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PREFACE

Education in mineralogy has undergone rapid
change in the last few years with the development
of new instrumentation and the input of current
research. For an undergraduate student, the de-
mands are great. Since the turn of the century,
mineralogy as a science has developed more along
the lines of classical chemistry and physics.
Today’s student of mineralogy must be well
versed in a scientific community in which crystal
chemistry and crystal physics are common terms.
At the same time, every mineralogist should be
exposed to and aware of the large body of obser-
vational data on which the explanations of phys-
ics and chemistry are based. Going to the extreme
in either direction has disadvantages. Too much
emphasis on the descriptive aspects of mineralogy
leaves the student with an unmanageable body of
observational data, with few underpinnings as a
basis for understanding. At the other extreme, a
crystal chemist who cannot distinguish quartz
from feldspar cannot be considered a mineralo-
gist. Students are somehow expected to learn all of
descriptive mineralogy that has gone before, and
then to learn much of what modern research
considers important today.

For the instructor, the demands are also great.
Decisions must be made as to what of the old can
be sacrificed for the new. This seems unavoidable
in light of current research and the realization that
the needs of the modern student of mineralogy are
changing. The contents of this book have evolved
from more than 20 years of collective teaching in
response to those needs. It is designed for an
introductory course at the university level, and is
prerequisite to a first course in petrology or geo-
chemistry. We emphasize the importance of fun-
damental principles in the belief that students who
are well grounded in basic concepts can better
assimilate and systematize in their own mind the

ix

vast body of descriptive mineralogy. Much of the
conventional descriptive mineral data has been
excluded. In its place in Part II of this text are
nearly 100 stereographic representations of min-
eral structures. These, we believe, are essential to
the understanding of how mineral chemistry and
physical properties are related to mineral struc-
ture. Students are expected to refer continually to
these representations where appropriate to the
content of Part I. Throughout the text, the mineral
names are followed by a representative mineral
formula designed to convey information about
both structure and chemistry. We hope that by
repeated exposure, students will be better able to
relate a mineral name to the crystalline substance
it represents.

Through the years we have experimented with
the organization of the subject matter of mineral-
ogy. In Part I, the sequence of topics finally
adopted begins with a review of descriptive miner-
alogy. The purpose of the review is in part histori-
cal, for this descriptive information led early
mineralogists to formalize the concepts of symme-
try that are so important to all that follows in the
text. The purpose of our review is also practical,
for it starts students off with a three-dimensional
conception of real minerals that is an immense aid
when crystal structures and their relation to physi-
cal properties are introduced. In Chapters 2 and 3
we explain the language of symmetry and crystal-
lography. That language combined with concepts
of chemical bonding in Chapter 4 prepares the
student for a discussion of crystal structures in
Chapter 5. Chapters 6 and 7 focus on crystal
physics and crystal growth, and Chapters 8 and 9
explore the relationships between mineral chemis-
try, mineral structure, the stability of minerals,
and mineral associations. Chapters 10 and 11 de-
scribe the diagnostic techniques of x-ray mineral-
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ogy and optical mineralogy. We introduce the
methods of x-ray diffraction (Chapter 10) and
optical mineralogy (Chapter 11) in our mineralogy
laboratories as routine tools to be used and re-
fined in later courses. The bulk of descriptive
mineralogy is included in Part II of the text. Part
IT is intended as a supplement to Part I and for
laboratory use.

Some chapters may have more depth of cover-
age than necessary for the average student. In our
experience, most students gain from knowing that
mineralogy involves more than just mineral identi-
fication, and the more conscientious students are
provided the stimulation and challenge they want
and need.

This is an exciting time to be in the field of
mineralogy. We are now learning for the first time
by direct experiment how single crystals behave at
high temperature and pressure—the very condi-
tions under which most minerals form. We are
also on the verge of being able to predict the
structure and properties of minerals that lie deep
in the earth’s crust and mantle where no human
will probably ever tread. With modern micros-
copy, we are also beginning to see actual atoms in

minerals—a goal mineralogists have long dreamed
of but have not realized until now.

Throughout the text, we have adopted the in-
ternational units of measurement (SI). Putting to
rest the revered calorie and Angstrém units may
seem an unnecessarily harsh step for U.S. readers,
but to resist is to postpone the inevitable. Our
experience has been that resistance to change is
more from educators than from students to whom
the units of Angstrﬁm and nanometer (nm) are
equally unfamiliar. A list of conversion factors is
included in Appendix 1.

We sincerely thank the many colleagues and
students who through the years have contributed
to the final content of the text. Without their
patience and cooperation we would have fallen
short of our goal. Professors Charles W. Burnham,
Robert M. Gates, Guy L. Hovis, Rodney C. Ew-
ing, Edward P. Meagher, and Deane K. Smith
read the manuscript in its entirety, and to them we
extend our sincere thanks. Lastly, we thank Anne
E. Heller, Betsey I. Rhame, and Wayne E.
Schotanus, of Burgess Publishing Company, for
their assistance in bringing the manuscript to its
present form.
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PART I

PRINCIPLES AND
CONCEPTS

The first part of this text is devoted to the
basic principles and concepts on which the
science of mineralogy is based. The subject
matter is organized in 11 chapters, each of
which relies to some extent on material
presented earlier. We begin in Chapter 1
with some historical background followed
by an overview of the common physical
properties of minerals. Chapters 2 and 3
introduce the language of symmetry and
crystallography. In Chapter 4 these impor-
tant relationships are combined with the

concepts of chemical bonding to set the
stage for crystal structures, the subject of
Chapter 5. The following chapters, 6 and 7,
on crystal physics and crystal growth, rely
heavily on symmetry and structure. Chap-
ters 8 and 9 deal with the important rela-
tionships between mineral chemistry and
crystal structure, and the stability of miner-
als and their associations. The final two
chapters deal with the theory and tech-
niques of x-ray mineralogy and optical
mineralogy.
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CHAPTER ONE

MINERALS AND
THEIR PROPERTIES

Mineralogy as a science dates back to the time
when humans first wondered at the beauty and
order of natural crystals. The use of minerals is as
old as civilization itself, The first civilized humans
survived because they recognized that certain min-
erals would provide sustenance and protection
when fashioned as tools or weapons. As people
came to depend on minerals, they became more
selective of their various properties. Minerals for
adornment and even for presumed magical pow-
ers became an important part of their life. Human
intelligence to seek out certain minerals for their
desirable properties was the basis for an early
form of descriptive mineralogy.

Since then, nearly 3000 distinct minerals have
been systematically studied and described in the
mineralogical literature. This great accumulation
of printed information has made impractical, if
not impossible, the task of reading, analyzing, and
digesting all of the information on one’s own.
Data collection is a necessary function of every
science, and when gathered and assimilated, new
concepts always emerge that guide further studies.
In view of this, the approach employed in the
following chapters is based on the belief that once
students are armed with a relatively small number
of fundamental concepts, they are able to discover
and understand additional examples and applica-
tions far too numerous to be covered in a college
course in mineralogy.

Before embarking on the subject, let us con-
sider a few of the reasons why scientists study

minerals. An important reason is that minerals
occur in one form or another in nearly all inor-
ganic materials of everyday life. Most familiar are
the natural metals, which are derived from the
earth and are used in everything from space-age
alloys to amalgam to fill cavities in our teeth. A
glance around any classroom quickly reveals that
nearly every item has a mineral basis. The window
glass is made primarily from feldspar and quartz,
the chairs are metal, and even the wood and
synthetic plastic items can be traced back ulti-
mately to minerals in the earth.

Much of our space-age technology stems di-
rectly or indirectly from mineralogical studies.
The quest to find and synthesize exceedingly pure
crystals made possible the development of lasers
and of oscillators, semiconductors, and transistors
that form the essence of modern electronics. The
Space Program and the first Apollo 12 samples
from the moon marked a new era for mineralog-
ical research in which numerous important ad-
vances have been made. These studies indicate
that exploration of our neighboring planets is
likely to reveal mineralogical problems similar to
those encountered on earth.

Another reason to study minerals is that they
are the constituents of nearly all rocks in the
earth’s crust and mantle. Research in the last 50
years has shown that some minerals can exist in a
stable form over only a narrow range of pressure
and temperature. Experimental confirmation of
this range enables the scientist to make a correla-
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tion between the occurrence of a mineral in a rock
and the conditions under which the rock was
formed. This approach, perhaps more properly
considered in the field of petrology, has helped
scientists to unravel the earth’s complicated his-
tory.

Finally, the study of minerals satisfies our natu-
ral curiosity about how things happen in nature.
The most fundamental principles of science are
reflected in one form or another in all natural
phenomena. By understanding how and why min-
erals behave in their unique manner, we gain
insight into other processes. Those insights can
then be applied to predict the properties and
behavior of different minerals or substances.

SOME EARLY HISTORY

The emergence of mineralogy as a separate
field of study was signaled in 1556 by the publica-
tion of De re metallica libris XII by the Ger-
man physician Georgius Agricola, known also
as Georg Bauer. Agricola summarized for the first
time a collection of observations that had accumu-
lated for centuries in the midst of folklore and
legend. Aided by his own factual observations, he
outlined several categories of mineral properties
that included color, transparency, luster, hardness,
flexibility, and cleavage.

Based on observations of this kind, attempts
were made as early as the 17th century to relate
the physical appearance and properties of miner-
als to their internal structure. The internal struc-
ture of exactly what was still a fundamental ques-
tion that would not be answered for another three
centuries. Nonetheless, early scientists and philos-
ophers conceived of tiny building blocks arranged
in an internally periodic array long before the
existence of atoms was demonstrated. The physi-
cist and astronomer Johannes Kepler speculated
in 1611 on the planar arrangement of spheres as a
possible explanation of the symmetry of snow-
flakes. He recognized the two unique geometrical
arrangements that today form the basis for the
study of closest-packed structures (Chapter 5).
Other 17th century scholars, such as René Des-
cartes, Robert Hooke, and Christian Huygens,
subsequently made contributions to the concept
that mineral properties were more fundamentally
related to internal structure.

Niels Stensen, whose name was latinized to
Nicolaus Steno, studied further the external forms
of crystals. Stensen was a physician known in his
time for his contributions to anatomy. Drawing
on his knowledge of how plants and animals grow
and are nourished by internal fluids, he asserted

that crystals grow by the addition of particles
from an external fluid. He concluded, correctly,
that the process of crystal growth is directional in
nature, and that the eventual shape of a crystal
depends on growth rates in different directions.
Based on his study of the morphology of natural
crystals, in 1669 he formulated the general rela-
tionship that the angles between the same two
faces of a crystal are always constant, regardless
of the size or shape of the crystal faces. This
relationship later became known as Steno’s law.

An important stage in the development of min-
eralogy came with the rising industrialism of the
18th century. There was a growing need to de-
velop methods for identifying minerals and for
systematizing mineral properties. In 1768, Carolus
Linnaeus put forth one of the first systems of
mineral classification. He was convinced that he
had discovered in the mineral kingdom the same
principles that had played such an important role
in his botanical work. Based on common external
properties, his system was divided into orders,
classes, and species. The external form of the
crystal was central to his classification, and his
descriptions of crystals were so carefully done that
later researchers referred to him as the founder of
the science of crystallography.

In 1774, Abraham Werner, a professor of min-
eralogy at Freiburg, Germany, proposed the first
comprehensive and consistent system of mineral-
ogy. In his system of about 300 species, external
form was only one of several properties that re-
quired evaluation before identification could be
made. Werner’s students spread his teachings over
most of the civilized world, but his work was later
attacked as being unscientific because it was not
based on any single established theory of that day.

A milestone came in 1784 when René Just
Haily, in his Traité de cristallographie, conceived
of crystal structures made up of identical mole-
cules integrantes, or integral molecules. Figure 1.1,
from Haliiy’s treatise, illustrates how similar his
thoughts were to the modern concept of the space
lattice and how clearly he visualized the relation-
ship of the lattice to external crystal form. Haiiy’s
successful synthesis of the current ideas of his
time was coupled with his own studies of calcite
(CaCOj;) and its distinctive rhombohedral cleav-
age. Because the rhombohedral form could be
observed down to the eye’s limit of resolution,
Haiiy believed that form to be characteristic of
one of several basic building blocks from which
all minerals were derived. Implicit to Haiiy’s the-
ory was that each integral molecule had a speci-
fied chemistry, although he relied much more on
form than chemistry in his classification. In his
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FIGURE 1.1

(a) René Haiiy’s illustration of how the
dodecahedron (12 faces) crystal form with rhombic faces
is derived from a cubic nucleus or integral molecule. (b)

view, the integral molecule was the basic sub-
stance itself, and any further division would de-
stroy its identity as such.

The priority of Hailiy’s concept of the relation-
ship between internal structure and external mor-
phology is not entirely clear. Eight years earlier
in 1773, the Swedish chemist and mineralogist
Torbern O. Bergman demonstrated how the sca-
lenohedron of calcite (CaCO,) could be formed
from the rhombohedral nucleus (Figure 1.2) with
angles of 101.5 and 78.5 degrees. Haiiy was appar-
ently aware of Bergman’s results, but he discusses
them only in the context of Bergman’s erroneous
attempt to relate the dodecahedral form of garnet
to the rhombohedral nucleus of calcite. Bergman’s
most significant contribution was in the chemical

Haiiy’s derivation of the dodecahedron with pentagonal
faces from the cubic nucleus. (From Haiiy, R. J., 1801.
Traite de minéralogie. vol. 5, plate I1.)

analysis of minerals in the laboratory. In 1779,
Bergman gave a full account of the use of the
blowpipe for chemical tests on minerals. It was
the chemical approach to mineralogy more than
anything else that eventually led to the downfall
of Haiiy’s theory.

As chemistry began to contribute more to the
science of mineralogy, the role of crystal forms
became less dominant. After the turn of the cen-
tury, Francois Beudant, a former student of Haiiy,
discovered that aqueous solutions containing dif-
fering proportions of dissolved ferrous sulfate
(FeSO,) and zinc sulfate (ZnSO,) always crystal-
lized the same distinctive rhombohedral crystals
on evaporation. Haiiy’s theory held that FeSO,
and ZnSO, had different forms, and thus Beu-
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dant’s observation led to controversy. Beudant
concluded that chemically composite compounds
were not mechanical mixtures of two different,
integral molecules as Haiiy believed, but rather
were chemical mixtures that exhibit a continuous
range of physical properties. About the same time,
William H. Wollaston completed a similar study

FIGURE 1.2 Torbern Bergman’s illustration of how
the calcite prism (HURCIFP) and scalenohedron (HCIF)
could be derived from a rhombic nucleus (COFD). (From
Bergman, T. O., 1773. Variae crystallorium formae, e
spatho ortae. Nova Acta Regiae Societatis Scientiarum
Upsaliensis. vol. 2, plate 11.)

of calcite (CaCO,), magnesite (MgCO;), and sider-
ite (FeCO,), concluding like Beudant that those
minerals should be regarded as homogeneous
chemical mixtures having the same crystal form.
With these results, the modern concept of solid
solution or isomorphism was established.

Similar problems with Hailiy’s theories arose
with the recognition that even though calcite
(CaCO,) and aragonite (CaCO,) have entirely dif-
ferent physical properties, they have identical
chemistries. In 1821, Eilhard Mitscherlich, a stu-
dent of the Swedish chemist and mineralogist Jons
J. Berzelius, proposed the modern concept of poly-
morphism by demonstrating that an identical num-
ber of the same elements can arrange themselves
in such different ways that resulting external
forms and physical properties are different.

With evidence mounting that the internal ar-
rangement of chemical elements in minerals is
highly symmetric, Christian Samuel Weiss set the
science of crystallography on a new course. A
brilliant scholar who received his doctorate at the
age of 20, Weiss was a proponent of the polar
theory of matter, which held that elementary par-
ticles were drawn together by attractive forces and
held apart by repulsive forces. His formulation of
the concept of crystallographic axes and their
relationship to symmetry axes in a three-di-
mensional space was published in 1815. By con-
sidering mutually perpendicular axes, he identified
the isometric, tetragonal, and orthorhombic crys-
tal systems. He also recognized the natural divi-
sions of minerals into those with sixfold rotational
symmetry and those with threefold rotational sym-
metry. Hence hexagonal and trigonal crystal sys-
tems came into being. Then in 1825, Friedrich
Mohs, the successor to Werner at Freiburg and
inventor of the hardness scale that bears his name,
demonstrated that both monoclinic and triclinic
systems exist by considering nonorthogonal crys-
tallographic axes.

The science of crystallography now developed
rapidly. Johann Hessel, the German physician
and mineralogist, derived in 1830 the fact that
there are exactly 32 crystal classes, and that only
twofold, threefold, fourfold, and sixfold axes of
rotational symmetry are compatible with transla-
tion. Hessel’s findings were based on his exhaus-
tive study of the possible types of symmetry any
geometrical form might have. In 1840, Gabriel
Delafosse wrote correctly that the integral mole-
cule of Haily was the outline of nodes in the
crystal lattice—that is, a geometrical element dis-
tinct from the physical and chemical entity we
now call the unit cell. This observation was a
major turning point conceptually, for it stripped
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Haiiy’s form of any chemical significance. In
1848, Auguste Bravais proposed independently
the 32 crystal classes that Hessel derived earlier.
More importantly, Bravais proposed the 14 space
lattices that were the forerunner of space group
theory. Bravais perceived that the 14 lattices con-
sisted of seven different lattice symmetries, which
corresponded to the previously recognized seven
crystal systems. His work established the fact that
external symmetry is grounded on the concept of
the space lattice.

The last major question that remained was
exactly how atoms were arranged within unit cells.
It became a geometrical problem for scientists to
determine the number of symmetrical ways in
which points could be arranged in space such that
the environment around each point was identical.
In 1879, Leonard Sohncke provided part of the
answer by recognizing two new symmetry ele-
ments called a screw axis and a glide plane.
Armed with these concepts, the Russian crystal-
lographer E. S. Federov derived the 230 space
groups and published his results in 1881. Artur
Schoenflies, a German mathematician who was
unaware of Federov’s work, used mathematical
group theory and published the same results in
1890. About the same time, William Barlow, a
self-educated genius who had the unusual advan-
tage of independent wealth, also concluded after
studying the symmetrical arrangement of spheres
that there must be 230 space groups.

With Rontgen’s discovery of x-rays in 1895, the
stage was set to test the earlier structural models.
In 1911, Max von Laue, professor of physics at
the University of Munich, and his two assistants
Walter Friedrich and Paul Knipping, passed a
narrow beam of x-rays through a crystal of copper
sulfate, and history was made. Diffraction spots
appeared on a photographic plate placed behind
the crystal. The group concluded that such a
response could only occur if (1) x-rays were elec-
tromagnetic in nature and had short wavelengths
and (2) those wavelengths were diffracted by a
regular arrangement of atoms with spacing com-
parable to those wavelengths.

This result launched the entire field of crys-
tal structure analysis. Two years later in 1913,
the first crystal structure was determined by the
father-and-son team of William H. Bragg and
William L. Bragg. For their discovery, the Braggs
jointly received the Nobel Prize for physics in
1915. The fields of solid-state physics and crystal
chemistry were born. The precise positions of
atoms in structures and the distances between
atoms were determined for the first time. Infer-
ences on the actual sizes of atoms, and the types

and strengths of chemical bonds between atoms
followed.

In the 70 years since the first crystal structure
was determined, mineralogy as a science has bene-
fited from important technological advances. The
advent of sophisticated x-ray precession cameras
in the 1940s enabled crystallographers to collect
better data for crystal structure refinements. To-
day, with the aid of automated diffractometers,
the basic structures of all but a few minerals are
known. With the development of the electron
probe microanalyzer (microprobe) in the 1960s,
determining the chemical composition of a single
crystal over areas no greater than a few hun-
dredths of a millimeter in diameter is now a
routine procedure. The scanning electron micro-
scope (SEM) is another instrument that has
opened an entirely new world of observation, pro-
viding magnification and resolution far beyond
that obtainable with the optical microscope. A
related instrument, the transmission electron mi-
croscope (TEM), has signaled a new, exciting era
of mineralogical research. With the TEM, atoms
and their arrangements are directly imaged to
yield a view of minerals never before possible.

MINERAL CLASSIFICATION

Every beginning student of mineralogy soon
discovers an incredible variety of minerals. They
occur in all colors, shapes, and sizes, and in all
rocks from the most beautiful museum specimens
to common roadside gravel. All minerals have
one common property—they are crystalline. That
is, their internal structure is characterized by a
periodic and predictable array of atoms, ions, or
molecules. This property alone distinguishes min-
erals from chemically equivalent liquids and
gases, and imparts to minerals their unique chemi-
cal and physical characteristics. We therefore de-
fine a mineral as any naturally occurring crystalline
substance. The condition that a mineral must be
naturally occurring is mostly for convenience.
There is an entire field of study that involves the
manufacture of exceedingly pure crystals for elec-
tronic and other industrial purposes. Some of
these crystals are equivalent in every respect to
naturally occurring minerals. The condition that
all minerals be crystalline is generally valid, al-
though in a few instances the degree of crystallin-
ity might be questioned. The term mineraloid ap-
plies to naturally occurring substances such as
obsidian and opal, the structures of which may be
only partially crystalline or even noncrystalline.

An important consequence of the periodic ar-
rangement of atoms in crystalline structures is
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that certain groups of minerals have common
properties that clearly set them apart from all
other mineral groups. Crystalline structure im-
poses definite limits on the range of chemical
composition in each group, and no intermediate
states of symmetry, chemistry, or other physical
properties will exist within certain limits.

One objective of mineralogical studies is to
provide a meaningful scheme by which a large
body of mineral properties can be organized. In
creating such a scheme, the best place to begin is
to recognize that all properties of minerals are
fundamentally related to their chemistry and struc-
ture. Any attempt to classify minerals in terms of
chemistry at the exclusion of structure, or vice
versa, shows immediately how closely these two
factors are related. An examination of the elemen-
tal composition of the earth’s crust (all of the
rocks on earth down to a depth of about 40 km
beneath the continents and to a depth of about 10
km beneath the oceans) reveals that oxygen is
unquestionably the most abundant element (Table
1.1). For every 100 atoms in the earth’s crust, 63
are oxygen and 21 are silicon. By volume, oxygen
constitutes well over 90% of most crustal rocks
and over 90% of most minerals that occur within
crustal rocks (Table 1.1).

Because of the abundance and relatively large
size of the oxygen anion (0?7 ), the possible geo-
metric arrangements of O>~ determine to a great
extent the structural framework of most of the
silicate and oxide minerals. As a first approxima-
tion, the structure of these minerals may be con-
sidered in terms of a symmetrical framework of
oxygen anions, with the interstitial voids that re-
main being occupied by the smaller, less abundant
cations. The other common anions are sulfur

(S§%7), chlorine (ClI'7), and fluorine (F'~). Al-
though much less abundant than O?~, they be-
have in much the same way by dominating the
structural framework of the sulfide and halide
minerals. In addition, a number of cations com-
bine with oxygen to form anionic groups, which,
like oxygen or sulfur alone in other minerals,
dominate the volume and structural framework of
mineral groups such as the carbonates, sulfates,
and nitrates.

The generally recognized chemical classifica-
tion of minerals based on the predominant anion
or anionic group is listed here in the same order as
described in Part II. Of these categories, the sili-
cate minerals are easily the most abundant in
most crustal rocks.

1. Silicate minerals: Oxygen anions combined
with silicon cations to form either SiO, or var-
ious SiO, anionic groups. The latter groups
combine with various cations. Example: wol-
lastonite (CaSiO;).

2. Native elements: naturally occurring metallic
and nonmetallic elements. Example: gold
(Au).

3. Sulfide minerals: Sulfur anions combined
with various cations. Example: pyrite (FeS,).
The anions As, Se, and Te are included in this
category.

4. Halide minerals: F, Cl, and 1 anions com-
bined with various cations. Example: halite
(NaCl).

5. Oxide minerals: Oxygen anions combined
with various cations other than Si. Example:
periclase (MgO).

6. Hydroxide minerals: Hydroxyl (OH) groups
combined with various cations. Example:
brucite (Mg(OH),).

TABLE 1.1. Atomic Abundances of the Common Elements in the Earth’s Crust
and in Some Common Silicate Minerals
Crustal
Composition
Quartz Albite Anorthite Diopside

Ionic  Weight Atom Volume (8i0,) (NaSi;AlOg) (CaSi,Al,05) (CaMgSi,0f)
Element Radius* Percent Percent Percent Vol.% Vol.% Vol.% Vol.%
o) 0.134 46.6 62.6 93.8 98.7 93.3 91.6 88.6
Si 0.034 27.7 21.2 0.9 1.3 0.9 0.6 0.8
Al 0.047 8.1 6.5 0.5 — 1.0 1.9 —
Fe 0.069 5.0 1.9 04 — — — —
Mg 0.080 2.1 1.8 0.3 — — — 3.0
Ca 0.108 3.6 1.9 1.0 — — 59 7.6
Na 0.124 2.8 2.6 1.3 — 4.8 — —
K 0.168 2.6 1.4 1.8 — — — —

*Ionic radii from Appendix 5 are for the most common coordinations: O?~ (8), Si** (4), AI** (4), Fe?* (6), Mg2* (6),

Ca?* (6), Na!* (8), and K'* (12).



