2-2.5, specific gravity 
3.22. Cleavage is perfect in one di . 
reclion. Water content vari05. 

AU TUNIT E, Ca(U01h(P0 ,)1• nH 20 
(hydrou• ca lcium uranium phas · 
phate). is like torbornito in structure, 
chemistry, and method of formation. 
The twa occur together, but >haw 
little solid solut ion, Autunite is com· 
maner in pegmatiles, as in Smoky 
Mls., N.C. It occurs os thin, lobu lar 
crys ta ls and sca ly aggregates or 
crusts. It i> ye llow or greenish yel· 
low, glossy in lus ter, ond tronspar. 
ent in thin sheets. II is strongly Ouo­
rucent under ultraviolet light. 
Cleavage is perfect in one direction. 
Hordness h 2 ·2.5, specific gravity 
3. 1-3.2. 

Pyrornorphito 

VAN IDINITE CRYSTALS 
(Idealized) 

Vanadinite 

Vanadinite 

PYROMORPH IT E 
CRYSTALS 
(Idealized} 

Torbernite 

Autuni te 

Autunite 
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CHROM ATE S 

As is true of transition metals in general, chrofT)ium, Cr, com­
bines chemically with oxygen, 0, in severa l oxidation states. 
Crocoite and toropocolte ore typica l of commone r chro motes, 
wi th Cr in the + 6 ox idation state. Lopezi te is less common, with 
Cr in the +5 stole. The chromate ion, (Cro.>-2, is o tetrahedron, 
like the sulfat e ion (So.J- l. The net negative charges on the chro­
mate ions ore balanced by me tal ions pocked among the tetra­
hedra end hold ing the structure together. The size o f those io ns 
a nd the way they con be pocked w ith the te trahedra determine 
the structu re. Chromotes ore a source of chromium used in elec­
troplating steel, as in automobile bumpers and trim, and for 
alloying with iron to form stainle ss steels. Chromite, FeCr204 (p. 
1 40), is the ma jor source. 

CROCOITE, PbCr04 (lead chromate), is a popular collectors' item 
because of its Jlriking orange, red, or yellow color and the occur­
rence of good prisma tic crysta ls with smooth, br ill iant faces. It is 
o secondary mineral, formed by alteration of lead ore and associ­
ated with lead carbonate and tungsto tes, vonodotes, and molyb­
dates. Notable occurrences o ro in Brazil, the Phil ippines, Tas­
man ia, and Rhodesia. In the U.S., crocoi te is found with tung­
slates in the mines o f lnyo and Riverside coun ties, Calif., and in 
Maricopa and Pinal counties, Ariz. Re lations hips between com· 
position and structure ore complex. The high specific gravity and 
insolubil ity in wotor distinguish crocoitc from other orange 
chromo tes. 

Crocoite crystal lizes in monocl inic system~ occurring 
as well·devoloped prismatic crystals or in mauive or 
granula r form. It has one good cleavage plane. Hard· 
ness is 2.5·3, specifi c gravity abo ut 6. Lu ste r is v ii · 
reous to adamantine. Strea k is orange. Good crys ta ls 
may be tra nsparent. II is very stable in air and in· 
soluble in water. 

TARAPACAtTE, K2CrO, (potassium 
chromate), is waler.solub lo a nd is 
found with lopezite in Chilean n i· 
Irate d~posits in Atacama, Taropa· 
co, and Antofagasta provinces. Oc· 
cvrrei'ICC of l ope~it ~ cmJ lu 1 opocoi l t.~ 
toge th er is Interes ti ng in view of 
their different chromium oxidation 
stales and depends on the chemistry 
of the woter from which precipita · 
tion occurred. Ta rapacoite crys tc1l · 
lites in orthorhombic sys tem, occur. 
ring as transparent, yellow, tabular 
cryttals. It is soft and brittle, with 
opeclflc gravity of 2.74. 
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LOPEZtTE, K1CrP1 (potcmium di . 
chromate), is found as small oggre. 
gates in Chilean nitrate deposits, 
with taropacoi te. It is interesting be. 
cause of th o reduced sta le of th e 
chromium. Thfi co mpound hos been 
well·studied in the form of a rtificial 
crystals, bu t its occurrence os o min. 
eral is limited by its solubility in wa· 
ter. Synthe tic mate rial is lriclin ic. 
with well · fo rmcd crystols exh ib iting 
3 good cloovc,ge directions. Hard · 
neu is 2.5, specific gravity 2.7. Color 
is orange red; crystals ore trans· 
parent if well developed. 

0 

CHROMATE ION (CrO.) 1 

Crocoi te 

Crocoite 

CROCO ITE CRYSTAl 
(Idea lized ) 

Crocoite 
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TU NG STATES A N D M OLYBDATES 

The chemistry o f the tungstate io n, (W0.)-2, and the molybdate 
io n (Mo0,)-2, is so s im ilar that tung sto tes and molybdates orea l­
ways associated, wi th extensive sol id solu tion, as in the w ulfe nite 
group (p. 256). The on ions o re d istorte d te trahedra, w ith the 
tungsten atom, W, or the molybde num atom, Me, bonded to four 
oxygen a toms by cova le n t bonds. Tungs ta tes o re particu la rly im­
portant to indus try; tungs te n meto l, alloyed wi th iron, p roduces 
a very strong, corrosio n-res istant steel. Tungste n m e tal is used 
almost exclus ive ly for making fi laments for light bulbs, vacuum 
tubes, a nd x-ray tubes. Because tu ngsten oxidizes readily and 
burns at h igh tempera tu re in air, such bulbs and tubes must be 
evacuated. With development of nuclear reactors for generati ng 
electrici ty, tungsten, molybdenum, and ta nta lum, all refracto ry 
me ta ls, hove become important . The y o re to som e exte nt suita b le 
as cladding for fu e l rods con tain ing mixtures of uran ium a nd 
plu to n iu m oxides because they are no n-react ive, have h igh me lt­
ing poin ts, and are good conductors of he at. 

WOLFRAMITE GRO UP is a solid-solu tion series between hueb­
ne rite, MnW0 4, and fe rberi te, FeWO,, w ith Mn and Fe in the +2 
oxidation state. N ear ly pure end members ore rare , and the 
nome wolframite is applied to in termedia te compos it io ns . Min· 
e rals of the w o lfram ite group ore the major o res o f tungs te n. 

WOLFRAMITE, (Fe,Mn) W04 (iron-ma nganese tu ngsta te), is a se­
ries of h ig h-temperature p rima ry minera ls fou nd in sul fi de veins 
and in pegmoti tes. It occurs in m any local it ies, the largest depos its 
bei ng in the Nanl ing moun ta in range of southern China. Othe r 
comme rcia l d e posi ts are fou nd in w es te rn U.S.; Co rnwa ll , Eng· 
la nd; Ma loy Pe n insu la ; Ne w South Wales and Queens land, Aus­
tra lia; Portuga l; Burm a ; and Bol iv ia . The wolframite series o ffe rs 
a good example of the varia tion of propert ies wi th composition. 
The speci fi c gravi ty, for example, of natural huebner ite is 7 .12, 
bu t increases uniform ly w ith increasing iron conten t Ia 7.5 1 for 
na tura l fe rberi te. Structura l, optica l, and physica l properties a ll 
vary uniformly w ith compositio n in the som e way. 
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WolfrCi mitc crysta ll izes in monoclin ic (nea rl y orthor· 
hombic) system, occurring os well-developed pris­
matic or tabu lar crysta ls with one cleavage plane, 
groups of bladed crysta ls, massive g ranula r g roups, 
or intergrowths of needlelike crysta ls. It is brittle, 
With uneven fracture a nd ha rdness of 4-4.5. luster is 
submelo llic or adama ntine. Huobnorite is transparent, 
iron-rich samples opaque. Color varies with Mn:Fo 
ratio; it may be brown, ye llow, gray, or black, com· 
monty with color banding. Streak is a lso v<oricoblo. 
Ferberile is weakly magnetic. Wolframite minera ls 
are very stable in air. 

Wolframite 

WOLFRAM ITE, FERBERITE 

In Schist with Ma••ive Block 
Quartz Ore 

WOLFRAMITE, HUEBNERITE 

In Quartz With 

Massive with 
Quartz 

With Quartz 
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SCHEELITE GROUP is on incomplete sol id-solution series between 
scheelite, CoW04, and powellite, CoMo04• The minerals toward 
the schee lite end o f the ser ies, Co(W04, Mo04), ore con1moner 
and ore generally calle d scheelite. The group's s tructure (facing 
page) f eatures (WO~) 2 or (Mo04) 2 ions in the form o f Ool leMd 
tetro he dro, w ith Co •l ions located be tween the m. 

SCHEELITE, Ca(WO,,Mo04) (calcium tungstate-molybdate), is o 
high-te mpe rature pr ima ry mine ral ser ies, like wolfram ite. It is 
fou nd in contact metamorphic d eposits, in hydro thermal veins 
wi th qua rt z n eor gro nlte bodies, and in pegma tites. Scheeli te is 
very w id espre a d and, w h ere abunda n t, Is on importan t ore of 
tungs te n . Some of the more Important deposits ore fo und in 
northeastern Brazil ; near Mill Ci ty, Nev.; and in lnyo, So n Ber­
nardino, and Ke rn counties, Cal if . Subst itution of (Mo0,)-2 for 
(W04 )- 2 has bee n measured in minera ls up to o Mo:W ratio of 
l : 1.38. Some Mg ' 2 substitutes for Co ·2. Substitution o f (W04)-2 for 
(Mo0,)-2 in powe lli te has bee n measured up to on Mo:W ratio o f 
approximate ly 9 : I. 

Scheelite and powellite crys ta llize in tetragonal sys­
tem, occurring os pyramida l crysta ls, with one good 
cleavage plane, and as massive, granular, or co lum­
nar aggregates. Ha rd neH is 3.5-5, specific grav ity 
4.2·6.1, depending on composition. Color ma y be 
white, yellow, brown, bluo, gray, or g reen. Luster Is 
vitreous, a nd single crysta ls oro transparent. Both 
•pecie• Ouore.ce under vltrov iol.,t light. 

WULFENITE GROUP, in contras t with scheelite and wolframite 
g roups, consists of secondary mine rals, forme d by a lte ration of 
lead o res with some Mo or W . The wu lfeni te minerals have the 
some stru cture os those o f the scheeli te g roup. 

WULFENITE, Pb (Mo04,W04), is a solid- solutio n series between 
wu lfe nite, Pb(MoO,), o nd sto lzi te, Pb(WO,), tho ugh complete solid 
solu t io n has no t b eer) shown by no turo l specime ns. It is found in 
many localities associated with lead ores, from which it was 
formed by action o f neo r-surfoce woter. Many specime ns hove 
Co-2 substituted for Pb•1 in Iorge amounts. Unlike o the r leod com­
pounds, the color is high ly variable, w ith shad es of yellow, g ray, 
gree n, brown, orange, ond red. The varia tion in colo r resu lts 
from the va ria t ion in composition, n ot only in te rms o f the Mo/W 
ra t io but a lso in terms o f s ubs titut ion o f other ioris for Pb ' 2• 
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Wulfen ite crysta llizes in te tragonal system, occurring 
as pyramidal or to bular crystals · or as massive or 
granular aggregates . Ha rdrress is 2.5-3, specific grav­
ity 6.5-8.4. (depending on composition). Single crystals 
ore transparent, Wi th resinous luster. 

SCHEELITE STR UCTURE 

Powellite 

Wulfenite Crystal 
with Crystal Aggregate 

on Surface 
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Scheelite Cry•tal 
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CO LLECTING M INERALS 

A minera l collec tion serves seve ra l usefu l purposes for the ama­
teur mine ra l en thusias t o r ihe professio nal ge olog ist. Actual 
specimens enable a person to b ecome fami liar w ith the appear· 
ance and physical characterislics of minera ls. Several specime ns 
of each mineral are desirable because the color, crysta l form, 
and other characteris tics of a m ine ral may vary to some extent 
from one specimen to another. In bu ild ing a co lle ction, one soon 
becon, es adept at minera l ide ntifica tion. The collec tion the 11 bt:· 
comes a valuable reference se t for comparison with new mi ne rals 
as the y are obtained . The more the collec to r studies the minerals 
themselves, the more he wi ll appreciate the beauty and com­
plexity of the minera l kingdom. But perhaps the greatest satis­
fact ion in m ine ral co llecting lies in the discovery of specime ns. 

Obtaining o Iorge collec tio n is a difficult task, requiring much 
travel, time , and mo ne y. Usually o person cannot collect speci­
mens of oil the in1por ton t minera ls by him•elf because m i11ero l 
species ore no t eve nly d istributed ove r the earth's surface. But 
anyo ne who is fortuna te enough to toke frequent trips to new 
areas con find o surpris ing variety of minerals. 

Probably a large number of different m inerals con be found 
near where you live. The bedrock in on area is usually quite uni ­
form and the m ine rals in it are therefore limited in type. But 
mi ne ra ls may hove been introduced from o the r areas. Volleys o f 
the larger s trea ms ore of te n good places for mine ra l searches 
because the s tream deposits common ly conJoin minera ls carried 
from fo r upstream where the bedrock may be diffe re nt. 

Minera ls may a lso hove been brought in by g laciers. These ice 
sheets, which covered extensive areas of the North American 
con tinent o few thousand years ago, scoure d the complex igneous 
and metamorph ic areas to the no rth and transported treme ndous 
amou nts of mine ra ls to the south . The northern portion of the 
United Sto les and most o f Europe ore s trewn w ith g lac ial debris, 
known os drift. A search of grave l d eposits, part icularly in strea m 
beds, wi ll yie ld a Iorge varie ty of common rock-form ing m ine rals 
and even some of the less common ones. 

If the re is o mo nume nt maker nea r your home, o visit may 
p rove profitable . Much scrap materia l removed from granite and 
marble s lobs is pe rfec tly suitable for mineral collecto rs, and the 
varie ty o f s tones used in the manu fac ture of monuments is Iorge 
e nough to b e useful. 

GEOLOGIC AND TOPOGRAPH IC MAPS ore o big he lp to the min­
e ral collector. From the m he con d e te rmine the te rra in and rock 
types o f o given area and the collec ting p ossib ilit ies there, Mines, 
quarries, o nd similar features o f inte rest ore common ly shown . 

PURCHASING SPECIMENS from firms that specioli;ce in supp lying 
minera ls, rocks, fossils, and other ma te rials to schools, collectors, 
and profess iona l people is one way of fi ll ing gaps in o persona l 
co ll ec tion. Several of these flrms employ collec to rs who gathe r 
specimEu1S from a ll over the world. These collectors con supply 
nearly any min eral tha t o pe rson mig ht want. The fi rms advertise 
in min era l periodica ls. These so me period ica ls, wi th a Iorge circu­
la tion among ama te ur mine ra log ists (more popularly known os 
11 rockhounds11

) , also accep t class ified advertisements from people 
who wo nt to buy, sell, or trade minera ls. 

TOOLS AND EQUIPMENT are important to the minera l collec to r. 
A short-hand led ~ l edge is useful to seporote minera ls fr om en­
closing rock and to reduce specimens to a s ize and shape tha t co n 
be conven ie nt ly carried and s to red. A sma ll e r ha mme r, prefer­
ably o s tandard geology hammer with ei th er o pick or chisel 
head, is o versat ile tool fo r a ll but the heavies t work. A pair of 
machinis t's gogg les should be used to protect the eyes from flying 
rock chips. Severa l chisels, w ide fo r sp litting rock ond narrow for 
digg ing in to deep pockets, o re essential . For separa ting sma ll 
fragme nts of vo luoblo ~pcci mon~, o dissecting need le and o pair 
of fo rceps come in handy. 

A sma ll vio l of g lo ss or preferably p la s tic wi th a screw cop or 
cork is o convenient p lace to corry small crysta ls that might be 
lost in o Io rge container. For identification, a sma ll ha nd lens of 
about 10 power is useful ; if it has on attached chain or str ing it 
can b e worn around the neck. A large ca nvas knapsa ck is ideal 
fo r ca rrying specimens when o Iorge numbe r ore to be collected . 

These tool$ a nd a wid e a ssor tment of hols te rs a nd tool bogs 
p lus othe r equipment ore available fro m firms specia liz ing in 
minera l-collecting supplies. A co ll ector con also improvise to a 
considerable extent and devise his own tools and equipment. 

Other items tha t o collecto r may wish to toke w ith him into the 
fie ld ore: o carpen ter's bar fo r prying rocks aport, newspapers 
for wrapp ing specimens, o no tebook and pe ncil, heovy g loves, 
and possibly o compass. For di3g ing in loose dirt o r grave l, a 
g arde ner's trowe l and hand cu lt iva to r may be useful. 

Geology 
Hammer 

Chise ls 

Hand Le ns 



CATALOGIN G MINERALS is not difficu lt, but require~ a care ful ly 
worked out system. The specimens con be numbered in tho order 
in which they are col lected. This is the most practical method 
because it moons that acquisi tion of new specimens does not 
necessitate a reorganization of the collection. The record-keeping 
problem con be solved with a carefully kept notebook or filing­
card system. The minerals listed in numerical o rder should in­
clude name, chemical formula, crystallographic data, locality 
from which the mineral come and other information. 

The minerals can be cross-indexed in any manner the collector 
finds convenient. They can be listed by chemical group, by local­
ity, by rock type and so forth. If the collector wants to find o sul­
fate, for example, he will look under sulfates to get the numbers 
of the specimens he has. A quick reference to the master list, in 
numerical ardor, w ill provide him with dolo on any specimen. 

It is probably safe to soy that the majority of mineral collec­
tions are found in cardboa rd boxes and various drawe rs, not in 
any definite order and subject to damage by abrasion and chip· 
ping. This is unfortunate, faro good mineral col lection is a valu­
able possession. inexpensive storage boxes ore available in vari­
ous sizes. As the collection becomes larger and more voluablo, it 
Is des irable to acquire special cabinets. Thoug h cabine ts are rela­
tively expensive, I he conven ience with which the minera ls con be 
reached and the protodion provided con be well worth the invest­
ment. 

A SERIOUS INTEREST IN MINERALS is the natura l ou tgrowth of 
collecting. Like stomp or coin collecting, 'minera l collecting can 
become tiresome after a time unless new ideas are encountered 
and new horizons opened. Just as stamp and coin collecting con 
lead to on interest in geography and history, so mineral collect­
ing con load the interested and inquisitive person into the 
brooder fields of geology and chemistry. This progression should 
be the proper outcome; collecting for its own sake odds nothing 
to o person's understor.ding of the world about him. 

This book provides basic information about common minerals 
and their characteristics. The first 69 pages give only a glimpse 
at the fascinating fields of m ineralogy, geology, and chemistry. 

Alta ito 
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PREPARING MINERAL SPECIMENS is almost as important a~ find­
ing them in the first place. The s ize and shape of the mineral 
collected is normally dictated by tho mineral itself. Single crystals 
or aggregates of crystals occur in a wide range of sizes. Try not 
to break crystals or separate groups of crystals. Preserving the 
way in which a mineral occurs in the field will result in the most 
informative and often the most beautiful specimen. 

Many minerals ore found as minor components of a massive 
rock from which they cannot be separated easily. Granular igne­
ous rocks are normally dense, and the feldspar in them is inti­
mately interlocked with quartz and other minerals. In this case it 
Is for better to break off a rock specimen that contains all the 
essential components than to attempt to separate tho component 
minerals. The entire rock specimen is more meaningful than the 
separated groins. 

Most rocks are re la tively fine-grained, and a cubic piece ap­
proximately 2 inches on a side is largo enough to show the 
minera logy and texture. Coarser rocks, such as pegmotftos, may 
hove individua l crystal s larger than a 2-inch cube. These rock 
samples must therefore be larger to show the comp lete miner­
a logy. Single crystals of the individual minerals may bo separ­
ated from coarse rocks, of course, but samples of the rock itself 
should a lso be co ll ec ted. 

IDENTIFICATION should bo dono, if possible, as tho specimen is 
collected. The loca lity of the find, the rock type from which the 
specimen come, and other pert inent geological information 
should be recorded in a fie ld notebook of the type used by sur­
veyors. The specimen should be numbered, and the number 
entered in the notebook. A piece of adhesive tope wrapped com­
p letely around the specimen serves as a handy label. An even 
more convenient method of keeping track of specimens is to put 
each in a sample bog with on attached tog on which field data 
and the sample number con be written. 

PACKING minerals to ovoid breakage is extremely important. 
Wrap each specimen in several layers of newspaper. For very 
delicate specimens, it may be odvisible to use tissue paper or 
avon cotton for protection. 

CLEANING is the first step to toke, when the mineral is brought 
home; and, if necessary, to place permanent identification mark­
ings on it. The most satisfactory way of doing this is to paint o 
small spot (about %-inch across) on the specimen, using o good 
quality whi te gloss enamel and a small artis t's brush. Core ahould 
be taken to place the spot of paint where It w il l not obscure any 
important feature of tho mineral. After the paint is dry, identifi­
cation numbers con be written on the spot in Indio Ink with a 
sma ll pen. The numbers should' then be ontorod in a fie ld note­
book and cross-i ndexed in the ca ta loging sys tem. 
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MIN ERAL HUNTI NG IN BRITAIN 

In the early part olthe book the throe main types ol rock ognoous, sedomemary and 
metamorphoc -were outlonod The igneous rocks have cooled and cry&tallized I rom 
the molten state and well formed crystals sometimes grow In the hot solicate liquid. 
The sedomentary rocks aoe formed by the weathering ol pre-existing rocks so that 
the less stable minerals are decomposed and the more stable ones have their edges 
worn oH. The particles aoe oransported and deposited in layers but some sedlmen· 
tary rocks are formed by precipitation from aqueous solution. The metamorphic 
monerals grow In the solid rocks undor rising temperature 011d pro~suoo and mRy 
develop farge crysw ls ol peofeot stoope. 

On the whole however tho bes t specimens are those which have grown into 
cavi ties or pockets so that the crystals can develop good faces (see the cover of this 
book. and pp. 87, 125). 

In general sedimentary rocks contain lew good mineral specimens unless they 
have been subject to granite intrusion and to permeation by mograting fluids whoch 
deposot monerals within them. Funher. the older rocks oro moro lokoly to be more 
productive to the moner~l collector than eoo the younger. somply because there has 
been more t ime for geologocal mineral -producong events to affect them. Thos os 
borne out by a study of the two maps, A & B, and a comparison of them with a 
geological map of the British Isles. There are lew mineral locali ties In the younger, 
sedimen tary eastern half o f the country bu t many in the Lake District, Devon and 
Cornw all. Scotland and Donegal where the rocks are older. 

Rocks in the southeast do hovo minera ls - gypsum In the clnys, quartz and calcite 
in veins bu t they aro lew In numhor and the good specimens on the east coast 
beaches are derived loom elsewhere. lro contrast Devon and Cornwall have 11 great 
variety of minera ls associated with the intrusion ol grani tes into v~rriable coun try ­
rocks. The more stable minerals from the veins may be washed out and deposited as 
rover gravels or as beach sands. Similarly in the Mendips, Derbyshire and Nonhern 
England where the assocoated gramtes are not seen but have been rnlerred to be 
present, and in one case proved to occur below the surface. 

Each collector has his own happy hunting ground but thcro are some localities 
which are world famous and many which are wor1h vis1tlno. It would not be 
possible In a book of this srze to govo precrsa dtract1ons to part icu lar sites so It is 
proposed to outlino some ol the possible sources of Information which can provide 
the collector w ith the necessary data for searching out his minerals. 

It is important to have a geological basis fo r mineral collecting, and a geological 
map by depleting the distribution of rocks will Indicate the sort of minerals to be 
expected in a givon area. Tho Institute of Geological Sciences In London publish a 
wide variety of maps rrom a scale or 1 in. to 25 miles to 61ns. to 1 mile (1 ·1.580.000 
to 1:10,000 approx) A catalogue of these and other publlcmions relerwd to later 
may lie ol.n.rined from any Government Bookshop. from Her Ma1esty's Stat1onery 
Office or from The Bookshop, Geological Museum, Exhibotion Road. South 
Kensington. London SW7 

The two maps A & B give an rdea of the general diStribution ol good minerals rn 
1he Briush Isles. A mo,.a dotallod mop w ith precise grid referonce$ Is Gemstone 
Sites of the British Isles obtaonable I rom Lapidary Publico tio11s. 29 l udgate Hill. 
London EC4M 780 . 
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• Hemolote 
• Copper 
• Leoda Zinc 

• T in 
• Agole a Carnelian 

Zeol ites 

• Ame lhysr 

• Josper 
Gornel 

• Kyon11e 

G Gold 

Map A. Some selected mineral localities In the British Isles 
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Specia l A reas 

Map B shows a number of selected 
areas in the British Isles where impor1-
ant mineral finds can be made. In the 
account w hich follows the geology of 
each reg ion will be buef ly described 
(A), the principal minerals listed (B). 
main locali ties Indicated (C) and 
references given (D). 

1. Devon and Cornwall 
A. Slates, limestones and lavas are in truded by grani tes which have given rise to 
hydrothermal veins of ora- and g<tngue-minerals. Placer deposits in streams and 
on beaches are important. Old mine dumps. B. Aga te, amethyst, apatite, autu · 
nl te. axinite, azurite, barile, beryl, ca irngorrn, ca lcite, carnelian, cassiterite. chal · 
cedony. chrysocolia, ci trine. feldspar. fluorite. galena, garnet, hematite, jasper, 
malachite, opal, prase. pyrite. rhodonite, sphalerite, topaz, torbern ite, tourmaline, 
wolfram. C. St. Just, Marazion to Ponhleven, Camborne· Redruth, St. Agnes· 
Perranponh. Tavistock. Meldon (Okehampton) - and beaches at Marazion, 
Porth leven, Budleigh Sahenon. Li zard. D. The Metall iferous M ining Region 
of South-West England (2 volumes) 1 969, H.M.S.O.; Special Reports of 
Mineral Resources Vols. XXI & XXVII, H.M .S.O.; Geology of tha country around 
Okehampton, H.M .S.O. 

2. Somerset 
A. Veins in the Carboniferous Limestone, volcanics of Silurian Age. Dolomitic 
Conglomera te anc;l Keuper Marl of the Triassic. Minerals mainly in quarries in the 
limestone and sometimes in old, much-worked-over tips. B. Galena. smith· 
sonl te, hematite, pyrolusite. psilomelane, barite and a variety of rare monganese 
minerals; laumontite. chrysocolla. nrehnite Rnd epidote in the volcanics; potato 
stones with Bristol 'diamonds'. C. Priddy, Shipham, Green Ore, Dulcoa te. Stoke 
St. Michael. D. Geology of the country around Wells & Cheddar 1965, H.M.S.O. 

3. Forest of Dean 
A. Veins and impregnations (mostly worked-out) in the Carboniferous Lime· 
stone. Occasional old tips. B. Hematite, calcite. dolomite, quartz, C. Clearwell. 
Bream and The Scowles. D. Geology of the Forest of Dean Coal and Iron-Ore 
Field 1942, H.M.S.O.; Special Reports of Mineral Resources Vol. X. 

4. South Wales Coalfield 
A. Limestones. sandstones. shales and coals with clays and marls around the 
southern fringe. B. Most important minera l is millerite which occurs in clay 
ironstone nodules; also wavell ite; gypsum. C. Good localities on many coal tips; 
Gower; Penarth . D. Series of Memoirs on the South Wales Coalfield. 

5 & 6. Mid· Wsles Shropshire - North Wotos 
A . Shales. sandstones. greywackos. limestones: minera ls sporadically distributed 
in veins. B. Gale11a, SJJiialer it8, baritlit, cerussite, smi thsonite, chalcopyrite, fl uor­
spar. quartz. calcite. C. Old tips in Flintshire. Halkyn M ountain, Dyli fe ( Lianid-
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foes): old mines sca ttered over much of area. 0 . Specia l Reports of Mineral 
Resources Vols. XIX, XX. XXIII. XXX. 

7. North M idlsnds 
A. D'erbyshire - veins in Carboniferous Limestone: Nottinghamshire gypsum in 
Trias marls. Precambrian sediments with in trusions in Charnwood. B. Agates, 
fluorite. calcite. galena, sphalerite. gypsum (alabaster and sa tin spar) , barite, 
epidote, gold (v. rare). pyrite. pyrolusite, amethyst. molybdenite. C. Castleton. 
Matlock, Charnwood. Nuneaton. D. Geology of the country around Chester­
field, Mallook and Mansfield 1967. H.M.S.O.; Spectal Reports of Mtneral 
Resources Volume XXVI; The Geology of th9 East M idlands (Chapter 7) 
P. C. Sylvester Bradley and T. D. Ford (Eds.) 1968. The Peak District M inera l Index. 
T. D. Ford & W. A. S. Serjeant. Peak District M ines Historical Society Vol. 2. 1964. 

8. Beaches of the East Coast 
A. Pebbles moved from the north by long·shore dri ft and also by ice during the 
Ice Age; also locally derived. B. Agates. jasper, chalcedony. carnelian, amber, 
je t. C. Flobln Hood's Bay, Skogness, H unstanton, SMrlngham, Orford NAss. 

9. North Pennines 
A. Minerals occur mainly in veins in the Carboniferous Limestone. B. Galena. 
sphalerite, fluorite. barite. cerussite, hemimorph ite. smi thsonite, ca lcite. siderite, 
w itherite. strontianite. azurite. C. Appleby (Scordale), Alston. Weardale, Swale· 
dale. Hexham. D. Geology of the Nonh Pennino Orefield (2 volumes) 1948, 
H.M.S.O.; Special Reports of Mineral Resources - Volumes XXV, XXVI; The 
Geology and Mineral Resources of Yorkshire- D. H. Rayner & J . E. Hemingway 
(Eds.) 1974. 

10. Caldbeck Fells 
A. Grani te and gabbro intrude slates and volcanic rocks. M inerals occur in veins in 
highly altered country rock. B. Wolfram, scheelite. sphalerite, arsenopyrite, 
chalcopyri te, molybden ite. galena, ankerite. quartz. psilomelane. pyrolusite. mala· 
chlte. cerussite, compylite (variety of pyromorphite). C. Drygill, Roughtongll l, 
Grainsgil l (near Carrock Fell ). 0 . Geology of the country around Cockermouth 
and Caldbeck 1968, H.M.S.O.; Special Reports of Mineral Resources XXII. 

11. Lake District 
A . Strong ly folded volcanic rocks, shales, greywackes with Carboniferous Lime· 
stone around the margins of the area. Granite Intrusions. Minerals in veins and in 
pockels in limestone. B. Hematite (reni form and specular) , barite, calcite, 
quanz. aragonite, pyrite. molybdeni te, bismuthlnite. graphite, galena, sphalerite, 
corussitv, garnet. ~ga tes. car'11elian. jasper. C. Egrttrnont. Mill0111, Sl tap, St~ath · 

waite, Cat Gyll . D. Special Reports of Mineral Resources Volumes VIII, XXII. 
XXX. Mines and Mining in the English Lake District - J. Postlethwaite 1913. 

1 2. Southern Uplands 
A. Mainly shales and sandstones with some volcanics. Granite intrusions. 
B. Tourmaline. gold (very rarel) azurite. molachite, fluorite, hemlmorphite, 
hemali te, amethyst, calrngorrn, jasper. C. Leadhills. D. Special Reports of 
MimHal Resources Volume XVII. The Mineralogy of Scotland (2 volu111es) 
M . F, Heddle 1923-4. (This reference also applies to 13, 14 and 15.) 
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13 & 1 4. Midland VtJIIey of Scotland including A11an 
A . Lavas. shales, sandstones ond coals wi th granite intrusions ;,, 
Arran. B. Agates, chalcedony. jasper. garnet, cairngorm, beryl, topaz. calcite. 
quartz, zeolites (Including analcite. stilbite, heulandlte. thomsonite, natrolite). 
prehnlte. copper, malachite. C. Barrhead ( Renfrew). Kilpatrick Hills, Arran. 
D. Excursion Guide to the Geology of the Glasgow District. B. J . Bluck (Ed.} 1973. 
The Geology of the Glasgow Diw ict, H.M.S.O. 

15. Scouish Hlgl!lands Et Wostsm Isles 
A . Dominantly metamorphic rocks-phyll ites. schists, marbles, gneisses - with 
granitic intrusions; younger lavas and sandstones lie on top ot the older 
sequence. B. Garnet, kyanite, staurolite. beryl. tourmaline, calrngorm. chal­
cedony, agate, zeolite. fluorite. idocrase, citrine, opal. C. Mull. Skye, Loch 
Morar. Ben Loyal. D. M . F. Heddle- see above. Sheet Memoirs (e.g. 53, 86. 92. 
93, 96, 102 & 1 03) Geological Survey of Sco tland. 

16 A & 8 Antrim and Down 
A. A Iorge areo of bas~tlt. overlies Chttlk and marls w hich in turn overlie meta ­
morphic rocks. Older sedimentary rocks Intruded by granites. B. Aquamarine, 
beryl. topaz, smoky quartz. chalcedony, opal, zeolites (including natroll te, stilbite, 
thomsonite, analcite). gold (very rare) gypsum. anhydrite. hematite, galena, cal ­
cite, barite. C. Mourne Mountait1S, Kinbare Head. D. Reg ional Geology of 
Northern Ireland 1972, H.M.S.O.; Geology of the coun try around Ballycastle 1966, 
H.M .S.O. 

17. Donegal 
A . Domit,anlly metamorphic wi tl1 schists. marbles, quartzites; many granite 
in trusions. B. Beryl, garnet, kyanite, epidote, idocrase. quartz, uraninite, tor­
bernite, amethyst. C. Lough Derg, Garton Lough, Barnes Lough, Dunglore. 
D. Historica l Geology of Ireland. J . K. Charlesworth, Oliver & Boyd 1963. Memoir 
and Map of Localities of M inerals a t Economic Importance and Metalliferous 
Mtnes in Ireland. Stationery Office, Dublin 1922. 

18. Connemors 
A. A varied metamorphic terrain w ith schists, quartzites, marbles, amphiboli tes 
in truded by ultrabasic rocks and granites. B. Connemara marble, garnet, stau ­
rolite, psilomelane, pyrolusite, pyri te. chalcopyrite. pyrrhotite. galena, 
malachite. C. Recess, Cornamona. Omey. D. Memoir o f the Geological Sur­
vey of Ireland Sheets 93-4 & pans or 83, 84. 103. 1878. See 17 above, 

19. Tynogh & Silvermines are,q 
A . Country rocks are dominantly Carboniforous Limestone & Devon ion sandstone 
with the ore filling cavities. B. Azlll'ite. malachite, chalcopyrite. pyrite, sphalerite. 
galena, barite. bornite. chalcocite. C. Tynagh Mine (Galway), Silvermines (Lim­
erick). 

20. Wick/ow 
A. Slares, phyllites, schists. tuffs and acid lavas. Granite Intrusions giving hy­
drothermal veins. B. Galena, pyrolusite, pyrite, chalcopyrite. sphaleri te. born ite, 
magnetite, hematite. barite. gold (rar·e). C. Glendalough. Avoca. D. See 17 
above. 
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Regional Gu ides 

Simple guides to areas but w ilh few accurate locations Etra: 

(1) M inera l Sites of the BJ'itish Isles in Vol. 3, Pan 4 1971 of GEMS - The British 
Lapidary Magazine. 

(2) Finding Brita in's Gems - C. Rogers (Ed.) Lapidary Publications. 
(3) Gemstones of the British Isles - V. A. Firsoff - Oliver & Boyd. 

M any districts have thoir own local guides. not necessarily devoted or~tiraly to 
n1 inerals, available from lapidary shops and booksellers and as examples wB can 
cite: 

(1) A Collectors Guide to Minerals. Rocks and Gemstones in Cornwall and Devon 
- C. Rogers. D. Bradford Barton Ltd. 

(2) Lakeland Geology- E. H. Shackleton. Dalesman Books 1973. 
(3) Excursion Guide to the Geology of the Glasgow District - B. J . Bluck (Ed.) 
(4) Mit1os and Mining In t.ho English Lake Oiwiot - J . Postlothwalto. 

Accoun ts of a more specialised nature can be found 11, the scien tific journals 
such as the P1oceedings of the Geologists Association or the Mineralogica l 
Magazine. These may be obtained by local libraries on inter-library loan or Xerox 
copies may sometimes be bought. 

By far the most comprehensive set of works on the geology and mineralogy o f 
the British Isles is tha t published by the Institu te of Geological Sciences for Great 
Britain and Northern Ireland and by the Geological Survey of Ireland for Eire. These 
vary in complexity and in detail but tn addi tion to giving descriptions of the 
geology, mineral lists. localities etc. they all have extensive bibliographies which 
can help the collector track down a mineral or a site. Many are ou t of print but may 
be consulted in the Survey libraries. 

(1) British Regional Geology - a series of eighteen handbooks covering the whole 
of Grea t Bruain and giving a broad, bu t by no means simple, coverage of the 
geology of each district. 

(2) M omolrs - detailed descriptions of the guology of areas covered by 1 :63.300 
or 1 :50,000 scale geological maps. Almost the w hole country Is covered. 

(3) Special Reports of Mineral Resources - Volume I - XXX and including 
accounts of Fluorspar, Iron Ores. Gypsum and Anhydrite etc. 

(4) Mineral Resources Consultative Committee - Mineral Dossiers Including 
Fluorspar, Barium, Tungsten, Celestite, Tin. 

(5) Various Memoirs on Coalfields e.g. Scotland and South Wales, or The 
Northamptonsf11re Sands Iron Ores. the Forest of Dean etc. 
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Identification Table 

It was sta ted ea rlier that it Is not possible to use this o r any o ther book by itself 
as o hold guldo. and the reader was recommended to make a thorough s tudy or 
mmerals by examining illustrations. descriptions and collections In museums. 
colleges etc. Only then 1s 1t poss1ble to go out mto the field and make pos1t1vo 
1dentil1cations. 

A really comprehensive set of determinative tables embodying all the physical 
propenies of minerals is beyond the scope of this book. It was felt, however, that 
some help should be g iven to the beginner to locate a mineral without havmg to 
thumb through a lithe pages 

Th1s s1mplo schomo below 1s based on two rcad1ly observable propcnics colour 
(p. 56} and hardness (p. 54) on Mohs' scale If, for example, the m1ncral has a v1olct 
colour and a hardness of 7-8 then the two pages to search a re 170 and 206 

~r 
Ha rdness· 

Black Grey Brown Blue Viole t Groen Red Ora nge Yollo w White Colo u1·iess 

-
t- 2 70 88. 110. 192 78. 118 102 192 84 84 78. 84. I 18 192 11 8 

192 

2-3 i4. 126. 160 72. so. 88 72. 122. 126 11 4. 120.160 120. 194. 198 150. 180. 190 84. 112. 120 70. 110. 118 120. m. 12s 11 8. 126. 150 
194 90. 92.94 1~0. 194 180 194. 195.200 122,128. 198 120. 122. ISO 152. 188. 194 1&2. 194 

114. 116. 120 198 200. 202 
122. 196 

--
3~ 96. 116. In 80. 100. 114 ss. 100 234 98 98. 126 96.98. 132 84 84. 96. 98. 102 m. 228 228, 228. 230 

226.228 218. 230 226.228 230. 232 232 
230 232 232 

4-5 98. 146 

I 
74.98. 100 lEO 124 124 

114. 148. 180 -- --
124 110 124.180 132 m . I32. 180 152 124. 151 

6-8 t36. 140. 141 I 106. t08. 110 100. 14Z. 148 166. 176. 184 114 
144. 146. 144 164. 166. 184 176.1/S. 184 22!. 224 

130. Ill. 188 136. 142. 118 130. 161. 176 130. 168 222 130. 168. 171 
171 112. 184 171. 222 222. 224 222. 224 222. 224 

118.184 m. m. m 230 230 225. 230 

6-7 142. 144. 146 I 108. 160. 162 1~2. 160. 162 166. 220 148. 160. 162 142. 144. 160 lOt 106. 144 144. 148. 160 188. 180. 214 
160. 162 168. 111. 196 164.216 164 ua. 118 162. 164 148. 162 196. 214 216 118. 220 

120 180. ISS. 214 214.118 211. 220 
211 

- --- -
7-8 m. t&l. 110 158. 172. 209 ISS. 165. 170 131.158. 110 170. 208 131. 1&1.188 138. 165. 170 138. m. 166 IS2. 112 138. m. 158. m 

?06 208 172 110. 172. 208 106 172. 208 206 

I 208 206 

8-S 140 148 166 146. 166 166 

9-10 134 134 134 134 134 134 
--

10 70 76 78 16 76 76 

268 269 

-



LEARNING MORE ABOUT MINERALS 

Th1s book was wrllton for the amutour mlneralogtst and collector to aid in lll llng the 
gap be tween simple popular works ond the textbooks and re ference works Only 
passing reference is made here to the multitude of other books wr~tten for the 
popular market. Rather the intent is to inform the reader of some of the available 
reference works and textbooks that will aid the serious amateur to proceed beyond 
the collecting stage to a knowledge of the sc1ence o f mineralogy. and us rc ­
lo llonships w llh ohom1stry, phy;,ics, onti!J"ulogy. M tmy or 1he w o1ks mentioned 
here are h iQhly techn ical, Indeed avon lncomprehenslblo. untillhe vocabulary has 
been learned. ~or this reason, on oflort has been made to arrange the references, 
w1th1n categor~es, from the least technical to the most detailed. 

POPULAR MAGAZINES devo ted to rocks and minerals are numerous. They 
provide I he roudor w hh anicles duullno with the charactonstics o f minerals. occur ­
rences and ossocio1ed geology. gon1 cutting and polishing. a11d many other ln. 
teresting topics They also ca rry ubundilnt advert1smg for mineral specimens lor 
sale or trade. not1ces of comang meetings of national and local maneralog1cal 
societies and clubs. and announcements of mineral shows and exh1bits. These 
magazines are immensely useful to the collector and mineral enthusiast who 
wishes to know of and become aHill!l led with others hav,ng similar Interests. Th() 
following th reo mngazines ore menlionod os represenrotlvo o f those avallablo 011d 
no endorsomon1 is implied 

GEMS -TH E BRITISH LAPIDARY MAGAZINE 
Published Bi· Monthly 
Lapidary Pub licarions, 
29 Ludgate Hill, 
London EC4 

THE AUSTRALIAN LAPIDARY MAGAZINE 
Published M onthly 
Jay Kay Publications. 
1 1 Robinson Street. 
Croydon, 
New South Wales. 
Au&traha 

GEM CRAFT 
Published Monthly 
Model and All1od Publications Ltd , 
PO Box36, 
Budge Staeot, 
Hemol Hemr)Steed, 
Hens. HP11 EE 
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MIN ERALOGY TEXTBOO K S are numerous end v11ried in terms of use ful · 
ness. A visit to a college or tu1ivorsity library tO exomino cuuent tox ts Is odvisoble 
before purchase. The books lisrocJ he1e. wi th ganerel comments, oro included 
because they contain rather thorough compilations o f minerals, along wi th their 
properties and occurrences, as well as understandable introductions to the sub· 
jects of determ inative mineralogy and crystallography. 

MANUAL OF MINERALOGY 
James Dwight Dana (1 813- 1895) 
Eighteenth Edition, Revised by Cornelius S. Hurlbut, Jr. 
John W1loy, 1 971 

A standard introductory college text, based on the work of one of the great early 
mineralogists, a professor at Yale University. Good inrroductory section provides 
the essentia ls of classica l mineralogy with some discussion of modern techniques 
Co11toins a roth or thorough li ~ l l ng of common n>inoro ls, with pro pert los o11cl occur 
ranees. 

A TEXTBOO K OF M INERALOGY 
Edward Salisbury Dana (1 849- 1936) 
Founll Edition. Revised and Enlarged by W . E. Ford 
John W iley. 1 932 

The only thorough compilation of recognized m1noral species, based on tho work 
o f another great early maneralogist, the son of J. D. Dana and also professor at Yale. 
The f irst ed1t10n appeared in 1898. Unfortunately, the book is badly out -of-date 
in terms of chemical and structural treatment. though the basic minera logy is 
reasonably accurate. Geograph ic locations are difficu lt 10 interpret because o f 
changes i11 politica l boundaries and names since 1932. Though ou t-o f ela te. itls 
still in prin t and IS an indispensable reference. 

THE SYST EM OF MINERALOGY 
James Dwight Dana and Edward Sa lisbury Dana 
Seventh Edition 
J ohn W iley 

Volume I. Elements. Sulfides. Sulfosalts, Oxides Entirely rowrnton and 
greatly enlarged by Charles Palache. Harry Berman. and Clifford frondcl, 
834 pp., 1944 

Volume II. Halides, Nitrates. Borates, Carbona tos, Sulfates, Phosphates. 
Arsenates, Tungstates, M olybdates, etc. Entirely rewrinen and grea tly en ­
larged by Charles Pa lache. Harry Berman. and Clifford Fronde!, 1124 pp .. 
1961 

V olume Ill . Silica Manerals Enurely rew,.uen and greatly enlarged by Clifford 
Fronde!, 334 pp . 1962 

Intended as the def1mtrve treatise on mmeralogy. the multivolume rew,.ung of the 
System. written onginally by J ames Dwight Dana in 1837 and revised sub­
sequently by both Dan as. father and son, was begura by three distinguished faculty 
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members at Yale University. Volumes I and Ill. including all the non-silicates. 
rema in the definitive works; Volume Ill . dealing only with the forms of SiO •• has 
s•nce been published. bu t the stlicates, whtch comp11se the grea t majority of rock­
forming minerals. have not yet been trea ted. More thorough than either tha 
MANUAL or the TEXTBOOK, these volumes are nevertheless somewhat out-of­
date, though invaluable. 

ROCK -FOR MING MINERALS 
W. A. Deer, R. A. Howie, and J . Zussman 
Longmans 

Volume 1. Ortho- and Ring Silicates, 
333 pp., 1962 

Volume 2. Chain Silicates. 
270 pp .. 1963 

Volume 3. Sheet Sllic~ res. 
270 pp., 1962 

Vo lu me 4 . Framework Silica tes. 
435 pp., 1963 

Vo lume 5. Non-Sil icates. 
371 pp .. 1962 

This outstanding series of volumes by three noted British mineralogists is t he 
defin itivs work on the properties and geologic Importance of the silicates. wh ich 
occupy four or the five volumes. rhey are devoted to the major rninerals onty and. 
though they ca11not be considered as thorough as the DANA volumes, the depth of 
information - geologic, structural, chemica l, and physical - is remarkable. These 
volumes were w ritten for the professional geologist and mineralogist and, in 
general. would not be useful to the amateur or beginning student. A good deal of 
useful information can be gleaned. however. by one familiar w ith basic geology 
and vocabulary of mineralogy. 

CRYSTALLOGRAPHY BOOKS can be singularly frustra ting to the be· 
ginner. One reason for this Is the highly specialized terminology that has been 
developed by crystallographers to describe the external and internal symmetry 
or crystalline materials. Another reason Is. in pan. historical. The crystal systems. 
classes (point grovps). and space groups were determined theoretically by mathe­
maticians and physicists in the late 19th cen tury, prior to the acquisition of direct 
informa tion regarding the arrangements of atoms (structure) in real crystals. In 
general. therefore, crystallography is taught as a rather abstract geometric and 
mathematical subject, without much reference to crystal structures. The pro­
fessional crystallographer does, of course. relate the crystallography to the struc­
ture, but there are few reference materials from w hich one can learn such 
rela tionships. Only a few CtyStallography books are mentioned here; study of 
simpler treatments. as In DANA'S MAN UAL Is advisable before attempting to 
use those listed. 
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A N INTRODUCTION TO CRYSTAl CHEM ISTRY 
R. C. Evans 
Can1bridgt> University p,·ess. 2nd Ed., 1966 ( Papeoback) 

Well written, understandable discussion of crystal structures ond chemica l bond­
ing, flcgvire~ some 1\nowt~dge of basic chemistry. 

CRYSTALS AND T HE POLARIZING M ICROSCOPE 
N. H. Hartshorne and A. Stuart 
Edward Arnold, 2nd Ed. 1971 

This advanced teX t·book gives a thorough grounding In crystal optics and tho 
polarizing microscope and the application of polarized ligh t techniques to mineral ­
olog ioal and chemical problems. 

A N INT ROD UCTION T O CRYSTAl OPTICS 
P.Gay 
Long mans, 1 967 

This book provides an introduction to the optical properties o r transparent crystal­
line materials and I he methods that can be used for their determination. 

INTRODUCTION TO CRYSTAl GEOMETRY 
Martin J . Buerger 
McGraw -Hill, 1971 

A condensed version of the noted crystallographer's ELEMENTARY 
CRYSTALLOGRAPHY. A good place lor the persistent enthusiast to begin 
studying crystallography. 

A N INTRODUCTION TO CRYSTALLOGRAPHY 
F. C. Phillips 
Oliver and Boyd, 3rd Ed .. 1963 

Technical but readable trea tment. w ith many excell ent drawings or crystallo· 
graphic forms. Trea tment of space groups is strictly abstract, with no reference to 
crystal structures. Good for learning external symmetry (systems and classes). 

A N OUT LIN E OF CRYSTAL M ORPHOLOGY 
A. C. Bishop 
Hutch inson. 1967 

The emphasis here is on the external form of crystals and there is detailed treatment 
of the thirty two crystal classes but little on internal structures. A good, practical 
book. 

INTERNATIONAL TABLES FOR X- RAY CRYSTALLOGRAPH Y 
N. F. M. Henry and Ka thleen Lonsdale, Editors 
Printed for the International Union of Crystallography by The Kynoch 
Press. 1965 

Vo lum e I. Symmetry Groups 
V olume II. Mathematical Tables 
Vo lum e Ill . Physical and Chemical Tables 

Published for the professional crystallogrt~pher ond crystal structure analyst. the 
INTERNATIONAL TABLES are 1he authoritative references on crystallographic 
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maners. Strictly not for beginners; useful only after a fundamental knowledge of 
crystallography has been acquired. Thoy nro mentionod horo only because anyone 
Interested In minerals and crystals should be aware of their existence. 

SYMMETRY IN CHEMISTRY 
H. H. Jaffe and M . Orchin 
John Wiley, 1966 (Paperback) 

SYMM ETRY IN MOLECULES 
J . M. Holies 
Chapman and Hall, 1972 (Paperback) 

Both are intended for chemists. particularly spectroscopists. who are interested in 
the symmetry of molecules rather than crystals. Both have excellent descriptions of 
symmetry operati ons. necessary for understanding crystallography. 

CRYSTAL STRUCTURES, tho ways in wh1ch atoms are arranged to form the 
three-dimensional periodic arrays called crystals. are illustrated for many of the 
minerals described in this book. It is not posstble. however. to treat structures 
thoroughly In a book of this kind, though it is hoped that the reader can gain some 
appreciation of the relationships among chemistry, structure, and propenies. The 
structures of thou sands of crystals haw boon determined; It Is probably not an 
exaggeration to say that a chemistrY lesson can be learned from each. Soverol 
references concerning structures Drc mentioned here: 

MODELS IN STRUCTURAL INORGANIC CHEMISTRY 
A. F. Wells 
Ox ford Unlvorsl ly Press, 1970 (Paperback) 

TEACHING CHEMISTRY WITH MODELS 
A. T. Sanderson 
Van Nostrand Reinhold. 1962 

These books by two of the "old masters" are very useful to anyone with an Interest 
in the structures of molecules and crystals. Detailed explanations of structures and 
rnstructions on how to build accuroto models are Included. One can learn a lot of 
chemistry from those little books. 

CRYSTAL STAUCTURE;S OF MINERALS 
L. Bragg, G. F. Claringbull, and W. H. Taylor 

Volume IV of THE CRYSTALLINE STATE 
Cornell University Press, 1966 

The only comprehtlnstve one-volumo comp1lauon of crystal structure lnformauon 
Can be appreciated and used by anyone wrth basrc knowledge of mrnerals Not 
heavily laden wit II cryotallogruphic uototlon. 
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CRYSTAL STRUCTURES 
R. W. G Wyckoff 
Inter science Publ .. John Wrley, 2nd Ed. 

Vo lu mo 1. Clements, Compounds RX. Compot1 11ds RX,. 
467 pp .. 1963 

Volume 2. Inorganic Compounds AX • • A. MX 2 , RnMX3. 
588 pp. 1964 

Volume 3. Inorganic Compounds A,(MXy),.. A,(MnNp),. 
Hydrates and Ammonlatos. 
981 pp .. 1965 

Vo lume 4. Miscellaneous Inorganic Compo unds. 
Sili ca tes. and Basic Stru ctural Information. 
566 pp. 1968 

Volume 5. The Structures of Alrphatic Compounds. 
785 pp 1966 

An aucmpt by tho author, on eminent crystalloornpllor, to compi le Clll avolloblc 
hlfOI'mmlon on crystal sHucturos In one re foronco sot. I hough tho nototlon Is 
crystallogrophically rigorous, tho drawings and commentary are very lnformotlve to 
anyone who w 1shes to know the structure of a mineral or other crystalline materials 

CRYSTAL CHEMISTRY, tho study of why crystals have a givon structure 
a11d how that structure Is rela ted to propenles, Is ,1 notural outcome of o sorlous 
interest In nunerals. It rs 6 rt~ l her udvoncod subiocl, l!ut ono that con be ctudlod by 
an amateur who knows minerals well 

AN INTRODUCTION TO CRYSTAL CHEMISTRY 
R. C. Evans 
Cambridge University Press, 2nd Ed .. 1966 ( Papo1·back) 

Well written, understandable discussion of crystal structures and chemical bond· 
mg. Aequ~res some knowledge of basic chemistry. 

CRYSTALLOGRAPHY AND CRYSTAL CHEMISTRY 
F. D. Bloss 
Holt, Rinehart & Wmston. 1971 

The crystollography sect1on 1S comparable to Phrllips' CRYSTALLOG AAPHY The 
remalndet IS broader rn scopo than Evans· CRYSTAL CIIEMISTRY, wrth excellent 
chapters on X ray. optical, and other methods of study1ng mtnerals. Useful fo1 the 
very advanced amateur. 

STRU CTURAL INORGANIC CHEMISTRY 
A F. Wolls 
Clarendon Press 2nd Ed., 1950 

More techmcal and dota1led than Evans' CRYSTAL CHEMISTRY. For tho ad· 
vanced reader 
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THE NATURE OF THE CH EMICAL BOND 
Ltnus F-ouling 
Cornell University Press. 3rd Ed .. 1960 

The clossic by the Nobel Prizo -winnmg chem1st who IS in 10100 pall responsible for 
devolopmem of the modern theories of chemical bonding. 11 is heavy reading for 
the boglnnor but very in fom1ative for one with a good knowledge of general 
chemistry. 

INTRODUCTION TO SOLIDS 
l V. Atarolf 
McGraw- 1-1 ,11. 1960 

Moro emphasis on properties o f solids than on s!Juctures. It conta~ns l ittle infor­
mation about minerals and requiros a good foundation in physics and chemistry 
but may be useful for the advanced reader who is curious about properties. 

CLAY M IN ER A LOGY is a ro thor specialized area of study wlthtn the ovoroll 
subjects of geology and m1neralogy, but the unusual properties of clay minerals 
and tho fantaStiC breadth of application they have found in industry make the 
subJeCt worth mentioning. 

CLAY MINERALOGY 
Rolph E. Grim 
M cGraw Hill , 2nd Ed .. 1968 

APPLIED CLAY MINERALOGY 
Ralph E. Grim 
McGraw- Hill. 2nd Ed .. 1962 

These two IJooks by Ralph C. Grim, Research Professor o f Goology, Emeritus. altho 
Univo,slly o f Illino is. w ith whom this nuthor had the gront priv ilogu o f studying ror 
the Ph.D. degree. aro dorallod ntii111'110tics o f tho ohomlatry, s tructures. geology. 
properties. and uses o f clay mlnoro ls. Though wriuen lor the professional. their 
lucidity makes them quite mteresting and in formative for tho serious amateur. 

OCCURRENCE AND OR IG IN OF MINERALS . Only a brief in­
troduction has been g1ven 1n this book to the various environments 1n wh ich 
minerals occur and to tho procussos which load to their formation. The following 
books w ill holp tho roodor to fliO{Iruss from the study o f mfno,ology to t tw t o f 
petrology - the study of rocks. 

THE PETROLOGY OF THE IGNEOUS ROCKS 
F f.latch, A K Wells and M K. Wells 
Allen & Unw111, 13th Ed. 1972 

A standard text book. Well -wr~uon and dlustcated. wi th gooc.J accounts of Brit1sh 
Igneous rocks. 
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SEDIMENTARY ROCKS 
F. J PettijOhn 
Horpor u Row, 3rd Ed. 1975 

This ostobllshed text-book provides a dotoiled account o f tho mineralogy, struc ­
tures. modo ot origin and etwironmonts o f deposition o f the whole range o f 
sedimentary rocks. 

METAMORPHISM 
A. Harker 
Mot huon. 3rd Ed 1950 

A class1c work by one o f the p1onoers 1n the study of metamorphism, with tho 
emphasis placed on descriptions of rocks and the products of metamorphism. 

PETROGENESIS OF M ETAMORPHIC ROCKS 
H. G F Winkler 
Spnngcr, 3rd Ed 1974 

Thos book by one o f the leddmg European outhorot,es lays stress on the experomen 
tal approach to metamorphic rocks whoch enables the geolOgist to determme 
pressures and temperatures at which the metamorphiC processes operated withm 
the crust. 

ORE DEPOSITS 
C. F. Park and R. A. M acdiArr.1rd 
Frooma11 2nd Ed. 1 970 

ORE PETROLOGY 
R. L Stanton 
McGraw Hill. 1972 

Bo1h those books give modern authontativeaccounts oft he gons1s of ore deposits 

M I N E RALOG IC AL JOURNALS. Tl10uyh published lur the IJIO fassionat 
scientist, can be immensely useful to the amateur and the studen t. Some or the 
more important journals, though by no means all. are listed here. 

M IN ERALOG ICAL MAGAZINE 
Journal of the Mineralogical Socoety 
CS1Abhshod 1876 
O f fico: The M ineralogical Socloly 

41 Queen 's Gate 
london SW7 
England 

The Mineralog1cal Society is subd1v1ded into a clay minerals group. an applied 
m1neralogygroup. and a geochenustrygroup, all of which publish technical articles 
rn Mineralogical Magazi ne. one of the oldest and most esteemed of journals 
The Soc1ety is well organized. providing a full range of services to the membership 

ACTA CRYSTALLOGRAPHICA A Crystal Physics. Dittraction, Theore11cal 
and General Crystallography. 
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ACTA CRYSTALLOGRAPHICA B. Structural Crystallography and Crystal 
ChemiSHy 

JOURNAL OF APPLIED CRYSTALLOGRAPHY 
These three journals are published lor the International Union or Crystallography 
Available from: 

Munksguard Internati onal Booksellers and Publishers. Ltd. 
N orre Sogade 3 5, D K ·1 370 
Copenhagen K, Denmark 
and 
Polycrystul Book Servrce 
P.O. Box 11 567 
Pittsburgh, Pennsylvanra 15238 

These three journals, established since 1948, like the International Tables for 
X· Ray Crystallography, are oHicial publications or the International Union or 
Crystallography, which serves as the archivists and arbiters for the scien tific 
community. Though highly technical. subject matter should be interesting and 
informative to the serious amateur and student of mineralogy. 

ZEITSCHRIFT FUR KRISTALLOGRAPHIE 
Akadernische Verlagsgesellschaft 
Frankfun am Main 
Germany 

This highly respected journal, published in German, English, and French, is de· 
voted to structural and crystallographic matters. 

COLLECTIONS OF ROCKS A N D MIN ERALS. It was suggested earl ier 
that the amateur collector should, ir a1 all possible, study the minera l and rock 
collections in museums and universities and those of lapidary socie ties and private 
individuals. 

In Brita in, most cities and many towns have good collections but sorne are 
outstanding and w ell worth a special visit. The most comprehensive, and ranking 
with the best in the world. is that in the British Museum ( Natural History) 1n South 
Kensington. London. Close by, and again of high quality, Is the collection in the 
Geological Museum or the Institute of Geological Sciences. Other line collections 
can be seen in the Royal Scottish Museum, Edinburgh. the Hunterlan Museum. 
Glasgow, the National Museum of Wales, CardiH, the Belfast Museum and the 
Liverpool City Museum. 

Some smaller museums, especially those in mining areas, may be strong in local 
minerals and particularly worthy of mention is the County Museum, Truro, wi th a 
fine collectiol1 of Cornish rninerals. 

University and college collections, especially those in the older institutions, have 
the advantage that they are often set out lorteaching purposes. They are. however, 
not usually open to the public, but they can be visited il previous arrangement is 
made with the curator or the head of the department of geology. 
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THE CHEMICAL ElEMENTS 

Throug hout th is book the chemica l e lemenls ore generally 
denoted by l he inlernolio nol ly accepted chemica l symbol, con· 
sisting of one or two le ite rs, e.g., C for carbon and Mg for 
magnesium. For the reader's understanding and convenience, 
the fo llowing table l ists the e lements by nome, in olphobelico l 
order, with the correc l symbol, lhe atom ic number (lhe number 
of proto ns In the nucleus and the number of e leclrons in lh e 
neutral a tom), and the olomic weight (lhe we igh! in grams of 
o ne mole (6 .02 x 1023 a loms, or 6 followed by 23 zeroes). The 
a tomic we ighls ore overages of lhe weigh ls of the isotopes 
that moke up the e lements os they occur in nature. Alomic 
weights in parentheses ore lhose o f the most com mon isotopes 
o f e lemen ts which occur only as unstable i so lopes. Prior to 
1966, ,;Iamie weights were based on the assumption lhot 
na tural oxygen had on o lom ic weight of 16.000. In 1966 the 
w e ig hts were rede termined , using the carbon 12 isotope os the 
standard reference elemen t and so there ore some differences 
in weights reported in d i fferen t references. 

TABLE OF THE EARTH'S CHEMICAL ELEMENTS 
Namo Symbol Atomic No. Atomic Wr. Other Names 

Actinium Ac 89 (227) 
Aluminum AI 13 26.9815 
Americium Am 95 (243) 
Antimony Sb 51 121.75 Stibium 
Argon Ar 18 39.948 
A rsenic As 33 74.9216 
Astotino At 85 (210) 
Barium Ba 56 137.34 
Berkelium Bk 97 (247) 
Beryllium Be 4 9.0122 
Bismuth 81 83 208.980 
Boron B 5 10.811 
Bromine Br 35 79.90 
Cadmium Cd 48 112.40 
Calcium Co 20 40.08 
Californium Cf 98 (251) 
Carbon c 6 12.01115 
Corium Ce 58 140.12 
Coslum Cs 55 132.905 

Chlorine Cl 17 35.453 
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Name Symbol Atomic No. Atomic Wt. Other Nomos Name Symbol Atomic No. Atomic Wt. Other Names ----- --- - - ---
Chromium Cr 24 51.996 Osmium Os 76 190.2 

Cobalt Co 27 58.9332 Oxygen 0 8 15.9994 

Copper Cu 29 63.546 Cuprum Palladium Pd 46 106.4 

Curium Cm 96 {247) Phosphorus p 15 30.9738 

Dysprosium Oy 66 162.50 Platinum PI 78 195.09 

Einsteinium Es 99 {254) Plutonium Pu 94 (244) 

Erbium Er 68 167.26 Polonium Po 84 (209) 

Europium Eu 63 151.96 Potassium K 19 39.102 Kalium 

Fermium Fm 100 {257) Praseodymium Pr 59 140.907 

Fluorine F 9 18.9984 Promethium Pm 61 (145) 

Francium Fr 87 {223) Protactinium Pa 91 (231) 

Gadolinium Gd 64 157.25 Radium Ro 88 (226) 

Gallium Ga 31 69.72 Radon Rn 86 (222) 

Germanium Go 32 72.59 Rhenium Re 75 186.2 

Gold Au 79 196.967 Aurum Rhodium Rh 45 102.905 

Hafnium Hf 72 178.49 Rubidi.um Rb 37 85.47 

Helium He 2 4.0026 Ruthenium Ru 44 101.07 

Holmium Ho 67 164.930 Samarium Sm 62 150.3/l 

Hydrogen H 1 1.00797 Scandium Sc 21 44.956 

Indium In 49 114.62 Selenium Sa 34 78.96 

Iodine I 53 126.9044 Silicon Sl 14 28.086 

Iridium lr 77 192.2 Silver Ag 47 107.868 Argentum 
Iron Fe 26 55.847 Ferrum Sodium Na 11 22.9898 Natrium 
Krypton Kr 36 83.80 Strontium Sr 38 87.62 

lanthanum l o 57 138.91 Sulfur s 16 32.064 

lawrencium lr 103 (257) Tanta lum To 73 180.948 

load Pb 82 207.19 Plumbum Technetium Tc .o43 (97) 

lithium ll 3 6.939 Tellurium To 52 127.60 

lutetium lu 71 174.97 Terbium Tb 65 158.924 
Magnesium Mg 12 24.312 Thallium Tl 81 204.37 

Manganese Mn 25 54.9380 Thorium Th 90 232.D38 
Mendelevium Md 101 (256) Thulium Tm 69 168.934 

Mercury Hg 80 200.59 Hydrargyrum Tin Sn 50 118.69 Stannum 
Molybdenum Mo 42 95.94 Titanium Ti 22 47.90 
Neodymium Nd 60 144.24 Tungsten w 74 183.85 Wolfram 

Neon Ne 10 20.183 Uranium u 92 238.03 
Neptunium Np 93 (237) Vanadium v 23 50.942 

Nickel Ni 28 58.71 Xenon Xe 54 131.30 
Niobium Nb 41 92.906 Columbium, Ytterbium Yb 70 173.04 

Cb Yttrium y 39 88.905 
Nitrogen N 7 14.0067 Zinc Zn 30 65.37 

Nobelium No 102 (254) Zirconium Zr 40 91.22 
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£Nm}t:-
IN DEX Calcium cont'd Chlorme com'd Cristobolito cont'd 

204. 226. 230. 246. 25. 118. 1 21. 1 52 212. 213 
248 Chlonte. 89. 200, 201 Crocotte. 252. 253 

Acenthite. 3, 92. 94 Anorthoclose. 216, 217 Biotite. 163. 1 76, 177. carbonate. 228. Chromates. 252 253 Crookostte, 94 
Acicular. 46 Anthophyllite, 184, 185 194, 195. 200. 223. 232 Chromtte. 60. 74, 140, Cryoltte, 1 26. 1 27 
AcmitB,178 AntigoritB. 190 247 CalichtJ, 238 141 Cryst~llogr11phy, 36 
Actinolite. 182. 183, Antimony, 72. 80, 81, Bisbeeite, 180 Calomel. 118. 119 Chromium. 62, 138, Crystals, 36-51 

193 82. 106. 108. 112. Bismuth. 72. 80. 81. 82. Cancrinn~ 222 223 140. 195. 252 habit. 46, 64 
Adularia. 216, 217 114, 116 86 Carbon. 19 Chrysoberyl. 44. 146, imperfections. 48. 
Aegimc. 174. 178. 179 Antipetthite. 216 8/smuthmite. 81 . 86. 87 group. 76- 77 147 49 
Aegmte·ougtto. 1 78 Antleflte, 242, 243 Bladed. 46 Carbon dioxide. 24, 25. Chrysocolla. 180. 181 inclusions. 50. 51 
Ag3tc. 208. 209 Apatite. 55. 60. 246, Boohmtte. 148 51.228 Chryso/lle. 190 sys tems. 38 43. 64 
Agutlente. 92. 93 247 Boracite. 152. 153 Carbonate. 56, 73. 1 02, Cinder, 9 twinned. 44. 45 
Akermenite, 168, 1 69 Aphanitic rock. 8 Borate, 42. 58, 152. 150. 222. 228- 235. Cinnabar, 1. 72, 73, Cullman diemond. 76 
Alabanditll. 63. 90, Aquamarine. 172, 1 73 153 250 84.85 86 Cupnt11. 94. 128, 1 32. 

264 Aragonite, 232. 233 beds. 16, 17 Carbonic acid. 228 Claus/halite. 63. 90, 133 
Alebaster. 238 group, 232-233 Borax, 152. 153 Carnallite, 126 127 102. 269 
Alb/t11, 34,180.216, Argentite, 72. 92. 93, Boric ecid, 31 Camoltte. 244. 245, Clay. 14 15. 42. 106, Dendritic. 46 

218. 219, 220. 221. 112 Bornite. 98, 99. 102 248. 249 132. 212, 224. 238 Diabase. 221 
222 Arkose. 16 Boron. 19, 152 Cossitorito, 74. 86. 98. commercielttsos. Dl~montl, :>4, 25. 55, 

Alexandrito. 146 Armacolite. 60 Botryoldel, 46 126. 138. 144. 145 199 57. 76, 77. 138. 
Algodonito. 88 Arssnates. 244-251 Boulangerite, 11 4, 11 6 Cal's-eye, 146 structure and 164 
Allemontite. 80. 260 Arsenic, 80, 81 , 82 Bournonite. 11 6. 11 7 Celestite, 69. 240. 241 chemistry. 1 98 Diaspore. 148, 149 
Allochrom/llic. 56 1 06, 1 08, 11 2. 11 4, group, 116-1 17 Colsien. 216, 217 Cleavage. 52, 64 group, 148- 149 
Alm~~ndire. 162. 163 116, 117 Bowen 's reaction series. Cerargyrite. 122. 1 23 Clinozolsfte, 1 60, 161 Dickite, 188. 189 
Altai/e. 63, 90, 266 Arsenopyrite. 44. 86. 82.83 Cerussite, 232, 233, 250 Coal, 17, 224 Dlgonite. 11 . 94, 96 
Alum. 242 106, 107, 11 2 Br8ss. 73 CcrvMtlto, 80, 81 Cobalt, 80, 90, 100, Diopsirle, 1 7 4. 175, 
Aluminoslllcato. 20~ Asbestos. 46, 50, 190, Brovoito, 1 04 Cesium, 20. 124. 172 102. 106, 108, I 10 176, I 77. 180, 181 
Aluminum. 6, 1 9, 22. 191 Brecclo. 60, 61 Chabllzito, 226, 227 C obalttte. 1 08, 1 09 Diorite. 7. 9 

28.34,62, 128,140, Asumilite. 170 Breithauptlte, 100, Chalcedony. 208, 209 group, 1 08- I 09 Oolomtte, 16, 68, 91. 
148, 160,168. 170. A tacamite, 126, 127. 102. 103 agate. 208, 209 Colemanile. 1 52. 163 97. 130. 164. 176. 
172, 182, 184, 186. Atoms. 18 Bronzite, 1 77 blue tigereye. 209 Color. 56, 64, 268 182,196.206, 230. 
1 88, 202. 206. 214. Attapulgite. 202. 203 Brochantite. 242. 243 come/ion. 208 Coloradoite, 96 231 
222. 224,244 Augite. 175. 176, 178, Bromellite. 1 32, 1 33 chysoprase, 208 Columnar, 46 Domeyklte. 88. 89 

Amblygonite, 248, 249 179, 180.201 Bromrne. 20. 118. 1 23 moss agate. 209 Conchotdal. 52. 53 Drovito, 170 
Ammonia, 24. 25 Aureole, 12 BromyrlttJ. 122 1 23 onyx. 208 Conglomerate. 15, 16. Dufrenoysite, 11 7 
Ampfubolc. 6, 7, 8. 15. Autunite. 250, 251 Bronze. 73 petrified wood. 17 Dunrto. 161\ 

46. 52. 53, 83. 176, Aventurlne. 208, 209 Brookite, 142 143 208. 209 Copper, 26, 70. 72. 73, Dyscrosttc. 88. 89 
190. 200. 212 Axinite. 1 70 Brucite. 130, 150. 151 sardonyx, 208 74. 82. 90. 92. 94. 
group. 182- 1 85 Azurite, 57, 94, 98. group, 150-151 tigereye. 208. 209 96. 98. 100. 102, Eglestonite, 1 26, 1 27 

Analcite. 224. 225 132. 234. 235 Bunsenite. 130. 131 Chalcocite. 92. 94, 95, 1 06. 112. 114. 116. Elbatte. 170 
Ammtse. 142. 143 Bytownite, 219. 221 98. 102, 132 128. 132. 133, 144, Elements, 18 
Andslusite. 10, 50, 51 . Barite, 34, 55. 69, 91 group. 94-95 234, 244 Emerald, 51 , 172 

166, 167 232 Calamine. 230 Chslcomenite. 102 carbonate. 234 Emory, 138 
Andesine. 219 group. 240- 241 CnlaventtJ, 11 0. 111 Chalcopyrite, 57. 98 sulfate. :>42 Energite. 102. 11 :>, 
AndtJsito. 9 Barium. 69, 216. 240 ColcitiJ. 4, 10. 12, 15. 99. 102. 103 Cordleflte. 170, 172, 116.117 
And,ditc, 1 G2. 1 G3 Basalt. 9, 222 25. 40, 50, 51 , 52. ChalcotrichrtiJ, 133 173 group, 116 117 
Anglesite, 69, 232, 240. Batholith. 6. 7. 82 63. 55, 57. 58. 81 , Chalk, 229 Corundum, 52, 55. 1 28, Enstatite. 174, 176. 177 

241 Bauxite, 148, 149 85, 95, 1 02, 103, Chert, 16, 17,97.103. 134, 135.138,148, Epidote, 159. 160, 161. 
Anhydrite. 32, 34, 238, Beidellite, 200 104, 112. 132, 139. 208.209,213 166 168 

239,240 Benitoite, 170 165. 198. 212. 228. Chinstollte, 50, 51 , 167 group. 134- 1 37 group, 160- 161 
Ankerite, 230, 231 Beryl. 52, 132. 166, 229,230, 232. 234 Chllnochlora, 200 Corynite, 108 Fpsom sslt, 238 
Annoborgito, 101 , 110, 170, 172, 173, 180 !JfOLip, 228- 231 Chloonthito. 110. 111 "Cotton balls, " 152 Epsomito. ?38, 239 

246 Boryllium, 19, 62, 132. Clllclum, 6, 63. 90, 124, ChloropMitc. 246 Covalent bond, 24, 2b !tyrhrit8, 110. 246.247 
Anorthite. 34, 216. 218, 146, 172 160,164.174. 178. Chloride. 222 Covel/ito. 1 02, 103, 11 2 Eucolfilfl. 94, 102 

219, 221 8tJrzelianitu. 4. 94. 95 184,186, 192,194, Chlorine, 19, 20, 24. Cnstobaltte. 60. 204. EucryplitiJ, 222, 223 
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Famatinite. 116. 117 Geode.46 Helium, 18, 19 Johsnnsenite. 174, 178 Magnesiochromite, 140 Micsconl'd 
Feyalite. 32, 164, 168 Gersdorflite, 108. 109 Hematite, 15, 50, 56, 179 Magnos11a. 51, 130. biotite, 7. 83 
FtJidsp/Jr, 6, 8, 16, 34, Glbbsitu. 148. 149 Homotlt11 cont"d 230, 231 " bll/1111, .. 196 

4:>. 50, 60.82.99 Gillospito, 217 57, 74, 103. 136, Kollnite, :>43 M agnesium, 6, 22, 28. group, 1 94 197 
135, 161, 170,171 . Gloss, lunar. 60, 61 137, 140,141 , 150 Kols/lito, 222 32. 34, 128. 130, muscovite, 6, 7, 
172, 194, 198, 204, volaMir:, 9, 52 group. 134 Kandito group, 188 140, 150, 164, 168, 52, 83 
212, 214,216. 217, Glouborlte, 242, 243 Hemlmorphite. 230 Kaolinite, 186. 188. 170, 174, 176, 178, schist, 146 
218,222,223 Glauber salt, 242 Hercynite. 138 189, 199 180. 182, 184. 1 86, Microcline. 50, 54, 

aventurine, 50 Glaucophane, 184. 185 . Hessite. 92, 93 group, 188- 1 89 192, 202. 203. 230 55, 1 26, 180, 1 95, 
calcium, 7, 34, 82. Gneiss, 11. 13 Heulandite, 226, 227 "Kidney ore, " 136 Magnetite, 16, 57, 58, 213, 214,215,216 

83 Goethrtc. 63, 62, 148. Hlddenrte, 180 Kimborllt9, 76, 77 74. 76, 137, 138, M iersite, 118 
piiJQIOCIIISIJ, 218 149,160 Homblsndo, 184, 185 Klockmannrte. 1 02 140, 141 , 195. 201 Mrllell/o, 1 02. 1 03 
potassium. 6, 7. Gold, 70, 11, 74. 84. Hom silwJr, 122 Kn9belite, 164 Malachrt9, 57, 94. 95, Mimetrte, 250 

1 3, 1 b, 51 ' 82, 90,92, 106.110 1-/uobnerite. 254, 255 Knoop hardness, 54 98, 132, I 33. 229, Minora/, aggregates. 
83. 214, 216, group. 70-73 Humboldtilite, 1 69 Krennerite, 110 234,236 40 
218, 223 Granite, 6, 7, 8, 9, 13, Hy81opl18ne. 21 6 group, 110-111 M alleability, 27 atomic structure, 

sodiurn. 7, 34. 51 , 37. 60. 72. 82, 124. Hydrocerussite, 232 Kunzite, 180 M anganese. 62, 63, 90, 18- 31 
82. 83, 216, 138, 144, 166, 170. Hydrogen, 19 Kyanite, 1 0, 42, I 34, 100,130, 140, 142. cataloging, 260 
217 172. 194. 202, 213. bond. 30 166, 167,197 144, 145, 148, 1 50, clsssiflcation, 68, 

Foldspothoid, 38, 214,244, 248, 256 Hydmxldes. 128- 151 1 52, I 60. 168. 170, 69 
group, 222 228 gr11phlc, 50, 51 llyclloxyapo/1/e, 246 Labradorite, 218, 2 1 9. 22 1 184,218, 230 clcovsgs. 52. 53 

Fcrborito, 254, 255 Intrusive. 13 Hydroxyl, 203 Loccolllfl, 6, l Mangsnito. 148, 149 collecting, 258-267 
Fe,osilitc, 17 4 Graplute, 24, 25, 76. ion. 30.31 Lapis lazuli, 224 Manganosite, 130. 131 color. 56, 57. 268-
Frbrous. 46 77.88 Hydrozincite, 234, 235 Laurite, 1 04 Ma1ble. 10, 11 . 145, 269 
Flint, 208, 209 Graywacke, 16 Hypersthene, 178, 1 79 Lava. 8, 9 1 46, 150. 167, 172, covalenr bonds, 

clay. 189 Greenockite, 84, 85 Lazulite, 244. 245 176, 180, 231 24. 25 
Fluorapotito. 246 "G1eensonds," 196 Ice. 128. 129 Lazurlte, 224 Marcasite. 85. 91, 1 06, 9/sctron/c configu-
Fluorine, 20, 22, 23, Greenschlsts, 200 l cloocflromotic, 56, 57 Lead, 26, 27, 63, 69, 107 ration. 19 

118. 182 Grossvlorito. 1 62, 163 Igneous rocks, 6-9 72. 73, 80, 82. , 06, Morgorito, 196, 197 fracture, 52, 53 
Fluotitl, 44, 63. 65, GuOIIOJIIUtlte, 86. 87 ciDSsifrciltioll, 8. 9 11 6, I 42, 240 Mar/a/111, 226 hardness. 54, 55 

124, 126,166 Gu8flo, bat, 236 8/ltll/S/Ve, 8, 9 ca1bonatc. 252 Marshite. 118. 119 hydrogen bond, 
group, 124-127 Gummite, 146, 147, intrusrve. 6, 7 - zinc, 231 , 240 M eerschaum. 202 30, 31 

Foliated. 46 150. 151 minerals in, 6 Lechatelierite, 210 Meionite, 226 idanllfication. 65, 
"Fool's gold." 1 04 Gypsum. 1 5, 16. 17. 42, Ilmenite, 58, 60, 1 28, Lepidolite. 171. 172. M elilite group. 168-169 268- 269 
Forsterite. 32, 1 64, 1 65 55. 104, 152. 232. 136, 137 180, 196,197 Mercury. 51, 72, 73, intermediate bond. 
Fossiliferous. 16, 17 236. 238, 239, 240, Iodates. 236 Leucita, 224, 226 84,90,96, 126, 127 28 
Fracwro, 52, 64 242 Iodin&, 20. 25. 11 8 . . 122 Uonito. 106 Motoclnnobor. 96 Ionic l!onct. 22, 23 
Frenklinltl!, 132. 133, Ionic bonds. 22, 23 Llmoswno, 10. I 1, 1 2, M/Jto ls, olko/1, 20 lunor, 60, 61. 62 

139. , 40, 165 H11lnium, 62 Iridium, 74 1 3, 1 5, I 6, I 7, 1 24, 1111t lve, 70- 75, 83 /ustel, 56. 67 
Holldss, 38, 58, 118- lridosmine. 74. 75 180, 206, 212, 228, Metomo1pfuc 1ocks. mognotism, 58 

Gabbro, 7, 9 127 It on, 6, 26, 27. 32, 229, 236,238,248 10- 13 maps. 259 
Gahnite. 138, 139 Halite. 15, 37, 52, 53. 34. 60, 62. 72. 74, Limonite, 15, 74. 98, COIJISCI, 12, 1 3 metallic bond, 
Galexite. 140 55, 58. 120. 121, 75. 90. 96, 102. 140,144. 150, 151 fofiation. 1 0. 11 26. 27 
Galena. 26, 27. 55. 152, 236 104.106. 108. 136, Lithium, 19, 20, 80, metasomatism, 1 2. 1 3 opacrty, 66 

57. 63, 90, 91, 96, group, 120- 123 138.140, 142. 144, 170, 172, 180. 206.222 minerals, 1 0 piezootectriciry, 58 
116, 126. 233, 241' Hulloysito. 188, 189 168, 170, 176, 178, LitMopililit/i, 248 origin, 10 prf!purlng speci-
2b0 1/olog(JII, 20 180,182,184, 192, Llznrdlto, 1 !lO ro~·rystallltetion. 10 111111/S, 261 

grot~p, 90-91 Hnrdnoss. 54. 64, 268 1 !l4, 230 LuvtJstullu, 58, 140, 141 t llyicmul. 12, 13 ptoptJitlus of, 
Garnet. 10. 1 5, 38, 52. Harclystonite. 1 68, 169 oxide. 132 Loellinglte. 106, 107 solid-state 52 59 

138, 1 82, 163, 166. Hauerite, 104, 105 Lopezite. 252 reaction, 1 2. pyroelect1icity, 58 
181 Hausmannite, 140,141 Jacobsite. 140 Lunar glass. 60, 61 13 specific gravity, 

group, 159, 162- Hauynite, 224, 225 Jade. 141 . 180, 181 history, 62 Mics. 6. 8 10, 15, 42. 54, 55 
163 HeCIOfl/6, 200 Jedeits, 174. 180, 181 mine1als. 60 53, 99. 1 00, 166. streak. 56, 57 

Geduttl, 184, 185 Hedenbcrgite, 174, 175, Jalp8/IC, 92 lOCks, 60, 61 . 62 167, 171 . 186. 194, IBS/11, 68 
Gehlonito. 168, 169 176, 177.180 Jomesonite. 114, 11 b W810r, 62 196. 200, 212, 213, tools ond 
Gelicielit!J, 136 1/elloclor, 1 72. 173 Jospor, 208. 209 Luswr, 56, 64 214, 220 eqwpme!ll. 259 
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Mineralogy, scionce of. Oolitic, 46 PlagiOclas8 com' d R ammelsberglle. 1 06. Sedimentory rock cont'd Soda nitBr. 236. 237 
5 Opal, common, 52 57. series, 21 8 221 107 cltJssificstfon, 1 6. Sodolite, 224. 225 

M ohs hardness sco/o, 210 Plaster of PofiS, '38 Roolgor. 84, 85, 86 17 Sodium. 6, 19, 20. 22 
54.268-269 life. 210 Plotlnmdwm 74 Reniform, 46 clastic. 14, 16, 17 23. 28. 34, 62, 120. 

Molybdates, 254- 257 hynltte, 211 Plstmum, 14, 75, 104 Rhodium, 74 constttuents. 15 121, 168. 170.172. 
Molybdenite. 88. 89, moss. 210, 211 group, 74 RhodochrosirB. 178. deposition. 16 184, 186, 192. 194. 

126 precious, 21 0, 211 Plattnetite, 144, 145 230.231 mechanical. 1 4 204,224.226 
group, 88-89 ttipolite. 210. 21 1 Plumoso. 46 Rhodolite. 163 precipitated. 16, Solutions, epithermal. 

Monazite, 246, 247 wood. 210. 211 Platonic rocks, 6 Rhodonite, 174, 178, 17 82 
Monrebrasito. 248 Orioninl "nmethysr." Porpflyrlric. 8 179 siLo of particles. hydrothermal, 82 
Montlcvllfto. 1 64, 16b, 134 IJolllsslum. 6, 20. 62, Rhyollto, 9. 214 15 hypotilermof. 82 

168 " topoz. " 134 120. 186. 192. 1 94, Rocks, cl8stlc. 14, 1 7 tronsporrotlon. 16 mesothermal. 82 
Montmorillonite. 1 86, Orpiment. 84, 85. 86 204,224.236 lgnoous, 6-9 Selerride, 70. 90. 92 solid.32-35 

200,201, 202 Orthocl nso, 216, 21 7 Powellito. 256, 257 lunar. 60. 61. 62 Selenite, 238 Specific gravity, 54, 
Monzonite, 21 9 Orthoquaf/7ite, 16 Pr8hnlt8, 196. 1 97 metsmorphic, SoiBnium. 25, 63, 78, 64 
Moonstone. 220 Orrhosilicate. 1 58 Prochlorite. 200 10- 13 79.86.90,96 Sperry/ire. 104, 1 05 
Mudstone, 16 Osmiridium. 74, 75 Proustite. 112. 113 minerals in, 6 Seligmannite, 116, 117 Spessartite, 1 62, 163 
Mullite, 192 Osmium, 74 Pseudomorphs. 82 precipitated. 17 Semimetals, 80-81 , 83 Sphalelite. 51, 57, 68, 
Muscovtte. 170. 172, Osumilite. 170 Psilomclona. 150, 151 sedimentary, 14- 17 SapiolittJ, 202, 203 91. 96, 97. 98, 116. 

194, 195 Oxides. 38, 128- 151 PyrtugyfltO, 11 2, 113 Roentgen. 5 Serpen/IM, 62, 67, 1 02, 127 
Oxygen,6. 19, 22.26. PyrittJ, 44, 57. 71. 91 , Rooppcrito. 164 1 41 , 17 6. 186. 1 90, group. 96-99 

Nacrite, 188. 1 89 28. 30, 128. 132. 9b. 98. 1 03, 104, Rosiwalharness. 54 191 Spinel. 1 28, 138, 1 39 
Nantokite, 11 8, 11 9 14 2, 154' 166, 168, , 05, 108, 112. 117, Rube/lito, 180 group, 190- 191 group, 1 38- 141 
Natromontebrasite. 186, 203, 206, 238. 151. 231 Rubidium, 20 Shale. 1 3. 15, 16, 17. Spodumene, 172.174, 

248 252 group, 1 04-1 05 Ruby. 134 104, 194, 238 180. 181, 222 
Natron, 234, 235 Pyrochroire. 150, 1 51 R aby-s//vor group Sharruckite, 180 Stsnnite, 98, 99 
NoumMnitc, 92, 93 Pnlladium, 74, 75 Pyrolusito, 144, 145 11 2, 11 3 Slderlre. 115, 126, 228, Star of Africa, 76 
Naon, 19 Porngrmito, 196, 1 97 Pyromorphite. 250, 251 Ruthenium, 74 230 Star ollndlo, 136 
Nepheline. 50. 222. PDr[JIISIIC, 184, 185 f'yropo. 1 G2. 1 63 Hullfo. bO. 142, 143 Silica. 83. 128. 1 44, Staurolite. 1 0, 44, bO. 

223, 224 Poacock ore. 98 Pyropl18mte, 1 36, 137 group. 142- 145 180, 182. 192. 204, 166,167,197 
Nephrite. 1 82 Penninite, 200 Pyrophyllite, 167, 186, 212, 214. 222 Steatite. 192 
Niccolite. 1 00, 1 01 Penroseite. 1 04 192.193, 194 Safflorite. 1 06, 273 gems. 210,2 11 Stellate, 46 

group, 100-103 Pentlandite. 98. 100. 101 Pyroxene. 6, 7, 8. 42, Sa/ammoniac. 24, 122, glass. 210 Stephanito, 113, 11 4, 
Nickel 26, 60, 74, 75. Periclase. 128, 130. 131 46, 52, 53. 60, 74, 123 group, 206- 213 115 

80, 1 00, 1 02. 1 06. group, 130-131 82. 90. 176, 1 78, Selt, 1 6, 1 7. 51 , 58, Silicate, 6. 14. 32. 38, Stibnite. 46. 80, 84 
108, 110, 130.142 Peridotite. 1 40, 164 1 80. 182. 1 90. 200. 11 8. 120. 1 21 58. 83, 1 50, 164. group, 86-87 

Nigrine. 1 4 3 Peflodlc tabla. 20. 21 212 rock, 17. 37 238,240 165,156, 157.176, Stichtite. 1 41 
Nttor, 234, 235 P<Jtl~tvritu, 219 group. 174 181 Sonbotntle, 217 184,198 Stilbite, 226, 227 
Nitrates, 236, 237 Porthite, 51. 216, 217, PyroxfiJtrOtiO, 60 Sand. 50, 51 . 229 minorels. 1 64 - 227 Stolzite. 256, 267 

beds, 16, 17 220 Pyrrt1orite. 58. 98, 100 Serrdstone. 15, 16, 17. Silicon, 6, 28. 34, 62, Stromeyerite, 4, 94 
Nitrogen, 22 Petrified wood, 209, 244 101, 104 213,224,238 128.154. 203.206 Strontianite, 232, 233 
Nodular, 16, 17 Petzfte, 92, 93 Son/dine. 214, 215 Sill. 6. 7 Strontium, 69, 232, 240 
Nonmetals, native, Pfaff hnmess. 54 Quartz, a; 7. 8. 12, 13, Soponlto. 200 Sillimanite, 164, 166, Styptic pencil, 242 

76- 79.83 PhMcrit lc rocks. 8 14, 15, 16, 37. 40. Sopphlro. 134 167 Subssruret8 group, 
Nontronito, 200 Plllogoplrc. 196, 197 50, 51, 52. 63. 55, Sotlnspar, 46, 52. 238, Siltstone, 16 169, 166- 1 67 
Nosolite, 224. 225 Phosphoto,. 224. 244. 6/, 60, 61, 71, 85. 239 Silver, 70, 71, 72. 73, Sulfate, 58, 69. 98, 

245, 246, 250, 251 89, 95. 99, 11 2. 116, Souconlte, 200 80, 82. 84. 86. 90, 222, 238- 243 
Obsidian. 9, 53. 211 , rock. 16, 17 117,126. 139, 142, Scopolite. 226. 227 92. 94, 102. 1 06. Sulfide. 26, 38. 42, 56, 

213 Phosphorous. 19 144, 158, 166, 171. Scheelite, 256, 257 110, 112. 114, 122 72, 80, 82- 117.216 
0/dhamite, 63, 90 Phyllite. 1 0 172, 179. 180, 182. group. 256-257 Skutterudite, 110. 111 Su/losalt, 56. 83, 
Oligoclase, 219 Picrolite, 1 91 183.194.195.198, Schist. 10. 11 . 172 group. 11 0- 111 112-117 
Olivine, 6, 7, 8, 32, 34, Piodmontite. 160, 161 204.206.207.208. mica. 13 Slate, 1 0, 11 Sulfur. 26. 63, 78, 79, 

60, 74, 76, 82, 169. Pisolitic. 46 209,210,211 , 212, Scllorl. 170. 171 Smaltite, 11 0. 111 82, 83, 84. 88, 90. 
165, 182, 190, 191 , Pitchblende. 146 213, 214, 216,220, Sod/memory rock. Smithson/to, 68. 230. 96, 103, 104, 1 06, 
212 Plogioclase. 15 231' 234, 244, 246, 111- 17 231 108. 112.238 

group, 164- 166 colcic. 60 205,256. 267 cltllmical, 14. 16 So8pSIUIItl, 192 S USStJXittJ. 1 52, 1 53 
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~ Mite, 1 34. 178. 202. 
.;. 5. 

Sylva, '•o. 11 0. 111 
Sylvite, 58. 120, 121 

Tabular, 46 
Talc. 46. 54, 55. 57. 

186. 192. 193,194 
Tantalum, 142. 144 
Tarapacsite, 252 
r 81/uride. 90, 11 0 

gold, 70 
Tellurium, 63, 78. 79. 

90, 96 
Tt>nnantite, 114, 115 
Tephrotte, 164, 165 
Terlingusite, 126, 1 27 
Teuahedrite. 114, 115 

grovp. 11 4 11 5 
I horlonlto, 148, 147 
Thorfte. 1 58, 159 
Thorivm. 146, 1 58, 246 
Thultte, 161 
TiefT'~nnite. 96, 97. 267 
Tin. 72, 74. 82. 96. 

142, 144 
Tlumivm. 62. 136, 142, 

184. 192 
Topez. &b, 1 26. 166. 

167.172 
smoky, 210 

Torbernite, 250. 251 
T ourmalins. 1 0 1 5. 50, 

51. 58. 166, 170, 
171, 172.180 

Trachyte, 214; 215. 219 
Tmmolite. 1 82, 1 83 
Trevorite. I 40 

288 

Tfldymire. 60. 204, 212. 
213 

Triphylire, 748, 249 
Troilit11, 60. 100 
Trono, 234, 235 
Tschermlgite, 243 
Tuff, 9 
TvngstBtll. 252. 254-257 
Tungsten. 254 
Tungsianira. 88. 89 
Turquoise. 244. 245 
Tyuyomunlto, 248, 249 

Uloxlto. 1 52, 1 53 
Ullmsnnite, 1 06, 1 09 
Ultramarine. 224 
U/vospinel, 60 
Umangilo, 102 
Uronlnlt ll, 146. 147 

group. 146 147 
Uranium, 130. 146, 

246.248 
Uranophane, 147 
Uvarovitc, 162. 163 

Vanadate, 262 
group. 244- 251 

VMndlnlte, 2b0, 251 
Vanadium. 248. 250 
van der Waals bonds. 

193 
forces. 186 

Variscite. 246, 24 7 
Villiaumito, 2. 122, 

123 
Vivilltlite, 246, 24 7 
Volconic rocks, 8 
von Love, M11x. 5 

Water. 25. 30. 31 82. 222 
on moon. 62 

Womworth st-·alfl, 16 
Womcrlte. 226 
Whitlockite. 60 
Willamite, 68, 1 32. I 39 
Witherite. 232, 233 
Wolframite. 86. 126. 

254.255 
group. 254 255 

Wollustonite. 1 2. 168, 
1 /4, 175. 179, 180. 
181 

Wulfenite. 256, 257 
group. 256-257 

X- ray. 5 

Yurium. 124 
Ytrrocalcite, 1 25 
Ywocerite, 1 24. 125 
Yttrolluorite. 124, 1 25 

Zeolite, 204. 223 
group, 226- 227 

Zinc. 26, 68, 96, 1 06, 
130,132. 138, 140. 
144,152. 164. 168. 
206. 230 

carbonate, 234 
Zincite. 68, 132. 133. 

139 
group, 132-133 

Zinkenite. 1 1 4, 1 15 
Zircon. 1 34. 158, 169 

group, 1 58 1 69 
Zirconium. 62, 158 
Zoisita, 135. 160. 161 

Other paperback guides from Collins 

.,.t>e ds of Br . ~· and Euror 
with North Africa and the Middle East 

by Herm ann Heinzel. Ri chard Fitter and John Parslow 

Over 1000 birds illustrated in colour. 825 coloured distri­
bution maps and an authoritative text. This is the only com­
prehensive guide to the birds of its area from the Urals to the 
Atll'ln tir. Islands, and from North Africa to the Arctic circle. 
The English-languago edition includes British distribution 
maps of every British breeding species and ·egular visitors. 
There is a list of rare visitors and indexes o• 1glish and 
scientific names. 

The Wild Flowers of Britain and Northern· 
Europe 

by M arjorie Blarney, Richard Fitter and Alastair Fitter 

Over 1200 plants illustrated 10 colour. Thrs is the first guide to 
all trees. shrubs and flowering plants growrng w ild in the 
British Isles and in Europe from the Alps to the Arctic. Only 
grasses, sedges and rushes are omitted. There is a concise 
introduction to w ild flowers and, at the end of the book. notes 
on ecology, introduced shrubs. lists of habitats, glossary and 
indexes of English and screntrtic names. 
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